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Abstract 

As an important structural component in CANDU reactor, the pressure tube, made of cold-

worked Zr-2.5Nb, experiences a neutron flux under high pressure and elevated temperature 

during the reactor operation. Notches, existing as defects in the pressure tube, are usually the 

location where stress concentration and crack initiation happens, which seriously degrade the 

performance of the pressure tube. However, the concentrated stress at the notch area is expected 

to be relieved by thermal creep, reducing the possibility of crack occurrence.  

In this study, synchrotron X-ray diffraction experiments were conducted to collect the lattice 

strains near the notch in both irradiated and unirradiated Zr-2.5Nb samples which had 

experienced a thermal creep process for different time periods. Strain maps of the notch area were 

created for each sample. Stress relaxation over the time is discussed for both parallel and 

perpendicular to the loading direction and also compared between {10 1 0} and {0002} 

orientations. A FE model was set up for the unirradiated materials, which was verified by the 

experimental results.  

This work provides an understanding of the stress relaxation near a notch in Zr-2.5Nb and the 

stress/strain distribution during the thermal creep, which provides valuable information on the 

assessment of the reactor operation.  
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Chapter 1 

Introduction 

1.1  Motivation 

CANDU (CANada Deuterium Uranium) is a Canadian-invented thermal fission reactor which is 

designed for power generation. The reactor core consists of pressure boundary, fuel material, fuel 

claddings, coolant and moderator. Natural uranium is used as the fuel material; heavy water is 

applied as the moderator and coolant; and zirconium alloys are widely used as the materials for 

fuel claddings and the pressure boundary in the reactor. Among the zirconium alloys, Zr-

2.5wt%Nb is currently the most important material of pressure tubes due to its combination of 

neutron economy and mechanical properties. Cold-worked Zr-2.5Nb pressure tubes were selected 

for Pickering Units 3 and 4 and all subsequent CANDU reactors. As the pressure boundary of the 

reactor, pressure tubes, which are working in an environment of high stress (~9.9MPa outlet and 

~10.5MPa inlet), elevated temperature and high neutron flux during the reactor operation, are 

located through the core to hold fuel bundles and hot pressurized heavy water coolant 

(250~310°C). Since hydrogen is the production of the corrosion between the pressure tube and 

heavy water (Zr + 2 → + 4 ), hydrogen ingress becomes an inevitable phenomenon 

The increasing hydrogen content can result in the precipitation of brittle hydride phase which can 

then initiate cracks and make them propagate by the mechanism of delayed hydride cracking 

(DHC). In addition to the hydrogen ingress, high stress is another necessary condition for DHC 

because hydrogen is an interstitial solute and prefers to diffuse to areas with high hydrostatic 

tensile stress. As a stress concentrator, a notch in the pressure tube becomes a potential location 
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of DHC cracking. If the stress intensity at a notch exceeds the critical value for the onset of DHC, 

cracking may occur. However, under the high temperature and stress in the reactor core, the 

concentrated stresses are believed to relax due to deformation of the pressure tube, and thus the 

probability of crack initiation is believed to be reduced. Thermal creep is one of the likely reasons 

for the stress relaxation, especially for the early stage of reactor operation and at the ends of the 

pressure tube where the neutron flux is low but the temperature is high, while irradiation creep 

will be more important in the central part of the pressure tube. Therefore, details of the 

stress/strain state in the vicinity of a notch in the pressure tube before and during hydride 

formation is of major concern, and is essential to establish the root cause of crack initiation and 

underpin the technical basis for the development of flaw assessment procedures under overload 

conditions. 

1.2  Statement of Purpose 

The purpose of this project is to understand the stress relaxation near the notch in an unhydrided 

Zr-2.5Nb pressure tube material before the crack initiates. A series of ex-situ creep experiments 

were conducted with the use of high energy synchrotron X-ray diffraction. Unirradiated notched 

samples were first subjected to a thermal creep process under a constant load for different times, 

and then, strains around the notch tip were measured to evaluate the stress relaxation due to the 

thermal creep. Subsequently, a two dimensional finite element model was set up to simulate the 

stress relaxation at the notch tip, and validated by the experimental results. In addition, pre-

irradiated samples were also investigated with a similar experimental procedure as the 

unirradiated counterparts, which the aim to understand the impact of irradiation on the thermal 

creep behavior and the stress relaxation of the Zr-2.5Nb pressure tube material. 



 

3 

 

1.3  Thesis Format 

The thesis consists of five chapters. Chapter 1 is a brief introduction to the project and the thesis. 

Chapter 2 focuses on literature review, and lays down the general background knowledge and 

techniques involved in this thesis and summarizes the previous studies done that are related to 

this project. Chapter 3 presents the experiments and modeling work on unirradiated samples, and 

discusses the results in terms of the strain distribution, anisotropy of stress relaxation and the 

effect of notch size on the relaxation. The results of the modeling are also compared with 

experimental results to validate the accuracy of the models. Chapter 4 analyzes the experiments 

of irradiated samples to investigate the impact of the irradiation on thermal creep behavior and 

the stress relaxation of the Zr-2.5Nb pressure tube material. Due to the significant differences that 

exist in the experimental setup required for the study of irradiated materials, Chapter 3 and 

Chapter 4 both contain descriptions of a similar experimental method.  For clarity and ease of 

reading this leads to some repetition occurring in the two Chapters.  Finally, Chapter 5 concludes 

the project and presents potential directions of the future work. 
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Chapter 2 

Literature Review 

2.1  Zirconium Alloys 

As important structural materials, zirconium alloys have been used in many water-cooled fission 

reactors since the late 1950s due to their low thermal neutron absorption cross-section, excellent 

aqueous corrosion resistance and good mechanical properties. The commonly used alloys are 

listed in Table 2-1, which also shows their chemical compositions and applications in the nuclear 

industry. Zirconium has an α-Zr phase with hexagonal-close-packed (hcp) crystal structure, which 

is transformed from the body-centered-cubic (bcc) β phase at 865°C in pure Zr, while the alloying 

elements in zirconium alloys can be classified into α-stabilizers and β-stabilizers. For example tin 

and oxygen can raise the α-β transformation temperature and thus be classified as α-stabilizers. 

The β phase can be stabilized by the addition of iron, chromium, nickel, niobium, molybdenum, 

and hydrogen. 
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Table 2-1 Zirconium alloys for nuclear application* [1] 
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The phase diagram of Zr-Nb system is shown in Figure 2-1. At sufficiently high temperatures, 

only one bcc β phase exists in the Zr-Nb alloy regardless of the weight percentage of the Nb. For 

alloys with Nb content weighted between 20% and 85%, β-Zr and β-Nb coexist when temperature 

is reduced but higher than 610°C, reflected in the presence of the miscibility gap between 970°C 

and 610°C in the diagram. For alloys with less than 20% of Nb content, the β phase transforms 

into the α-Zr +β-Zr two-phase field when the alloy is slowly cooled. A monotectoid reaction (β-

Zr → α-Zr +β-Nb) occurs at 610°C, resulting in the dual-phase structure of α-Zr and β-Nb at 

temperatures below 610°C.  However this is a kinetically sluggish reaction, and thus pressure 

tube material is ~90%  α-Zr, with the ~10% beta-phase containing some amount of β-Zr, β-Nb 

and -Zr, an intermediate transition phase between the two; this will be discussed more later. 

 

Figure 2-1 Phase diagram of Zr-Nb binary system [2]. Dashed line shows the phase 

transformation of Zr-2.5Nb. 

The properties of zirconium alloys are texture dependent (see also Section 2.2.2). The zirconium 

alloys usually experience a thermomechanical extrusion process during production, which leads 

to a strong texture in the materials; therefore, the elastic constants of the zirconium alloys are 
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anisotropic. Figure 2-2 is showing the anisotropic Young’s modulus for Zr-1.0Nb which has a 

texture of the basal plane normals mainly aligned with the axial direction. Similarly the plasticity 

of zirconium alloys is determined by the type and number of the deformation systems available 

which include slip and twinning, and the texture. The hcp crystal structure of α-Zr has a c/a ratio 

of 1.593, which is less than the ideal condition (√3), making the prismatic slip on {1010} planes 

along the <a> direction <1210> most predominant among all the deformation systems [3]. The 

other slip systems become active only under certain conditions. For example, the basal slip 

{0002}<1120>  is active at high temperature and pyramidal slip on {1121} and {1011} planes 

become operative at high plastic strains and at elevated temperatures. Apart from slip, twinning is 

another important deformation mechanism for zirconium alloys and mainly accounts for the <c> 

direction deformation particularly under tension. Under a tensile stress along the c-axis, 

{1012}<1011> twins are activated while {1121}<1126> twins occur less frequently. When the 

c-axis is under compression, {1122}<1123> twins dominate the deformation at low temperature 

but {1011}<1012> twins are observed only at high temperatures; <c+a> slip is the other available 

mode for compressive deformation along the <c> axis. The operable deformation systems are 

illustrated in Figure 2-3. Therefore, the plastic properties of the single crystals in zirconium alloys 

are also anisotropic and deformation along <a> direction mainly caused by the prismatic slip is 

easier than <c> direction. Due to this inherently anisotropic behavior, during the fabrication 

processes the zirconium alloys are developed with preferred orientation of grains, which plays an 

important role in controlling the material properties such as yield strength, thermal and irradiation 

creep strength, distribution of hydride precipitates, and irradiation growth. 
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Figure 2-2 Young’s modulus in the three principal directions of Zr-1wt%Nb slab as a 

function of temperature [4]  

 

Figure 2-3 (a) Slip systems and (b) twinning systems in α-zirconium 
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2.2  Zr-2.5wt%Nb Pressure Tube 

The core of a CANDU reactor consists of a large, thin-wall, horizontal cylindrical tank. It 

contains heavy water  moderator and is penetrated by 380 or 480 horizontal fuel channels. It is 

shown in Figure 2-4 that the key components for each of the fuel channels in a typical CANDU 

reactor core include a calandria tube, a pressure tube, end fittings and annulus spacers. Located 

inside Zircaloy-2 calandria tubes, pressure tubes mainly support and locate the fuel bundles in the 

reactor core, and at the same time, they allow the pressurized heavy water  primary coolant to 

be pumped through the fuel and transfer the heat to the subsequent steam generation system. 

During the operation, pressure tubes are subjected to temperatures from 520 to 540 K at the inlet 

to 565–585 K at the outlet. The inlet pressure is about 10.5 MPa and the outlet pressure is about 

9.9 MPa, resulting in an initial axial stress in the pressure tube wall of about 65 MPa and an 

initial hoop stress that varies from about 130 MPa at the inlet to about 122 MPa at the outlet [5]. 

Zr-2.5wt%Nb has replaced Zircaloy-2 as the pressure tube material in CANDU reactors since 

1967 because of its better strength, creep resistance and a lower hydrogen ingress rate, which 

therefore improves the performance of the pressure tube [1].  
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Figure 2-4 Schematic illustration of one of the fuel channels located in a CANDU reactor 

core [6] 

2.2.1   Microstructure of pressure tubes 

The pressure tubes currently used in CANDU reactors are made from Zr-2.5Nb by a standard 

fabrication route [7]. The route includes four consecutive steps: a two-stage forging of Zr-2.5Nb 

ingots, hot extrusion of hollow billets machined from the ingots into tubes, a total of 25-30% area 

reduction for the tubes by two cold-working processes, and a 24-hours autoclave treatment at 

400C [6]. The final dimension of Zr–2.5Nb pressure tubes is 6m long, 104mm in diameter and 

4.2mm in wall thickness [5]. The high temperature extrusion is carried out at about 815C which 

falls in the α + β field of the alloy’s phase diagram, shown Figure 2-1, and the eutectic 

decomposition occurs very slowly. As a result, a duplex microstructure is formed for the tubes 

consisting of platelet-like hcp (hexagonal close packed) α-Zr and a grain-boundary network of 

bcc (body centered cubic) β-Zr phases. The following cold working process further elongates the 

 grains. As shown in Figure 2-5, the α-Zr grains are highly elongated in the axial direction and 

flattened in the radial direction, while β-Zr phases exist between the α-grains as thin films [8]. 

This fine (α+β) fibrous microstructure essentially contributes to the high strength as well as the 
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good ductility and toughness of the material. After autoclaving, the metastable β-Zr phase 

partially transforms into a mixture of metastable hcp ω-phase and Nb-enriched β-Zr[9, 10]. As a 

final structure, the pressure tube consists of approximately 90% -Zr and 10% β-Zr, and the 

material properties are mostly determined by the microstructure and texture of the dominant -Zr.  

 

Figure 2-5 Transmission electron micrographs from carbon replicas of a pressure tube 

showing: (a) elongated a-grains in the axial/radial section and (b) curved flattened a-grains 

in the radial/transverse section [8] 

2.2.2  Crystallographic texture 

In polycrystalline materials, crystallographic texture refers to the preferred orientation where the 

grains tend to cluster and orient. It can be created and changed by recrystallization, phase 

transformation, thermal, and/or mechanical processing. Crystallographic texture significantly 

affects the properties and performance of a material including Young’s modulus, Poisson’s ratio, 

strength, ductility and toughness [11].  

For Zr-2.5Nb pressure tube materials, a strong texture is developed during the manufacturing of 

pressure tubes due to the limited number of deformation systems that operate in the hcp 

crystalline structure of the material [12]. To evaluate its texture appropriately, a pole figure, 
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which is a two-dimensional graphical representation of texture, is usually used to describe the 

orientation distribution of certain lattice plane in the material [13]. In addition, the texture 

parameter (f) is developed to quantify the distribution of basal poles [0002] into an effective 

fraction in each of the three principal directions of fabricated forms of zirconium and other 

hexagonal materials [14]. If all the basal poles (the normal to the basal plane) align in one 

direction perfectly, it produces an ‘f’ value of 1.0 in that direction and 0 in the other two; for a 

random texture, a value of 1/3 is obtained for each direction, as shown in Figure 2-6.  

The crystallographic texture of a standard pressure tube comprises a predominantly transverse 

distribution of the basal plane normals and a small amount in radial direction [15]. Figure 2-7 

illustrates the typical pole figure for a standard CANDU pressure tube. The typical values of 

texture factors are 0.59 along the transverse direction, 0.35 in the radial direction and 0.06 in the 

axial direction. This crystallographic texture is produced during the extrusion stage of the tube 

manufacture process and remains practically unaltered during subsequent fabrication steps [15, 

16]. Together with the anisotropy in the plastic properties of the single crystal and the presence of 

large intergranular strains, the strong texture of the alloy contributes greatly to the plastic 

anisotropy of the hcp polycrystalline aggregates [17]. Since the deformation along <a> direction 

is much easier than the <c> direction in a single crystal, the yield stress in the transverse 

direction, which is the preferred orientation for the <c> axis of the grains, is higher than that in 

the axial direction for the Zr-2.5Nb pressure tube material [18]. 
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Figure 2-6 Illustration of crystal textures in tubing [19] 

 

Figure 2-7 (0002) pole figures of α-Zr grains in a typical CANDU Zr-2.5Nb cold-worked 

pressure tube [20] 

 
 
fl = longitudinal (rolling, axial) 
direction  
ft = transverse (circumferential) 
direction  
fn = normal (radial) direction  
 
fl + ft + fn = 1  
 
f = 1/3 implies randomly 
oriented basal poles  
 
(b)  fl = fn = 0 and ft = 1  
(d)  fl = ft = 0 and fn = 1  
(c)   fl = fn = ft = 1/3  
 



 

14 

 

2.3  Flaws in pressure tubes 

As one of the primary aging mechanisms for Zr-2.5Nb pressure tubes, delayed hydride cracking 

(DHC) can be described as diffusion of hydrogen atoms to a service-induced flaw, precipitation 

of hydride platelets on appropriately oriented crystallographic planes in the zirconium alloy 

matrix material, and development of a hydrided region at the flaw root [21]. As one of the critical 

factors in allowing DHC to occur, flaws are created inevitably during tube manufacture, 

installation, commissioning and operation [6].  

I. Manufacturing flaws 

During the manufacturing process of pressure tubes, the top of ingot contains deep shrinkage 

cavities.  Extrusion process may transform these shrinkage cavities into lamination flaws which 

are prone to opening up under the oxidation process and leading to subsequent potential DHC 

initiation when the pressure tubes are in service. To eliminate the lamination flaws in modern 

pressure tubes, the manufacturing process has been modified. The tops of ingots are cropped to 

remove the shrinkage cavities. New techniques with a high probability of detecting such 

laminations have been developed to inspect the final tubes, which significantly reduce the risk 

that tubes with such flaws enter service. 

II. Service induced flaws 

During the operation of reactor, flaws can be generated by different events, such as scratching 

from the fuel bundle while refueling, bearing pad fretting caused by fuel pencil vibration and fuel 

bundle rocking, crevice corrosion at fuel bundle bearing pad position, as well as debris fretting.  



 

15 

 

Refueling scratches are proved to be shallow (less than 30 microns) and rounded. The marks of 

fuel bundle bearing pad fret are found to be very shallow. The crevice corrosion has been 

observed at fuel bundle bearing pad positions towards the outlet end of operating pressure tubes. 

This corrosion is due to LiOH concentrating under localized boiling conditions which exist 

between the fuel bearing pads and pressure tubes. Results show that the damage in terms of depth 

is self-limited [6]. It is shown from metallographic examinations that the crevice corrosion marks 

in tubes which are removed from the Pickering reactors are shallow and wide with a maximum 

depth of about 200-300 microns. As these flaws are shallow and crevice corrosion can be self-

limiting in depth, they are not considered to  be a concern for pressure tube integrity, in 

consideration of the periodic inspection program (PIP) being adequate for monitoring them.  

Debris fretting flaws primarily occur during early operation, as construction debris like metal 

turnings that are left in the primary heat system (PHTS) can get trapped in the fuel and cause 

pressure tube fretting damage. The morphology of a debris fretting flaw is shown in Figure 2-8. 

According to the observation in CANDU pressure tubes, the majority of debris fretting flaws are 

localized, shallow (less than 0.5 mm deep), blunt notches with low stress concentrations [22]. 

DHC may occur if the stress concentration at the flaw tips is high and H/D concentration meets 

the requirement to precipitate hydrides. The amount of debris that could lead to fretting damage 

can be minimized by a high level of cleanliness during construction and by the use of strainers at 

the inlet end of channels during commissioning. Channels which have been subjected to 

significant pressure tube debris fretting are believed to also exhibit fretting of fuel bundle sheaths, 

resulting in release of fission products to the PHTS. Therefore, records of failed fuel and visual 

examination of suspect bundles can be used to identify channels with the highest potential for the 

damage of pressure tube debris. 
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Figure 2-8 Transverse section of a flaw on the inside surface of the pressure tube [6] 

To ensure that flaws existing in pressure tubes do not cause tube rupture during operation, 

acceptance criteria of the blunt flaw DHC initiation are created based on the fitness-for-service 

guidelines developed within the CANDU industry. The procedure is to compare the applied peak 

flaw-tip stress with the allowable peak flaw-tip stress, and in some cases there is also a limit on 

the number of reactor heatup/cooldown cycles [23]. The levels of applied peak flaw tip stress are 

dependent on flaw geometry through the stress concentration factor, while the allowable peak 

stress levels in the current acceptance criteria do not depend explicitly on flaw geometry.  

Criteria that provide the allowable peak stress level and the related allowable number of reactor 

heatup / cooldown cycles were then developed from the test data, and incorporated into the 

industry fitness-for-service guidelines. The allowable operating envelope of peak stress versus 

heatup / cooldown cycles is a conservative lower-bound to all of the test data, as illustrated 

schematically in Figure 2-9. The horizontal portion is an upper limit on allowable peak flaw-tip 

stress regardless of the number of heatup / cooldown cycles. The sloped portion that reflects the 

relation between peak stress and thermal cycles from the test results is given by  
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≤ ( )     (1) 

Where σp is the peak flaw-tip stress, and σa(Na) is the allowable peak stress as a function of the 

number of reactor heatup / cooldown cycles Na . The vertical portion is an upper limit on the 

number of allowable heatup / cooldown cycles regardless of the peak stress, and was selected 

according to the maximum number of thermal cycles in the test programs when the envelope was 

developed. 

 

Figure 2-9 Blunt flaw DHC initiation acceptance criteria used in fitness-for-service 

evaluations [24] 

Process-zone methodology is firstly introduced by Scarth to evaluate the blunt flaws in zirconium 

alloys [24]. The advantage of this method is to take into account the geometry of flaws. In this 

approach, a process zone, which is an infinitesimally thin two-dimensional strip emanating from a 

flaw root, is generated to represent the hydrided region and the particular subregion that is 

fracturing. As illustrated in Figure 2-10, within this process zone, the tensile stress is idealized to 

have a uniform value pH, while νT is set as the relative displacement across the zone at the flaw 

surface. With the hydride being precipitated, the stress pH decreases while νT increases due to the 

incompatibility of hydrides and the matrix [25, 26]. An assumption is made that loss of cohesion 
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at the trailing edge of the process zone on the flaw root surface, which corresponds to DHC 

initiation, occurs when vT attains a critical value νc. Furthermore, there is a limiting threshold 

value of pH, denoted as pc, below which the hydrided region is unable to fracture. pc corresponds 

to the threshold stress, under which DHC initiates at a planar surface assuming the formation of 

an ‘‘infinitely long’’ hydride. Both of the critical parameters pc and vc are presumed to be flaw 

geometry independent. Thus, two conditions must be satisfied for DHC initiation to occur.  >                      (2) >                      (3) 

 

Figure 2-10 Process zone emanating from a flaw root [24] 

 

Figure 2-11 Various pH versus vT behaviour as a hydrided region develops at a flaw root 

[24] 
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Figure 2-11 illustrates the conditions where DHC may initiate. The threshold peak stress pTH at 

which DHC initiation can possibly occur is defined as the lowest value of initial peak flaw-tip 

stress σp, prior to hydride formation. If the hydrided region stress pH falls below pc before vT 

reaches vc, DHC initiation should not occur despite further development of the hydrided region. 

2.4  Irradiation Damage 

In CANDU reactors, a chain reaction of fissions happens in the core. During the reaction, various 

types of irradiation fluxes are produced including neutron, electron and photon, whose nature, 

spectra and intensity can vary over large extents. These fluxes significantly affect the behavior of 

the materials within the reactor cores. For pressure tubes, the major contribution to the irradiation 

damage is the neutron flux especially the high energy part of the neutron spectrum, i.e. fast 

neutrons (E > 1MeV). During fission, fast neutrons are the main production with energies as high 

as a few MeV which are then reduced in energy by the moderator. As a result, thermal neutrons 

(0.025eV) with much lower energy are produced to maintain the reaction. The in-core flux is 

roughly constant in thermal reactors as shown in Figure 2-12. According to the different 

mechanisms by which fluxes affect the behavior of materials, irradiation is usually described with 

two different time scales: an instantaneous parameter that is called the neutron flux (Ø), 

expressed in units of n ∙ m−2 ∙ s−1 and defined in terms of a unidirectional monoenergetic beam of 

neutrons crossing a unit area per second; time-integral parameter named the fluence (Øt, units: n ∙ 

m−2) which is the neutron flux integrated over a certain time period. These two parameters act 

differently, and the same fluence, obtained with different fluxes over different time spans, can 

lead to very different irradiation effects.  
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Figure 2-12 Neutron flux spectra in thermal reactors [27] 

The main mechanism of irradiation damage is atomic displacements, which follow an interaction 

between the fast neutrons and the atoms within the pressure tubes. By elastic collision, atoms 

obtain part of the kinetic energy of the neutron according to (4): 

E = 4E (cos θ) ( ) 																														(4) 

Where ET is the energy transferred to the target atom, mn and mT are the masses of the neutron 

and of the target atom, En is the kinetic energy of the neutron before impact, and θ is the 

scattering angle expressed in the center of mass coordinates, as shown in Figure 2-13. When the 

transferred energy is lower than the critical value (the displacement energy Ed, 20eV-50eV) 

required for knocking the target atom out of the crystal lattice site, the energy provided to the 

atom will only increase its vibration amplitude within the lattice site and cause a local rise in 

temperature. However, if the energy transferred is larger than the critical value, the target atom 

can escape from its lattice site, and thus, a vacancy and a self-interstitial atom (SIA) are created 

as displayed in Figure 2-14. This pair of point defects (PDs) is called a Frenkel pair.   
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depleted zone) at center enveloped by interstitial atoms, as shown in Figure 2-15[30]. The atomic 

displacement is usually described in terms of displacements per atom (dpa) which represents the 

number of times that an atom is displaced for a given fluence. It indicates the probability of 

displacement of an atom as a result of collision with the neutrons. 

 

Figure 2-15 Schematic of a displacement spike  

After the formation of cascade, it relaxes quickly within a few picoseconds. Most of the displaced 

atoms reoccupy lattice sites rapidly resulting in a prompt elastic recombination if a SIA and a 

vacancy are present at the same time in the elastic recombination volume [31]. Only a very few 

PDs survive at the end of the cascade relaxation. They can still be eliminated by vacancy-SIA 

recombination, elimination at other defects such as dislocations and grain boundaries and as well 

as the formation of SIAs or vacancies clusters acting as nuclei for dislocation loops. In addition, 

the migration of interstitials can lead to chemical disorder acting as a driving force for phase 

changes such as amorphous transformation. Clusters of interstitials result necessarily in planar 

dislocation loops, while vacancies can produce both dislocation loops and cavities. The density of 

dislocation loop increases with neutron flux. 
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2.5  Post-irradiation Mechanical Properties 

The microstructure evolved from the creation and the evolution of the PDs during irradiation 

significantly impacts the mechanical properties of the materials. The effect includes an increase in 

the yield strength, and on the ultimate tensile strength which is less than the increase in yield 

strength, as well as a decrease in the rate of work hardening and total elongations [32], as 

illustrated in Figure 2-16. It is found that the irradiation hardening is temperature dependent. For 

instance, the hardening level in Zircloy-2 increases with irradiation temperature in the range 75 to 

380°C [33]. In addition, the yield strength change with fast fluence in cold-worked materials is 

less than that in annealed materials [32]. 

There are mainly two mechanisms considered to explain the irradiation hardening [31]. One is 

that the high density of PD clusters produced during irradiation act as obstacles to impede the 

glide of dislocations. The other one is described as the interaction between grow-in dislocations 

and irradiation-induced dislocation loops through their long-range stress field. Long-range 

stresses, independent of temperature, are the stresses (called flow stress or friction stress) required 

to continue the motion of dislocations and caused by the interaction of the moving dislocations 

with the network of dislocations in the solid. Dislocations on parallel glide planes exert forces on 

each other due to their stress fields, which constitute the long-range stress fields [34]. The contact 

interactions also produce junctions which are strong obstacles to dislocation motion. These 

junctions are glissile when the dislocations glide in the basal plane, whereas they stay sessile 

when the dislocations glide in the prismatic plane, resulting in a lower hardening of the basal slip 

system compared to the other systems [35]. Since these defects cannot be infinitely created in the 

material, the hardening effect is saturated at certain fluence which is found to be about 

4×1024n/m2  [36]. 
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Figure 2-16 The effect of fast fluence on the room temperature tensile properties of 

recrystallization-annealed Zircloy-4 for irradiation temperature between 320 and 360°C 

[32] 

2.6  Thermal creep in Zr-2.5Nb 

For in-service pressure tubes, thermal creep contributes to the deformation of pressure tubes 

mainly at the early stage of reactor operation where irradiation flux is not high and at the outlet 

end of a fuel channel where fast neutron flux is relatively low, but temperature and bending 

moment are high. On the other hand, the concentrated stress in vicinity of a notch may relax with 

time due to thermal creep. The creep rate is expected to be the fastest at the tip of the flaw where 

the stress is the highest due to the strong sensitivity of creep rate to stress [37].  

Thermal creep is defined as the time-dependent and permanent deformation which occurs slowly 

at high temperature (greater than about 0.4Tm, where Tm is the melting point in K) when a 

material is subjected to a load or stress that is lower than its yield strength [38]. A typical creep 

behavior is illustrated in Figure 2-17. As soon as the load is applied, there is an instantaneous 

time-independent elastic strain. Subsequently, the creep curve is divided into three stages 
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according to the variation tendency of creep rate. Primary creep which is also called transient 

creep occurs first. The creep rate, i.e. the slope of the curve, continuously decreases with time in 

this stage, indicating that the material undergoes an increasing strain hardening. The following 

stage is the secondary creep or the steady-state creep, which has a minimum creep rate and 

usually the longest duration. In this region, strain hardening is believed to be balanced by 

recovery so that the creep rate is relatively constant. The steady-state creep region is of the most 

importance for technological concerns. The last stage of the creep curve is the tertiary creep 

during which necking occurs because localized deformation resulting in an acceleration of creep 

rate and ultimately failure happens [38].  

The rate of steady-state creep can be influenced by temperature and the applied stress according 

to the following expression (5): 

= exp	(− )          (5) 

where K is the material constant, n is the stress exponent, Qc is the creep activation energy, σ is 

the applied stress and T is the absolute temperature. The applied stress provides a driving force 

for dislocation movement and diffusion of atoms; therefore, as the stress is increased, the rate of 

deformation also increases. In addition, creep occurs faster at higher temperatures.  The 

parameters in this expression should be approximately constant while a given creep mechanism is 

dominant.  
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Figure 2-17 Typical creep curve of strain vs. time at constant stress and constant elevated 

temperature [38] 

2.6.1  Creep Mechanisms 

The dominant creep mechanism varies with different stress/temperature conditions and usually 

can be expressed by a deformation mechanism map, as developed by Ashby [39]. In the 

deformation mechanism map, subregions are divided with respect to the steady-state creep rates 

of different mechanisms, and each of the subregion covers the range of stress and temperature 

within which one mechanism contributes the most to the steady-state creep rate. The boundaries 

between adjacent fields then represent the conditions under which the two or more mechanisms 

give the same steady-state creep rate. Figure 2-18 is the deformation map for α-Zr having a grain 

size of 10μm, developed by Knorr and Notis [40]. Basically, there are two mechanisms 

controlling the deformations in α-Zr: Coble creep and dislocation creep. 
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At higher stresses and above half of the α(hcp)–β(bcc) transition temperature, dislocation creep, 

or power-law creep, becomes the dominant deformation mechanism involving motion of 

dislocations. It is believed that the dislocation creep is controlled by a dislocation glide 

mechanism at lower stresses and by a dislocation climb at higher stresses. The dislocation glide 

and climb are sequential processes where the slower is the controlling or rate-limiting step. 

Dislocation gliding in a slip plane is a process requiring little thermal activation; however, the 

climbing process requires diffusion and is thus time-dependent and favoured by higher 

temperatures. Therefore, dislocation climb is often the rate-determining step.  

2.6.2  Anisotropy of Thermal Creep in Zr-2.5Nb 

Although the stress/temperature condition determines the creep mechanism, the creep behavior is 

significantly affected by the crystallographic texture and microstructure of the material. The main 

component of Zr-2.5Nb is α-Zr phase which has a very strong crystallographic texture with basal 

plane normals falling in the transverse direction of the pressure tube. This texture results in the 

creep anisotropy as illustrated in Figure 2-19, in which the steady-state creep rate for the 

specimen from transverse direction (T) tested at 350MPa is much lower than that from the axial 

direction (A) tested at 346MPa [41]. Li conducted a series studies on the relationship between the 

texture of Zr-2.5Nb and its thermal creep behavior and obtained the ratios of steady-state creep 

rates ( ⁄ ) as a function of texture parameters ( − ) shown in Figure 2-20 [42].  and  

are the resolved factors of basal plane normals in transverse and radial directions representing the 

distributions of (0002) plane normals numerically. It is obvious that the steady-state creep rate 

ratio increases with increasing ( − ). Another contribution of the creep anisotropy is the 

anisotropic hcp structure of the α-Zr which determines the slip systems operating in the crystal. It 

was found that the ratio of the CRSS (critical resolved shear stress) of prismatic to basal to 
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pyramidal glide is 1/1.6/2.5[17]. Analysis of the interaction between the microstructure and the 

stress state showed that the creep was anisotropic with the creep compliance being higher in the 

basal plane than in the c direction of the hcp crystal lattice [5]. 

 

Figure 2-19 Creep strain vs. time in the transverse and axial directions at 573K in Zr-2.5Nb 

uniaxial specimens [41] 
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Figure 2-20 Variation of steady-state creep rate ratios ( ⁄ ) as a function of texture 

parameters ( − ) for Zr-2.5Nb tested under a nominal transverse stress of 300MPa at 

350°C (data points are from specimens with different textures) [42] 

2.6.3  Effect of Irradiation on Thermal Creep 

The irradiation effect on the thermal creep behavior of zirconium alloys has not been thoroughly 

studied yet. Although numerous dislocation structures are produced during irradiation, the 

radiation-induced obstacles, such as point defects and precipitates, are more effective in blocking 

the movement of dislocations, and thus harden the material and decrease its thermal creep rate 

[36]. Fidleris reported the effects of pre-irradiation on the in-reactor creep, which included both 

thermal and irradiation creep; that at 300C for Zircaloy-2 the creep rate was not noticeably 

affected at low stress (1/2yield of unirradiated material) but was reduced by an order of 

magnitude at higher stress (≈yield) [43]. It is also found that the irradiation has an effect on 

decreasing the creep anisotropy of Zircaloys [44]. Many observations [45-47] prove that 

irradiation actives the pyramidal slip as a secondary slip system along with the primary prism 

slip, which decreases the observed anisotropy of the creep behavior of the materials.  
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2.7  Irradiation Deformation 

2.7.1  Irradiation Growth 

Irradiation growth is the dimensional change of the material under irradiation without applying 

any stress, which results from the precipitation of vacancies and SIAs at sinks such as 

dislocations and grain boundaries. The diffusional anisotropy difference (DAD) is commonly 

accepted as the main mechanism that causes the irradiation growth. The DAD theory assumes 

that point defects migrate anisotropically in the hcp crystal structure and the anisotropy is 

different for vacancies and SIAs. Vacancies have a nearly isotropic diffusional behavior, while 

SIAs strongly prefer to move in the basal planes rather than along the <c>-axis [31]. Therefore, 

grain boundaries or dislocations parallel to the <c>-axis absorb more SIAs, whereas more 

vacancies are eliminated at grain boundaries or dislocations parallel to the basal planes. As a 

result, the irradiation growth can be described as an elongation along the <a>-axis and shrinkage 

along <c>-axis for the hcp zirconium alloys. For the Zr-2.5Nb pressure tube material which has a 

strong texture of <c>-axes mainly along the transverse direction, the irradiation growth results in 

an increase of the length along the axial direction and a decrease of the diameter [48, 49].  

At the early stage of the irradiation, grain boundaries are the dominant sinks for the PDs, 

especially for the recrystallization-annealed alloys which have few dislocation structures. 

Therefore, the growth rate increases as the grain boundary increases when the grain size 

decreases [36]. However, for the cold-worked alloys, the initial dislocations play an important 

role as PDs’ sinks, and thus, more cold working leads to higher density of dislocations and 

subsequently increasing growth rate [36, 50]. As the irradiation dose increases, <a> loops are 

largely produced and become the dominant sinks for PDs. Since <a> type loops are relatively 
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neutral toward vacancies and SIAs, little strain occurs and the growth exhibits saturating or 

steady state after the initial rapid transient [51]. When the irradiation dose becomes higher than 

about 4×1025 n/m2, the accelerated growth, described as ‘growth breakaway’, occurs with a high-

temperature sensitive growth rate. The important microstructural change induced at this stage is 

the generation of vacancies <c> component dislocation loops whose growth contributes greatly to 

the breakaway growth [31]. In addition, the impurity and alloying elements, residual stresses as 

well as the irradiation temperature have significant influence on the growth behavior [5, 36, 51, 

52]. 

2.7.2  Irradiation Creep 

Irradiation creep is the radiation-induced shape change that occurs under an applied stress. In the 

reactor applications the irradiation creep is significant such that the thermal creep is relatively 

small enough to be neglected [36]. Two mechanisms are usually considered to explain the 

irradiation creep in zirconium alloys: the stress-induced preferred absorption (SIPA) and the 

climb and glide of dislocations. 

The SIPA mechanism was first proposed by Heald and Speight [53]. It assumes that the 

interaction between the two PDs and the edge dislocations are modified by the stress field. When 

an external uniaxial tensile stress is applied, dislocations with their Burgers vectors aligned along 

the stress direction have a higher bias toward SIAs than those with their Burgers vectors 

perpendicular to the stress axis [54]. Therefore, under stress and irradiation, SIAs prefer to be 

eliminated by the aligned dislocations, while the net flux of vacancies is toward the non-aligned 

dislocations. The difference in the preferential absorption of PDs results in dislocation climb and 

thus creep strain. 
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The dislocation climb and glide mechanism was originally proposed by Gittus [55] . It assumes 

that the stressed material contains a network of dislocations which climbs by absorbing the 

radiation produced SIAs and vacancies. Under an applied stress, when the segment of the 

dislocation climbs into a region where its neighbours exert a relatively low stress on it, the 

dislocation bows out by glide until the force due to the applied stress is balanced by the line 

tension force [56]. This mechanism is believed to be a more effective description for the cold-

worked Zr-2.5Nb alloy as it achieves a good agreement with the experimental anisotropy [57]. 

The irradiation creep is sensitive to the fast neutron flux, stress and temperature. The relationship 

can be described as follows (6) [5]: 

∝ 	 ∅ exp	( )      (6) 

Where  is the stress and n~1, ∅ is the fast neutron flux and P~1for Zr-2.5Nb pressure tube, T is 

the absolute temperature and   is the irradiation creep rate. The stress exponent, n=1, is 

obtained when the stress is below 100MPa, whereas it gradually increases with stress being about 

100 at 660MPa [37]. 

In this work, the in-reactor damage and deformation mechanisms are not going to be discussed 

further, but the effect of irradiation on subsequent out-reactor deformation will instead be focused 

upon. 

2.8  Synchrotron X-ray diffraction 

Since synchrotron radiation was first observed and named in 1947 at General Electric(GE) 

Research Laboratory[58, 59], it has mainly experienced three periods depending on the purpose 
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for scientific research. The establishment of Synchrotron Ultraviolet Radiation Facility (SURF) 

began the first generation of synchrotron-radiation facilities, which are also called parasitic 

facilities because the accelerators were built and usually operated primarily for high-energy or 

nuclear physics [60]. In the late 1970s, the second generation was designed as the dedicated light 

source to accommodate a larger number of disciplines. In general, storage rings of the second 

generation have a large number of beam lines and experimental stations which are primarily from 

bend magnets [61]. Since the early 1990s, third generation synchrotron X-ray sources have been 

built with lower electron beam emittance and insertion devices which are used most extensively 

among a vast variety of research fields and industrial applications. A further generation of 

synchrotron radiation source is under development for special applications like free electron 

lasers and energy recovery linear accelerators [61]. 

Free electrons may be produced and accelerated by an injector system, and then move along a 

closed-loop trajectory with velocity close to light in a storage ring which maintains an 

environment of ultrahigh vacuum. Bending magnets placed along the ring are used to curve the 

electron beams, as illustrated in Figure 2-21. The bending results in the emission of synchrotron 

radiation tangent to the orbit. The introduction of wigglers and undulators makes the high 

performance of the third generation source possible [62]. As is shown in Figure 2-22, the electron 

beam is forced on a sinusoidal trajectory by arrays of magnets of alternating polarity. The wiggler 

intends to produce a continuum of radiation that approximates the superposition of bending 

magnet radiation, whereas an undulator utilizes the intentional phasing/interference effects to 

produce more collimated, spectrally sharpened peaks [60]. As a result, the intensity of electron 

beams is multiplied to achieve a final high energy in the GeV range [61]. The high-energy X-rays 

produced may span a broad range of wavelengths from the infrared, the visible and ultraviolet 
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range into the soft and hard X-ray parts of the electromagnetic spectrum (Figure 2-23)[61], which 

is one of the characteristics that distinguishes synchrotron radiation from others. Other specific 

properties include high brightness, polarization, pulsed-time structure and partial coherence. All 

these characteristics present synchrotron radiation as a versatile and powerful tool to researchers 

from different science disciplines including biology, chemistry, medicine, physics, as well as 

materials science[63]. 

 

Figure 2-21 Schematic diagram of a storage ring 

 

Figure 2-22 Electron beam in insertion devices 
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Figure 2-23 Typical spectral distribution of synchrotron radiation 

As one of the three existing high-energy, third-generation synchrotron sources, the Advanced 

Photon Source (APS), located at the Argonne National Laboratory, has relatively high storage-

ring energy as 7GeV, and therefore, offers high flux of high-energy X-rays, which are defined as 

photons with an energy between 35 and 200 keV, for various scientific research applications. The 

low absorption of high-energy X-rays by materials makes it a unique and powerful tool for bulk 

material studies. As illustrated in Figure 2-24, high-energy X-rays can pass through several 

centimeters of aluminum and several millimeters of steel. The synchrotron studies in this thesis 

were all carried out at the APS 1-ID Beamline which is designed to be a dedicated high-energy 

X-ray scattering facility. It uses an undulator as the radiation source, operating with the energy 

ranging in 50-100 keV. The high-energy monochronmator containing two perfect Si crystals is 

used to tune the operation energy and preserve the beam brilliance which is about 8 orders of 

magnitude greater than a standard Cu lab X-ray source.[64]. Beam size at 1-ID can be modified to 

range from 0.005×0.02 to 1×1mm2 through either slitting the beam or optically focusing it. The 
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former just reduces the beam area, which leads to a reduction in photon flux, while the latter 

method preserves the flux with an increase in the angular divergence of the beam. 

 

Figure 2-24 High-energy X-ray transmission vs. the atomic number of several elements [64] 

A Revolution 41RT flat panel detector, from General Electric (GE) Healthcare, is used at the 

Beamline [65]. It has an active area of 41×41cm2 with 200×200μm2 pixel size and the nominal 

working photon energy of about 80 keV. Its high pixel count, sensitivity towards high-energy 

photons and fast frame rate make it attractive for fast measurement. In particular, in-situ loading 

studies with a strain rate up to 10-2 s-1 under continuous loading become possible. 

High energy X-ray diffraction has been widely applied in transient strain measurements [66], and 

strain mapping [67-69].  In the area of crack tip mapping it has found application in various 

materials such as austenitic stainless steels [70], titanium [71], and NiTi shape memory alloys 

[72]. For zirconium alloys, this technique also has proven to be important in the study of crack-tip 

deformation behavior, which is of great interest due to the potential impact of DHC. The crack-tip 

strain fields in room temperature loaded unhydrided Zircaloy-2 have been characterized and 

mapped using synchrotron X-rays and simulated by a FE model [73]. Under the uniaxial applied 
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load (KI~30MPa√ ) along the plate normal direction, tensile twinning was observed near the 

crack tip. The distribution of strains near a notch in hydrided Zr-2.5Nb pressure tube material was 

studied in-situ under increasing applied load at room temperature with the same technique to 

show how load is transferred between the zirconium matrix and the hydride phase [74]. A further 

study was carried out on the in-situ growth of notch-tip hydrides under a constant uniaxial load at 

250°C [75]. In addition Allen [76] has reported results as a consecutive study that includes 

hydride precipitation and the effect of a pre-creep cycle on the peak notch-tip strain in Zr-2.5Nb. 

The strain measurement using synchrotron is based on Bragg’s Law (7): 

= 2 { } sin { }          (7) 

Where n is an integer; λ is the wavelength of the beam; 2θ is the diffraction angle for the given 

crystallographic orientation {hkl}, as shown in Figure 2-25; and d is d-spacing that is the distance 

between adjacent lattice planes {hkl}. The shift of d-spacing can be reflected by the changes of θ 

which  is  measurable  through  the  shift  in  peak  associated  with  the  given crystallographic 

orientation {hkl}. Therefore, by comparing the strained d-spacing under load with the reference 

spacing, the lattice strain (ε{hkl}) can be calculated by (8): 

{ } = { } − { }{ } 										(8) 
Where d{hkl} is lattice spacing at the measured spot, and d0{hkl} is the reference d-spacing, which is 

a (assumed) near strain-free lattice parameter, for the given lattice plane {hkl}. The lattice strain 

calculated here is the elastic component of strain, because only elastic strain involves a large scale 

average distortion of the crystal lattice while a plastic deformation is more related as a shape 
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change, which is always associated with a crystal lattice shearing or dislocation motions rather 

than the d-spacing change. 

 

Figure 2-25 Schematic showing the relationship between the sample and the beam 

orientation [76] 

2.9  Previous Modeling Studies  

Models are necessary and helpful to understand and predict the creep behavior near the notch in 

zirconium alloys and thus can be used in pressure tube integrity assessment and further 

understanding of the tube’s performance. The polycrystalline self-consistent model, called 

SELFPOLY, was developed in 1990s [77, 78] and improved several times to the current version 

SELFPOLY7, which considers the impact of the texture and the grain shape of the pressure tube 

on the steady-state irradiation creep. Christodoulou et al. [41] proved the SELFPLOY was 

effective in predicting the thermal creep rate. Li [79] developed the SELFPOLY7-Q, a modified 

version of SELFPOLY, to take into account the pre-existing dislocation densities produced 
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during the cold-work process of the tube manufacture. A much better agreement was achieved 

between the model and the experimental data as shown in Figure 2-26.  

 

Figure 2-26 Comparison between the two models and the experimental data: steady-state 

creep ratios for Zr-2.5Nb as a function of texture parameters under a nominal transverse 

stress of 300MPa at 350C [79]  

The anisotropy is the essential characteristic of the zirconium alloy creep models. Hill theory 

(anisotropic derivation from the von Mises yield criteria) is usually applied to model the 

anisotropic creep behavior by calculating the effective stresses from the six stress tensors [80-82].  

The Hill equation is written as (9): 

= [ ( − ) + ( − ) + ( − ) + 2 + 2 + 2 ] ⁄      (9) 
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Where  is the effective stress, 	 , 	  and  are the direct stresses along three mutually 

perpendicular axes corresponding to the axes of anisotropy, and ,  and  are the shear 

stress components. For this case of the pressure tube material, ,	  and  represent the stresses 

along radial, transverse and axial directions, respectively. F, G, H, L, M and N are the anisotropic 

coefficients to characterize the anisotropic status of the material.   

The relation between the effective stress ( ), the effective strain rate ( ) and the principal creep 

rates ( , , ) has been reported as [80, 83]: 

= / [ ( − ) − ( − )]    (10) 

= / [ ( − ) − ( − )]    (11) 

= / [ ( − ) − ( − )]    (12) 

=          (13) 

where B is a constant and n is the stress exponent. 

Leitch et al. [84] applied the SELFPOLY code to determine the single-crystal microstructural 

parameters that are consistent with the anisotropic creep behavior of polycrystalline Zr-2.5Nb. 

Then the generalized constitutive law (14) was developed to describe the thermal creep based on 

the parameters and called as a subroutine in the finite element model to simulate the thermal 

creep behavior near the notch.  

                                       
      (14) 
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Here  is the strain rate tensor,  is a scalar function that accounts for work hardening 

and temperature changes and   is the tensor from the interpolation table that gives the 

anisotropy of the material at a stress tensor . The modeling results are shown in Figure 2-27.  

 

Figure 2-27 Comparison between the experimental results and the plane strain and plane 

stress analysis results at 60hrs creep [84] 

 

  



 

43 

 

Chapter 3 

Experiments and Modeling for Unirradiated Zr-2.5Nb  

3.1  Introduction 

In this chapter, stress relaxation studies on unirradiated Zr-2.5Nb pressure tube material are 

reported. First, synchrotron X-ray diffraction experiments were conducted to monitor the process 

of stress relaxation in the vicinity of a notch tip under constant loading conditions. Two-

dimensional elastic strain maps around the notch tip were created in the experiment to obtain the 

distribution of the stress/strain. Since Zr-2.5Nb pressure tube material has an hcp crystal structure 

and strong texture, the anisotropy of its creep behavior is discussed with respect to the two 

primary lattice planes of the crystal: the basal plane {0002} and prismatic planes {1010}. 

Subsequently, a finite element (FE) model was built to simulate the creep process in the material 

and compared to the experimental results.  

3.2  Samples Preparation 

The C-shaped samples provided by Kinectrics Inc. were cut from a standard, production grade, 

unirradiated, cold-worked Zr-2.5Nb pressure tube using the electrical-discharge-machining 

(EDM) method. The average grain dimensions of the sample were ~0.2, 1.0, and 5.0μm in the 

radial, transverse, and axial directions, respectively [8, 41]. The material has a pronounced 

crystallographic texture with the normals to the basal planes ({0002}) preferentially aligned with 

the transverse direction of the tube [85]. It has transverse mechanical and DHC properties as 

listed in Table 3-1 [86]. As is illustrated in Figure 4-1, each of the C-shaped samples has two 

holes in the ends for pin loading. A 0.75mm deep, 45° V-notch with a root radius of either 15μm 
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or 30μm was machined on the inside surface of the sample using a microbroaching technique to 

simulate the geometries of in-service flaws. This notching process might have some effect on the 

local residual stress state near the notch, but as it is a very gradual machining process, the effect 

should be minimal. The sample has a nominal thickness of 3.2mm and a width (tube wall 

thickness) of 4.2mm (detailed dimensions are given in Appendix A). All the samples were 

removed from the same location of the pressure tube to effectively eliminate the variations in the 

material properties introduced by the manufacturing processes. 

Table 3-1 Mechanical and DHC properties of a standard unirradiated cold-worked Zr-

2.5Nb pressure tube [86] 
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Figure 3-1 Illustration of the C-shaped sample with the enlarged view of the notch 

3.3  Experiment Procedure 

The experiment consisted of two stages: ex-situ creep process and subsequent room temperature 

synchrotron X-ray diffraction measurements. Ex-situ creep process involved inducing thermal 

creep behavior in the material under a constant load and temperature for different time periods. 

Following the ex-situ-creep process, synchrotron X-ray diffraction measurements were performed 

near the notch under an applied load to obtain the strain data. 

3.3.1  Ex-situ Creep Process 

The process was carried out at Queen’s University in an Applied Test Systems (ATS) oven 

equipped with linear actuators to apply the tensile load (as illustrated in Appendix A). All the 

samples were heated to 583K, which is about the highest temperature attained in a normally 

operated CANDU reactor. During the heating, a load-control mode was selected and a small 

tensile load of ~20N was applied on the sample to hold it straight and avoid any compression due 

to the thermal expansion of the sample. Because of the small amount of load applied during the 
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heating compared to the ‘creep’ loading, only a very small amount of creep is expected to occur 

during heatup, and thus the effect of the heating rate can be neglected in this study. A maximum 

heating rate of 4K/min was determined by the maximum uniform heating rate of the oven. The 

temperature inside the oven was measured by a thermocouple which was spotwelded onto the 

surface of the sample. It took about 1.5 hours to heat the sample to 583K from room temperature. 

When the temperature became stable which took about 15mins, each sample was loaded to 

KEFF=6MPa√m (~300N) with the stepping constant (a stepping constant is the number of steps 

taken in a forwards or backwards motion of the linear actuator) set as 500 during loading but as 

25 close to or at the target load to stabilize everything. Then the samples were held under a 

constant load equivalent to this KEFF and a constant temperature of 583K for different time 

periods to induce different levels of creep. Therefore, six samples with the same notch root radius 

were crept for 0, 1, 3, 10, 30, and 90 hours, respectively. The samples with 0hour creep were 

actually loaded for a couple of seconds at 583K to provide an initial condition of the creep 

comparison. After the creep process was completed, the samples were unloaded to 20N and then 

cooled down to room temperature under load control again to ensure no additional strains 

associated with thermal contraction. 

The effective stress intensity factor for a notch, KEFF , was used to evaluate the stress state in the 

vicinity of the notch. The expression of KEFF for the C-shaped sample is given in ASTM-399, as 

shown in Appendix A [87, 88]. It was applied by treating the notch as if it was a sharp crack 

because the expression was originally used for the sample with a crack rather than a notch; this is 

typical of the industry approach to describing such broached flaws. For unirradiated Zr-2.5Nb 

material, the lower-bound of KIH, which is the threshold stress intensity for DHC initiation from a 

crack, is 7.6MPa√m (Table 3-1). Conventionally, a 20% lower load (KEFF=6MPa√m) is usually 
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selected to make sure that DHC would not be initiated during the experiment. To be consistent, 

the same load was applied in our experiment to assure that the obtained data can be directly 

compared with the vast amount of data that has already been collected for Zr-2.5Nb alloys with 

such applied stress intensity [86, 87].  

3.3.2  Synchrotron X-ray Diffraction Measurements 

After the ex-situ creep process, high-energy X-ray diffraction measurements were conducted at 

Beamline 1-ID at APS using a monochromatic X-ray beam with an energy of 86KeV 

(λ=0.01442nm) ), as illustrated in Appendix A. The C-shaped samples that had experienced the 

ex-situ creep were reloaded to KEFF=6MPa√m in-situ at room temperature using a load frame that 

is driven by a custom built stepper motor. The load frame is located between the incident X-ray 

beam and detector, as illustrated in Figure 2-25. Once the target load was applied, a force-control 

mode was set up to operate the load frame and to assure the applied load is stable. During the 

measurement, the position of the load frame was controlled to move in the x-y plane while the 

beam and detector stayed stationary such that different locations on the sample were measured in 

a grid manner. Two beam sizes ―50×50μm2 and 20×20μm2, which were controlled by moveable 

slits, were used in this study. The 40×40cm2 GE amorphous silicon detector was used to collect 

the Debye-Scherrer diffraction rings generated in the measurement. The detector-to-sample 

distance was set at 1650mm which yielded coverage of 5 zirconium peaks from {1120} to 

{1010}. 

The X-ray diffraction measurement for each sample was carried out mainly in three different 

schedules, all carried out at room temperature: 



 

48 

 

1) Before the sample was reloaded in-situ, a residual scan was first carried out to obtain the 

initial strain conditions around the notch and strain-free lattice parameters used as 

references in the following data analysis process. An area of 1.0×1.0 mm2 in the vicinity 

of the notch tip was measured using the 50×50μm2 beam with a step size of 200μm, as 

illustrated in Figure 4-2 (a). For each measured spot, four exposure images, each of 

which lasted five seconds, were collected and summed later to avoid the saturation of the 

detector and increase the signal-to-noise ratio at the same time. The measured Y-direction 

line 1mm from the notch tip was extracted, and the values averaged to provide a 

reference d-spacing. 

2) A fine scan was then run over a much smaller area of 100μm×100μm after the sample 

had been loaded to KEFF=6MPa√m, with the load held constant. The beam size was 

modified to 20×20μm2 and a step size of 20μm was used as shown in Figure 4-2 (b). 

Therefore, a much higher spatial resolution was achieved by this fine scan. However, 

because of the smaller beam size and thus lower beam intensity, ten exposure images 

were collected, each of which had the same exposure duration as the residual scan.  

3) A coarse scan was last carried out after the fine scan, while still under load, with the same 

setup as the residual scan including beam size, measured area, step size and exposure 

parameters. It was intended to generate a larger-scale distribution of the lattice strains. 

Before each scan routine, the location of the notch tip had to be determined due to the 

unavoidable position changes in the sample under load. This was achieved by measuring the 

intensity of the straight-through X-ray beam (20×20μm2) as it was scanned along both the x and y 

directions near the notch tip. The position of notch tip was set to (0, 0) once it was determined, 

and all scans referenced to this position. This method is expected to locate the tip within half of 
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the beam diameter which is ±10 μm in this case. A similar method, which included X-direction 

scans near the sample edge at different rotation angles, was used to make sure that the C-shaped 

surface of the sample was perpendicular to the incident beam, such that the beam was able to go 

through the whole thickness of the sample at the notch tip. With this method, the actual angular 

orientation of the sample was expected to be within ±1° range of the target; an uncertainty in 

angular position of 1 degree given a sample width of 3mm generates an averaging in location that 

the lattice strains are measured over about 50microns horizontally; it should also be noted that the 

lattice parameters measured are an average through thickness in the sample. To get the 

background level of the detector, exposure images were taken as well before each set of 

measurements when the beam was shut down. The detector position and orientation were 

calibrated by measuring a ceria reference sample. 
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Figure 3-2 Schematic of scanned maps: (a) 1.0×1.0mm2 area with 50×50μm2 beam size; (b) 

120×120μm2 area with 20×20μm2 beam size 
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3.4  Data Analysis 

The X-ray diffraction data, i.e. the exposure images, of the measurements were analyzed using 

the MATLAB scripts created originally by J. Almer at Beamline 1-ID in APS. The exposure 

images collected at a given location were first corrected by subtracting the background noise from 

the images and summed up together to generate the diffraction pattern which was then used as 

raw data input in the scripts. Figure 3-3 is an example of the diffraction pattern for a given 

measured location. The Debye-Scherrer rings, each representing certain lattice planes with the 

same d-spacing, on the diffraction pattern were cut circumferentially (‘caked’) and numbered into 

36 bins, each of which covered 10°, starting from the horizontal (0°). Since the 5° off the TD and 

RD does not make a significant change in the strain values, the two bins centered at 5° and 185° 

were extracted to calculate the lattice strain along Radial Direction (RD) of the sample, while the 

pair of 95° and 275° corresponded to Transverse Direction (TD). The diffraction data in each bin 

was integrated to give a series of diffraction peaks corresponding to certain lattice planes, as 

shown in Figure 3-4. The intensity of the diffraction peak indicates the distribution of the lattice 

planes. For example, the more grains with their normals to {0002} aligned in TD, the higher 

intensity of the diffraction peak for {0002} in TD is. Therefore, the intensity difference of the 

diffraction peak around the ring reflects the texture of the Zr-2.5Nb pressure tube material and the 

intensity change in a given direction of the ring can be used to monitor the texture evolution. A 

single peak fitting routine, using the assumption of a pseudo-Voigt shape for the peak, was 

carried out to determine the position of the two zirconium peaks, {0002} and {1010}, for each 

measured location. Therefore, the d-spacing and thus lattice strain of the two orientations were 

calculated.  
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In this case, the reference d-spacing was obtained by averaging the d-spacings measured 1mm 

from the notch tip in the residual scan for each sample. Furthermore, the TD and RD were 

calculated separately as well with respect to the reference. Using this as reference takes into 

account any strains associated with errors in sample positioning and also any initial thermal 

residual strains. The lattice strain calculated here is the elastic component of strain, because only 

elastic strain involves a large-scale average distortion of the crystal lattice while a plastic 

deformation is more associated with a shape change and localized strains; the shape change is 

associated with a crystal lattice shearing or dislocation motions rather than an average d-spacing 

change. 

The elastic strains of {0002} and {1010} at a given spot were then weighted and averaged with 

respect to the texture of the material, based on the different elastic responses of the two 

orientations. For hcp α-Zr, it has been found that the texture factors of its three primary 

orientations ({0002}, {1010} and {1120}) satisfy the following relationships ― (15) and (16), 

which are always applicable to any reference direction [89].  

{ } + { } + { } = 1      (15) 

{ } = { } = { }          (16) 

Therefore, average strains for a given direction were calculated using the following equation (17): 

= { } { } + { }(1 − { })          (17) 
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The typical texture factors (f) for the basal plane {0002} in the pressure tube material has been 

reported as 0.352 (RD―Radial Direction), 0.589 (TD―Transverse Direction) and 0.059 

(AD―Axial Direction) [17].  

3.5  Model Setup 

To simulate the stress relaxation at the notch area, ABAQUS Finite Element (FE) software 

package was used to set up two-dimensional models that correspond to the experimental 

procedure. Since the geometry of C-shaped specimen is symmetric about the notch plane, only 

half of the sample was constructed for convenience and as well to save on computing time.  Two 

groups of samples with either 15μm or 30μm radius of the notch roots were generated 

respectively. The geometry and dimension details of the sample modeled are shown in Appendix 

B. For simplicity the contact between loading pinhole and pin were not modeled; only the center 

of the pinhole was set up as the loading point. This point is fixed in the direction normal to 

loading, which is set to be the boundary condition. The symmetric axis of the notch plane was 

fixed in the loading direction and no rotation was allowed. More details of the boundary 

conditions can be found in Appendix B.  

To investigate which would obtain a more accurate result, both quadrilateral and triangular 

elements were tried to mesh the sample. The calculation results of strains in the front of notch tips 

show negligible difference between the two mesh methods. Therefore, 6-node, modified quadratic 

triangular elements were chosen to mesh the assembly of samples; the mesh was refined until a 

stable strain was obtained. The sample with 15μm radius notch root contains 16080 nodes and 

7919 elements, while the one with 30μm radius notch root are meshed with 14194 nodes and 

6969 elements. Partition faces were created around the notch tip and more intensive seeds were 
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used to refine the mesh near the notch tip in order to achieve more accurate and detailed of 

stress/strain information in the vicinity of notch. Both plane stress and plane strain formulations 

were carried out during the modeling, which are the two extreme assumptions of boundary 

conditions during the calculation, and thus the experimental data, which averages strain through 

thickness, are expected to fall somewhere between these two extremes.  

The material properties of the samples were set up according to the model of Greg Allen’s work 

[76]. As is well known, pressure tube material has distinct anisotropic properties due to the hcp 

structure of zirconium alloys; hence, the anisotropy was adequately considered when defining the 

material of the sample to make it behave as close as possible to the real Zr-2.5Nb pressure tube. A 

cylindrical coordinate system, consistent with the macroscopic pressure tube direction (i.e. AD, 

RD &TD), was set as the material orientation to define the anisotropic material properties. 

Elasticity of Zr-2.5Nb was defined orthotropically with nine independent elastic stiffness 

parameters as a function of temperature (293k & 573K), as in Figure 3-5. Temperature 

dependence of material properties was introduced to take account for the thermal expansion of the 

material at 573K, and the relationships of the elastic constants with temperature are linear as 

described in two following equations (18) and (19): 

( ) = − 0.0223( − 293)             (18) 

( ) = − 0.0574( − 293)              (19) 

Where  and  are the moduli (in GPa) at room temperature, and T is the temperature in 

Kelvin. To apply these relations, an assumption was made that the changes of elastic constants 

with temperature were isotropic. The elevated temperature of 573K was used rather than 583K, 
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which was same as the experiment, because there was no stress-strain data of the material at 

583K from previous references and 10K was not considered to make a significant difference in 

the results. 

 

Figure 3-5 Elastic stiffness tensor (GPa) at 293K (1-AD, 2-TD, 3-AD) 

The plastic properties of Zr-2.5Nb pressure tube material were described in two parts. First, data 

points extracted from the tensile stress-strain plot of Zr-2.5Nb along AD at 293K were input into 

ABAQUS to define the baseline plastic curve [76], which was then used as the reference to define 

the yield stress in other directions and temperature. Then, the yield ratios, , were defined with 

respect to the reference yield stress of the plastic curve defined above. Thus, the anisotropy of 

plasticity was applied. Compression and temperature-dependent data were obtained with the same 

method. A FORTRAN user subroutine was called to retrieve the stress tensor at material points 

and calculate the hydrostatic stress; then stress at the point was determined to be tensile or 

compressive , which is differentiated by a field variable (0 for tensile, 1 for compressive) and 

allow different stress-strain responses in tension and compression. 
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Provisional creep equations for Zr-2.5Nb pressure tube material were provided by Kinectrics Inc. 

[90] for preliminary comparisons.  It is expected to provide reasonable approximations of the 

shapes of the stress profiles when used in a finite element model, but only a qualitative 

representation of the magnitudes of stresses and their relaxation. These equations assume that 

strains caused by thermal creep of Zr-2.5Nb pressure tube in nuclear reactor consist of two 

components: primary thermal creep and secondary thermal creep, which are shown as follows 

(20) and (21): 

_ _ = ( + )       (20) 

_ _ = + + + [ ]     (21) 

Where the ‘σ’ terms denote Hill’s effective stresses (different subscripts denote the use of 

different sets of Hill parameters), ‘T’ is temperature, and the ‘Q’ terms are activations energies. 

The time is represented by ‘t’, where ‘toff’ is a small offset to prevent an arithmetic exception (at 

t=0), and ‘u’ is the time exponent. All other variables are coefficients used to fit the experimental 

and in-reactor creep data. The secondary thermal creep refers to the individual creep strain 

components of low temperature, high temperature and high stress secondary creep terms with 

different activation energies (Q1, Q3, and Qt), respectively. To implement the creep law in 

ABAQUS, a user defined subroutine was called in the form of FORTRAN and passed two values 

back to ABAQUS: the equivalent deviatoric creep strain increment (∆ ), and the partial 

derivative of that creep strain increment with respect to the deviatoric stress ( ∆ ). 
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Since the output data was written at each node, post-processing was required to obtain the strain 

line plot in front of the notch tip so that the model results could be compared with the results of 

the synchrotron X-ray experiments. To obtain the strain data points corresponding to the line plot 

in the experiment, strains of the nodes falling in every grid of 20×20μm2 were averaged to 

simulate the experimental data points.  This equals the average strain value over the beam size 

area, as the beam size of the measurement is also 20×20μm2. The rectangular regions in front of 

the notch tip were divided into a series of grids with one next to another, corresponding to the 

area of the scanned line in the experiment. Since the element sizes were not the same within these 

regions due to local mesh refinements, the strain value of each node was a weighted average, with 

respect to the volumes of all elements sharing that node. Therefore, elastic strains at each unique 

node as well as its element volumes were output, and subsequently used as input data to process 

the averaging with a MATLAB script. The equation used to calculate strain for each data point is 

(22): 

= ∑∑        (22) 

Where  and  are the strain and element volume data for node n respectively. Then the strain 

data was plotted together with the experiment results. 

3.6  Results  

3.6.1  Maps of the Average Strains 

With the average elastic strains calculated from the experimental data, two-dimensional strain 

maps of the notch area were created using a MATLAB script. Each data point actually represents 

an average value in the little cube of the measured spot area, whose dimension is defined by the 
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beam size and the thickness of the sample. In the MATLAB script, a method of cubic 

interpolation is used to convert each of the measured strains into a two-dimensional contour 

which then makes up the whole strain map together with all other strain contours. The position of 

the notch tip is nominally located at the origin (0, 0) on the map; however, due to the manual 

positioning location of the notch tip required during the experiment, there may be some deviation 

regarding the true notch tip location.  

Strain along Loading Direction (TD) 

The maps of the average elastic strains (εyy) along TD are shown in Figure 3-7, which is 

generated from the fine scan data of the samples with a 15μm notch root radius. As expected, a 

tensile stress concentration occurs and results in tensile strains near the notch. For the samples 

that have experienced 0, 3, 10, and 90hrs thermal creep, a peak value of the elastic strain is 

located in the region where y-axis falls in the range of ±0.01mm and x-axis lies between -0.02 

and -0.04mm from the notch tip. The strain value decreases around the peak value and an ‘ear-

shaped’ distribution of the lattice strains is formed in the vicinity of the notch. In addition, a 

general trend of the peak strain reduction with creep time can be found by comparing the maps of 

the samples that experienced different ex-situ creep times. A large-scale distribution of the 

average elastic strains is given in Figure 3-9 (a) by combining the data obtained from both the 

fine scan and the coarse scan. It can be observed that the concentrated tensile stress mainly exists 

within the range of ~0.8mm from the notch tip along X-axis and expands to a much larger range 

along Y-axis.  

However, for the samples that have experienced 1 and 30hrs creep, the peak value of the elastic 

strain is located right at the notch tip, as shown in Figure 3-7 (b) and (e), and there is a secondary 
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strain concentration which is located at about x=–0.02mm similar as the other samples, but 

around 0.02mm off the notch plane (y=0) along Y-axis, which is different from the other samples.   

Strain Perpendicular to Loading Direction (RD) 

Figure 3-8 shows the maps of the average elastic strains (εxx) along RD for the same samples as in 

Figure 3-7. Since the stains along TD near the notch are tensile, compressive strains occur 

necessarily along RD in front of the notch. The highest magnitude compressive strain appears at 

about -0.04mm in the X-axis and distributes evenly along Y-axis within the map area. From the 

εxx map in a larger scale in Figure 3-9 (b), an hourglass-shaped distribution of the compressive 

strains is shown with its neck in front of the notch tip. 
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(a)  εyy(AVE) ― 0hrs (b)  εyy(AVE) ― 1hrs 

(c)  εyy(AVE) ― 3hrs (d)  εyy(AVE) ― 10hrs 

(e)  εyy(AVE) ― 30hrs (f)  εyy(AVE) ― 90hrs 

Figure 3-7 Comparison of the average lattice strain maps, showing strain along TD, 

obtained from samples (R15μm) experienced different ex-situ creep times: (a) 0hrs, (b) 

1hrs, (c) 3hrs, (d) 10hrs, (e) 30hrs and (f) 90hrs (notch tip at (0, 0)) 
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(a)  εxx(AVE) ― 0hrs (b)  εxx(AVE) ― 1hrs 

(c)  εxx(AVE) ― 3hrs (d)  εxx(AVE) ― 10hrs 

(e)  εxx(AVE) ― 30hrs (f)  εxx(AVE) ― 90hrs 

Figure 3-8 Comparison of the average lattice strain maps, showing strain along RD, 

obtained from samples (R15μm) experienced different ex-situ creep times: (a) 0hrs, (b) 

1hrs, (c) 3hrs, (d) 10hrs, (e) 30hrs and (f) 90hrs (notch tip at (0, 0)) 
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(a)  εyy(AVE)  (b)  εxx(AVE)  

Figure 3-9 Large-scale maps of average lattice strains for the sample with 15μm notch root 

radius crept for 0hrs: (a) strain along TD(εyy), (b) strain along RD (εxx)  

3.6.2  Line Plots of Strains 

The average strains along TD calculated with respect to the texture factors of the two peaks are 

plotted as a function of the distance to the notch tip. As shown in Figure 3-10, the line crossing 

the peak strain (indicated as the white horizontal line on the strain map at the top) was selected to 

plot the strain profiles along TD for each sample.  Since the two sets of samples with different 

notch size have similar results, only the result of the samples having a 15μm notch root is shown 

here (results of the samples with 30μm notch root radius are listed in Appendix C). Consistently, 

the peak strain of each sample is located within the range of 0.02-0.04mm from the notch tip. The 

slight difference of the notch tip location is due to the inevitable shift of the sample’s position 

during the sample setup. The strain drops gradually and symmetrically about the peak strain 

position. Among different samples, the highest peak strain exists in the sample with no creep, 

with a peak of about 5000μstrain. It is noted that, by comparing the sample with no creep and the 

one with 3hours creep, the strains have decreased most drastically at the beginning of the creep 
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stage. For instance, the fastest decrease of the peak strain appears in the first three hours during 

which about 1000μstrain is relaxed. After the first three hours, the strain decreases much more 

slowly. As shown in Figure 3-10, the reduction of peak strain between 3hrs and 10hrs is about 

200μstrain, which is almost the same as that between 10hrs and 90hrs.  

 

Figure 3-10 Average strain along TD vs. X-Axis for the samples (R15μm) with different ex-

situ creep times; nominal notch tip is at zero  

3.6.3  Comparison between Different Diffraction Peaks 

Because of the hcp crystal structure and the manufacturing process, there is a strong anisotropy of 

the thermo-mechanical properties of Zr-2.5Nb. The primary lattice planes of the crystal structure 
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― the basal plane ({0002}) and the prism plane ({1010}) are studied here. Figure 3-11 is the plot 

of peak strains along TD for the two lattice planes. As is illustrated, the peak strain for {0002} is 

higher than {1010} and the discrepancy becomes larger with the increasing creep time, which 

indicates that the creep is relaxing the {1010} direction faster. In addition, this plot further 

demonstrates that the creep rate is most significant in the first three hours for both planes.  

 

Figure 3-11 The peak strains obtained from the single diffraction peak for samples (R15μm) 

with different creep times  

3.6.4  Comparison between Different Notch Sizes 

The purpose of choosing samples with two different notch sizes is to simulate the real situation 

that occurs in the reactor operation and understand the effect of the notch size on the stress 

relaxation.  Figure 3-12 shows the peak strains averaged from the measured lattice strains of 
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{0002} and {1010} in TD. The difference of the peak strains is not pronounced between the 

samples with different notch sizes. A further comparison of the line plots of the average strains 

between the different notch root radius of 30μm and 15μm is given in Figure 3-13. It is observed 

that the locations of the peak strain are the same as ~0.02mm from the notch tip, while the elastic 

strain at the tip of the notch with a 15μm notch root radius is much lower than that with a 30μm 

notch root radius, indicating that a larger stress gradient exists in the vicinity of a sharper notch. 

 

Figure 3-12 Peak strains in TD from samples with different notch sizes 
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Figure 3-13 Average strain along TD vs. X-Axis for the samples with different ex-situ creep 

time and notch size; nominal notch tip is at zero 

3.6.5   Modeling  

To validate the FE model, the elastic strain along TD from the model is output, post processed 

and plotted together with the comparable experiment data.  To make a fair comparison, the strain 

at each unique node from the model is obtained at the end of the reload step, which is the same 

stage where the experimental data were obtained. Results from both plane stress and plane strain 

calculations are plotted together and compared with the experimental results in Figure 3-14. First, 

in terms of the distribution of the local stress where peak stress is located, the plane strain 

formulation produces a better accuracy for the samples with 0, 3, 10, 90hrs ex-situ creep, as the 

peak stress is located at ~0.02mm in front of the notch tip, while for the two samples with 1 and 

30hrs creep, the plane stress model gives a similar peak strain location which is exactly at the 

notch tip. In addition, the model underestimates the peak stress. The plane stress model (Figure 
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3-14 (b) and (e)) generates the peak strain about 500μstrain lower than the experiment. For the 

plane strain condition (Figure 3-14 (a), (c), (d) and (f)), the peak strain obtained from the plane 

strain model is about 1500μstrain lower than the experimental result as well. However, the strain 

value at the notch tip is well calculated in the plane strain model and shows a good agreement 

with the value obtained in the experiment. Also, the modeling results matches the strains of points 

at 0.1mm and further from the notch tip ,which fall between the plane stress and plane strain 

calculations. The experimental and FE model elastic strain maps at reload are compared with the 

same scale, as shown in Figure 3-15 and Figure 3-16. 
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(a) εyy(AVE) ― 0hrs creep (b) εyy(AVE) ― 1hrs creep 

(c) εyy(AVE) ― 3hrs creep (d) εyy(AVE) ― 10hrs creep 

(e) εyy(AVE) ― 30hrs creep (f) εyy(AVE) ― 90hrs creep 

Figure 3-14 Profiles of elastic strain in TD from FE model and experiment results for 

samples (notch root radius of 15μm) experienced (a) 0hrs, (b) 1hrs, (c) 3hrs, (d) 10hrs, (e) 

30hrs, and (d) 90hrs ex-situ creep 
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(a) εyy(Exp) (b) εyy(Model) 

 

(c) εxx(Exp) (d) εxx(Model) 

 

Figure 3-15 Elastic strain maps around the notch tip at reload for the sample (15μm) with 

0hrs creep obtained from experiment and modeling (plane strain): (a) and (b) are strains in 

TD; (c) and (d) are strains in RD. The maps from the model are using the same x/y length 

scales 
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(a) εyy(Exp) (b) εyy(Model) 

 

Figure 3-16 Elastic strain maps around the notch tip at reload for the sample (15μm) with 

1hrs creep obtained from experiment and modeling (plane stress): (a) and (b) are strains in 

TD. The maps from the model are using the same x/y length scales 

 

Figure 3-17 Strain profiles from different sample models (plane strain) at the end of the 

reload step 
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Figure 3-17  shows a strain profile of the plane strain model from the samples that underwent 

different creep duration at the end of the reload step, which is equivalent to Figure 3-10. From the 

modeling, the peak strain drops by about 1000μstrain in the first three hours, then decreases by 

about 200μstrain in the following seven hours, which almost equals to the strain reduction 

between 10 hours and 90 hours. Compared with the experiment results, the decreasing pattern is 

the same for the models, indicating that the creep rate is well simulated in the modeling, even if 

the absolute magnitudes are not perfectly captured.  

Modeling results of the strain values at the early stage of the creep were plotted in Figure 3-18. It 

can be seen that the maximum strain at the very beginning of the creep was located at the notch 

tip.  As creep occurs, the strain peak moves away from the tip and moves to around 0.02mm from 

the tip in a very short time (~6s), which indicates a redistribution of the local tension from the tip 

area to slightly further out. 
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Figure 3-18 Strain profiles at the early stage of thermal creep from plane strain modeling 

results of the sample with 90hrs creep  

3.7  Discussion 

The notch in the sample leads to an uneven distribution of local stress when an external stress is 

applied, resulting in a stress concentration in the vicinity of the notch. When the tensile load is 

applied to the sample along TD, the local tensile stress is concentrated in front of the notch along 

the loading direction ― TD, and thus, compressive stress exists along RD. Under the load of 

KEFF=6MPa√m which is used in this study, the material is supposed to experience only elastic 

deformations. However, under the elevated temperature, thermal creep happens and inelastic 

deformation is induced. Due to the motion of dislocations which are active under the high 

temperature and stress, material redistributes reducing the lattice spacing along TD. As a result, 
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the elastic lattice strain, which is directly measured by comparing the lattice spacing change, 

decreases as the creep continues.  

3.7.1  Peak Stress Location 

One might consider that the maximum stress should appear at the notch tip because the notch 

works as a stress concentrator. But the data from the experiment shows two different distributions 

of the tensile stress concentration, as shown in Figure 3-7. One condition is that the peak strain 

appears at about 0.02mm from the notch tip, as illustrated in Figure 3-7 (a), (c), (d), and (f). From 

the modeling results in Figure 3-14, a presumption can be made that the notch area of the samples 

with this strain distribution are under plane strain condition. It is notable that from the results of 

the plane strain model as shown in Figure 3-18, the strain peak appears right at the notch tip at the 

very beginning of thermal creep. When creep happens, the peak strains  shifts to the region 

further from the notch tip within a very short time (about 6s). It is necessary to note that even for 

the reference sample with 0hrs creep, some thermal creep has thus occurred, because in the ex-

situ creep process, the sample was subjected to a stage of being heated to the high temperature 

with a slight load of about 20N, then loaded to KEFF=6MPa√m and held for a couple of seconds. 

This short time period can still induce some thermal creep strain relaxation. The highest creep 

rate at the notch tip may be attributed to the triaxiality of the stress state near the notch. The 

reduced triaxiality at the notch tip results in higher effective stress than the inner area, leading to 

an easier deformation and a higher creep rate. The distribution of the dislocations around the 

notch might also have a contribution which needs further investigation. 

The other distribution of the stress concentration is that the peak value of the elastic strain is 

located at the notch tip (Figure 3-7(b) and (e)), which is consistent with the strain profile of the 
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plane stress model shown in Figure 3-14. Therefore, the notch regions in these two samples are 

presumably under plane stress condition. Since there is only one sample for one condition, it is 

hard to determine whether the two different distributions of peak strain are the response to the 

experiment setup or due to the sample variations. Further studies may be required on more 

samples to verify the conclusion.   

3.7.2   Effect of Notch Size  

The maximum stress in Zr-2.5Nb increases with decreased notch root radius according to the 

following equation (23): 

= 2 ( )            (23) 

Where σm is the maximum stress that occurs at the notch tip; σ0 is the nominal applied tensile 

stress; ρt is the radius of the notch root; and a represents the depth of the notch from the inner 

surface [38]. Since the peak strain measured here is not caused by σm as discussed above, the 

same stress level between the two notch sizes, as is shown in Figure 3-12, does not conflict with 

the relationship of maximum stress and notch size. According to the equation (25), the maximum 

stress that occurs at the notch tip for a smaller notch root radius is higher at the very beginning 

before the creep occurs; but therefore, the creep rate for the 15μm notch root radius is higher than 

that for 30μm notch root radius, and as a result, the stress at the notch tip relieves faster in the 

sample with 15μm notch and the result is a similar stress field.  
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3.7.3  Anisotropy of Thermal Creep 

In addition to the applied stress and temperature, the thermal creep behavior of Zr-2.5Nb is 

strongly dependent on the metallurgical condition of the material, which includes the texture and 

the previous cold-work during the tube manufacturing. Since the single crystal of α-Zr in Zr-

2.5Nb is not an isotropic structure and the pressure tube has a very strong texture, the anisotropy 

of the thermal creep in Zr-2.5Nb is expected and several studies have been reported on this 

subject at a macro level [41, 42]. At the grain level of the material in this study, it is observed that 

the thermal creep for {0002} is slower than that for {1010}, and {0002} is plastically harder than 

{1010}, as shown in Figure 3-11. This observation is well consistent with the results obtained by 

Li that faster creep behavior is found in the direction that has less c-axes aligned [42].   

It has been proved that at a temperature range from 300C to 400C and applied stress above 

100MPa, dislocation creep is the likely deformation mechanism which indicates dislocation-

climb is the rate-controlling mechanism and dislocation glide contributes to the creep strain [42]. 

Under applied KEFF of 6MPa√ , the maximum principle stress around the notch tip falls in the 

range of 200MPa to 1000MPa [87]. Therefore, dislocation climb and glide is also the creep 

mechanism near the notch in this study and diffusion creep may contribute to the deformation at 

the area farther away from the notch.  

In a single crystal in -Zr, the primary slip system is the prismatic slip  {1010}<1120>, which 

is activated by stress in the <a>-direction of the crystal. It contributes to the easier creep of 

{1010}. For the stress applied along the <c>-direction, the <c> component slip systems including 

pyramidal slip {1011}<1123> is the likely mode of deformation. The Critical Resolved Shear 

Stress (CRSS) ratio was fit as 1:4.2:100 for the prismatic, basal and pyramidal slips for Zr-2.5Nb 
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tested under a nominal transverse stress of 300MPa at 350° [79].  The pyramidal slip is much 

more difficult to be activated than the prismatic slip, with basal slightly harder, and thus the creep 

for {0002} is slower compared with {1010} as <c>-axis is the hard direction. The plastically 

deformed {1010} orientations then transfer load to the harder grains with the {0002} orientations, 

resulting in additional elastic strain in the {0002} orientations, as illustrated in Figure 3-11.  

In addition, the pre-existing dislocation structure is another factor that affects the anisotropy of 

the material’s creep behavior. Since the strains introduced during cold work (>25%) are much 

larger than the strains introduced during creep (<1%), the main source of the active dislocations 

during creep are the pre-existing dislocations resulting from the cold work during the tube 

manufacturing. The standard pressure tube usually has dislocation densities of about 3- 4×1014m-2 

and 3-6×1014m-2 for the dislocations with a Burgers vector of 1/3<1120> and 1/3<1123>, 

respectively [5, 42, 91]. It has been calculated that for the pressure tube material, the grains with 

the c-axis orientated in the transverse direction have high prismatic <a> shear strains while most 

of high pyramidal <c+a> shear strains are in the grains with the c-axis aligned along the radial 

direction and basal <a> shear strains are concentrated in the grains with c-axis oriented around 

the radial direction and near the axial-radial plane [79]. 

3.7.4  Experimental Uncertainty Analysis 

The uncertainty of the reported experimental results is mainly reflected in two aspects: the notch 

tip position and the lattice strain value. During the experiment, the accuracy of the notch-tip 

position was related to the beam size and angular uncertainty (± 40μm in this case). The strain 

uncertainty can be attributed to a combination of uncertainty from peak fitting and position-to-

position variation within the sample. The peak fitting uncertainty is dependent on the diffraction 
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peak intensity. Higher peak intensity results in a better peak fitting and thus more accurate peak 

position. Position-to-position uncertainty of the lattice strain measurement is a result of the grain-

to-grain variation in the interplanar spacing within the sampled volume; this varies both due to 

potential variations in texture / composition as function of position and due to the number of 

grains present in the sampling volume.  The latter is likely the biggest effect, due to the small 

grain size of the material. Therefore the realized uncertainty of the obtained strain was estimated 

to be ±150μstrain for the Zr {0002} peaks, and ±100μstrain for the Zr {1010} peaks [76], based 

on the observed scatter in regions where a uniform strain was expected. In addition, since there 

were limited samples with only one sample used for each creep condition, variations between 

samples could lead to result error. Therefore, more experiment data should be collected from 

different samples to validate the results in the future.   

3.7.5  Accuracy of the FE model 

The comparisons between the experiment and modeling results well verify the accuracy of the 

model to first order. From Figure 3-14, plane stress and plane strain models represents two 

extreme distributions of the elastic strains in front of the notch tip. The experiment generated a 

similar strain profile as the plane strain model indicating that the stress-strain conditions at notch 

area is closer to the plane strain condition. As shown in Figure 3-15, the strain maps created with 

the plane strain formulation achieve a good agreement with the strain distribution with the 

experiment, which further validates that the stress strain conditions at notch area is mostly plane 

strain.  

In spite of the different peak strain values between the experiment and model results, the strain 

relaxation rate is well estimated by the modeling, which gives almost the same decreasing rate by 



 

80 

 

comparing Figure 3-10 and Figure 3-17. The reason for the lower peak stress value for modeling 

might be that the initial maximum stress at the notch tip was underestimated, as the creep rate is 

reasonably well predicted by the models. From the model results, the notch root radius was 

increased by about 5% after 90 hrs thermal creep; while it is possible that a very accurate 

measurement of the root radius could be made to provide further comparison for the model such a 

measurement would be very challenging.   

3.8 Conclusion 

The ex-situ creep tests and synchrotron X-ray diffraction measurements were performed on 

unirradiated Zr-2.5Nb pressure tube material on samples containing a V-notch with a 15μm or 

30μm root radius. Maps of the elastic strain along both TD and RD were generated at the notch 

area for each sample that underwent different ex-situ creep times. The distribution of the elastic 

strain and stress relaxation are then discussed. It is found that the peak strains along loading 

direction for the two notch sizes are almost the same, although the sharper notch led to a higher 

creep rate at the notch tip. The elastic strains generated in {0002} orientations are higher than 

{1010} orientations and relieved more slowly due to the deformation mechanism difference. The 

FE modeling well predicted the distribution of the strain field in the notch area and the thermal 

creep rate; however, the peak values of the elastic strain were lower than the experiment 

indicating an over estimated stress relaxation in the FE modeling. 
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Chapter 4 

Experiments for Irradiated Zr-2.5Nb  

4.1 Introduction 

The most important application of Zr-2.5Nb material is pressure tubes serving inside the CANDU 

reactors. As the pressure tube in the reactor works in an environment of high intensity neutron 

flux, Zr-2.5Nb experiences neutron irradiation throughout the reactor operation, which induces 

irradiation damage to the material which causes changes to both structural and mechanical 

properties. As a result, the creep behavior will be affected and thus the stress relaxation near a 

notch can be different from the unirradiated material and need to be understood for the safety 

assessment of the pressure tubes. In this chapter, the stress relaxation near a notch in the 

irradiated Zr-2.5Nb pressure tube material is measured using synchrotron X-rays. Notched 

samples were first subjected to an ex-situ thermal creep test under a constant load. Then, 

synchrotron X-ray diffraction measurements were conducted at the Advanced Photon Source 

(APS) at Argonne National Laboratory to assess the stress/strain state near the notch. Strain 

mapping techniques [73] were applied to create two-dimensional strain maps around the notch tip 

showing the distribution of the concentrated stress/strain. Stress relaxations were observed and 

discussed as a function of creep time. 

4.2 Samples  

The investigated samples in this study were sectioned from a standard Zr-2.5Nb pressure tube 

which had been in service for 7 years in a CANDU reactor. The material has been exposed to a 

fast neutron fluence of about 1.6×1024 n/m2 (E>1MeV) in the reactor with an operating 
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temperature at about 250°C, i.e. from near the inlet end. This exposure results in a damage 

approximately equivalent to 0.2 to 0.3 dpa, which is a relatively low dose. The microstructure and 

mechanical properties of the material have been significantly changed, which has been evaluated 

by Balogh et al. [92], even though they will not have yet reached a new “radiation environment” 

equilibrium. As illustrated in Table 4-1, the yield strength of the irradiated material increases in 

both axial and transverse directions of the tube. The irradiation results in an about 30% higher 

yield strength of the material in TD as well as a ~56% increase of the yield strength in AD. In 

addition, there might be hydrides existing in the material due to the in-reactor service, but the 

effect of DHC is expected to be small based on the load level used in this study, with a stress 

intensity less than the minimum usually required for DHC initiation. As the standard pressure 

tube material, its crystallographic texture is expected to have the normals to the basal planes 

({0002}) preferentially aligned with the transverse direction of the tube [85]. 

Table 4-1 The yield strength for the unirradiated and irradiated Zr-2.5Nb at room 

temperature [92] 

Yield strength Axial Direction Transverse Direction 

Unirradiated Zr-2.5Nb 527MPa 773MPa 

Irradiated Zr-2.5Nb* 824MPa 998MPa 

*irradiation condition: neutron fluence of ~1.6×1024 n/m2 at 250°C 

 

The geometry of the curved sample was designed as illustrated in Figure 4-1. Each sample was 

machined to have two holes which are at the ends for pin loading and a 0.75mm-deep, 45° V-

notch with 15μm root radius on the internal surface of the sample obtained using a 
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microbroaching technique to simulate the geometries of in-service flaws. The sample has a 

nominal thickness of 3.579mm and a width of 3.327mm. The detailed dimensions can be referred 

to Appendix A. Four samples were prepared and tested in this study. 

 

Figure 4-1 Illustration of the curved irradiated sample 

4.3  Experiment Procedure 

The experiment can be divided into two main procedures including an ex-situ creep test and 

synchrotron X-ray diffraction measurements. The ex-situ creep test was designed to induce 

different levels of thermal creep in each sample for different creep times under a constant load. 

Then the elastic strains near the notch were measured using synchrotron X-ray diffraction. 

4.3.1  Ex-situ Creep Process 

Ex-situ creep test of the irradiated samples was conducted in Los Alamos National Laboratory, 

NM, USA. The four samples were loaded to KEFF=6MPa√m in a vacuum furnace at 310°C and 

then held under the same load and temperature for 0, 3, 10, 90 hours, respectively. The 

temperature was measured using a thermal couple spot-welded on the sample and the heating rate 
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was controlled at 4°C/min. During the heating, a small tensile load of ~20N was applied and held 

on the sample to keep it straight and avoid any compression due to the thermal expansion of the 

sample. A holding time of ~10mins was applied before loading the sample to KEFF=6MPa√m in 

order to make sure the temperature was stable. When the temperature became stable, each sample 

was loaded to KEFF=6MPa√m (approx 706N) with a loading rate at ~ 140N/min. After the creep 

process was completed, the samples were unloaded to 20N and then cooled down to room 

temperature under load control again to ensure no extra strains. It should be noted that the 0hrs 

creep sample, considered as a reference of the initial condition, was actually loaded and held for a 

couple of seconds under the target load and temperature. 

As refer to the load applied on the sample, KEFF=6MPa√m was used to generate comparable data 

to the unirradiated material and other related studies [86, 87]. The applied load was calculated 

using the expression of KEFF for the C-shaped sample is given in ASTM-399, as shown in 

Appendix A [87, 88], which is not strictly right due to the negative load hole offset (X) resulting 

from the different sample geometry compared with the standard curved sample. However, as X 

tends towards –W/2 (i.e. when there is no curvature on the sample), the result calculated using the 

C-shaped sample equation becomes very close (~1.4% difference in load) to the value obtained 

for a single-edge notched sample, hence in principal either equation can be used to describe the K 

associated with the notch. The equation for K for single edge notched sample is given in 

Appendix A [88]. Therefore, the C-shaped sample equation is still an applicable expression for 

the sample in this study.  
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4.3.2  Synchrotron X-ray Diffraction Measurements 

Synchrotron X-ray diffraction measurements were carried out at the Beamline 1-ID at APS. The 

post-creep irradiated samples were reloaded in-situ at room temperature using a load frame which 

was driven by a custom built stepper motor, as illustrated in Appendix A. Due to the radioactive 

property of the irradiated sample, a set of grips together with a Teflon container (Appendix A) 

was specially designed to enclose the sample, avoiding any potential radioactive contamination to 

the environment. During loading, the sample elongated about 0.2mm hence the load borne by the 

Teflon (~2N) can be neglected due to the relatively small magnitude compared with the applied 

load (~706N). Details about the force-displacement response of the Teflon container are given in 

Appendix A [91]. Diffraction measurements were made on the strain field near the notch tip at an 

applied KEFF of 0 and then 6MPa√m for each sample using monochromatic X-rays with an energy 

of 86KeV (λ=0.01442nm). Two beam sizes, 50×50μm2 and 20×20μm2, which were controlled by 

moveable slits, were used in this study. A 40×40cm2 GE amorphous silicon detector collected and 

recorded the Debye-Scherrer diffraction rings as exposure images generated during the 

measurement. The detector-to-sample distance was set at 1830mm which yielded coverage of 5 

zirconium peaks from {1120} to {1010}. The load frame was user-controlled to move in a 

relative coordinate system with the origin set at the notch tip such that measurements were 

performed at different position relative to the notch tip. The position of notch tip was determined 

by measuring the transmitted intensity of the beam (20×20μm2) as it scanned along X and Y 

directions near the observed notch tip and the tip was expected to be located within half of the 

beam diameter which is ±10 μm in this case. The tip positioning was applied before each set of 

measurements as the tip position changed inevitably during loading and the sample replacement. 

The diffraction at each position actually was through a volume with an area of the beam size and 
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a thickness of the sample. Since the size of the beam and the notch is relatively small compared to 

the sample thickness, the ideal condition is that the sample surface is perpendicular to the incident 

beam such that the accuracy of the strain distribution relative to the tip position can be well 

achieved. Therefore, a similar intensity-measurement method was applied by scanning in X-

direction near the sample edge at different rotation angles and comparing the straight-through 

beam intensities. With this method, the achieved angular position of the sample was within the 

range of ±1° to the target. 

The details of the X-ray diffraction measurements for each sample, including three different 

schedules, are listed as follows:  

1) A residual scan was first carried out, when the sample was loaded at about 20N, to obtain 

initial strain conditions around the notch and strain-free d-spacing used as reference in 

the following strain calculation. An area of 1.8×1.6 mm2 in the vicinity of the notch tip 

was measured using the 50×50μm2 beam with a step size of 200μm, as illustrated in 

Figure 4-2 (a). For each measured spot, four exposure images, each of which lasted five 

seconds, were collected and summed later to avoid the saturation of the detector and 

increase the signal-to-noise ratio at the same time. The measured Y-direction line area at 

1.6mm from the notch tip was used for the referenced d-spacing calculation. 

2) A fine scan was then run over a much smaller area of 320μm×320μm with the sample 

loaded at KEFF=6MPa√m. The beam size was modified to 20×20μm2 and a step size of 

20μm was used as shown in Figure 4-2 (b). Therefore, a much higher spatial resolution 

was achieved by this fine scan. However, because of the smaller beam size and thus 
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lower beam intensity, ten exposure images were collected, each of which had the same 

exposure duration as the residual scan.  

3) A coarse scan was last carried out after the fine scan with the sample still under load with 

the same setup as the residual scan including beam size, measured area, step size and 

exposure parameters. It was intended to generate a larger-scale distribution of the lattice 

strains. 

To get the background level of the detector, exposure images were taken as well before each set 

of measurements when the beam was shut down. The detector position and orientation were 

calibrated by measuring a ceria reference sample. 
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Figure 4-2 Schematic of scanned maps: (a) 1.8×1.6mm2 area with 50×50μm2 beam size; (b) 

320×320μm2 area with 20×20μm2 beam size 
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4.4  Results and Discussion 

The same analysis method as Chapter 3 (see Section 3.4) is used here for the irradiated samples to 

calculate the elastic strains which are reported and discussed in this section.  Strain maps for each 

sample are created by cubic interpolation using a Matlab script to illustrate the distribution of the 

strains around the notch. In addition, line profiles of strains are plotted with respect to location 

and creep time. 

4.4.1  Maps of Strains along TD 

The notch area maps of the average strains along TD (loading direction, εyy(AVE)) are shown in 

Figure 4-3, obtained from the fine scan of each sample with various creep times. Along TD, the 

notch region is under tension and the tensile strains are concentrated in front of the tip. The maps 

consistently show that the strain field exists as an ear shape near the notch tip with the tensile 

strain extending further along the Y-axis than the X-axis. Also, the peak strains are all located 

around 0.05mm from the tip. The slight difference between the positions of the peak strain can 

likely be attributed to the sample variations and sample positioning. From the large-scale strain 

maps as shown in Figure 4-4, which is obtained by plotting the fine scan and course scan 

together, the concentrated tensile strain decreases with the distance from the peak strain location 

and tends to zero at about 1mm from the notch tip.  
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 (a) εyy(AVE) ― 0hrs (b) εyy(AVE) ― 3hrs 

(c) εyy(AVE) ― 10hrs (d) εyy(AVE) ― 90hrs 

Figure 4-3 Comparison of the average lattice strain maps, showing strains along TD, 

obtained from irradiated samples experienced different ex-situ creep times: (a) 0hrs, (b) 

3hrs, (c) 10hrs and (d) 90hrs (Notch tip is at (0,0)) 
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(a) εyy(AVE) ― 0hrs (b) εyy(AVE) ― 3hrs 

(c) εyy(AVE) ― 10hrs (d) εyy(AVE) ― 90hrs 

Figure 4-4 Larger-scale maps of the average lattice strains along TD, obtained from 

irradiated samples experienced different ex-situ creep times: (a) 0hrs, (b) 3hrs, (c) 10hrs 

and (d) 90hrs (Notch tip is at (0,0)) 

4.4.2  Maps of Strains along RD  

The average strains along RD (εxx) are also plotted as the strain maps shown in Figure 4-5. As 

perpendicular to the loading direction, the RD strains occur compressively, especially near the 

notch tip. An hour-glass shape distribution of compressive strains is formed with the neck located 

between 0.05mm and 0.1mm from the notch tip. The most compression occurs along the center 
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axis of the distribution along Y-direction, while the slight tension regions are symmetrically 

distributed along X-axis (y=0). Figure 4-6 shows the large-scale maps of the strains along RD. It 

illustrates more clearly that the average RD strains are compressive along Y-direction and tensile 

along X-direction, which cross near the position of (-0.05, 0). 

(a) εxx(AVE) ― 0hrs (b) εxx(AVE) ― 3hrs 

(c) εxx(AVE) ― 10hrs (d) εxx(AVE) ― 90hrs 

Figure 4-5 Comparison of the average lattice strain maps, showing strains along RD, 

obtained from irradiated samples experienced different ex-situ creep times: (a) 0hrs, (b) 

3hrs, (c) 10hrs and (d) 90hrs (Notch tip is at (0,0)) 
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(a) εxx(AVE) ― 0hrs (b) εxx(AVE) ― 3hrs 

(c) εxx(AVE) ― 10hrs (d) εxx(AVE) ― 90hrs 

Figure 4-6 Larger-scale maps of the average lattice strains along RD, obtained from 

irradiated samples experienced different ex-situ creep times: (a) 0hrs, (b) 3hrs, (c) 10hrs 

and (d) 90hrs 

4.4.3  Line Plots of Strains  

Line plots of strains versus distance to the notch tip are created to present the stress relaxation 

which results from the various thermal creep times. As illustrated in Figure 4-7 and Figure 4-8, 

each strain profile, representing a sample that experienced a specific creep time, is obtained by 

averaging the strain values along Y-direction (±50μm) and plotting along X-axis with the 
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corresponding position on the strain map shown at the top. The line profiles of strains along TD 

are plotted in Figure 4-7. It is clear that for the samples with 0, 3, and 10hrs creep, the peak value 

of the elastic strains decreases with increasing creep time, indicating that the concentrated stress 

was relieved during the creep. However, the sample with 90hrs creep has shown an unexpected 

high peak strain which is almost at the same level as the reference sample with 0hrs creep. The 

reason for this strange result may relate to sample-to-sample variability as the irradiated samples 

were obtained from the inlet end  of the tube that was in a high fast-flux gradient which could 

result in significant variation among samples. In addition, cracks at the notch tip could be another 

likely cause. If cracks occurred at the notch tip, the concentrated stress could be increased 

dramatically compared to the blunt notch. Figure 4-8 shows the line profiles of elastic strains 

along RD presenting the tendency of the stress relaxation during the ex-situ creep except for the 

90hrs creep sample which still contains a high compressive strain peak. It is notable that the 

tensile strain field formed at the notch tip transitions to compression about 0.03mm in front of the 

notch tip except for the 3hrs-creep sample which shows the strain conversion at about 0.06 from 

the tip. In addition, all the samples have their stains transformed back to slight tension at around 

1.2mm from the notch tip. 
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Figure 4-7 Average strain along TD vs. X-Axis for the irradiated samples with different ex-

situ creep times; nominal notch tip is at zero 
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similar strain and hence presumably creep relaxation was achieved for the two orientations.  All 

this suggests a relatively isotropic creep behavior of the irradiated material. Dislocation climb is 

the primary mechanism of the thermal creep in this study. The creep of {0002} is mainly the 

response to the <c>-component dislocation motions, while the creep of {1010} orientation is 

dependent on the <a>-type dislocations. Previous study [93] has proved that the neutron 

irradiation increases <a>-type dislocation density very effectively, whereas <c>-type dislocation 

density is very low compared with the <a>-type dislocation (~10% to 15%) and insensitive to the 

irradiation. The isotropic creep rate observed in this study may be caused by the defects induced 

during the irradiation impeding the motion of the <a>-type dislocations. However, more evidence 

is needed from more irradiated samples to investigate the origin of this isotropic-like creep 

behavior. 

 

Figure 4-9 Peak strains obtained from the single diffraction peak and the average strains of 

irradiated samples 

2.5

2.7

2.9

3.1

3.3

3.5

3.7

0 20 40 60 80 100

P
ea

k
 s

tr
ai

n
 (

×
10

-3
)

Creep time (hrs)

εyy{0002}

εyy{10-10}



 

98 

 

4.4.4  Comparison between unirradiated and irradiated samples 

The comparison between the unirradiated and irradiated Zr-2.5Nb samples is given in Figure 4-10 

and Figure 4-11. Figure 4-10 shows the distribution of the elastic strains at the same notch area 

for the two different materials. For both TD and RD, the strains around the notch present a similar 

distribution with tensile strains concentrated in an ear-shape in front of the notch tip along TD 

while the hourglass shaped compression forms along RD. The obvious difference of the 

distribution is that the most concentrated tensile strain for loading along TD is located farther 

away from the notch tip in the case of the irradiated sample. The peak strain for the unirradiated 

sample is located at ~0.02mm from the tip; for the irradiated sample, it is located at around 

0.05mm from the tip.  

Figure 4-11 plots the peak values of tensile strains averaged from {10 1 0} and {0002} 

orientations. The irradiation history which induced hardening in the material was expected to 

result in a reduced amount of creep for the irradiated sample and thus we would expect higher 

values of elastic strains near the notch. However, the peak strains of the irradiated samples are in 

fact much lower than those of the unirradiated samples throughout all the creep times. The reason 

for this unexpected result cannot be explained clearly at this moment. Some possible reasons can 

be considered here. First, the most likely reason is considered to be the material variability, 

because the unirradiated and irradiated samples in this study were cut from different pressure 

tubes. Despite the fact that the textures of the two materials are similar, the properties can vary 

significantly due to changes in microstructure such as dislocation density, grain size and shape,. 

Secondly, although the stress intensity factor (KEFF) is assumed to be the same for the two 

materials, the real notch-tip stress state of the irradiated sample may not be the same as the 

unirradiated sample due to the different sample geometries; knowledge of the geometry is 
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essential for the KEFF calculation. A FE model of the irradiated sample should be carried out with 

the real geometry and load to check if the initial stress field at the notch (without creep) is the 

same as for the unirradiated sample. Thirdly, since the microstructure of the irradiated Zr-2.5Nb 

is complicated and has not been well understood to date, there might be some micro-structural 

mechanism leading to a faster creep behavior in the irradiated material. Lastly, technical 

problems may exist for the strain measurement; however these must be systematic since they 

have affected all the samples. 

(a)  yy(AVE)Unirradiated  (b)  yy(AVE)Irradiated 

(c)  xx(AVE)Unirradiated (d)  xx(AVE)Irradiated 

Figure 4-10 Strain maps of yy(AVE) and xx(AVE) for (a) and (c) unirradiated, (b) and (d) 

irradiated samples experienced 0hrs ex-situ creep 
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Figure 4-11 Comparison of the averaged peak strains (yy(AVE)) between unirradiated and 

irradiated Zr-2.5Nb 

4.5 Conclusion 

The stress relaxation near a notch on the irradiated Zr-2.5Nb pressure tube material was studied 

through the ex-situ creep tests and synchrotron X-ray diffraction measurements. Notched samples 

were experienced ex-situ creep for different times under a constant load along TD at 310C. 

Distributions of the elastic strain along both TD and RD were discussed by creating strain maps 

over the notch area for each sample that has experienced 0, 3, 10, and 90hrs, respectively. The 

stress relaxation are then observed and discussed. The elastic strains obtained from {0002} 

orientation are higher than {1010} orientation, while the two orientations maintain a similar ratio 

of strains for all creep times, suggesting a similar creep relaxation rate. Further research on more 

irradiated samples is needed to confirm the results and conclusions. 
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Chapter 5 

Conclusions and Future work 

5.1  Conclusions 

Research of this project was focused on the thermal-creep induced stress relaxation near a notch 

for both irradiated and unirradiated Zr-2.5Nb pressure tube material. Synchrotron X-ray 

diffraction was applied in a number of experiments to map the stress/strain field around the notch 

as a function of the creep time. Strain maps of the notch area were presented in Chapter 3 and 

Chapter 4. A 2-D FE model of the notch area was set up to simulate thermal creep in the 

unirradiated material. The corresponding results were plotted together with the experimental 

results to evaluate the validity of the model. Based on the work that has been done in this study, 

conclusions are drawn as followed: 

1. During thermal creep, an ear-shape distribution of tension forms in the vicinity of the 

notch tip for the loading direction, extending further along the loading direction. The 

peak value of the strains can be located at around the center of the distribution that is 

closer to the notch tip. For the direction perpendicular to the loading, compressive strains 

appear as an hourglass-shape with the most compression located at the center axis along 

the loading direction.  

2.  For the unirradiated Zr-2.5Nb pressure tube material, the anisotropy of the thermal creep 

is compared between {1010} and {0002} orientations. {1010} is the softer orientation 

which present lower elastic strains and higher creep rate than {0002}. Reasons are 

concluded as the different slip systems for each orientation and the difficulty level to 
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activate the slips, as well as the pre-existing dislocation structure which may be attributed 

to the anisotropy of the thermal creep behavior. 

3. The notch size does not show an obvious effect on the strain distribution at the notch area 

in this study. Although the elastic strain at the notch tip presents a lower value and faster 

relieve, more evidences are needed to support this find.  

4. The FE modeling generates a distribution of the strain field that is well agreed with the 

experiments, whereas the relief of the peak strain is overestimated in the model. 

5. The successful collection of strain maps of irradiated samples demonstrates that it is 

experimentally feasible to apply the synchrotron strain-mapping technique on irradiated 

material. 

6. For the irradiated material, the thermal creep appears as an isotropic behavior for the 

{1010} and {0002} orientations in this study, which cannot be confirmed to stem from 

the effect of the irradiation or sample variation. 

5.2  Future work 

From the research and analysis reported in this thesis, there is still some work to be done to fully 

understand the stress relaxation near a notch in the pressure tube material. Many problems and 

phenomenon observed are required to be explained: 

1. The high strain located at the notch tip in the unirradiated sample with 1 and 30hrs creep 

was attributed to the plane stress condition of the tip area. The reason of this phenomenon 

was not well understand. More samples with the same material properties and creep 
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history are needed to eliminate the possibility of isolated phenomenon on these two 

specific samples. 

2. Since the sample-to-sample variability is considered to be a likely cause of the anomalous 

results, a single specimen can be tested either sequentially ex-situ or in-situ to eliminate 

the variation. 

3. The unexpected high strain existing in the 90hrs-creep irradiated sample requires more 

studies on the microstructures of the irradiated material, including the dislocations and 

irradiation damages, which may explain the strange phenomenon. 

4. The isotropic thermal creep obtained in this study still needs more evidences to be 

verified. 

5. The unexpected low strain in irradiated samples compared to the unirradiated ones can be 

further studied by using the same section of the same tube for both irradiated and 

unirradiated tests. 
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Appendix A  

Experiment-related Items 

 

Figure A-1 Geometry of the unirradiated C-shaped sample used in Chapter 3 (dimensions 

in mm) 

 

Figure A-2 Keff calculation for the C-shaped sample 
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Figure A-5 ATS oven for the ex-situ creep tests 

 

Figure A-6 Geometry of the irradiated curved sample used in Chapter 4  (dimension in mm) 
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Figure A-7 An irradiated sample setup in vacuum furnace 

 

Figure A-8 Irradiated sample enclosed in the Teflon containment grips 
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Appendix B 

FE Model-related Items 

 

Figure B-1 Geometry of the modeled sample in Chapter 3 (Boundaries and Applied load are 

shown in the figure) 

 

Figure B-2 Refined mesh of the notch tip area with triangular elements 
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Table B-1 Plastic properties of Zr-2.5Nb defined in the model [74] 

Baseline plastic curve: 

σ (MPa)  εp 

650  0 

663.9341  0.000399 

802.803  0.015602 

847.1352  0.031002 

877.5907  0.055502 

949.5333  0.192202 
 

T = 293K  T = 573K 

Load  Potential  Value  Load  Potential  Value 

T  R11  0.909091 T  R11  0.687074 

T  R22  0.909091 T  R22  0.687074 

T  R33  1 T  R33  0.681309 

T  R12  0.9091 T  R12  0.6871 

T  R13  0.95 T  R13  0.6842 

T  R23  0.95 T  R23  0.6842 

C  R11  0.952381 C  R11  0.719792 

C  R22  1.22619 C  R22  0.926732 

C  R33  0.821429 C  R33  0.6308 

C  R12  0.9722 C  R12  0.7349 

C  R13  0.6308 C  R13  0.4768 

C  R23  0.8252 C  R23  0.6238 

T= Tension, C=Compression 
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Appendix C 

Supplemental Figures of the experiments 

(a)  εyy(AVE) ― 0hrs (b)  εyy(AVE) ― 1hrs 

(c)  εyy(AVE) ― 3hrs (d)  εyy(AVE) ― 10hrs 

(e)  εyy(AVE) ― 30hrs  

 

 

Figure C-1 Average lattice strain maps, showing strain along TD, obtained from samples 

(R30μm) experienced different ex-situ creep times: (a) 0hrs, (b) 1hrs, (c) 3hrs, (d) 10hrs, 

and (e) 30hrs  
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(a)  εxx(AVE) ― 0hrs (b)  εxx(AVE) ― 1hrs 

(c)  εxx(AVE) ― 3hrs (d)  εxx(AVE) ― 10hrs 

(e)  εxx(AVE) ― 30hrs  

 

Figure C-2 Average lattice strain maps, showing strain along RD, obtained from samples 

(R30μm) experienced different ex-situ creep times: (a) 0hrs, (b) 1hrs, (c) 3hrs, (d) 10hrs, 

and (e) 30hrs 
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Figure C-3 Average strain along TD vs. X-Axis for the samples (R30μm) with different ex-

situ creep times; nominal notch tip is at zero 
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