
 

 

Lattice Strain Response of Zr-2 during  

Biaxial Deformation 

 

 

 

By 

 

Dale Campbell 

 

 

 

 

 

A thesis submitted to the Department of Mechanical and Materials Engineering 

In conformity with the requirements for 

the degree of Masters of Applied Science 

 

 

 

 

Queen’s University 

Kingston, Ontario, Canada 

(December, 2013) 

 

Copyright ©Dale Campbell, 2013



i 

 

Abstract 

Pseudo-plane strain compression tests are carried out on rolled plate Zircaloy-2 using different 

combinations of loaded and constrained sample directions relative to the plate principal directions. Lattice 

strains are measured for 17 out of 18 possible measureable sample directions. The inability to obtain true 

plane strain led to little effect of the compression rig on deformation during elastic loading; however 

noticeable differences are seen when compared to similar uniaxial data for Zircaloy-2 in the plastic 

region. Work hardening increased with increased constraint and was affected by the configuration of 

loaded and constrained sample directions.  

 

Constraint showed significant effects on twinning when twinning was present. For the RD loaded cases 

the initiation of twinning occurs at -318 MPa for the RD/ND case (RD loaded, ND constrained direction) 

and -420 MPa for the RD/TD case. Intensity profiles of the (0002) and {101̅0} indicate that more 

twinning occurs in the RD/TD case than the RD/ND case. For TD/YD an amplification of twinning was 

seen in the TD/RD when compared to the TD/ND. This is indicated both by texture results as well as the 

intensity profiles of the (0002) and {101̅0}. 

 

Using the experimental data an elastic-plastic self-consistent (EPSC) code was used to probe the 

micromechanical processes that are occurring when the compression rig is operated. The experimental 

data was used further to constrain the hardening parameters of the EPSC code using an inverse approach. 

The EPSC code was able to capture the relative activity of the twinning characteristics found by the 

experimental data but unable to truly capture the evolution of the (0002) lattice strains when twinning 

occurs. 
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Chapter 1 

Introduct1ion 

At the heart of the Candu Nuclear Reactor, Figure 1.1a, are the fuel channels that transport the 

heat created by the nuclear reaction to the steam generators. Fuel channels, Figure 1.1b, are 

comprised of fuel pellets, fuel sheathing, pressure tubes, garter springs and calandria tubes. The 

fuel sheathing protects the fuel from direct contact with the heat transporting fluid that passes 

through the pressure tube. Garter springs maintain a gap between the pressure tube and the 

calandria tube. This ensures that the hot pressure tube is not in contact with the cooler calandria 

tube which suspends the fuel channel within the deuterium moderator. Zirconium alloys are the 

material used in the majority of the components in the fuel channel, with the exceptions being 

the fuel and typically the garter spring.  Zirconium alloys are used due to their low neutron 

absorption cross section, material strength and resistance to corrosion.   

 

The material properties associated with the zirconium alloys are determined during the 

fabrication of the components. Material properties affect the in-service performance and life of 

the components. In order to better understand deformation mechanisms associated with the 

processing, various tests have been done using neutron diffraction and polycrystalline modeling 

[1-8]. An elastic-plastic self-consistent (EPSC) model [9] has undergone validation for the past 

two decades in order to test its robustness and ability to capture the physics of the deformation of 

polycrystalline metals. The EPSC has been used extensively to probe the deformation 

mechanisms of zirconium alloys. The majority of these experiments have been conducted using 

uniaxial deformation in compression or tension. One set of tests of particular importance to this 
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thesis was done on rolled Zircaloy-2, an alloy used in the calandria tube, where all three principal 

directions were tested under uniaxial compression and tension during in-situ neutron diffraction 

experiments [1,10]. To the authors’ knowledge, plane strain compression or tension has not 

previously been conducted using this experimental and modeling approach on zirconium alloys. 

 

During the fabrication process zirconium alloys undergo more complex deformation states than 

uniaxial deformation. For example Zircaloy-2 has the following thermomechanical process: 1) 

forging 2) β quenching 3) rolling and 4) cutting to final length [11]. The pure mechanical 

process, rolling, can be treated as approximately plane strain compression. 

 

 

 

 

(a) 

 

 

(b) 

 

Figure 1.1: a) Schematic of Candu Reactor b) fuel channel components made of zirconium alloys 

[12] 
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1.1 Purpose 

The main goals of this thesis are: 

1. To see the effect of biaxial stress on the deformation mechanisms of Zircaloy-2, using 

neutron diffraction experiments 

2. To provide biaxial stress data in order to further validate the EPSC code 

3. To improve upon the constraint achieved by a previously designed plane strain 

compression rig 

4. To provide data that will allow a more accurate determination of the Zircaloy-2 yield 

surface. 

The first two goals are the primary purpose of this work. To accomplish this goal experiments 

were carried out at ISIS Rutherford laboratories to obtain lattice strain data while applying 

biaxial load. From this data, modeling was conducted using EPSC. 

 

The third goal is a secondary consequence of the work presented. To date no rig exists that can 

impose full plane strain compression for use in a neutron diffraction experiment. A plane 

compression rig designed for neutron diffraction [13], however it was unable to provide 

sufficient constraint to produce true plane strain; here design alterations are made in order to 

improve the level of constraint. The fourth goal is an ongoing process in which the results of the 

experiments and modeling in this thesis will provide further insight into the necessity or lack 

thereof for biaxial stress data to compliment uniaxial stress data for yield surface determination. 
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1.2 Structure of the thesis 

 

The thesis is composed of seven chapters: 

Chapter 2: Literature Review 

Chapter 3: Experimental Methodologies and Setup 

Chapter 4: Experimental Results and Discussion 

Chapter 5: Modeling 

Chapter 6: Discussion 

Chapter 7: Conclusions and Recommendation 

 

 

Within the Literature review one will find the underlying theories that are necessary in 

understanding the work presented. Three main areas are reviewed: deformation mechanisms of 

zirconium, neutron diffraction, and modeling techniques. 

 

Chapter 3 describes specifically the experimental setup and procedure for the experimental work 

taking place at ISIS. A description is also given of the compression rig used and the alterations 

made to the design over the course of this thesis. Chapter 4 presents the results obtained from the 

experiments. Comparisons are made with the constraint achieved by a previous design of the 

compression rig [13] and lattice strain evolution [10]. Other results unique to this experiment are 

discussed. 

  

 Chapter 5 presents the results of the EPSC code calculations and its ability to capture the 

deformation of Zircaloy-2 under plane strain compression. Further trials on the robustness of the 
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code (adding plane strain data to the uniaxial data set for Zircaloy-2) are presented, and the 

underlying deformation mechanisms of Zircaloy-2 in plane strain compression are investigated. 

 

The discussion in Chapter 6 provides: insight into the stress state achieved by the compression 

rig, the implications of the modeling and experimental results on the deformation mechanisms of 

Zircaloy-2 under plane strain compression, and the impact of the ability of the EPSC to capture 

the evolution of Zircaloy-2 deformation. Conclusions and recommendations are provided in 

Chapter 7. 
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Chapter 2 

Literature Review 

During the fabrication process most materials undergo deformation under complex stress states. 

In order to understand the effects that complex stress states have on various deformation 

mechanisms, experimental work and modeling is needed. This section reviews the various 

deformation mechanisms of hexagonal closed packed (hcp) materials, the experimental method 

(neutron diffraction) used to study the deformations and the analysis tools (polycrystalline 

models) available to interpret the experimental results. 

 
2.1 Deformation Mechanisms of Zirconium 

 

Necessary in understanding this work is a review of the deformation mechanisms present in hcp 

materials, specifically that of zirconium and its alloys. Unlike cubic crystalline structures hcp 

materials have a limited number of equivalent or easily activated independent slip systems [14-

16]. Adding to the complexity of the hcp family each material has a different c/a ratio. The c/a 

ratio affects the ideal sphere packing of the crystal structure as well as the angle between the 

crystallographic planes.  This non-symmetry makes the single crystals of this family anisotropic 

by default [14-16].  

 

The primary slip mechanism of hcp materials can be divided, with some exceptions, based upon 

the c/a ratio. For those possessing a c/a > 1.633 the basal plane is the most densely packed, for 

those hcp materials possessing c/a < 1.633 the prismatic plane is most densely packed [14,15]. 

Typically the most densely packed plane is the one most susceptible to slip, making the easiest 
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slip mechanism for hcp’s having a c/a > 1.633 the basal plane and c/a < 1.633 the prismatic plane 

[14,15]. A list of independent slip systems for hcp materials is shown in Table 2.1. 

 

Table 2.1: Slip Mechanisms of hcp materials [15] 

 

 

2.1.1 Zirconium Single crystal properties 

At room temperature -zirconium has a hcp structure with a  c/a < 1.633, and is not one of the 

materials exceptional to the rule discussed above, making  prism <a> slip its predominant slip 

system; more specifically it has  been found in literature that the dominant slip mechanism is the 

{101̅0 } along the <12̅10> direction for zirconium [14, 17-20].  Through all temperatures 

prismatic <a> slip remains the most easily activated slip mode [21], only under specific 

conditions  at temperatures above 850 K [21] or under three point bending at room temperature 

(RT) [22] has single crystal deformation by basal <a> slip, {0001}<12̅10> been reported. 

 

 

 

Direction Plane

Crystallographic 

Elements

Number of

Independent Mode

Basal Slip (0002)<112̅0> 2

a Prismatic Slip (11̅00 )<112̅0> 2

Pyramidal Slip (11̅01 )<112̅0> 4

c hki̅0 [0001] 

c +a Pyramidal Slip {hk1l} *<112̅3 ̅> 5

twinning {K}<η ̅1> 0-5
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Prism <a> and basal <a> slip allow for deformation along the a-axis, twinning or <c+a> 

pyramidal slip accommodate deformation along the c-axis. Pyramidal slip systems have been 

reported on the {101̅1} [21] and {112̅1}[23] planes. Twinning systems (depicted in Figure 2.1 

for zirconium) can be divided into two categories based upon the extension or compression of 

the c-axis. Systems that increase the length of the c-axis are known as tensile twins whereas 

those that decrease the length of the c-axis are known as compressive twins [14]. The most 

predominant twin system that has been observed in single crystal zirconium is the tensile twin 

{101̅2} at temperatures ranging from 77K to 1075K [17, 20]. Twinning on planes 

{112̅1},{112̅2}  and {112̅3} are seen at temperature below 1075K [20]. At elevated 

temperatures the occurrence of {101̅1} compressive twins has been reported [23]. 

 

 

Figure 2.1: Twin Systems of Zirconium in Compression and Tension [14] 
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2.2 Polycryrstal Zirconium and Zirconium Alloy Deformation 

In polycrystal zirconium and its alloys, similar to the single crystal zirconium, the dominant slip 

system is prism <a> slip [24-26]. Basal <a> slip has not been reported experimentally at room 

temperature in unirradiated zirconium alloys; however polycrystalline models that incorporate 

basal slip at room temperature have shown better agreement with experimental results [2,27]. 

 

Deformation of the c-axis is accomplished through a combination of both <c+a> slip and 

twinning. Slip is the predominant deformation mechanism for pure -zirconium above the 

temperature of 450K [24, 28, 29] and for Zircaloy-4 above 273 K [28]. Twinning is the 

predominant mechanism at cryogenic temperatures [24,29, 28]. In the polycrystalline material 

only {101̅2} tensile twins have been reported at RT [24,25,30,31] and are also seen at cryogenic 

temperatures [26,29, 32]. At elevated temperatures {101̅1} compressive twins have been 

observed [28] and at cryogenic temperatures the {112̅1} compressive twins [24, 26,29]. In 

addition pyramidal slip on {112̅3̅} <101̅1 > has been seen at RT [26]. 

 
2.2 Crystallographic Texture 

 

Texture is the preferential orientation of grains within a polycrystal. As stated in the previous 

section, hcp crystals (such as zirconium) are by nature anisotropic due to the limited number of 

crystallographic equivalent or easily activated slip systems resulting in the creation of moderate 

to high textures throughout the fabrication process. During fabrication three types of textures 

occur: deformation texture, where during plastic deformation the crystallographic axis re-
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orientates itself to the most preferred orientation with respect to the processing axis; annealing 

texture, the reorientation of grains during recrystallization of the material; and phase 

transformation textures, the reorientation of grains associated with changing from one phase to 

another [33]. This thesis is concerned only about deformation textures. 

 

Texture can be represented in a variety of ways: orientation distribution function (ODF), pole 

figures, inverse pole figures, and Kearn’s f-factor [33]. An ODF is a 3d representation along a 

certain direction defined by Euler coordinates. A complete ODF can be used to create pole  

figures (PFs) as well as inverse pole figures (IPFs); alternatively an ODF can be calculated from 

several PFs or IPFs. PFs are taken from the crystal plane reference frame and show the 

distribution with respect to the sample directions. IPFs are taken from the sample direction 

reference frame and show the distribution of lattice planes in accordance with that sample 

direction [24]. Both are represented through stereographic projections and interpreted based upon 

contour plots quantifying the degree of texture with a region of value 1 representing random 

texture and larger than 1 representing a more textured region.  
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Figure 2.2: Stereographic Projection [a] Pole Figure [b] Pole Figure [c] Inverse Pole Figure 

 

A more quantifiable representation of texture is the Kearns factor [33], Equation 2.2.1, which 

provides the resolved fraction of the plane normals (PN) in a certain sample direction. For hcp 

crystals the Kearn’s number is most often reported for basal plane normals (BPNs). 

      

𝑭𝑿 = ∑ 𝑽(𝜽)𝒄𝒐𝒔𝟐𝜽𝜽      Eq 2.2.1  

  



12 

 

Fx stands for the fraction of BPN in a sample direction and V(θ) is the volume fraction of BPN. 

The Kearn’s number can be obtained from either the inverse or normal pole Figure. The Kearn’s 

number is then typically given for the three principal sample directions (RD,TD,ND) with 

FRD+FTD+FND = 1. 

 

2.3 Neutron Diffraction 

 

The experimental work conducted in this thesis is done with wide angle scattering neutron 

diffraction. Neutron diffraction is a non-destructive testing method relying on thermal neutrons 

produced from a source, either a high flux nuclear reactor or spallation source [34]. Thermal 

neutrons can travel through several cm of a metal, unlike conventional x-ray diffraction which 

penetrate less than a mm [34,35]. This allows for the study of the bulk of the material. The 

intersection of the incident beam and the diffraction beam as defined by the slits or apertures is 

the volume of measurement. It is this volume over which the average of the material behavior is 

taken. 

 

For wide angle neutron diffraction the major underlying theoretical Equation is Bragg’s 

Law, 𝑛𝜆ℎ𝑘𝑙 = 2𝑑ℎ𝑘𝑙𝑠𝑖𝑛𝜃, representing the relationship between the wavelength of the neutron 

and the d-spacing of a family of lattice planes, Figure 2.3. The two types of neutron diffraction 

experiments that are used in this thesis are the time of flight (TOF) and constant wavelength 

(CW).  
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Figure 2.3: Diagram Depiction of Braggs Law 

 

 

2.3.1 TOF Neutron Diffraction 

 

Lattice strain measurements for this thesis are carried out at the Engin-X beamline at Rutherford 

Laboratories using TOF neutron diffraction, this produces an incident beam in which a 

continuous spectrum of wavelengths is used. At this facility neutrons are produced in pulses by 

collisions of protons with tantalum and then moderated to achieve wavelengths suitable for the 

diffraction measurements.  Figure 2.3 shows a schematic drawing of a typical TOF setup with 

two detector banks. The path of the neutron is represented by L1
 and L2 with q1 and q2 

representing the scattering vectors, or the direction along which the strain is being measured. 

During this test the time it takes for the neutron to reach the detectors from the moderator is 

measured. Assuming elastic scattering the wavelength of the neutron is found by Equation 

2.3.1[36]: 

𝜆 =
ℎ

𝑚(𝐿1+𝐿2)
𝑡                                                        Eq 2.3.1 
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where h is the Planks constant, m is the neutron mass, L1 and L2 are the lengths represented in 

Figure 2.2.1, and t is the time for the neutron to reach the detector from the moderator. Through 

the definition of Bragg’s Law the d-spacing is found from the known wavelength. The elastic 

strain is then calculated by comparing the d-spacing under strain with that of the unstrained 

condition, known as the reference d-spacing or d0. This is summarized in Equation 2.3.2 below. 

 

εhkl = (dhkl − d0
hkl)/d0

hkl    Eq 2.3.2 

 

The method of obtaining the time of flight has some uncertainty in its measurement from the 

perspective of where the neutron path starts within the moderator. Through the definition of the 

strain using the reference d0 from the experimental setup and the calibration of the facility, using 

a powder of known lattice spacing, one can reduce this uncertainty. 

 

Figure 2.4: Schematic diagram of a TOF neutron strain scanner [36] 
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TOF neutron diffraction uses the thermal neutrons directly providing a wide energy spectrum for 

analysis. A typical spectrum for analysis is shown below in Figure 2.4. Equation 2.3.2 can be 

interpreted visually as the shift of a single peak during the deformation of the sample under 

study. Peak position is determined by a lest squares fit of the peaks and provides a typical 

sensitivity of 50 µε [36].One of the advantages of the TOF versus constant wavelength (CW), to 

be described later, is that many of the lattice plane peaks are seen in a single measurement for a 

given direction of the sample. This reduces the experimental time required to obtain multiple 

peaks over the course of the experiment. As a consequence of the way the neutrons are produced, 

the peaks of TOF are nonsymmetrical whereas with CW the peaks are more symmetrical [37]. 
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Figure 2.5: Typical TOF Spectrum [36] 

 

2.3.1 CW Neutron Diffraction 

Texture measurements for this thesis were made at Chalk River Laboratory, which hosts a CW 

neutron diffraction facility. Neutrons are taken from a nuclear reactor and are thermalized by a 

moderator in order to make them useful for experiments. Wherein TOF uses the thermal neutrons 

directly from the moderator, CW introduces a monochromating crystal to produce a single 

wavelength from the incoming thermal neutrons, refer to Figure 2.5a. Similar to the TOF setup a 

collimating device is used to define the incident beam. 
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Figure 2.6 a)Schematic of CW Neutron Diffraction Experiment[11] b)Eulerian Cradle used for 

texture measurement[35] 

 

 

PF texture measurements are obtained from altering the χ and ψ angles in the Eulerian cradle, 

Figure 2.5b, taking intensity measurements at each respective χ, ψ coordinate. This process 

involves taking the χ angle 0-900 while the ψ angle rotates 0-3600 [35] in steps of 50, ensuring 

that a range of scattering vectors in the sample are obtained. 

 

2.4 Modeling 

 

Zirconium alloys in engineering applications are polycrystalline materials; in order to catch the 

complex deformation of the crystalline structures polycrystalline models are used. These models 

have evolved over time and are placed into two categories “1-site” models [38,39,9], which 

consider only the behavior of the individual grain with respect to a homogeneous matrix,  and 

“n-site models”[40], which consider interactions with the neighboring grains. For “1 site” models 
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a useful experimental verification can be accomplished through statistical measurements of 

lattice elastic strain, in this case neutron diffraction is an ideal measuring tool. 

 

The “1-site” model used in this work is the EPSC model, to be discussed in a later section. It has 

been coupled with finite element analysis (FEA) through the development of an anisotropic yield 

surface [41, 42-44].  This process constructs a yield surface based on the EPSC providing 

microscopic properties for larger scale modeling purposes.  Developing a validated yield surface 

is a long term goal of the work described here, though not carried out in this thesis.  To ensure 

the validity of the EPSC for a wide range of strain paths, checks must be carried out using 

experimental work. A conceptual experimental creation of yield surface is suggested by D. Lee 

[45], in which the least number of strain paths to capture the majority of the characteristics of an 

anisotropic yield surface is shown, Figure 2.7. Nine paths are believed to be sufficient to capture 

the characteristic of yielding according to reference [45], referring to the paths shown in Figure 

2.7, paths 1 to 4 represent uniaxial tests, paths 5 to 8 are plane strain tests and test 9 is an equal 

stress biaxial test. More strain paths may be necessary to fully characterize the yield surface 

which can be obtained by a validated EPSC model. 

 

2.4.1 Elastic Plastic Self Consistent (EPSC) 

 

An EPSC model is based upon the Eshelby inclusion method, in which a grain is placed into a 

homogeneous equivalent matrix (HEM) that represents the overall mechanical and material 

properties of the bulk material. The stress states from each grain are calculated and then the 

weighted summation of these stresses is taken to be the overall bulk material behavior. 
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Figure 2.7: Yield Surface and Strain paths corresponding to the creation of a conceptual 

experimental yield surface [45] 

 

Several codes have been developed for this model type [46-47], the one used in this study was 

developed by Tomé et al. [46]. The stress and strain is solved using an elasto-plastic Eshleby 

equivalent inclusion formulism for an ellipsoidal inclusion.  
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The hardening law used is an extended Voce hardening law shown in Equation 2.4.5. Each of the 

four constants is entered into the program as a fitting parameter to the data. In order to optimize 

the parameters neutron diffraction data can be used, as well as the macroscopic stress-strain 

curve, described in the previous section.  

 

τs = 𝜏0
𝑆 + (𝜏1

𝑆 + 𝜃1
𝑠Γ)(1 − 𝑒

−(
𝜃1

𝑠
Γ

𝜏1
𝑆 )

)   Eq 2.4.5 

    

The model can allow for the possibility of self and latent hardening by defining coupling 

coefficients hss' , the increase in the threshold stress of a system due to shear activity in the grain 

systems is calculated as: 

 

∆τs =
𝑑�̂�𝑠

𝑑Γ
∑ ℎ𝑠𝑠′∆𝛾𝑠′

𝑠′      Eq 2.4.6 

 

 

There are several input files that deal with the mechanical and material variables of the process.   

The mechanical variable input files include: a thermo-mechanical file and the previous 

stress/strain state file. In the thermo-mechanical file the macroscopic strain and stress to be 

imposed are stated. The material variable input files are: single crystal file and the grain 

population files. A single crystal file provides the elastic stiffness coefficients of the material, 

thermal expansion coefficients, slip systems with slip modes and hardening parameters are 

found. The grain population file specifies the shape of the ellipsoidal inclusions as well as the 

texture of the material, via the orientation and weights of grains described. 



21 

 

The output files that are produced include: the relative activity of the slip systems, the average 

macroscopic stress and strain for the six components of stress and strain, and the lattice strain 

data for the reflections specified in the input. The results of the model can be used to interpret 

material deformation using neutron diffraction data in order to verify which deformation 

mechanisms are active. 

 

2.4.3 Experiments and Validation of EPSC 

 

Numerous experiments have been conducted on zirconium alloys using x-ray [48,49] and 

neutron diffraction [1,2,3,4,5,6,7,8] techniques in order to validate the EPSC code.  By collecting 

such an array of data the robustness of the EPSC model is tested by applying further constraints 

to the underlying parameters of the EPSC code.  

 

Previously collected experimental data for Zircaloy-2 includes: uniaxial tension and compression 

deformation [1, 3,4,5], thermal strains [2,4] and cyclic tests (looking into the Bauschinger effect) 

[4] . Materials studied incorporate two mechanically different processes for production of the 

Zircaloy-2: swagging and recrystallization [4,5], and a rolled Zircaloy-2 slab [1,2,3], Through a 

strenuous process of large data sets and an inverse approach, adjusting the parameters of the 

EPSC model incrementally to fit the macro flow curves, further probed the deformation 

mechanisms associated with the Zircaloy-2 [1] providing more evidence of basal slip which is 

also supported in [2]. To the authors knowledge no tests have however been done using plane 

strain in either tension or compression. It is the work of this thesis to provide a more complex 

stress state to the extensive data that has already been collected on this material. 
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2.4.4 Limitations of Model Discussed 

 

An underlying principal of the self-consistent polycrystal models is that of the homogeneous 

assumption, in which the individual grain is placed into an HEM. This assumption leads to all 

grains with a given orientation behaving identically in the model. In a true polycrystal the 

similarly orientated grains will most likely have differing neighboring grains leading to 

dissimilar behaviors. This is one of the limitations of the model presented, and is a direct 

consequence of the modeling approach.  The benefit of this assumption is very rapid calculation 

times compared to models (e.g. crystal plasticity FEA) that do take into account neighbors. 

 

Twinning in this polycrystalline model is represented by taking twinning to be a unidirectional 

slip mechanism [57]. This leads to the models inability to capture the strain and stress 

accommodation / relaxation associated with true twinning. Worse fits have been seen when 

comparing the model to experimental data in [1], and here in chapter 5, for mechanical 

deformations that promote twinning than for those where only slip is occurring. In this work it 

will be shown that although the true nature of twinning may not have been captured the relative 

activity of the deformation mechanism appears to be in agreement between model and 

experimental data. 

 

The models represent hardening effects such as dislocation pile-ups at grain boundaries and other 

obstacles that physically exist inside bulk grains using the parameters of an extended Voce 
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hardening law [58]. They are represented as being uniform within each crystal orientation. This 

is an empirical approximation and is not based on the real interactions of dislocations.  

 

 

The current polycrystal plasticity models involve a large number of fitting parameters which may 

be ambiguously determined. Therefore in order to increase the predictive capability of the 

models more constraint must be placed on the parameters in such a way to significantly reduce 

the number of parameter combinations [55]. This can be done by simultaneously fitting 

macroscopic stress-strain curves, deformation textures and lattice strain curves. In order to 

optimize the parameters an inverse approach, adjusting the parameters in an iterative manner to 

simultaneously improve the fit to the chosen experimental data curves [1],  or a computerized 

fitting routine, such as a genetic algorithm [56], should be implemented. In this work biaxial 

stress data is used to further constrain the parameters of the EPSC model optimized through a 

limited inverse approach.  
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Chapter 3 

Experimental Setup 

 

3.1 Material Used 

 

The material used in this study is a previously well analyzed warm-rolled slab of Zircaloy. The 

texture variation has been measured with respect to the through thickness direction of the slab. 

Samples were taken from the near uniform texture portion at the center of the slab (middle 2 cm) 

to ensure this variable did not play a role in the interpretation of the results. The initial texture of 

the material, Figure 3.1, has a BPN concentrated on the ND +/- 300 towards the RD and +/-500 

towards the TD. {11̅20} are concentrated around the RD and {101̅0} is approximately 300 away 

from the RD. 

 

 

 

Figure 3.1: Initial texture of Zircaloy-2 Samples (RD side, TD top, ND center) [34] 

(0002) {10-10}
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Rectangular samples with dimensions of 8*8*16 mm were machined with axes parallel to the 

three principal sample directions. To ensure the rectangular blocks were orthogonal, a v-block 

was used for post-machining polishing. Vernier caliper measurements were then used as a 

verification of parallelism, refer to Appendix A for pre- and post-deformation measurements of 

dimensions. 

 

3.2 Compression Rig 

 

The compression rig used here is an altered version based on a previous version [13]; two 

alterations of the rig were carried out by the author through the course of this thesis. Compared 

to the original design [13]; the rig was first altered by increasing the size of the constraining bolts 

in the hope of increasing the constraint on the sample achieved by the compression rig. 

Secondly, the height of the pedestal and spacers were decreased in order to ensure the sample 

was in contact with the side plates at the beginning of tests. 

 

The rig used in the 2010 tests is depicted in Figure 3.2a, and will be termed Arrangement A; the 

rig used in the 2011 tests is depicted in Figure 3.2b, and will be termed Arrangement B. 

Constraint on the sample is achieved through the use of the two sets of side plates and the bolts. 

The inner side plates are made of tool steel, which yields at approximately twice the yield stress 

of Zircaloy-2. This is to provide the initial constraint to the deformation. The second set of side 

plates are to provide additional constraint and structural rigidity to the steel plates. These are 

made out of a heat treated Zr-2.5Nb. The thermo-mechanical processing of the Zr-2.5Nb is as 

follows: heated to 8750C for one hour then water quenched, cold rolled to 15% of its thickness, 

and a final heat treatment to 500 0C for five hours followed by slow cooling. This process is used 
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to increase the yield strength of the outer plates. Thicker steel plates are not used due to the 

strong scattering and absorption of neutrons by iron. Lastly, to fasten the side plates together 

M14 steel bolts and anti-vibration nuts were used. Spacers in-between the two steel side plates 

were used to ensure that the fastening of each bolt was equal. To further ensure that each bolt 

was fastened to the same extent, a torque wrench applied 40Nm torque in all bolts to produce 

approximately 10 MPa of preload in the constrained direction. Copper lubricant was applied 

between the sample and side plates to reduce friction. 

 

Compression of the sample is achieved through the use of the plunger and the pedestal. One of 

the differences between the Arrangement A and B designs is the placement of the pedestal. In 

Arrangement A the pedestal is placed as a single piece on one of the side steel plates, whereas in 

Arrangement B it is a single piece with the base. This design change was made to ensure 

symmetrical loading on the rig.  All of the base, pedestal, and plunger are made of tool steel. 

Both the base and plunger components are attached to the Instron hydraulic loading frame by the 

grips, which are specifically designed for this experiment (refer to the original design [13] for 

specific dimensions of the grips). During the experiment the base is always placed in the non-

moving arm of the Instron load frame. 

 

A final difference between the two rig designs is the height of the pedestal/base, plunger, and 

spacers. In Arrangement A the heights were all 8mm whereas in Arrangement B they were 

reduced to 7.95mm, compared to nominal sample heights of 8mm. This was done in another 

attempt to increase the initial constraint on the sample. Machine drawings for both designs can 

be seen in Appendix B. 
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Figure 3.2: Compression rig a) Arrangement B June 2010 b) Arrangement B May 2011 

 

 

Figure 3.3: Exploded View of Compression Rig Arrangement B 
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3.3 Setup for neutron Diffraction Experiments 

 

Neutron diffraction time of flight experiments were conducted at the ENGIN-X beam line at 

Rutherford Laboratories [36], setup shown in Figure 3.3.  Two detectors allowed for two of the 

sample directions to be measured during a single experiment [50]. To obtain the third principal 

direction the rig is placed into the vertical orientation, and the experiment is repeated on a 

different sample. For the horizontal orientation the loaded and constrained directions are 

measured, Figure 3.4a. For the vertical orientation the constrained and unconstrained directions 

are measured, Figure 3.4b. 

 

Figure 3.4: ISIS Experimental Setup: Horizontal Rig Setup 
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(a) 
 

(b) 

Figure 3.5: Diagram depicting scattering vectors q1 and q2 for a) horizontal orientated (side view 

of rig) b) vertically orientated (top view of rig) compression rig 

 

The beam has a minimum wavelength of 0.5 and a maximum of 6.0 Angstroms [51] which 

allowed for the majority of the important peaks to be taken in a single measurement.  The 

Evolution of four lattice planes were analyzed: the prism, {101̅0}, the basal, (0002), and two 

pyramidal, {101̅1} and the {101̅2}. This was suggested to be the least number of planes to 

provide the details of the deformation process of the Zircaloy-2 polycrystal by [11]. 

 

3.3.1 Alignment 

 

Alignment to ensure the measurements were taken in the middle of the samples was achieved 

through a three-step process in the case of the horizontal orientation, and a two-step process for 

the vertical orientation. First, the position of the z direction is found through the use of a 

theodolite with a known orientation relative to the neutron measurement volume. In the case of 

the horizontal orientation the x position is centered and then the rig is rotated to provide the z 

alignment. For the vertical orientation, both the z and x alignment is achieved through the use of 
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the theodolite. Secondly a y-scan, an incremental y position test in which the diffraction patterns 

are measured and allow a fitting of scattered intensity to find the center of the sample, is used to 

find the y position. Thirdly, in the case of the horizontal orientation, a more refined scan is used. 

In this orientation the existence of scattering from the iron peaks was taken into account. The 

scan made use of the symmetry of the rig by the identification of the iron peaks. By plotting the 

iron peak intensity versus position, Figure 3.5, the middle of the sample is identified by the 

centre of the valley in-between the peaks of the iron intensities.  

 

 

Figure 3.6: Scattered intensities from iron across Compression Rig scan 
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3.3.2 Loading Scheme 

 

An initial preload of the sample was done in both the loaded and constrained directions. The 

loaded direction was preloaded to -10 MPa, achieved through the use of the Instron controls. The 

constrained direction was approximately loaded to -10 MPa based upon bolt preloading 

calculations and the use of a torque wrench to achieve 40 Nm of torque on each bolt. 

 

During the experiment a two-step loading scheme was used. In the elastic region, (engineering) 

stress control was used up to -250 MPa, a value which ensures that the deformation of Zircaloy-2 

was still within the elastic region [10].  Beyond -250 MPa displacement control was used. 

Smaller incremental displacement was used in the yielding region for better characterization, 

followed by larger displacement steps further into the plastic regime. Lattice strain 

measurements were taken after an initial hold of 60 seconds to allow for relaxation of the 

sample, shown in Figure 3.6. Although the majority of the relaxation had occurred during this 

time further relaxation did occur during the collection of the neutron data. 
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Figure 3.7: Displacement Versus Stress Curve 

 

3.3.3 Strain Measurements on Constraint 

 

Another change to the design between Arrangement A and B is the incorporation of biaxial strain 

gauges on the side plates of the compression rig for Arrangement B tests. This was done in order 

to obtain a better identification of the strain in the rig, and to provide further data to better probe 

the complex mechanical process seen here for modeling purposes. Tee stacked rosseta 2 element 

900 pre-wired strain gauges obtained from Omega were mounted onto the center of the outside of 

the Zr2.5Nb side plates using appropriate adhesives. The strain gauge measurements were 

recorded using a portable Vishay strain indicator and a laptop computer setup inside of the hutch. 
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Before the experiment took place, calibration tests were conducted at Queens. An attempt to 

reconstruct the experiment as closely as possible was made by mounting the combination of the 

Zr-2.5Nb and steel plate onto the bolts, then using a plunger with a crosshead the approximate 

size of the sample to apply the force. A known force was then applied while the strain seen on 

the plates was recorded. The results provided the calibration curve shown in Figure 3.7b. 

 

 

 

Figure 3.8: Setup of Calibration Tests 
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Figure 3.9: Biaxial Strain Gauge Calibration Curve 

 

 Channel 1 is aligned parallel with the loading direction of the sample during the neutron 

diffraction test and Channel 2 is aligned perpendicular to the loading direction. Using a linear 

regression the force is related to the strain by the Equation 3.3.1, noting that force is in Newtons 

and strain is in microstrain.  

 

𝐹 = −7.03𝜇𝜀      Eq 3.3.1 
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Table 3.1 provides a summary of the tests showing the experimental arrangements used for 

various test cases.   Here, horizontal and vertical refer to the orientation of the loading axis with 

respect to the ground. Horizontal refers to the experimental orientation in which the loading axis 

is parallel with respect to the ground whereas vertical is perpendicular. A second nomenclature is 

introduced here: XD/YD where X refers to the loaded direction and Y to the constrained 

direction. If the nomenclature will sometimes be extended to XD/YD/ZD where the ZD 

represents the diffraction direction that is being discussed. 

 

Table 3.1: Experiments Conducted With Specific Rig Design 

June 2010, Arrangement A May 2011, Arrangement B 
TD/RD Horizontal TD/RD Vertical 
TD/ND Horizontal ND/RD Vertical 
ND/RD Horizontal RD/ND Vertical 
RD/ND Horizontal RD/TD Vertical/Horizontal 
 ND/TD Vertical/Horizontal 
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Chapter 4 

Experimental Results 

4.1 Macroscopic Behavior 

 

4.1.1 Constraint Achieved 

 

The experiments conducted are referred to as pseudo plane strain because the constraint imposed 

onto the sample by the rig was insufficient to maintain negligible strain in the constrained 

direction. In order to provide the reader with some indication of the constraint achieved, a 

formula was devised on the basis of the Lankford coefficients from unconstrained compression 

tests of Zircaloy-2, which are respectively 1.01, 1.42, and 2.29 for εrd : εtd, εtd : εnd, and εrd : εnd 

[10]. The Equation used to determine the constraint achieved is: 

 

Constraint = (1- (εconstrained/ εunconstrained)/R) * 100    Eq 4.1.1 

 

where R is the respective Lankford coefficient, or inverse, determined by the ratio of plastic 

strains being used. Plastic strain measurements are taken post deformation for the constrained 

and unconstrained directions. A constraint value of 100% represents plane strain where 0% 

represents uniaxial deformation. 

 

Table 4.1 shows the results of the constraint calculations. Due to experimental limitations, 

maximum force of the Instron load cell, the maximum plastic strain for the ND/RD/ZD was 5%, 

with lower strains in the other cases. A significant reduction in the constraint occurs when the 
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rolling direction is under load. Approximately 25% less constraint is achieved under these 

circumstances.  

 

 

Table 4.1: Constraint Achieved for Various Loading Conditions 

 

 
 

4.1.2 Macroscopic Curves 

 

Displacement rather than strain was collected from the experiment due to the inability to place 

strain gauges or extensiometers near the gauge region. Displacement measurements are taken 

from the ram head positions of the Instron. Plotted in Figure 4.1 is the displacement versus stress 

curve which, can be separated into three regions: the compliance of the rig, the sample elastic 

region, and the sample plastic region.. At the beginning of the test the initial deformation is 

associated with the movement of the inserts for the compression rig. This produces a low amount 

of stress as a function of displacement in the early part of the test. Once the pedestal and plunger 
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are in sufficient contact with the sample the elastic region is entered (this displacement is a 

combination of the compliance of the sample and the rig). Once the plastic region is reached it is 

assumed that this nonlinearity of the curve is due solely to the sample, with the rig itself still 

deforming elastically. This is a valid assumption considering the material of the compression rig 

is mainly steel, which typically has a yield strength that is approximately twice the value of 

Zircaloy-2’s yield strength in its strongest direction and the size of rig components being much 

larger than the sample of Zircaloy-2. 

 

 

Figure 4.1: Stress vs. Displacement Showing the Interpretation of the Behavior 
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In order to properly calculate strain measurements for the Zircaloy-2 sample from the data given, 

the contribution of the rig was subtracted. Total displacement is a combination of the rig 

displacement and the sample, Equation 4.1.2 below: 

 

utot = urig + usample    Eq 4.1.2 

 

 

Using the definition of strain, ε = u/l0 = σ/E, rearranging to obtain the value of the slope from 

Figure 4.1 produces Equation 4.1.3 

Δ𝑢tot

𝜎
=

𝑙0 𝑧𝑟

𝐸𝑧𝑟
+ 𝐾     Eq 4.1.3 

 

Here σ is the stress measured in a test, l0 zr is the initial length of the Zircaloy-2 sample (16 mm), 

Ezr is the Young modulus of the Zircaloy-2 (taken initially to be 100 GPa then iteratively solved 

using the Youngs modulus calculated by the corrected macroscopic curves), and K is the 

constant associated with the rig. Using the elastic region from Figure 4.1 (typically 100-300 

MPa) the constant K is found using eq.4.1.3. 

 

Macroscopic true stress versus true strain curves are shown for the 11 tests in Figure 4.2. 

Horizontal and vertical orientated tests are indicated by H (solid line) and V (dashed line). The 

compression rig arrangement used for the tests are indicated by A or B. When comparing the 

macroscopic curves for either the orientation or the arrangement of the compression rig used, the 

elastic region is unaltered. For all tests the Young’s Modulus is 100 GPa +/- 3 GPa, the yield 

stresses are listed below in Table 4.2. 
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Table 4.2: Yield Stress (0.2% offset) 

Test Condition Yield Stress (MPa) 

ND/RD -450 

ND/TD -450 

RD/ND -340 

RD/TD -350 

TD/ND -340 

TD/RD -340 

 

 

Differences in the macroscopic curves are seen in the plastic region. The data suggests that 

arrangement of the compression rig affects the strain hardening of the sample. Arrangement B 

consistently shows an increase in the work hardening compared to that of Arrangement A for all 

test cases. This is not surprising considering design alterations for Arrangement B were done in 

order to increase the constraint, increasing the constraint should in turn limit the easily activated 

slip systems. The work hardening component is also influenced by the sample direction that is 

constrained. Consistently seen in both the TD/YD and RD/YD whenever the ND, the plastically 

harder direction of the sample, is the unconstrained direction there is an increase in the work 

hardening of the curves compared to when ND is constrained. For ND/YD there is no significant 

difference in the work hardening of the macroscopic curve with which sample direction is 

constrained. 

 

Two test cases were repeated with the same rig arrangement: ND/TD and RD/TD. Differences in 

the elastic regime for the ND/TD tests is due to the time constraint during testing, during the 

ND/RDH test the Instron failed around the time of transition from stress control to displacement 
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control (around -250 MPa, Figure 4.2 a) therefore in order to save on time the test was redone 

using the data from the elastic regime from the failed test and a second test was started at a 

higher stress level. Both tests showed a similar characteristic plastic regime indicating a degree 

of consistency between the two tests. This shows the tests are not significantly affected by the 

orientation of the compression rig or by variation between samples.  

 

 

(a) 
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(b) 

 

 

(c) 

Figure 4.2: Macroscopic Stress vs. True Strain a) ND loaded cases b) RD loaded cases c) TD loaded 

cases 
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4.1.3   Experimentally Found σ2 

Here σ2 refers to the stress that the zirconium and steel side plates are exposed to. Effectively, 

this is the constraining stress experienced by the sample. Another syntax introduced in this 

section is that of σ2y(yield) , i.e. σ2 at yielding, and σ2(max), the maximum value of σ2 reached, both 

of which will be implemented in the modeling portion of this work in the following chapter.  

 

The result from the biaxial strain gauges for one of the tests is shown in Figure 4.3 and 4.4. 

Figure 4.3 shows the unfiltered results of the strain gauge versus time while Figure 4.4 shows the 

strain gauge versus loaded stress. The latter is used to obtain the values for σ2. The test results for 

the remainder of the biaxial strain gauge tests can be seen in Appendix D. Ch is short for channel 

and the respective channels are aligned as follows: ch1 is placed on the bottom plate (when the 

sample is loaded horizontally) and aligned with the loading direction of the sample. Ch2 is 

perpendicular to that of ch1, ch 3 (similar to that of ch1) is aligned with the loading direction of 

the sample and placed on the top two plates, and ch4 is perpendicular to ch3.  Using the yield 

stress calculated from the macroscopic curves in Section 4.1.2, indicated by the red line in 

Figures 4.3 and 4.4, the measured strain at yield for the biaxial strain gauges is found from 

Figure 4.4 in the ND/TD case and a similar fashion for the remaining cases from similar graphs 

found in Appendix D. With the experimentally obtained strain in the constraint direction, σ2(yield) 

was calculated  using Equation 3.3. The results can be seen in Table 4.3.  
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Figure 4.3: Biaxial Strain Gauge versus Time 

 

 

Figure 4.4: Biaxail Strain Gauge versus Loaded Stress for ND/TDV 

Measurable 
Strain
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Table 4.3: Finding Stress in Constrained Direction 

 

 

The majority of the tests showed measurable strain in the biaxial strain gauges at -200 MPa in 

the loading direction. This stress is interpreted as the point in which sufficient Poisson tension is 

reached in the constrained direction to initiate bending of the plates.  

 
4.2 Lattice strain 

 

Lattice strains were measured for 17 out of the possible 18 independent measurable plate 

principal directions as shown below in Table 4.4. The lattice strain evolution of the basal plane 

(where measurements could be taken), (0002), the prismatic plane, {101̅0}, and two intermediate 

pyramidal planes, {101̅2} and {101̅1}, were measured.  

 

 

Test Condition

σ1 (Loaded direction) 

Yield

(MPa)

Final Strain achieved 

In Loading Direction

(%)

Biaxial Strain Gauge

Strain 

Constraint Direction

at Yield

(Microstrain)

σ2Yield

(MPa)

Biaxial Strain Gauge

Strain 

Constraint Direction

Maximum

(Microstrain)

σ2max

(MPa)

ND/TDH -450 -8.60 297 -16 1813 -100

ND/TDV -450 -5.00 189 -10 898 -49

ND/RDV -450 -5.20 253 -14 1122 -62

RD/TDV -350 -7.20 250 -14 3105 -171

RD/TDH -350 -7.50 193 -11 3212 -176

TD/RDV -340 -9.80 217 -12 1015 -56
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Table 4.4: Matrix of Experimental Tests Conducted 

 

 

 

4.2.1 ND Loaded Tests 

 

For the purpose of this section the constrained measurement shown is that produced during the 

horizontal alignment of the rig, or when the loaded direction and constrained direction lattice 

strains are being measured. Note error bars are shown only for a single lattice strain curve in 

each set, i.e. the {101̅1} in Figure 4.5, since the lattice strain error is comparable for all the peaks 

measured in a given direction. 

 

Due to elastic and plastic anisotropy, differences are seen in the evolution of the lattice strains in 

the various grain families. Those that possess a low or high elastic modulus are referred 

respectively as compliant and stiff [10].  After yielding, grain families diverge to a greater extent 

than in the elastic regime; in the case of the lattice strains measured in the loaded direction this is 

known as load partitioning, Figure 4.5. Some grain families begin to yield and take incrementally 

less strain, whereas those that begin to deform elastically take on a greater strain (hence load) 

[52]. In this particular case the (0002) continues to deform elastically increasing the load it bears, 

indicated by a compressive shift, whereas the other three grain families begin to yield indicated 

ND RD TD

ND/RD x x x

ND/TD x x x

RD/ND x x x

RD/TD x x x

TD/ND x - x

TD/RD x x x

Measured DirectionsLoading 

Condition
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by the tensile shifts. The grain family which accumulates the least amount of strain before this 

shift, an indication of the first to yield, is that of the {101̅0}, indicating prism <a> slip[10]. 

 

 

Figure 4.5: ND/RD/ND Concept of Load Partitioning 

  

In the macroscopic curves there appeared to be little difference in the yielding behavior between 

the ND/RD/ZD and ND/TD/ZD. A major difference can be seen however in the lattice strains in 

the loaded measured direction, figure 4.7 a and b, in that the divergence from linearity occurs for 

the (0002) lattice strains at a lower stress for the ND/TD, -300 MPa, than that of the ND/RD, -

450 MPa. The {101̅0},{101̅1}, and {101̅2} measured lattice strains in the loaded direction for 

the ND/TD and ND/RD cases also show such a drastic difference. 

 

Compressive shift

Tensile Shift

Overall Known as Load Partitioning
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The interesting lattice strain curve in this set, which will become a recurring theme in the 

analysis, is that of the constrained direction, Figures 4.6. Approximately at -450 MPa for 

constrained directions in both tests the curves show a reversal from a trend which appears to be 

accumulating tensile strains, to one that shows a compressive strain state. This was also seen in 

the work done using the original compression rig design with Inconel [13] in which the 

phenomenon is termed a “kickback”. This syntax will be used throughout this thesis to describe 

the phenomena. Kickback is due to a combination of effects from both the natural inflections of 

the grain (due to load sharing) as well as the instance in which the constraint is sufficient enough 

to start providing a compressive stress on the constrained direction of the sample. In the 

ND/RD/RD, Figure 4.7 b, data set it can be seen that all planes are reversing at approximately 

the same stress, whereas the ND/TD/TD, figure 4.7 e, there seems to be some discrepancy upon 

the transition of the {101̅0} planes, which don’t show the reversal until -600 MPa. Note also that 

the (0002) plane does not appear in the ND/TD/RD for these test cases, due to the initial texture 

of the material containing the majority of the basal planes normal’s in ND; the small amount of 

scatter in the RD was not measureable. 
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Figure 4.6: ND/RD/RD Introducing the Concept of Kickback (Lines are to guide the eye) 

 

For the unconstrained directions, Figure 4.7 c and f, the ND/RD/TD and ND/TD/RD show 

comparable results. At the yield point the {101̅0} have a tensile shift while the {101̅2} and the 

(0002), when measureable, have a compressive shift. The {101̅1} exhibits differing behavior 

when comparing the two constrained conditions for this measured direction. In the ND/RD/TD 

case the {101̅1} remains relatively linear through yield whereas in the ND/TD/RD case a small 

compressive shift occurs.

Kickback
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(a) 

 

(b) 

 

(c) 

 

 

(d) 

 

(e)

 

(f) 

Figure 4.7: ND Loaded Lattice Strain Curves: a)ND/RD/ND b)ND/RD/RD c)ND/RD/TD 

d)ND/TD/ND e)ND/TD/TD f)ND/TD/RD (Tests are separated by column measurement conditions 

(i.e. constrained) by row, Note constraint measurements are used from the horizontal test setup) 
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4.2.2  RD Loaded Tests 

 

Unlike the ND/YD, twinning contributes to the deformation of Zircaloy-2 when the RD is 

loaded.  Twinning is indicated by the introduction of the (0002) peak, Figure 4.8, in the spectrum 

in RD where initially no (0002) peaks are seen, this occurs at -318 (Figure 4.9 a) and -410 MPa 

(Figure 4.9 d) for the RD/ND/RD and RD/TD/RD respectively. In order to overcome the lack of 

d0, necessary for calculating the lattice strains, for the case of the (0002) in the RD a method for 

calculating the d0 for the (0002) is necessary. Using geometrical crystallographic relations with 

the {101̅0} and the {101̅1} one can calculate an approximate (0002) d0 based upon the d0 of the 

previously mentioned crystallographic planes [53]. The (0002) grain family does not take on the 

load initially, due to its absence in the RD in the undeformed sample, but appears to take on 

more as its presence increases in the RD. Initially, the {101̅2} and to some extent the 

{101̅1} take the load, with the {101̅0} yielding, due to prism slip. The tests do not run to the 

same stress due to mechanical failure during the experiment for the RD/ND case. 

 

For the constrained direction, Figure 4.9 b and e, the “kickback” for RD/ND/ND and RD/TD/TD 

occurs at -340 MPa. In the case of the RD/ND/ND, Figure 4.9 b, the {101̅0} shows large 

variations in its lattice strain at the “kickback”; if one refers to the Appendix C this also occurs 

for the second RD/ND/ND test with the rig in the vertical orientation. Movement of the (0002) 

into the RD correlates to the movement of {101̅0} into the ND; because of small initial 

concentrations of the {101̅0} in the ND, drastic changes in the lattice strain are seen as the new 

population of {101̅0} appears. 
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Figure 4.8: RD/ND/RD Initiation of Twinning 

 

Referring now to the unconstrained measured direction, Figure 4.9 c and f, both RD/ND/TD and 

RD/TD/ND cases show similar behavior for three of the crystallographic planes, that being the 

(0002), {101̅1} and {101̅2} . Similar to the constrained direction for the RD/ND/ZD case large 

fluctuations occur in the {101̅0} in the RD/TD/ND which have been previously explained. 

Introduction of 0002 
indicating twinning
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(a) 

 

(b) 

 

(c) 

 

(d) 

 

(e) 

(f)

 Figure 4.9: RD Loaded Lattice Strain Curves: a)RD/ND/RD b)RD/ND/ND c)RD/ND/TD 

d)RD/TD/RD e)RD/TD/TD f)RD/TD/ND (Tests are separated by column measurement conditions 

(i.e. loaded, constrained and unconstrained) by row, Note the constraint measured directions are 

taken from the horizontal alignment of the test)
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The intensity profiles for the loaded direction for the (0002) and {101̅0}, normalized first to 

beam count and second to the magnitude of random distribution (MRD’s) of the initial texture 

(Figure 4.10), further validate the occurrence of twinning. Here twinning is shown by the 

decrease of intensity in the {101̅0} and the increase in intensity of the (0002). A decrease or 

increase in intensity correlates to the amount of BPNs in the sample direction.  Measurable 

twinning, indicated by the appearance of the (0002) in the RD/ND/RD and RD/TD/RD tests, 

occurs at -318 MPa for the RD/ND/ZD, Figure 4.6 a, case and -400 MPa for the RD/TD, Figure 

4.6 d, case. The magnitude reached for the MRD’s by the RD/TD test is greater than the RD/ND, 

10 MRDs versus 7 MRDs. This could be seen as an indication of more twinning occurring in the 

RD/TD than the RD/ND. 

 

 

Figure 4.10: Intensity Profiles Comparing Loaded RD direction for two Constrained Cases 
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4.2.3 TD Loaded Tests 

 

Differing from the RD loaded interpretation of twinning, TD/YD see two reversals of the (0002) 

lattice strains creating an z-shape, Figure 4.11, or s-shape, Figure 4.12, depending upon the 

constrained direction. For both TD/ND and TD/RD cases the (0002) response can be broken into 

three areas: first the (0002) grain takes on the load, second the first reversal of the (0002) lattice 

strain curve occurs, and lastly a second reversal of the lattice strain curve for the (0002). The first 

reversal is believed to occur as a consequence of the newly reorientated grains, obtained from 

twinning, averaging with the prior non-twinned grains[10]. The second reversal is either an 

indication that equilibrium has been reached between the newly orientated grains and the non-

twinned grain or that the deformation is now being dominated by the new grains.  The TD/ND 

case has a more drastic reversal producing a z-shape curve, while the TD/RD case shows a more 

gradual reversal resulting in an s-shape curve. By referring to the intensity profile, Figure 4.13, 

of the two test cases we see despite TD/RD having a lower final plastic strain of -7.6% compared 

to TD/ND of -9.6%, the TD/RD shows a larger change in the (0002) intensity.  
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Figure 4.11: TD/ND/RD Characteristic Z-Shape Reversal 

 

Figure 4.12: TD/RD/TD Characteristic S-Shape Reversal 

 

Z-Shape

S-Shape
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“Kickback” occurs at -380 MPa for both TD/ND/ND, Figure 4.14 b, and TD/RD/RD, Figure 

4.14 d, cases. In the TD/RD/ND, Figure 4.14 e, shows large changes in the {101̅0} lattice strains 

which may possibly be associated with twinning. Due to experimental time constraint the 

unconstrained measurement was not obtained for the TD/ND/RD. For the TD/RD/ND, Figure 

4.14 e, it can be seen that the {101̅1} and {101̅0}, observing the trend through the fluctuations, 

are taking on the load with little yielding from the other grains.  

 

 

Figure 4.13: Intensity Profiles Comparing Loaded TD direction for two Constrained Cases 
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 (a) 

                                        (b) 

 

                                      (c) 

 

                                           (d) 

 

                                            (e)

Figure 4.14: TD Loaded Lattice Strain Curves: a)TD/ND/TD b)TD/ND/ND c)TD/RD/TD 

d)TD/RD/RD e)TD/RD/ND (Tests are separated by column measurement conditions (i.e. loaded, 

constrained and unconstrained) by row) 
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4.2.5 Texture Measurements 

 

Texture measurements were conducted at Chalk River Laboratories after the in situ loading tests, 

Figure 4.15. During compression when twinning does occurs BPNs will move towards the 

compression axis. This can be seen in Figure 4.15 a, b, c. For the TD/YD/ZD the  basal planes 

are 300 to 900 away from the normal direction correlating to the 85.20 misorientation caused by 

{101̅2} <1̅011>  twinning. Again the movement of the BPNs is toward the compression axis for 

the RD/YD; however unlike the TD/YD much of the BPNs are still highly concentrated in the 

ND. 

 

 

For the TD/YD a difference is seen qualitatively in the PF’s for both the (0002) and the {101̅0}. 

For the TD/RD case, Figure 4.15 c, a strong movement of all BPNs occurs from the ND to the 

TD as indicated by the smaller concentration in the ND and the uniform pattern seen in TD. The 

movement of BPNs is not as strong in the TD/ND case, Figure 4.15 b, indicated by the larger 

concentration of BPNs seen in the ND. The movement of the BPNs from ND to TD for the TD 

loaded cases is coupled with the movement of the {101̅0} from the RD to the ND with 

approximately a 300 offset to the RD. It can be seen that the TD/RD has a stronger movement 

with this than the TD/ND identified once again by the larger concentration of the {101̅0}. 

 

From the texture measurements the resolved fraction of plane orientations was found, Table 4.5. 

For the TD/YD/ZD cases it can be seen that there is a slight increase in BPNs towards the TD 
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direction for the TD/RD compared to the TD/ND case, this insinuates that more twinning may be 

occurring in the TD/RD case. The movement of the BPNs from the ND to the TD directions for 

the TD loaded cases is complemented by the movement of the {101̅0} from the TD measured 

direction to the ND measured direction. For the TD loaded cases the fraction of {101̅0} in the 

RD measured direction remains relatively unchanged compared to the undeformed sample.  

 

For the RD/ND/ZD the fraction of BPNs increases in the RD and decreases in the ND with no 

change seen in the TD. Consequently a change is seen in the fraction of BPNs in the {101̅0} 

moving from the RD to the ND. The amount of twinning appears to be larger in the TD/YD than 

that of the RD/YD. The amount of BPNs in the ND direction for the TD/YD decreases by 50% 

when compared to the original slab whereas for the RD/YD the decrease is only 12%. 

 

Table 4.5: Fraction of PNs in Sample directions 
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Figure 4.15: Texture Measurements with RD side, TD top, and ND center a)Undeformed Texture 

b)TD/ND c)TD/RD d)RD/ND e)ND/RD 

a)

b)

c)

d)

e)

|0002| |10-10|
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Chapter 5 

Modeling 

Lattice strain evolutions presented in the previous chapter was modeled using an EPSC code. 

This code works on the basis of the Eshelby inclusion and was used throughout this thesis to 

further probe the lattice strain evolution. The work conducted on Zircaloy-2 under uniaxial stress 

using three principal directions [10] and biaxial tests conducted on Inconel using an earlier 

version of the compression rig [13] are continually referenced throughout this chapter as a 

starting point to many of the modeling inputs. 

 

 

5.1 Modeling Parameters 

 

Elastic stiffness coefficients were assumed to be identical to the single crystal parameters of 

zirconium with the values of C11 = C22 = 143.5GPa, C33 = 164.5 GPA, C12 = 72.5, C13= 65.4, 

C44= 32.1GPa. Initial texture data from the uniaxial stress data [1] as an input into the code.  

Initial values of the voce and latent hardening parameters were taken also taken from the uniaxial 

stress data [1] in which an inverse optimization routine was used, Table 5.1 and 5.2.  

 

The thermo-mechanical process inputted into the program involves three steps: a cooling from 

898K stress-free state to 298K (implemented in order to obtain the initial thermal strains), a 

mechanical process (for this thesis a biaxial mechanical process was used), and an unloading step 

was implemented at the end of the process. 
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Table 5.1: Initial Voce Hardening Parameter Given by [1] (units GPa) 

 

 

 

Table 5.2: Latent Hardening Parameters Given By [1] 

 

 

 

5.2 Modeling Trials 

 

As a consequence of the compression rig not being able to impose perfect plane strain a complex 

deformation of the samples was seen. Postulated first by R. Toda the mechanical process that the 

sample experiences in the compression rig was believed first to be uniaxial and then enter into a 

plane strain state once the sample entered into the plastic region [13]. This assumes that the 

sample in the constrained direction is not initially constrained by the side plates but once it enters 

into the plastic region the sample deforms in the constrained direction to the point it comes in 

strong contact with the side plate at which point the constraint is initiated.  

τ0 τ1 θ0 θ1

prism <a> slip 0.1 0 0.02 0.02

basal <a>slip 0.16 0 0.02 0.02

pyr <c+a> slip 0.32 0 0.4 0.4

tensile twinning 0.24 0 0.1 0.1

hself hpr/s' hbas/s' hpyr/s' htt/s'

prism <a> slip 5 5 5 1 1

basal <a>slip 5 1 5 1 1

pyr <c+a> slip 1 1 1 1 1

tensile twinning 1 5 5 1 1
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As was shown in Section 4.1.3 the plates are bending, this was indicated by the increase in the 

strain of the biaxial strain gauges, at approximately -200 MPa well below that of the observed 

yield point. A study was conducted to see which mechanical process best models the experiment. 

Various processes were investigated; the three best approaches are presented in Figure 5.1. 

Important parameters used in determining the mechanical processes are: the applied stress at 

which kickback occurs (termed “kickback stress”); the stress on the side plates corresponding to 

σ2 at the time of the kickback; the maximum strain achieved in the loaded direction, and the 

maximum σ2 calculated based on the biaxial strain gauges. The kickback stress and the 

corresponding σ2 are given in Table 5.4. The maximum strain in the loaded direction and 

corresponding maximum stress calculated based on the biaxial strain gauges can be found in 

Table 4.2 in Section 4.1.3. For consistency, tests that were looked at in the horizontal orientation 

are used (when the loaded direction lattice strains are being observed), however when the 

information was not acquired for the horizontal orientation the vertical orientation values are 

taken. Note that only four test cases were able to successfully measure σ2. 
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Figure 5.1: Thermo Mechanical Modeling Processes (a parameter that possess a 999 value is 

variable, an assigned value is for the final state) 

 

Table 5.3: Kickback Stress σ1 and σ2 

Test Case Kickback stress 

(MPa) 

σ2 kickback 

(MPa) 

ND/RDV -450 
 

-14 

ND/TDH -450 -16 

RD/ND -320 n/a 

RD/TD -320 -11 

TD/ND -380 n/a 

TD/RD -385 -12 
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5.2.1 Uniaxial to Plane strain (Mechanical Process 1) 

The first mechanical process used in the model is a two-step deformation. Figure 5.1 shows the 

input strains and stresses needed for the EPSC. If a stress is given a value the corresponding 

strain is allowed to evolve on its own, indicated by the 999 or infinity value, and vice versa when 

a strain value is defined. The example in Figure 5.1 is setup for the ND/RD case direction 1 

represents the ND, 2 represents the TD, and 3 represents the RD. 

 

For this mechanical process a uniaxial deformation was done until the kickback stress followed 

by a plane strain state until the sample reached 10% strain in the loaded direction. For the plane 

strain state the constrained direction, in this case the RD, is held at zero strain and the 

unconstrained direction, in this case the TD, is held at zero stress. 

 

5.2.2 Two-Step Biaxial Stress Conditions (Mechanical Process 2) 

The second mechanical process modeled involved the use of a two-step deformation, both of 

which considered the sample to be under biaxial stress. Biaxial stress was achieved by imposing 

a stress in the loaded direction as well as a stress in the constrained direction. First the sample 

was taken to the kickback stress with the constraint stress being applied in the constrained 

direction at all times. For example in the case of the ND/RD the σ1 would be a set value of     -

490MPa with ε1 allowed to freely evolve, σ2 is set to 0.0 and ε2 is allowed to freely evolve, and 

lastly σ3 is set to a value of -14MPa (corresponding to the stress seen by the side plates) and ε3 is 

allowed to freely evolve. 

 

After the initial biaxial stress case a second case was input to the maximum strain of the sample. 

During trials it was found that if the maximum stress for the loaded direction was used as the 
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parameter for the final state the characteristic kickback, seen in the unconstrained measured 

direction, was not created. This is due to how the EPSC incrementally changes the stress. If both 

final stresses are stated then the stresses will evolve at the same proportional rate however if the 

maximum strain in the loaded direction is given then the stress in the constrained direction is 

able to incrementally increase faster than that of the stress created by the compressing the loaded 

direction. This is what creates the kickback. Continuing with the example of ND/RD for this 

mechanical process: ε1 would be a set to a value of -52 MPa with σ1 allowed to freely evolve, σ2 

is set to 0.0 and ε2 is allowed to freely evolve, and lastly σ3 is set to a value of -62 MPa and ε3 is 

allowed to freely evolve. 

 

5.2.3 Single Biaxial Stress State (Mechanical Process 3) 

The last mechanical process is a single biaxial stress state. The final state of the model is the 

maximum strain seen in the loaded direction and the corresponding maximum stress calculated 

based upon the biaxial strain gauges on the side plates. In the ND/RD case ε1 would be a set 

value of -52 MPa with σ1 allowed to freely evolve, σ2 is set to 0.0 and ε2 is allowed to freely 

evolve, and lastly σ3 is set to a value of -62 MPa and ε3 is allowed to freely evolve. The 

difference between this mechanical process and the previous two processes is the lack of an 

intermediate step and suggests that there is only one condition which can model both the elastic 

and plastic regions.  

 

Since the biaxial strain gauge calibration test was only done with one set of plates, both 

mechanical process 2 and 3 were modeled using twice the values of biaxial strain gauge results 

(in an attempt to account for two sets of side plates). 

 



68 

 

5.2.4 Results of Differing Mechanical Processes Model Inputs 

Results of the differing mechanical processes were compared to the experimental lattice strain 

curves of the constrained direction, quantitatively in Table 5.4 and qualitatively in Appendix E. 

The constrained direction lattice strain curve was most affected by the constraint suggesting that 

the mechanical process which best captures the lattice strain evolution in the constrained 

direction is the mechanical process best suited to interpret the deformation mechanisms. For 

Mechanical Process 2 and 3, the biaxial stress modeled cases, those with (1) represent the model 

using the values calculated directly from the biaxial strain gauges, (2) represents a value of σ2 

that is twice the value of the biaxial strain gauges. The kickback stress of the models was 

measured was defined in a similar way to the experiment, as being the point at which the 

transition from the tensile profile to the compressive profile occurs, Figure 5.2. Mechanical 

Process 1 was able to consistently produce the same kickback stress as the experiments while 

Mechanical Processes 2 and 3 overestimated the kickback stress sometimes by 100 MPa. By 

looking just at the kickback stress Mechanical Processes 2 and 3 produce similar results to each 

other. Consistently, an equal or slightly better estimation of the kickback stress for Mechanical 

Processes 2 and 3 occurs when the biaxial strain gauge stress is doubled. 
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Table 5.4: Comparison of Model to Experiment for Constrained Direction: kickback stresses and slope after kickback 
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Figure 5.2: Mechanical Process 2 ND/RD/RD: parameters used to determine the fit of the model 

 

The slope after the kickback stress, Figure 5.2, was used as the second quantitative tool to 

compare the three mechanical processes. For the ND/RD/RD case Mechanical Process 3 (2x) 

performs the best with an average of 15 % deviation of the slope compared to the experimental 

cases with Mechanical Process 1 producing an average of 40% deviation to the experimental 

slope. The other mechanical processes have at least one curve in this case that is far from the 

lattice strain curve, eg. the {101̅0} for Mechanical Process 2. In the ND/TD/TD, Mechanical 

Process 1, Mechanical Process 2 (2x), and Mechanical Process 3 (2x) perform similarly with 

respect to the slope all producing around an average slope that is 60% different from the 

Slope After 
Kickback Stress

Kickback 
Stress
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experimental lattice strain slopes. Both Mechanical Process 2 and 3 produce at least one lattice 

strain curve with a slope that is very different wen compared to the experimental data. For the 

RD/TD/TD case Mechanical Process 1 and 3 (2x) provide the best slope comparison with an 

average slope that deviates from the experimental slope by values of respectively 30 and 40 %. 

The TD/RD/RD shows that Mechanical Process 1 is has the best ability to capture the slope of 

the experimental data after kickback followed by Mechanical Process 3 (2x). 

  

 

From the results the best modeling approach is seen to be that of the uniaxial to plane strain 

transition (Mechanical Process 1). This approach best models all the cases with respect to the 

reversal of the lattice strains and shall be used as the final mechanical process to further 

investigate the capability of the EPSC to model and probe further the evolution of the 

deformation mechanisms associated with the stress state created by this compression rig. Further 

alterations to the latent hardening parameters as well as the other Voce hardening parameters 

might lead to better agreement. An optimization process using fitting programs that overcome 

the local minimums may need to be implemented, such as a genetic algorithm [57].
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5.1.1 Fitting of Modeling Parameters  

An inverse fitting approach was carried out on the data. Voce hardening and latent hardening 

parameters are altered in order to obtain the best fit, with one set of parameters to be used to 

model all tests. Through the assumptions that θ1 = θ0, τ1=0 (i.e. linear hardening), the 32 

independent variables of the hardening model were taken down to 16. 

 

Ranges for the Voce hardening parameters were found by referring to published data[1]. 

Approximate ranges for the parameters are: 90 < τ0
pr < 120 MPa, 120 < τ0

bas < 240 MPa, 240 < 

τ0
pyr < 340 MPa, 180 < τ0

tt < 280 MPa, and all θ1 values between 0 and 1 GPa. For this 

optimization each value is incrementally changed while the other parameters stayed constant. 

The values chosen were those that spanned the majority of the range given by Feng [1]. The 

parameters on the curves the parameters were then optimized together to produce the best fit. To 

accomplish this agreement with both the macroscopic curves as well as loaded direction lattice 

strain curves were used as fitting criterion.  

 

From the initial data optimization it was found that changing latent hardening parameters had 

little effect on the ability of the model to capture the trends of the data and that any deviation 

from the latent hardening parameters from the optimization of the uniaxial stress data [1] 

decreased the models ability to capture the experimental data trends. These were therefore not 

considered in the next finer optimization. Other parameters that weren’t considered in the finer 

optimization are θ0 for prism <a> and basal <a> slip, it was found that the more these values 

differed from the uniaxial applied stress optimized parameter the less the model captured the 

trends found by the data. This left 6 parameters to be fitted; the shear stresses for the four 
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deformation mechanisms and θ0 for pyr <c+a> slip and tensile twinning. The result of the 

optimization produced the values seen in Table 5.5 for the parameters. Values that changed from 

optimized uniaxial stress data are the prism <a> and tensile twin τ0 as well as the pyr <c+a> θ0. 

The changes seen differ slightly from the original values reported by [1]. 

 

 

 

Table 5.5: Optimized Voce Hardening Parameters 

 

 

5.3 Final EPSC Model 

 

Using the optimized values of the Voce parameters and the uniaxial to plane strain mechanical 

process the EPSC model is used to further investigate its potential with regards to modeling this 

complex stress state.  The model has varying degrees in its ability to capture the characteristics 

of the macroscopic stress-strain curves, Figure 5.3. The model can reproduce the elastic portion 

of the macroscopic stress-strain curve in the majority of the cases. Typically the correct 

evolution of the curve in the plastic region is also captured by the model. The worst fits are seen 

in the RD/YD cases in which the work hardening of the curves is not well modeled for either 

τ0 τ1 θ0 θ1

prism <a> slip 0.105 0 0.02 0.02

basal <a>slip 0.160 0 0.02 0.02

pyr <c+a> slip 0.320 0 0.50 0.50

tensile twinning 0.220 0 0.10 0.10
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RD/ND or RD/TD. The model underestimates the macroscopic hardening for the ND/TD and 

TD/RD. 

 

 

 

(a) 
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(b) 

 

(c) 

Figure 5.3: Experimental Macroscopic Curves Versus Modeled Macroscopic Curves a) ND loaded 

Cases b) RD loaded Cases c) TD Loaded Cases 
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5.3.1 ND Loaded Cases 

 

In the experimental data the sequence of inflections of the four planes is {101̅0}, {101̅1}, 

{101̅2}, and (0002) for both the ND/RD/ND and ND/TD/ND; this is captured by the model for 

both the ND/RD/ND and ND/TD/ND. The extent of the inflection and the fit thereof varies from 

the four planes. It can be seen that the model best captures the (0002); however, the model does 

not perform as well for capturing the trends of the pyramidal ({101̅1} and {101̅2}) and the 

prism ({101̅0}) planes, Figure 5.4 a and d. In the elastic region the model is not capturing the 

true extent of the elastic anisotropy, which is identified as the difference in strain for the lattice 

strain curves at a given stress in the elastic region. The point of yielding for the lattice strain at -

450 MPa is captured by the model, however the extent of load partitioning (the amount of strain 

each grain family takes) is not as well captured by the model. For the unconstrained measured 

direction, Figure 5.4 b and e, the ND/YD case show similar abilities of the EPSC in capturing the 

evolution of the lattice strains. In both tests cases the model is able to capture the evolution of the 

{101̅0}, however the model underestimates the compressive shift of the pyramidal planes for 

both cases and the (0002) for the ND/RD/TD. 
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The relative activity, Figure 5.4 c and f, shows the prism <a> slip to be the first slip system to be 

activated, followed by the basal <a> slip. This pattern is a recurring theme for the other loaded 

cases. Due to the absence of appropriately loaded (0002) grains, tensile twinning remains 

dormant. The last deformation mechanism to be activated is that of the pyr <c+a>, which must 

be active in order to accommodate the deformation of the hcp crystal along the c-axis when 

twinning is not present. 
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(a) 

 

(d) 

 

(b) 

 

(e) 

 

(c) 

 

(f) 

Figure 5.4: Optimized Model (lines) vs. Experiment (data points) for ND loaded Cases a)ND/RD/ND b)ND/RD/TD c)ND/RD Relative 

Activity of deformation mechanisms d)ND/TD/ND e)ND/TD/RD f)ND/TD Relative Activity of deformation mechanisms 
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5.3.2 RD Loaded Cases  

Since the model takes twinning as a unidirectional slip mechanism the evolution of the (0002) 

lattice strain in both the RD/ND/RD and RD/TD/RD cases,  Figure 5.5 a and d,  is not well 

represented. Although unable to represent the lattice strain evolution the model is able to produce 

the correct stress at which the initial activity of twinning occurs. Experimentally the first 

occurrence of a measurable (0002) peak in the loaded direction is -320 and -420 MPa 

respectively for RD/ND and RD/TD; the model calculates the initial twin activity for these cases 

to be at -330 and -390 MPa, found by the relative activity in Figure 5.5 c and f. So an 

overestimation and an underestimation occur. The underestimation is more appropriate given that 

the experiment does not reflect the initial activation of twinning rather the product of the 

sufficient amount of BPNs being transferred into the RD in order to produce a measurable peak.  

 

Qualitatively the model is better at capturing the trends for the {101̅2}, {101̅1} and the {101̅0} 

when compared to that of the (0002) with the RD/ND case being better represented than the 

RD/TD.  For the RD/TD case the {101̅2} is captured very well whereas less agreement is seen 

with the {101̅1} and the {101̅0}. The {101̅1}, {101̅2} and (0002) lattice strain inflections are 

overestimated in the unconstrained measurement for the RD/ND with the {101̅0} inflection 

being underestimated. That said, the initiation of the inflection appears to coincide with the 

experimental data. Better agreement for the measured unconstrained direction is seen in the 

RD/TD with the model being able to capture the inflections of the pyramidal planes; however it 

overestimates the (0002) and {101̅0} inflections. 
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(a) 

 

(d) 

 

(b) 

 

(e) 

 

 

(c) 

 

(f) 

Figure 5.5: Optimized Model (lines) vs. Experiment (data points) for RD loaded Cases a)RD/ND/RD b)RD/ND/TD c)RD/ND Relative 

Activity of deformation mechanisms d)RD/TD/RD e)RD/TD/ND f)RD/TD Relative Activity of deformation mechanisms 
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5.3.3 TD Loaded Cases 

As seen with the RD/YD the model is unable to capture the true nature of the (0002) lattice strain 

evolution when twinning is involved. Here the characteristic double reversal of the TD loaded 

cases, shown in Chapter 4 and seen in the uniaxial deformation of Zircaloy-2 [10], is not 

captured however the model does provide an average of the lattice strain during this time. To 

capture this more complicated lattice strain more complex models must be used [54]. Twinning 

activity, figure 5.6 c and e, occurs initially at -360 MPa according to the model for both 

constrained cases for TD. This stress compliments the experimental data (0002) lattice strain in 

which the first reversal occurs at -380 MPa for both TD/ND and TD/RD. It seems appropriate for 

the model to underestimate the stress at which twinning initiates by considering the reversal an 

indication that the twin volume has reached a sufficient level in order to start impacting the 

(0002). The twinning activity also shows that the TD/RD to have relatively more activity than 

that of the TD/ND. 

 

For both constrained cases the model shows good agreement with the {101̅2} when measured in 

the loading direction. The other two planes show agreement with respect to the sequence of 

yielding however the inflection and full evolution of the lattice strains are not completely 

modeled in the measured loaded direction. TD/ND shows a better fit of the {101̅0} with respect 

to the loaded direction than that of the TD/RD. As stated earlier an experiment was not 

conducted to measure the TD/ND/RD. With respect to the TD/RD/ND, lattice strains do not 

show the best agreement with the majority overestimating the amount of strain associated with 

the inflections.  
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Referring to the data set as a whole the model is able to better capture the trends of the lattice 

strains for the loaded measured directions than that of the unconstrained measured directions. 

This should come as little surprise due to the optimization putting greater weight on the loaded 

measured direction for since it is easier to make conclusions regarding the inflections of the 

lattice strain curves. In addition models are always observed to have worse fits for lattice strains 

measured perpendicular to the loading direction; reasons are discussed in [52]. 
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(a) 

 

(c) 

 

 

 

 

 

 

 

 

 

 

 

(d) 

 

(b) 

 

(e) 

Figure 5.6 Optimized Model (lines) vs. Experiment (data points) for ND loaded Cases a)TD/ND/TD b)TD/ND Relative Activity of 

deformation mechanisms c)TD/RD/TD e)TD/RD/ND f)TD/RD Relative Activity of deformation mechanisms 
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5.4 Extending Model to Plane Strain 

Additional modeling was conducted using full plane strain throughout the loading process. The 

model follows the same plane strain scheme used in Mechanical Process 1 in section 5.2.1. For 

the plane strain mechanical process a direction is taken to -10% strain (loaded direction), another 

constrained to zero strain (the constrained direction), and the third principal direction constrains 

the applied stress to zero (the unconstrained direction). 

 

Pure plane strain modeling is shown for the 6 tests cases. The constrained lattice strain 

measurements as well as the relative activity of the deformation mechanisms are shown in 

Figures 5.7 to 5.9. In all cases during elastic loading the lattice strains in the constrained 

direction when summed together add to approximately zero. At the onset of plasticity each case 

has shown the characteristic kickback reported from the experimental results. From the model all 

the grains appear to kickback at the same rate when tensile twinning has a higher relative activity 

than pyr <c+a>.  For the TD/ND case in which pyr <c+a> is relatively more active than tensile 

twinning the {101̅0} and the {101̅1} grain families have a more suppressed kickback. The ND 

loaded cases show similar results with the kickback being less than its RD and TD loaded 

counterparts. Also it can be seen that the {101̅0} does not kickback as much as the other grain 

families in the ND loaded cases. It is difficult to discover from the model here what is causing 

this to occur, but it can be concluded that a kickback should be expected even with full 

constraint. Therefore it is not just the constraint starting to take place but rather the effect the 

constraint naturally has on the samples’ constrained direction that causes this kickback. The 

kickback may be a consequence of the increasing stress associated with the constraint on the 

Poisson expansion associated with plasticity. This may be seen as a relaxation of the lattice 
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strains in the constrained direction as plastic deformation occurs, due to the imposed stress of the 

constraint on the Poisson expansion during the elastic portion of loading. 

 

 

The RD/YD experimental results indicated that the constraint would cause a change in the stress 

required to initiate twinning in the loaded direction, depending on which direction was 

constrained. The model agreed with the results even when constraint on the sample for the 

experimental cases of RD/TD and RD/ND was imposed at the same kickback stress of -320 

MPa. Modeling using mechanical process 1 showed the initiation of twinning to be -330 and       

-390 MPa for RD/ND and RD/TD respectively. For full plane strain the model indicates the 

initiation of twining to be -315 and -380 MPa. A decrease in the stress required for initiation of 

twinning for both RD/ND/RD and RD/TD/RD is an indication that the Poisson tension is more 

directed into a single sample direction. Currently it is believed  that the discrepancy in the stress 

value for the initiation of twinning in the RD/YD cass is attributed to the offset of the basal plane 

normal being 50 degrees in the TD, explained further in the next chapter. For the RD/ND case 

twinning is believed to occur initially in grains associated with the BPNs 50 degree offset in the 

TD direction, for the RD/TD the initial twinning may be occurring in grains with BPNs aligned 

with the ND. By better directing the Poisson tension into a single sample direction the grains that 

initially twin in the RD/TD and RD/ND are now exposed to a greater Poisson tension hence 

decreasing the applied stress at which the initiation of twinning occurs. 

  

An increase in the ability to suppress twinning is suggested in the plane strain model for the 

TD/ND case. Using plane strain throughout, the estimate of the absolute maximum relative 
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activity of tensile twinning is 0.012 whereas Mechanical Process 1 gives an absolute maximum 

relative activity to be 0.020, effectively the activity has been decreased by 50%. The relative 

activity for tensile twinning for the TD/RD case does not show any change based upon changing 

the model from Mechanical Process 1 to plane strain conditions. For the TD/ YD cases the offset 

of the basal plane normal 30 degrees from the ND towards the RD does not appear to be 

sufficient enough of an offset to provide a geometrically favorable circumstance for the 

occurrence of twinning when the ND direction is constrained. As a consequence less twinning is 

seen in the TD/ND case, when the constraint is increased (going from mechanical process 1 to 

plane strain). The expected increase in suppression is suggested by the difference in absolute 

maximum relativity of the tensile twinning system, Figure 5.9c. For the TD/RD case there is not 

a significant change in the relative activity of the tensile twin from mechanical process 1 to plane 

strain. 

 

The conclusion that can be drawn from this examination of extending the model to plane strain is 

that the experimental data collected in the pseudo plane strain state has still provided key 

deformation characteristics that should be observed seen if full plane strain could be achieved.  
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(a) 

 

(c) 

 

(b) 

 

(d) 

Figure 5.7: Plane Strain modeling for ND loaded Cases a)ND/RD/RD b)ND/RD Relative Activity of deformation mechanisms 

c)ND/TD/TD d)ND/TD Relative Activity of deformation mechanisms 



88 

 

 

(a) 

 

(c) 

 

(b) 

 

(d) 

Figure 5.8: Plane Strain Modeling for RD loaded Cases a)RD/ND/ND b)RD/ND Relative Activity of deformation mechanisms 

c)RD/TD/RD d)RD/TD/TD f)RD/TD Relative Activity of deformation mechanisms 
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(a) 

 

(c) 

 

(b) 

 

(d) 

Figure 5.9 Plane Strain Modeling for TD loaded Cases a)TD/ND/TD b)TD/ND/ND c)TD/ND Relative Activity of deformation mechanisms 

c)TD/RD/TD e)TD/RD/RD f)TD/RD Relative Activity of deformation mechanisms 
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Chapter 6 

Discussion of Results 

6.1 Discussion on compression rig design 

6.1.1 Understanding the Stress State Achieved 

Although the best modeling approach was found to be Mechanical Process 1 in Section 5.2.1 this 

is not believed to be the actual stress state that the rig achieved. By referring back to the 

conceptual experimental yield surface from Section 2.1 and taking σx  and σy  to respectively 

represent the stress in the ND and the RD the stress state should be somewhere between the 

uniaixal and plane strain state (Figure 6.1).  

 

This concept is supported by the findings from the strain gauges placed on the side plates of the 

compression rig, in which bending (i.e. measurable σ) occurs in the majority of cases at 

approximately -200 MPa applied stress. If plane strain is seen as the stress state in which the 

Poisson tension of the sample direction being constrained is equally matched by the compression 

of an external force, achieved by the side plates in this case, at each level of stress increase, then 

the stress state that is being presented in this work is that in which the external force applied in 

the constrained direction is less than the external force required for plane strain.  
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Figure 6.1: Indicating Stress State achieved in Experiments Using Yield Surface  

 

6.1.2 Effect of alterations on rig design 

Table 6.1 shows the constraint achieved based upon Equation 4.1.1 for the three rig designs 

talked about in this paper: Toda [13], arrangement A, and arrangement B. Through the 

progression of the designs, the rig constraint increases from arrangement A to B. In one extreme 

case the constraint increases by 20%, that being the ND/RD case. In the majority of comparable 

cases the constraint increases by 5%.  Although more difficult to compare the two arrangements 
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used in this work with that of Toda, it can be seen that the average constraint achieved in the new 

designs exceed that of the Toda design. 

 

Table 6.1: Comparing Rig Design and Constraint Achieved 

 

 

Using the evidence of the bending of the plates found from the biaxial strain gauges placed on 

the side plates, it can be seen that the inability to achieve plane strain is due to insufficient 

rigidity of the side plates. An element that was not taken into account in this thesis is friction. 

During the tests a copper paste was placed in between the sample and the side plates in order to 

reduce friction. From the vernier caliper data, Appendix A, it can be seen that the samples are not 

uniform in width or height after the deformation. This may be attributed to friction however it 

would not just be the side plates friction needed to be taken into account but the pedestal and 

plunger as well. The non-uniform deformation profile is most likely a complex mix of the 

samples being not being perfectly aligned, friction, and buckling. 
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6.2 Comparing to Uniaxial 

Macroscopic curves for the loaded directions for the biaxial and uniaxial tests are compared in 

Figure 6.2. For the uniaxial the reported yield stresses for ND, RD, TD are respectively -450,-

350 and -340 MPa, and with the exception of RD/ND (which possessed a yield stress of -340 

MPa) the biaxial loading tests carried out by the author produced the same result. Equal yield 

stress in biaxial and uniaxial stress tests indicate that the constraint is not affecting the pre-yield 

region. Both the ND/RD and RD/ND show almost equivalent results with respect to the uniaxial 

macroscopic curves. Consistently seen however, is an increase in work hardening for those tests 

conducted using Arrangement B, ND/TD (Figure 6.2a) and RD/TD (Figure 6.2b). Both TD/YD 

(Figure 6.2c) show an increase in the work hardening when compared to uniaxial stress data. 

 

 

 

(a) 
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(b) 

 

 

(c) 

Figure 6.2: Macroscopic Stress vs. True Strain a)ND loaded cases b)RD loaded cases c)TD loaded 

cases 
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There is a significant difference in the trend in the unconstrained measured direction of the 

psuedo plane strain tests compared to the uniaxial stress tests, Figure 6.3. Pseudo plane strain 

tests possess a large kickback of all the lattice strains as was discussed in Section 4.1.2 whereas 

the uniaxial stress tests have a linear trend with only small inflections.  

 

Figure 6.3: Uniaxial Stress (lines) versus Psuedo Plane Strain (points) in the Constrained Direction 

 

The lattice strains for the other two measured directions, loading and unconstrained, are 

compared with the uniaxial in Figures 6.4 to 6.6. One of the differences seen in the pseudo plane 

strain tests is the initiation of twinning, seen drastically in the RD/YD and to some extent in the 

TD/YD. Referring to Figures 6.5 a and c it can be seen that the RD/YD uniaxial cases are closer 

to that of the RD/ND than that of the RD/TD. For the TD/YD cases the uniaxial is closer to the 

lattice strain evolution of the TD/ND case, Figure 6.6 a, than that of the TD/RD case, Figure 6.6 
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c. In both situations twinning appears to be initiating sooner or at a faster rate due to the 

constraint. For the RD/YD, the uniaxial RD/YD test sees introduction of the (0002) at the lower 

stress of -350 MPa compared to the RD/TD of -400 MPa. For the TD/YD the uniaxial TD/YD 

test has a sharper reversal of the (0002) lattice strain compared to that of the smoother reversal 

seen under constraint; the z-shaped compared to the s-shaped curve discussed earlier.  

 

In most cases the uniaxial lattice strain evolution is qualitatively similar to that of the pseudo 

plane strain. This is partly due to the constraint not taking enough effect before the yielding of 

the sample. The grain family which shows the most deviation from the uniaxial case in some of 

the pseudo plane strain tests is that of the (0002). As stated in the previous paragraph for the 

TD/RD and RD/TD cases this is due to changes in the twinning behavior, however in the ND/TD 

case the inflection of the (0002) occurs at an earlier time than that of the uniaxial.  The largest 

deviation for the majority of lattice strains occurs in the TD/RD/ZD case where the tensile shift 

seen in the {101̅1} and {101̅0} is seen in the uniaxial, as well as the TD/ND/ZD case, but not in 

the TD/RD.  
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(a) 

 

(c) 

 

(b) 

 

(d)

Figure 6.4: Comparing Biaxial (data points) and Uniaxial (lines) Lattice Strains a)ND/RD/ND b)ND/RD/TD c)ND/TD/ND d)ND/TD/RD
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(a) 

 

(c) 

 

(b) 

 

(d)

Figure 6.5: Comparing Biaxial (data points) and Uniaxial (lines) Lattice Strains a)RD/ND/RD b)RD/ND/TD c)RD/TD/RD d)RD/TD/ND
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(a) 

 

(c)  

 

(b) 

 

 

 

 

 

 

 

Figure 6.6: Comparing Biaxial (data points) and Uniaxial (lines) Lattice Strains a)RD/ND/RD b)RD/ND/TD c)RD/TD/RD d)RD/TD/ND
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Referring to the Voce hardening parameters in the EPSC code there is no significant change in 

the tau and theta parameters. The initial inverse optimization found that changing the latent 

hardening parameters the improvement of the fit did not improve. This suggests that uniaxial 

stress data is sufficient to fit the parameters of the EPSC model. This is however not 

conclusively found here, and the use of a genetic algorithm would provide better fitting ability of 

the parameters than a manual inverse approach. 

 

6.3 Effect of constraint on Deformation of Zircaloy 

The macroscopic curves showed that work hardening was affected depending on which direction 

was being constrained for the RD/YD and TD/YD cases. Work hardening decreased when the 

RD or TD were placed in the unconstrained direction for the RD/YD and TD/YD cases 

respectively when compared to the cases when the ND was place in the unconstrained condition. 

This can be attributed to <a> slip being the most active deformation mechanism at RT for 

Zircaloy-2, making the directions aligned with the majority a axes “softer”. Minor to negligible 

effects on work hardening and little difference in lattice strain evolution were seen for the 

ND/YD tests attributed to the fact that both the RD and TD have strong populations of a axes, 

hence producing similar deformations. 

 

By applying constraint along the majority a-axis the activation of slip may be decreased. When 

the a-axis is constrained the majority of the Poisson tension is placed along the c-axis of the HCP 

crystal, the “harder direction”, which possesses deformation mechanisms, <c+a> slip and 

twinning, that have higher CRSS – this increases the work hardening. The relative activity in 

these cases shows an increase in the deformation mechanisms associated with c-axis deformation 
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and a decrease in the relative activity associated with a-axis deformation. This is most likely a 

combination of both the deformation mechanisms that are associated with deformation along the 

a-axis decreasing and the deformation mechanisms associated with deformation along the c-axis 

increasing in activity.  

 

With reference towards the TD/YD tests, the constraint has an apparent effect on the deformation 

mechanism that allows for deformation along the c-axis. When the ND (with strong population 

of c-axis) is constrained <c+a> slip is relatively more active than tensile twinning.  In contrast 

when the RD is constrained (direction with strong population of a-axis), tensile twinning is 

relatively more active than <c+a> slip. In plane strain conditions for the TD/ND case, twinning is 

non-existent (both TD and ND axes experience compressive stress). This indicates twinning is 

more likely than <c+a> when larger tension is seen along the c-axis but in cases in which the 

larger tension is seen along the a-axis, i.e. uniaxial stress and TD/RD, <c+a> is the more likely 

the slip mechanism. Note this is supported by the model for complete plane strain and for the 

experimental data shown here, indicating that twinning occurs in both the TD/RD and TD/ND 

cases to varying extents. 

 

6.3.1 Effect of Constraint on twinning 

Tensile twinning occurs both in the RD/YD and TD/YD test, and based upon the direction that is 

being constrained, twinning is either suppressed or amplified. For the TD/YD test it was shown 

in the texture measurements that a greater volume fraction of BPNs was seen in the TD for the 

TD/RD test than the TD/ND tests despite the TD/ND test being strained to a larger percent. The 

TD/RD test is amplifying twinning, indicated by the increase in tensile twinning activity Figure 
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6.7 b, when compared to the uniaxial stress data. A possible reason for this is the hcp crystal 

being placed in an optimal arrangement for twinning. With a majority of the BPNs in the ND, 

one would expect that when put into a position in which the Poisson tension is the greatest along 

ND (i.e. the TD/RD test) that more twinning would occur based upon geometrical relations 

which allow for the CRSS for twinning to be reached. If the compression rig did indeed provide 

sufficient constraint to maintain plane strain then no twinning in the TD/ND test would be 

expected. This is not the case due to the inability of the rig to provide sufficient constraint. 

Sufficient Poisson tension is still seen in the constrained direction to propagate twinning.  

 

Twinning is also affected in the RD/YD tests; an interesting phenomenon appears to occur. 

Based upon the previous paragraph if the direction which possesses more BPNs is subjected to 

the larger Poisson tension, i.e. when placed in the unconstrained direction, produces an 

amplification of twinning or correspondingly a suppression of twinning when placed in the 

constrained direction. This would mean that the RD/TD test should show more twinning than 

that of the RD/ND test, however the initiation of twinning is seen at a lower stress in the RD/ND 

than RD/TD test, Figure 6.8 a and c (0002) lattice strain curves . When comparing with the 

uniaxial stress data the conclusion one draws is that for the RD/TD test the initiation of twinning 

is being suppressed. An amplification of twinning is suggested by the model in the RD/TD when 

referring to Figure 6.8 b, this is supported by the evolution of the (0002) peak intensity shown in 

section 4.2.3.  

 

It is proposed that in the case of the initiation of twinning for the RD/ND/ZD case that the BPNs 

that are 500 away from the ND direction (towards the TD) are in a favorable state for twinning, 
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due to geometry and thermally induced strains,. During further investigations using the EPSC 

model it was found that the thermally induced tensile lattice strains for the 0002 grain with 

respect to TD were twice that of the ND. During uniaxial deformation this difference decreased, 

but a significant difference was seen before the onset of the constraint. The amplification of 

twinning for the TD/YD tests can be explained by the BPNs being aligned with the 

unconstrained direction allowing for the majority of the Possion Tension being placed along the 

c-axis. 
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(a) 

 

(c) 

 

(b) 

 

(d)

Figure 6.7: Effect of Constraint on twinning for TD Cases a) Biaxial (data points) vs. Uniaxial (lines) TD/ND/TD b) deformation 

mechanism activity TD/ND c) Biaxial (data points) vs. Uniaxial (lines) TD/RD/TD d) deformation mechanism activity TD/RD 
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(a) 

 

(c) 

 

(b) 

 

(d)

Figure 6.8: Effect of Constraint on twinning for RD Cases a) Biaxial (data points) vs. Uniaxial (lines) RD/ND/RD b) deformation 

mechanism activity RD/ND c) Biaxial (data points) vs. Uniaxial (lines) RD/TD/RD d) deformation mechanism activity RD/TD
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6.4 Impact on EPSC 

The EPSC 3 code [46] has been able to further probe the deformation mechanisms 

associated with Zircaloy-2 under a complex biaxial stress state. The code relies upon the 

user to properly define the boundary conditions for the stress and strain final states. 

Under less complex stress states, uniaxial and plane strain, this is trivial however under 

the more complex biaxial stress state seen in this work multiple trials had to be conducted 

in order to find the best suited mechanical process. By using various mechanical 

processes and the EPSC the best for modeling the data was mechanical process 1 in 

section 5.2. Through the use of the EPSC the data could be extended to pure plane strain. 

When pure plane strain compression was implemented the characteristic kickback was 

seen in the constrained measured lattice strain curves.  

 

Errors in the final fit are primarily from the inherent inability of the EPSC to properly 

capture the impact of twinning on the plastic deformation of the sample, i.e due to the 

code treating the system as a unidirectional slip system and not providing reorientation of 

the grain or relaxation as a consequence of twinning. This is shown most by the fit with 

the RD loaded cases. The TD loaded cases are not as greatly affected, probably a 

consequence of the 50 degree offset of the BPNs from the ND. 

 

Although unable to capture the true response of plastic deformation due to twinning the 

code proves its ability in capturing the relative contributions, twinning initiation and 
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relative activity of modes. For the RD loaded cases it showed good agreement in 

indicating both the initiation of twinning, as well as the relative amount, for the TD 

loaded cases it was able capture the relative difference in amount of twinning and the 

stress at which twinning occurred in the two constrained cases.  
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Chapter 7 

Conclusions and Recommendations 

A study was conducted on the effect of a biaxial compressive stress state on warm rolled 

Zircaloy-2. The material was highly textured with the majority of the BPN’s in the ND 

with a 500 offset into the TD and 300 in the RD. This study involved the use of a 

compression rig attempting to achieve plane strain; this type of experiment has not been 

done using neutron diffraction on zirconium to date. Full constraint was not achieved and 

there was little effect in the elastic region, however in the plastic region the constraint had 

an effect on the work hardening of the material. All six variations of loaded and 

constrained direction were conducted for the three principal directions of the material. 

Using neutron diffraction the lattice strain evolution was measured for the 17 out of 18 

possible measurement directions. 

 

Through the alterations of the compression rig, an increased level of constraint was seen. 

The use of biaxial strain gauges placed on the side plates of the compression rig indicated 

that these plates were bending. It is concluded that in order to achieve full constraint the 

rigidity of the side plates must be increased.  

 

Experimental results showed that the constraint had little effect on the tests in which the 

ND direction was loaded. An increase in work hardening was seen for the TD and RD 

loaded tests when compared to the uniaxial tests conducted in [10]. Work hardening 
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consistently increased when the stronger direction, ND, was put in the unconstrained 

condition of the tests. Prismatic <a> slip is consistently seen as the most active slip 

system and is active before twinning in all loaded cases. Texture measurements showed 

that the {101̅2} <101̅1> tensile twin system was active indicated by the 85.20 offset of 

the BPNs with respect to the initial texture, this is consistent with experiments previously 

done on Zircaloys in which {101̅2} <101̅1> tensile twins are the only twin system 

reported at room temperature. 

 

The experiments have shown that twinning is affected by the direction that is constrained. 

In the TD loaded cases it is believed that twinning is amplified when the RD is 

constrained, indicated by comparisons to uniaxial data and Kearn’s numbers found from 

texture measurements. For the RD loaded cases the experimental work showed that the 

initiation of twinning occurs at a lower stress of -350 MPa when the ND is constrained 

and -450 MPa when the TD is constrained. For the RD loaded cases when the TD is 

constrained the evolution of the intensity for the (0002) peaks indicate a greater amount 

of twinning than the ND constrained case. 

 

Experimental results were used to further constrain the parameters of an EPSC code. The 

code allowed for further interpretation of the results. Various mechanical loading 

schemes were tested to see which best represented the stress state achieved in this work. 

The best modeling routine was found to be a two-step loading: first uniaxial followed by 
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plane strain. Lattice strain curves were best fit with the loaded direction measurements. 

The EPSC code was able to reasonably capture the relative activity of the twin system.  

In the RD loaded cases it predicted that twinning would first initiate in the ND 

constrained test and showed that the relative activity of the tensile twins higher in TD 

constrained test. Further investigations using the EPSC code showed higher initial 

thermal strains in the TD direction leading to the conclusion that the initiation of 

twinning is due to thermal strains as well as geometrically optimal positioning of the 

grain within the matrix. Variant selection and neighboring grains have an effect as well 

on twinning; however this effect is not captured in the EPSC model and cannot be 

reached as a conclusion in this work. 

 

 

7.1 Recommendations for Future Work 

 

Plane strain still has not been accomplished in Neutron Diffraction tests. Alterations to 

the side plates on the compression rig in this work could increase the constraint 

sufficiently enough to provide the plane strain condition. In order to increase the stiffness 

of the side plates one could potentially increase the thickness of the steel side plates or 

use a stiffener such as an I-beam which could be placed in a fashion as not to interfere 

with the neutron beam. Further work on the ability to obtain macroscopic strain 

measurements on the sample must also be looked into. One suggestion would be adding 
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an insert at the end of the grips allowing to place an extensiometer closer to the sample 

minimizing error produced by the compliance of the rig components. 

 

From this work it was shown that constraint can take place at a varying level, to date no 

experimental measurement technique has been developed to quantify σ2 for plane strain 

tests. An approach could be developed to quantify the stress by varying the constraint 

achieved, possibly by changing the thickness of the steel plates. The arrangement shown 

in this work indicates that σ2 can be measured using biaxial strain gauges on the side 

plates if there is insufficient constraint. Although this would be experimentally expensive 

it can be used as a tool to verify σ2. 

 

 

The data can be used to further constrain the parameters in the EPSC code. This can be 

accomplished either through a more comprehensive inverse approach or through the use 

of a fitting algorithm. The data can also be used to verify other polycrystalline codes, by 

providing a more complex stress state. An improvement can be made on the ability to 

model the mechanical loading by discretizing the biaxial states discussed in chapter 5 

further. Instead of a two-step process a Nth step process could be utilized. 

 

A test on factors affecting twinning can be carried out at a future date once the 

compression rig achieves greater or full plane strain. The most useful test setup would be 
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the RD loaded cases (for this material). During in-situ neutron diffraction the occurrence 

of twinning can easily be seen in this direction and used as the monitoring condition to 

end the test, using ex-situ experiments such as electron back scattering or texture analysis 

could further probe which grains, i.e. ND or 500 away from ND towards TD, twinning is 

active in. 
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Appendix A 

Vernier Caliper Measurements 

For each Sample direction multiple measurements are taken. Four measurements are taken parallel to the 

loaded axis (with an additional one taken at the center of the sample for the loaded direction in the center 

of the sample post deformation), six measurements are taken for both the constrained and unconstrained 

directions. Back refers to the face of the sample in contact with the pedestal and front refers to the face of 

the sample in contact with the plunger. Top refers to the face of the sample in contact with the side plates 

that have the where the bolt heads are and bottom refers to the face that is in contact with the side plates 

in which the nut is on. These were maintained by marking the sample with an arrow. The measurements 

are visually depicted in Figure A1. For the loaded direction four measurements one at each corner of the 

sample were taken. For the constrained and unconstrained two measurements were taken at the front face, 

the middle of the sample, and at the back face of the sample. The two measurements at each location were 

taken for the top and bottom face of the sample. 

 

(a) 

 

(b) 

 

(c) 

 

Figure A1: Measured Lengths Pre and Post Deformation a) Loaded direction 

b)Unconstrained Direction c) Constrained Direction 
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Table A1: Vernier Caliper Measurements Pre and Post Deformation 
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Appendix B 

Machine Drawings 

Arrangement A 

 

 

Figure B1: Arrangement A Base 
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Figure B2: Arrangement A Plunger and Spacers 

 

 

Figure B3: Arrangement A steel Side Plates (Note Zirconium side Plates are the same as 

arrangement B) 
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Arrangement B 

 

Figure B4: Arrangement B Base 
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FigureB5:Arrangement B Plunger and Spacers 

 

Figure B6: Arrangement B Side Plates 
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Appendix C 

Vertical Orientation Constrained Direction Lattice Strain Curves 

 

(a) 

 

 

(c) 

 

 

(b) 

 

 

 

(d) 

Figure C1: Lattice Strain Curves a)ND/TD/TDV b) RD/ND/NDV c) RD/TD/TDV 

d)TD/RD/RDV 
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Appendix D 

Biaxial Strain Curves 

(a) 

(b)

(c) 

(d 

(e) 

Figure D1 Biaxial Strain Gauge Curves: a)ND/TDH b)ND/RDV c)ND/TDV d)RD/TDV e)RD/TD 
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Appendix E 

Mechanical Processes Versus Experimental Data 

Curves 

 

 (a) 

 

 

(c) 

 

 

(b) 

 

 

 

(d) 

Figure E1: Uniaxial Stress to Planestrain a) ND/RD/RD b) ND/TD/TD c)RD/TD/TD d)TD/RD/RD, 

experimental represented by data points model by lines 
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(a) 

 

(c) 

 

(b) 

 

(d)

Figure E2: Taking to σ2yield then to σ2(max)) a)ND/RD/RD b)ND/TD/TD c)RD/TD/TD d)TD/RD/RD, 

experiment represented by data points model represented by line. (1) σ2 from Table 2.2 and (2) is 

twice the value of σ2
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(a) 

 

(c) 

 

(b) 

 

(d) 

Figure E3: Taking to σ2(max) a)ND/RD/RD b)ND/TD/TD c)RD/TD/TD d)TD/RD/RD, experiment 

represented by data points model represented by line. (1) σ2 from Table 2.2 and (2) is twice the 

value of σ2

 


