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Abstract 

Zr-2.5Nb is used as pressure-tube material in CANDU (CANada Deuterium Uranium) 

reactors.  Under reactor operating conditions, pressure tubes undergo anisotropic 

dimensional changes, and thermal creep contributes to this deformation.  In a previous 

study, the limited textures available to Zr-2.5Nb significantly restricted the understanding 

of the relationship between texture and creep anisotropy.  Moreover, there has been no 

research performed to investigate textures and stress states simultaneously for this 

material, which would provide a valuable resource for developing creep anisotropy 

models and optimizing textures to improve creep resistance. 

 

Cold-worked Zr-2.5Nb fuel sheathing (FS) and micro pressure tubes (MPT) with various 

textures and microstructures were used as experimental materials.  The tubes were 

machined as thin-wall standard (ratio of axial to transverse stress ≈0.5) and end-loaded 

(ratio of axial to transverse stress = 0.25~0.75) capsules and were internally pressurized 

and sealed.  Stress and temperature dependence tests were performed on standard 

capsules under transverse stresses of 100~325MPa at 300~400°C to establish a regime in 

which dislocation glide is the likely strain producing mechanism.  An average stress 

exponent vaule of 6.4 was obtained, indicating that dislcation creep is the likely dominant 

mechanism.  Texture and stress state dependence tests were performed on standard and 

end-loaded capsules under a nominal transverse stress of 300MPa at 350°C.  It was 

evident that creep anisotropy strongly correlates with textures under different stress states.   
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A self-consistent polycrystalline model SELFPOLY7 based only upon crystallographic 

texture was employed to simulate the creep anisotropy of the tubes.  However, the model 

cannot fit all the experimental data well by using a uniform critical resolved shear stress 

(CRSS) ratio of the operating slip systems.  A modification was made, by taking into 

account the pre-existing dislocation distributions generated during cold work, and an 

improvement was achieved. 

 

This work provides a valuable resource for understanding the effect of texture, stress 

states and microstructure on anisotropic creep of cold-worked Zr-2.5Nb tubes.  The 

current research also provides a strategic direction to improve creep anisotropy 

predictions.  The large sets of experimental data supply a database to evaluate and 

develop improved models.   
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Chapter 1 Introduction 

 

Zr-2.5Nb is currently the pressure tube material in CANDU1 reactors, the Canadian-

designed power reactors of PHWR type (Pressurized Heavy Water Reactor).  CANDU 

uses heavy water (deuterium oxide) as a moderator and coolant and natural uranium for 

fuel [1].  At the pressure tube operating temperature (250~310°C), Zr-2.5Nb consists of 

hexagonal close packed (hcp) α-Zr and a mixture of Nb-depleted hcp ω-phase embedded 

in the Nb-enriched body centered cubic (bcc) β-Zr [2].  Its mechanical properties are 

largely dependent on the microstructure and crystallographic texture of the α-phase, 

which constitutes over 90% of the material volume [1].  The Zr-2.5Nb pressure tube is 

manufactured by hot extrusion and is used in cold-worked and stress-relieved conditions.  

It has a very strong crystallographic texture with the basal plane normals concentrated in 

the transverse direction of the tubes [2]. 

 

Figure 1-1 shows a simplified schematic view of a CANDU reactor core.  As the in-core 

pressure boundary of a CANDU reactor, the Zr-2.5Nb pressure tubes contain natural 

uranium fuel bundles (UO2 pellet clad with Zircaloy-4) and hot pressurized heavy water 

coolant.  In service, CANDU pressure tubes are stressed both from heavy water pressure 

and the weight of water and fuel bundles.  The water pressure stresses the tube in both the 

circumferential (transverse) and longitudinal (axial) directions.  Under the internal water 

pressure of about 10MPa in the reactor core, the pressure tubes operate under a biaxial 

                                                 
1 CANDU is a register trademark of Atomic Energy of Canada Ltd. (AECL).  
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stress state approximating the thin-wall condition, i.e., the stress in the transverse 

direction Tσ  is approximately equal to twice the stress in the axial direction Aσ  [3].  At 

the same time, the pressure tubes are exposed to irradiation of a fast neutron flux, which 

causes irradiation damage of the pressure tubes resulting in irradiation induced 

deformation.  As a result, the pressure tubes undergo dimensional changes in the axial, 

transverse and radial directions during more than 30 years of service time [3].  The 

principal effect is circumferential creep, resulting in diametrical expansion. They also 

elongate several millimeters per year and the weight of the heavy water and fuel bundles 

causes the tube to deflect downwards; this phenomenon is termed creep-sag [1].   

 

 

 

 

 

 

 

 

Figure 1-1 A simplified schematic view of a CANDU reactor core [4]  

 

The deformation is anisotropic because of the strong crystallographic texture.  In an 

isotropic material, the length change is zero under the same stress state as the pressure 
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tube [5].  The anisotropic dimensional changes occur as a result of three processes: 

irradiation growth, which is the shape change at constant volume under no external stress; 

and thermal and irradiation creep, which lead to a shape change at constant volume due to 

an applied stress [6].  Thermal creep denotes the deformation of materials in response to 

applied stresses in the absence of irradiation.  Although the major source of deformation 

in the pressure tubes is irradiation creep (the deformation of materials in response to both 

irradiation and applied stress), thermal creep may give rise to significant deformation 

especially at relatively high temperature or stress, e.g., in the case of accident conditions, 

and at the outlet end of the pressure tubes where the fast neutron flux is low and the 

temperature is high [7].  Moreover, thermal creep behaviour is related to irradiation creep 

so that the understanding of irradiation creep in zirconium alloys can be improved by a 

thorough understanding of its thermal creep behaviour.   

  

The anisotropic creep behaviour potentially limits the service life of pressure tubes.  

Anisotropic dimensional changes (elongation in the axial direction, diametral expansion, 

and reduction in the wall thickness) cause the stress to change, e.g., the increasing inner 

diameter and decreasing wall thickness result in an increase in the transverse stress which 

would further accelerate the degradation of the pressure tubes.  As a result, there is a 

strong incentive to understand the anisotropic creep and its relationship to the 

crystallographic texture in order to reduce the deformation by choosing an optimal creep 

resistant texture.  In the previous research, Zr-2.5Nb tubes have only been available with 

the crystallographic texture in which basal plane normals are concentrated in the radial or 

transverse direction [8].  This significantly restricts the understanding of the relationship 
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between the crystallographic texture and creep anisotropy.  Moreover, crystallographic 

textures and stress state have not been investigated simultaneously under creep conditions 

for this alloy, i.e., biaxial creep tests carried out with different ratios of axial to transverse 

stresses on tubes with different textures.  Such experiments will provide a valuable source 

to develop and modify models for creep anisotropy, and to optimize the crystallographic 

texture of Zr-2.5Nb tubes to improve creep resistance.    

 

Currently, a self-consistent polycrystalline model SELFPOLY based solely upon the 

crystallographic texture is used to calculate the polycrystalline creep anisotropy (the 

steady-state creep ratio of axial to transverse directions) [8-10].  In the thermal creep case, 

the model assumes that dislocation slip is the strain producing mechanism.  Contributions 

of three different slip systems are assumed: prismatic slip { }01100211 >< , basal 

slip { }00020211 >< , and pyramidal slip { }11103211 >< .  For each slip system, the 

model assumes each orientation has the same critical resolved shear stress (CRSS).   

Because of the limited crystallographic textures of Zr-2.5Nb tubes, the model has only 

been applied to simulate the creep anisotropy of the tubes with texture resembling that of 

pressure tubes.  So it is necessary to assess the model for the anisotropic creep with 

textures quite different from that of the pressure tubes, and investigate whether or not 

crystallographic texture alone is sufficient to accurately simulate the creep anisotropy of 

cold-worked Zr-2.5Nb tubes.  Actually, besides crystallographic texture, there are other 

potential factors affecting the anisotropic creep behaviour.  The pre-existing dislocation 

structure prior to creep may be one important factor to help determine the strains, 

especially in the case where dislocation slip mechanism influence the anisotropic creep.  
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The different dislocation types and densities for each orientation or grain may cause 

different orientations of crystals to exhibit different anisotropic creep behaviour.  The 

current model does not consider this possibility and assumes that each orientation has the 

same anisotropic creep behaviour by assuming the same CRSS for each slip system.  That 

simplification may lead to the poor simulations for cold-worked Zr-2.5Nb with various 

crystallographic textures.  Therefore, the current project proposes to provide an 

experimental database of the anisotropic thermal creep response for this material in order 

to verify this model and make strategic improvements to the creep anisotropy prediction.  

 

In summary, the objectives of this current research project are: 

 

1. To investigate anisotropic thermal creep of cold-worked Zr-2.5Nb tubes with 

different crystallographic textures; 

2. To show the effect of crystallographic texture, microstructure, temperature, stress 

level and stress state on the anisotropic thermal creep of cold-worked Zr-2.5Nb 

tubes; 

3. To provide a database to optimize the anisotropic creep behaviour of pressure 

tube materials with textures to improve creep resistance; 

4. To assess an existing self-consistent polycrystalline model for creep anisotropy 

prediction, SELFPOLY7, against the experimental data; 

5. To modify the current model to improve the creep anisotropy prediction of cold-

worked Zr-2.5Nb tubes. 
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The thesis is structured as follows:  Chapter 2 provides a literature review of background 

knowledge and techniques, and previous studies related to this project. Chapter 3 

describes the experimental Zr-2.5Nb cold-worked tubes used in the current research. 

Chapter 4 describes the experimental procedures. Chapter 5 presents the experimental 

results including the microstructure and texture observations, the anisotropic creep 

behaviour as a function of crystallographic texture with a constant stress ratio of about 

0.48 between axial and transverse directions, and investigates the effect of different stress 

ratios. Chapter 6 discusses the results in terms of empirical correlations of 

crystallographic texture, the Hill model for creep anisotropy, and models the results using 

the existing code, SELFPOLY7.  Finally, a modification version, SELFPOLY7-Q, is 

proposed to take into account dislocation structure obtained from cold work prior to creep.  

A significant improvement of the simulation is presented.  Chapter 7 summarizes the 

conclusions of this project and suggests directions for future work. 
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Chapter 2 Literature Review 

2.1 Zr-2.5Nb pressure tubes in CANDU reactors 

 

Zirconium alloys have three essential properties which are required in the critical core 

environment of nuclear reactors: sufficient strength, good corrosion resistance, and low 

absorption of precious neutrons [1].  The pressure tube material in the Canadian nuclear 

reactors was cold-worked Zircaloy-2 in the early stages, and since 1967 cold-worked Zr-

2.5Nb has been chosen as the candidate.  It has remained the choice for all the subsequent 

CANDU reactors [1].  Compared with cold-worked Zircaloy-2, cold-worked Zr-2.5Nb 

has remarkably low deuterium absorption and good corrosion resistance.  Urbanic et al. 

[11] found that the corrosion of Zr-2.5Nb tubes was about one-third of that in Zircaloy-2 

under similar operating conditions, and the deuterium uptake was only 2%~4% of that 

measured for Zircaloy-2.  Although heat-treated Zr-2.5Nb tubes can provide the desired 

properties, a relatively complex heat treatment process makes them difficult to achieve; 

for example, the specified strength may not be obtained if the solute temperature or 

cooling rate during quenching is not controlled properly [1].  Processing is also expensive.  

Therefore, cold-worked Zr-2.5Nb was developed as the main material for the Canadian 

reactors by the late sixties [1].  Currently, the CANDU cold-worked Zr-2.5Nb pressure 

tubes have been fabricated by a standardized route to obtain specified properties.  
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2.1.1 Fabrication procedures of Zr-2.5Nb pressure tubes  
 
 
 
 

 

 

 

 

 

 

 

 

 

 

Figure 2-1 A schematic fabrication route for cold-worked Zr-2.5Nb pressure tubes [12]  

 
Figure 2-1 shows a schematic fabrication route for cold-worked Zr-2.5Nb CANDU 

pressure tubes.  Firstly, Zr sponge and master alloys are prepared to 590mm diameter 

ingots by a quadruple arc-melting process.  Secondly, the ingots are preheated to 1015°C 

and press-forged to 360mm polygons, and then preheated to about 800°C and rotary 

forged to 210mm round logs.   Thirdly, the logs are machined to billet hollows.  For the 

current standard Zr-2.5Nb pressure tubes, the billets are heated to 1015°C and then 

Sponge Zirconium Master alloys 

Quadruple-arc melt to ingot (590mm diameter) 

Press forge at 1015°C (360mm diameter polygons) 

Rotary forge at 800°C (210mm round logs) 

Machine hollow billets 

β-quench  

Extrude with ratio of 10.5:1 at ~815°C 

Cold draw 25~30% 

Autoclave 24 hours at 400°C 
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quenched (β-quenching) before extrusion. This latter step may also be carried out after 

rotary forging.  Fourthly, the quenched billets are hot extruded with an extrusion ratio2 of 

10.5:1 at about 815°C.   After extrusion, the tubes are cold drawn twice (nominally 14% 

and 15%) for a total of 25-30%, to increase strength and give the tubes the final 

dimension of 4.2mm in thickness and an inside diameter of about 103.5mm.  Finally, an 

autoclave treatment for 24 hours in 400°C steam is carried out to relieve residual stresses.  

 

2.1.2 Chemical compositions of Zr-2.5Nb pressure tubes  

 

Table 2-1 Chemical compositions for Zr-2.5wt%Nb pressure tubes in CANDU reactors 
[12] 

Elements  Composition range(by weight) 
Zirconium Balance 
Niobium 2.4~2.8 wt% 

Impurity(ppm) 
Oxygen 900-1300 

Iron <1500 
Carbon <270 

Chromium <200 
Tantalum <200 
Hydrogen <20 

 

 
As shown in Table 2-1, Niobium (Nb) is the main alloying element.  It has a low 

diffusion rate and its solubility limit is high, which can effectively enhance the creep 

strength of Zr-2.5Nb [13].  Oxygen and iron are two primary impurities.  Oxygen can be 

introduced into the material during the tube manufacturing procedure.  It usually 

                                                 
2 The extrusion ratio is the ratio of the cross-sectional area of the tube before extrusion to the cross-
sectional area of the tube after extrusion. 
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aggregates in the α-phase and a high oxygen content can increase the hardness of the 

material [14].  Moreover, oxygen is reported to contribute to a strain aging phenomenon 

in the temperature range of 200 to 500°C [7].  It was reported that Fe was largely 

associated with the β-phase and α-α sub-grain boundaries based on an analytical electron 

microscopic investigation [15,16].  Fe has a marked influence on apparent values for the 

self-diffusion coefficients in nominally pure α-zirconium [17,18].  

 

2.1.3 Phase transformation during manufacture of Zr-2.5Nb pressure 
tubes  
 
 

A zirconium-niobium equilibrium phase diagram is presented in Figure 2-2.  It is seen 

that the α+β phase field of Zr-2.5wt%Nb expands from about 610°C to 862°C.  The 

extrusion temperature of 815°C is within the two phase area.  At that temperature, there is 

about 40% (by volume) original α-Zr (“prior- or pro-monotectoid α” grains) and 60% β–

Zr.  However, the presence of oxygen in commercial Zr-2.5Nb will affect the upper phase 

transition temperature of the α+β to β phase [19].  An increasing amount of oxygen raises 

the transformation temperature and increases the volume fraction of the α-phase.  Li et al. 

[20] summarized the relationship of the α-Zr volume fraction as a function of temperature 

at different amounts of oxygen content, as shown in Figure 2-3, based on the data of 

Lundin et al. [21], Bethune et al. [22] and Aldridge [23].  It is noticed that the chemical 

composition of ~1200ppm oxygen in Zr-2.5Nb results in proportions of α-Zr and β–Zr of 

about 45% to 55% from Figure 2-3.   
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Figure 2-2 Zirconium-niobium equilibrium phase diagram [3]  

 

 

 

 

 

 

 

 

Figure 2-3 Volume fraction of α-Zr as a function of temperature for Zr-2.5Nb with 
different oxygen concentrations [20] 
 

Holt et al. [12,24,25] identified several deformation mechanisms that could be dominant 

during extrusion.  For example, the prior α-phase can be deformed by slip and twinning 

under the extrusion pressure, and at the same time, part of the β–Zr can transform into the 

α-phase by a stress-induced phase transformation.  After extrusion, the phase 
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transformation of β to α-Zr occurs during the cool down and the α-phase may inherit the 

texture from the β-phase according to the Burger’s relation, {110}β //{0002}α and {111} β 

//{ 0211 }α [12].  During the final stress-relief treatment at 400°C for 24 hours, the 

metastable β-Zr partially decomposes into Nb-depleted hcp ω-Zr and Nb-enriched bcc β-

Zr [26].  

 

2.1.4 Microstructure of Zr-2.5Nb pressure tubes 

  

As the result of extrusion, the pressure tube contains hcp α-Zr grains that are mostly thin 

and platelet-like shaped.  The grains are elongated in the axial direction and flattened in 

the radial direction with an aspect ratio of about 1:5-10:20-40 in the radial, transverse and 

axial axes of the tubes, respectively [2].  It also contains ~10% of bcc β-Zr, which 

continuously distributes around the α-phase as thin grain boundary filaments, as shown in 

Figure 2-4.  The α-Zr contains up to 1wt% Nb and the β-Zr has about 20wt% Nb 

corresponding to the composition at the monotectoid point of the Zr-Nb phase diagram 

[27].  The subsequent cold drawing further elongates the α-grains and more dislocations 

are introduced (a- and some c-component dislocations) into the grains [27].  c-component 

dislocations refer to the ones having a component of their Burgers vectors perpendicular 

to the basal plane and a-component dislocations have their Burgers vectors in the basal 

plane.  Dislocations having Burgers vectors of b=1/3< 0211 > (<a>-type) and 

b=1/3< 3211 > or <0001> (<c+a> or <c>-type) are present in most grains [28].  Griffiths 

et al. [29] reported that the tubes usually contain a mixture of a- and c-component 
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dislocations in densities of 4 and 1×1014m-2, respectively.  The exact dislocation structure 

varies in individual grains with different orientations and as a function of position along 

and around the circumference of the tube [30].   

 

 

 

 

 

 

 

 

Figure 2-4 TEM microstructure of Zr-2.5Nb pressure tubes as extruded [31] 

 

2.2 Crystallographic texture of CANDU Zr-2.5Nb pressure 
tubes 

 

2.2.1 Crystallographic texture  
 

The grain orientation in polycrystals is usually different from that of its neighbors and 

certain grains (orientations) prefer to cluster and orient in a specific direction; this 

tendency is called “preferred orientation” or “crystallographic texture” [32].  It can be 

generated or altered by recrystallization, phase transformation, thermal and/or mechanical 

processing [32].  Crystallographic texture is important and it can have a remarkable 

α -Zr 

β -Zr 

Axial

Radial  
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influence on the materials’ properties and their performance, such as Young’s modulus, 

Poisson’s ratio, strength, ductility and toughness [32].  

 

Pole figures, inverse pole figures and orientation distribution functions (ODF) are usually 

used to represent crystallographic texture [32].  Both direct and inverse pole figures are 

the representation of crystallographic texture on two dimensional scales, and ODF 

describes the three dimensional distribution of the grain orientations.  A pole figure 

reflects the distribution of a specified crystallographic plane relative to the specimen 

coordinates, in contrast, an inverse pole figures represents the relative distribution of a 

sample axis corresponding to the crystallographic plane normals [32].   

 

In the current project, pole figures are used to describe the textures of cold-worked Zr-

2.5Nb tubes.  They are generated by diffraction from a certain set of planes from a 

polycrystalline sample, such as (0002) in an hcp structure, to be projected onto a 

projection plane reflecting the coordinate system of the polycrystalline sample [33].  

Figure 2-5 illustrates how a pole figure is constructed using a stereographic projection.  

There is a reference sphere centered on the sample C as shown in the figure and the plane 

normal CP that intersects the surface of the sphere at the point P, which is called a pole.  

The projection plane is normal to the diameter AB, and the projection is made from the 

point B.  Then, the plane with its pole at P has the stereographic projection P’ on the 

projection plane, which is obtained by drawing the line BP and extending it until it meets 

the projection plane.   
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Figure 2-5 Stereographic projection [33]  
 

Figure 2-6 shows a basal plane (0002) pole figure of a typical CANDU pressure tube.  It 

describes the basal plane normal distributions relative to the three tube axis directions 

(Axial-A, Radial-R and Transverse-T). The numbers on the contours in the (0002) pole 

figure represent texture by the texture coefficient (TC) in units of multiples of a random 

distribution (mrd).  It can be seen in Figure 2-6 that it has the strongest (0002) texture in 

the transverse direction of the tube.    
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Figure 2-6 (0002) pole figure for a typical CANDU pressure tube [34], A: Axial, R: 
Radial, T: Transverse 

 
 

Often, fA , fT and fR, the resolved basal pole normals fraction in the axial (longitudinal), 

transverse, and radial directions of a tube are used, to numerically represent the basal 

plane normal distribution.  They can be calculated from a basal plane pole figure and 

defined as [35]  

                                       dd
d

d
Vf α

φα
φα

2

,
),( cos∑=                                                 (2-1) 

 
where ),( φαd

V  is the volume fraction of the orientations (grains) with basal plane 

normals at an angle of dα  to the reference direction d, i.e., A, T, R. 
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Figure 2-7  Quarter of a grid (0002) pole figure [35] 

 
 
As shown in Figure 2-7, the volume fraction with the basal plane normals in the radial 

direction, ),( φαR
V , can be calculated by [35] 

             
∑

=
),(sin

sin),(
),( φαα

αφα
φα

RR

RR

TC
TCV

R
                                             (2-2) 

 

where Rα  and φ represent the polar and azimuth angles relative to the radial direction in 

the (0002) pole figure, respectively.  ),( φα RTC  is the texture coefficient at ( φα ,R ).  

Hence, fT and fA can be calculated according to the relationship of Aα , Tα  with Rα  

according to  

φαα 222 cossincos RT =                                                  (2-3) 

TRA ααα 222 coscos1cos −−=                                            (2-4) 

In practice,   

1=++ RTA fff                                                          ( 2-5) 

 
to account for rounding and discretization errors [35].   
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The orientation distribution function (ODF) is one of the central concepts in texture 

analysis and anisotropy.  Three Euler angles (θ, ψ, φ) are used to uniquely correlate the 

orientation of a given crystal to the sample coordinate system [32].  The probability 

function that a crystallite has an orientation (θ, ψ, φ) with respect to the specimen axis, is 

called the orientation distribution function (ODF) [32].  ODF can be calculated from 

several experimentally measured pole figures.  For example, for hcp α-Zr alloys, three 

pole figures are usually measured: the basal plane (0002), one prismatic plane (such as 

{ }0110  or{ }0211 ) and one pyramidal plane (such as { }1110  or{ }1211 ) to create the ODF 

files.   

 

2.2.2 Neutron diffraction for texture measurement 
 

                              
 
 
 
 
 
 
 
 
 

Figure 2-8 Diffraction in a crystal 
 

 

Texture measurements usually rely on diffraction techniques, as shown in Figure 2-8, and 

Bragg’s law  

                         θλ sin2 hkld=                                                         (2-6) 

 

dhkl
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where λ is the wavelength of the incident beam; dhkl is the interplanar spacing of the 

atomic planes of interest; and θ is the Bragg’s angle.  According to the Bragg’s law 

equation, the wavelength of the incident beam λ must be the same or smaller than the 

lattice spacing dhkl in order to obtain the diffraction at a certain lattice plane.  The 

characteristic wavelengths of X-rays (0.05-0.3nm), neutrons (0.05~0.3nm) and electrons 

(0.001-0.01nm) have proven to be suitable as incident beams to investigate the texture of 

materials [32].  Neutrons are able to penetrate samples up to several centimeters in 

thickness, so neutron diffraction is usually used to measure the bulk texture [32].  In 

contrast, X-rays are strongly absorbed by materials [32]; therefore, X-ray diffraction can 

only be used to measure the texture close to the surface of the material or the bulk texture 

by cutting representative cross-sections.  Because the texture measured from X-ray and 

neutron diffraction reflects an average value obtained from a great number of different 

grains, it is often termed as “macrotexture” [32].    Different from the two methods above, 

electron diffraction deals with the orientation of individual grains and the orientation 

relationship between adjacent grains, and this level of texture measurement is termed 

“microtexture” [32].    

 

In this project, neutron diffraction is used to measure crystallographic texture.  Figure 2-9 

illustrates the E3 neutron diffraction spectrometer at the National Research Universal 

(NRU) reactor in Chalk River Laboratories (CRL).  In the measurement setup, constant 

wavelength (CW) and thermal (slow) neutrons are used to perform the diffraction.  The 

wavelength is selected from a broad spectra by a germanium crystal monochromator, 

which produces a vertically focused monochromatic beam (single wavelength) with a 
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weak continuous background on samples.  For example, the diffraction from the {133} 

planes of a single-crystal Ge monochromator at a take-off angel of 76.08o (2θm) produces 

a neutron beam of wavelength 0.16 nm according to the Bragg’s law.   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2-9 E3 neutron diffraction spectrometer at the NRU reactor in CRL 
 
 

During the texture measurements, the incident beam and detector are set at a fixed 2θ 

angle corresponding to the lattice spacing of a particular crystallographic plane, and the 

sample is mounted on an Eulerian Cradle with the radial direction aligned with the η axis 

as shown in Figure 2-10.  The cradle rotates the sample by the angles χ (from 0° to 90° in 

5° steps) and η (from 0° to 360° in minimum increments of 5° for each value χ).  By this 

procedure, the entire orientation range is covered.  A series of crystallographic planes can 

be measured by programming the diffractometer and detector to rotate the 2θ angles 

corresponding to the lattice spacings of the planes of interest.   

Detector
Shielding 
Drum

Eulerian Cradle

Diffractometer

Incident Slit
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Figure 2-10 Schematic Eulerian Cradle and mounted sample with rotation angles of χ and 
η [36] 
 

2.2.3 Texture of a standard CANDU Zr-2.5Nb pressure tube 

 

The grains of CANDU pressure tubes have a strong preferred orientation [12].  Most of 

the hcp α-grains are oriented with the {0002} basal plane normals in the transverse 

direction, the { 0211 } plane normals in the radial direction, and the { 0110 } plane 

normals in the axial direction of the tube.  Figure 2-11 schematically illustrates the 

crystallographic orientation of most α grains and the (0002) and ( 0211 ) pole figures. 
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Figure 2-11 (a) Schematic diagram of crystallographic orientation of most α-grains [2] 
and (b) (0002) and ( 0211 ) pole figures of α-Zr grains in a typical CANDU Zr-2.5Nb 
cold-worked pressure tube (Center is the Radial direction, and contour separation is 1.00
×Random) [37] 
 

The bcc β-phase also has a characteristic texture, with the {110} planes oriented 

perpendicularly in the axial and transverse directions, and {200} planes oriented 

perpendicular to the radial direction.   The schematic illustration of the β grain orientation 

in a typical Zr-2.5Nb cold-worked pressure tube and the (110) and (111) pole figures are 

shown in Figure 2-12(a) and (b), respectively.   

(0002) ( 0211 ) 

(a)

(b)

AA

TT
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Figure 2-12 (a) Schematic diagram of crystallographic orientation of most β-grains [2] 
and (b) (110) and (111) pole figures of bcc β-phase in a typical CANDU Zr-2.5Nb cold-
worked pressure tube [37] 
 

The strong (0002) texture of typical CANDU pressure tubes results in good transverse 

tensile strength and low circumferential strain due to irradiation creep [34].  However, the 

tubes with this texture exhibit relatively high elongation rates due to irradiation damage, 

such as irradiation creep and growth, and are susceptible to delayed hydride cracking 

(DHC) [38].  Table 2-2 lists the mechanical properties in the axial direction of pressure 

tubes at 300°C.  For the transverse properties, typically the strength is higher and the 

ductility is lower, but they are not routinely measured.  

(a) 

(b)
(110) (111) 

T

AA

T
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Table 2-2 Mechanical properties of CANDU pressure tubes in the axial direction at 
300°C [31] 

Yield Stress, MPa 350-420 
Ultimate Tensile Strength, MPa 470-550 
Elongation, % 9-19 

 

   

Figure 2-13 (0002) pole figures of Zr-2.5Nb tubes demonstrating the effect of extrusion 
ratios on crystallographic texture,  Zr-2.5Nb extruded at a ratio of (a) 3.8 to 1; (b) 10.2 to 
1; (c) 28 to 1 [12].  

 

 

The final crystallographic texture of CANDU pressure tubes is established during the 

specific extrusion conditions, and is not affected by subsequent cold drawing and stress 

relieving [12].  Holt and Aldridge [12] established a correlation between the extrusion 

conditions and crystallographic texture of Zr-2.5Nb tubes extruded in the α+β phase field.  

They found that increasing the extrusion ratio reduced the proportion of basal plane 

normals in the radial direction and increased the number of basal plane normals in both 

the axial and transverse directions as shown in Figure 2-13; furthermore, increasing the 

temperature produced a small concentration of basal plane normals in the axial direction 

(a) 3.8:1 (b) 10.2:1 (c) 28:1 



 25

and moved the majority of the basal plane normals further towards the transverse 

direction as described in Figure 2-14.  

Figure 2-14 (0002) pole figures of Zr-2.5Nb tubes demonstrating the effect of extrusion 
temperature on crystallographic texture, Zr-2.5Nb extruded at (a) 652°C (b) 752°C (c) 
852°C at a ratio of 4 to 1 [12]. 

 

In a later 2004 paper, Holt and Zhao [24] summarized the role of extrusion temperature 

and ratio on texture development based on Holt and Aldridge’s discovery.  They 

concluded that β-phase plays an important role in the development of texture in α-Zr and 

bulk textures of Zr-2.5Nb extruded tubes were comprised of three components based 

upon three different deformation mechanisms:  

1. A radial component is dominant at the low temperatures of the α+β phase region, 

with low extrusion ratios and coarse billet grain structures by crystallographic 

rotation of the α-phase due to pyramidal, prismatic and basal slip;  

2. A transverse component is dominant at high temperatures in the α+β phase region 

associated with the texture developed in the β-phase, the effects of stress on the 

(c)852°C (b)752°C (a)652°C 
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α/β phase transformation and bodily rotation of the α-phase in the β-phase by 

phase boundary sliding;  

3. An axial (longitudinal) component is dominant at higher temperatures where the 

β-Zr is the predominant phase associated with the texture of the β-phase and the 

α/β phase transformation.   

 

For standard CANDU pressure tubes, the texture along tubes was observed to be non-

uniform and to show a general trend of variation, i.e., the fraction of basal plane normals 

in the radial direction increases and that of basal plane normals in the axial direction 

decreases from the front end (the end leaving the extrusion press first) to the back end 

(the end leaving the extrusion press last) because of the temperature drop along the tube 

during the extrusion process [39,40].  As well, the grain size gradually decreases from the 

front to the back end [39].  However, in the case of micro pressure tubes, because of the 

small size of the billets, the heating from mechanical energy input and the cooling from 

the surrounding tools may not be balanced and temperature may either drop or increase.  

The temperature gradient may also be able to cause a texture gradient along the axial 

direction of the tubes.  An end-to-end texture variation was observed in extruded micro 

pressure tubes by Li et al. [20]. 

 

Different extrusion variables, such as different combinations of extrusion temperatures 

and ratios, will produce a range of Zr-2.5Nb tubes with different textures.  The variation 

of extrusion temperature along the tubes may also result in a texture gradient.  In the 

present study, several groups of Zr-2.5Nb tubes were manufactured.  They were extruded 
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at 650°C (a low temperature in the α+β phase field), 815°C (a high temperature in the α+ 

β phase field) and 975°C (the β phase field) and combined with extrusion ratios of 4:1 

and 10:1.  Dominant axial, transverse and radial textures for different tubes were 

expected in order to investigate the effect of different textures and texture variations 

along the tubes on the anisotropic thermal creep of the cold-worked Zr-2.5Nb tubes. 

 

2.3 Deformation of CANDU pressure tubes 

 

During service in CANDU reactors, internally pressurized Zr-2.5Nb pressure tubes 

change in shape as a result of operating temperature, pressure and fast neutron irradiation.   

The pressure tubes undergo an internal pressure of about 10MPa, and the tubes are under 

a biaxial stress state with a transverse stress of about 120-135MPa.  The inlet and outlet 

temperatures in high power channels are about 260 and 310°C, respectively.  The average 

fast neutron flux (E>1MeV) in high power channels is between 2 and 4 ×1017 n/m2/s [39].  

On a sub-microstructural scale, due to the interaction of energetic fast neutrons with the 

atoms of Zr-2.5Nb pressure tubes, the atoms may be displaced from their initial lattice 

sites.  As a result, point defects such as self-interstitials and vacancies are generated and 

dislocation loops are formed as a consequence of either vacancy or interstitial 

congregation into planar arrays [7].  At the same time, the microchemistry (such as the 

redistribution of niobium and iron) is changed after irradiation damage [41].  Perovic et al. 

[41] reported that the precipitation of β-Nb appears in α-phase after irradiation.  They 

also stated that Fe segregation was found at the α-matrix and α-α subboundaries during 
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irradiation but it was observed mainly in the β-phase prior to irradiation.  There is no 

conclusive explanation for this redistribution process, but it is generally considered to be 

an irradiation induced effect, such as, irradiation enhanced diffusion and drag of solute by 

the immigration of point defects [7,42,43].  This microstructure evolution dramatically 

affects the mechanical properties and deformation behaviour of pressure tubes during 

service.  On a macro scale, the pronounced crystallographic texture developed during 

fabrication leads to anisotropic deformation.  The tubes increase in diameter and length, 

and they also sag due to the weight of fuel bundles and heavy water coolant.  In-reactor 

thermal creep, irradiation creep and growth are the three main deformation components 

contributing to this deformation [30,44-47].  Thermal creep is the creep behaviour of a 

material only under an applied stress at an elevated temperature without irradiation.  

Irradiation creep refers to the creep behaviour in the presence of irradiation.  Irradiation 

growth is the deformation only caused by irradiation.  The contribution of irradiation 

creep is significant and in many cases it may be the primary source of the deformation [7].  

Recent in-reactor results have shown that irradiation creep under normal operating 

conditions is about 70% of the total deformation, while irradiation growth and thermal 

creep are smaller, i.e., about 20% and 10%, respectively [48-50].   

 

Of the three, the irradiation growth is best understood because it is relatively easy to 

study by measuring the specimen’s dimension changes only under the fast neutron 

irradiation.  The diffusional anisotropy difference (DAD) theory was first proposed by 

Woo and Goesele [51,52] and is now generally accepted.  They proposed that vacancies 

and self-interstitial atoms (SIA) exhibited different anisotropic diffusion behaviours in 
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zirconium.  Where SIA is precipitated, there is an expansion.  Where vacancies 

precipitate, there is a contraction.  Irradiation growth occurs when the strain from 

vacancies is in a different direction than those from self-interstitial atoms.  For zirconium, 

the preferred sink for vacancies is the basal plane, and for SIAs, it is the planes normal to 

it.  As a consequence, irradiation growth causes a reduction in diameter and an elongation 

in the axial direction in current CANDU pressure tubes.  The irradiation growth of Zr-

2.5Nb pressure tube materials at the operating temperature range of CANDU pressure 

tubes (250-310°C) depends upon their initial microstructure (such as crystallographic 

texture, grain size and dislocation density), fast neutron flux, temperature, fast neutron 

fluence and chemical composition [53]. 

  

Irradiation creep is more difficult to study because it simultaneously incorporates some 

other shape change components, e.g., irradiation growth and thermal creep.  For practical 

purposes, the irradiation growth strain can simply be subtracted from the total strain and 

thermal creep can be ignored to obtain an approximation [53].  It has been found that 

irradiation creep is also dependent on metallurgical variables (such as dislocation density, 

grain size and crystallographic texture) and on operating variables (such as stress, 

temperature, fast flux and fast neutron fluence) [7,53].  Many theories have been 

developed to explain the basic physical processes responsible for this behaviour, and one 

common feature of the theories is that irradiation creep is related to the production of the 

vacancies and self-interstitials by irradiation.  The most popular models that have been 

considered for zirconium alloys include yielding creep, climb-plus-glide (CPG) or I-creep, 

and stress-induced preferred absorption (SIPA) [53].  The yielding creep model [54] is 
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based on the assumption that in the absence of stress, irradiation growth changes the 

shape of individual grains and the growth-induced expansion or tension generates internal 

stress.  The model assumes that the applied stress elevates the internal stresses above the 

yield stress to cause the grains to yield.  The climb-plus-glide (CPG) mechanism [55] is 

very similar to the thermal creep dislocation creep model, in which dislocation climb is 

the rate-controlling mechanism and it happens by surmounting obstacles due to the 

absorption of thermally generated vacancies.  In the irradiation creep case, the CPG 

model assumes that dislocations climb around obstacles aided by the absorption of 

irradiation generated vacancies and that creep strain is produced by the glide of 

dislocations after they bypass the obstacle.  In the SIPA mechanism [56,57], it is assumed 

that self-interstitials are preferentially absorbed at the defects in a crystal, e.g., dislocation 

loops, which are oriented perpendicular to the applied tensile stress and leads to the 

elongation of the material in the direction of the applied tensile stress. 

 

Thermal creep may contribute significantly to deformation, especially at relatively high 

temperatures or stresses, as for example, in the case of a loss-of-coolant accident 

condition, where the reduced coolant causes the temperature of the pressure tubes to 

rapidly rise to a high temperature [3,7].  It also contributes significantly to the 

deformation at the outlet end of a fuel channel where the fast neutron flux is relatively 

low, but the temperature and the bending moment in the pressure tubes are high [53].  

Thermal creep may assist to relax the stress concentration in the vicinity of a crack tip, 

which can potentially cause failure by the process of delayed hydride cracking [53,58,59].  

Moreover, thermal creep behaviour is closely related to irradiation creep in the pressure 
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tube deformation; therefore, experiments on thermal creep will make the relationship 

between texture and creep anisotropy easier to understand and improve the understanding 

of irradiation creep in zirconium.  The following section is a review of thermal creep and 

its behaviour in zirconium alloys. 

 

2.4 Thermal creep 

2.4.1 Thermal creep of Zirconium alloys 

 

Creep is a continuous and permanent deformation at a high temperature and under a 

stress that is less than one that causes any permanent deformation in a conventional 

tension or compression test [60].  Figure 2-15 shows a typical creep curve, in which creep 

strain changes with time under constant temperature and stress or load.  0ε  represents the 

instantaneous strain at the moment when the load is applied.  After this initial rapid 

extension, the creep curve has three stages: primary creep, secondary creep and tertiary 

creep.  The primary stage represents a region of decreasing creep rate because the rate of 

strain hardening is larger than that of recovery.  Tertiary creep is a stage where the creep 

rate increases dramatically due to the high recovery rate and it is often associated with 

metallurgical changes, such as coarsening of precipitate particles and formation of voids 

which lead to failure [60].  In the second stage of creep, the creep rate is nearly kept 

constant because there is a balance between the two competing processes of strain 

hardening and recovery.  Therefore, secondary stage creep is usually called steady-state 

creep.  The value of the creep rate during secondary creep is called the steady-state creep 
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rate.  Figure 2-16 depicts a plot of creep rate as a function of total strain and it illustrates 

a dramatic change in the creep rate during a creep test.  In this project, the focus is on the 

steady-state creep stage because for CANDU pressure tubes it has the most technological 

importance and the majority of the service time is spent under that condition. 

 

 

 

 

 

 

 

Figure 2-15 Typical creep curve, Curve A, constant-load test; Curve B, constant-stress 
test [61]   

 

 

 

 

 

 

 

Figure 2-16 Creep strain rate in a creep test as a function of total strain [61] 

 

At the steady-state creep stage, the predominant creep mechanism of zirconium alloys is 

determined by different combinations of applied stress and temperature.  Moreover, the 
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thermal creep has also found to be strongly dependent on metallurgical variables, such as 

preferred orientation, cold work, chemistry and impurity content, etc. [7].    

 

2.4.2 Stress dependence of thermal creep of Zirconium alloys 

 

The dependence of steady-state creep rate on stress is generally described by [7] 

        nBσε =&                                                           (2-7) 

where B is the material constant and n is the stress exponent.  The n value can be 

determined from the data obtained by applying a wide range of stresses at a constant 

temperature.  It can vary from low to high values and depends on the applied stress.  

Kohn [62] reported the stress dependence of stress exponent n for Zr-2.5Nb fuel 

sheathing tubes as shown in Figure 2-17, demonstrating the minimum out-of-reactor 

(thermal) creep rates versus stresses ranging from 40 to 200MPa at different temperatures.  

According to the figure, the values of the stress exponent increase from a minimum of 2 

at low stresses to 5.3 at a temperature of 350°C.  Nuttall [63] showed that for Zr-2.6Nb at 

510°C, the stress exponent also strongly depends on stresses.  It can be seen in Figure 2-

18 that when the stress is higher than 200MPa, the n value increases rapidly.   

Christodoulou et al. [64] stated that for the rates lower than 5×10-7h-1, all Zr alloys exhibit 

values of n lower than 5.    
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Figure 2-17  Minimum out-reactor creep rate of Zr-2.5Nb fuel cladding versus stress [62] 

 

 

 

 

 

 

 

Figure 2-18 Strain rate as a function of flow stress at 500°C of Z-2.6Nb [63]  

T=510°C
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In a recent review by Hayes et al. [65], thermal creep of zirconium from various studies is 

summarized and the relationship between diffusion coefficient compensated steady-state 

creep rates and shear modulus compensated steady-state stress is plotted, as shown in 

Figure 2-19, to eliminate the differences in impurity contents and test conditions. 

 
 
 

 

 

 

 

 

 

 

 

 

 

Figure 2-19 Diffusion coefficient-compensated steady-state creep rates versus modulus-
compensated steady-state stress data for Zirconium [65] 

 

As shown in Figure 2-19, in the low stress region, there is a constant slope and the stress 

exponent n is about 1.1.  At intermediate stresses, the plot presents a constant slope of 6.4, 

which is considered to be the power law creep.  The review also collected thermal creep 
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data for Zircaloy-2 and Zircaloy-4 and got similar results by these compensated plotting 

methods.   

 

2.4.3 Temperature dependence of thermal creep of Zirconium alloys 

 

The temperature dependence of steady-state creep rate can be expressed by [7] 

      )/exp( RTQB −=ε&                                                     (2-8) 

where B is the material constant, R is the universal gas constant, T is the absolute 

temperature and Q is the creep activation energy, which can be determined by the creep 

strain rate data for a range of temperatures under a constant applied stress.  It is known 

that thermal creep involves a thermally activated process, so, in principle, the value of Q 

should indicate the creep mechanisms operating in a given material.  Holmes (1964) [66] 

determined the activation energy of annealed and 20% cold-worked Zircaloy-2 at 

temperatures from 50°C to 500°C under stresses of 138, 172 and 207MPa.  Over the 

range of 285°C to 500°C, he indicated that the activation energy was approximately equal 

to that of self-diffusion in Zircaloy-2 and independent of stress, creep rate and 

temperature, which implied a typical dislocation-climb controlled creep mechanism.   

 

There are several reports about activation energy for α-Zr self-diffusion.  Shewfelt et al. 

[3,67] reported it to be ~72kcal/mol at 450°C.  Horvath et al. [68] also showed that the Q 

value of α-Zr self-diffusion is 80.71kcal/mol (~3.5eV) at temperatures lower than 950°C.  

But, Hood [69,70] reported that the activation energy for self-diffusion of Zr is greatly 
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reduced by extrinsic factors, especially the presence of iron and oxygen.  He stated that 

the diffusion coefficient of iron in Zirconium is approximately eight orders of magnitude 

faster than the zirconium self-diffusion coefficient over a range of temperatures [69].   It 

was reported that the average activation energy for diffusion of Fe in α-Zr is about 

16kcal/mol (~0.7eV) at temperatures lower than 700°C [71,72].  Davis et al. [73] derived 

the activation energy for oxygen diffusion to be about 30kcal/mol (~1.3eV) for 

temperatures lower than 647°C.   

  

From the thermal creep test data of Zr-2.5Nb pressure tube materials, Christodoulou et al. 

[64] reported that the creep activation energy Q is about 21 and 10kcal/mol at 

temperatures above and below 200°C, respectively.  The low values were attributed to 

dynamic strain aging (DSA) for the materials containing impurities, such as Zr-2.5Nb 

with main impurities of oxygen and iron.  DSA is an important feature for thermal creep 

of Zircaloy in the intermediate temperature range (200-500°C) and it is considered to be 

the consequence of solute-dislocation interactions [7].  Christodoulou et al. [64] 

attributed the low creep activation energy of Zr-2.5Nb to the existing impurities of iron. 

 

2.4.4 Creep mechanisms  

 

The values of n and Q are related to the dominant operating mechanism during steady-

state creep.  At different levels of stress and temperature, different mechanisms may 

operate in creep deformation.  Knorr and Notis [74] provided the deformation maps for α-
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Zr having a grain size of 10μm, 60μm and 300μm, which are shown in Figure 2-20.  

According to the maps, for α-Zr, the rate of dislocation creep is controlled by dislocation 

climb at higher stress and by a dislocation glide mechanism at lower stress and higher 

temperature.  These are sequential processes where the slower step is rate-limiting.  In the 

glide creep mechanism, dislocation surmounts the potential barrier of obstacles in its path 

by obtaining the energy in a statistical manner from applied stress and thermal energy [7].  

As the stress is increased, the motion of the dislocation becomes easier so that climb by 

self-diffusion becomes rate-limited.  In this regime, the creep follows the usual 

ε& nσ∝ relationship.  From the maps, the third significant thermally-activated creep 

mechanism in α-Zr is Coble creep by grain boundary diffusion at the grain sizes of 10μm 

and 60μm; however it is not observed in the similar experimental stress condition at the 

grain size of 300μm.  That effect shows the strong grain size dependence of Coble creep.  

This section will focus on dislocation climb-controlled creep mechanism as that is the 

mechanism investigated for the thermal creep of cold-worked Zr-2.5Nb tubes in the 

current project.  In a later section, other mechanisms operating in different stress-

temperature regions will be briefly reviewed. 
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(b) (a) (c) 

 

 

 
Figure 2-20 Deformation maps for α-Zr with a grain sizes of 10μm, 60μm and 300μm, the numbers on the data points indicate the log 
of the measured creep rates [74]. Tα-β is the α-β phase transformation temperature. 
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2.4.4.1 Dislocation creep 

 

When the dislocation creep mechanism is dominant, a steady-state creep condition can be 

obtained when the balance is achieved between the rate of strain hardening (or 

dislocation glide) and the rate of thermal recovery by rearrangement and annihilation of 

dislocations (or dislocation climb), based on the ideas of Orowan [75] and Bailey [76].  

The models reviewed below are based on this relationship. 

 

Weertman [77,78] proposed the earliest and most straightforward dislocation creep model.  

It is based on the mechanism that dislocation climb is a rate-controlling mechanism.  In 

his model, it was assumed that dislocations spread from their sources until they were 

blocked by dislocations spreading from other sources.  The leading dislocation climbs 

towards a neighboring plane with the assistance of vacancy diffusion and continue to 

glide.  Hence, it is assumed that the creep process consists of glide of a dislocation across 

a relatively large distance to provide a strain increment, followed by a rate-controlling 

climb.  Weertman [77-79] also assumed that the creep strain rate was a factor of the 

mobile dislocation density mρ , the magnitude of the Burgers vector and the average 

dislocation velocity ν  as 

  vbmρε =&  .                                                          (2-9) 

Based on Weertman’s model, the steady-state creep rate is described by a power law 

relationship [60]  
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nV

GkT
GbBD

)(σε =&                                                     (2-10) 

where B is a constant, VD  is the lattice diffusion coefficient, G is the shear modulus, b is 

the magnitude of the Burgers vector, k is the Boltzmann constant, T is the absolute 

temperature, and σ is the applied stress. Since VD  can be described 

by )/exp(0 kTQDDV −= , the steady-state creep rate can be arranged into the Dorn 

equation [80] as  

)/exp( kTQB n −= σε&                                                 (2-11) 

where Q is the creep activation energy and is equal to the activation energy of self- 

diffusion.  

 

Weertman’s model considered the creep strain rate to be controlled by a climb-glide 

mechanism and be independent of grain size.  However, in the model of Spingarn and 

Nix [81], they assumed that creep rate was linearly related to grain size at stress levels 

when the dislocation creep mechanism was operating.  They proposed that the creep 

plastic deformation occurred by dislocation glide on a slip band in each grain and that 

dislocation pile-ups were produced by two adjacent grains boundaries.  The rate-

controlling process was the climbing of leading dislocations in adjacent pile-ups at an 

activation energy corresponding to grain boundary self-diffusion.  Quantitatively, 

Spingarn and Nix [81] wrote the creep strain rate as 

53
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where a is the constant, L is the slip band length (the grain size), σ is the applied stress, 

gbD  is the diffusion coefficient of the grain boundary, δ  is the thickness of the grain 

boundary, b is the Burgers vector, G  is the shear modulus, k is the Boltzmann constant, 

and T is the absolute temperature.  It can be seen from equation (2-12) that the model 

predicts a creep rate proportional to grain size.  However, evidence by Wilshire and 

Palmer [82] suggests that the creep rate decreases with increasing grain size up to 100μm, 

increasing only for a grain size greater than 100μm observed in creep tests on copper with 

a stress exponent of around 5. 

 

Another broad category for the power law creep theory is based on dislocation networks 

[83-86].  In the theory of Evan and Knowles [85], they proposed that dislocations were in 

the form of a 3-dimension network with a link length l rather than pile-ups in steady-state 

creep.  The rate-controlling process was the climb of the links of dislocations within the 

network.  The climb changes the link length l and eventually some links reach a critical 

length lc, which become dislocation sources, and subsequent slip was taken as the only 

contribution to strains.  Evan and Knowles assumed that the diffusion path was either 

through the lattice or the network of dislocations (pipe diffusion).   

 

The more prominent new creep theory development is the introduction of the concept of 

an internal stress in subgrain boundaries into the power law creep mechanism.  In the 

model of Argon and Takeuchi [87,88], they proposed that materials in which subgrains 

formed during steady-state creep contained internal stress, and the mixed movement of 

dislocation glide and climb was driven not by applied stress but by the excess of the 
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applied stress over the internal stress.  The model assumed that the internal stress was 

produced by the flexing of low energy dislocation sub-boundaries under the influence of 

applied stress.  More detailed reviews about power law creep theories can be found in 

References [89,90]. 

 

2.4.4.2 Diffusion creep 

 

Diffusion creep becomes the controlling mechanism when applied stress is too low for 

significant dislocation movement.  Jones [91] estimated that when stress is 20MPa, the 

stress exponent n is linearly related to applied stress and diffusion creep mechanisms 

such as Nabarro-Herring at higher temperatures or Coble creep at lower temperatures 

may operate in zirconium alloys.  Both mechanisms involve the flow of vacancies 

through a crystal under the influence of applied stress [60].   

 

Nabarro-Herring creep occurs when vacancies flow from the grain boundaries under 

tension to those under compression via bulk diffusion and the steady-state creep strain 

rate is expressed as [7] 

          σε 2

14
kTd

Dv
NH

Ω
=&                                                     (2-13) 

where Ω is the atomic volume, VD  is the lattice diffusion coefficient, k is the Boltzmann 

constant, d is the grain diameter, T is the absolute temperature and σ is the applied stress.  
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At lower temperature, Coble-type creep occurs in which the flow of vacancies is 

dominated by boundary diffusion from boundaries under tension to those under 

compression, and the creep strain rate is described by [7] 

             σ
πδ

ε 3

14
kTd

Dgb
Coble

Ω
=&                                                 (2-14) 

where δ is the grain boundary thickness and Dgb is the grain-boundary diffusion 

coefficient.  

  

It is evident that the steady-state creep rates of both Nabarro-Herring and Coble creep are 

linearly related to stress and inversely proportional to the square or cube of grain 

diameters under the different diffusion mechanisms.  

 

2.4.4.3 Harper-Dorn creep 

 

According to this creep mechanism, the steady-state creep strain increases linearly with 

applied stress and creep activation energy is equal to that of self-diffusion.  It was first 

observed by Harper and Dorn [92] in 1957 in pure aluminum at homologous 

temperatures T/Tm (Tm is the melting temperature) higher than about 0.95, stress lower 

than 5 ×10-6G.  It was believed that the activation energy of Harper-Dorn creep was about 

equal to that of self-diffusion, suggesting that vacancy diffusion was the rate-controlling 

mechanism.  However, different from Nabarro-Herrring creep, the creep strain rate is 

considered to be independent of grain size, which suggests that dislocations may be the 

sources and sinks of vacancies [90].  
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Unlike the common conditions of Harper-Dorn creep, Novotny et al. [93] reported that 

Harper-Dorn mechanism occurred in α-Zr at a homologous temperature of 0.35 to 0.48Tm 

(~500°C to 750°C) with stresses ranging from 4×10-6 to 9×10-6G.   They found that under 

the above conditions, creep was most probably dislocation core diffusion controlled 

instead of self-diffusion controlled.  The Harper-Dorn creep of α-Zr was reported to take 

place at a grain size greater than ~125μm, while at smaller grain sizes Coble creep 

operated under the same external conditions [93]. 

 

2.5 Creep anisotropy and texture dependence 

2.5.1 Creep anisotropy 

 

As reviewed before, creep of zirconium alloys depends on temperature and stress, but it 

also has been found to be a function of metallurgical conditions of a material [7].  

Particularly, preferred orientation or crystallographic texture can influence the creep 

behaviour especially when dislocation slip is the strain producing mechanism.   

 

Creep of materials with a preferred orientation typically shows anisotropic behaviour.  

The creep behaviour of Zr-2.5Nb pressure tubes in CANDU power reactors is anisotropic, 

and is related to the anisotropic physical properties of α-Zr with an hcp crystal structure.  

The deformation response of zirconium is a direct result of the different deformation 

mechanisms operating in it.  A summary of these systems is given in Table 2-3.  
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Table 2-3 Observed deformation modes in α-Zr [7,94] 

 
System 

Active 
temperature 

range 

 
Stress states 

 
Comments 

{ 0110 } < 0211 >  
prismatic <a> slip 

<862°C a-axis tension or 
compression 

common 

{0002} < 0211 >  
basal <a> slip 

>500°C a-axis tension or 
compression 

common 

{ 1110 } < 0211 > 
pyramidal <a> slip 

>500°C a-or c-axis tension or 
compression 

high stress required 

{ 1110 } < 3211 > 
 pyramidal <c+a> slip 

 c-axis tension or 
compression 

intermediate 
temperature and high 

stress required 
{ 1211 } < 3211 > 

 pyramidal <c+a> slip  
 c-axis tension or 

compression  
high temperature and 
high stress required  

{ 2110 } < 0111 >twin <862°C c-axis tension common 

{ 1211 } < 2611 >twin <862°C c-axis tension less frequent 

{ 2211 } < 2311 >twin <862°C c-axis compression common 

{ 1110  } < 0121 >twin >400°C c-axis compression predominant at high 
temperatures 

 

As shown in Table 2-3, the prismatic slip system { 0110 } < 0211 > is the most active one 

in a single crystal of α-Zr and the c-axis is the hard direction.  In the hcp crystal, there are 

only two independent slip systems of the prismatic slip type; thus at least three additional 

systems of basal and pyramidal types are required to accommodate an arbitrarily imposed 

strain.  When applied stress is along the c-axis at low temperatures, zirconium usually 

does not deform by slip, but first deforms by twinning.  Although twinning may be active 

in Zr-2.5Nb materials for larger deformation, in the early stages of yielding, strain due to 

twinning is not likely to be substantial [95].  Cheadle et al. [96] did not observe any 

texture change associated with twinning at a plastic strain less than 5% in tension along a 

specimen direction with a high concentration of basal plane normals in Zr-2.5Nb 

materials.  Although the mechanisms for creep of Zr-2.5Nb are not as well understood as 
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the plastic deformation, prismatic slip has been accepted as the predominant mode of 

deformation [7].  For the stress applied along the c-axis, some <c+a> slips appear to 

operate, and twinning has not been observed in creep [7]. 

 

 

 

 

 

 

 

 

Figure 2-21 Critical resolved shear stress (CRSS) versus temperature for different slip 
modes in a single crystal of Zr [97] 

 

Akhtar [97] reported that the three main slip systems, prismatic <a> slip system of the 

{ 0110 }< 0211 > type, basal <a> slip system of the {0002}< 0211 > type and pyramidal 

<c+a> slip system of the { 1110 }< 2311 > type are in an order of increasing CRSS in a 

single crystal of α-Zr, as shown in Figure 2-21.  He found that the ratio of CRSS on the 

basal versus prismatic slip decreased from 3 at 577°C to 1.12 at 827°C indicating that 

prismatic slip continued to be the dominant slip mode operating at the lowest stress level 

at temperatures up to 827°C.  He mentioned that below 577°C, as shown in Figure 2-21, 

the CRSS for basal slip could not be determined because of interference from twinning.  

Akhtar [98] also stated that assuming pyramidal slip to be active for plastic flow above 
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527°C, it operated at a CRSS approximately 10-20 times higher than those required for 

prismatic slip in the temperature interval of 527~827°C. 

 

In the polycrystalline case, some researchers have presented different derived values and 

ratios from polycrystalline models.  Murty et al. [99] assumed that the CRSS of basal and 

pyramidal slips were 1000 times higher than those for prismatic slip for Zircaloy-4, 

which was derived from a lower bound method.  Christodoulou et al. [64] derived a ratio 

of 1:1.11:3 using a self-consistent creep model SELFPOLY based on the steady-state 

thermal creep data of Zr-2.5Nb pressure tube materials.  However, the CRSS ratio 

obtained by Christodoulou et al. [64] was only from the Zr-2.5Nb material with a 

pressure tube-like texture, and there are limited data to assess whether that uniform CRSS 

was applicable for Zr-2.5Nb with different textures, especially for anisotropic creep.  

 

2.5.2 Texture dependence of irradiation creep 

 

Crystallographic texture can be employed to increase the creep strength in certain 

directions at the expense of others.  Holt et al. [34] conducted the biaxial irradiation creep 

tests results on internally pressurized tubular thin-wall Zr-2.5Nb creep capsules under a 

nominal transverse stress of 160MPa (axial stress is approximately half of the transverse 

stress) at high fast neutron fluences.  The results are plotted in Figure 2-22.  MPT denotes 

micro pressure-tube materials with the basal plane normals oriented principally in the 

transverse direction.  Fuel sheathing (FS) tubes have a strong radial texture and the basal 

plane normals are predominantly oriented in the radial direction of the tubes.  Because of 
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the different textures, they exhibited different irradiation creep behaviours as is evident in 

Figure 2-22.  In the transverse direction, the FS specimen crept much faster than the MPT 

one, and its total transverse strain was at least two times larger than that of the MPT.  

However, the MPT sample crept dramatically faster than the FS specimen in the axial 

direction and its total axial strain was almost 10 times larger than that of the FS specimen. 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2-22 Axial and transverse creep strains for internally pressurized MPT and FS 
capsules (160MPa in the transverse direction) irradiated in Osiris at a nominal 
temperature of 310°C [34]  
 

Currently most of the creep data for Zr-2.5Nb pressure tube materials are limited to 

irradiation creep and with textures resembling fuel sheathing and pressure tubes, which 

restricts the understanding of the relationship between creep anisotropy and textures.  

Moreover, there are no systematical data on the texture dependence for anisotropic creep 

of this material.  Therefore, it is necessary to generate an experimental database for creep 

anisotropy of pressure tube materials in order to better understand its creep behaviour.  

 

310°C 
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2.6 Modeling of Zirconium alloy creep 

 

In this section, Hill’s theory (anisotropic derivation from the von Mises yield criteria) to 

calculate anisotropic coefficients and creep anisotropy are first reviewed.  Subsequently, 

polycrystalline models to simulate the anisotropic creep for zirconium alloys and their 

development are summarized.  

 

2.6.1 Hill theory 

 

Hill [100] proposed a modified von Mises yield criterion for an anisotropic material to 

describe a multiaxial stress state.  This is represented by the effective stress σf so that 
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where 1σ , 2σ and 3σ  are the direct stresses along three mutually perpendicular axes 

corresponding to the axes of anisotropy, and 12σ , 23σ  and 31σ  are the shear stress 

components.  F, G, H, L, M and N are called anisotropic coefficients and they are used to 

characterize the anisotropic state of materials. 

  

If the axes of anisotropy are coincident with the axes of the principal applied stresses and 

no shear stress is present, then equation (2-15) reduces to   
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where F + G + H = 1.5 by definition.  When F = G = H = 0.5, equation (2-16) reduces to 

the von Mises criterion.  For the anisotropic case, only two of the anisotropic coefficients 

are independent, and the third can be expressed in terms of the first two.   

 

In the 1970’s, the Hill equation was modified for modeling anisotropic creep.  Lucas et al. 

[101] and Ross-Ross et al. [102] applied modified Hill equations to describe anisotropic 

creep in zirconium materials.  For the case of the pressure tubes in CANDU reactors, Rσ , 

Tσ  and Aσ  can be set to be equal to 1σ , 2σ  and 3σ , and they represent the radial, 

transverse and axial stress, respectively.  The effective stress can then be expressed as 

       [ ] 2/1222 )()()( TRRAATf HGF σσσσσσσ −+−+−= .                 (2-17 ) 

By assuming a power law relationship between the effective creep rate and the effective 

stress, the effective creep rate can be written as  

n
ff Bσε =&                                                           (2-18) 

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

 

The principal creep rates were given as [103] 
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The ratios of the creep rates in these three principal directions are                          
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In the pressure tube case (thin-wall tubes, TA σσ 5.0≈ and 0≈Rσ ), the steady-state creep 

rate ratio between the axial and transverse directions is 
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If two sets of steady-state creep rate ratios corresponding to two different stress states are 

known, the anisotropic coefficients, F, G, and H, can be obtained with F+G+H=1.5.  

Inversely, if the values of F, G, and H are known, the steady-state creep rate ratios for 

anisotropic creep deformation can be predicted.  However, F, G and H do not capture the 

role of metallurgical conditions and there is no means for incorporating textural or micro-

structural input into the correlations.  Therefore, the Hill creep equations only provide a 

simple method to acquire the anisotropic coefficients or calculate the creep anisotropy for 

the material tested and cannot be extrapolated to other materials with different 

metallurgical history. 

 

2.6.2 Polycrystalline models for steady-state creep 

 

As mentioned in the above section, the Hill creep equations are based on the calculations 

at a macroscopic scale.  In fact, single crystal and polycrystal anisotropies are important 

factors to accurately model a polycrystalline response.  During creep, the deformation of 
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each grain is constrained by its neighbouring grains; thus the anisotropic deformation 

generates internal stresses due to intergranular interactions [104,105].  Intergranular 

stresses cause elastic and inelastic deformation of each individual grain.  Polycrystalline 

deformation is the average deformation of each grain within the restriction of its 

neighbors.  Therefore, a polycrystalline model is necessary to correlate the 

interrelationship between intergranular interactions and the resulting deformation of the 

polycrystalline sample.  In such a model, the deformation of polycrystals can be obtained 

by averaging the behaviour of individual crystals and by assuming a certain strain 

producing mechanism at a single crystal level.  

 

Lower bound [35,106] and upper bound [107] polycrystalline models were first used to 

predict anisotropic irradiation creep of zirconium alloys assuming dislocation creep as the 

mechanism.  In the lower bound model, each single crystal is assumed to experience an 

identical stress state.  The single crystal creep rate tensor is calculated for each crystal 

orientation by assuming that the shear strain rate on any slip system is proportional to the 

shear stress on the slip plane in the slip direction, raised to a power, n, stress exponent 

(n=1 at the operating stress in reactors) [108].  The macroscopic strain rate tensor is the 

weighted average (based on volume fraction) of the strain rate tensors for all orientations.  

The model ignores the strain compatibility and the constraint between grains [109].  It 

only satisfies the equilibrium conditions.  In contrast, the upper bound model assumes 

that the strains or strain rate tensors in all grains are equal.  The model preserves strain 

compatibility (it allows strain to be continuous through all the polycrystals) but ignores 

equilibrium (each orientation has a different stress tensor).  As a result, the lower-bound 
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model overestimates the polycrystalline deformation rate and the total deformation strain 

due to the assumption there is a lack of constraint between grains; on the contrary, 

because of the full constraint by the matrix in the upper bound model, the deformation 

rate and total deformation strains are underestimated [109].   

 

For thermal creep of zirconium alloys, Murty et al. [99] applied the lower bound model to 

calculate biaxial thermal creep of cold-worked stress relieved and recrystallized Zircaloy-

4.  Three different slip systems: prismatic slip{ 0110 }< 0211 >, basal slip{0001}< 0211 >, 

and pyramidal slip{ 2211 }< 3211 > were considered.  The authors concluded that the 

CRSS of pyramidal and basal slip systems were taken as 1000 times that of prismatic slip.  

Adams and Murty [5,110] employed the upper bound model to study biaxial creep of 

Zircaloy-4 under the cold-worked and recrystallized conditions, respectively.  They 

concluded that for cold-worked Zircaloy-4, the basal and pyramidal dislocation slips 

dominated during creep at the testing temperature of 400°C, because the prismatic 

dislocations were considered to have hardened as the primary slip system during cold 

work, which resulted in the other two systems being preferred during the high 

temperature slip.  However, for biaxial creep of textured Zircaloy-4 under recrystallized 

conditions, they predicted that the prismatic slip was dominant.  In both cases, they did 

not provide experimental observations for these differences to support their inconsistent 

conclusions.  Moreover, discontinuities of stress or strain rate at the grain boundary by 

these two bounding polycrystalline models motivated more powerful mathematic 

methods to improve the understanding of operating activities of slip systems and to 

interpret the anisotropic creep of Zirconium alloys. 
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To overcome the shortcomings of the lower and upper bound polycrystalline models, 

‘self-consistent’ methods were developed, which allowed for individual grains to deform 

differently and accounted for the interactions between the grains and the matrix [109].  

The self-consistent method meets both equilibrium and compatibility conditions [111].  

In this project, a one-site self-consistent model was employed, which calculated the 

interaction between an inclusion (one grain) and a Homogenous Effective Medium (HEM) 

whose behaviour is that of the polycrystal as shown in Figure 2-23.  In the model, the 

environment (matrix) around each crystal (orientation) is assumed to have the same 

properties.  Each crystal (orientation) is treated as an ellipsoidal inclusion in which the 

strain and the stress state are both uniform.  Macroscopic strain rate and stress tensors are 

the weighted average (for volume fraction) of the strain rate and stress of all orientations.  

The difference of the strain rate tensor and stress tensor between each crystal and the 

matrix is connected by an accommodation tensor, usually based on Eshelby’s expression 

for an anisotropic inclusion elastically accommodated in an elastically deformed matrix.  

According to Eshelby [112], when an ellipsoidal grain is embedded in a uniform matrix 

subject to a stress applied at the boundary surfaces far from the inclusive grain, the stress 

and the strain in the grain are homogeneous and their deviations from the ones in the 

matrix are linearly related.  Because Eshelby’s expression is elastic, simplifying 

assumptions are needed when the plastic response is non-linear (i.e. the stress exponent, 

n>1). 
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Figure 2-23 Self-consistent model [109]  

 

In general, the following simplified expressions are used to describe the self-consistent 

model [113] 

                              cc c σε ⋅=&                                                       (2-24)                  

σ⋅= CE&                                                        (2-25)                         

                         )( σσε −⋅−=− ∗ cc CE&&                                              (2-26) 

                          CISC ⋅−= −−∗ 11 )(                                                 (2-27) 

where: cε&  is the strain rate tensor of a single crystal; 

              c is the single crystal creep compliance; 

           cσ  is the stress tensor of the crystal; 

            E&  is the strain rate tensor of the polycrystal; 
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            σ  is the stress tensor of the polycrystal; 

              C is the anisotropic creep compliance of the polycrystal; 

            *C is the “accommodation tensor”; 

             S is the Eshelby tensor; 

              I is the 4th order identity tensor. 

 

In early work, the polycrystalline self-consistent formulation was created to solve the 

linear irradiation creep of Zirconium alloys.  It was first developed by Adams [114] and 

Woo [105, 115] to solve the steady state problem analytically by assuming that the matrix 

was isotropic.  Later in 1993, this self-consistent model was improved to be a numerical 

scheme, called SELFPOLY, which accounted for the texture and plate-like grain shapes 

of pressure tubes for steady-state irradiation creep and growth simulation [113].  Turner 

et al. (1999) [116] developed SELFPOLY N, which included the thermal creep case by 

adopting Hutchinson’s [109] slip models for power law steady-state creep behaviour of 

polycrystalline aggregation.  Currently, SELFPOLY 7 is the version in use for creep 

anisotropy simulations of pressure tube materials Zr-2.5Nb in this project.  In the model, 

grain shape but not grain size, is accounted for through its effect on the grain interactions 

via the Eshelby tensor, but effects of grain boundaries and their distribution on the single 

crystal creep properties are not taken into account [109]. 

 

In the irradiation creep dominating condition, the model assumes that the single crystal 

creep rate is simply proportional to stress, and that polycrystalline behaviour is linear 

with applied stress.  In the thermal creep case, the model assumes that the single crystal 
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creep modulus depends on not only single crystal properties but also on stress [116].  The 

single crystal deformation strain rate is described by [64] 
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where s stands for the slip system (e.g. prismatic, basal, or pyramidal ); the tensor ms is 

the Schmid tensor corresponding to the slip system s, σ is the stress acting on the crystal, 

sτ  is the critical resolved shear stress (CRSS) for slip system s, s
0γ&  denotes the reference 

shear strain rate, and n is the stress exponent.  The reference shear strain rate s
0γ&  and the 

stress exponent n are assumed to be the same for all slip systems.  In the model, the ratios 

of CRSS are used and the magnitude of cε&  is determined by the constant s
0γ& .  The 

constant s
0γ&  can be adjusted to obtain an absolute value for predicted creep rate in 

agreement with experimental measurements. 

 

Christodoulou et al. [64] applied the self-consistent SELFPOLY model into the thermal 

creep case for Zr-2.5Nb pressure tubes materials, with a similar texture as CANDU 

pressure tubes.  The paper presented the results obtained from the creep experiments 

conducted on Zr-2.5Nb samples deformed under conditions of uniaxial loading, internal 

pressure and torsion tests, and compared them with the calculated results.  It showed that 

the model was good of predicting the steady-state creep rate over the temperature range 

of 100~320°C and under different stress states by the CRSS ratios of 1:1.11:3 (prismatic: 

basal: pyramidal slip).  However, the conclusions drawn are based only upon one type of 

texture (the texture resembling of CANDU pressure tubes).  So, it is still necessary to 
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apply the SELFPOLY model to different textures in order to rigorously verify the 

reliability of the model.   

 

 

 

 

 

 

 

 

 

 

Figure 2-24 Comparison of measured biaxial creep anisotropy ( TA εε && / ) with the 
predictions using a self-consistent model SELFPOLY (dotted line), as a function of 
texture parameters (fT -fR) [10]  

 

Causey et al. [10] applied the model to predict creep anisotropy of Zr-2.5Nb tubes with 

different textures under a biaxial stress state ( TA σσ 5.0≈ ) for irradiation creep (the 

stress exponent n=1 in the testing conditions).  The ratios of steady-state creep rate 

between the axial and transverse directions ( TA εε && / ) are used to represent the creep 

anisotropy of the tubes.  The axis (fT -fR) is the texture parameter of the materials, 

representing the variations of the c-axis of α grains in the transverse-radial plane of the 

tubes. 
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The results are shown in Figure 2-24.  The dotted line represents the modeling results and 

the points show the experimental data, which were obtained by taking the ratios of the 

slopes of the lines of best fit through the data points of the creep strains as a function of 

neutron fluence between the axial and transverse directions [10].  The model has been 

normalized, i.e., the single crystal compliance was derived to fit the data at the right side 

of the graph (fT -fR >0).   However, as shown in Figure 2-24, good agreement was not 

achieved with the measured values of TA εε && /  for the (fT -fR) values less than 0 (that is, 

fuel sheathing materials with microstructure and texture different from that of pressure 

tubes) by using the same single crystal creep compliance as with the pressure tube texture.    

 

Currently there is a lack of experimental data to assess if the model can accurately predict 

creep anisotropy with the texture coefficient values of (fT -fR) between -0.2 and +0.2.  

Moreover, microstructural characteristics, such as dislocation structure of individual α-

grains, may be one of the potential factors that affect the anisotropic creep behaviour of 

the tubes.  However, the model does not take it into account.  Therefore, the necessity to 

assess the model and the existing potential aspects affecting the creep anisotropy inspires 

the current research and motivates us to make improvements to gain a better 

understanding of creep anisotropy and how to accurately model it.  

 

In this project, thermal creep tests on the Zr-2.5Nb tubes with a range of textures and 

microstructures were carried out in the laboratory.  The samples were sealed tubes loaded 

by internal pressure or by internal pressure combined with an external axial end-load to 

achieve a range of stress ratios between the axial and transverse directions.  The 
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experimental results will be compared with the model simulations.  The discrepancies 

between them will provide valuable information upon which to improve or modify the 

current SELFPOLY7 code.  One such modification is proposed. 
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Chapter 3 Experimental Materials 
 

 

Zr-2.5Nb from three sources is used in the current project.  The ingot analyses of these 

materials are given in Tables 3-1, 3-2 and 3-3.  Material from two sources was 

manufactured specifically for this project into two groups of Micro Pressure Tubes (MPT) 

with different extrusion conditions.  Fuel Sheathing (FS) tubes manufactured for 

experimental fuel for the WR1 reactor were also used.  In this chapter, the ingot chemical 

compositions and manufacturing procedures of Zr-2.5Nb MPT and FS tubes are 

presented.   

 

3.1 Chemical compositions  

3.1.1 Zr-2.5Nb micro pressure tubes MPT62, 63, 65 and 66 

 

Tubes MPT62, 63, 65 and 66 were made from the ingot material supplied to Nu-Tech 

Precision Metals Inc. by Cezus (France) in 1996 to make pre-production tubes for 

Qinshan.  The ingot chemical composition analysis was provided by Cezus, Table 3-1. 
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Table 3-1 Ingot chemical compositions of Zr-2.5Nb micro pressure tubes MPT62, 63, 65 
and 66 

Elements wt% 
Zr Balance 
Nb 2.5~2.8 

Impurities in ppm by weight 
O 950~1350 
Fe <650 
Al <75 
C <125 
Cr <100 
H <5 
Hf <50 
N <65 
Sn <100 
Ta <100 
Ti <50 

 

3.1.2 Zr-2.5Nb micro pressure tubes MPT72, 73, 74, 76, 77, 79, 81 and 
82 
 
 

Table 3-2 Ingot chemical compositions of Zr-2.5Nb micro pressure tubes MPT72, 73, 74, 
76, 77, 79, 81 and 82  

Elements wt% 
Zr Balance 
Nb 2.5~2.8 

Impurities in ppm by weight 
O 1200~1500 
Fe 900~1300 
Al <75 
C 30~80 
Cr <100 
H <5 
Hf <50 
N <65 
Sn <100 
Ta <100 

 



 64

Tubes MPT72, 73, 74, 76, 77, 79, 81 and 82 were made from the ingot material supplied 

to Nu-Tech Precision Metals Inc. by Wah Chang in 2002 to make prototype pressure 

tubes for Advanced CANDU Reactors (ACR).  The ingot chemical composition analysis 

was provided by Wah Chang, Table 3-2. 

 

3.1.3 Zr-2.5Nb fuel sheathing 

 

Zr-2.5Nb fuel sheathing tubes were provided by Atomic Energy of Canada Ltd. (AECL).  

They were manufactured for experimental fuel in AECL WR1 reactor (which is now shut 

down) at Whiteshell Laboratories near Winnipeg, Manitoba.  The ingot chemical 

composition analysis was provided by Wah Chang, Table 3-3. 

 

Table 3-3  Ingot chemical compositions of Zr-2.5Nb fuel sheathing tubes 
 

Elements wt% 
Zr Balance 
Nb 2.6~2.7 

Impurities in ppm by weight 
O 1030~1100 
Fe 750~980 
Al 23~33 
C 170~240 
Cr 70~87 
H 6~10 
Hf 56~68 
N 40~49 
Sn 50 
Ti <30 
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3.2 Manufacturing procedures of Zr-2.5Nb MPT and FS tubes 
 

3.2.1 Micro pressure tubes 

 
Standard pressure tubes in CANDU reactors have an approximate wall thickness of 

4.2mm and an inner diameter of 103.5mm.  The micro pressure tubes (MPT) in the 

current project have a wall thickness of approximately 3mm and an inner diameter of 

~8mm.  They were originally made by Nu-Tech Precision Metals Inc. with a similar 

procedure to the standard pressure tubes for CANDU reactors (extruded at 815°C with a 

ratio of 10.5:1, then 27% nominal cold work and finally stress relieved for 24 hours at 

400°C).  In order to produce a range of different crystallographic textures, the MPT tubes 

were extruded at different temperatures and with different extrusion ratios.  Different 

billet preparations, β-quenched (solution treated in the β phase field followed by 

quenching to room temperature) or slow cooled (solution treated in the β phase field 

followed by slow cooling to room temperature), provided a finer or coarser grain 

structure in the billet.  The billet preparation and extrusion conditions are given in Table 

3-4.  After extrusion, the MPTs were cold drawn about 27~30% in the axial direction and 

stress relieved (autoclave) for 24 hours at 400°C.  Figure 3-1 shows a picture of the tubes 

cut from the ends of MPT62, 63, 65 and 66. 
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Table 3-4  MPT billet preparation and extrusion conditions 
 

Tube No. 
Extrusion conditions Billet 

preparation  Temperature(°C) Ratio  
MPT62 650 4:1 β-quenched 

MPT65,76,77,79 650           4:1 Slow cooled 
MPT72,73,74 650 10:1 Slow cooled 

MPT63 815 10:1 β-quenched 
MPT66 815 10:1 Slow cooled 

MPT81,82 975 10:1 Slow cooled 
       

 

 

 

 

 

Figure 3-1 Micro pressure tubes cut from the ends of MPT62, 63, 65 and 66 

 

3.2.3 Fuel sheathing tubes 
 

The exact manufacturing route is not known, but the general manufacturing route for the 

tubes is as follows: vacuum arc melt → press forge at >1000°C → rotary forge 

at >1000°C → machine billet → β-quenched → extrude at ~ 700°C at a ratio of 12:1 → 

cold work, reduction in area 73%  → anneal 3 hours at 700°C → cold work, reduction in 

area 71% → anneal 3 hours at 700°C → cold work, reduction in area 70% → stress 

relieve 6 hours at 500°C [10].  Finally, the tubes have an outer diameter of 10mm and a 

wall thickness of 0.47mm.  A photograph of the tubes is shown in Figure 3-2. 
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Figure 3-2 Fuel sheathing tubes 
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Chapter 4 Experimental Procedure  
 

 

This chapter first presents the experimental procedures for the crystallographic texture 

measurements and observation of TEM microstructures of cold-worked Zr-2.5Nb tubes.  

Subsequently, the creep specimen design, pressurization procedure and creep 

experimental apparatus are described.  Finally, the methods for creep strain 

measurements are outlined.    

 

4.1 Texture measurements  

4.1.1 Sample preparation  
 
 
For the studied tubes, there is not a uniform sample coordinate system for a specimen to 

obtain adequate diffracted intensity, so they need to be cut to get the definite axial, 

transverse and radial directions to perform texture measurements.  An Isomet 1000 

precision saw, as shown in Figure 4-1(a), was used as the cutting tool.  The tubes were 

first cut into slices through the center with a thickness of 0.5mm.  To obtain a uniform 

slice thickness and save cutting time, two blades were separated by a spacer with a 

thickness of 0.5mm.  The cuts were made along the axial direction to a depth of 7mm on 

both sides of the tube so that two slices from each side were obtained with one single cut.   
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Figure 4-1 (a) Isomet 1000 precision saw (b) a cut MPT tube and a glued sample for 
neutron diffraction  

 

After each cut, the tube was rotated about the tube axial axis to the next cutting position.  

Seven to eight cuts were conducted as shown in Figure 4-1(b).  Then, one cut along the 

radial-transverse section was made to obtain all the slices from the first step.  Usually, the 

above two procedures were repeated to get 28-32 slices in total.   Finally, these slices 

were glued or wrapped together by an Aluminum foil with a consistent orientation to 

(b)

(a) 
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produce a bulk specimen approximately 6x6x7mm3, as shown schematically in, Figure 4-

2. 

 

 

 

 

 

 
 
 
 
 

 

Figure 4-2 Schematic diagram of a sample prepared from MPT for texture measurements  

 

Sample preparation for FS tubes is similar to that of the MPTs.  However, due to their 

wall thickness being very small (0.47mm), more pieces were cut to make a large enough 

sample.  

 

4.1.2 Neutron texture measurements 

 

The texture of micro pressure tubes and fuel sheathing tubes was measured by neutron 

diffraction.  The measurements were carried out on the E3 spectrometer at the National 

Research Universal (NRU) reactor in Chalk River Laboratories (CRL), which was 

reviewed in neutron diffraction in Section 2.2.2.  For the micro pressure tubes, the 
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textures from the front ends, F (the ends emerging from extrusion press first), and the 

back ends, B (the ends emerging from extrusion press last), were measured.      

 

 

 

 

 

 

 

 

 

Figure 4-3 (a) Hexagonal sample holder for neutron diffraction (b) Eulerian Cradle 

 

Before the measurements were taken, the specimens were mounted on a hexagonal 

shaped sample holder, Figure 4-3(a), installed within an Eulerian Cradle, Figure 4-3(b).  

A maximum of six samples can be mounted at a time and the sample holder can be 

rotated at 60o intervals to the next specimen automatically with the use of a computer 

program.  Three crystal planes were measured for each sample.  Planes (0002), ( 0110 ) 

and ( 0112 ) for tubes MPT62F&B, 65F&B, 63F&B, 66F&B were measured.  Planes 

(0002), ( 0110 ) and ( 1110  ) were measured for tubes MPT72F&B, 73F&B, 74F&B, 

76F&B, 77F&B, 79F&B, 81F&B, 82F&B and FS.  The scattering angles were 

determined for each plane by scanning the samples along varying angles and identifying 

the peak intensity.  Background intensity was also measured by selecting a diffraction 

angle which was sufficiently distinguished from the measured ones, and then subtracting 

it out for the pole figure generation.  The pole figures were plotted by using stereographic 

(a) (b) 
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projection.  The orientation distribution functions (ODF) for each tube can be generated 

as a texture input file for the self-consistent polycrystalline model in later modeling work.   

 

4.2 Microstructure observation of Zr-2.5Nb MPT and FS 
tubes 
 

Transmission electron microscopy (TEM) specimens of the micro pressure tubes were 

prepared from radial-transverse (normal to the axial direction of a tube) and radial-axial 

(normal to the transverse direction of a tube) sections.  For the fuel sheathing tubes, a foil 

only in axial-transverse section (normal to the radial direction) was made because of the 

small wall thickness (0.47mm).  The specimens were first mechanically polished to a 

thickness of 0.1~0.15mm and punched to obtain 3mm diameter disks.  Then they were 

electrolytically thinned by a Tenupol-3 twin-jet electron polisher with electrolytes of 5% 

perchloric acid and 95% methanol at temperature of -40°C and 20V.  The microstructures 

of the Zr-2.5Nb MPT and FS tubes were observed by Philips TEM CM20 at 200kV.  

 

4.3 Experimental design of creep capsules 

 

Experimental creep specimens adopted the design of cylindrical creep capsules for in-

reactor testing from CRL.  They were manufactured by Nu-Tech Precision Metals Inc.  

Pictures of two types of creep capsules are displayed in Figure 4-4. 
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Figure 4-4 Zr-2.5Nb creep capsules (a) a standard capsule (b) an end-loaded capsule; the 
surfaces for length measurements are indicated for each type of capsule. 
 

To manufacture the creep capsules, the micro pressure tubes were first machined to a 

tube with a nominal wall thickness of ~0.47mm and an outer diameter of ~10mm, which 

is similar to the FS tubes.  Then, the machined tube was cut to an approximate length of 

40mm and welded to two Zr-2.5Nb end caps at each end by electron beam welding.  

After welding, the capsules were stress relieved for 24 hours at 400°C.  Finally, the end 

caps were re-machined to assure that the measurement surfaces were perpendicular to the 
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axes of the capsules.  Two types of creep capsules were manufactured.  A standard 

capsule is shown in Figure 4-4(a) and an end-loaded capsule (a capsule with lugs for end-

loading) is shown in Figure 4-4(b).   

                    

The capsules were placed in a small pressure vessel and pressurized with helium at room 

temperature to give the required pressure at test temperature according to the ideal gas 

law, i.e., 2211 // TPTP = , where P1 is the pressure at room temperature T1, and P2 is the 

pressure at test temperature T2
3.  A small hole in one end cap was then sealed by laser 

beam welding through a quartz window, leaving the capsule pressurized when the vessel 

was vented.  The transverse and axial stresses in the wall of the capsule at the test 

temperature were calculated according to the thin wall approximation [103] 

tPdT 2/1=σ                                                            (4-1)  

)/(/ 2
1

2
1

2
11 dDPdtdLAA −+= πσ                                          (4-2)  

where P is the internal pressure, D1 and d1 are the outer and inner diameters, t is the wall 

thickness, LA is the external load in the axial direction, and T and A designate the 

transverse and the axial directions, respectively.  When LA is zero, the stress ratio 

between the axial and transverse direction is approximately 0.5 (0.48).  If the external 

load is added, a range of stress ratios, ideally ranging from 0 to 1, can be obtained.  Note 

that the room temperature dimensions of creep capsules are used to calculate the stress 

and the effect of thermal expansion on the dimensions is negligible (~0.2%).    

                                                 
3 Pressurization was carried out by Frank Butcher at Chalk River Laboratories 
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The standard capsules were used only for a constant stress ratio of about 0.5.  The end-

loaded capsules were designed for an external axial load to vary the stress ratios.  As 

shown in Figure 4-4(b), the end-loaded capsule has two circumferential grooves at each 

end to allow a sample holder to clamp over the ends and apply either a tensile or 

compressive load, which will be presented in the sample holder design section.  There are 

also two smaller circumferential grooves which give exact edges for precise 

measurements of length before and after loading.  The measurement surfaces for both 

types of capsules are illustrated in Figure 4-4.  Each pressurized capsule was stored in an 

Aluminum container with a threaded plug to assure safety, Figure 4-5. 

 

 

 

 

 

 

 

 

Figure 4-5  Sample containers for pressurized creep capsules 

 

Tables 4-1 and 4-2 identify the samples and give the wall thickness, inner and outer 

diameter, the pressure applied to each capsule at room temperature (22°C), the test 

temperature, the axial and transverse stress, and the stress ratio for each.  Note that effects 

of thermal expansion on the stresses in the creep capsules are negligible.   

End-loaded capsule container 

Standard capsule container 
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Table 4-1 Sample lists of standard capsules 

No. 
 
 

Sample No. 
 
 

Wall 
Thickness 

(mm) 
 

Inner 
diameter 

(mm) 
 

 
Outer 

diameter 
(mm) 

 
Internal 
pressure 
(MPa) 
at 22°C 

Testing 
temperature 

(°C) 
 

Stress(MPa) Axial/ 
Transverse  
stress ratio 

 
Axial 

 
Transverse 

 
1 MPT62-01 0.4305 9.1123 9.9710 13.469 350 143.626 300 0.479 
2 MPT63-02 0.4633 9.1074 10.0353 13.295 350 130.635 275 0.475 
3 MPT63-03 0.4653 9.1061 10.0338 14.566 350 143.185 300 0.477 
4 MPT63-04 0.4652 9.1091 10.0404 15.767 350 154.456 325 0.475 
5 MPT63-08 0.4629 9.1071 10.0279 14.489 350 143.556 300 0.479 
6 MPT65-01 0.4300 9.1147 9.9714 13.452 350 143.842 300 0.479 
7 MPT66-02 0.4678 9.1084 10.0385 13.422 350 131.595 275 0.479 
8 MPT66-04 0.4691 9.1053 10.0453 15.903 350 154.210 325 0.474 
9 MPT66-05 0.4689 9.1084 10.0446 14.675 350 142.926 300 0.476 
10 MPT72-02 0.4281 9.1098 9.9536 13.399 350 145.466 300 0.485 
11 MPT73-02 0.4259 9.1061 9.9477 13.336 350 145.103 300 0.484 
12 MPT74-01 0.4299 9.1218 9.9756 13.436 350 144.293 300 0.481 
13 MPT76-03 0.4273 9.1108 9.9547 13.372 350 145.170 300 0.484 
14 MPT76-04 0.4264 9.1106 9.9547 13.344 350 144.832 300 0.483 
15 MPT77-01 0.4300 9.1580 10.0179 13.386 350 143.273 300 0.478 
16 MPT79-02 0.4278 9.1105 9.9619 13.388 350 144.002 300 0.480 
17 MPT81-02 0.4303 9.1152 9.9715 13.458 350 143.983 300 0.480 
18 MPT81-03 0.4300 9.1156 9.9754 13.449 350 143.260 300 0.478 
19 MPT82-01 0.4302 9.1171 9.9785 13.454 350 143.077 300 0.477 
20 MPT82-03 0.4299 9.1166 9.9754 13.444 350 143.397 300 0.478 
21 MPT82-05 0.4288 9.1117 9.9612 13.418 350 144.690 300 0.482 
22 FS21 0.4700 9.0020 9.9420 14.881 350 142.557 300 0.475 
23 FS22 0.4700 9.0020 9.9420 13.645 350 130.6773 275 0.475 
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Table 4-1 Sample lists of standard capsules (Continued ) 

No. 
 
 

Sample No. 
 
 

Wall 
Thickness 

(mm) 
 

Inner 
diameter 

(mm) 
 

 
Outer 

diameter 
(mm) 

 
Internal 
pressure 
(MPa) 
at 22°C 

Testing 
temperature 

(°C) 
 

Stress(MPa) Axial/ 
Transverse 
stress ratio 

 
Axial 

  
Transverse 

 
24 FS23 0.4700 9.0020 9.9420 14.881 350 142.5570 300 0.475 
25 FS24 0.4700 9.0020 9.9420 16.117 350 154.4367 325 0.475 
26 FS25 0.4700 9.0020 9.9420 13.645 350 130.6772 275 0.475 
27 FS26 0.4700 9.0020 9.9420 16.117 350 154.4367 325 0.475 
28 FS2 0.4700 9.0020 9.9420 10.803 300 95.0380 200 0.475 
29 FS10 0.4700 9.0020 9.9420 4.992 350 47.5190 100 0.475 
30 FS3 0.4700 9.0020 9.9420 7.464 350 71.2785 150 0.475 
31 FS4 0.4700 9.0020 9.9420 9.936 350 95.0380 200 0.475 
32 FS5 0.4700 9.0020 9.9420 12.409 350 118.7975 250 0.475 
33 FS12 0.4700 9.0020 9.9420 4.621 400 47.51900 100 0.475 
34 FS11 0.4700 9.0020 9.9420 6.910 400 71.27850 150 0.475 
35 FS6 0.4700 9.0020 9.9420 9.198 400 95.03800 200 0.475 
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Table 4-2 Sample lists of end-loaded capsules 

No. 
 
 

Sample 
No. 

 

Wall 
thickness 

(mm) 

Inner 
diameter 

(mm) 

 
Outer 

diameter 
(mm) 

Testing 
temperature 

(°C) 

Internal 
pressure 
(MPa) 
at 22°C 

Internal 
axial 

stress(MPa) 
Extra 

load(N)

Stress(MPa) Axial/ 
transverse 
stress ratio Axial Transverse

1 MPT63-05 0.4677 9.1099 10.0410 350 14.633 143.3558 900 210.596 300 0.702 
2 MPT63-07 0.4687 9.1074 10.0355 350 14.670 144.1593 -900 77.052 300 0.257 
3 MPT65-02 0.4602 9.1079 10.0134 350 14.403 145.2681 -900 76.924 300 0.256 
4 MPT66-06 0.4682 9.1152 10.0531 350 14.641 142.4352 900 209.561 300 0.699 
5 MPT66-07 0.4693 9.1123 10.0535 350 14.678 142.2161 -900 75.220 300 0.251 
6 MPT72-01 0.4632 9.1078 10.0196 350 14.496 145.1309 -900 77.222 300 0.257 
7 MPT73-01 0.4595 9.1066 10.0168 350 14.383 144.2402 -900 75.777 300 0.253 
8 MPT74-02 0.4626 9.1167 10.0288 350 14.463 144.9119 -900 76.982 300 0.257 
9 MPT76-01 0.4643 9.1108 10.0276 350 14.526 144.6633 900 212.386 300 0.708 
10 MPT76-02 0.4620 9.1101 10.0190 350 14.456 145.2496 -900 77.185 300 0.257 
11 MPT77-02 0.4652 9.1129 10.0267 350 14.552 145.4455 -900 77.875 300 0.260 
12 MPT79-01 0.4606 9.1091 10.0159 350 14.414 145.1545 -900 76.876 300 0.256 
13 MPT81-01 0.4629 9.1220 10.0349 350 14.464 144.8697 900 212.717 300 0.709 
14 MPT81-04 0.4604 9.1174 10.0237 350 14.394 145.1903 -900 76.944 300 0.256 
15 MPT82-02 0.4658 9.1156 10.0347 350 14.565 144.7323 900 212.204 300 0.707 
16 MPT82-04 0.4642 9.1164 10.0311 350 14.514 144.9531 -900 77.250 300 0.258 
17 FS17 0.4700 9.0020 9.9420 350 14.881 142.5570 -900 74.847 300 0.249 
18 FS18 0.4700 9.0020 9.9420 350 14.881 142.5570 500 180.174 300 0.601 
19 FS19 0.4700 9.0020 9.9420 350 14.881 142.5570 900 210.267 300 0.701 
20 FS20 0.4700 9.0020 9.9420 350 14.881 142.5570 -500 104.940 300 0.350 
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4.4 Experimental apparatus for standard capsules 

 

For standard capsules, the stresses in both the axial and transverse directions are imposed 

by the helium gas internal pressure, which generates a specified load at the test 

temperature.   

 

4.4.1 Creep tests in air 

4.4.1.1 Experimental design 

 

The first creep tests were performed in an air atmosphere to simplify the experimental 

apparatus.  Before the creep tests, the effect of oxidation on creep strain was investigated.  

One FS tube was heated in air for up to 1700 hours at 400°C and the results showed that 

the amount of oxide layer contributed to an apparent strain of approximately 0.05% 

(circumferential or transverse) and 0.01% (axial), representing a negligible contribution 

to either the stress in the capsule, or the measured strain (see in Appendix I).  Hence, the 

earlier creep tests were performed in air.  Figure 4-6 illustrates the experimental design.  

As shown in Figure 4-6(a), the pressurized capsule was placed into the middle part of an 

open-ended stainless steel sample holder, in which a thermocouple was inserted to the 

center position of the holder through a drilled hole in the wall.  This setup enabled the 

thermocouple to measure the temperature close to the sample being tested.  The two open 

ends of the sample holder were closed by two threaded plugs (cut point socket set screws), 

to assure the sample position at the center.  Then the holder with the capsule was inserted 
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(b) 

Lindberg tube furnace SS tube  

Temperature 
display box 

Al cap 

into a 304 stainless steel (SS) tube (25.4mm outer diameter and 1.65mm wall thickness) 

in Figure 4-6(b).  Finally, two Aluminum caps, Figure 4-6(c), were plugged into the two 

open ends of the SS tube.  One of the caps had a through-wall hole to allow the 

thermocouple go through and constrain its position at the center of the furnace by a small 

set screw.  During the tests, the temperature was displayed and recorded, Figure 4-6(b). 

 

 

 

 

 

 

 

                                                                                                                                             

 

 

 

 

 

 

 

 

 

 

(a) 

Stainless steel sample holder 

Pressurized creep capsule 

Thermocouple 
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Figure 4-6 (a) Sample holder for standard capsules heated in air (b) Lindberg tubing 
furnace (c) Aluminum end caps 

 
 

4.4.1.2 Temperature gradient on creep capsules 

 

 

 

 

 

 

Figure 4-7 Special sample holder to measure temperature gradient on creep specimens, 
the numbers on the figure indicate the measurement positions 

 

To measure the temperature gradient of a tested capsule, a special sample holder was 

designed.  It had two additional holes inside the wall that allowed another two 

thermocouples to be inserted and monitor the temperature close to the two ends of the 

capsule, Figure 4-7.  It was found that the specimen temperature gradient was maintained 

within ± 2°C and the variation of the internal pressure was <0.4% at a test temperature of 

350°C, which was small enough to be considered negligible. 

Thermocouples 

1
2
3

(c) 
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4.4.1.3 Oxidation of creep capsules in air  

 

Figure 4-8 shows the surface oxidation situation of an FS standard capsule heated in an 

air atmosphere under a nominal transverse stress of 300MPa at 350°C (FS21).  It was 

noticed that the surface first exhibited a shiny black oxide after 4 hours of heating in 

Figure 4-8(a).   After about 38 hours, some white oxide was observed on the welded area 

between the tube and the two end caps in Figure 4-8(b).  The amount of the white oxide 

increased with the exposed heating time, Figure 4-8(c).   After 208 hours, an obvious 

thick white oxide in Figure 4-8(d) appeared on the end cap surface of the creep capsule, 

resulting in a significantly apparent strain in the axial direction, although the rest of the 

capsule remained black.  As shown in Appendix I, although the oxide layer on the FS 

tube did not show a significant effect on the creep strain, the creep capsules were 

manufactured by a series of procedures.  For example, the welding process results in an 

oxide situation of a capsule that is more complex than an FS tube.  Therefore, the 

appearance of the thick white oxide on the end cap surface caused a significantly 

apparent strain in the axial direction and affected an accurate strain measurement of the 

length.  In the experimental result of Sections 5.3 and 5.4 for the capsules tested in air, 

only the transverse (circumferential) strains will be presented.  
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(a) 4 hours (b) 38 hours 

(c) 50 hours (d) 208 hours 

 

 

Figure 4-8 A capsule heated at 350°C in air 

  

4.4.2 Creep tests in Argon protection 

4.4.2.1 Experimental design 

 

To obtain accurate axial creep data, a flowing Argon gas system was designed to protect 

creep capsules from severe oxidation and Argon flow was set low enough not to disturb 

the temperature distribution during heating.  A redesigned sample holder is shown in 

Figure 4-9(a).  A Swagelok fitting was directly connected at one end to let Argon go 

through.  A threaded plug (the same as the one used in the design using air) at the other 

end was used to locate the specimen and allowed the Argon gas to escape.  A hole 

(3.2mm in diameter) in the mid-wall of the holder allowed the thermocouple to monitor 

the temperature.  An Aluminum cap in Figure 4-9(b) was designed similar to the one used 

in the air creep test, but a second 3.2mm diameter hole was drilled in the center to allow 

the gas tube to go through.  At last, the holder with the thermocouple and the Swagelok 
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fitting, was inserted into the center of a long stainless steel (SS) tube to heat the creep 

capsule in a Lindberg tube furnace, Figure 4-9(b).   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

Figure 4-9 (a) Sample holder for standard capsules heated in Argon (b) creep 
experimental set-up with Argon protection  

 

 
 
 
 
 
 
 
 
 
 
 
 
Figure 4-10 Overall view of creep test apparatus with Argon protection for standard 
capsules 

(a) 

(b)

Argon gas protection 

Thermocouple  

SS tube  

Sample holder (Capsule inside)  

SS tube 

Swagelok 
connectors  

Thermocouple  

Al end cap 
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(a) 4 hours (b) 108 hours 

(c) 156 hours (d) 724 hours 

Figure 4-10 shows an overall view of the creep test apparatus with Argon protection for 

standard creep capsules.  There are six set-up furnaces, so that the multiple tests can be 

run at the same time. 

 

 4.4.2.2 Creep capsules in Argon gas protection 

                              

The oxidation of sample surfaces was significantly reduced with Argon gas protection.  

From Figure 4-11, it can be seen that the sample surface remained shiny even after 724 

hours of heating for a MPT capsule under a nominal transverse stress of 300MPa at 

350°C (MPT66-03).  No white oxide appeared on the welding connections or the end cap 

surfaces.  Moreover, no white oxides were observed on the length measurement surface 

for all the experimental capsules heated in Argon gas, up to a heating time of 2192 hours 

at 350°C (MPT81-02).    

 

 

 

 

 

 

 

Figure 4-11 A capsule heated at 350°C with Argon protection 
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4.5 Experimental apparatus for end-loaded capsules  

4.5.1 Creep rig design 

 

End-loaded capsules require an external force in the axial direction.  Figure 4-12 shows a 

picture of the experimental end-loading creep rig.  A schematic view in Figure 4-13 

illustrates the inside details for the experimental set-up.  The loading train consists of a 

load cell box (a load cell inside), two quartz rods (15mm in diameter), one compression 

spring and one loading threaded rod.  A 304 stainless steel tube (three meters in length, 

25.4mm in outer diameter and 1.65mm in wall thickness) goes through the furnace to 

hold the loading parts and experimental sample.   

 

Figure 4-12 Creep rig for end-loading tests 

 

 

 

Load cell box 

SS tube 

Loading threaded rod 
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Figure 4-13 Schematic view of the experimental end-loading creep rig 
 

 

The disassembled parts of the end-loading creep rig are illustrated in Figure 4-14.  The 

load cell box in Figure 4-14(a) is fixed to one end of the stainless steel tube.  There is a 

load cell (Interface SML), which is attached to the load cell box cap and connected to one 

quartz rod by a designed load cell applicator (Figure 4-14(b) and (c)) in order to monitor 

the axial load applied on the sample.  One of the quartz rods in Figure 4-14(c) is set 

between the load cell and one side of the sample holder.  A second quartz rod is used 

between the other end of the sample and a compression spring.  These rods reduce the 

axial heat loss and minimize the temperature gradient in the sample.  In order to reduce 

the possibility of side-loading and minimize the angular displacement of the main axis of 

the quartz rods with respect to the axis of the tube, the quartz rods are located by a 

stainless steel annulus and two caps at the ends of the rods as shown in Figure 4-14(c).  A 

long compression spring is used to apply a load.  Through the spring, the external force is 

loaded by a 304 stainless steel threaded rod which is held by a threaded-into ring at the 

opposite side of SS tube in Figure 4-14(c).  The threaded rod is long enough to provide an 

external force up to 1500N by compressing the spring inside the SS tube.  The creep rig 

set-up is designed to apply a compressive load to generate both compressive and tensile 

 

Furnace 

Sample load holder 
(Capsule inside) 

Load 
cell 
box 

Quartz rod Quartz rodThreaded rod Spring 

Stainless steel tube 
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(b) 

Load cell

Load cell box cap 

Thermocouple

Argon gas tube 

stress on end-loaded capsules, which simplifies the loading train system but needs 

different types of sample holders to transfer the load.  The design of the compression and 

tension sample holders will be described in the following sections.   
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Figure 4-14  Disassembled parts of the experimental end-loading creep rig 

 

The system was also designed to flush capsules with Argon and monitor the temperature 

while the experiments are running.  At the end of the load cell box, Figure 4-14(a) and (b), 

there is an input for Argon gas and a K-type thermocouple to measure the test 

temperature near the center of the sample.  The loading and heating system is sealed at 

the end of the load cell box to contain the Argon gas and there is a 1mm diameter hole at 

the other end of the SS tube to let the gas flow out. 
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(a)  

Clamps 

Sleeves

(b) 

4.5.2 Sample holder for an external compressive load 

 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4-15  Sample holder for an external compressive load (a) sample holder parts (b)  
an assembled sample holder with an end-loaded capsule 

 

The sample holder for an external compressive load is straightforward, directly 

transferring the compressive load to an end-loaded capsule.  It consists of two sets of 

clamps which fit into the grooves at each end of the sample and two sleeves which hold 

the clamps in place on the sample.  Figure 4-15(a) and (b) shows the individual parts and 

the assembled sample load holder, respectively.  
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(a)  

Clamps End sleeve I 

End sleeve II

Ring I

Ring II

(b)  

4.5.3 Sample holder for an external tensile load  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

Figure 4-16 Sample holder for an external tensile load (a) sample holder parts (b) an 
assembled sample holder with an end-loaded capsule 

 

The design for the sample holder for an external tensile load is much more complex and it 

consists of several pieces to transfer an external compressive load to a tensile load on an 

end-loaded creep capsule.  As shown in Figure 4-16(a), the sample holder has two set of 

clamps to fit into the grooves of the sample at each end.  Each set of clamp has three 

through-wall holes.  One end sleeve (I) has three blind holes, and the other (the end 
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sleeve II) has three pressure fitted rods.  There are two rings (I and II) designed to 

transfer the compressive load from the compression spring to the creep capsule.  Ring I 

has three through holes and three blind holes, which capture the three rods of end sleeve 

II and transfer the load to the opposite end of the sample.  Ring II has three through holes 

and three press-fit rods, which transfer the load to the opposite sleeve I.  The assembled 

tensile sample holder with the sample is shown in Figure 4-16(b). Note that both holes 

and rods are at a 120 degree interval.  

 

4.6 Creep test procedure and strain measurements 

4.6.1 Creep test procedure 

 

During testing, creep capsules were heated for controlled periods to ensure that the creep 

strain increment did not exceed 0.2% at each interval for safety purposes.   Usually, the 

samples were initially heated for 2 to 4 hour intervals at the primary creep stage.  After 

about 10 hours, heating periods were usually extended to 24 hours or longer time in the 

secondary creep stage.  Creep tests were performed until the plots of creep strains in the 

transverse direction versus time became linear, usually obtaining a transverse strain of 

approximately 1%.  During heating, the temperature of the standard capsules was 

measured by a K-type thermocouple and was recorded every 5 minutes.   For the end-

loaded capsules, National Instruments thermocouple (SCC-TC02) and load cell (SCC-

SG24) modules were used to monitor the temperature and load, and LABVIEW software 

was utilized to display and save the data.  After each heating period, tested capsules were 
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cooled in the furnace for the first 30 minutes, and then the upper cap of the furnace was 

opened to let the samples cool in air to room temperature.  The effect of heating-up to 

testing temperature and cooling-down to room temperature on creep strains is considered 

to be negligible in the current project because of the long-time creep periods. 

 

4.6.2 Creep strain measurements 

 

The dimensional changes after each creep period were measured at room temperature in 

both the transverse (circumferential) and axial (length) directions by using a Laser 

Dimensioning System.  The system consists of a Z-Mike 1102 laser dimension sensor, an 

interface box and a Model 382Z dimension measurement processor as shown in Figure 4-

17.    

 

The Z-Mike laser dimension sensor is a non-contact gauge.  It produces a precision 

scanning laser beam and a part can be accurately dimensioned when it is placed anywhere 

within the measurement range.  The sensor consists of two main parts: the transmitter and 

the receiver which are shown in Figure 4-17(a).  When a laser beam goes through the 

surface of a sample, several segment edges, which correspond to the shape of the sample, 

can be detected by the receiver.  These signals are transmitted to the Z-Mike 382Z 

processor shown in Figure 4-17(b). It analyzes them and calculates the distance between 

the expected edges.  The interface box in Figure 4-17(b) is used to connect the laser 

sensor and the processor, and supply power to the laser dimension sensor.   At last, the 



 94

(a)  

(b)  

Receiver Transmitter 

3-D sample stage 

Z-Mike interface box 

SMC-Corvus high resolution 
position controller 

Z-Mike model 382Z 
processor 

processed data are transmitted to a computer to be saved and analyzed by “Laser 

Measurement Processor” software. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4-17 (a) Z-Mike 1102 laser dimension sensor with a 3-D sample stage (b) data 
acquisition system  

 

During measurements, a capsule was clamped on a 3-D sample stage (Figure 4-17(a)) 

which was set between the laser transmitter and receiver windows and the sample was 

positioned so that the measurement shoulders just blocked the laser beam.   
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(a)  

(b) 
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Figure 4-18 (a) Vertical position for length measurements (b) horizontal position for 
diameter measurements 

 

On the stage, the sample can be set in a vertical or horizontal position.  At each position, 

the capsule can be rotated by a stepper motor in Figure 4-18(a).  The sample stage and 

stepper motor are controlled by a SMC-Corvus high resolution position controller as 

shown in Figure 4-17(b).  For the length measurement, the capsule was set in a vertical 
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position, as shown in Figure 4-18(a), and measured every 5o for 360o.  For the diameter 

measurement, the specimen was rotated into the horizontal position.  The diameter was 

measured at five axial locations and at each location the capsule was rotated at a five 

degree increment, as shown in Figure 4-18(b).  The entire measurement and specimen 

manipulation procedure was fully automated to minimize handling of the pressurized 

capsules.  The values of length and diameter after each creep period were obtained by 

averaging all the measurements in each position and standard deviations were also 

calculated.  

 

To assure an accurate measurement, a reference capsule was measured before and after 

each experimental specimen measurement.  The repeatability of two measurements from 

the reference sample was expected within ± 0.004mm in length and ± 0.001mm in 

diameter.  If the results were consistent with the previous measurement within the stated 

range of repeatability, then the measurement would be continued.  If the standard did not 

agree, a check would be made to assure that the reference sample was mounted properly 

and the measured surface was clean.  Then the measurement would be repeated until 

consistent results were obtained.  The stated repeatability of the reference specimen 

measurements corresponds to an error of ± 0.0056mm in length and ± 0.0014mm in 

diameter for an experimental capsule.  In term of creep strains, the accuracy of creep 

strains is ~0.020% in both transverse and axial directions.  The creep strains to be 

reported are relative to the dimensions of the pressurized capsules at room temperature 

prior to the first heating cycle. 

 

The engineering strain in the axial direction is calculated according to 
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where Lc and Dc are the length and diameter of a specimen after each creep cycle, and Li 

and Di are the initial dimensions. 

 

Because the creep strains obtained in the current project are approximately ≤ 1%, they are 

equal to true strains within the error of measurement, e.g., )1ln( ATA εε +=  and 

)1ln( TTT εε += , where TAε  and TTε  are the true strains in the axial and transverse 

directions.  
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Chapter 5 Experimental Results  

 

In this chapter, the experimental results of crystallographic texture measurements and the 

microstructures observed by TEM are reported.  The creep results are given as follows: 

1. Transverse creep strains of internally pressurized standard FS capsules tested 

under different transverse stresses and temperatures in air; 

2. Axial and transverse creep strains of internally pressurized standard FS, MPT63 

and MPT66 capsules tested under a nominal transverse stress ranging from 275 to 

325MPa at 350°C in Argon; 

3. Axial and transverse creep strains of internally pressurized standard and end-

loaded FS and MPT capsules under a nominal transverse stress of 300MPa at 

350°C without or with an external axial load. 

 

5.1 Crystallographic textures of Zr-2.5Nb MPT and FS tubes 

 

As mentioned in Section 4.1, three planes from each tube were chosen to perform the 

texture measurements.  Planes (0002), ( 0110 ) and ( 0112 ) for tubes MPT62F&B, 

65F&B, 63F&B and 66F&B were measured.  Planes (0002), ( 0110 ) and ( 1110 ) were 

measured for tubes MPT72F&B, 73&B, 74F&B, 76F&B, 77F&B, 79F&B, 81F&B, 

82F&B and  FS.  Due to the thickness of slices cut from the tubes, there is an angular 

divergence from the measurements.  A thickness of 0.5mm represents a divergence of 6 

degrees or ± 3 degrees (with the inner diameter of 10mm), which is small enough to be 



 99

negligible.  The pole figures of all the measured planes for each tube were plotted by 

stereographic projection and they are presented in Appendix II.  For most of the test tubes, 

the { 0110 } plane normals are concentrated in the axial direction of the tubes.  The 

measured ( 0112 ) pole figures from tubes MPT62F&B, 65F&B, 63F&B and 66F&B 

show that the plane normals are concentrated 30 degrees away from the axial direction 

and are at 60 degree intervals in the axial-radial plane of the tubes.  This section focuses 

on the distributions of basal plane normals relative to the tube axes for the cold-worked 

Zr-2.5Nb tubes. This is because it significantly influences the creep anisotropy of the 

tubes.   

 
 
Tubes MPT63 and MPT66 were extruded at the high temperature of 815°C in the α+β 

phase and with an extrusion ratio of 10:1.  The basal plane normals in both the front and 

back ends are distributed in the transverse-radial plane and are mostly concentrated in the 

transverse direction, as shown in Figure 5-1 for the (0002) pole figures of MPT63F&B 

and MPT66F&B. 
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Figure 5-1 Measured (0002) pole figures for MPT63F&B and MPT66F&B 

 
 
 

 

 

 

 

 

 

 

Figure 5-2 Measured (0002) pole figures for MPT74F&B 

 

Tubes MPT72, 73 and 74 were extruded at 650°C with a ratio of 10:1.  The basal plane 

normals from both the front and back ends are also mostly distributed in the transverse-

radial plane and concentrated in the transverse direction.  But, in general, there are more 
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components biased to the radial direction compared with tubes MPT66 and MPT63, as 

shown in Figure 5-2 for the (0002) pole figures of MPT74F&B.  

 

For tubes MPT62, 65, 76, 77 and 79, which were extruded with a ratio of 4:1 at 650°C, in 

both the front and back ends, the basal plane normals are distributed evenly between the 

radial and transverse directions.  The (0002) pole figures for MPT62F&B and 

MPT79F&B are shown in Figure 5-3.  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5-3 Measured (0002) pole figures for MPT62F&B and MPT79F&B 
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Tubes MPT81 and MPT82 were extruded with a ratio of 10:1 at 975°C (the β phase 

region).  As shown in Figure 5-4, there are significant distributions of basal plane 

normals towards the axial direction in the front end of the tubes.  However, for the back 

end of the tubes, the (0002) pole figures are very similar to those of tubes MPT63 and 

MPT66, Figure 5-1.  

Figure 5-4 Measured (0002) pole figures for MPT81F&B and MPT82F&B 



 103

For fuel sheathing tubes, most of the basal plane normals are concentrated near the radial 

direction with maxima ± 30 degrees away from the radial direction in the radial (R)-

transverse (T) plane as shown in Figure 5-5. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5-5 Measured (0002) pole figure for FS tubes 
 

The resolved basal plane normal factors fR, fT, and fA are calculated from the (0002) pole 

figures according to the method reviewed in Section 2.2.1.  The values for the Zr-2.5Nb 

tubes are given in Table 5-1 and Figure 5-6 illustrates the variation of resolved basal 

plane normal factors among the tubes in order of fT.  In general, for the tubes extruded in 

the α+β phase region,  the values of fT  vary in a decreasing order from tubes MPT63,66, 

MPT72,73,74, to MPT62,65,76,77,79; on the contrary, the values of  fR increase with 

decreasing values in fT ; and the values of fA seem to be insensitive to changes in the tubes 

and remain low.  The resolved factors fT in the transverse direction vary from 0.389 to 

0.582, and the values for fR vary from 0.550 to 0.326, which provides a variation from 

dominant radial to transverse textures.  The resolved basal plane normal components in 

the axial direction (fA) are the smallest and generally between 0.04 and 0.09.  However, 
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for the tubes extruded in the β phase region, the fA values for tubes MPT81 and MPT82 

are higher and are larger than 0.1, especially in the front ends of the tubes, i.e., fA=0.223 

(MPT81F) and fA=0.181 (MPT82F).  The differences in the resolved basal plane normal 

factors between the transverse and radial directions (fT -fR) represent the relative variation 

of basal plane normals in the transverse-radial plane of the tubes.  It is noticed that only 

the FS tube has a negative value of (fT -fR) due to the strong radial texture.  Clearly, the 

tubes provide a diverse range of texture with which to investigate the effect of texture on 

creep anisotropy.    

Table 5-1 Resolved basal plane normal factors for FS and MPT Zr-2.5Nb tubes 
Tubes fR fT fA fT  - fR 

MPT62F 0.424 0.520 0.056 0.096 
MPT62B 0.411 0.522 0.067 0.111 
MPT65F 0.453 0.468 0.079 0.015 
MPT65B 0.448 0.471 0.081 0.023 
MPT63F 0.374 0.569 0.057 0.195 
MPT63B 0.385 0.566 0.049 0.181 
MPT66F 0.359 0.554 0.087 0.195 
MPT66B 0.389 0.523 0.088 0.134 
MPT72F 0.375 0.582 0.043 0.207 
MPT72B 0.381 0.560 0.059 0.179 
MPT73F 0.382 0.538 0.080 0.156 
MPT73B 0.377 0.542 0.081 0.165 
MPT74F 0.418 0.518 0.065 0.100 
MPT74B 0.392 0.532 0.076 0.140 
MPT76F 0.381 0.542 0.076 0.161 
MPT76B 0.416 0.506 0.078 0.090 
MPT77F 0.376 0.529 0.094 0.153 
MPT77B 0.431 0.486 0.082 0.055 
MPT79F 0.450 0.481 0.069 0.031 
MPT79B 0.411 0.522 0.069 0.111 
MPT81F 0.335 0.441 0.223 0.106 
MPT81B 0.336 0.558 0.105 0.222 
MPT82F 0.326 0.492 0.181 0.166 
MPT82B 0.343 0.553 0.103 0.210 

FS 0.550 0.389 0.059 -0.161 
Note that F denotes the front end emerging from the extrusion press first and B denotes 
the back end emerging from the extrusion press last. 
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Figure 5-6 Variation of resolved basal plane normal factors for FS and MPT Zr-2.5Nb 
tubes 
 

5.2 Microstructure of Zr-2.5Nb MPT and FS tubes 

 

TEM images for MPT tubes were observed from both radial(R)-transverse(T) and 

radial(R)-axial(A) sections.  Only the image in axial(A)-transverse(T) section for FS 

tubes was observed due to the small thickness of the tube (~0.47mm).  Both the front and 

back ends of tubes MPT81 and MPT82 were observed because the creep capsules were 

manufactured from both ends.  For the rest of the MPT tubes, the microstructures only 

from the front ends were observed because the creep capsules were manufactured from 

the front ends.   TEM pictures for all the tubes are illustrated in Appendix III. 
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Tubes MPT63F, 66F, 72F, 73F, 74F, 65F, 76F, 77F and 79F mainly consist of entirely 

flattened and highly elongated α grains and the β-phase continuously surrounds the α-Zr 

as a thin film.  The different billet preparations affect the grain size of these tubes.  For 

example, MPT63 is extruded after a β-quenched billet, so it has a finer grain size; the 

thickness of the grains is about 0.2~0.3μm as shown in Figure 5-7.  The tubes extruded 

from the billets which were slow cooled from β phase have a larger grain thickness, i.e., 

tubes MPT72F, 73F, 74F, and 66F (extrusion ratio=10:1) have a grain thickness varying 

from 0.4~0.8μm, see Figures 5-8 and 5-9 for MPT66F and MPT72F; tubes MPT65F, 76F, 

77F, and 79F (extrusion ratio=4:1) have a grain thickness varying from 0.7~1.5μm, see 

Figure 5-10 for MPT65F. 

Figure 5-7 TEM microstructures of MPT63F (a) in radial-transverse section (b) in radial-
axial section  

0.5μm 0.5μm 

 (a) MPT63F R-T plane (b) MPT63F R-A plane 
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Figure 5-8 TEM microstructures of MPT66F (a) in radial-transverse section (b) in radial-
axial section  

Figure 5-9 TEM microstructures of MPT72F (a) in radial-transverse section (b) in radial-
axial section  
 

(a) MPT66F R-T plane (b) MPT66F R-A plane 

0.5μm 0.5μm 

(b) MPT72F R-A plane 
0.5μm 

(a) MPT72F R-T plane 

0.5μm 
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Figure 5-10 TEM microstructures of MPT65F (a) in radial-transverse section (b) in 
radial-axial section  
 

Figure 5-11 TEM microstructures of MPT81B (a) in radial-transverse section (b) in 
radial-axial section  
 

 

Tubes MPT62F, MPT81B and MPT82B consist of fine equiaxed α grains with a grain 

size of 0.2~0.5μm in diameter in radial-transverse section and they appear to be elongated 

0.5μm 0.5μm 

(a) MPT81B R-T plane (b) MPT81B R-A plane 

1μm 

(a) MPT65F R-T plane (b) MPT65F R-A plane 

1μm 
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in the axial direction.  The β-phase is distributed at grain boundaries and corners.  Figure 

5-11 shows the TEM images for MPT81B.  

 

The front ends of tubes MPT81 and MPT82 contain colonies of Widmanstätten α-plates 

with a thickness of less than 0.5μm and the β-Zr is continuously surrounding the plates, 

as shown in Figure 5-12 for MPT82F.  

Figure 5-12 TEM microstructures of MPT82F (a) in radial-transverse section (b) in 
radial-axial section  
 
 

A TEM image of the fuel sheathing tube in axial-transverse section is shown in Figure 5-

13.  The FS microstructure consists of white α-phase as the matrix and discontinuously 

distributed β phase around the α-grains.  

 
 
 
 
 
 
 

(a) MPT82F R-T plane 

0.5μm 0.5μm 

(b) MPT82F R-A plane 
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Figure 5-13 Fuel sheathing TEM microstructure in axial-transverse section 

 

5.3 Creep of standard FS capsules under different 
transverse stresses in air 
 

This section presents the experimental results for internally pressurized standard FS 

capsules tested under varied transverse stresses in an air atmosphere.  As mentioned in 

Section 4.4.1.3, the white oxide, which appeared on the top surface of end caps after 

heating, affected the accuracy of the measurements in the axial (length) dimension, so 

only the creep strains in the transverse direction are presented here.  The creep tests were 

performed at 350°C and 400°C.  For the tests at 350°C, the samples were pressurized to 

get a range of nominal transverse stresses from 100MPa to 300MPa with an increment of 

50MPa.  At 400°C, the experiments were carried out at a nominal transverse stress of 

100MPa, 150MPa and 200MPa, respectively.   

 

0.5μm 
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For each capsule, the steady state was considered to be reached when the curves of creep 

strains versus time become linear after a sharp increase of creep strains in the primary 

creep stage.  A steady-state creep rate is obtained from the slope by plotting a linear trend 

line from the last four points in a given creep curve.  Errors for creep strains are the 

standard deviation from measurements and they are marked as error bars in the figures.  

Errors of the steady-state creep rates are estimated from the uncertainty of the slope of 

the linear trend line.   

 

The plots of transverse creep strains versus time and steady-state creep rates in the 

transverse direction as a function of transverse stresses are shown in Figure 5-14 for the 

specimens tested at 350°C and Figure 5-15 for those at  400°C. 
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Figure 5-14 Creep behaviour of internally pressurized standard FS capsules tested under 
different transverse stresses at 350°C (a) transverse strains versus creep time (b) steady-
state creep rates in the transverse direction versus transverse stresses 
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Figure 5-15 Creep behaviour of internally pressurized standard FS capsules tested under 
different transverse stresses at 400°C (a) transverse strains versus creep time (b) steady-
state creep rates in the transverse direction versus transverse stresses 
 
 
From Figures 5-14 and 5-15, it is evident that the higher transverse stress leads to faster 

creep behaviour, and the steady-state creep strain rates increase with higher transverse 

stresses at both temperatures of 350°C and 400°C.     
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5.4 Creep of standard FS capsules at different temperatures 
in air 
 
 
 
Another group of internally pressurized standard FS capsules were tested in an air 

atmosphere to investigate the effect of temperature on creep.  The experiments were 

carried out in the temperature range of 300°C to 400°C with different transverse stresses. 

The temperature dependence curves are plotted in Figure 5-16, under a nominal 

transverse stress of (a) 100MPa, (b) 150MPa and (c) 200MPa.  From the figures, it is 

evident that there is an obvious dependence of transverse strains on temperature, i.e., a 

higher temperature leads to faster creep behaviour.  Table 5-2 gives the values of steady-

state creep rates in the transverse direction for the standard FS capsules tested.  The 

steady-state creep rates increase as expected with increasing temperatures and transverse 

stresses. 
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Figure 5-16 Transverse strains versus time for internally pressurized standard FS capsules 
tested at different temperatures under a nominal transverse stress of (a) 100MPa (b) 
150MPa and (c) 200MPa 
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Table 5-2 Steady-state creep rates in the transverse direction for internally pressurized 
standard FS capsules tested at different transverse stresses and temperatures in air 

 
Transverse stress 

(MPa) 

Steady-state transverse creep rate 
(×10-5h-1) 

300°C 350°C 400°C 
100 - 0.13± 0.03 4.44± 0.03 
150 - 0.36± 0.04 15.36± 0.09 
200 0.12± 0.03 1.26± 0.01 35.85± 3.19 
250 - 1.63± 0.28 - 
300 - 9.04± 0.82 - 

 
 

5.5 Creep of standard FS and MPT capsules under varied 
transverse stresses at 350°C in Argon 
 

To obtain accurate axial strain data, Argon protection systems were set up in later creep 

tests as described in Section 4.4.2.  The Argon gas flowed through the samples during 

testing.  Internally pressurized standard FS (FS22, FS23 and FS24), MPT63 (63-2, 63-3 

and 63-4) and MPT66 (66-2, 66-5 and 66-4) capsules were tested under a nominal 

transverse stress of 275MPa, 300MPa and 325MPa at 350°C.  Both transverse and axial 

strains were measured.  They are plotted in Figures 5-17, 5-18 and 5-19 for FS, MPT63 

and MPT66 capsules, respectively.  Table 5-3 gives the steady-state creep rates and ratios 

between the axial and transverse directions with errors for the tested capsules.  The errors 

of the ratios between axial and transverse creep rates are calculated according to the 

formula
22

)/( ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ Δ
+⎟⎟

⎠

⎞
⎜⎜
⎝

⎛ Δ
=Δ

T

T

A

A

T

A
TA ε

ε
ε
ε

ε
ε

εε
&

&

&

&

&

&
&& , where Aε&  and Tε&  are the steady-state 

creep rates in the axial and transverse directions, and Aε&Δ  and Tε&Δ  are the errors of the 

steady-state creep rates. 
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Figure 5-17 Stress dependence of internally pressurized standard FS capsules tested 
under a nominal transverse stress of 275MPa, 300MPa and 325MPa at 350°C (a) 
transverse strains versus creep time (b) axial strains versus creep time 
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Figure 5-18 Stress dependence of internally pressurized standard MPT63 capsules tested 
under a nominal transverse stress of 275MPa, 300MPa and 325MPa at 350°C (a) 
transverse strains versus creep time (b) axial strains versus creep time  
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Figure 5-19 Stress dependence of internally pressurized standard MPT66 capsules tested 
under a nominal transverse stress of 275MPa, 300MPa and 325MPa at 350°C (a) 
transverse strains versus creep time (b) axial strains versus creep time 
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Table 5-3 Steady-state creep rates and ratios for internally pressurized standard FS, 
MPT63 and MPT66 capsules tested under different transverse stresses at 350°C  

Sample 
No. 

 
Transverse 
stress(MPa) 

Steady-state creep rate 
(×10-5 h-1) 

Steady-state creep 
rate ratio(A/T) 

 (×10-2)  Axial Transverse 

FS22 
FS23 
FS24 

275 
300 
325 

-0.12± 0.02 
-0.21± 0.11 
-0.38± 0.10 

5.08± 0.12 
7.28± 0.50 
11.84± 0.33 

-2.34± 0.47 
-2.86± 1.54 
-3.24± 0.84 

MPT63-02 
MPT63-03 
MPT63-04 

275 
300 
325 

0.18± 0.03 
0.28± 0.02 
0.56± 0.07 

1.55± 0.07 
2.13± 0.07 
5.14± 0.23 

11.59± 2.05 
13.15± 1.21 
10.88± 1.54 

MPT66-02 
MPT66-05 
MPT66-04 

275 
300 
325 

0.06± 0.01 
0.08± 0.00 
0.12± 0.01 

0.42± 0.00 
0.53± 0.02 
1.27± 0.03 

14.03± 1.46 
14.21± 0.78 
9.06± 1.06 

 

It is evident that there is an increase in the transverse creep strains and rates with 

increasing transverse stresses.  The axial creep behaviour is more complex and they are 

analyzed in Section 6.2.1.  

 

5.6 Repeatability of creep tests  

 

Two more capsules, FS25 and FS26, were pressurized to get the same nominal transverse 

stresses as FS22 and FS24, respectively, in order to test the repeatability of the creep 

behaviour.  Their creep curves combined with FS22 and FS24 are plotted in Figure 5-20 

(a) and (b) for a nominal transverse stress of 275MPa and 325MPa.  Table 5-4 gives the 

values of steady-state creep rates in the axial and transverse directions and their ratios. 
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Figure 5-20 Repeatability tests on internally pressurized standard FS capsules tested 
under a nominal transverse stress of (a) 275MPa (b) 325MPa at 350°C  
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Table 5-4 Steady-state creep rates and ratios for internally pressurized standard capsules 
FS25 and FS26 tested under a nominal transverse stress of 275MPa and 325MPa at 
350°C 

Sample 
No. 

Transverse 
stress 
(MPa) 

Steady-state creep rate 
(×10-5 h-1) 

Steady-state creep 
rate ratios(A/T) 

 (×10-2) Axial Transverse 
FS25 
FS26 

275 
 325 

   -0.13± 0.06 
-0.36± 0.05 

 5.65± 0.16 
  14.51± 0.94 

-2.34± 1.01 
     -2.48± 0.40 

 
 

5.7 Creep of standard MPT capsules under a nominal 
transverse stress of 300MPa at 350°C 
 

Standard MPT capsules were pressurized to obtain a nominal transverse stress of 300MPa 

at 350°C.  Their creep behaviour according to their extrusion conditions are presented in 

this section. 

 

5.7.1 Creep of MPT capsules with an extrusion ratio of 10:1 at 815°C 

 

Tubes MPT66 and 63 were extruded with a ratio of 10:1 at 815°C (in the α+β phase 

region), as is the case of standard pressure tubes in CANDU reactors.  The tubes show a 

strong transverse texture.  The difference between tubes MPT66 and MPT63 is the billet 

preparation.  The MPT66 billet was prepared by slow cooling and the MPT63 billet was 

β-quenched before extrusion. This resulted in a coarser grain size for MPT66 compared 

with MPT63.   Capsules MPT66-05, 63-03 and 63-08 were made from the front ends of 

the tubes.  The comparison of their creep behaviour in both the transverse and axial 

directions is shown in Figure 5-21.  The values of steady-state creep rates and ratios 

between the axial and transverse directions are given in Table 5-5.   
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Figure 5-21 Creep strains versus time for standard capsules MPT63-03, 63-08 and 
MPT66-05 under a nominal transverse stress of 300MPa at 350°C 

 

Table 5-5 Steady-state creep rates and ratios for internally pressurized standard capsules 
MPT66-05, 63-03 and 63-08 tested under a nominal transverse stress of 300MPa at 
350°C 

Sample No. 
 

 
Section of 

tube 

Steady-state creep rate 
(×10-6 h-1) 

Steady-state creep 
rate ratio(A/T) 

 (×10-2) Axial Transverse 
MPT66-05 F 0.76± 0.04 5.34± 0.16 14.21± 0.78 
MPT63-03 F 2.80± 0.24 21.30± 0.74 13.15± 1.21 
MPT63-08 F 2.07± 0.20 23.81± 1.72 8.67± 1.06 
 

From Figure 5-21, it is evident that capsules MPT63-03 and MPT63-08 crept much faster 

than capsule MPT66-05.   The steady-state creep rates for capsules MPT63-03 and 

MPT63-08 are larger than those of MPT66-05 by a factor of four, Table 5-5.  
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5.7.2 Creep of MPT capsules with an extrusion ratio of 10:1 at 650°C 
 
 
 
Tubes MPT72, 73 and 74 were extruded with a ratio of 10:1 at 650°C, which is in the 

lower temperature of the α + β phase region.  Capsules MPT72-02, 73-02 and 74-01 were 

all made from the front end of the tubes.  Their creep behaviour under a nominal 

transverse stress of 300MPa at 350°C in the transverse and axial directions are shown in 

Figure 5-22(a) and (b), and the values of steady-state creep rates in the axial and 

transverse directions and ratios are given in Table 5-6.   It is shown that this group of 

capsules exhibits similar creep behaviour in both axial and transverse directions.  The 

values of steady-state creep rates in both directions are within the same order and their 

ratios of steady-state creep rate ratios are close, Table 5-6. 
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Figure 5-22 Creep strains versus time for internally pressurized standard capsules 
MPT72-02,73-02 and 74-01 tested under a nominal transverse stress of 300MPa at 350°C 
(a) in the transverse direction (b) in the axial direction  
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Table 5-6 Steady-state creep rates and ratios for internally pressurized standard capsules 
MPT72-02, 73-02 and 74-01 tested under a nominal transverse stress of 300MPa at 
350°C 

Sample No. 
 

 
Section 
of tube 

Steady-state creep rate 
(×10-6 h-1) 

Steady-state creep 
rate ratio(A/T) 

 (×10-2)    Axial Transverse  
MPT72-02 F 0.56± 0.10 7.58± 0.36 7.39± 1.33 
MPT73-02 F 0.78± 0.09 9.46± 0.12 8.23± 0.97 
MPT74-01 F 0.72± 0.05 10.60± 0.26 6.74± 0.47 

 
 

5.7.3 Creep of MPT capsules with an extrusion ratio of 4:1 at 650°C  
 
 

Tubes MPT76, 77, 79, 65 and 62 were extruded with a ratio of 4:1 at 650°C in the α+β 

phase region.  The billets were prepared by slow cooling before extrusion, except for 

MPT62 (β-quenched).  Their creep curves are plotted in Figure 5-23(a) and (b) for the 

transverse and axial directions.  The values of steady-state creep rates and ratios are given 

in Table 5-7. 
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Figure 5-23 Creep strains versus time for internally pressurized standard capsules MPT 
76-03, 76-04, 77-01, 79-02, 65-01 and 62-01 tested under a nominal transverse stress of 
300MPa at 350°C (a) in the transverse direction (b) in the axial direction  
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Table 5-7 Steady-state creep rates and ratios for  internally pressurized standard capsules 
MPT76-03, 76-04, 77-01, 79-02, 65-01 and 62-01 under a nominal transverse stress of 
300MPa at 350°C  

 
Sample No. 

Section 
of tube 

 

Steady-state creep rate 
(×10-6 h-1) 

Steady-state creep 
rate ratio(A/T) 

(×10-2) Axial Transverse 
MPT76-03 F 0.32± 0.01 8.22± 0.12 3.85± 0.19 
MPT76-04 F 0.30± 0.04 7.07± 0.43 4.26± 0.63 
MPT77-01 F 0.41± 0.02 8.28± 0.06 4.89± 0.20 
MPT79-02 F 0.71± 0.09 16.03± 0.87 4.45± 0.59 
MPT65-01 F 0.68± 0.05 12.08± 0.45 5.64± 0.47 
MPT62-01 F 1.79± 0.06 20.90± 0.49 8.56± 0.36 

 

From Figures 5-23(a) and (b), it can be seen that capsules MPT76-03, 76-04, and 77-01 

exhibit similar creep behaviour in both axial and transverse directions, requiring more 

than 800 hours to approach 1% transverse strain.  Capsules MPT79-02 and 65-01 crept 

faster than the above samples with higher steady-state creep rates, while capsule MPT62-

01 exhibits the fastest creep behaviour with the highest steady-state creep rate values 

among the capsules in this group, Table 5-7.  

 

5.7.4 Creep of MPT capsules with an extrusion ratio of 10:1 at 975°C  

 

Tubes MPT81 and 82 were extruded with a ratio of 10:1 at 975°C, which is in the β phase 

region.  The billets were prepared by slow cooling before extrusion.  Capsules MPT81-02 

and 82-01 were made from the front ends of the tubes and capsules MPT81-03, 82-03 and 

82-05 were from the back ends.  The curves of creep strains versus time, and steady-state 

creep rates and ratios as a function of the different samples are shown in Figure 5-24(a) 
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and (b) for MPT81 and Figure 5-25(a) and (b) for MPT82.  Note that schematic views of 

the cutting positions for the creep capsules are shown in the figures.     

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5-24 Creep of internally pressurized standard capsules MPT81-02(F) and MPT81-
03(B) under a nominal transverse stress of 300MPa at 350°C (a) creep strains versus time; 
(b) steady-state creep rates in the axial and transverse directions and ratios (A/T) as a 
function of samples with the indicated cutting positions of the capsules along tube 
MPT81  
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Figure 5-25 Creep of internally pressurized standard capsules MPT82-01(F), 82-03(B) 
and 82-05(B) tested under a nominal transverse stress of 300MPa at 350°C (a) creep 
strains versus time; (b) steady-state creep rates in the axial and transverse directions and 
ratios (A/T) as a function of samples with the indicated cutting positions of the capsules 
along tube MPT82  
 
 

0.00%

0.20%

0.40%

0.60%

0.80%

1.00%

1.20%

0 200 400 600 800 1000 1200 1400
Time(hrs)

C
re

ep
 s

tra
in

   
   

  

82-01
82-03
82-05

0.0E+00

4.0E-06

8.0E-06

1.2E-05

1.6E-05

2.0E-05

2.4E-05

2.8E-05

3.2E-05

82-01(F) 82-03(B2) 82-05(B1)

Sample

S
te

ad
y-

st
at

e 
st

ra
in

 ra
te

(h  
 -

 1
) 

0.0E+00

2.0E-02

4.0E-02

6.0E-02

8.0E-02

1.0E-01

1.2E-01

1.4E-01

1.6E-01

1.8E-01

2.0E-01

2.2E-01

S
tra

in
 ra

te
 ra

tio
(A

/T
)  

   
  

Transverse
Axial
Strain rate ratio(A/T)

(b) 

(a) 

Back 
end 

Front 
end 

Transverse 

Axial



 131

The values of steady-state creep rates and their ratios between the axial and transverse 

directions are given in Table 5-8.   

 

Table 5-8 Steady-state creep rates and ratios for internally pressurized standard capsules 
MPT81-02, 81-03, 82-01, 82-03 and 82-05 tested under a nominal transverse stress of 
300MPa at 350°C  

Sample No. 
 

 
Section 
of tube 

Steady-state creep rate 
(×10-6 h-1) 

Steady-state creep 
rate ratio(A/T)  

(×10-2) Axial Transverse 
MPT81-02 F 0.21± 0.04 2.13± 0.12 9.78± 2.12 
MPT81-03 B 2.05± 0.12 19.57± 0.46 10.45± 0.65 
MPT82-01 F 0.37± 0.04 4.81± 0.20 7.63± 0.97 
MPT82-03 B 2.15± 0.10 22.89± 0.44 9.38± 0.48 
MPT82-05 B 2.52± 0.06 28.45± 1.09 8.85± 0.40 

 

From Figures 5-24 and 5-25, it can be seen that the specimens from the back ends of 

tubes MPT81 and MPT82, capsules MPT81-03, MPT82-03 and MPT82-05, crept much 

faster than the ones from the front ends and the steady-state creep rates are approximately 

5~9 times higher than those of the front end capsules, Table 5-8.   

 

5.8 Creep of end-loaded FS and MPT capsules  

 

Another important portion of creep experiments is to investigate the effect of stress states 

on creep anisotropy of the cold-worked Zr-2.5Nb tubes.  End-loaded capsules were tested 

by placing an external tensile or compressive load in the axial direction.  Like the 

standard capsules, prior to creep, these end-loaded capsules were pressurized to achieve a 

nominal transverse stress of 300MPa at the testing temperature of 350°C.  During tests, 

the capsules were loaded by additional external axial forces and the axial stress was 
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changed to a desired value, rather than just one half of the transverse stress.  Stress ratios 

between the axial and transverse directions can be adjusted corresponding to a specified 

external axial load.   

 

5.8.1 End-loading tests on FS capsules 

 

Four end-loaded FS capsules (FS17, FS19, FS18 and FS20) were tested under different 

external axial loads.  During creep tests, a compressive load of -900N (stress ratio σA/σT 

=0.249) was placed on FS17 and -500N (0.350) on FS20.  A tensile load of 500N (0.601) 

was placed on FS18 and 900N (0.701) on FS19.  The creep behaviours in both the 

transverse and axial directions at five stress states, i.e., at a stress ratio of 0.701, 0.601, 

0.475 (standard capsules), 0.350 and 0.249, are shown in Figure 5-26(a) and (b).  Figure 

5-27 plots the steady-state creep rates and ratios (A/T) as a function of stress ratios (σA/σT ) 

for the tested FS capsules and Table 5-9 gives the values. 

 
 
From the creep curves in the transverse direction in Figure 5-26(a), it can be seen that the 

transverse creep strains show a slightly increasing trend with decreasing stress ratios.  

However, a more obvious dependence on stress ratios appears in the axial direction, 

Figure 5-26(b).  The axial strains increase with an increasing external tensile stress in 

capsules FS18 (+500N) and FS19 (+900N) while the axial strains of FS20 (-500N) and 

F17 (-900N) are negative from the start and decrease with decreasing values of stress 

ratios (σA/σT).  From the plots of the steady-state creep rates and ratios in Figure 5-27 and 

the tabulated values, Table 5-9, it is observed that the transverse steady-state creep rates 
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decrease with increasing stress ratios; the axial creep rates increase from negative 

(compressive and zero external axial load) to positive (additional tensile axial loads) 

values with increasing axial stresses.  The corresponding creep rate ratios ( TA εε && / ) 

exhibit a large increasing trend with increasing stress ratios. 

 
Figure 5-26 Creep strains versus time at a range of stress ratios (σA/σT) for internally 
pressurized FS capsules tested under a nominal transverse stress of 300MPa at 350°C (a) 
in the transverse direction (b) in the axial direction  
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Figure 5-27 Steady-state creep rates in both the transverse and axial directions and ratios 
(A/T) as a function of stress ratios (σA/σT ) for internally pressurized FS capsules tested 
under a nominal transverse stress of 300MPa at 350°C 
 
 
Table 5-9 Steady-state creep rates and ratios at a range of stress ratios (σA/σT) for 
internally pressurized FS capsules tested under a nominal transverse stress of 300MPa at 
350°C 

Sample 
No. 

 

External 
load(N) 

Stress 
ratios 
(A/T) 

Steady-state creep rate 
(×10-6 h-1) 

Steady-state creep 
rate ratios(A/T) 

 (×10-2) Axial Transverse 
FS17 -900 0.249 -15.78± 3.19 94.46± 4.15 -16.71± 3.46 
FS20 -500 0.350 -5.44± 0.81 76.88± 3.82 -7.07± 1.11 
FS23 0 0.475 -2.08± 1.11 72.80± 5.00 -2.86± 1.54 
FS18 500 0.601 4.84± 0.43 65.40± 2.11 7.40± 0.71 
FS19 900 0.701 7.73± 0.59 59.31± 2.57 13.03± 1.15 

 
 

5.8.2 End-loading tests on MPT capsules 
 
 
 
End-loading tests were also performed on the end-loaded MPT capsules.  Due to a 

limited number of available capsules, only one or two stress states were applied for each 
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tube.  Most of the end-loaded capsules were made from the front section of the tubes, 

except for those from tubes MPT81 and MPT82.  Capsules MPT81-01 and 82-02 were 

made from the front end and were loaded with a nominal external tensile axial force of 

+900N, and MPT81-04 and 82-04 were manufactured from the back end and were loaded 

with a nominal external compressive axial force of -900N.   For the end-loaded capsules 

from tubes MPT63, 66 and 76, both compressive (-900N) and tensile (+900N) external 

loads were applied.  For tubes MPT72, 73, 74, 77, 79 and 65, only the creep tests under 

an external compressive load of -900N were carried out.   

 

5.8.2.1 End-loading tests on MPT63, MPT66 and MPT76 capsules 
 
 

The end-loaded capsules from MPT63, MPT66 and MPT76 were tested under an external 

compressive load of -900N and an external tensile load of +900N, respectively.  Creep 

strains versus time, and steady-state creep rates and ratios versus varied stress ratios, i.e., 

a stress ratio of approximately 0.70, 0.48 (standard capsules) and 0.25, are plotted in 

Figure 5-28 for MPT63, Figure 5-29 for MPT66, and Figure 5-30 for MPT76.  The 

values of steady-state creep rates and ratios between the axial to transverse directions are 

given in Tables 5-10 and 5-11. 
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Figure 5-28 Creep behaviours at different stress ratios for internally pressurized MPT63 
capsules tested under a nominal transverse stress of 300MPa at 350°C (a) creep strains 
versus time in both transverse and axial directions (b) steady-state creep rates and ratios 
(A/T) as a function of stress ratios (σA/σT ) 
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Figure 5-29 Creep behaviours at different stress ratios for internally pressurized MPT66 
capsules tested under a nominal transverse stress of 300MPa at 350°C (a) creep strains 
versus time in both transverse and axial directions (b) steady-state creep rates and ratios 
(A/T) as a function of stress ratios (σA/σT )  
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Figure 5-30 Creep behaviours at different stress ratios for internally pressurized MPT76 
capsules tested under a nominal transverse stress of 300MPa at 350°C (a) creep strains 
versus time in both transverse and axial directions (b) steady-state creep rates and ratios 
(A/T) as a function of stress ratios (σA/σT )  
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Table 5-10 Steady-state creep rates and ratios at different stress ratios (σA/σT) for 
internally pressurized MPT63 and MPT66 capsules tested under a nominal transverse 
stress of 300MPa at 350°C 

Sample No. 
 

External 
load(N) 

Stress 
ratio(A/T)

Steady-state creep rate 
(×10-6 h-1) 

Steady-state creep 
rate ratio(A:T) 

(×10-2) Axial Transverse 
MPT63-07 -900 0.257 -0.83± 0.20 22.07± 1.70 -3.75± 0.95 
MPT63-03 0 0.477 2.80± 0.24 21.30± 0.74 13.15± 1.21 
MPT63-05 900 0.702 7.77± 0.90 21.72± 1.62 35.77± 4.93 
MPT66-07 -900 0.251 -0.13± 0.02 4.67± 0.25 -2.79± 0.40 
MPT66-05 0 0.476 0.76± 0.04 5.34± 0.16 14.21± 0.78 
MPT66-06 900 0.699 1.93± 0.11 4.40± 0.26 43.78± 3.57 

 
 
Table 5-11 Steady-state creep rates and ratios at different stress ratios (σA/σT) for 
internally pressurized MPT76 capsules tested under a nominal transverse stress of 
300MPa at 350°C 

Sample No. 
 

External 
load(N) 

Stress 
ratio(A/T)

Steady-state creep rate 
(×10-6 h-1) 

Steady-state creep 
rate ratio(A:T) 

 (×10-2) Axial Transverse 
MPT76-02 -900 0.257 -0.82± 0.06 7.93± 0.53 -10.38± 1.01 
MPT76-03 0 0.484 0.32± 0.01 8.22± 0.12 3.85± 0.19 
MPT76-01 900 0.708 2.81± 0.20 7.44± 0.47 37.81± 3.57 

 

 

Capsules MPT66, MPT63 and MPT76, with the external compressive (-900N) and tensile 

(+900N) loads, exhibit a common trend, Figures 5-28, 5-29 and 5-30.  The transverse 

strain curves look very close under the same nominal transverse stress, having a slightly 

increasing trend with lower stress ratios.  Obvious stress ratio dependence is observed in 

the axial direction; the axial strains decrease with decreasing stress ratios and become 

negative with a compressive load of -900N.  From the plots and the tabulated values for 

steady-state creep rates and ratios in Tables 5-10 and 5-11, it can be seen that the 

transverse steady-state creep rates decrease slightly and the axial creep rates increase with 

increasing stress ratios becoming negative at a stress ratio of about 0.26.  The 
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corresponding steady-state creep rate ratios TA εε && /  exhibit an increasing trend with 

increased stress ratios. 

 

5.8.2.2 End-loading tests on MPT81 and 82 capsules 
 
 
 
The end-loading tests were performed on end-loaded capsules MPT81-01(F) and MPT82-

02(F) under an external tensile load of +900N and on capsules MPT81-04(B) and 

MPT82-04(B) under an external compressive load of -900N.  The creep curves for 

standard and end-loaded capsules are plotted for both the front end and the back end 

capsules in Figure 5-31 and Figure 5-32.  Tables 5-12 and 5-13 give the values of steady-

state creep rates in the axial and transverse directions and ratios. 

 

Note that there is a significantly different creep behaviour in the transverse direction 

between capsule MPT81-01 and capsule MPT81-02, which were both made from the 

front end of tube MPT81, Figure 5-31(a).  MPT81-01 under an external axial load of 

+900N crept much faster in the transverse direction than the standard capsule, MPT81-02.  

This abnormal phenomenon is contrary both to expectation and the results from other 

tubes, in which the creep curves with the same nominal transverse stress are close and 

exhibit a slightly decreasing creep strain with a higher external axial stress.  The end-

loaded capsules from the back end of tube MPT81 and the ones from both ends of tube 

MPT82 behaved as expected.  They exhibit the similar transverse creep behaviour, which 

is consistent with other tests.  The capsules (MPT81-04 and MPT82-04) under an 



 141

external compressive axial load of -900N exhibit negative axial strains as expected, in 

Figure 5-31(b) and Figure 5-32(b).   

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5-31 Creep strains versus time at different stress ratios (σA/σT) for internally 
pressurized MPT81 capsules tested under a nominal transverse stress of 300MPa at 
350°C (a) the front end capsules (b) the back end capsules 
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Figure 5-32 Creep strains versus time at different stress ratios (σA/σT) for internally 
pressurized MPT82 capsules tested under a nominal transverse stress of 300MPa at 
350°C (a) the front end capsules (b) the back end capsules 
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Table 5-12 Steady-state creep rates and ratios at different stress ratios (σA/σT) for 
internally pressurized MPT81 capsules tested under a nominal transverse stress of 
300MPa at 350°C 

Sample No. 
 

External 
load(N) 

Stress 
ratio(A/T) 

Steady-state creep rate 
(×10-6 h-1) 

Steady-state creep 
rate ratio(A/T)  

(×10-2)  Axial Transverse 
MPT81-01(F) 900 0.709 3.17± 0.37 9.65± 0.16 32.85± 3.83 
MPT81-02(F) 0 0.480 0.21± 0.04 2.13± 0.12 9.78± 2.12 
MPT81-03(B) 0 0.478 2.05± 0.12 19.57± 0.46 10.45± 0.65 
MPT81-04(B) -900 0.256 -1.58± 0.15 16.75± 0.77 -9.43± 0.98 
 
 
Table 5-13 Steady-state creep rates and ratios at different stress ratios (σA/σT) for 
internally pressurized MPT82 capsules tested under a nominal transverse stress of 
300MPa at 350°C 

 
Sample No. 

 

External 
load(N) 

Stress 
ratio(A/T) 

Steady-state creep rate 
(×10-6 h-1) 

Steady-state creep 
rate ratio(A/T) 

 (×10-2) Axial Transverse 
MPT82-01(F) 0 0.477 0.37± 0.04 4.81± 0.20 7.63± 0.97 
MPT82-02(F) 900 0.707 2.51± 0.16 4.79± 0.20 52.38± 4.01 
MPT82-03(B) 0 0.478 2.15± 0.10 22.89± 0.44 9.38± 0.48 
MPT82-04(B) -900 0.258 -3.34± 0.05 26.34± 1.91 -12.89± 0.95 
MPT82-05(B) 0 0.482 2.52± 0.06 28.45± 1.09 8.85± 0.40 

 

5.8.2.3 End-loading tests on MPT72, 73, 74, 77, 79 and 65 capsules 

 

For tubes MPT72, 73, 74, 77, 79 and 65, only the tests under an external compressive 

axial load of -900N were performed.  End-loaded capsules, MPT72-01, 73-01, 74-02, 77-

02, 79-01 and 65-02, crept at a stress ratio of approximately 0.26 between the axial and 

transverse directions.  Creep strains versus time in both the transverse and axial directions 

are plotted in Figure 5-33(a)-(f) at two stress states, i.e., at a stress ratio of approximately 

0.26 and 0.48 (standard capsules).  The values of steady-state creep rates and ratios 

between the axial and transverse directions are given in Table 5-14. 
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It is noticed that most of the transverse strain curves show a close creep behaviour with 

the standard ones, except for the capsules from tube MPT65.  In Figure 5-33(f), it is 

observed that the transverse strains of MPT65-02 ( TA σσ /  =0.26) reached about 1% after 

about 100 hours, but it took more than 600 hours for MPT65-01 ( TA σσ / =0.48) to obtain 

that amount of strain.   
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Figure 5-33 Creep strains versus time at stress ratios (σA/σT) of 0.48 and 0.26 for 
internally pressurized (a) MPT72 (b) MPT73 (c) MPT74 (d) MPT77 (e) MPT79 and (f) 
MPT65 capsules tested under a nominal transverse stress of 300MPa at 350°C 
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Table 5-14 Steady-state creep rates and ratios at stress ratios (σA/σT) of 0.48 and 0.26 for 
internally pressurized MPT72, 73, 74, 77, 79 and 65 capsules tested under a nominal 
transverse stress of 300MPa at 350°C 

Sample No. 
 

External 
load(N) 

Stress 
ratio 
(A/T) 

Steady-state creep rate 
(×10-6 h-1) 

Steady-state creep 
rate ratio(A/T)  

(×10-2) Axial Transverse 
MPT72-01 -900 0.257 -0.44± 0.13 8.24± 0.29 -5.34± 1.60 
MPT72-02 0 0.485 0.56± 0.10 7.58± 0.36 7.39± 1.33 
MPT73-01 -900 0.253 -0.66± 0.07 6.38± 0.27 -10.31± 1.21 
MPT73-02 0 0.484 0.78± 0.09 9.46± 0.12 8.23± 0.97 
MPT74-01 0 0.481 0.72± 0.05 10.60± 0.26 6.74± 0.47 
MPT74-02 -900 0.257 -0.41± 0.06 9.85± 0.71 -4.20± 0.72 
MPT77-01 0 0.478 0.41± 0.02 8.28± 0.06 4.89± 0.20 
MPT77-02 -900 0.260 -0.56± 0.11 7.58± 0.32 -7.36± 1.43 
MPT79-01 -900 0.256 -1.31± 0.08 12.76± 0.99 -10.27± 0.99 
MPT79-02 0 0.480 0.71± 0.09 16.03± 0.87 4.45± 0.59 
MPT65-01 
MPT65-02 

0 
-900 

0.479 
0.256 

0.68± 0.05 
-6.17± 0.06 

12.08± 0.45 
60.54± 4.12 

5.64± 0.47 
-10.19± 0.70 
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Chapter 6 Discussion 
 

 

In this chapter, the crystallographic texture and microstructure variations of the cold-

worked Zr-2.5Nb tubes and their effects on the creep behaviour are briefly discussed.   

The discussion is not exhaustive as it is not the main purpose of this thesis.  The main 

emphasis is on the anisotropy of the steady-state creep.  The experimental results are first 

discussed with respect to the effects of stress and temperature on the steady-state thermal 

creep to establish a regime in which dislocation glide is the likely strain producing 

mechanism.  Creep anisotropy of the tubes with different textures and under varied stress 

states are analyzed.  The anisotropy is then discussed in terms of the Hill equations and 

the anisotropy parameters (F, G, H) for each type of tube by using the stress state 

dependence data.  The Hill equations provide a method of predicting the behaviour of a 

particular tube under an arbitrary stress system. 

 

Subsequently, predictions of an existing self-consistent polycrystalline model 

SELFPOLY7 [8-10] based solely upon crystallographic texture are compared with the 

experimental creep anisotropy of the test Zr-2.5Nb tubes.  The correlation is weak.  

Finally, the SELFPOLY7 code is modified to take into account the variations in pre-

existing dislocation structure amongst different crystal orientations.  These variations are 

introduced by cold work during manufacture of the tubes and are calculated using a 

modified version of EPSC3 (Elasto-Plastic Self-Consistent) [117,118].  The modified 
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SELFPOLY7 calculations give a much better correlation with the experimental creep 

behavior with a minimum of fitting parameters.   

 

6.1 Texture, grain structure and phase distribution 

 

As shown in Sections 5.1 and 5.2 and Appendices II and III, the crystallographic textures 

and microstructures vary depending upon the different extrusion conditions and 

manufacturing procedures.    

 

Tubes MPT63 and MPT66, being extruded at 815°C (in the α+β phase region) with a 

ratio of 10:1, show a strong transverse texture.  This predominantly transverse component 

is believed to be the result of phase boundary sliding and β/α phase transformation during 

extrusion [20,24,25].  For the tubes which were extruded at 650°C (in a lower 

temperature of the α+β phase region) with a ratio of 4:1, there is a strong bias of basal 

plane normals towards the radial direction and the basal plane normals are evenly 

distributed in the radial-transverse plane, such as tubes MPT76, 77, 79, 62 and 65.  For 

tubes MPT72, 73 and 74, although the basal plane normals also exhibit a little bit of bias 

to the radial direction, they have a higher component in the transverse direction because 

of the higher extrusion ratio of 10:1 at 650°C.  This relatively radial dominant texture is 

considered to be developed in the lower α+β phase region during extrusion as a result of 

crystallographic rotation of α-phase by pyramidal <c+a> slip [20,24,25].  For the front 

ends of tubes MPT81 and 82, the relatively large components of basal plane normals in 

the axial direction are the result of β/α phase transformation after a high temperature 
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extrusion of 975°C in the β phase region [20,24,25].  During the transformation, α-phase 

inherits the texture of bcc β-phase developed during extrusion by a Burger’s relationship 

[12,20].   For the back ends of tubes MPT81 and 82, the textures are very similar to those 

of tubes MPT63 and 66, indicating that the extrusion occurred in the α+β phase field as a 

result of chilling of the billet during extrusion [20].  

 

The different manufacturing procedures produced a diverse range of microstructures as 

seen in the TEM images in Section 5.2 and Appendix III.  A large proportion of tubes 

consist of highly elongated α-phase grains and thin film β-phase, as is the case for 

CANDU pressure tubes,   such as tubes MPT66F, 63F, 72F, 73F, 74F, 76F, 77F, 79F and 

65F.  This type of microstructure is considered to be the result of β/α phase 

transformation by growth of the elongated promonotectoid Widmanstätten α-plates [20].  

The grain shape of α-phase in tubes MPT62F, 81B and 82B appears to be equiaxed in the 

radial-transverse sections and elongated in the axial direction.  The β-phase is distributed 

at grain boundaries and corners.  This type of grain shape results from the transformation 

of β to α by the Widmanstätten mechanism prior to or during extrusion [20].  For the 

microstructure consisting of Widmanstätten α-plate colonies and continuous β-Zr 

surrounding the plates, such as the images in the front ends of tubes MPT81 and 82, it is 

considered to be the result of the β to α phase transformation after extrusion [20].  Due to 

cooling of the billet in extrusion chambers prior to or during extrusion, the back ends of 

tubes MPT81 and MPT82 developed an equiaxed grain structure in the radial-transverse 

sections, which is similar to MPT62F.  
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Crystallographic texture and microstructure affect the creep behaviour of pressure tube 

materials [34,39].  The tube directions with a high concentration of basal plane normals 

show relatively good creep resistance because of the hard c-axis in an hcp crystal 

structure.   It was observed that the pressure tubes with a larger grain size crept slower 

than the ones with a smaller grain size in reactors [39].  Moreover, the in-reactor creep 

strength of cold-worked Zr-2.5Nb tubes was considered to be increased by a continuous 

network of β-phase surrounding the α-grains in CANDU pressure tubes compared with a 

discontinuously distributed β-phase in FS tubes [119].  In the following sections, the 

effects of crystallographic texture and microstructure based upon the experimental results 

from the cold-worked Zr-2.5Nb tubes are discussed. 

 

6.2 Stress dependence of creep 

6.2.1 Effect of stress  

 

From the experimental results of standard FS capsules under different transverse stresses 

at both 350°C and 400°C in an air atmosphere, in Figures 5-14 and 5-15, there is an 

obvious dependence of transverse creep strains on stresses.  But there is a complex or 

mixed creep behaviour for capsules FS4 and FS5, which are under a transverse stress of 

200MPa and 250MPa at 350°C, respectively.  As seen in Figure 5-14(a), at the first 100 

hours of heating, their transverse creep strains increase with similar steps, but after that 

period the creep strains of FS5 (under a  transverse stress of 250MPa) appear smaller than 

those of FS4 (under a  transverse stress of 200MPa) until 400 hours of heating.  A sharp 
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jump in the creep curve for capsule FS5 occurs at the heating time of 400~580 hours, and 

after that it becomes smooth until 1% transverse strain. This phenomenon may be 

associated with strain aging [7]. 

  

For the tests on the FS, MPT63 and MPT66 standard capsules under the transverse 

stresses ranging from 275MPa to 325MPa at 350°C, there is an increase in rate in the 

transverse direction with stresses, in Figures 5-17, 5-18 and 5-19.  All the capsules 

exhibit positive strains in the transverse direction.  However, the creep behaviour is more 

complex in the axial direction.  For example, FS22 (under a nominal transverse stress of 

275MP) first exhibits a sharp increasing transient strain in the axial direction, and then 

the rate becomes negative (although the axial strain remains positive throughout), Figure 

5-17(b).  For capsules FS23 and FS24 under a transverse of 300MPa and 325MPa, the 

axial strains eventually become negative after a positive strain in the primary stage.  The 

axial strains for both MPT63 and MPT66 capsules are positive under the testing 

conditions.  But the creep behaviour in the axial direction for the MPT66 capsules also 

shows a complex profile, Figure 5-19(b).  MPT66-02 shows the highest axial strains of 

all three MPT66 capsules but with the lowest transverse stress (275MPa).  The reason for 

this result is not clear.  It is possible that the creep time is not long enough to achieve a 

steady-state for this low stress level.  Or it is related to stress relieving, recovery, or on-

going phase transformation of the β-phase.  However, in general, the creep strains and 

steady-state creep rates increase as expected with stresses in both directions as shown in 

the figures and Table 5-3.  Here, only the long term “steady-state” creep rates will be 

discussed.   
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Another item to note is that for each type of tube, the steady-state creep rate ratios 

( TA εε && / ) at three different transverse stresses are close to a constant in Table 5-3, which 

shows a consistent experimental result. According to the equation )/exp( RTQB n −= σε&  

(2-11), the ratios of axial and transverse creep rates should be identical at the same stress 

state (i.e. TA σσ :  = constant) over a range of transverse stresses.  Moreover, the results 

of repeatability tests for the FS capsules show good agreement as shown in Figure 5-20 

and Table 5-4, indicating a reliable experimental data on the capsules.  But there are 

abnormal creep behaviours in the capsules of tubes MPT81F and 65, as shown in Figure 

5-31(a) and Figure 5-33(f), the reason for the inconsistent creep strains in the specimens 

is not clear and microstructure observation is recommended, see Page 168 in Section 6.6. 

 

6.2.2 Stress exponent n 

 

The value of stress exponent n is one of important factors to indicate the dominating 

creep mechanism as mentioned in the Literature Review.  According to the expression  

Tn )log/log( σε ∂∂= & , the value of n can be obtained by plotting the slope of log ε&   

versus logσ .  Figure 6-1 shows such a plot and the n values obtained from the standard 

FS capsules tested under transverse stresses ranging from 100MPa to 200MPa at 400°C 

and from 100MPa to 325MPa at 350°C.   It is evident that under a transverse stress below 

250MPa, n is about 2.79~3.02 for 350 °C and 400°C.  This value is typical expected for 

pure dislocation creep (n=3) [90] but significantly higher than that expected for 

diffusional creep mechanisms.  However, n increases to ≥  7 when the transverse stress is 
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in the range from 250MPa to 325MPa.  This clearly indicates that dislocation climb is the 

dominant creep rate-controlling mechanism while glide is the strain-producing 

mechanism [120].  From the current results, it seems that the n value varies with stress 

which may indicate that the deformation mechanism changes.   However, over the whole 

stress range tested, the n value is substantially greater than one.  Hence, it can be 

concluded that there are no significant changes of the creep mechanisms in the range of 

experimental temperatures and stresses considered.  The obtained stress exponent n is 

close to that expected for dislocation creep.   

 

 

 

 

 

 

 

 

 

Figure 6-1 Stress exponent n values obtained by log-log relation between steady-state 
transverse creep rates and transverse stresses from internally pressurized standard FS 
capsules tested under a range of transverse stresses at 350°C and 400°C 
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Figure 6-2  Stress exponent n values obtained by plotting the slopes of (a) log-log relation 
between steady-state transverse creep rates and transverse stresses (b) log-log relation 
between steady-state axial creep rates and transverse stresses for internally pressurized 
standard capsules from tubes FS, MPT63 and MPT66 tested under a transverse stress of 
275MPa, 300MPa and 325MPa at 350°C 
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from 275MPa to 325MPa at 350°C.  The results combined with those from the standard 

FS capsules are shown in Figure 6-2(a) and (b).  It can be seen that the obtained values of 

n vary in the range of 3.9~7.3 with an average value of 6.4 in the transverse stress from 

250MPa to 325MPa, which is consistent with dislocation creep [120].     

 

6.3 Temperature dependence of creep 

6.3.1 Effect of temperature 

 
The creep results from the standard FS capsules tested at different temperatures in air 

show a straightforward relationship between transverse strains and temperatures under a 

transverse stress of 100MPa, 150MPa and 200MPa, in Figure 5-16.  The creep strains and 

steady-state creep rates in the transverse direction increase with increasing temperature. 

 

6.3.2 Creep activation energy Q 

 

The creep activation energy 
σ

ε
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
∂
∂

−=
)/1(

log
T

RQ
&

  was obtained by plotting the slope of 

log ε&  versus 1/T.  The values of Q from the temperature dependence of standard FS 

capsules are shown in Figure 6-3 and they are in the range of 18~27kcal/mol, which are 

broadly consistent with those obtained from the thermal creep results of Zr-2.5Nb 

pressure tube materials by Christodoulou et al. [64].   The value of 18~27kcal/mol is 

lower than that expected for intrinsic self-diffusion in Zr, i.e.,72 kcal/mol or ~3.1eV [72] 
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but closer to that observed for extrinsic self-diffusion in presence of chemical impurities 

like Fe, i.e., 18 kcal/mol [13].  Alternatively, the low value of Q could be the result of 

high diffusivity paths provided by dislocations acting as short circuit channels for the 

self-diffusion process [121]. 

 

 

 

 

 

 

 

 
 
 
 
 
Figure 6-3 Creep activation energy Q values obtained by plotting the slopes of logε& -log 
1/T from internally pressurized standard FS capsules tested under a nominal transverse 
stress of 100MPa, 150MPa and 200MPa at different temperatures 
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and applied stress range studied, i.e., dislocation climb is the rate-controlling mechanism 

and dislocation glide contributes to the creep strains.   In the subsequent texture and stress 

state dependence tests, a nominal transverse stress of 300MPa and a temperature of 

350°C were chosen in order to enable the dislocation creep mechanism. 

 

6.4 Effect of grain size 

 

From Figures 5-18 and 5-19, it can be seen that the capsules of MPT63 exhibit 

substantially faster creep in both axial and transverse directions than those of MPT66 in 

spite of similar texture and grain morphology.  Under a nominal transverse stress of 

300MPa at 350°C, MPT66-05 crept over 1200 hours to achieve 1% transverse strain; it 

took less than 400 hours for MPT63-03.  In Table 5-3, the steady-state creep rates of the 

MPT63 capsules are larger than those of the MPT66 capsules by a factor of four.  This 

result suggests an effect of grain size.  Although the grain size is not normally thought to 

affect creep behaviour in most theories of dislocation creep, the sub-micron grain sizes of 

the MPT materials may represent a substantial grain boundary area to compete with 

dislocations as sinks and sources for vacancies and this may explain why MPT63, with a 

finer grain structure, has a higher creep rate.   Note that despite the different orders of 

steady-state creep rates both have the similar creep anisotropy as evidenced by the 

steady-state creep rate ratios (axial:transverse), consistent with their similar textures.  In 

power reactors, grain size also showed an influence on the circumferential creep strain of 

pressure tubes, i.e., the pressure tubes with a finer grain size crept at a faster rate than 

those with a coarse grain size [39].   
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6.5 Effect of texture on anisotropic creep  

 

As reviewed in Section 2.5.2, creep deformation of cold-worked Zr-2.5Nb pressure tubes 

exhibits a pronounced anisotropy in reactors due to a relatively low symmetry of the hcp 

crystal structure of α-Zr and a strong crystallographic texture developed during 

manufacture.  Moreover, different textures lead to different anisotropic creep behaviours 

[34].  The main thrust of this thesis is to assess and understand the anisotropy of thermal 

creep of cold-worked Zr-2.5Nb tubes.  In the following section, the anisotropic creep of 

internally pressurized standard MPT and FS capsules (the stress ratio between the axial to 

transverse directions is approximately equal to 0.5) under a nominal transverse stress of 

300MPa at 350°C is analyzed. 

 

To compare the creep behaviours for all capsules as a function of crystallographic texture, 

creep strains versus time for all the MPT and FS capsules tested under a nominal 

transverse stress of 300MPa at 350°C, are plotted in Figure 6-4 and Figure 6-5 for the 

transverse and axial directions, respectively.  Points for all the capsules made with the 

same nominal extrusion conditions are plotted using the same color in the figures.  Note 

that F or B in the parentheses denotes that the capsule was made from the front or back 

end of the tube, respectively, and S or Q denotes that the billet was prepared by slow cool 

or β-quench. 
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Figure 6-4 Transverse creep strains versus creep time for internally pressurized standard FS and MPT capsules with different textures 
under a nominal transverse stress of 300MPa at 350°C  
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Figure 6-5 Axial creep strains versus creep time for internally pressurized standard FS and MPT capsules with different textures under 
a nominal transverse stress of 300MPa at 350°C  
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In the transverse direction, Figure 6-4, it is noticed that capsule FS23 crept fastest 

taking less than 100 hours to reach 1% transverse strain.  At the other extreme, 

capsules MPT82-01 and 66-05 took over 1200 hours to reach approximately 1% 

transverse strain and MPT 81-02 took over 2200 hours to reach about 0.7%.   

 

The transverse creep curves of capsules MPT72-02, 73-02, 74-01 (extrusion ratio of 

10:1 at 650°C, billet preparation by slow cool) and capsules MPT76-03, 76-04, 77-01, 

79-02 and 65-01 (extrusion ratio of 4:1 at 650°C, billet preparation by slow cool) fall 

into the middle part of the plots.  It is evident that capsules MPT72-02 and 73-02 have 

similar creep behaviour, reaching 1% strain in the transverse direction after ~800 

hours.  MPT74-01 shows faster creep behaviour in the transverse direction which may 

correspond to the smaller fT (0.518) value compared with those of MPT72F (0.582) 

and MPT73F (0.538).  Of the group of the tubes made with an extrusion ratio of 4:1 at 

650°C, capsules MPT76-03, 76-04, and 77-01 exhibit similar creep behaviour; 

capsules MPT79-02 and 65-01 creep faster than the above samples possibly because 

they have a smaller component of the c-axes in the transverse direction (fT).  

 

The specimens extruded from billets after β-quench, such as capsules MPT63-03, 63-

08 (extrusion ratio of 10:1 at 815°C) and 62-01 (extrusion ratio of 4:1 at 650°C), 

exhibit faster creep behaviour and higher steady-state creep rates compared with the 

samples under the same extrusion conditions but with slow-cooled billet preparation.  

Moreover, the different creep behaviour for the capsules from the front and back ends 

of tubes MPT81 and 82 may be related to the texture and microstructure variations 

along the axial direction of the tubes.  From the front to back ends along the tubes, the 
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steady-state creep rates in both directions increase, but similar creep rate ratios are 

exhibited despite the different absolute creep rate values, as seen in Table 5-8.    

 

From the plots of creep strains versus time in the axial direction, Figure 6-5, it can be 

seen that only specimen FS23 exhibits negative axial strains correlating with its fast 

creep behaviour in the transverse direction.  Capsule MPT81-02 again shows the 

slowest axial creep rate possibly because of a relatively strong axial component of the 

c-axis in the front end of the tube.  After MPT81-02, capsules MPT65-01, 76-03, 76-

04, 77-01, 79-02 and 82-01 show lower axial creep rates.  The axial creep curve of 

MPT66-05 falls into the middle part of the overall plots.  Capsules MPT72-02, 73-02 

and 74-01 have the similar axial creep behaviour because of the same nominal 

extrusion conditions, but they crept faster than MPT66-05.  As with the transverse 

creep behaviour, capsules MPT81-03, 82-03, and 82-05, 62-01, and 63-03, 63-08 all 

shows the highest positive axial rates.  

 

It is noticed that the capsules extruded in the same nominal conditions exhibit slightly 

different creep behaviours.  This variation may be related to the texture variation of 

the tubes in the same group, as is the slight discrepancy in the values of the resolved 

basal plane normal factors in Table 5-1.  In general, it can be seen that the higher fT 

values correlate with a better transverse creep resistance, indicated by a lower steady-

state transverse creep rate.  Moreover, the creep discrepancy may also be due to the 

texture gradient through the wall and along the axial direction of the tubes.  Because 

the creep capsules were manufactured from a reduced section, the measured texture, 

representing a through-wall average, may not exactly represent the texture of the 

tested capsules.  Li et al. [20] observed through-wall variations in micro pressure 
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tubes after extrusion, although these were not statistically significant, except at the 

front end of those extruded after preheating in the β-phase.  Judge [122] did not 

observe such variations in the extrusions from which MPT72-82 were made except at 

the front ends of tubes MPT81and 82.    

 

It is worth mentioning that capsule MPT81-02 shows the lowest creep rate in both the 

axial and transverse directions of all the tested capsules.  Although MPT66-05 (same 

extrusion condition as the pressure tubes in CANDU reactors) exhibits good 

transverse creep resistance, it shows relatively high axial strains.  It was also observed 

that the capsules with a finer grain size creep faster in both directions than those with 

a coarse grain size at the same extrusion ratio and temperature.  Moreover, the texture 

and microstructure variations along the tubes also lead to the different creep 

behaviours, e.g., the back end capsules MPT81-03, 82-03, and 82-05 creep faster than 

those from the front ends, capsules MPT81-02 and 82-01.  This indicates that good 

control of the extrusion procedures and parameters is important to obtain uniform 

creep behaviour along the tubes.   
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Figure 6-6 Variation of steady-state creep rate ratios ( TA εε && / ) versus texture 
parameters (fT -fR) for internally pressurized standard FS and MPT capsules under a 
nominal transverse stress of 300MPa at 350°C 
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to fR > fT , indicating the poorest creep resistance in the transverse direction in the 

tested tubes.  For each group of tubes with the same nominal extrusion condition, their 

steady-state creep rate ratios ( TA εε && / ) fall into a similar range (the same color points 

in Figure 6-6).  From Figure 6-6, it can be concluded that crystallographic texture has 

a strong correlation with the creep anisotropy of the cold- worked Zr-2.5Nb tubes.   

 

Although grain size (fine or coarse) affects the creep strains and the values of steady-

state creep rate, it does not show significant impact on the creep anisotropy, e.g., the 

values of steady-state creep rate ratios of MPT63-03 with a fine grain size and 

MPT66-05 with a coarse grain size are similar.  For tubes MPT81 and 82, the values 

of ( TA εε && / ) for the capsules from both the front and back ends are all closely 

distributed to a linear trend line, representing the effect of the texture, in Figure 6-6, 

despite the different grain shapes and sizes.  Although MPT62-01 (equiaxed grain 

shape in radial-transverse section) shows the highest value of steady-state creep rate 

ratios in the group with an extrusion ratio of 4:1 at 350°C, it is noticed that its value of 

the steady-state creep rate ratio ( TA εε && / ) is located at a similar distance above the 

trend line with MPT65-01 (elongated grain shape) in spite of a different grain 

structure.  Moreover, the distribution of β-phase also has no significant effect on the 

creep anisotropy, e.g., tube MPT62 and the back ends of tubes MPT81 and 82 have 

the β-phase broken up into discrete particles as opposed to the more continuous 

distribution of the other tubes.   

 

In brief, although there may be small effects of grain structure, size and β-phase 

distribution on the creep anisotropy of the cold-worked Zr-2.5Nb tubes, these seem to 

be within the experimental error, and the only factor that strongly correlates with 
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creep anisotropy is the crystallographic texture.  The anisotropic hcp structure of α 

grains and strong texture of the materials are clearly key factors in determining the 

creep anisotropy.  Later discussion will concentrate on determining the cause of this 

correlation using polycrystalline models. 

 

6.6 Effect of stress state on creep anisotropy  

  

The stress state dependence tests performed on end-loaded FS and MPT capsules 

provide an additional database to understand anisotropic creep and the effect of stress 

states on creep anisotropy of cold-worked Zr-2.5Nb tubes.  Experimental results at 

different stress ratios ( TA σσ / ) can be used in the Hill model to calculate the 

anisotropic coefficients F, G and H for each tube if at least two stress states are 

known, and then predict the resulting creep anisotropy using the calculated Hill 

anisotropic coefficients.  Moreover, the experimental data can be used to assess an 

existing polycrystalline self-consistent model SELFPOLY7 to improve the anisotropic 

creep simulation.   

 

As seen in the results for internally pressurized FS and MPT capsules tested under a 

nominal transverse stress of 300MPa at 350°C in Section 5.8, ratios of axial to 

transverse steady-state creep rates increase with increasing values of stress ratios 

( TA σσ / ).  For FS tubes, the increased axial stresses significantly increase the steady-

state creep rates in the axial direction and decrease the values in the transverse 

direction.   For MPT tubes, the capsules tested at a stress ratio of approximately 0.26 

(with an external compressive axial load, -900N) exhibit negative steady-state axial 
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creep rates and those at the stress ratio of approximately 0.70 (with an external tensile 

axial load, +900N) exhibit positive values.  In a general trend, the increasing axial 

stresses significantly increase the steady-state creep rates in the axial direction for the 

MPT capsules, while the transverse steady-state creep rates remain approximately the 

same or slightly decrease with increasing stress ratios ( TA σσ / ).  However, there are 

some exceptions.  For example, capsule MPT81-01 under an external axial load of 

+900N crept much faster in the transverse direction than the standard capsule, 

MPT81-02.  Capsule MPT65-02 ( TA σσ / =0.26) reached about 1% transverse strain 

after about 100 hours of heating, but it took more than 600 hours for MPT65-01 

( TA σσ / =0.48) to obtain that amount of strain.  These results are inconsistent with 

expectations and with the results from the other capsules.  Not much microstructure or 

texture variation is expected in these two tubes, so the explanation is not clear.  

Moreover, the end-loading tests again prove the effect of grain size on creep.  For 

example, due to a finer grain size, the end-loaded MPT63 capsules show higher 

values of steady-state creep rates than the MPT66 capsules in both axial and 

transverse directions for the same nominal stress states. 

 

Creep anisotropy of all the tested capsules with varied textures and stress states are 

summarized in Figure 6-7 which shows the steady-state creep rate ratios as a function 

of texture parameters (fT -fR) at three different stress states.  As is the case of the 

standard capsules in Figure 6-6 and the middle curve here, the end-loaded samples 

with both compressive and tensile external axial loads show an obvious texture 

dependence of creep anisotropy.  The steady-state creep rate ratios ( TA εε && / ) illustrate 

an approximately linearly increasing trend with increasing values of (fT -fR) at each 

stress state, as indicated by the linear trend lines in Figure 6-7. 



 169

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6-7 Experimental steady-state creep rate ratios between the axial and 
transverse directions versus texture parameters (fT -fR) for internally pressurized FS 
and MPT capsules under a nominal transverse stress of 300MPa at 350°C under 
different stress ratios ( TA σσ / ) 
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As shown in Section 5.8.1, five stress states were tested for the FS capsules.  To 

obtain the anisotropic coefficients, a group of Hill coefficients is first calculated from 

the experimental steady-state creep rate ratios at any two arbitrary combinations of 

stress ratios, and then the coefficients are averaged to achieve the values for the FS 

tube: F=0.314, G=0.299, and H=0.887.  According to these values, the ratios of axial 

and transverse steady-state creep rates at varied stress states are predicted and plotted 

as a function of stress ratios (the solid line), Figure 6-8.  A plot for an isotropic case 

(F=G=H=0.500) is also made to compare with the FS tube in Figure 6-8.  

 

 
 
 
 
 
 
 
 

 

 

 

 

 

 

Figure 6-8 Steady-state creep rate ratios ( TA εε && / ) from experimental data and 
predictions by the Hill model as a function of stress ratios (σA/σT) for FS tubes; the 
dotted line represents a plot for an isotropic case. 
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Figure 6-9 Steady-state creep rate ratios ( TA εε && / ) from experimental data and 
predictions by the Hill model as a function of stress ratios (σA/σT) (a) MPT63 (b) 
MPT66 and (c) MPT76, the dotted line represents a plot for an isotropic case. 
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crystal with its c-axis in the radial direction of a tube.  At this orientation, the axial 

strain of the tube is attained as a result of shear along the crystal planes containing the 

shear stress cos2λ’(σA –σT) and cos2 δ’(σA –σR), where λ’ and δ’ are the angles between 

slip planes and stress directions respectively, and the maximum shear stresses are 

1/2(σA –σT) and 1/2(σA –σR) when the slip planes are 45 degrees corresponding to the 

principal stress directions as shown in Figure 6-10.   When the c-axis of most of 

grains is in the radial direction, as is the case in FS tubes, shear can easily occur by 

{ } 02110110 prismatic slip under the action of the shear stress of 1/2(σA –σT); but 

under the shear stress of 1/2(σA –σR), the grains must deform by some <c+a> slip 

mechanism, which is harder to activate.  So, the contribution to the shear strain by 

1/2(σA –σT) is larger than by 1/2(σA –σR), corresponding to a larger value of F than G.  

On the contrary, a larger value of G than F is expected when most of the c-axes are 

oriented in the transverse direction (tubes MPT63, 66 and 76).  Ibrahim and Holt 

[123] illustrated the correlation between creep strains and orientations of basal plane 

normals.  They showed that at the stress state of σA /σT =0.5 and σR =0, cold-worked 

Zr-2.5Nb tubes would have negative axial creep rates when the c-axis of most grains 

are oriented within 40 degrees of the radial direction in the radial-transverse plane.  
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Figure 6-10 Schematic relationship between shear stress and slip systems for a crystal 
with the c-axis oriented in the radial direction of a tube (the figure is partly referred 
from [7]) 
 

For the rest of the tubes, there are only two stress states so the values of F, G and H 

are not over-determined.  The Hill anisotropic coefficients were calculated directly 

from the experimental data.  They are provided in Table 6-1.  Figure 6-11 gives a plot 

of the obtained anisotropic coefficients versus texture parameters (fT -fR) for all the 

tested capsules. 
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Table 6-1 Calculated Hill anisotropic coefficients F, G and H for cold-worked Zr-
2.5Nb tubes 

Tube No. 
Hill anisotropic coefficients 
F G H 

FS 0.314 0.299 0.887 
MPT63F 0.234 0.506 0.760 
MPT65F 0.283 0.419 0.798 
MPT66F 0.214 0.537 0.749 
MPT72F 0.207 0.376 0.917 
MPT73F 0.289 0.461 0.750 
MPT74F 0.182 0.346 0.972 
MPT76F 0.366 0.492 0.642 
MPT77F 0.216 0.290 0.994 
MPT79F 0.278 0.392 0.830 
MPT81F 0.290 0.491 0.719 
MPT81B 0.288 0.489 0.723 
MPT82F 0.457 0.609 0.433 
MPT82B 0.333 0.505 0.662 

 

 

 

 

 

 

 

 

 

 
 
 
Figure 6-11 Calculated Hill anisotropic coefficients F, G and H as a function of 
texture parameters (fT -fR) for cold-worked Zr-2.5Nb tubes 
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Figure 6-12 Hill coefficients (G-F), (2H+F) and (G-F)/(2H+F)  as a function of 
texture parameters (fT -fR) for cold-worked Zr-2.5Nb tubes 
 

The plots, in Figure 6-11, show a considerable scatter for the anisotropic coefficients 

of the tubes, indicating that other factors besides texture are affecting the anisotropy 

of creep as described by Hill.  In general, the coefficient H appears to be the highest 

value for each type of texture and shows a decreasing trend with increasing values of 

(fT -fR);  on the contrary, the values of G increase with increasing (fT -fR).  The 

coefficient F shows a constant trend with the variations of (fT -fR).  Figure 6-12 plots 

the values of (G-F), (2H+F) and (G-F)/(2H+F) as a function of (fT -fR).  According to 

the Hill equations (2-19) and (2-20), the values of (G-F), (2H+F) and (G-F)/(2H+F) 

can be used to indicate the strains in the axial and transverse directions and the ratios 

between them for the case of internally pressurized standard capsules ( TA σσ / =0.5, 

≈Rσ 0).  In Figure 6-12, the values of (G-F) increase from negative (fT -fR = -0.16) to 

positive values with increasing (fT -fR); the values of (2H+F) decrease but remain 

above zero.  The ratio value of (G-F)/(2H+F) show an increasing trend from negative 
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(FS tubes) to positive values (MPTs), which is consistent with the experimental 

results. 

 

It is evident that the current Hill model provides reasonable predictions of creep 

anisotropy for tubes FS, MPT63, 66 and 66, Figures 6-8 and 6-9, and the obtained 

anisotropic coefficients show a general correlation with the textures of the tubes, 

Figures 6-11 and 6-12.  However, this simple macroscopic model cannot provide 

information about the metallurgical conditions of a material, i.e., the model cannot 

incorporate texture or micro-structure to predict the creep anisotropy for one material, 

based on the measured creep anisotropy of another.  It also can be seen that the 

relatively scatter values of F, G and H cannot be closely correlated with the texture of 

the tubes by using the current Hill equations, which may suggest that the 

crystallographic texture is not the only determining factor for predicting creep 

anisotropy.  Moreover, it is possible that more recent models, e.g., a modified Hill 

model (1979) [124], may be able to provide better correlation between the creep 

anisotropic coefficients and crystallographic textures of the tubes tested, which is 

recommended in the future work. 

 

In summary, creep of cold-worked Zr-2.5Nb tubes shows dependence on stress, 

temperature, microstructure, textures and stress states.  It is complicated to take into 

account all of the potential factors when interpreting the anisotropic creep of the 

current cold-worked Zr-2.5Nb tubes.  However, the experimental data and calculation 

using the Hill equations provide insight into the relationship between texture and 

creep anisotropy and how to develop and modify more accurate anisotropy models. 
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6.8 Polycrystalline modeling of creep anisotropy  

 

Polycrystalline models correlate the relationship between intergranular interaction and 

deformation of a polycrystalline sample.  A self-consistent polycrystalline model not 

only allows individual grains to deform differently and but also accounts for the 

interaction between grains and the matrix, so it meets both equilibrium and 

compatibility conditions [109].  It has been used with some success to model 

plasticity, texture development and in-reactor creep [8-10,117,125,126].  The self-

consistent polycrystalline model SELFPOLY7 [8-10,64] is currently used to predict 

in-reactor creep anisotropy of cold-worked Zr-2.5Nb pressure tubes.  In previous 

research the model was only used to simulate the creep anisotropy of the materials 

with crystallographic texture similar to that of Zr-2.5Nb pressure tubes and fuel 

sheathing tubes, but the model could not fit both with a consistent set of parameters.  

To completely validate the model, a range of textures is necessary.  SELFPOLY7 

assumes that dislocation slip is the strain producing mechanism and crystallographic 

texture is the determining factor for creep anisotropy.  In the calculation, the model 

assumes that each grain has the same critical resolved shear stress (CRSS) ratios for 

the applied slip systems, such as prismatic, basal and pyramidal slip of α-Zr, and that 

for a given metallurgical condition these are also the same for materials with different 

crystallographic textures.  Actually, other factors besides crystallographic texture may 

affect anisotropic creep.  For example, the cold-working deformation history before 

creep determines the dislocation types and distributions amongst different 

crystallographic orientations, which may affect the creep behaviour of the tubes.  The 

aim of this section is to evaluate the current SELFPOLY7 model using the 
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experimental database from the tubes with a range of crystallographic textures, and, if 

necessary, make a strategic improvement. 

 

In the first section, the original SELFPOLY7 is evaluated.  The results are shown and 

compared with the experimental data.  It proves impossible to fit a single set of CRSS 

ratios to match all the experimental data.  In the second part, a modified model, 

SELFPOLY7-Q, is introduced, accounting for the dislocation distributions created 

during cold work after extrusion.  The objective of the modification is to take into 

account the fact that different grain orientations contain different densities of 

dislocations of the different types (Burgess vector and slip planes) before the creep 

test is started.  The detailed modification is interpreted and the prior deformation 

history (cold work after extrusion for MPTs and tube drawing for FS tubes) is 

simulated by an Elasto-Plastic Self-Consistent (EPSC) model to provide the input 

dislocation structure for the modified model, SELFPOLY7-Q.  Finally, the 

predictions by SELFPOLY7-Q and experimental data are compared.  The 

improvement and deviation are discussed.      

 

6.8.1 SELFPOLY7 model calculation 

 

SELFPOLY7 was developed to simulate the secondary stage creep for thermal, 

irradiation and mixed (thermal and irradiation) creep.  The input files of SELFPOLY7 

consist of material and texture files.  A stress (GPa) or creep rate (h-1) tensor can be 

used for the boundary conditions.  The texture file provides an average grain shape 

ratio and crystallographic texture of a tested material.  The grain shape is represented 

by a ratio of three dimensions of grains in the axial, transverse and radial directions.  
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In the model, the grain shape ratio is assumed to affect the value of the Eshelby tensor 

S and, as a consequence, the overall accommodation tensor [113].  The texture for the 

current cold-worked Zr-2.5Nb tubes is generated from a set of experimentally 

measured pole figures as described in Section 5.1 and Appendix II.   It is represented 

by a table in which each row represents a given crystal orientation containing a set of 

three Euler angles in certain convention (e.g. in Bunge’s notation, φ, θ, and ω) and a 

volume fraction (Vf) for a particular orientation.  The total number of rows is equal to 

the number of orientations used in the calculation.  

 

For thermal creep, the contributions of three different slip systems are assumed: 

prismatic slip { 0110 }< 0211 >, basal slip{0001}< 0211 >, and pyramidal slip 

{ 1110 }< 3211 >.  The CRSS ratios for slip systems must be specified.  The stress 

exponent n is set based upon a value determined experimentally.  SELFPOLY7 

assumes that each crystallographic orientation has the same CRSS ratios.  To 

determine one set of ratios that reasonably fits all the experimental creep anisotropy 

data, a range of ratios were tried from 1:100:100 to 1:1:1 (prismatic: basal: pyramidal 

slip).  

 

There proved to be no single set of CRSS ratios to match all the experimental data 

within the trial ranges.  A ratio of 1:3:100 was used because it provided the best 

matches with the experimental data.  A value of 6.4 for the stress exponent n was used 

based on the experimental stress dependence results in Section 6.2.2.  Figure 6-13 

shows the comparison between experimental and predicted ratios of steady-state axial 

and transverse creep rates versus texture parameters (fT -fR) and Table 6-2 provides the 

values.   The grain shape ratios were set as 5:1:0.2 in the axial, transverse and radial 
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directions for most of the MPT capsules, except for tubes MPT62F, MPT81F&B and 

MPT82F&B with a grain shape ratio of 2:0.2:0.2 based on the microstructure 

described in Section 5.2 and Appendix III.  For the FS capsule, a grain shape ratio of 

6.3:1.36:0.8 was estimated based on the observation of Causey et al. [10].    

 

 

 

 

 

 
 
 
 
 
 
 
 
 

Figure 6-13 Experimental ratios of steady-state creep rates in the axial and transverse 
directions and predictions by SELFPOLY7 (CRSS ratio=1:3:100, stress exponent 
n=6.4) as a function of texture parameters (fT -fR) for internally pressurized standard 
FS and MPT capsules tested under a nominal transverse stress of 300MPa at 350°C 
 
 

From Figure 6-13, it can be seen that although a general increasing trend of steady-

state creep rate ratios ( TA εε && / ) versus texture parameters (fT-fR) is predicted, the 

predictions by SELFPOLY7 provide a much steeper correlation with the 

crystallographic textures of the tubes.  In the data of Table 6-2, there are a few 

simulations which give good quantitative agreement with the experimental results, i.e., 

capsules MPT72-02, 76-03, 76-04, 81-03, 82-03 and 82-05.  However, in some cases, 

the model predicts a negative axial creep rate while the experimental result shows a 

positive value, such as capsules MPT65-01 and 79-02.  Although the predicted ratios 
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for capsules MPT62-01 and 81-02 are positive, they are much smaller than the 

experimental values. Moreover, SELFPOLY7 predicts a negative ratio for FS23, but it 

overestimates the experimental value by a factor of seven.   

 
Table 6-2 Values of experimental and predicted ratios by SELFPOLY7 (CRSS 
ratio=1:3:100, stress exponent n=6.4) for internally pressurized standard FS and MPT 
capsules tested under a nominal transverse stress of 300MPa at 350°C 

Sample  
No. 

 

Resolved basal plane 
normal factors 

Tf - Rf  
 

Steady-state creep rate 
ratios TA εε && / (×10-2) 

Grain shape 
ratio 

(A:T:R) 
 Rf  Tf  Af  

Experimental 
results 

SELFPOLY7 
 

62-01(F) 0.424 0.520 0.056 0.096 8.56± 0.36 1.58 2:0.2:0.2 
65-01(F) 0.453 0.468 0.079 0.015 5.64± 0.47 -2.62 5:1:0.2 
63-03(F) 0.374 0.569 0.057 0.195 13.15± 1.21 6.53 5:1:0.2 
63-08(F) 0.374 0.569 0.057 0.195 8.67± 1.06 6.78 5:1:0.2 
66-05(F) 0.359 0.554 0.087 0.195 14.21± 0.78 8.37 5:1:0.2 
72-02(F) 0.375 0.582 0.043 0.207 7.39± 1.33 7.29 5:1:0.2 
73-02(F) 0.382 0.538 0.08 0.156 8.23± 0.97 2.53 5:1:0.2 
74-01(F) 0.418 0.518 0.065 0.100 6.74± 0.47 2.73 5:1:0.2 
76-03(F) 0.381 0.542 0.076 0.161 3.85± 0.19 5.04 5:1:0.2 
76-04(F) 0.381 0.542 0.076 0.161 4.26± 0.63 4.80 5:1:0.2 
77-01(F) 0.376 0.529 0.094 0.153 4.89± 0.20 1.67 5:1:0.2 
79-02(F) 0.450 0.481 0.069 0.031 4.45± 0.59 -3.00 5:1:0.2 
81-02(F) 0.335 0.441 0.223 0.106 9.78± 2.12 0.60 2:0.2:0.2 
81-03(F) 0.336 0.558 0.105 0.222 10.45± 0.65 10.93 2:0.2:0.2 
82-01(F) 0.326 0.492 0.181 0.166 7.63± 0.97 3.40 2:0.2:0.2 
82-03(B) 0.343 0.553 0.103 0.210 9.38± 0.48 8.28 2:0.2:0.2 
82-05(B) 0.343 0.553 0.103 0.210 8.85± 0.40 8.83 2:0.2:0.2 

FS23 0.550 0.389 0.059 -0.161 -2.86± 1.54 -20.13 6.3:1.36:0.8
In the table, F and B denote the section of the MPT tube from which the creep capsule 
were manufactured (F=front, B=back). 
 

The poor agreement between the simulations and experimental results shows that a 

constant CRSS cannot reasonably fit all the experimental data.  Subsequently, 

different sets of CRSS ratios for each textured sample were tried in an attempt to 

match the experimental creep rate ratios.  Table 6-3 provides the combination of 

CRSS ratios and calculated results for each specimen.  The comparison between the 

experimental ratios and predictions by different sets of CRSS ratios is plotted as a 

function of texture parameters (fT -fR) in Figure 6-14.   
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Table 6-3 Experimental data and the SELFPOLY7 predictions using different 
combinations of CRSS ratios (n=6.4) for internally pressurized standard FS and MPT 
capsules tested under a nominal transverse stress of 300MPa at 350°C 

 
Sample 

 No. 

Critical resolved shear stress 
(CRSS) ratio 

Steady-state creep rate ratio 
( TA εε && / ) ×10-2 Grain shape 

ratio(A:T:R)
 

Prismatic  Basal Pyramidal Experimental 
Results 

SELFPOLY7 

62-01(F) 1 3 100 8.56± 0.36 1.58 2:0.2:0.2 
65-01(F) 1 3 100 5.64± 0.47 -2.62 5:1:0.2 
63-03(F) 1 4.2 100 13.15± 1.21 12.31 5:1:0.2 
63-08(F) 1 4.2 100 8.67± 1.06 12.68 5:1:0.2 
66-05(F) 1 4.2 100 14.21± 0.78 14.17 5:1:0.2 
72-02(F) 1 3 100 7.39± 1.33 7.29 5:1:0.2 
73-02(F) 1 6 50 8.23± 0.97 8.92 5:1:0.2 
74-01(F) 1 5 20 6.74± 0.47 6.56 5:1:0.2 
76-03(F) 1 3 100 3.85± 0.19 5.04 5:1:0.2 
76-04(F) 1 3 100 4.26± 0.63 4.80 5:1:0.2 
77-01(F) 1 6 23 4.89± 0.20 4.78 5:1:0.2 
79-02(F) 1 3 100 4.45± 0.59 -3.00 5:1:0.2 
81-02(F) 1 3 100 9.78± 2.12 0.60 2:0.2:0.2 
81-03(B) 1 3 100 10.45± 0.65 10.93 2:0.2:0.2 
82-01(F) 1 6 23 7.63± 0.97 7.25 2:0.2:0.2 
82-03(B) 1 3 100 9.38± 0.48 8.28 2:0.2:0.2 
82-05(B) 1 3 100 8.85± 0.40 8.83 2:0.2:0.2 

FS23 1 1.11 1.85 -2.86± 1.54 -2.85 6.3:1.36:0.8 
 
 

Note that the different combinations of CRSS ratios can fit most of the results 

reasonably well and that prismatic slip is still the dominating slip system.  However, 

there are still two specimens, MPT79-02 and MPT65-01, for which no combinations 

were found within the trial ranges to obtain a positive axial creep rate that matches the 

experimental value.  For capsules MPT62-01 and MPT81-02, a small or near zero 

positive value could be obtained, but the large positive values observed could not be 

matched.  In these cases, an arbitrary ratio of 1:3:100 was chosen, Table 6-3.  For the 

fuel sheathing specimen, FS23, easier pyramidal slip (i.e. a lower value of the CRSS 

ratio for pyramidal to prismatic slip) was required to match the experimental result.  

This is consistent with previous conclusions drawn for the irradiation creep simulation 

using the current model SELFPOLY7 [8].  Christodoulou et al. [8] remarked that 
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different single crystal creep compliances were needed to match the observed 

anisotropy ratios in the irradiation creep of fuel sheathing tubes in comparison with 

the materials of pressure-tube-like texture.  As with the current results, they concluded 

that pyramidal slip had to contribute to a great amount of strain in the case of strong 

radial texture (fuel sheathing).  Note that there is no a priori reason to assume that the 

CRSS ratios for the different materials should be different, in fact the CRSS ratio 

should represent a physical property of a material, and it is not physically realistic to 

assume different values for different materials. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6-14 Experimental ratios of steady-state creep rates in the axial and transverse 
directions and predictions by SELFPOLY7 (different sets of CRSS ratios, stress 
exponent n=6.4) as a function of texture parameters (fT -fR) for internally pressurized 
standard FS and MPT capsules under a nominal transverse stress of 300MPa at 350°C 
 

SELFPOLY7 assumes that the single crystal creep response of each crystal 

orientation within a given material is identical.  However, in real materials, different 
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is not dependent solely upon crystallographic texture but may depend upon 

microstructural differences.   

 

Cold-worked pressure tubes contain <a> and <c> component dislocations with a  

density of ~3-4×1014m-2, and the densities and types of the dislocations in individual 

grains are largely determined by grain orientations [39,127].  It had been found that 

the creep strains in reactor creep are strongly related to cold work, which was 

considered to be associated with the density and distribution of dislocations [128].  

Moreover, the strains due to creep deformation are very small compared with those 

from cold work, so the pre-existing dislocation structure or distribution is likely to 

have a strong influence on creep behaviour of the current cold-worked Zr-2.5Nb tubes.  

Quantitative dislocation information is necessary to describe this pre-existing 

dislocation distribution in order to make an improvement for the creep anisotropy 

prediction.  Considering the extremely fine grain structures of the materials under 

study, it is virtually impossible to use TEM or other experimental techniques to 

provide this quantitative information.  Below, the pre-existing dislocation 

distributions prior to creep for each tube are simulated using a self-consistent model, 

Elasto-Plastic Self-Consistent (EPSC), for plastic deformation of Zr-2.5Nb during 

cold work.  That distribution is then input to a modified version of SELFPOLY7.  

This approach may improve the prediction of creep anisotropy for the cold-worked 

Zr-2.5Nb tubes.   
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6.8.2 Simulation of cold-working dislocation distribution  

6.8.2.1 Elasto-Plastic Self-Consistent (EPSC) model 

 

The Elasto-Plastic Self-Consistent (EPSC) computer code was developed to predict 

thermo-mechanical deformation of polycrystalline aggregates [117].  The model is a 

powerful tool to calculate development of internal stresses in a polycrystal and the 

macroscopic mechanical response of the polycrystal during elastic and plastic 

deformation.  It has been successfully applied to evaluate the room temperature 

deformation mechanisms for both Zircaloy-2 and Zr-2.5Nb [125,126].  The model 

accounts for the anisotropy of single crystal elastic, plastic, thermal properties and the 

hardening of slip systems.  Like SELFPOLY7, it is a self-consistent model and allows 

the interaction between individual grains and the matrix.  Each grain is treated as an 

ellipsoidal inclusion embedded in a Homogenous Effective Medium (HEM), which 

has the average properties of all grains.  Interactions between individual grains and 

the HEM are calculated using the Eshelby tensor [112].  ESPC can be used to track 

the incremental shear strain ∆ s
nγ&  at each strain step (n) for each slip system (s) of an 

individual orientation.  sγ , the sum of the shear strain increments of all the steps, 

provides the total shear strains for a slip system s.  It is well known that dislocation 

densities are related to shear strains and increase with strains during plastic 

deformation [129].  Therefore, the calculated shear strain sγ  is used to estimate the 

dislocation distributions for each slip system in an individual orientation (grain).  

 

Version EPSC3 was used to simulate the shear strains in each crystal orientation.  

Following Cai et al. [126], three slip systems for α-phase Zr-2.5Nb were assumed: 
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prismatic slip{ 0110 }< 0211 >, basal slip{0001}< 0211 >, and pyramidal slip 

{ 1110 }< 3211 >.  The CRSS and hardening parameters of each slip system are the 

values obtained by Cai [126], to provide the best fit for tension and compression tests 

on hot rolled Zr-2.5Nb at room temperature, Table 6-4.  0τ  is the CRSS and 1τ  is the 

Voce saturation stress.  θ0 is the initial hardening rate and θ1 is the final asymptotic 

hardening rate for each slip system.  The asymmetric yielding character of <c+a> 

pyramidal slip was taken into account [126], i.e., different sets of parameters for 

pyramidal slips were used for the grains experiencing tension or compression along 

the c-axis as shown in Table 6-4.  More details can be found in the references 

[118,126]. 

 

Table 6-4 Parameters for shear strain calculation in EPSC3 [126] 

Slip systems 0τ (GPa) 1τ (GPa) θ 0 θ1 
Prismatic <a> 0.12 0.001 10 0.05 

Basal <a> 0.15 0.001 10 0.05 
Pyramidal<c+a> tensile  0.27 0.001 10 0.01 

Pyramidal<c+a> compression 0.41 0.001 10 0.20 
 

6.8.2.2 Shear strain distribution 

 

Typical macroscopic strains during cold work for micro pressure tubes are listed in 

Table 6-5.  The cold-working process is performed in two steps with a total tensile 

axial strain of 32.6%, a compressive wall thickness strain of 20.3% and a transverse 

(circumferential) strain of 12.3% as listed.  
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Table 6-5 Typical principal strains during cold work in EPSC3 simulation for micro 
pressure tubes 

 
Process 

Principal strains 
Wall thickness Transverse Axial 

MPT 1st drawing -0.076 -0.087 0.163 
2nd drawing -0.127 -0.036 0.163 

 

After cold work, the tubes were first stress relieved for 24 hours at 400°C, then for 

another 24 hours at 400°C after the weld was made to seal the creep capsules.  This 

substantially reduces the dislocation density, i.e., from ~11-12×1014m-2 to ~2-

3×1014m-2 and the stress relief only changes the magnitude of dislocation densities, 

but not the distribution of the dislocations [127].   Hence, in the calculation, 10 

percent of total strains were arbitrarily chosen to represent the stress-relieved 

condition.  The distributions of shear strains for each slip mode (prismatic, basal and 

pyramidal) are plotted corresponding to the c-axis orientation of grains for MPT66F, 

Figure 6-15.  The figures resemble pole figures, but represent the amount of the shear 

strains in each orientation, rather than the texture coefficient.  In each plot, the center 

is the radial (R) direction, the right and left are the transverse (T) direction and the top 

and bottom are the axial direction of the tube, respectively.  The colored “+” in the 

figures represents an individual grain or orientation and the mesh size is 10 degrees.  

The non-uniform distribution of the shear strains is clear.  The calculations show a 

general trend of the shear strains for each slip mode corresponding to the c-axis 

distribution of grains.  The grains with the c-axis oriented in the transverse direction 

have high prismatic <a> shear strains, but very few pyramidal <c+a> and basal <a> 

shear strains.  Most of high pyramidal <c+a> shear strains are contained in the grains 

with the c-axis oriented near the radial direction and a small proportion in the axial 

direction.  Basal <a> shear strains are contained in an annulus around the radial 

direction but concentrated in the grains with c-axis aligned near the axial-radial plane. 
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Figure 6-15 Simulated distributions of shear strains for each slip mode corresponding 
to the c-axes orientation of grains at 10% of total strains in three principal directions 
for MPT66F  
 

As mentioned in Section 3.2.3, FS tubes were manufactured in three stages of cold 

reduction, probably by pilgering, with an area reduction of around 70% at each stage.  

After each cold reduction, an annealing treatment was performed for 3 hours at 700°C 

and there was a final stress relief at 500°C for 6 hours.  It is difficult to accurately 

simulate the final cold-working process because of lack of detailed strain data.  Based 

on the predominantly radial texture of the material, the ratio of wall thickness (radial) 

to circumferential (transverse) strains in the final cold reduction was high (>2).  

Reasonable guesses are made here for the overall strains in the three principal 

directions, Table 6-6.  Similar to the calculation for the cold work on MPTs, 10% of 

total strains were applied to represent the stress-relieved condition.  The shear strain 

distributions for the different slip modes are plotted in Figure 6-16.  

 

Table 6-6 Cold-work strains in the three principal directions in EPSC3 simulation for 
fuel sheathing tubes  

 
Process 

Principal strains 
Wall thickness Transverse Axial 

Cold work -0.868 -0.337 1.204 
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Figure 6-16 Simulated distributions of shear strains for each slip mode corresponding 
to the c-axis orientation of grains at 10% of total strains in three principal directions 
for FS tubes 
 

These distributions are also non-uniform and appear to be slightly different from those 

for MPT66F.  Higher intensities of basal <a> shear strains are contained in the grains 

with the c-axis aligned near the axial-radial plane and the grains containing high 

proportion of pyramidal <c+a> shear strains are concentrated further in the radial and 

axial directions of the tube.  

 

In the calculation, the measured textures from the current cold-worked Zr-2.5Nb tubes 

(in Appendix II) were used because there is no better option.  In the shear strain 

simulations, EPSC3 does not account for lattice rotation or texture evolution, and the 

lattice rotation may occur and result in local stress relaxation and eventually changes 

stress states in individual grains [118].  Although a Visco-Plastic Self-Consistent 

(VPSC) [130] model can be used to calculate the evolution of texture from the 

extrusion stage, the simulations cannot give a good agreement with the measured 

textures of the tubes.  Hence, the EPSC model was chosen to provide an indication of 

dislocation distributions in individual orientations.  However, this prediction is 
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expected to indicate some potential improvements to anisotropic creep simulation by 

taking into account the pre-existing dislocation structure and to provide a strategic 

direction for improving anisotropic creep models.   

 

In spite of these difficulties, the predicted dislocation distribution is expected to be a 

plausible representation of the actual situation.  For example, in the grains with the c-

axis in the radial direction, the wall thickness reduction forces the deformation along 

the c-axis by pyramidal <c+a> slip, resulting in a high density of dislocations with c-

component Burgers vectors.  Grains with the c-axis in the transverse direction can be 

easily deformed by prismatic <a> slip during wall thickness reduction and axial 

extension.  This results in the formation of a high density of a-type dislocations.  

These two distributions are shown in the Figures 6-15 and 6-16.  Griffiths et al. [131] 

observed high densities of <c+a> type dislocations on a transverse tensile specimen 

from a Zr-2.5Nb plate in which the c-axis were oriented in the transverse direction.  

There were few c-component dislocations found in the specimen after a tensile 

deformation is applied along the longitudinal direction, while high densities of a-type 

dislocations were observed.  These experimental observations are consistent with the 

current simulation of the distributions of shear strains for different dislocations. 

 

6.8.3 Modification of SELFPOLY7 model 

 

The aim of the current modification is to take into account the pre-existing dislocation 

structure from the prior deformation history as an input for the creep calculation.  The 

SELFPOLY7 code was modified to account for the individual dislocation structure of 

each orientation.   
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In the modification, it is assumed that when dislocation slip is the strain producing 

mechanism, the shear strain sγ  of each slip system after cold work is related to the 

mobile dislocation density subsequently available for creep.  This is different for each 

grain orientation.  It is also assumed that the pre-existing dislocations generated by 

cold work are the only sources to contribute to the creep shear strains in individual 

grains, i.e., at the steady-state the creep deformation would occur predominantly by 

the slip of existing dislocations rather than by creation of new dislocations.  This is 

reasonable because the strains introduced during cold work (>25%) are much larger 

than the strains introduced during creep (≤1%). 

 

As reviewed in Section 2.6.2, the creep rate in a single crystal is calculated by 

equation s
ij

n

s

s

s

sc
ij mm

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
= ∑ τ

σγε :
0&&  (2-28) in Chapter 2.  s

0γ&  is the reference shear creep 

rate for each slip system.  It is set as a constant and can be adjusted to obtain the 

absolute values of predicted creep rates, so it does not impact the ratios of axial and 

transverse steady-state creep rates. sτ  is the CRSS of each slip system s; s
ijm   is the 

Schmid factor.  σ represents the stress and n is the stress exponent.    In SELFPOLY7, 

all parameters except sτ  are assumed to be the same for all slip systems in each 

crystal.  The physical meaning of this equation can be related to the equation 

υρε bm=&  (2-9) given by Weertman’s model [77-79].  According to Weertman, the 

creep shear strain rate is related to dislocation density, ρm, magnitude of the Burgers 

vector, b, and the mean velocity of mobile dislocations, υ .  Here, it is assumed that 

the terms b and ρm are included in s
0γ&  and define a new term 

′s
0υ  such that  
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where s
m

s ρε ,& , sb and
′s

0υ  are the shear strain rate, mobile dislocation density, Burgers 

vector and reference average velocity of mobile dislocation for each slip system.   

Based on the value of c/a ratio of 1.593 for α-Zr [7], the magnitude of the Burgers 

vector of pyramidal <c+a> slip is larger than those of prismatic and basal <a> slip by 

a factor of 1.88, i.e., 32113/1b =1.88 02113/1b .  

 

To take into account different dislocation structures for each single orientation, the 

SELFPOLY7 code was modified to expand the reference shear strain rate from one 

dimension s
0γ& (ns) to a two dimensions s

0γ& (ns, NGR), where ns is the number of total 

slip systems and NGR represents the number of total grains.  To correspond to each 

orientation, the individual dislocation distribution for each slip mode (i.e. prismatic, 

basal and pyramidal) is specified in the texture file.  The modified model is referred to 

SELFPOLY7-Q in the following sections. 

 

6.8.4 SELFPOLY7-Q model calculation  

 

It is assumed that the dislocation densities of each slip mode s are proportional to the 

total shear strains calculated from the EPSC3.  The stress exponent n is set as 6.4 

based on the experimental data.  The CRSS ( sτ ) ratios, accounting for the different 

activities of the slip systems, are set as 1:1.25:3.40 for the prismatic, basal and 

pyramidal slips, which are based on Cai’s parameters [126] in Table 6-4 and the ratio 

of pyramidal <c+a> to prismatic <a> slip here is the average of those for tensile and 
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compression parameters of pyramidal <c+a> slip.  Moreover, because the prismatic 

and basal slip dislocations both have the same Burgers vector 02113/1 , it is 

possible that some fraction of basal slip contributes to dislocations (those in the screw 

orientations) that are available for prismatic slip and vice versa.  In the calculation, a 

fraction of 0%, 25%, 50% and 75% sharing of prismatic <a> and basal <a> 

dislocations was considered.  The predicted ratios TA εε && /  as a function of stress ratios 

σA/σT are shown for the FS capsules in Figure 6-17. 

Figure 6-17 Comparison of ratios ( TA εε && / ) of steady-state creep rates in the axial and 
transverse directions versus stress ratios (σA/σT) between experimental data and 
predictions by SELFPOLY7-Q at different levels of dislocations share in prismatic 
and basal slip 
 

In the case without prismatic <a> and basal <a> dislocation sharing, the predicted 

values are larger than the experimental data.  Of particular note, the calculation 

predicts a positive ratio of axial to transverse steady-state creep rates for the capsule at 

the internally pressurized stress states (σA/σT =0.48), while the experimental result is 

negative.  Because of strong radial texture in the FS tubes, it appears that the positive 

prediction is caused by too much influence of pyramidal <c+a> slip and not enough 
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of prismatic slips for the grains near the radial direction.  If it is assumed that some 

fraction of basal <a> slip contributes to dislocations that are available for prismatic 

<a> slip during creep, and vice versa, more prismatic slip will be introduced into the 

grains near the radial orientations leading to a negative creep rate in the axial direction, 

closely approaching the experimental data, Figure 6-17.  With an increasing amount 

of sharing, the values of ratios TA εε && / are further decreased.  50% sharing of prismatic 

<a> and basal <a> dislocations was chosen to achieve a balance with the results for 

the MPTs in order to obtain the best overall match in the following calculations.   

Note that the slight overestimation for the results at external tensile axial stresses 

(FS18 at σA/σT =0.601 and FS19 at σA/σT =0.701) occurs likely because the friction 

present during load transfer results in a lower actual external load than the nominal 

one. 

 

Figure 6-18 depicts the predictions by SELFPOLY7-Q for internally pressurized 

standard MPT and FS capsules under a transverse stress of 300MPa at 350°C and the 

comparison of the predictions by SELFPOLY and SELFPOLY7-Q with the 

experimental results.  Table 6-7 gives the predicted and experimental values of 

ratios TA εε && / .  The predicted values by SELFPOLY7 are from Table 6-2.   
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Figure 6-18 Experimental and predicted steady-state creep rate ratios ( TA εε && / ) for 
internally pressurized MPT and FS capsules under a nominal transverse stress of 
300MPa at 350°C (a) comparison of steady-state creep rate ratios ( TA εε && / ) between 
experimental data and SELFPOLY7-Q predictions as a function of texture parameters 
(fT-fR); (b) predicted steady-state creep rate ratios ( TA εε && / ) by SELFPOLY7 and 
SELFPOLY7-Q versus experimental data 
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Table 6-7 Values of experimental data and predictions by SELFPOLY7 and 
SELFPOLY7-Q for internally pressurized standard FS and MPT capsules tested under 
a nominal transverse stress of 300MPa at 350°C 

Sample 
No. 

Steady-state creep rate ratios TA εε && / (×10-2) 
Grain shape 
ratio(A:T:R) SELFPOLY7 SELFPOLY7-Q 

Experimental 
results 

62-01(F) 1.58 8.36 8.56± 0.36 2:0.2:0.2 
65-01(F) -2.62 4.64 5.64± 0.47 5:1:0.2 
63-03(F) 6.53 6.50 13.15± 1.21 5:1:0.2 
63-08(F) 6.78 6.62 8.67± 1.06 5:1:0.2 
66-05(F) 8.37 6.41 14.21± 0.78 5:1:0.2 
72-02(F) 7.29 8.22 7.39± 1.33 5:1:0.2 
73-02(F) 2.53 7.02 8.23± 0.97 5:1:0.2 
74-01(F) 2.73 6.28 6.74± 0.47 5:1:0.2 
76-03(F) 5.04 6.86 3.85± 0.19 5:1:0.2 
76-04(F) 4.80 6.74 4.26± 0.63 5:1:0.2 
77-01(F) 1.67 5.43 4.89± 0.20 5:1:0.2 
79-02(F) -3.00 5.15 4.45± 0.59 5:1:0.2 
81-02(F) 0.60 4.29 9.78± 2.12 2:0.2:0.2 
81-03(B) 10.93 11.06 10.45± 0.65 2:0.2:0.2 
82-01(F) 3.40 5.70 7.63± 0.97 2:0.2:0.2 
82-03(B) 8.28 9.87 9.38± 0.48 2:0.2:0.2 
82-05(B) 8.83 10.33 8.85± 0.40 2:0.2:0.2 

FS23 -20.13 -1.32 -2.86± 1.54 6.3:1.36:0.8 
In the table, F and B denote the section of the MPT tube from which the creep capsule 
manufactured (F=front, B=back). 
 

It can be seen that the predictions for the creep anisotropy of the internally pressurized 

standard Zr-2.5Nb capsules by SELFPOLY7-Q are significantly improved and most 

of the predicted ratios fall within the range of experimental data considering 

measurement uncertainty, Figure 6-18(a).  In general, SELFPOLY7-Q provides an 

increasing trend of steady-state creep rate ratios ( TA εε && / ) as a function of texture 

parameters (fT -fR) similar to that of the experimental data.  It also significantly 

narrows the overall distribution against the experimental data along a line of slope=1, 

Figure 6-18(b).  Compared with the prediction by SELFPOLY7, apparent 

improvements are achieved especially for capsules MPT65-01, 79-02 and FS23, in 

which the c-axis in the radial-transverse plane have relatively strong bias to the radial 

direction of the tubes, i.e., fT -fR <0.15.  As shown in Section 6.8.1, SELFPOLY7 
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always assigns them a negative axial creep rate (significantly larger in the case of FS 

tubes), while the predictions by SELFPOLY7-Q are much improved for these 

capsules, Table 6-7.  Clearly, the tacit assumption of uniform dislocation distributions 

in SELFPOLY7 does not capture the creep anisotropy for the current cold-worked Zr-

2.5Nb tubes, especially for the tubes with stronger radial textures.  For this type of 

texture, the easy prismatic slip predicted by SELFPOLY7 significantly increases the 

transverse strain contributions from the grains with the c-axis in the radial direction, 

resulting in a negative creep rate in the axial direction.  By taking account into the 

non-uniform distributions of dislocations for grains with different orientations, 

SELFPOLY7-Q, greatly reduces the contribution of prismatic slip in these grains and 

they deform primarily by pyramidal <c+a> slip which is more isotropic, giving little 

axial strain.  Prismatic <a> slip, which is dominant in grains with their c-axis in the 

transverse direction results in a positive contribution to the axial creep rate.  Some 

fraction of prismatic <a> and basal <a> is still needed in these grains to compensate 

for the contribution of <c> component dislocations to the transverse strain and the 

contribution of prismatic slip to axial strain from crystals with their c-axis in the 

transverse direction, especially for the FS tubes having the strongest radial texture 

(fR >fT) amongst the tested tubes, Figure 6-17.    
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Figure 6-19 Experimental and predicted steady-state creep rate ratios ( TA εε && / ) for  
internally pressurized MPT capsules without/with compressive or tensile loads under 
a nominal transverse stress of 300MPa at 350°C (a) comparison of steady-state creep 
rate ratios ( TA εε && / ) between experimental data and SELFPOLY7-Q predictions as a 
function of texture parameters (fT -fR); (b) predicted steady-state creep rate ratios 
( TA εε && / ) by SELFPOLY7 and SELFPOLY7-Q versus experimental data  
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Table 6-8 Values of experimental data and predictions by SELFPOLY7 and 
SELFPOLY7-Q for internally pressurized end-loaded FS and MPT capsules tested at 
different stress ratios ( σA/σT ) with a nominal transverse stress of 300MPa at 350°C 

Sample 
No. 

 

 
Stress 
ratios 
(A/T) 

Steady-state creep rate ratios TA εε && / (×10-2) Grain shape 
ratio(A:T:R) 

 SELFPOLY7 SELFPOLY7-Q 
Experimental 

results 
65-02(F) 0.256 -50.68 -2.22 -10.19± 0.70 5:1:0.2 
63-05(F) 0.702 172.27 56.26 35.77± 4.93 5:1:0.2 
63-07(F) 0.257 -22.27 -1.58 -3.75± 0.95 5:1:0.2 
66-06(F) 0.699 157.30 58.15 43.78± 3.57 5:1:0.2 
66-07(F) 0.251 -18.85 -1.88 -2.79± 0.40 5:1:0.2 
72-01(F) 0.257 -27.20 -1.53 -5.34± 1.60 5:1:0.2 
73-01(F) 0.253 -32.87 -1.68 -10.31± 1.21 5:1:0.2 
74-02(F) 0.257 -33.07 -1.79 -4.20± 0.72 5:1:0.2 
76-01(F) 0.708 165.16 60.23 37.81± 3.57 5:1:0.2 
76-02(F) 0.257 -33.87 -2.21 -10.38± 1.01 5:1:0.2 
77-02(F) 0.260 -34.68 -2.32 -7.36± 1.43 5:1:0.2 
79-01(F) 0.256 -54.43 -1.98 -10.27± 0.99 5:1:0.2 
81-01(F) 0.709 20.58 27.90 32.85± 3.83 2:0.2:0.2 
81-04(B) 0.256 -22.40 -1.90 -9.43± 0.98 2:0.2:0.2 
82-02(F) 0.707 37.46 37.09 52.38± 4.01 2:0.2:0.2 
82-04(B) 0.258 -24.19 -1.77 -12.89± 0.95 2:0.2:0.2 

FS17 0.249 -70.64 -18.60 -16.71± 3.46 6.3:1.36:0.8 
FS19 0.701 19.39 23.81 13.03± 1.15 6.3:1.36:0.8 

In the table, F and B denote the section of the MPT tube from which the creep capsule 
manufactured (F=front, B=back). 
 

The modified SELFPOLY7-Q was also applied to predict the creep anisotropy for the 

end-loaded FS and MPT capsules at different stress ratios.  Figure 6-19(a) illustrates 

the comparison of experimental and predicted results by SELFPOLY7-Q for 

internally pressurized end-loaded FS and MPT capsules with an external axial tensile 

(+900N) or compressive (-900N) load under a nominal transverse stress of 300MPa at 

350°C.  Figure 6-19(b) plots the predicted ratios ( TA εε && /  ) by SELFPOLY7 and 

SELFPOLY7-Q versus experimental data and Table 6-8 gives the values of the ratios.  

 

It is evident that the predictions for creep anisotropy for the end-loaded capsules 

under both stress states (external tensile or compressive load) are close to the 
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experimental data, Figure 6-19(a).  Compared with the predictions by SELFPOLY7, 

the results for SELFPOLY7-Q are a significant improvement, Figure 6-19(b).  At a 

stress ratio of about 0.7, SELFPOLY7 shows a considerable scatter suggesting that 

texture is not the sole determining factor controlling the anisotropy of creep, and, in 

particular the results of MPT66-06, MPT63-05 and MPT76-01 appear unrealistically 

high relative to the experimental data.  In the left side of Figure 6-19(b), SELFPOLY7 

largely underestimates the ratios of the steady-state creep rates ( TA εε && / ) for the 

capsules under an external compressive axial load, -900N, (stress ratio of 

26.0/ ≈TA σσ ).  The underestimation for the capsules with external compressive 

loads implies too much contributions of prismatic slip to the grains with the c-axis 

oriented in the radial direction, especially for the tubes with the basal plane normals 

having a strong bias to the radial direction, such as tubes FS, MPT65, MPT77 and 

MPT79, as shown in Table 6-8.  Therefore, the poor simulation obtained by assuming 

a uniform dislocation distribution (SELFPOLY7) again indicates that texture alone is 

not the sole determining factor for creep anisotropy.  The non-uniform dislocation 

distribution corresponding to the orientation of grains is an important factor that 

should be taken into account to improve the creep anisotropy modeling of the current 

cold-worked Zr-2.5Nb tubes.  Note that the deviation from experiment exceeds the 

experimental error in spite of the better agreement with the experimental data by the 

modified model, so it is recommended that further improvement on dislocation 

distribution simulations is necessary by advanced plastic models. 
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6.9 Summary 

 

Anisotropic thermal creep of cold-worked Zr-2.5Nb tubes has been studied by 

performing creep tests on thin-wall internally pressurized capsules without or with 

external axial loads.  The tubes provide a range of crystallographic textures and 

microstructures due to different manufacturing procedures.  The creep tests were 

carried out with varied stresses, temperatures, microstructures, crystallographic 

textures and stress states.  A regime of stress and temperature for creep tests was 

established in which dislocation creep is the likely dominant creep mechanism.   

 

The anisotropic creep of the current cold-worked Zr-2.5Nb tubes showed strong 

texture dependence from both internally pressurized standard (ratio of axial and 

transverse stress≈0.5) and end-loaded (ratio of axial and transverse stress, 0.25~0.75) 

with an external axial compressive or tension load.   

 

The calculated Hill anisotropic coefficients for the tubes were shown to be related to 

the textures of the tubes, but the scatter of the values indicated a weak correlation.  

 

The poor predictions for the creep anisotropy of the tubes by an existing self-

consistent polycrystalline model SELFPOLY7 based solely upon crystallographic 

texture indicated that texture is not the sole determining factor for creep anisotropy 

simulation.   

 

A modified version, SELFPOLY7-Q, was introduced by taking into account pre-

existing non-uniform dislocation structures created during cold work as input, and 
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much better agreement with experimental data was achieved.  Hence, the non-uniform 

dislocation distribution corresponding to the orientation of grains appears to be an 

important factor that should be taken into account to improve the modeling of creep 

anisotropy of cold-worked Zr-2.5Nb tubes. 
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Chapter 7 Conclusions and Future Work 

7.1 Conclusions  

 
Based on the experimental and modeling work on the microstructure, texture and 

anisotropic thermal creep of cold-worked Zr-2.5Nb tubes, following original 

conclusions are drawn: 

 

1. Varied crystallographic textures, microstructures and β-phase distributions are 

shown for the cold-worked Zr-2.5Nb tubes after different manufacturing 

procedures.  The FS tubes have a predominantly radial texture, the tubes with 

the extrusion ratio of 10:1 at 815°C (MPT63 and 66)  provide a strong 

transverse texture, the tubes with an extrusion ratio of 10:1 at 650°C (MPT72, 

73 and 74)  have a basal plane normal component in the transverse direction 

but with a little bias to the radial direction, the tubes with an extrusion ratio of 

4:1 at 650°C (MPT76, 77, 79, 62 and 65) have their basal plane normals 

evenly distributed in the radial-transverse plane; and strong axial basal 

components are provided by the tubes extruded with a ratio of 10:1 at 975°C 

(MPT81 and 82), especially from the front end of the tubes.  Variations of 

grain size, grain shape and β-phase distributions are observed by TEM 

observation.   In general, the tubes extruded after β-quenched billet 

preparation have a finer grain size than those extruded after a slow-cooled 

condition.  Three types of grain shapes are observed.  The first and primary 

one is the grain shape with elongated and flattened α grains as matrix and thin 

film β-phase continuously surrounding of the α phase.  The second one is fine 
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equiaxed α grains in the radial-transverse plane, being partially elongated in 

the axial direction, and the β-phase is distributed at grain boundaries and 

corners.  The third one is colonies of Widmanstätten α-plates with β-Zr 

continuously surrounding the plates.   The grain shape and size variation 

along the tubes are also observed from the front to back ends of the tubes 

extruded at 975°C (MPT81 and 82) due to temperature drops during extrusion. 

2. Creep strains and steady-state creep rates increase with increasing stresses 

with a stress exponent n from about 2.8 to 3.9~7.3 as transverse stress 

increases from 100 to 325MPa with a transition at about 250MPa.  An 

average stress exponent of 6.4 is obtained from the tests of internally 

pressurized FS, MPT63 and MPT66 capsules performed under a transverse 

stress of 250~325MPa at 350°C.  

3. Temperature dependence is also manifest from the experimental results of 

internally pressurized standard FS capsules at the temperature of 300~400°C.  

The creep strains and steady-state creep rates increase with increased 

temperatures.  The creep activation energy of about 23.7kcal/mol is obtained.   

4. Based on the values of stress exponents n, which are larger than that of 

diffusion creep mechanism (n=1), and the creep activation energy Q of about 

23.7kcal/mol, which is close to the value of extrinsic self-diffusion activation 

energy for α-Zr with the impurity Fe,  we may draw the conclusion that 

dislocation creep is the likely deformation mechanism in the temperature and 

applied stress range studied, i.e., dislocation climb is the rate-controlling 

mechanism and dislocation glide contributes to the creep strains. 

5. Grain size affects the creep behaviours of cold-worked Zr-2.5Nb tubes.  A 

smaller grain size contributes to faster creep and higher steady–state creep 
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rates because the sub-microstructure grain sizes represent a substantial 

boundary to compete with dislocations as sinks and sources for vacancies 

around, which may accelerate the dislocation climb process.   

6. Although there may be small effects of grain structure, size and β-phase 

distribution on the creep anisotropy of the cold-worked Zr-2.5Nb tubes, these 

seems to be within the experimental error, and the only microstructual factor 

of those examined which strongly correlates with creep anisotropy is 

crystallographic texture. At the stress ratio of σA/σT ≈ 0.5, the internally 

pressurized standard FS capsule shows a negative axial creep rate and fast 

transverse creep behaviour.  All the MPTs show positive values of steady-

state creep rates in the axial direction, but their creep anisotropy ( TA εε && / ) 

increases as the concentration of basal plane normals in the transverse 

direction increases.  In general, the tubes with an extrusion ratio of 10:1 at 

815°C (MPT63 and 66) have the highest ( TA εε && / ) values, followed by tubes 

MPT81 and 82 with an extrusion ratio of 10:1 at 975°C, tubes MPT72, 73 and 

74 with an extrusion ratio of 10:1 at 650°C, and tubes MPT76, 77, 79, 62 and 

65 with an extrusion ratio of 4:1 at 650°C in a decreasing order.  The fuel 

sheathing tube exhibits a negative value corresponding to fR > fT, indicating 

the poorest creep resistance in the transverse direction among the tested tubes.  

For each group of tubes with the same nominal extrusion condition, their 

steady-state creep rate ratios ( TA εε && / ) fall into the similar range within the 

measurement errors. 

7. As is the case of the internally pressurized standard capsules, the end-loaded 

samples with both compressive and tensile external axial loads also show an 

obvious texture dependence of creep anisotropy.  The steady-state creep rate 
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ratios ( TA εε && / ) illustrate an approximately linear increasing trend with 

increasing values of (fT -fR) at each stress state. 

8. Hill equations provide an empirical way to calculate the anisotropic 

coefficients F, G and H and predict the creep anisotropy for the tested tubes.  

However, the scatter of the obtained anisotropic coefficients shows a relative 

weak correlation to the crystallographic texture of the tubes, which may 

indicate that the crystallographic texture is not the only factor to determine 

the creep anisotropy of cold-worked Zr-2.5Nb tubes. 

9. The existing self-consistent polycrystalline model SELFPOLY7 based solely 

upon crystallographic texture and a tacit assumption of uniform dislocation 

distributions does not capture the creep anisotropy for all the cold-worked Zr-

2.5Nb tubes, especially for the tubes with stronger radial textures.  For this 

type of texture, the easy prismatic slip predicted by SELFPOLY7 

significantly increases the transverse strain contributions from the grains with 

the c-axis in the radial directions, resulting in a negative creep rate in the axial 

direction (significantly large in the case of FS tubes). The poor predictions 

imply again that texture alone is not sufficient to accurately predict the creep 

anisotropy of cold-worked Zr-2.5Nb tubes.   

10. Non-uniform dislocation distributions for individual grains with different 

orientations were derived using the Elasto-Plastic Self-Consistent model 

ESPC3 and single crystal plasticity parameters previous determined for Zr-

2.5Nb.  The simulation predicts a reasonable shear strain distribution 

corresponding to the c-axis distribution of grains for prismatic, basal and 

pyramidal slip: the grains with the c-axis oriented in the transverse direction 

have high prismatic <a> shear strains, but very few pyramidal and basal <a> 
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shear strains; most of high pyramidal <c+a> shear strains are contained in the 

grains with the c-axis oriented near the radial direction and a small proportion 

in the axial direction; basal <a> shear strains are contained in an annulus 

around the radial direction but concentrated in the grains with the c-axis 

aligned near the axial-radial plane.    

11. A modified version, SELFPOLY7-Q, was introduced by taking into account 

the pre-existing dislocation structures created during cold work by assuming 

that the dislocation densities are directly proportion to the shear strains after 

cold work.  Much better agreement with the experimental data was found, in 

particular for the tubes with a strong bias of basal plane normals to the radial 

direction.  The non-uniform distributions of dislocations for grains with 

different orientations greatly reduces the contribution of prismatic <a> slip in 

the grains with the c-axis in the radial direction and they deform primarily by 

pyramidal <c+a> slip.  Some fraction of prismatic <a> and basal <a> slip is 

still needed in these grains to compensate for the contribution of <c> 

component dislocations to transverse strain and the contribution of prismatic 

<a> slip to axial strain from grains with the c-axis in the transverse direction, 

especially for the FS tubes having the strongest radial texture (fR >fT) amongst 

the tested tubes.   
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7.2 Future work 

 

The experimental results and model improvement in this thesis have achieved a 

substantial success on understanding creep anisotropy and its correlation with 

crystallographic texture and pre-existing non-uniform dislocation distributions for 

cold-worked Zr-2.5Nb tubes.  However, such understanding need to be further 

developed in the future work.   The following are some areas envisaged:  

 

1. Microstructure observations after creep are needed to provide further 

evidence for the likely dominant creep mechanism - dislocation creep.    

2. Additional microstructure observation is necessary to investigate the reasons 

of discrepancies in creep behaviour of between capsules MPT65-01 and 

MPT65-02, and between capsules MPT81-01 and MPT81-02. 

3. Additional creep tests are desirable under a wider stress state range, i.e., 

biaxial loaded conditions with the ratios of axial to transverse stress from 0 to 

1.0 to obtain a complete creep yield surface for each texture. 

4. Experimental observations are needed to provide evidence for the non-

uniformed dislocation structures and distributions for individual grains with 

different orientations predicted by EPSC.   

5. More recent plastic anisotropy models may be needed to provide better 

correlation between the creep anisotropy and textures than the Hill’s model 

(1948) used in the current project. 

6. Advanced model to capture shear strain development and texture evolution 

during cold-work is necessary to provide more accurate dislocation 

distribution of individual grains. 
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7. More advanced and powerful creep models that can take into account more 

potential factors to affect creep anisotropy, simulate the whole process of 

creep, i.e., not just limited on the steady-state stage, and further provide 

dislocation evolution information during creep, are required to accurately 

predict and better interpret the creep anisotropy of cold-worked Zr-2.5Nb 

tubes.  

8. It is recommended that the modified model to be applied to in-reactor creep to 

improve the further understanding of anisotropic irradiation creep of cold- 

worked pressure tube materials.  
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Appendix I Heating Tests of Fuel Sheathing 
Tubes in Air 
 
To identify the effect of oxide thickness on creep strain, one piece of FS tube was 

heated in air for up to 1700 hours at 400°C.  The thickness of oxide layer was 

measured by optical metallography observation and plotted as a function of heating 

time, Figure I-1.  The maximum thickness of oxide is about 7μm, representing less 

than 2% of the wall thickness (0.47mm).  If we use the steady-state creep rate of 

1.5×10-5h-1 based on Kohn’s report [62] for thermal creep of Zr-2.5Nb fuel sheathing 

tubes under a stress of 60MPa at 400°C, that amount of oxide layer contributed to 

apparent strain of approximately 0.05% in the transverse direction and 0.01% in the 

axial direction, representing a negligible contribution to either the stress in the capsule, 

or the measured strain.   

 

 

 

 

 

 

 

 

 

Figure I-1 Thickness of oxide and oxidation percent versus heating time for one piece 
of FS tube heated at 400°C in air  
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Appendix II Pole Figures of Cold-Worked Zr-2.5Nb Tubes 
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Figure II-1 Measured (0002), ( 0110 ) and ( 0112 ) pole figures of Tube 62F&B 
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Figure II-2 Measured (0002), ( 0110 ) and ( 0112 ) pole figures of Tube 65F&B 
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Figure II-3 Measured (0002), ( 0110 ) and ( 0112 ) pole figures of Tube 63F&B 



 223

Figure II-4 Measured (0002), ( 0110 ) and ( 0112 ) pole figures of Tube 66F&B 
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Figure II-5 Measured (0002), ( 0110 ) and ( 1110 ) pole figures of Tube 72F&B 
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Figure II-6 Measured (0002), ( 0110 ) and ( 1110 ) pole figures of Tube 73F&B 
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Figure II-7 Measured (0002), ( 0110 ) and ( 1110 ) pole figures of Tube 74F&B 
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Figure II-8 Measured (0002), ( 0110 ) and ( 1110 ) pole figures of Tube 76F&B 
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Figure II-9 Measured (0002), ( 0110 ) and ( 1110 ) pole figures of Tube 77F&B 
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Figure II-10 Measured (0002), ( 0110 ) and ( 1110 ) pole figures of Tube 79F&B 
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Figure II-11 Measured (0002), ( 0110 ) and ( 1110 ) pole figures of Tube 81F&B 
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Figure II-12 Measured (0002), ( 0110 ) and ( 1110 ) pole figures of Tube 82F&B 
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Figure II-13 Measured (0002), ( 0110 ) and ( 1110 ) pole figures of FS tubes  
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Appendix III TEM Microstructure of Cold-Worked 
Zr-2.5Nb Tubes 
 

Figure III-1 TEM microstructure of MPT62F (a) in radial-transverse section (b) in radial-
axial section  

Figure III-2 TEM microstructure of MPT65F (a) in radial-transverse section (b) in radial-
axial section  
 

1μm 

(a) MPT65F R-T plane (b) MPT65F R-A plane 

1μm 

(a) MPT62F R-T plane (b) MPT62F R-A plane 

0.5μm 0.5μm 



 234

Figure III-3 TEM microstructure of MPT63F (a) in radial-transverse section (b) in radial-
axial section  
 

Figure III-4 TEM microstructure of MPT66F (a) in radial-transverse section (b) in radial-
axial section  
 
 

 

(a) MPT66F R-T plane (b) MPT66F R-A plane 

0.5μm 0.5μm 

0.5μm 0.5μm 

 (a) MPT63F R-T plane (b) MPT63F R-A plane 
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Figure III-5 TEM microstructure of MPT72F (a) in radial-transverse section (b) in radial-
axial section  
 

Figure III-6 TEM microstructure of MPT73F (a) in radial-transverse section (b) in radial-
axial section  
 

(a) MPT73F R-T plane (b) MPT73F R-A plane 

0.5μm 1μm 
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Figure III-7 TEM microstructure of MPT74F (a) in radial-transverse section (b) in radial-
axial section  

 

Figure III-8 TEM microstructure of MPT76F (a) in radial-transverse section (b) in radial-
axial section  
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Figure III-9 TEM microstructure of MPT77F (a) in radial-transverse section (b) in radial-
axial section  
 

Figure III-10 TEM microstructure of MPT79F (a) in radial-transverse section (b) in 
radial-axial section  
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Figure III-11 TEM microstructure of MPT81F (a) in radial-transverse section (b) in 
radial-axial section  

Figure III-12 TEM microstructure of MPT81B (a) in radial-transverse section (b) in 
radial-axial section  
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Figure III-13 TEM microstructure of MPT82F (a) in radial-transverse section (b) in 
radial-axial section  

Figure III-14 TEM microstructure of MPT82B (a) in radial-transverse section (b) in 
radial-axial section  
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Figure III-15 Fuel sheathing TEM microstructure in axial-transverse section 

0.5μm 
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Appendix IV Original Creep Test Data 
 

Table IV-1 Creep data record for internally pressurized standard capsule FS2 
(σA/σT=0.475) tested under a nominal transverse stress of 200MPa at 300°C 

Sample 
No. 

Heating 
time(hrs) 

Transverse 
strain 

S.D 
Transverse 

strain 
FS2 0 0.000% 0.010% 
FS2 4 0.029% 0.009% 
FS2 16 0.050% 0.011% 
FS2 40 0.065% 0.007% 
FS2 88 0.089% 0.009% 
FS2 136 0.136% 0.018% 
FS2 184 0.110% 0.007% 
FS2 232 0.121% 0.008% 
FS2 280 0.121% 0.008% 
FS2 376 0.132% 0.007% 
FS2 472 0.143% 0.006% 
FS2 664 0.177% 0.007% 
FS2 856 0.176% 0.006% 
FS2 1048 0.189% 0.005% 
FS2 1240 0.200% 0.006% 
FS2 1432 0.214% 0.005% 
FS2 1626 0.264% 0.010% 
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Table IV-2 Creep data record for internally pressurized standard capsule FS3 
(σA/σT=0.475) tested under a nominal transverse stress of 150MPa at 350°C 

Sample 
No. 

Heating 
time(hrs) 

Transverse 
strain 

S.D 
Transverse 

strain 
FS3 0 0.000% 0.001% 
FS3 4 0.086% 0.007% 
FS3 16 0.130% 0.009% 
FS3 40 0.179% 0.011% 
FS3 64 0.221% 0.011% 
FS3 88 0.238% 0.014% 
FS3 112 0.265% 0.011% 
FS3 136 0.281% 0.012% 
FS3 160 0.298% 0.012% 
FS3 208 0.338% 0.014% 
FS3 256 0.371% 0.014% 
FS3 352 0.437% 0.017% 
FS3 448 0.453% 0.019% 
FS3 544 0.471% 0.020% 
FS3 640 0.488% 0.020% 
FS3 736 0.512% 0.024% 
FS3 832 0.534% 0.021% 
FS3 928 0.559% 0.014% 
FS3 1122 0.649% 0.014% 

 

Table IV-3 Creep data record for internally pressurized standard capsule FS4 
(σA/σT=0.475) tested under a nominal transverse stress of 200MPa at 350°C 

Sample 
No. 

Heating 
time(hrs) 

Transverse 
strain 

S.D 
Transverse 

strain 
FS4 0 0.000% 0.013% 
FS4 4 0.121% 0.013% 
FS4 16 0.193% 0.013% 
FS4 40 0.288% 0.017% 
FS4 64 0.351% 0.018% 
FS4 88 0.406% 0.019% 
FS4 112 0.455% 0.016% 
FS4 136 0.503% 0.023% 
FS4 160 0.538% 0.020% 
FS4 208 0.610% 0.023% 
FS4 256 0.689% 0.026% 
FS4 352 0.812% 0.034% 
FS4 448 0.928% 0.037% 
FS4 544 1.053% 0.042% 
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Table IV-4 Creep data record for internally pressurized standard capsule FS5 
(σA/σT=0.475) tested under a nominal transverse stress of 250MPa at 350°C 

Sample 
No. 

Heating 
time(hrs) 

Transverse 
strain 

S.D 
Transverse 

strain 
FS5 0 0.000% 0.007% 
FS5 4 0.098% 0.009% 
FS5 16 0.162% 0.006% 
FS5 40 0.247% 0.007% 
FS5 64 0.311% 0.008% 
FS5 88 0.358% 0.008% 
FS5 112 0.398% 0.008% 
FS5 136 0.438% 0.008% 
FS5 160 0.464% 0.008% 
FS5 208 0.519% 0.008% 
FS5 256 0.585% 0.007% 
FS5 352 0.683% 0.009% 
FS5 448 0.942% 0.015% 
FS5 520 0.976% 0.012% 

 

Table IV-5 Creep data record for internally pressurized standard capsule FS6 
(σA/σT=0.475) tested under a nominal transverse stress of 200MPa at 400°C 

Sample 
No. 

Heating 
time(hrs) 

Transverse 
strain 

S.D 
Transverse 

strain 
FS6 0 0.000% 0.006% 
FS6 4 0.494% 0.011% 
FS6 16 1.034% 0.031% 
FS6 40 1.806% 0.118% 
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Table IV-6 Creep data record for internally pressurized standard capsule FS10 
(σA/σT=0.475) tested under a nominal transverse stress of 100MPa at 350°C 

Sample 
No. 

Heating 
time(hrs) 

Transverse 
strain 

S.D 
Transverse 

strain 
FS10 0 0 0.006% 
FS10 4 0.062% 0.010% 
FS10 16 0.081% 0.007% 
FS10 40 0.105% 0.006% 
FS10 64 0.134% 0.005% 
FS10 88 0.143% 0.007% 
FS10 112 0.160% 0.007% 
FS10 160 0.222% 0.007% 
FS10 256 0.260% 0.006% 
FS10 352 0.244% 0.026% 
FS10 616 0.305% 0.007% 
FS10 904 0.355% 0.009% 
FS10 1288 0.370% 0.009% 

 

Table IV-7 Creep data record for internally pressurized standard capsule FS11 
(σA/σT=0.475) tested under a nominal transverse stress of 150MPa at 400°C 

Sample 
No. 

Heating 
time(hrs) 

Transverse 
strain 

S.D 
Transverse 

strain 
FS11 0 0.000% 0.007% 
FS11 4 0.323% 0.006% 
FS11 6 0.393% 0.006% 
FS11 14 0.570% 0.004% 
FS11 26 0.802% 0.003% 
FS11 34 0.927% 0.005% 
FS11 42 1.107% 0.016% 
FS11 50 1.233% 0.021% 
FS11 58 1.354% 0.029% 
FS11 66 1.476% 0.031% 

 

 

 
 
 
 
 
 
 



 245

Table IV-8 Creep data record for internally pressurized standard capsule FS12 
(σA/σT=0.475) tested under a nominal transverse stress of 100MPa at 400°C 

Sample 
No. 

Heating 
time(hrs) 

Transverse 
strain 

S.D 
Transverse 

strain 
FS12 0 0.000% 0.005% 
FS12 4 0.171% 0.005% 
FS12 8 0.245% 0.005% 
FS12 20 0.336% 0.004% 
FS12 44 0.502% 0.002% 
FS12 68 0.640% 0.003% 
FS12 92 0.771% 0.007% 
FS12 116 0.895% 0.009% 
FS12 140 1.068% 0.022% 
FS12 164 1.173% 0.022% 
FS12 188 1.282% 0.026% 
FS12 212 1.386% 0.031% 

 

Table IV-9 Creep data record for internally pressurized end-loaded capsule FS17 with an 
external compressive load of -900N (σA/σT=0.249) tested under a nominal transverse 
stress of 300MPa at 350°C 

Sample 
No. 

Heating 
time(hrs) 

Axial strain 
 

Transverse 
strain 

S.D 
Axial strain 

S.D 
Transverse 

strain 
FS17 0 0.000% 0.000% 0.007% 0.001% 
FS17 1 -0.012% 0.192% 0.023% 0.002% 
FS17 3 -0.052% 0.256% 0.028% 0.003% 
FS17 8 -0.060% 0.365% 0.022% 0.002% 
FS17 18 -0.079% 0.510% 0.014% 0.001% 
FS17 42 -0.130% 0.754% 0.051% 0.005% 
FS17 66 -0.154% 0.964% 0.005% 0.001% 
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Table IV-10 Creep data record for internally pressurized end-loaded capsule FS18 with 
an external tensile load of +500N (σA/σT=0.601) tested under a nominal transverse stress 
of 300MPa at 350°C 

Sample 
No. 

Heating 
time(hrs) 

Axial strain 
 

Transverse 
strain 

S.D 
Axial strain 

S.D 
Transverse 

strain 
FS18 0 0 0 0.006% 0.006% 
FS18 2.5 0.001% 0.205% 0.007% 0.009% 
FS18 6.5 0.010% 0.284% 0.004% 0.006% 
FS18 16.5 0.019% 0.428% 0.005% 0.008% 
FS18 34.5 0.033% 0.584% 0.020% 0.005% 
FS18 58.5 0.040% 0.754% 0.009% 0.006% 
FS18 82.5 0.056% 0.915% 0.007% 0.012% 
FS18 106.5 0.066% 1.053% 0.013% 0.013% 

 

Table IV-11 Creep data record for internally pressurized end-loaded capsule FS19 with 
an external tensile load of +900N (σA/σT=0.701) tested under a nominal transverse stress 
of 300MPa at 350°C 

Sample 
No. 

Heating 
time(hrs) 

Axial strain 
 

Transverse 
strain 

S.D 
Axial strain 

S.D 
Transverse 

strain 
FS19 0 0.000% 0.000% 0.006% 0.019% 
FS19 2 0.036% 0.151% 0.017% 0.023% 
FS19 6 0.049% 0.268% 0.019% 0.012% 
FS19 14 0.054% 0.380% 0.013% 0.015% 
FS19 38 0.080% 0.593% 0.015% 0.015% 
FS19 62 0.104% 0.757% 0.015% 0.012% 
FS19 87 0.120% 0.902% 0.011% 0.011% 
FS19 111 0.137% 1.027% 0.009% 0.014% 

 

Table IV-12 Creep data record for internally pressurized end-loaded capsule FS20 with 
an external compressive load of -500N (σA/σT=0.350) tested under a nominal transverse 
stress of 300MPa at 350°C 

Sample 
No. 

Heating 
time(hrs) 

Axial strain 
 

Transverse 
strain 

S.D 
Axial strain 

S.D 
Transverse 

strain 
FS20 0 0.000% 0.000% 0.009% 0.008% 
FS20 1 -0.010% 0.133% 0.014% 0.008% 
FS20 3 -0.015% 0.214% 0.018% 0.012% 
FS20 8 -0.024% 0.331% 0.029% 0.010% 
FS20 18 -0.039% 0.444% 0.027% 0.011% 
FS20 42 -0.046% 0.666% 0.014% 0.010% 
FS20 66 -0.059% 0.829% 0.039% 0.037% 
FS20 89 -0.077% 0.996% 0.043% 0.021% 
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Table IV-13 Creep data record for internally pressurized standard capsule FS21 
(σA/σT=0.475) tested under a nominal transverse stress of 300MPa at 350°C 

Sample 
No. 

Heating 
time(hrs) 

Transverse 
strain 

S.D 
Transverse 

strain 
FS21 0 0.000% 0.010% 
FS21 4 0.287% 0.017% 
FS21 6 0.344% 0.016% 
FS21 14 0.509% 0.018% 
FS21 26 0.682% 0.019% 
FS21 38 0.812% 0.021% 
FS21 50 0.941% 0.022% 
FS21 68 1.166% 0.023% 
FS21 80 1.315% 0.019% 
FS21 92 1.390% 0.017% 
FS21 104 1.503% 0.016% 

 

Table IV-14 Creep data record for internally pressurized standard capsule FS22 
(σA/σT=0.475) tested under a nominal transverse stress of 275MPa at 350°C 

Sample 
No. 

Heating 
time(hrs) 

Axial strain 
 

Transverse 
strain 

S.D 
Axial strain 

S.D 
Transverse 

strain 
FS22 0 0 0 0.020% 0.013% 
FS22 2 -0.004% 0.181% 0.009% 0.021% 
FS22 4 0.005% 0.264% 0.009% 0.022% 
FS22 8 0.023% 0.309% 0.015% 0.032% 
FS22 16 0.045% 0.413% 0.017% 0.028% 
FS22 24 0.040% 0.484% 0.010% 0.038% 
FS22 36 0.037% 0.581% 0.009% 0.042% 
FS22 60 0.035% 0.702% 0.009% 0.060% 
FS22 84 0.029% 0.812% 0.009% 0.066% 
FS22 132 0.026% 1.070% 0.015% 0.059% 
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Table IV-15 Creep data record for internally pressurized standard capsule FS23 
(σA/σT=0.475) tested under a nominal transverse stress of 300MPa at 350°C 

Sample 
No. 

Heating 
time(hrs) 

Axial strain 
 

Transverse 
strain 

S.D 
Axial strain 

S.D 
Transverse 

strain 
FS23 0 0 0 0.012% 0.014% 
FS23 2 0.003% 0.208% 0.007% 0.021% 
FS23 4 0.012% 0.284% 0.009% 0.021% 
FS23 8 0.034% 0.348% 0.010% 0.029% 
FS23 16 0.042% 0.454% 0.012% 0.029% 
FS23 24 -0.010% 0.525% 0.017% 0.029% 
FS23 36 -0.013% 0.651% 0.012% 0.029% 
FS23 60 -0.010% 0.821% 0.011% 0.043% 
FS23 84 -0.025% 0.970% 0.006% 0.060% 

 

Table IV-16 Creep data record for internally pressurized standard capsule FS24 
(σA/σT=0.475) tested under a nominal transverse stress of 325MPa at 350°C 

Sample 
No. 

Heating 
time(hrs) 

Axial strain 
 

Transverse 
strain 

S.D 
Axial strain 

S.D 
Transverse 

strain 
FS24 0 0 0 0.006% 0.007% 
FS24 2 0.001% 0.269% 0.012% 0.009% 
FS24 4 0.006% 0.389% 0.009% 0.019% 
FS24 8 0.009% 0.506% 0.008% 0.019% 
FS24 16 0.017% 0.639% 0.006% 0.026% 
FS24 24 0.011% 0.751% 0.004% 0.019% 
FS24 36 0.012% 0.873% 0.016% 0.028% 
FS24 60 -0.0015% 1.167% 0.006% 0.032% 

 

Table IV-17 Creep data record for internally pressurized standard capsule FS25 
(σA/σT=0.475) tested under a nominal transverse stress of 275MPa at 350°C 

Sample 
No. 

Heating 
time(hrs) 

Axial strain 
 

Transverse 
strain 

S.D 
Axial strain 

S.D 
Transverse 

strain 
FS25 0 0.000% 0.000% 0.005% 0.011% 
FS25 2 -0.002% 0.157% 0.006% 0.013% 
FS25 4 0.002% 0.200% 0.006% 0.016% 
FS25 8 0.008% 0.250% 0.013% 0.020% 
FS25 16 0.002% 0.360% 0.005% 0.022% 
FS25 28 -0.004% 0.473% 0.006% 0.031% 
FS25 40 0.00047% 0.592% 0.007% 0.029% 
FS25 52 -0.006% 0.653% 0.005% 0.035% 
FS25 76 -0.007% 0.802% 0.004% 0.034% 
FS25 100 -0.009% 0.926% 0.005% 0.029% 
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Table IV-18 Creep data record for internally pressurized standard capsule FS26 
(σA/σT=0.475) tested under a nominal transverse stress of 325MPa at 350°C 

Sample 
No. 

Heating 
time(hrs) 

Axial strain 
 

Transverse 
strain 

S.D 
Axial strain 

S.D 
Transverse 

strain 
FS26 0 0.000% 0.000% 0.007% 0.012% 
FS26 2 -0.007% 0.273% 0.006% 0.026% 
FS26 4 0.001% 0.350% 0.009% 0.030% 
FS26 8 -0.011% 0.437% 0.007% 0.041% 
FS26 16 -0.011% 0.571% 0.008% 0.058% 
FS26 28 -0.017% 0.738% 0.006% 0.078% 
FS26 40 -0.021% 0.952% 0.006% 0.079% 
FS26 52 -0.024% 1.080% 0.004% 0.093% 

 

Table IV-19 Creep data record for internally pressurized standard capsule MPT62-
01(σA/σT=0.479) tested under a nominal transverse stress of 300MPa at 350°C 

Sample 
No. 

Heating 
time(hrs) 

Axial strain 
 

Transverse 
strain 

S.D 
Axial strain 

S.D 
Transverse 

strain 
MPT62-01 0 0.000% 0.000% 0.006% 0.017% 
MPT62-01 2 0.010% 0.108% 0.004% 0.014% 
MPT62-01 6 0.017% 0.164% 0.003% 0.016% 
MPT62-01 14 0.027% 0.239% 0.004% 0.015% 
MPT62-01 25 0.034% 0.313% 0.004% 0.017% 
MPT62-01 49 0.046% 0.429% 0.005% 0.014% 
MPT62-01 97 0.065% 0.615% 0.003% 0.024% 
MPT62-01 145 0.072% 0.729% 0.004% 0.026% 
MPT62-01 217 0.087% 0.875% 0.004% 0.039% 
MPT62-01 289 0.099% 1.020% 0.004% 0.049% 
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Table IV-20 Creep data record for internally pressurized standard capsule MPT63-02 
(σA/σT=0.475) tested under a nominal transverse stress of 275MPa at 350°C 

Sample 
No. 

Heating 
time(hrs) 

Axial strain 
 

Transverse 
strain 

S.D 
Axial strain 

S.D 
Transverse 

strain 
MPT63-02 0 0 0 0.007% 0.014% 
MPT63-02 2 0.022% 0.102% 0.010% 0.017% 
MPT63-02 4 0.038% 0.119% 0.009% 0.014% 
MPT63-02 8 0.026% 0.141% 0.009% 0.014% 
MPT63-02 16 0.038% 0.204% 0.010% 0.011% 
MPT63-02 24 0.058% 0.245% 0.011% 0.006% 
MPT63-02 36 0.040% 0.248% 0.034% 0.004% 
MPT63-02 60 0.030% 0.295% 0.004% 0.014% 
MPT63-02 108 0.044% 0.414% 0.006% 0.010% 
MPT63-02 156 0.059% 0.501% 0.007% 0.013% 
MPT63-02 204 0.060% 0.593% 0.004% 0.017% 
MPT63-02 252 0.070% 0.657% 0.004% 0.018% 
MPT63-02 348 0.092% 0.803% 0.008% 0.027% 

 

Table IV-21 Creep data record for internally pressurized standard capsule MPT63-03 
(σA/σT=0.477) tested under a nominal transverse stress of 300MPa at 350°C 

Sample 
No. 

Heating 
time(hrs) 

Axial strain 
 

Transverse 
strain 

S.D 
Axial strain 

S.D 
Transverse 

strain 
MPT63-03 0 0 0 0.006% 0.022% 
MPT63-03 2 0.021% 0.090% 0.006% 0.025% 
MPT63-03 4 0.026% 0.127% 0.005% 0.027% 
MPT63-03 8 0.038% 0.189% 0.005% 0.023% 
MPT63-03 16 0.049% 0.238% 0.009% 0.008% 
MPT63-03 24 0.067% 0.297% 0.009% 0.008% 
MPT63-03 36 0.069% 0.322% 0.005% 0.008% 
MPT63-03 60 0.076% 0.405% 0.009% 0.007% 
MPT63-03 108 0.095% 0.536% 0.004% 0.003% 
MPT63-03 156 0.108% 0.677% 0.004% 0.008% 
MPT63-03 204 0.115% 0.778% 0.020% 0.015% 
MPT63-03 252 0.132% 0.864% 0.005% 0.018% 
MPT63-03 348 0.160% 1.087% 0.004% 0.024% 
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Table IV-22 Creep data record for internally pressurized standard capsule MPT63-04 
(σA/σT=0.475) tested under a nominal transverse stress of 325MPa at 350°C 

Sample 
No. 

Heating 
time(hrs) 

Axial strain 
 

Transverse 
strain 

S.D 
Axial strain 

S.D 
Transverse 

strain 
MPT63-04 0 0 0 0.017% 0.019% 
MPT63-04 2 0.029% 0.154% 0.005% 0.022% 
MPT63-04 4 0.040% 0.227% 0.007% 0.028% 
MPT63-04 8 0.053% 0.316% 0.005% 0.026% 
MPT63-04 16 0.066% 0.419% 0.006% 0.007% 
MPT63-04 24 0.081% 0.480% 0.006% 0.011% 
MPT63-04 36 0.057% 0.553% 0.006% 0.007% 
MPT63-04 60 0.076% 0.686% 0.007% 0.010% 
MPT63-04 108 0.109% 0.957% 0.006% 0.010% 
MPT63-04 156 0.124% 1.165% 0.005% 0.010% 

 

Table IV-23 Creep data record for internally pressurized end-loaded capsule MPT63-05 
with an external tensile load of +900N (σA/σT=0.702) tested under a nominal transverse 
stress of 300MPa at 350°C 

Sample 
No. 

Heating 
time(hrs) 

Axial strain 
 

Transverse 
strain 

S.D 
Axial strain 

S.D 
Transverse 

strain 
MPT63-05 0 0.000% 0.000% 0.006% 0.006% 
MPT63-05 2 0.034% 0.100% 0.012% 0.007% 
MPT63-05 9 0.075% 0.180% 0.014% 0.008% 
MPT63-05 34 0.115% 0.299% 0.020% 0.007% 
MPT63-05 126 0.220% 0.557% 0.034% 0.007% 
MPT63-05 217 0.273% 0.733% 0.013% 0.003% 
MPT63-05 307 0.333% 0.899% 0.015% 0.010% 

 

Table IV-24 Creep data record for internally pressurized end-loaded capsule MPT63-07 
with an external compressive load of -900N (σA/σT=0.257) tested under a nominal 
transverse stress of 300MPa at 350°C 

Sample 
No. 

Heating 
time(hrs) 

Axial strain 
 

Transverse 
strain 

S.D 
Axial strain 

S.D 
Transverse 

strain 
MPT63-07 0 0.000% 0.000% 0.011% 0.012% 
MPT63-07 2 -0.002% 0.111% 0.016% 0.003% 
MPT63-07 10.5 -0.009% 0.206% 0.018% 0.012% 
MPT63-07 35.5 -0.026% 0.308% 0.006% 0.003% 
MPT63-07 147.5 -0.028% 0.614% 0.027% 0.023% 
MPT63-07 245.5 -0.041% 0.809% 0.026% 0.005% 
MPT63-07 315.5 -0.048% 0.926% 0.006% 0.009% 
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Table IV-25 Creep data record for internally pressurized standard capsule MPT63-08 
(σA/σT=0.479) tested under a nominal transverse stress of 300MPa at 350°C 

Sample 
No. 

Heating 
time(hrs) 

Axial strain 
 

Transverse 
strain 

S.D 
Axial strain 

S.D 
Transverse 

strain 
MPT63-08 0 0.000% 0.000% 0.003% 0.020% 
MPT63-08 2 0.024% 0.112% 0.006% 0.019% 
MPT63-08 4 0.021% 0.144% 0.003% 0.027% 
MPT63-08 8 0.023% 0.175% 0.002% 0.024% 
MPT63-08 16 0.033% 0.227% 0.002% 0.025% 
MPT63-08 28 0.037% 0.302% 0.003% 0.025% 
MPT63-08 52 0.051% 0.411% 0.004% 0.032% 
MPT63-08 100 0.061% 0.529% 0.002% 0.048% 
MPT63-08 148 0.074% 0.650% 0.003% 0.055% 
MPT63-08 196 0.085% 0.797% 0.002% 0.061% 
MPT63-08 244 0.090% 0.871% 0.006% 0.049% 
MPT63-08 316 0.109% 1.062% 0.003% 0.048% 

 

Table IV-26 Creep data record for internally pressurized standard capsule MPT65-01 
(σA/σT=0.479) tested under a nominal transverse stress of 300MPa at 350°C 

Sample 
No. 

Heating 
time(hrs) 

Axial strain 
 

Transverse 
strain 

S.D 
Axial strain 

S.D 
Transverse 

strain 
MPT65-01 0 0.000% 0.000% 0.004% 0.019% 
MPT65-01 2 0.007% 0.084% 0.004% 0.031% 
MPT65-01 7.2 0.011% 0.129% 0.005% 0.032% 
MPT65-01 17.2 0.016% 0.177% 0.003% 0.031% 
MPT65-01 41.2 0.023% 0.246% 0.004% 0.027% 
MPT65-01 90.2 0.029% 0.343% 0.004% 0.018% 
MPT65-01 185.2 0.032% 0.478% 0.002% 0.018% 
MPT65-01 329.2 0.045% 0.678% 0.004% 0.024% 
MPT65-01 497.7 0.056% 0.853% 0.003% 0.051% 
MPT65-01 665.7 0.065% 1.069% 0.004% 0.082% 

 

 
 
 
 
 
 
 
 



 253

Table IV-27 Creep data record for internally pressurized end-loaded capsule MPT65-02 
with an external compressive load of -900N (σA/σT=0.256) tested under a nominal 
transverse stress of 300MPa at 350°C 

Sample 
No. 

Heating 
time(hrs) 

Axial strain 
 

Transverse 
strain 

S.D 
Axial strain 

S.D 
Transverse 

strain 
MPT65-02 0 0 0 0.003% 0.015% 
MPT65-02 3.5 -0.016% 0.194% 0.012% 0.014% 
MPT65-02 15.5 -0.029% 0.345% 0.024% 0.007% 
MPT65-02 62.5 -0.059% 0.664% 0.024% 0.039% 
MPT65-02 110.5 -0.088% 0.921% 0.033% 0.045% 

 

Table IV-28 Creep data record for internally pressurized standard capsule MPT66-02 
(σA/σT=0.479) tested under a nominal transverse stress of 275MPa at 350°C 

Sample 
No. 

Heating 
time(hrs) 

Axial strain 
 

Transverse 
strain 

S.D 
Axial strain 

S.D 
Transverse 

strain 
MPT66-02 0 0 0 0.005% 0.017% 
MPT66-02 2 0.029% 0.053% 0.010% 0.017% 
MPT66-02 4 0.034% 0.070% 0.011% 0.020% 
MPT66-02 8 0.036% 0.100% 0.007% 0.016% 
MPT66-02 16 0.036% 0.115% 0.009% 0.034% 
MPT66-02 24 0.050% 0.135% 0.008% 0.026% 
MPT66-02 36 0.067% 0.132% 0.011% 0.026% 
MPT66-02 60 0.064% 0.148% 0.005% 0.024% 
MPT66-02 108 0.074% 0.188% 0.005% 0.021% 
MPT66-02 156 0.078% 0.225% 0.004% 0.024% 
MPT66-02 204 0.094% 0.254% 0.011% 0.024% 
MPT66-02 252 0.093% 0.269% 0.009% 0.023% 
MPT66-02 348 0.098% 0.311% 0.005% 0.027% 
MPT66-02 612 0.119% 0.422% 0.006% 0.017% 
MPT66-02 900 0.130% 0.544% 0.005% 0.012% 
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Table IV-29 Creep data record for internally pressurized standard capsule MPT66-04 
(σA/σT=0.474) tested under a nominal transverse stress of 325MPa at 350°C 

Sample 
No. 

Heating 
time(hrs) 

Axial strain 
 

Transverse 
strain 

S.D 
Axial strain 

S.D 
Transverse 

strain 
MPT66-04 0 0 0 0.014% 0.007% 
MPT66-04 2 0.010% 0.114% 0.007% 0.018% 
MPT66-04 4 0.020% 0.148% 0.012% 0.021% 
MPT66-04 8 0.019% 0.206% 0.009% 0.025% 
MPT66-04 16 0.031% 0.269% 0.007% 0.021% 
MPT66-04 24 0.064% 0.300% 0.027% 0.028% 
MPT66-04 36 0.051% 0.326% 0.008% 0.033% 
MPT66-04 60 0.045% 0.379% 0.005% 0.039% 
MPT66-04 108 0.066% 0.491% 0.013% 0.051% 
MPT66-04 156 0.073% 0.594% 0.006% 0.056% 
MPT66-04 204 0.073% 0.684% 0.004% 0.064% 
MPT66-04 252 0.082% 0.739% 0.005% 0.068% 
MPT66-04 348 0.093% 0.871% 0.004% 0.076% 
MPT66-04 444.6 0.101% 0.987% 0.003% 0.052% 

 

Table IV-30 Creep data record for internally pressurized standard capsule MPT66-05 
(σA/σT=0.476) tested under a nominal transverse stress of 300MPa at 350°C 

Sample 
No. 

Heating 
time(hrs) 

Axial strain 
 

Transverse 
strain 

S.D 
Axial strain 

S.D 
Transverse 

strain 
MPT66-05 0 0.000% 0.000% 0.008% 0.007% 
MPT66-05 2 0.007% 0.053% 0.009% 0.007% 
MPT66-05 4 0.010% 0.067% 0.009% 0.007% 
MPT66-05 8 0.016% 0.088% 0.009% 0.009% 
MPT66-05 16 0.018% 0.119% 0.012% 0.010% 
MPT66-05 28 0.020% 0.145% 0.010% 0.011% 
MPT66-05 52 0.025% 0.191% 0.010% 0.012% 
MPT66-05 100 0.034% 0.240% 0.011% 0.014% 
MPT66-05 148 0.038% 0.279% 0.010% 0.018% 
MPT66-05 244 0.051% 0.369% 0.010% 0.015% 
MPT66-05 340 0.056% 0.420% 0.009% 0.016% 
MPT66-05 628 0.077% 0.582% 0.010% 0.027% 
MPT66-05 916 0.096% 0.745% 0.010% 0.033% 
MPT66-05 1252 0.126% 0.905% 0.010% 0.051% 
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Table IV-31 Creep data record for internally pressurized end-loaded capsule MPT66-06 
with an external tensile load of +900N (σA/σT=0.699) tested under a nominal transverse 
stress of 300MPa at 350°C 

Sample 
No. 

Heating 
time(hrs) 

Axial strain 
 

Transverse 
strain 

S.D 
Axial strain 

S.D 
Transverse 

strain 
MPT66-06 0 0.000% 0.000% 0.010% 0.014% 
MPT66-06 2 0.032% 0.058% 0.005% 0.020% 
MPT66-06 8 0.047% 0.101% 0.013% 0.015% 
MPT66-06 32 0.077% 0.161% 0.007% 0.013% 
MPT66-06 80 0.103% 0.222% 0.005% 0.014% 
MPT66-06 196 0.153% 0.330% 0.020% 0.007% 
MPT66-06 432 0.200% 0.465% 0.020% 0.008% 
MPT66-06 788 0.278% 0.616% 0.024% 0.006% 
MPT66-06 1145 0.333% 0.752% 0.038% 0.011% 

 

Table IV-32 Creep data record for internally pressurized end-loaded capsule MPT66-07 
with an external compressive load of -900N (σA/σT=0.251) tested under a nominal 
transverse stress of 300MPa at 350°C 

Sample 
No. 

Heating 
time(hrs) 

Axial strain 
 

Transverse 
strain 

S.D 
Axial strain 

S.D 
Transverse 

strain 
MPT66-07 0 0.000% 0.000% 0.008% 0.010% 
MPT66-07 2 0.002% 0.066% 0.008% 0.012% 
MPT66-07 8 -0.003% 0.116% 0.010% 0.013% 
MPT66-07 31.5 0.002% 0.182% 0.013% 0.017% 
MPT66-07 148.5 0.002% 0.335% 0.017% 0.010% 
MPT66-07 291.5 -0.002% 0.416% 0.009% 0.005% 
MPT66-07 619.5 -0.006% 0.583% 0.005% 0.022% 
MPT66-07 1023 -0.010% 0.744% 0.013% 0.033% 

 

Table IV-33 Creep data record for internally pressurized end-loaded capsule MPT72-01 
with an external compressive load of -900N (σA/σT=0.257) tested under a nominal 
transverse stress of 300MPa at 350°C 

Sample 
No. 

Heating 
time(hrs) 

Axial strain 
 

Transverse 
strain 

S.D 
Axial strain 

S.D 
Transverse 

strain 
MPT72-01 0 0.000% 0.000% 0.003% 0.010% 
MPT72-01 6.5 0.001% 0.117% 0.004% 0.007% 
MPT72-01 52.5 -0.015% 0.265% 0.014% 0.010% 
MPT72-01 145.5 -0.024% 0.410% 0.023% 0.019% 
MPT72-01 305.5 -0.042% 0.558% 0.021% 0.032% 
MPT72-01 573 -0.050% 0.782% 0.010% 0.021% 
MPT72-01 738.5 -0.052% 0.897% 0.008% 0.038% 
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Table IV-34 Creep data record for internally pressurized standard capsule MPT72-02 
(σA/σT=0.485) tested under a nominal transverse stress of 300MPa at 350°C 

Sample 
No. 

Heating 
time(hrs) 

Axial strain 
 

Transverse 
strain 

S.D 
Axial strain 

S.D 
Transverse 

strain 
MPT72-02 0 0.000% 0.000% 0.005% 0.011% 
MPT72-02 2 0.014% 0.064% 0.008% 0.010% 
MPT72-02 4 0.012% 0.091% 0.007% 0.010% 
MPT72-02 8 0.024% 0.134% 0.009% 0.013% 
MPT72-02 16 0.023% 0.158% 0.008% 0.010% 
MPT72-02 28 0.021% 0.195% 0.006% 0.012% 
MPT72-02 52 0.028% 0.260% 0.006% 0.012% 
MPT72-02 100 0.040% 0.346% 0.006% 0.010% 
MPT72-02 148 0.047% 0.403% 0.006% 0.012% 
MPT72-02 244 0.054% 0.508% 0.005% 0.013% 
MPT72-02 340 0.067% 0.610% 0.004% 0.011% 
MPT72-02 484 0.083% 0.743% 0.006% 0.013% 
MPT72-02 676 0.089% 0.882% 0.008% 0.013% 
MPT72-02 844 0.098% 0.996% 0.006% 0.014% 

 

Table IV-35 Creep data record for internally pressurized end-loaded capsule MPT73-01 
with an external compressive load of -900N (σA/σT=0.253) tested under a nominal 
transverse stress of 300MPa at 350°C 

Sample 
No. 

Heating 
time(hrs) 

Axial strain 
 

Transverse 
strain 

S.D 
Axial strain 

S.D 
Transverse 

strain 
MPT73-01 0 0 0 0.008% 0.014% 
MPT73-01 4.5 -0.016% 0.099% 0.005% 0.014% 
MPT73-01 46 -0.039% 0.216% 0.009% 0.018% 
MPT73-01 184 -0.052% 0.411% 0.016% 0.010% 
MPT73-01 372.5 -0.064% 0.556% 0.008% 0.013% 
MPT73-01 610.5 -0.085% 0.702% 0.019% 0.022% 
MPT73-01 895.5 -0.097% 0.869% 0.007% 0.014% 
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Table IV-36 Creep data record for internally pressurized standard capsule MPT73-02 
(σA/σT=0.484) tested under a nominal transverse stress of 300MPa at 350°C 

Sample 
No. 

Heating 
time(hrs) 

Axial strain 
 

Transverse 
strain 

S.D 
Axial strain 

S.D 
Transverse 

strain 
MPT73-02 0 0.000% 0.000% 0.012% 0.001% 
MPT73-02 2 0.003% 0.070% 0.005% 0.000% 
MPT73-02 4 0.010% 0.087% 0.005% 0.000% 
MPT73-02 8 0.015% 0.118% 0.005% 0.001% 
MPT73-02 16 0.017% 0.163% 0.005% 0.000% 
MPT73-02 28 0.023% 0.197% 0.004% 0.000% 
MPT73-02 52 0.027% 0.262% 0.005% 0.000% 
MPT73-02 100 0.031% 0.370% 0.005% 0.000% 
MPT73-02 148 0.039% 0.427% 0.007% 0.001% 
MPT73-02 244 0.048% 0.527% 0.005% 0.000% 
MPT73-02 340 0.057% 0.622% 0.005% 0.000% 
MPT73-02 484 0.073% 0.749% 0.005% 0.000% 
MPT73-02 676 0.089% 0.937% 0.006% 0.001% 
MPT73-02 844 0.096% 1.096% 0.006% 0.001% 

 

Table IV-37 Creep data record for internally pressurized standard capsule MPT74-01 
(σA/σT=0.481) tested under a nominal transverse stress of 300MPa at 350°C 

Sample 
No. 

Heating 
time(hrs) 

Axial strain 
 

Transverse 
strain 

S.D 
Axial strain 

S.D 
Transverse 

strain 
MPT74-01 0 0.000% 0.000% 0.004% 0.010% 
MPT74-01 2 0.016% 0.083% 0.005% 0.011% 
MPT74-01 6 0.018% 0.127% 0.004% 0.009% 
MPT74-01 14 0.021% 0.180% 0.004% 0.012% 
MPT74-01 25 0.024% 0.218% 0.004% 0.012% 
MPT74-01 49 0.029% 0.277% 0.003% 0.010% 
MPT74-01 121 0.041% 0.396% 0.006% 0.008% 
MPT74-01 241 0.057% 0.599% 0.006% 0.012% 
MPT74-01 337 0.066% 0.714% 0.005% 0.016% 
MPT74-01 505 0.076% 0.886% 0.005% 0.021% 
MPT74-01 604.5 0.084% 0.987% 0.005% 0.020% 
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Table IV-38 Creep data record for internally pressurized end-loaded capsule MPT74-02 
with an external compressive load of -900N (σA/σT=0.257) tested under a nominal 
transverse stress of 300MPa at 350°C 

Sample 
No. 

Heating 
time(hrs) 

Axial strain 
 

Transverse 
strain 

S.D 
Axial strain 

S.D 
Transverse 

strain 
MPT74-02 0 0 0 0.011% 0.009% 
MPT74-02 4 -0.007% 0.113% 0.004% 0.002% 
MPT74-02 25.5 -0.019% 0.219% 0.010% 0.019% 
MPT74-02 116.5 -0.031% 0.401% 0.007% 0.034% 
MPT74-02 228 -0.039% 0.548% 0.011% 0.029% 
MPT74-02 442 -0.043% 0.766% 0.018% 0.048% 
MPT74-02 634 -0.054% 0.914% 0.012% 0.070% 

 

Table IV-39 Creep data record for internally pressurized end-loaded capsule MPT76-01 
with an external tensile load of +900N (σA/σT=0.708) tested under a nominal transverse 
stress of 300MPa at 350°C 

Sample 
No. 

Heating 
time(hrs) 

Axial strain 
 

Transverse 
strain 

S.D 
Axial strain 

S.D 
Transverse 

strain 
MPT76-01 0 0 0 0.007% 0.010% 
MPT76-01 2 0.028% 0.075% 0.006% 0.020% 
MPT76-01 8 0.039% 0.127% 0.011% 0.013% 
MPT76-01 31.5 0.060% 0.211% 0.009% 0.014% 
MPT76-01 79.5 0.083% 0.298% 0.010% 0.032% 
MPT76-01 170 0.130% 0.401% 0.013% 0.020% 
MPT76-01 334 0.186% 0.555% 0.014% 0.034% 
MPT76-01 497 0.236% 0.672% 0.009% 0.035% 
MPT76-01 734 0.289% 0.826% 0.014% 0.031% 
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Table IV-40 Creep data record for internally pressurized end-loaded capsule MPT76-02 
with an external compressive load of -900N (σA/σT=0.257) tested under a nominal 
transverse stress of 300MPa at 350°C 

Sample 
No. 

Heating 
time(hrs) 

Axial strain 
 

Transverse 
strain 

S.D 
Axial strain 

S.D 
Transverse 

strain 
MPT76-02 0 0 0 0.009% 0.020% 
MPT76-02 2 -0.014% 0.083% 0.013% 0.016% 
MPT76-02 8 -0.046% 0.152% 0.002% 0.041% 
MPT76-02 32 -0.052% 0.238% 0.019% 0.023% 
MPT76-02 80 -0.058% 0.325% 0.011% 0.027% 
MPT76-02 196 -0.079% 0.458% 0.033% 0.047% 
MPT76-02 364 -0.090% 0.620% 0.050% 0.016% 
MPT76-02 503 -0.106% 0.738% 0.039% 0.020% 
MPT76-02 765 -0.125% 0.913% 0.065% 0.032% 

 

Table IV-41 Creep data record for internally pressurized standard capsule MPT76-03 
(σA/σT=0.484) tested under a nominal transverse stress of 300MPa at 350°C 

Sample 
No. 

Heating 
time(hrs) 

Axial 
strain 

 
Transverse 

strain 
S.D 

Axial strain 

S.D 
Transverse 

strain 
MPT76-03 0 0.000% 0.000% 0.007% 0.011% 
MPT76-03 2 0.010% 0.069% 0.005% 0.013% 
MPT76-03 4 0.011% 0.086% 0.007% 0.015% 
MPT76-03 8 0.013% 0.119% 0.007% 0.013% 
MPT76-03 16 0.016% 0.150% 0.007% 0.015% 
MPT76-03 28 0.018% 0.183% 0.007% 0.015% 
MPT76-03 52 0.023% 0.249% 0.009% 0.015% 
MPT76-03 100 0.027% 0.339% 0.008% 0.012% 
MPT76-03 148 0.030% 0.402% 0.008% 0.012% 
MPT76-03 244 0.035% 0.472% 0.008% 0.019% 
MPT76-03 340 0.041% 0.550% 0.008% 0.010% 
MPT76-03 532 0.047% 0.717% 0.007% 0.006% 
MPT76-03 724 0.052% 0.869% 0.007% 0.016% 
MPT76-03 892 0.059% 1.006% 0.007% 0.012% 
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Table IV-42 Creep data record for internally pressurized standard capsule MPT76-04 
(σA/σT=0.483) tested under a nominal transverse stress of 300MPa at 350°C 

Sample 
No. 

Heating 
time(hrs) 

Axial strain 
 

Transverse 
strain 

S.D 
Axial strain 

S.D 
Transverse 

strain 
MPT76-04 0 0.000% 0.000% 0.003% 0.004% 
MPT76-04 2 0.007% 0.054% 0.006% 0.005% 
MPT76-04 4 0.012% 0.083% 0.006% 0.006% 
MPT76-04 8 0.012% 0.118% 0.005% 0.006% 
MPT76-04 16 0.014% 0.148% 0.005% 0.009% 
MPT76-04 28 0.015% 0.173% 0.005% 0.012% 
MPT76-04 52 0.018% 0.234% 0.005% 0.016% 
MPT76-04 100 0.0239% 0.313% 0.004% 0.021% 
MPT76-04 148 0.0286% 0.383% 0.006% 0.027% 
MPT76-04 244 0.0309% 0.449% 0.006% 0.033% 
MPT76-04 340 0.0404% 0.539% 0.005% 0.027% 
MPT76-04 484 0.0414% 0.645% 0.007% 0.028% 
MPT76-04 700 0.0506% 0.822% 0.008% 0.035% 
MPT76-04 916 0.0566% 0.940% 0.008% 0.037% 

 

Table IV-43 Creep data record for internally pressurized standard capsule MPT77-01 
(σA/σT=0.478) tested under a nominal transverse stress of 300MPa at 350°C 

Sample 
No. 

Heating 
time(hrs) 

Axial strain 
 

Transverse 
strain 

S.D 
Axial strain 

S.D 
Transverse 

strain 
MPT77-01 0 0.000% 0.000% 0.004% 0.010% 
MPT77-01 2 0.016% 0.070% 0.004% 0.011% 
MPT77-01 6 0.009% 0.110% 0.006% 0.016% 
MPT77-01 14 0.012% 0.150% 0.004% 0.016% 
MPT77-01 25 0.014% 0.186% 0.007% 0.017% 
MPT77-01 49 0.018% 0.243% 0.008% 0.018% 
MPT77-01 121 0.021% 0.374% 0.006% 0.032% 
MPT77-01 217 0.028% 0.480% 0.006% 0.039% 
MPT77-01 409 0.037% 0.635% 0.005% 0.046% 
MPT77-01 649 0.045% 0.834% 0.007% 0.062% 
MPT77-01 889 0.056% 1.036% 0.007% 0.088% 
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Table IV-44 Creep data record for internally pressurized end-loaded capsule MPT77-02 
with an external compressive load of -900N (σA/σT=0.260) tested under a nominal 
transverse stress of 300MPa at 350°C 

Sample 
No. 

Heating 
time(hrs) 

Axial strain 
 

Transverse 
strain 

S.D 
Axial strain 

S.D 
Transverse 

strain 
MPT77-02 0 0 0 0.008% 0.005% 
MPT77-02 4 -0.014% 0.102% 0.005% 0.013% 
MPT77-02 24 -0.029% 0.184% 0.011% 0.011% 
MPT77-02 141 -0.049% 0.391% 0.012% 0.016% 
MPT77-02 279 -0.00057 0.516% 0.022% 0.019% 
MPT77-02 493 -0.076% 0.682% 0.006% 0.020% 
MPT77-02 769 -0.082% 0.870% 0.024% 0.032% 

 

Table IV-45 Creep data record for internally pressurized end-loaded capsule MPT79-01 
with an external compressive load of -900N (σA/σT=0.256) tested under a nominal 
transverse stress of 300MPa at 350°C 

Sample 
No. 

Heating 
time(hrs) 

Axial strain 
 

Transverse 
strain 

S.D 
Axial strain 

S.D 
Transverse 

strain 
MPT79-01 0 0.000% 0.000% 0.007% 0.017% 
MPT79-01 4 -0.032% 0.122% 0.010% 0.017% 
MPT79-01 19.5 -0.036% 0.216% 0.008% 0.021% 
MPT79-01 94.5 -0.057% 0.409% 0.022% 0.029% 
MPT79-01 208.5 -0.073% 0.609% 0.018% 0.025% 
MPT79-01 328.5 -0.092% 0.740% 0.008% 0.039% 
MPT79-01 494.5 -0.109% 0.931% 0.037% 0.049% 
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Table IV-46 Creep data record for internally pressurized standard capsule MPT79-02 
(σA/σT=0.480) tested under a nominal transverse stress of 300MPa at 350°C 

Sample 
No. 

Heating 
time(hrs) 

Axial strain 
 

Transverse 
strain 

S.D 
Axial strain 

S.D 
Transverse 

strain 
MPT79-02 0 0.000% 0.000% 0.005% 0.006% 
MPT79-02 2 0.004% 0.084% 0.004% 0.003% 
MPT79-02 4 0.015% 0.109% 0.007% 0.006% 
MPT79-02 8 0.016% 0.145% 0.007% 0.005% 
MPT79-02 16 0.015% 0.187% 0.005% 0.009% 
MPT79-02 28 0.017% 0.229% 0.004% 0.010% 
MPT79-02 52 0.025% 0.303% 0.014% 0.013% 
MPT79-02 100 0.027% 0.421% 0.011% 0.018% 
MPT79-02 148 0.028% 0.509% 0.004% 0.019% 
MPT79-02 244 0.032% 0.665% 0.003% 0.027% 
MPT79-02 340 0.039% 0.791% 0.004% 0.019% 
MPT79-02 436 0.049% 0.980% 0.008% 0.021% 

 

Table IV-47 Creep data record for internally pressurized end-loaded capsule MPT81-01 
with an external tensile load of +900N (σA/σT=0.709) tested under a nominal transverse 
stress of 300MPa at 350°C 

Sample 
No. 

Heating 
time(hrs) 

Axial strain 
 

Transverse 
strain 

S.D 
Axial strain 

S.D 
Transverse 

strain 
MPT81-01 0 0 0 0.008% 0.009% 
MPT81-01 2 0.018% 0.072% 0.007% 0.006% 
MPT81-01 8 0.037% 0.119% 0.008% 0.007% 
MPT81-01 50 0.073% 0.270% 0.004% 0.007% 
MPT81-01 117.5 0.112% 0.386% 0.021% 0.007% 
MPT81-01 258.5 0.168% 0.560% 0.037% 0.013% 
MPT81-01 361.17 0.221% 0.666% 0.028% 0.010% 
MPT81-01 525.17 0.255% 0.824% 0.027% 0.010% 
MPT81-01 666.17 0.305% 0.953% 0.033% 0.014% 
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Table IV-48 Creep data record for internally pressurized standard capsule MPT81-02 
(σA/σT=0.480) tested under a nominal transverse stress of 300MPa at 350°C 

Sample 
No. 

Heating 
time(hrs) 

Axial strain 
 

Transverse 
strain 

S.D 
Axial strain 

S.D 
Transverse 

strain 
MPT81-02 0 0.000% 0.000% 0.003% 0.007% 
MPT81-02 2 -0.007% 0.046% 0.001% 0.005% 
MPT81-02 6 -0.002% 0.070% 0.002% 0.006% 
MPT81-02 14 -0.003% 0.090% 0.002% 0.007% 
MPT81-02 25 0.002% 0.108% 0.003% 0.008% 
MPT81-02 49 0.005% 0.143% 0.004% 0.009% 
MPT81-02 145 0.009% 0.206% 0.005% 0.010% 
MPT81-02 360.5 0.022% 0.301% 0.008% 0.012% 
MPT81-02 672.5 0.025% 0.382% 0.010% 0.017% 
MPT81-02 747.5 0.027% 0.400% 0.010% 0.017% 
MPT81-02 1227.5 0.039% 0.519% 0.013% 0.021% 
MPT81-02 1707.5 0.054% 0.624% 0.016% 0.024% 
MPT81-02 2192 0.055% 0.707% 0.018% 0.030% 

 

Table IV-49 Creep data record for internally pressurized standard capsule MPT81-03 
(σA/σT=0.478) tested under a nominal transverse stress of 300MPa at 350°C 

Sample 
No. 

Heating 
time(hrs) 

Axial strain 
 

Transverse 
strain 

S.D 
Axial strain 

S.D 
Transverse 

strain 
MPT81-03 0 0.000% 0.000% 0.009% 0.005% 
MPT81-03 2 0.011% 0.098% 0.004% 0.009% 
MPT81-03 6 0.018% 0.155% 0.004% 0.007% 
MPT81-03 14 0.025% 0.216% 0.003% 0.004% 
MPT81-03 38 0.038% 0.312% 0.005% 0.006% 
MPT81-03 86 0.057% 0.441% 0.006% 0.016% 
MPT81-03 158 0.075% 0.597% 0.009% 0.019% 
MPT81-03 254 0.094% 0.783% 0.006% 0.024% 
MPT81-03 350 0.111% 0.960% 0.007% 0.015% 
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Table IV-50 Creep data record for internally pressurized end-loaded capsule MPT81-04 
with an external compressive load of -900N (σA/σT=0.256) tested under a nominal 
transverse stress of 300MPa at 350°C 

Sample 
No. 

Heating 
time(hrs) 

Axial strain 
 

Transverse 
strain 

S.D 
Axial strain 

S.D 
Transverse 

strain 
MPT81-04 0 0 0 0.008% 0.006% 
MPT81-04 2 -0.003% 0.099% 0.008% 0.009% 
MPT81-04 6 -0.005% 0.144% 0.012% 0.010% 
MPT81-04 23 -0.00014 0.258% 0.016% 0.011% 
MPT81-04 50 -0.048% 0.355% 0.018% 0.021% 
MPT81-04 98 -0.057% 0.480% 0.019% 0.018% 
MPT81-04 170 -0.073% 0.621% 0.034% 0.011% 
MPT81-04 260 -0.082% 0.777% 0.009% 0.016% 
MPT81-04 378.5 -0.103% 0.952% 0.040% 0.042% 

 

Table IV-51 Creep data record for internally pressurized standard capsule MPT82-01 
(σA/σT=0.477) tested under a nominal transverse stress of 300MPa at 350°C 

Sample 
No. 

Heating 
time(hrs) 

Axial strain 
 

Transverse 
strain 

S.D 
Axial strain 

S.D 
Transverse 

strain 
MPT82-01 0 0.000% 0.000% 0.002% 0.020% 
MPT82-01 2 -0.001% 0.071% 0.007% 0.022% 
MPT82-01 6 -0.001% 0.096% 0.004% 0.019% 
MPT82-01 14 0.001% 0.128% 0.004% 0.020% 
MPT82-01 25 0.002% 0.158% 0.004% 0.017% 
MPT82-01 49 0.008% 0.205% 0.005% 0.021% 
MPT82-01 169 0.021% 0.322% 0.006% 0.018% 
MPT82-01 411 0.047% 0.531% 0.008% 0.032% 
MPT82-01 510 0.045% 0.582% 0.009% 0.043% 
MPT82-01 896 0.064% 0.786% 0.008% 0.052% 
MPT82-01 1280 0.076% 0.946% 0.011% 0.051% 
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Table IV-52 Creep data record for internally pressurized end-loaded capsule MPT82-02 
with an external tensile load of +900N (σA/σT=0.707) tested under a nominal transverse 
stress of 300MPa at 350°C 

Sample 
No. 

Heating 
time(hrs) 

Axial strain 
 

Transverse 
strain 

S.D 
Axial strain 

S.D 
Transverse 

strain 
MPT82-02 0 0 0 0.011% 0.021% 
MPT82-02 2 0.034% 0.075% 0.011% 0.010% 
MPT82-02 6 0.064% 0.108% 0.013% 0.005% 
MPT82-02 30 0.082% 0.175% 0.023% 0.008% 
MPT82-02 99 0.112% 0.259% 0.027% 0.010% 
MPT82-02 262 0.174% 0.373% 0.028% 0.012% 
MPT82-02 594 0.273% 0.550% 0.021% 0.018% 
MPT82-02 918 0.350% 0.702% 0.029% 0.022% 
MPT82-02 1078 0.378% 0.762% 0.024% 0.027% 

 

Table IV-53 Creep data record for internally pressurized standard capsule MPT82-03 
(σA/σT=0.478) tested under a nominal transverse stress of 300MPa at 350°C 

Sample 
No. 

Heating 
time(hrs) 

Axial strain 
 

Transverse 
strain 

S.D 
Axial strain 

S.D 
Transverse 

strain 
MPT82-03 0 0.000% 0.000% 0.005% 0.017% 
MPT82-03 2 0.003% 0.104% 0.004% 0.021% 
MPT82-03 6 0.007% 0.157% 0.003% 0.022% 
MPT82-03 14 0.016% 0.219% 0.005% 0.020% 
MPT82-03 38 0.030% 0.331% 0.006% 0.033% 
MPT82-03 86.5 0.047% 0.463% 0.014% 0.040% 
MPT82-03 158.8 0.063% 0.644% 0.005% 0.044% 
MPT82-03 254.8 0.086% 0.859% 0.006% 0.051% 
MPT82-03 350.8 0.103% 1.071% 0.006% 0.039% 
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Table IV-54 Creep data record for internally pressurized end-loaded capsule MPT82-04 
with an external compressive load of -900N (σA/σT=0.258) tested under a nominal 
transverse stress of 300MPa at 350°C 

Sample 
No. 

Heating 
time(hrs) 

Axial strain 
 

Transverse 
strain 

S.D 
Axial strain 

S.D 
Transverse 

strain 
MPT82-04 0 0 0 0.015% 0.006% 
MPT82-04 2 -0.012% 0.134% 0.019% 0.003% 
MPT82-04 6 -0.013% 0.205% 0.014% 0.009% 
MPT82-04 30 -0.050% 0.355% 0.028% 0.007% 
MPT82-04 74 -0.065% 0.514% 0.033% 0.016% 
MPT82-04 143 -0.090% 0.702% 0.052% 0.027% 
MPT82-04 238 -0.121% 0.911% 0.032% 0.047% 

 

Table IV-55 Creep data record for internally pressurized standard capsule MPT82-05 
(σA/σT=0.482) tested under a nominal transverse stress of 300MPa at 350°C 

Sample 
No. 

Heating 
time(hrs) 

Axial strain 
 

Transverse 
strain 

S.D 
Axial strain 

S.D 
Transverse 

strain 
MPT82-05 0 0.000% 0.000% 0.005% 0.016% 
MPT82-05 2 0.024% 0.147% 0.007% 0.017% 
MPT82-05 7.2 0.044% 0.220% 0.010% 0.017% 
MPT82-05 17.2 0.042% 0.286% 0.007% 0.018% 
MPT82-05 41.2 0.060% 0.406% 0.005% 0.019% 
MPT82-05 90.2 0.072% 0.566% 0.009% 0.021% 
MPT82-05 162.2 0.089% 0.774% 0.006% 0.024% 
MPT82-05 234.2 0.109% 0.956% 0.007% 0.030% 

 
 


	Abstract
	Acknowledgements
	Table of Contents
	List of Tables
	Glossary
	Chapter 1 Introduction
	Chapter 2 Literature Review
	2.1 Zr-2.5Nb pressure tubes in CANDU reactors
	2.1.1 Fabrication procedures of Zr-2.5Nb pressure tubes 
	2.1.2 Chemical compositions of Zr-2.5Nb pressure tubes 
	2.1.3 Phase transformation during manufacture of Zr-2.5Nb pressure tubes 
	2.1.4 Microstructure of Zr-2.5Nb pressure tubes

	2.2 Crystallographic texture of CANDU Zr-2.5Nb pressure tubes
	2.2.1 Crystallographic texture 
	2.2.2 Neutron diffraction for texture measurement
	2.2.3 Texture of a standard CANDU Zr-2.5Nb pressure tube

	2.3 Deformation of CANDU pressure tubes
	2.4 Thermal creep
	2.4.1 Thermal creep of Zirconium alloys
	2.4.2 Stress dependence of thermal creep of Zirconium alloys
	2.4.3 Temperature dependence of thermal creep of Zirconium alloys
	2.4.4 Creep mechanisms 
	2.4.4.1 Dislocation creep
	2.4.4.2 Diffusion creep
	2.4.4.3 Harper-Dorn creep


	2.5 Creep anisotropy and texture dependence
	2.5.1 Creep anisotropy
	2.5.2 Texture dependence of irradiation creep

	2.6 Modeling of Zirconium alloy creep
	2.6.1 Hill theory
	2.6.2 Polycrystalline models for steady-state creep


	Chapter 3 Experimental Materials
	3.1 Chemical compositions 
	3.1.1 Zr-2.5Nb micro pressure tubes MPT62, 63, 65 and 66
	3.1.2 Zr-2.5Nb micro pressure tubes MPT72, 73, 74, 76, 77, 79, 81 and 82
	3.1.3 Zr-2.5Nb fuel sheathing

	3.2 Manufacturing procedures of Zr-2.5Nb MPT and FS tubes
	3.2.1 Micro pressure tubes
	3.2.3 Fuel sheathing tubes


	Chapter 4 Experimental Procedure 
	4.1 Texture measurements 
	4.1.1 Sample preparation 
	4.1.2 Neutron texture measurements

	4.2 Microstructure observation of Zr-2.5Nb MPT and FS tubes
	4.3 Experimental design of creep capsules
	4.4 Experimental apparatus for standard capsules
	4.4.1 Creep tests in air
	4.4.1.1 Experimental design
	4.4.1.2 Temperature gradient on creep capsules
	4.4.1.3 Oxidation of creep capsules in air 

	4.4.2 Creep tests in Argon protection
	4.4.2.1 Experimental design
	 4.4.2.2 Creep capsules in Argon gas protection


	4.5 Experimental apparatus for end-loaded capsules 
	4.5.1 Creep rig design
	4.5.2 Sample holder for an external compressive load
	4.5.3 Sample holder for an external tensile load 

	4.6 Creep test procedure and strain measurements
	4.6.1 Creep test procedure
	4.6.2 Creep strain measurements


	Chapter 5 Experimental Results 
	5.1 Crystallographic textures of Zr-2.5Nb MPT and FS tubes
	5.2 Microstructure of Zr-2.5Nb MPT and FS tubes
	5.3 Creep of standard FS capsules under different transverse stresses in air
	5.4 Creep of standard FS capsules at different temperatures in air
	5.5 Creep of standard FS and MPT capsules under varied transverse stresses at 350°C in Argon
	5.6 Repeatability of creep tests 
	5.7 Creep of standard MPT capsules under a nominal transverse stress of 300MPa at 350°C
	5.7.1 Creep of MPT capsules with an extrusion ratio of 10:1 at 815°C
	5.7.2 Creep of MPT capsules with an extrusion ratio of 10:1 at 650°C
	5.7.3 Creep of MPT capsules with an extrusion ratio of 4:1 at 650°C 
	5.7.4 Creep of MPT capsules with an extrusion ratio of 10:1 at 975°C 

	5.8 Creep of end-loaded FS and MPT capsules 
	5.8.1 End-loading tests on FS capsules
	5.8.2 End-loading tests on MPT capsules
	5.8.2.1 End-loading tests on MPT63, MPT66 and MPT76 capsules
	5.8.2.2 End-loading tests on MPT81 and 82 capsules
	5.8.2.3 End-loading tests on MPT72, 73, 74, 77, 79 and 65 capsules



	Chapter 6 Discussion
	6.1 Texture, grain structure and phase distribution
	6.2 Stress dependence of creep
	6.2.1 Effect of stress 
	6.2.2 Stress exponent n

	6.3 Temperature dependence of creep
	6.3.1 Effect of temperature
	6.3.2 Creep activation energy Q
	6.3.3 Creep mechanism

	6.4 Effect of grain size
	6.5 Effect of texture on anisotropic creep 
	6.6 Effect of stress state on creep anisotropy 
	6.7 Hill model
	6.8 Polycrystalline modeling of creep anisotropy 
	6.8.1 SELFPOLY7 model calculation
	6.8.2 Simulation of cold-working dislocation distribution 
	6.8.2.1 Elasto-Plastic Self-Consistent (EPSC) model
	6.8.2.2 Shear strain distribution

	6.8.3 Modification of SELFPOLY7 model
	6.8.4 SELFPOLY7-Q model calculation 

	6.9 Summary

	Chapter 7 Conclusions and Future Work
	7.1 Conclusions 
	7.2 Future work

	References
	Appendix I Heating Tests of Fuel Sheathing Tubes in Air
	Appendix II Pole Figures of Cold-Worked Zr-2.5Nb Tubes
	Appendix III TEM Microstructure of Cold-Worked Zr-2.5Nb Tubes
	Appendix IV Original Creep Test Data

