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Chapter 1 

1. Introduction 
 

1.1. Background 

The development of the CANDU
1
 reactor system can be traced as far back as 1898 when 

Lord Rutherford, a pioneer in the field of atomic physics was appointed Professor of 

Experimental Physics at McGill University. However, the development of nuclear 

reactors for commercial production of electricity in many countries including Canada did 

not start until the early 1950’s. After a careful consideration of possible designs, 

Canadians recognized the unique advantages of the pressurized heavy water reactors. 

This choice enabled the reactor to be fueled with natural uranium, thus avoiding the need 

to either build costly uranium enrichment plants or the importation of enriched fuel. 

CANDU reactors can operate on the use of natural uranium because deuterium (heavy 

water) has a low neutron absorption cross-section [1-3]. However, the use of deuterium 

for neutron moderation and cooling will require the construction of very large pressure 

vessels. To avoid this situation, CANDU reactors utilize the fuel channel design which 

incorporates the pressure tube. The service life of the fuel channel is determined by the 

pressure tube since it is the component within the unit that is subjected to the most severe 

conditions during operation. In the last few years, tremendous improvements have been 

made to the Zr-2.5%Nb pressure tubes which have resulted in them having longer service 

lives and greater safety margins. 

All metal components located in a nuclear reactor core experience high levels of neutron 

irradiation.  The interaction of the neutrons with the metal atoms causes defects to be 

formed in the metals’ crystal structure.  The density of these crystal defects, which are 

typically of the form of atomic point defects (referred to as Frenkel Pairs) or very small 

dislocation loops, increases with increasing exposure to neutrons and cause the crystalline 

metal to become harder and simultaneously more brittle (i.e. to become irradiation 

                                                 
1
 The acronym CANDU refers to CANada Deuterium Uranium and refers to a type of thermal neutron 

fission reactor that utilizes non-enriched uranium fuel and neutron moderation via heavy water. 
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hardened and irradiation embrittled). This change in mechanical properties is potentially 

detrimental to the safe performance of the metal components. Two common 

consequences of these radiation induced changes on the pressure tube properties include a 

change in dimensions of the tube often referred to as radiation induced deformation and a 

decrease in the resistance to fracture resulting in a reduction in toughness of the tube. 

1.2. Need for research   

Maintaining a safe operation of nuclear power reactors is the primary requirement of 

operation codes used by all nuclear power generating organizations worldwide. This 

necessitates the use of highly effective methods of detection and mitigation of degraded 

reactor systems, structures and components throughout the design service life of the 

plant. Nuclear power reactor operators carry out periodic maintenance, testing, and 

examination of all mechanical components located within the reactor core. In the case of 

the CANDU reactors, this inspection process can be quite involved due to the complexity 

of the core (figure 2.1).  

The latest fuel channels have been designed to have a lifespan of over 30 years. These 

channels, and in particular the pressure tube, are considered to have reached their end of 

service life when they can no longer meet their design and service demands. The 

combination of neutron flux, high temperature and pressure induced stresses over time 

results in a degradation of the properties of the pressure tubes. To an extent, the pressure 

tubes have been designed to accommodate extreme working conditions, but cracking 

have seldom occurred during operation [4-6].  Although the current CANDU reactor 

design has the capacity to withstand the consequences of a rupture of the pressure tube, 

researchers continue to strive to minimize the possibility of a fracture. The cost penalties 

of an unscheduled shutdown in operation in order to carry out repairs associated with any 

rupture and determine their cause has huge economic implications on the plant. Also, if 

such ruptures began to occur frequently, there would be an increase in the risk of them 

escalating to a more serious accident.  

Despite the large pool of information available on the design, operation and maintenance 

of CANDU nuclear reactors, researchers are still very interested in finding new and more 
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effective methods to mechanically test these components for deterioration from the 

influence of stress, temperature, irradiation etc., and to determine whether they are still 

safe for operation. The fact that material removed from a nuclear reactor is highly 

radioactive, and therefore exceedingly difficult to test with conventional mechanical tests, 

means that new methods of small-sample mechanical testing must be devised to allow for 

the direct assessment of the mechanical strength and ductility of irradiated components 

extracted from in-service nuclear reactors. 

1.3. Scope and objectives of this research 

This thesis focuses on finding new techniques for testing the mechanical anisotropy of 

the Zr-2.5%Nb pressure tube. Mechanical anisotropy is a common property in metals that 

arises from their crystal structure or by virtue of their manufacturing route. The Zr-

2.5%Nb pressure tube is predominantly made up of over 97% Zirconium, an element that 

possesses an hcp crystal structure, whose single crystals are anisotropic in addition to the 

large amount of cold-working the pressure tube has been subjected to during fabrication. 

This implies that their mechanical properties like yield stress and elastic modulus would 

change with direction. It is therefore necessary to test these tube’s properties with respect 

to direction. The experiments performed in this thesis are tailored towards determining 

the anisotropic stress – strain curves for the CANDU pressure tube with respect to their 

orthogonal directions. This study does not extend to the kinetics of the local plastic 

deformation of the tubes but considers the mechanisms of the deformation in a bid to 

explain some of the results obtained from these tests. Experiments are performed at room 

temperature and also at elevated temperatures of 100, 200 and 300 °C with respect to 

direction, to assess the effect of temperature on the deformation process. 

In order to achieve these goals, new methods for testing irradiated pressure tubes from 

nuclear reactors will be explored. Three new types of experiments will be performed and 

studied using different techniques. The results from the tests will be compared to those 

already published in order to verify the effectiveness of my experimental approach. The 

first two experiments are based upon the use of uniaxial compression of macro- and 

micro-sized cylindrical pillars while the second is based on the use of spherical 

indentation to determine the yield stress and the work-hardening behavior of the test 
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sample. These techniques will be used to assess the effect of temperature and irradiation 

hardening on the mechanical anisotropy of extruded and cold-drawn Zr-2.5%Nb CANDU 

pressure tube material.  

1.4. Structure of thesis 

The structure of this thesis is in accordance with the Integrated Article Format of the 

school of Graduate and Post-graduate studies (SGPS) at The University of Western 

Ontario, ON, Canada. It is made up of six chapters, three of which are experimental 

research designed to investigate new methods for testing irradiated pressure tubes from 

nuclear reactors.  

Chapter two of this thesis presents a review of the relevant previously published 

information related to CANDU nuclear reactors, the plastic deformation of mechanically 

anisotropic Zr-2.5%Nb pressure tubes, in both the irradiated and the non-irradiated 

conditions, used in CANDU fuel channels, and the theory describing the complex 

stress/strain state invoked during spherical indentation. As the test material used in this 

thesis is extruded and cold-drawn Zr-2.5%Nb CANDU pressure tubing, it will be of 

importance to briefly discuss the manufacturing process, which leads to its uniquely 

elongated microstructure and crystallographic texture. The use of ion irradiation to 

simulate the effect of neutron irradiation on the microstructure of these components will 

be discussed. The effect of temperature on the mechanical properties of pressure tubes 

and their properties will also be discussed, and finally a description of the theory and 

principle behind the use of spherical micro-indentation to deduce stress-strain curves that 

are similar to those obtained from uniaxial tensile / compression tests will also be 

discussed. 

Chapter three will cover the use of standard uniaxial compression tests to assessing the 

anisotropic yield stress and work-hardening behaviour of the extruded and cold-drawn 

Zr-2.5%Nb pressure tube material. The use of the compression test is widely accepted in 

research and its results have been used to effectively characterize.  The results of these 

tests will be used to determine Hills anisotropy factors, F, G, and H that describe the 

mechanical anisotropy of this material over the temperature range from ambient to 
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300
o
C. This chapter has been submitted for publication in the Journal of Nuclear 

Materials [R.O. Oviasuyi, R.J. Klassen, (02-15-2012)]. 

Chapter four presents the results of a study of the use of spherical micro-indentation to 

determine the stress - plastic strain response of mechanically anisotropic material. The 

results from spherical indentation tests performed on non-irradiated Zr-2.5%Nb samples 

over a range of temperature from 25
o
C to 300

o
C are compared with equivalent data from 

the uniaxial macro- and micro-pillar tests to validate this new indentation-based test 

method. This chapter has been submitted in the Journal of Nuclear Materials [R.O. 

Oviasuyi, R.J. Klassen, (03-06-2012)]. 

Chapter five will describe a new micro-mechanical testing technique that uses uniaxial 

compression testing of small (5  m) diameter micro-pillars to determine the yield stress 

and work-hardening rate of extruded and cold-drawn Zr-2.5%Nb pressure tube material. 

The small size of these micro-pillars allows them to be used to assess the mechanical 

properties of ion-irradiated pressure tube material and, therefore, allows for an 

assessment to be made of the role of irradiation hardening on the degree of anisotropy of 

the yield stress and the work-hardening rate of the Zr-2.5%Nb pressure tube material. 

This chapter has been published in the Journal of Nuclear Materials [R.O. Oviasuyi, R.J. 

Klassen, J. Nucl. Mater. 421 (2012) 54]. 

Chapter six presents a discussion of all the results from the previous chapters and comes 

up with a final assessment of: i) the effect of neutron irradiation on the mechanical 

anisotropy of extruded and cold-drawn Zr-2.5%Nb pressure tube material and ii) the 

usefulness of uniaxial micro-pillar compression and spherical indentation for obtaining 

the equivalent stress-plastic strain response of mechanically anisotropic material and, 

ultimately the usefulness of these techniques as in-cell automated tests for assessing the 

mechanical response of radioactive nuclear materials. 

1.5. Contributions 

This research introduces a variety of new testing techniques that can be developed and 

applied to the testing of both as-received and neutron irradiated nuclear reactor 
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components. While the use of uniaxial tensile and compression tests of conventional 

sized samples have been used for a long time in evaluating the mechanical properties of 

the pressure tube, the use of spherical micro-indentation and compression of micro-sized 

pillars in the testing of these tube materials have never been performed. 

The use of spherical micro-indentation offers a new dimension because it can be used to 

assess the local properties of the components at regions of interest and doesn’t require the 

preparation of full-sized testing specimens. It is a Non-Destructive-Test that requires the 

polishing of the sample surface on which the test is to be performed after which the 

material is then deformed with a spherical indenter. While spherical micro-indentations 

tests are well established for testing isotropic materials, its use in the characterization of 

anisotropic materials is scarce. This technique has been introduced for testing anisotropic 

materials by modifying the plasticity parameter to account for the anisotropy of the 

deformation process. The results obtained in my study were comparable to those obtained 

using conventional tensile testing techniques. 

The use of micro-pillar compression testing has become common in testing small 

volumes of material. This testing technique will be applied in studying the effect of high 

levels of self-similar ion irradiation damage in a bid to simulate the effect of neutron 

irradiation on the pressure tube material. The results obtained using this technique were 

found to also be very comparable to results obtained using other techniques, thus making 

it very effective. 
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Chapter 2 

2. Review of the relevant literature 
 

The purpose of this research is to assess the effectiveness of two micro-mechanical 

testing techniques to obtain data that are equivalent to those from conventional large-

specimen mechanical tests. All experimental results reported in this thesis were obtained 

from tests performed on Zr-2.5%Nb CANDU pressure tube material and therefore, it is 

important to first give a brief description of the operation of a CANDU nuclear reactor 

and the method by which the pressure tubes are fabricated. Previous work on expressing 

the mechanical anisotropy of textured Zr-2.5%Nb CANDU pressure tube are then 

discussed and then finally, the theory and principles involved with pillar (macro-sized 

and micro-sized) compression testing and spherical micro-indentation testing are 

presented. 

2.1. The CANDU nuclear reactor 

The CANDU nuclear reactor design uses heavy-water (D2O) for cooling and for neutron 

moderation. Two primary advantages of this design are: i) its ability to operate with 

natural, non-enriched, uranium fuel and ii) its ability to refuel specific fuel channels 

within the core while the reactor continues to operate. These features are accomplished 

by using a reactor core that consists of a very large horizontal cylindrical tank, the 

calandria vessel, which contains the D2O moderator along with about 380 horizontal fuel 

channels each extending the length of the tank (Figure 2.1). Each fuel channel contains 

twelve fuel bundles within a Zr-2.5%Nb pressure tube [1-3].  Zirconium alloys are used 

for the structural components throughout a CANDU reactor core because zirconium 

metal has a very low tendency to absorb neutrons which greatly improves the neutron 

efficiency of the core. 

Figure 2.2 shows a cut away illustration of a fuel channel assembly used in a CANDU 

reactor. Pressurized D2O coolant enters one end of the Zr-2.5%Nb pressure tube at about 

250 °C to 270 °C and passes over the fissioning uranium fuel pellets located within the 
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pressure tube. The heat generated from the fission process increases the temperature of 

the coolant to 300 °C to 310 °C by the time it exits the pressure tube.  

 

 

Figure 2.1. The core of a CANDU nuclear reactor showing the calandria vessel 

containing about 380 fuel channel assemblies [1]. 
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To minimize heat loss from the pressure tube to the surrounding D2O neutron moderator, 

an insulating gas annulus is contained between the outer surface of each pressure tube 

and a thin walled zirconium alloy tube referred to as the calandria tube (Figure. 2.2). The 

ring-like annulus spacers located between the calandria tube and the pressure tube wraps 

around the pressure tube, holding it in a central position and prevents sagging of the tube.   

 

 

 

 

Figure 2.2. An illustration showing a cut-away section of a CANDU fuel channel 

revealing the primary components like the fuel bundle, pressure tube, and the thin-walled 

calandria tube [2]. 
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2.2. The CANDU pressure tube 

The seamless Zr-2.5%Nb pressure tubes used in CANDU nuclear reactors are fabricated 

through an extrusion and cold-drawing process. The chemical composition of the Zr-

2.5%Nb pressure tube alloy is shown in Table 2.1. 

 

Element Name  % Composition 

Zirconium 97.2 – 97.5 

Niobium 2.4 – 2.6 

Oxygen 0.09 – 0.12 

Iron 0.1 

Carbon 0.03 

Chromium 0.02  

Tantalum 0.02 

Hafnium 0.01 

Table 2.1. Tabular presentation of the elements contained in a reactor grade Zr-2.5%Nb 

alloy and their percentage composition. 

 

A CANDU pressure tube is approximately 6 m in length, 100 mm inner diameter, and 4 

mm thick. A typical Zr-2.5%Nb pressure tube is fabricated by the following steps (Figure 

2.3). 

i) Ingot fabrication: 

Zirconium silicate ore is refined to produce a porous pure zirconium sponge material 

which is then compacted into briquettes along with additions of other metals such as 

niobium to attain the desired composition (Table 2.1). The briquettes are electron beam 

welded together to form long rods that are then transferred to a consumable electrode arc 

furnace to be melted into Zr-2.5%Nb ingots.  The ingots are about 0.6 m in diameter. 

Each ingot has a capacity to form between 30 and 40 pressure tubes [2]. 
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Figure 2.3. A detailed illustration of the production route for a typical Zr-2.5%Nb 

CANDU pressure tube [2]. 

 

ii) Forging the ingot: 

The ingots are forged, using a press and rotary forges, into cylindrical “logs” of 0.2m 

diameter at a temperature of around 1000°C. A hole is then drilled through the centre of 

the log to create a hollow billet. The billets are then quenched from a temperature of 

1000°C, within the 100% bcc β-phase region of the Zr-2.5%Nb alloy (Figure 2.4), to 

create a consistent microstructure of refined hcp  phase grains [2].  

iii) Extrusion of the billets: 

The hollow quenched billets are then preheated to about 815°C and extruded, with an 

extrusion ratio of 10.5:1, into hollow tubes. The extrusion temperature corresponds to the 

(α+β)-phase field of the Zr-2.5%Nb alloy (Figure 2.4). Air-cooling of the extruded tubes 
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in both cases, the magnitude of avg is the same for both the deep and the shallow 

indentations.   

 

 

Figure 4.8. Plots of avg versus avg from spherical indentation tests performed on the TN, 

RN, and AN planes of the Zr-2.5%Nb pressure tube at 25
o
C using the 40 m diameter 

indenter. 

 

One clear difference is that, for the small diameter spherical indentations avg  is largest, 

for a given avg , for indentations made on the AN plane.  In the case of the large diameter 

indentations avg is largest, for indentations made on the TN direction.   This suggests 

that the local plastic strain distribution around the spherical indentation is dependent upon 

indentation depth and possibly on an increase in the diameter of the indenter. Since the 
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yield stress is greatest in the transverse followed by the radial direction of the pressure 

tube (Eqs. 4.6(a,b)), it would suggest that the proportion of lateral-to-axial plastic strain 

during spherical indentation changes with indentation depth and/or with an increase in the 

diameter of the indenter.  When an indentation is made on the AN plane, the lateral strain 

must occur by deformation in the transverse and radial directions: the two directions with 

the highest yield stress. If the lateral plastic strain is quite large relative to the axial 

plastic strain and is in fact larger than that during the deeper, large diameter, indentations 

(Fig. 4.6(a)), then the increased yield stress in the transverse and radial directions would 

result in avg being largest for indentations made on the AN plane. 

To assess the effect of increased yield of the indented material when h < 4.0 m we use 

the indentation stress ind versus depth plots reported by Bose et al, using a Berkovich 

pyramidal indenter [25], to estimate, as 3indyield    [1], the uniaxial yield stress of the 

Zr-2.5%Nb pressure tube material corresponding to depths less than 4.0 m. Figure 4.9 

indicates that when the indentation depths are less than several micrometers both ind

obtained from pyramidal indentation tests and avg  obtained from spherical indentation 

are heavily influenced by the length-scale dependence of the yield strength of the 

material and this dependence may overshadow its dependence upon avg .  This may 

explain the unusual profile of the avg versus avg  curves shown, for the shallow, small 

diameter, spherical indentations in Fig. 4.8.  
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Figure 4.9. Plot of yield versus indentation depth. yield was calculated from ind  data 

obtained from previously reported nano-indentation tests performed on Zr-2.5%Nb using 

a Berkovic pyramidal indenter [25].  Superimposed upon these data are  avg  versus 

indentation depth data from the spherical indentations performed with the small 40 m 

diameter sphere. Both yield and avg show similar indentation depth dependence.
 
 

 

4.5. Conclusions 

In this paper we developed a method of analysis by which the average flow stress avg

and the average plastic strain avg  are obtained from the F - h data from spherical 

indentation tests performed on a mechanically anisotropic material. Our analysis is based 

upon spherical indentation tests performed on the mechanically anisotropic Zr-2.5%Nb 

CANDU pressure tube material over the range of temperature from 25
o
C to 300

o
C.  We 
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performed spherical indentation tests, at each temperature, on the Axial Normal (AN), 

Radial Normal (RN), and Transverse Normal (TN) planes of the tube. The F - h data were 

used, along with known values of the Hill’s anisotropy coefficients and the strain 

hardening coefficients for the test material, to calculate avg  and avg using the equations 

developed to describe the spherical indentation of an isotropic material and a modified, 

equivalent yield .  

The resulting avg - avg plots for indentation tests performed, with a 200 m diameter 

sphere, at temperature from 25
o
C to 300

o
C indicate that this method of analysis results in 

the data from spherical indentations performed on the AN, RN, and TN planes bearing a 

close correspondence to the flow curves obtained from uniaxial stress tests.  This 

confirms that this analysis can serve as a reliable alternative to conventional tensile tests 

to obtain flow stress – plastic strain curves from small samples of mechanically 

anisotropic material with minimal sample preparation. This is a potentially very useful 

test method for a variety of applications, such as in-cell mechanical testing of radioactive 

nuclear materials. 

Spherical micro-indentation tests were performed with large, 200 m diameter, and with 

small, 40 m diameter, spheres to assess the indentation depth limitations of the proposed 

data analysis technique. Comparison of the avg - avg  plots from the deep, large diameter, 

spherical indentations with those from the shallow, small diameter, indentations indicates 

that there is a significantly different stress-strain response when the indentation depth is 

less than 4 m. One clear difference is that, for the small diameter spherical indentations, 

avg is largest, for a given avg , for indentations made on the AN plane while avg is 

largest, for indentations made on the TN plane when deep indentations are made with the 

large diameter sphere.   This suggests that the local plastic strain distribution around the 

spherical indentation is dependent upon indentation depth and possibly also with 

increasing indenter diameter. 
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Plots of  avg - avg curve obtained from the shallow, small diameter, indentations indicate 

that when the indentation depths is less than several micrometers the calculated  avg  is 

heavily influenced by the depth dependence of the yield strength of the material and this 

may overshadow its dependence upon avg .  
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irradiation on the anisotropic stress-strain response of extruded and cold-drawn Zr–

2.5%Nb pressure tubes. 

Micro-pillar compression testing is commonly used to study the mechanical properties of 

small volumes of material [14-20]. The use of micro-pillars with diameters less than 

several micrometers allows one to study the effect of high levels of self-similar ion 

irradiation damage on the mechanical response of a material.  Monte-Carlo simulations 

(performed with SRIM free-access software) indicate that the penetration depth of 8.5 

MeV Zr
+
 ions is sufficient to invoke a significant degree of irradiation hardening through 

the entire volume of a 5 m diameter cylindrical pillar of Zr-2.5%Nb.  

5.2. Experimental procedure 

The extruded and 22% cold-drawn Zr–2.5%Nb CANDU pressure tube material used in 

this study was supplied by the Atomic Energy of Canada Ltd. The material is strongly 

textured with the majority of the hcp α-phase grains aligned with their  0001 basal plane 

normal in the transverse (circumferential) direction of the tube [2].  

Cubic samples, each side several millimeters in length, were cut from the as-received 

pressure tube. The samples were arranged into three groups; each group having one 

polished side normal to either the axial, radial, or transverse directions of the pressure 

tube.  The polished side was prepared by first mechanical grinding then 

mechanical/chemical polishing. The final polishing stage consisted of chemical attack 

polishing in a slurry of 91% H2O, 8% HNO3, 1% HF followed by mechanical polishing 

with a 0.05 m Al2O3 abrasive compound. 

Micro-pillars of 5 m diameter and height were fabricated from the polished surfaces by 

Focused Ion Beam (FIB) milling with a LEO (Zeiss) 1540XB FIB/SEM located at the 

Western Nanofabrication facility of the University of Western Ontario (London, Ontario 

Canada). For each micro-pillar, a 10 nA Ga
+
  beam was used to create a 5 m deep 

concentric circle of 60 m diameter with an 8 m diameter, 5 m high, pillar remaining 

at the center. The large diameter circle was necessary to ensure that the flat punch 

indenter, used to perform the subsequent mechanical testing, did not contact the 
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Figure 5.1. SEM images of FIB machined 5 m diameter Zr 2.5%Nb (transverse-normal) 

micro-pillars (a) before compression, (b) after compression testing (non-irradiated 

condition), and (c) after compression testing (Zr
+
 irradiated condition). The increased 

strain localization leading to splitting of the micro-pillar at the final stages of the 

compression test performed on the Zr
+
 irradiated sample is clearly shown in (c). 

 

One sample from each of the three planes was then mounted in a 1.7 MV tandem ion 

accelerator located at the University of Western Ontario and irradiated with 8.5 MeV Zr
+
 

ions to a fluence of 7.07x10
19

 ions/m
2
 . The irradiations were performed in a vacuum (10

-

11
 Pa) with the sample attached to a water-cooled holder in order to minimize the extent 

of irradiation-induced heating. While the effect of ion beam heating on the local 
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temperature of the surface region, containing the micro-pillars, of the sample cannot be 

accurately measured, the direct contact of the small sample with the water-cooled 

sample-holding stage minimizes the effect of extraneous beam heating. 

One set of non irradiated micro-pillars, with the ion-irradiated micro-pillars made in all 

three directions, were compressed at 25 °C while the second set of non-irradiated micro-

pillars were compressed at 300 °C. All micro-pillars were tested in compression with a 10 

m diameter flat diamond punch attached to a nano-indentation testing platform (Micro 

Materials Ltd., Wrexham, U.K). The flat punch was made from a three-sided pyramidal 

Berkovich diamond indenter by flattening the indenter tip with FIB-milling. The test 

sample was attached to a moveable stage located on the nano-indentation testing 

instrument such that the micro-pillars, each located at the centre of a 60m milled circle, 

could be located with an optical microscope and precisely positioned in front of the 

indenter. The micro-pillars were then compressed with the flat punch to a pre-specified 

load at a loading rate of 1 mN/s.  For the high temperature tests, a hot stage power supply 

and hot stage desktop controller was attached to an electric resistance heater located 

within the sample stage. The sample was mounted on the stage by high temperature 

cement to ensure that the sample was firmly held intact at the maximum testing 

temperature of 300 °C. The transfer of heat from the ceramic sample stage to the sample 

surface was therefore by conduction and heat loss was minimized by surrounding the 

sample stage and the indenter with insulating material. The heat distribution on the 

sample surface was allowed to attain equilibrium by allowing it to stay heated for about 6 

hours before performing the micro-pillar compression tests. During loading, the applied 

load and the displacement of the punch were continuously recorded.  

5.3. Results and discussions 

The true stress versus true strain response of the micro-pillars is shown in Figure 5.2.  

The 0.2% yield stress values obtained in this study for the non-irradiated samples are 

very close in magnitude to previously reported data from uniaxial tensile tests performed, 

at room temperature, in the axial and transverse directions of non-irradiated Zr-2.5%Nb 

pressure tubes [3].  It should be noted that conventional uniaxial tensile tests cannot be 

performed in the radial direction of the pressure tubes because of its small thickness; 
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therefore, the data from our uniaxial micro-pillar compression tests, aligned in the radial 

direction represent new, and significantly improved, assessment of the overall mechanical 

anisotropy of this pressure tube material in both the non-irradiated and the irradiated 

conditions. 
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Figure 5.2. Typical true stress versus true strain curves obtained from uniaxial 

compression of 5 m diameter Zr-2.5%Nb micro-pillars in: (a) the non-irradiated 

condition at 25 °C; (b) after Zr
+
 ion irradiation at 25 °C and (c) non-irradiated condition 

at 300 °C. 
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Zr
+
 irradiation increased both the initial yield stress and the strain hardening rate of the 

Zr-2.5%Nb test material however the degree of increase differed in the three loading 

directions that were studied. Zr
+
 ion irradiation also promoted localized plastic 

deformation leading to pillar cracking during the final stages of compression.  This was 

particularly evident in Zr
+
 irradiated micro-pillars compressed in the transverse direction 

of the pressure tube (Figure 5.1c). 
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Figure 5.3. The true stress versus true strain curves obtained from uniaxial compression 

of 5 m diameter Zr-2.5%Nb micro-pillars in: (a) the transverse normal direction for ion 

irradiated at 25 °C; non-irradiated at 25 °C and non-irradiated at 300 °C; (b) the radial 

normal direction under the same conditions as in (a); and (c) the axial normal direction 

under the same conditions as in (a). 

 

One primary difference between the micro-pillar compression tests performed in each of 

the three directions is the fraction of basal pole normals aligned parallel to the direction 

of loading.  The flow stress of the Zr-2.5%Nb alloy is considerably higher in a direction 

in which many (0001) basal pole normals are aligned parallel.  Quantification of the 

degree of crystallographic alignment is commonly performed with x-ray diffraction 

studies where the x-ray diffraction intensity corresponding to a certain set of crystal 

planes is measured as a function of angular orientation within the test material.  

Following the method proposed by Kearns [21] one can determine, from such an 
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assessment, the “resolved orientation parameter f” which essentially expresses the 

effective fraction of poles aligned parallel to the principal directions of the sample.  The 

orientation distribution of the (0001) basal pole normals within the Zr-2.5%Nb pressure 

tube material used in this study was assessed with extensive x-ray diffraction 

measurements and the following resolved basal pole parameters, fA = 0.03, fR =0.34, and 

fT = 0.62 were determined. 

Figure 5.2c shows that the magnitude of the flow stress decreases significantly with an 

increase in temperature as should be expected. This is clearly shown in Figures 5.3(a-c) 

where the ion-irradiated and non-irradiated micro-pillars, compressed at 25 °C, are 

plotted on the same graph as the non-irradiated micro-pillars compressed at 300 °C. This 

decrease in flow stress can be attributed to an increase in temperature. 

Figure 5.4 shows the dependence of the 0.2% offset yield stress and the strain hardening 

exponent (     loglog ddn  ) upon the resolved basal pole parameter in the direction 

parallel to the loading direction for each of the micro-pillars tested.  The trends displayed 

by the non-irradiated test samples indicate that the yield stress was highest, and the strain 

hardening exponent was lowest, when the material is loaded in a direction parallel to a 

large number of basal pole normals. 
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Figure 5.4. Plots of: (a) 0.2% offset yield stress and (b) strain hardening exponent, 

 loglog ddn  , versus resolved fraction of (0001) basal poles parallel to the direction 

of compression for the non-irradiated and the Zr
+
 irradiated micro-pillars.  The degree of 

irradiation hardening and the change in the rate of strain hardening resulting from the 

irradiation are greatest when deformation occurs in a direction along which few basal 

poles are parallel. The data from Ref. [3] in (a) are from previously published uniaxial 

tensile tests performed on non-irradiated Zr-2.5%Nb material and fall on the same trends 

described by the micro-pillar compression data presented here. 

 

Comparing the data from the non-irradiated samples with those from the Zr
+
 irradiated 

samples indicates that the increase in both the yield stress and the work hardening rate as 

a result of Zr
+
 irradiation is considerably larger when the stress is applied in a direction 

containing a low value of basal pole normals aligned parallel to the loading direction. 

Since plastic deformation of Zr-2.5%Nb pressure tube material on a direction, such as the 
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transverse direction, parallel to a high fraction of (0001) basal pole normals is known to 

occur by a combined process of pyramidal and prismatic dislocation glide while 

deformation along the axial and radial directions, which are parallel to a much smaller 

fraction of (0001) basal pole normals, occurs primarily by prismatic dislocation glide, our 

findings support the observations of others that the effect of ion irradiation on increasing 

the yield stress and the work hardening rate of this material is reduced when the 

deformation is forced to occur primarily by pyramidal dislocation slip rather than by 

prismatic dislocation slip [7- 9]. 

When we apply the Hill’s anisotropy criterion to express the onset of plastic deformation 

in the form [3] 

                                                                        (5.1) 

 

where AN, TN, and RN are the orthogonal directions of the pressure tube. The anisotropy 

coefficients F, G, and H can then be expressed in terms of the ratios of the uniaxial yield 

stress in the AN, TN and RN directions as: 
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Using the        values in figure 5.4(a), the values of the anisotropy coefficients before 

irradiation were: F = 0.375, G = 0.223, H = 0.625 and after irradiation became F = 

0.445, G = 0.431, H = 0.555. 
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Further analysis of the data in Figure 5.4 indicate that the overall scatter in the 0.2% 

offset yield stress and the strain hardening exponent is relatively small for multiple 

micro-pillar tests performed under the same conditions.  This is despite the fact that the 

samples were made from relatively widely-spaced regions of the pressure tube and 

indicates that the effect of i) local microstructural/chemical changes within the test 

pressure tube material and ii) inherent variability associated with the sensitivity limits of 

the testing equipment on the measured mechanical properties is small, certainly less than 

the measured differences resulting from Zr
+
 irradiation. The correspondence of the 

measured 0.2% offset yield stress of the axial- and transverse-aligned micro-pillars with 

previously reported values from large sample uniaxial tensile tests, from Ref [3], indicate 

that the size of the micro-pillars used in this study was sufficiently large that the 

measured mechanical properties of the micro-pillars did not display significant  length-

scale effects [20]. 

5.4. Conclusion 

Previous micro-indentation based studies, where the applied stress and strain states are 

less controlled, have suggested that irradiation damage has a greater effect on 

deformation by prismatic slip than on deformation by pyramidal slip [6-9].  The data 

presented in Figures 5.4 support this suggestion by indicating that the change in both the 

0.2% offset yield stress and the strain hardening exponent after Zr
+
 irradiation, to a level 

of 7.07x10
19

 ions/m
2
 E = 8.5 MeV, is significantly reduced when increasing basal pole 

fractions are aligned parallel to the direction of compression. This can also be confirmed 

by the change in the values of the anisotropy coefficients. 

When the group of non-irradiated micro-pillars were compressed at an elevated 

temperature of 300 °C, which is within the typical working temperature range of a Zr-

2.5%Nb CANDU pressure tube, the magnitude of the flow stress decreased significantly 

in all three directions but the degree of anisotropy in flow stress was retained. The 

decrease in flow stress has been attributed to the increased thermal energy of the 

dislocations within the crystal structure which makes dislocation glide more permissible.  

This temperature (300 °C) falls within the range that has been referred to in previous 
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studies as the “athermal flow” regime because, over this temperature range, the degree of 

anisotropy remains constant [3]. 

The key finding of this study is that the mechanical anisotropy of the highly textured Zr-

2.5%Nb alloy is considerably reduced when the alloy is in the irradiation hardened state.  

These results were obtained by irradiation with self-similar Zr
+
 ions and illustrate that 

this type of irradiation, along with subsequent testing using uniaxial micro-pillar 

compression, provides an accurate simulation of neutron irradiation without causing the 

test material to become radioactive. 

It should be noted that the results reported here were obtained from samples that were Zr
+
 

irradiated and then mechanically tested at room temperature, 25
o
C. The effect of 

irradiation and mechanical testing at elevated temperatures, for example temperature 

typical of the interior of a nuclear reactor core, may be quite different than at 25
o
C due to 

concurrent thermal annealing of the irradiation damage.  The effect of temperature on the 

Zr
+
 irradiation hardening of Zr-2.5%Nb micro-pillars is the subject of our ongoing 

research. 
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Chapter 6 

Discussions and future work 
 

6.1 Discussions 

This chapter discusses observations and provides further interpretation to the results 

obtained from the analysis of data from experiments performed on the Zr-2.5%Nb 

CANDU pressure tube during the course of this study. As has been stated previously in 

this thesis, the primary aims of carrying out this research were to: 

 Explore the possibility of developing new and effective small-specimen testing 

techniques to facilitate the in-cell mechanical characterization of highly 

radioactive Zr-2.5%Nb pressure tube material from a CANDU nuclear reactor. 

 Characterize the mechanical properties in the RN direction of the pressure tube 

over the temperature range from 25
o
C to 300

o
C since the mechanical properties in 

this direction have not been thoroughly studied. 

 Assess the mechanical anisotropy of the CANDU pressure tube with the intention 

of applying the results in characterizing irradiated metallic components from the 

core of the nuclear reactor. 

 Applying Zr
+
 irradiation to simulate the effect of neutron irradiation on the 

mechanical strength and anisotropy of the pressure tube. 

 Examining the effect of temperature, up to 300
o
C, on the strength and anisotropy 

of the pressure tube especially at the reactor core operating temperature. 

It was stated during this study that the mechanical anisotropy of this pressure tube was a 

result of the combination of the inherent mechanical anisotropy of the base hcp 

Zirconium metal and the large amount of crystallographic texture invoked during the hot 

extrusion and cold drawing steps of the pressure tube fabrication. While it may be 

difficult to determine from our present analysis, what percentage of the anisotropy results 

from its hcp crystal structure, there is enough evidence to show that the extrusion at a 

ratio of 10:1 and the subsequent 27% cold-drawing induces a strong texture with a high 
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fraction of the <0001> basal pole normals aligned along the transverse (circumferential) 

direction of the tube [1-4].  

Results presented in chapter 3 from experiments performed in this study showed that the 

magnitude of the flow stress of a non-irradiated Zr-2.5%Nb CANDU pressure tube was 

highest in the TN direction than in the RN and AN directions. This is expected as the 

mechanical yield stress of this pressure tube should be  highest in the direction containing 

the highest proportion of <0001> basal plane normals and can be attributed to the fact 

that the hcp α-phase Zirconium has a higher yield stress when compressed along the 

<0001> direction than along any other direction. 

The Zr-2.5%Nb CANDU pressure tube has been designed on purpose to have this kind of 

texture, thus providing greater resistance to applied transverse “hoop” stress, induced by 

internal pressurization, during reactor operation. This anisotropic mechanical behavior 

though, results in substantially increased difficulty in predicting the yield behavior of the 

pressure tube material when subjected to more complex multi-axial applied stress states.  

In this study, I have used the 1948 Hill’s yield criterion (Eq. 3.1a) to describe the 

equivalent flow stress    for the mechanically anisotropic Zr-2.5%Nb tube. The data from 

uniaxial compression tests performed on the pressure tube over a temperature from 25
o
C 

to 300 °C were used to determine the anisotropy coefficients F, G, and H. This method of 

determining anisotropy is well suited for rolled sheets, pipes and extruded bars and is 

therefore well suited for the pressure tube material used for this investigation. 

An important subject of discussion is the competing mechanisms of dislocation motion in 

Zirconium’s hcp crystal structure during plastic deformation.  When deformation occurs 

by a twinning mechanism, a region of the lattice undergoes a bulk misorientation and the 

resulting lattice is a mirror image of the surrounding untwined lattice. While twinning 

and the more common dislocation slip deformation mechanisms can both occur in a 

crystal, there are differences between both mechanisms. Under the application of a shear 

stress, the orientation of the crystal around the slip plane does not change during slip, but 

for twinning, there will be an abrupt change in the lattice orientation.  Also, in slip, atom 

movements are usually in multiple atomic distances and occur on relatively widely 
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separated planes while twinning results in displacements that are a fraction of  an atomic 

distance and involves every atomic plane within the twinned region [5-6]. 

Studies on the plastic deformation behavior of pure Zirconium and the Zr-2.5%Nb 

pressure tube alloy have suggested that there is the occurrence of twinning during the 

uniaxial plastic deformation in some directions especially at high levels of plastic strain 

[7-9]. The analysis carried out in this study was limited to deformation of the Zr-2.5%Nb 

pressure tube at plastic strain level less than 10%. No attempts was therefore made to 

measure the texture of the deformed samples or to prepare transmission electron 

microscope (TEM) foils from sections of the plastically deformed material to determine 

the frequency of twinning during the plastic deformation of our samples. These are 

therefore important suggested areas for future studies. 

The results from the uniaxial compression tests on the cylindrical macro-pillars presented 

in Chapter 3 of this study and results from the spherical micro-indentation tests presented 

in Chapter 4 clearly display a close agreement with each other and with those found in 

the published literature. It was important to first perform the uniaxial compression tests to 

obtain stress strain curves under a simple uniaxial stress state and these results served as a 

basis for comparing stress values obtained from subsequent multi-axial loadings invoked 

during the spherical micro-indentation tests.  

The results from the micro-pillar compression testing provided a basis for using Zr
+
 

irradiation to simulate the effect of neutron irradiation on the anisotropy of the yield 

stress of the Zr-2.5%Nb CANDU pressure tube material. The results from these tests 

were important as they clearly show that this method of micro-mechanical testing using 

micrometer-sized pillars can be used to characterize the mechanical properties of 

materials. Again, stress–strain curves from our macro-pillar compression tests were 

important as they served as a basis for comparison with those from non-irradiated micro-

pillars compression tests.  

It can be concluded that this thesis has successfully explored new methods for testing the 

mechanical properties of the anisotropic extruded and cold-drawn Zr-2.5%Nb CANDU 

pressure tube material both in the non-irradiated and the Zr
+
 irradiated conditions. Three 
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different experimental procedures were used to carry out these investigations: Two of the 

experiments were based upon the use of uniaxial compression of macro- and micro-sized 

cylindrical pillars while the third was based on a novel technique that uses spherical 

indentation to deduce the stress-strain behavior. These techniques were applied in this 

research to assess the effect of temperature and irradiation hardening on the mechanical 

anisotropy of an as-received Zr-2.5%Nb CANDU pressure tube material supplied by 

Atomic Energy of Canada Ltd. 

The first experimental analysis of this thesis (Chapter 3) was based on uniaxial 

compression tests performed on multiple cylindrical specimens of, 2mm diameter and 

3mm length that were deformed to various levels of plastic strain. The results were used 

to assess the true stress versus true plastic strain response in the Axial (AN), Radial (RN), 

and Transverse (TN) directions of the Zr-2.5%Nb pressure tube over the temperature 

range from 25 to 300
o
C. Analysis of the data resulted in the determination of the Hill’s 

anisotropy coefficients F=0.38  0.01, G=0.202  0.001, and H=0.62  0.01.  These 

coefficients were found to be independent of temperature and plastic strain over the range 

of temperature from 25 to 300
o
C and plastic strain up to 10%. 

Application of the experimentally determined F, G, and H values to calculate the 

equivalent stress   and equivalent plastic strain p demonstrated that stress – strain data 

obtained from uniaxial tests performed in the AN, RN, and TN directions all fell on a 

single    versus p  curve.  This was also demonstrated to be true when previously 

reported uniaxial stress – strain data, from tests performed in the AN and TN directions, 

was similarly analysed with the F, G, and H values obtained from this study. 

The results from this study are scientifically significant since they are, to the best of my 

knowledge, the first experimentation-based determination of the Hill’s anisotropy 

coefficients F, G, and H of extruded and cold-drawn Zr-2.5%Nb CANDU pressure tube 

material over a wide temperature range extending up to the 300
o
C in-service temperature 

of this tubing.  These anisotropy coefficients can be directly useful in numerical models 

of Zr-2.5%Nb pressure tube components where calculating the onset of plastic 

deformation is of interest.  
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The second experiments (Chapter 4), developed a method of analysis by which the 

average flow stress avg and the average plastic strain avg  could be obtained from the F - 

h data from spherical indentation tests performed on the mechanically anisotropic Zr-

2.5%Nb CANDU pressure tube material over the range of temperature from 25
o
C to 

300
o
C.  We performed spherical indentation tests, at each temperature, on the AN, RN, 

and TN planes of the tube. The F - h data were used, along with determined values of the 

Hill’s anisotropy coefficients from our uniaxial compression tests and strain hardening 

exponents from our micro-pillar compression tests of this material, to calculate avg  and 

avg using equations developed to describe the spherical indentation of an isotropic 

material, by modifying yield in the non-dimensional parameter  . 

SEM images of indentations made on the  AN, RN and TN planes of the Zr-2.5%Nb 

pressure tube showed that while spherical indentation of a mechanically isotropic 

material will result in a circular residual indentation, the indentations on this material 

were slightly elongated in the direction, on the plane of the indentation, of lowest yield . 

It was observed that the direction of lower yield stress undergoes more plastic strain that 

results in a greater material pile-up which causes the indentation to appear slightly 

elongated in this direction. 

The resulting avg - avg plots for indentation tests performed, with a 200 m diameter 

sphere, at temperature from 25
o
C to 300

o
C indicate that this method of analysis results in 

the data from spherical indentations performed on the AN, RN, and TN planes bearing a 

close correspondence to the flow curves obtained from uniaxial compression tests.  This 

confirms that this method of analysis can serve as a reliable alternative to conventional 

tensile and compression tests to obtain flow stress – plastic strain curves from small 

samples of mechanically anisotropic material with minimal sample preparation. This will 

be a potentially very useful test method for a variety of applications such as in-cell 

mechanical testing of radioactive nuclear materials. 

Spherical micro-indentation tests were also performed with a small, 40 m diameter, 

sphere to assess the indentation depth limitations of the proposed data analysis technique. 



133 

 

 

 

Comparison of the avg - avg  plots from the deep, large diameter, spherical indentations 

with those from the shallow, small diameter, indentations indicates that there is a 

significantly different stress-strain response when the indentation depth is less than 4 m. 

One clear difference is that, for the small diameter spherical indentations, avg is largest, 

for a given avg , for indentations made on the AN plane while avg is largest, for 

indentations made on the TN plane when deep indentations are made with the large 

diameter sphere.   This suggests that the local plastic strain distribution around the 

spherical indentation is dependent upon indentation depth and that the proportion of 

lateral-to-axial plastic strain during spherical indentation changes with indentation depth 

and possibly with increasing diameter of the indentation. 

Plots of  avg - avg curve obtained from the shallow, small diameter, indentations indicate 

that when the indentation depths is less than several micrometers the calculated  avg  is 

heavily influenced by the depth dependence of the yield strength of the material and this 

may overshadow its dependence upon avg .  

In the third set of experiments (Chapter five), Zr
+
 irradiation was used to simulate the 

effect of neutron irradiation on the microstructure of Zr-2.5%Nb pressure tube samples 

made from the AN, RN and TN directions. Results from previous micro-indentation based 

studies, where the applied stress and strain states are less controlled, have suggested that 

irradiation damage has a greater effect on deformation by prismatic slip than on 

deformation by pyramidal slip.  The data presented in Figure 5.4 supported this 

suggestion by indicating that the change in both the 0.2% offset yield stress and the strain 

hardening exponent after Zr
+
 irradiation, to a level of 7.07x10

19
 ions/m

2
 E = 8.5 MeV, 

was significantly reduced when increasing basal pole fractions were aligned parallel to 

the direction of compression. This could also be observed in the change in values of the 

anisotropy coefficients. 

When the group of non-irradiated micro-pillars were compressed at an elevated 

temperature of 300 °C, which was within the typical working temperature range of a Zr-

2.5%Nb CANDU pressure tube, the magnitude of the flow stress decreased significantly 
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in all three directions but the degree of anisotropy in flow stress was retained. The 

decrease in flow stress has been attributed to the increased thermal energy of the 

dislocations within the crystal structure which made dislocation glide more permissible.  

This temperature (300 °C) falls within the range that has been referred to in previous 

studies as the “athermal flow” regime because, over this temperature range, the degree of 

anisotropy remains constant. 

The key finding of our third experiments is that the mechanical anisotropy of the highly 

textured Zr-2.5%Nb alloy is considerably reduced when the alloy was in the irradiation 

hardened state.  These results were obtained by irradiation with self-similar Zr
+
 ions and 

illustrated that this type of irradiation, along with subsequent testing using uniaxial 

micro-pillar compression, could provide an accurate simulation of neutron irradiation 

without causing the test material to become radioactive. 

6.2 Future work 

The ultimate goal of this research was to develop new methods, some of which could be 

used as in-cell automated testing techniques, for assessing the mechanical response of 

radioactive nuclear materials.  

For micro-pillar compression testing, I suggest the irradiation of the pillars be carried out 

at reactor operating temperature (260 – 300 °C) to investigate any change in the 

mechanical anisotropy of the material. Previous tests carried out using pyramidal 

indentation demonstrated that there will be a small change. However, it will be useful to 

the nuclear research community if these tests were performed using uniaxial compression 

testing, since the stress state during indentation testing is complex because of its triaxial 

nature. The effect of irradiation at elevated temperatures has been found to be different 

than at 25
o
C and the difference has been attributed to concurrent thermal annealing of the 

irradiation damage. The result obtained may therefore improve our understanding of the 

behavior of this material at reactor operating temperature. It could also be interesting to 

make TEM samples from compressed non-irradiated and irradiated micro-pillars to 

investigate the difference in microstructure especially with regards to the observed 

increase in strain localisation of the irradiated pillars.  
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For spherical micro-indentation testing, I suggest applying Finite Element Analysis for 

determining the value of the constraint factor   from the non-dimensional parameter    

This would possibly improve the accuracy of the      results obtained from the measured 

mean contact pressure   . 

Finally, I suggest preparing transmission electron microscope (TEM) foils from sections 

of the plastically deformed samples to determine the frequency of twinning during the 

plastic deformation of the compressed samples. This will help clarify the subject of the 

occurrence or otherwise of twinning in the samples during plastic deformation. 
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