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DE L'ANISOTROPIE DU FLUAGE EN RÉACTEUR DES TUBES EN Zr-2,5 Nb

par

A.R. Causey, J.E. Elder*, R.A. Holt et R.G. Fleck*

RÉSUMÉ
Des éprouvettes pour essai de fluage prélevées sur des tubes en Zr-2,5 Nb
travaillés à froid, fabriqués avec deux microstructures et textures cristal-
lographiques différentes, ont été irradiées dans le réacteur Osiris, en
France, à un flux de neutrons rapides d'environ 1,8 x 1018 n-nr2«s-1,
d'énergie E > 1 MeV, à 553 et 585 K. Les contraintes périphériques de pres-
surisation interne s'étendent de 0 à 160 MPa. Les figures de pôles sont
orientées dans le plan radial-transversal des tubes, soit à 30 degrés envi-
ron de la direction radiale, ou bien principalement dans la direction trans-
versale; celles-ci sont semblables aux textures cristallographiques des
gaines de combustible et des tubes de force de réacteurs CANDU. Les den-
sités de dislocation sont similaires, mais la forme et la dimension des
grains diffèrent considérablement.

Les fluences atteintes jusqu'à ce jour s'élèvent à 4 x 1025 n.nr2, soit plus
du double de celles qui ont jamais été réalisées dans un essai de fluage
effectué sur du Zr-2,5 Nb travaillé à froid, pour lequel on ait mesuré les
contraintes transversales et longitudinales. Les taux de fluage ont été
obtenus des courbes de fluence en fonction des contraintes, et les comporte-
ments au fluage ont été obtenus à partir des vitesses de déformation en
fonction des contraintes périphériques pour chaque matériau à chaque tempé-
rature. Le rapport entre les taux de fluage à 583 K et à 553 K était d'en-
viron 1,36, soit une valeur légèrement plus élevée que ce qu'on obtient par
extrapolation des résultats de relaxation des contraintes aux températures
situées entre 523 et 568 K. Ces résultats confirment que la sensibilité du
taux de fluage à la température s'accroît proportionnellement à l'augmenta-
tion de celle-ci.

Le rapport du comportement au fluage biaxe entre la direction longitudinale
et les directions transversales est différent pour les deux matériaux
d'essai : 0,0 à -0,1 dans le cas de la texture des gaines de combustible et
0,5 à 0,6 dans le cas de la texture des tubes de force. Ces résultats ont
été analysés à l'aide d'un modèle logique élaboré en vue de tenir compte de
la contribution à l'anisotropie de fluage des trois paramètres de la micro-
structure qui entrent en jeu ici, et pour tenir compte des effets d'interac-
tion des grains. Ce modèle, qui a été normalisé par référence aux données
de fluage des tubes en Zr-2,5 Nb travaillés à froid des autres réacteurs de
puissance et réacteurs de recherche, prévoyait que le rapport des comporte-
ments au fluage devait être respectivement -0,26 et 0,63. Par conséquent,
conformément aux résultats antérieurs, on peut prévoir de manière satisfai-
sante l'anisotropie de fluage des tubes en Zr-2,5 Nb ayant une texture
cristallographique semblable à celle des tubes de force.
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ABSTRACT

Creep specimens made from cold-vorked Zr-2.5Nb tubes, fabricated with two
different microstructures and crystallographic textures, were irradiated in
the Osiris reactor in France in a fast-neutron flux of about 1.8 x 101B

n.m-2.s-1, E > 1 MeV, at 553 and 585 K. The hoop stresses from internal
pressurization range from 0 to 160 MPa. The basal poles are oriented in the
radial-transverse plane of the tubes, either about 30 degrees from the radial
direction or primarily in the transverse direction; these are similar to the
crystallographic textures in fuel sheathing and in CANDU reactor pressure
tubes. Dislocation densities are similar, while grain size and shape differ
significantly.

Fluences reached to date, up to 4 x 102S n.m-2, more than double those
achieved in any other creep test on cold-worked Zr-2.5Nb, in which both axial
and transverse strain were measured. Creep rates were obtained from strain
versus fluence plots, and creep compliances were obtained from plots of the
strain rates against hoop stress for each material at each temperature. The
ratio of creep rates at 583 K to those at 553 K was ~ 1.36, a little higher
than that extrapolated from stress relaxation results at temperatures between
523 and 568 K. This is consistent with the expectation that the temperature
sensitivity of the creep rate increases with temperature.

The ratio of the biaxial creep compliance in the axial direction to that in
the transverse directions is different for the two test materials: 0.0 to
-0.1 for the fuel sheathing texture and 0.5 to 0.6 for the pressure tube
texture. The results were analysed using a self-consistent model developed
to account for the contributions to the creep anisotropy of the three
microstructure parameters involved here, and to account for the grain
interaction effects. The model, which was normalized to other test reactor
and power reactor creep data for cold-worked Zr-2.5Nb tubes, predicted the
ratio of the creep compliances to be -0.26 and 0.63, respectively. Thus, in
agreement with previous conclusions, the creep anisotropy of Zr-2.5Nb tubes
with pressure-tube-like crystallographic texture can be adequately predicted.
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VALUE AND IMPLICATIONS

These results provide experimental evidence that creep deformation makes a
larger contribution than irradiation growth to the axial elongation of CANDU
Zr-2.5Nb pressure tubes during in-reactor service. The fluences achieved to
date are the highest yet from a test reactor for biaxial creep tests on
material that has microstructure similar to that of power reactor pressure
tubes. The experiments in the Osiris reactor are going veil and will provide
valuable information on the effects of end-of-life fluences on creep
behaviour.

Anisotropy parameters derived from the results in this report will contribute
significantly to an improved characterization of the anisotropy of creep in
the forthcoming update to the pressure tube design equations.
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Chalk River Laboratories
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1. INTRODUCTION

The anisotropy of creep deformation of Zr-2.5Nb pressure tubes during service
in CANDU* reactors is related to the anisotropic physical properties of the
hexagonal crystal structure of zirconium. These physical properties
contribute to the development during fabrication of an anisotropic
microstructurei including crystallographic textures, grain morphologies and
dislocation structures. It has been established that in-reactor deformation
of zirconium alloys is the result of the combined contributions from
irradiation growth (i.e., strain in the absence of applied stress) and creep,
both thermal- and irradiation-induced. Irradiation growth and irradiation-
induced creep have strong directional anisotropy [1-5].

Several studies have attempted to relate the anisotropic deformation of the
polycrystalline zirconium alloys to those of their individual grains by
accounting for the microstructural features, particularly the
crystallographic texture [6-8]. Application of these models to Zr-2.5Nb
pressure tubes has suffered from a lack of experimental data from biaxial
creep tests on materials that have crystallographic texture similar to that
of the pressure tubes. The experiment reported here contributes to the
development of a reliable model for Zr-2.5Nb tubes by using two batches of
small tubes, one of which has a crystallographic texture similar to that of
the CANDU power reactor pressure tubing, the other having a texture that is
completely different. The results are analyzed in terms of texture using a
self-consistent model to account for the effects of grain interactions [8-
10].

The irradiations are being conducted in the high-flux Osiris reactor at
Saclay, France,' primarily to assess the effects of temperature and high
neutron fluence on the deformation of Zr-2.5Nb. The length and diameter
measurements of biaxial creep specimens reported in this paper are extended
to fluences of - 4 x 1025 n.nr2, E > 1 MeV. The previous highest fluences in
creep tests that could be used to assess the creep anisotropy of Zr-2.5Nb
tubes were less than 1.8 x 1025 n.nr2 [11]. The lead CANDU power reactors
have reached fluences in excess of 11 x 1025 n.nr2, while reactor end-of-life
fluences are projected to be about 30 x 1025 n.nr2. The small range of
stress in power reactor pressure tubes precludes using that data alone for
these studies.

2. EXPERIMENTAL

2.1 Test Materials

The pressurized creep capsules were fabricated from two different 10 mm
diameter Zr-2.5Nb tubes, referred to as fuel sheathing (FS) and micro
pressure tube (MPT). The manufacturing procedures were as shown in Figure 1.
The fabrication procedure for the MPT was similar to that used for standard
CANDU pressure tubes. The crystallographic texture and microstructure,
including grain size and shape, a- and yS-phase structure, and dislocation
densities, were determined by X-ray diffraction and electron microscopy
replica techniques.

*CANDU: Canada Deuterium Uranium. Registered trademark.



Typical microstructures for the FS, MPT and a standard CANDU pressure tube
viewed along the longitudinal and radial directions are shown in Figures 2-4.
The fuel sheathing in Figure 2a shows bands of a-phase and /8-phase elongated
in the direction of extrusion, with the 0-phase showing wider bands than the
typical CANDU pressure tube, Figure 3a. The 0-phase, when viewed along the
axial direction, Figure 2b, is discontinuous and lacks the characteristic
swirl pattern seen in pressure tubing, Figure 3b. In contrast, the MPT has a
grain structure similar to that of standard pressure tubes, the main
difference being one of grain size, Figure 4.

Grain sizes were measured, based on distances between intercept points of fi -
phase and a reference line. The average grain width in the radial direction

was measured on sections with circumferential normals, and in the
circumferential direction on sections with longitudinal normals. The
measured widths for the FS were 0.8 jum and 1.1 fim, respectively. In the MPT
they were measured to be about 0.4 Aim and 5.0 (im. In standard pressure
tubing, these widths would be about 0.3 fim and 4.0 fim.

The <a> and <c> type dislocation densities estimated from the broadening of
(10Î0) and (0002) X-ray diffraction peaks [12] of the test materials are
compared with those of typical pressure tubing in Table 1. The measured
dislocation densities are within the range typically measured in standard
cold-worked pressure tubes. The crystallographic texture of the tubes is
described by the basal plane pole figures shown in Figure 5. The resolved
fraction of basal plane normals in the three principal directions of the
tubing is also given.

2.2 Specimens

Figure 6 shows a photograph of a biaxial creep specimen with a gauge length
of 46.4 mm, outside diameter of 10.0 mm before pressurization, and a wall
thickness of 0.45 mm. End-caps, machined from Zr-2.5Nb rods, were electron-
beam welded to the tubes and the specimens were stress relieved 24 h at 673
K, to relieve residual stresses near the welds. The total stress relief at
673 K, including 24 h during tube fabrication, was 48 h. The capsules were
pressurized using high-purity He gas and sealed by tungsten inert gas
welding.

Before pressurization and sealing of the capsules, their length and outside
diameter were measured using a laser telemetric system. The wall-thickness
of the tubes was measured using a dial gauge. The internal pressure for each
specimen was read from a gas gauge and also estimated from the elastic
deformation measured from the change in outside diameter after the capsules
were pressurized. The specimen hoop stress at the temperatures of the creep
experiments (553 and 583 K) were calculated from the internal pressure at
room temperature assuming that the He gas behaves as an ideal gas. The
capsules were pressurized at room temperature to give hoop stresses at the
test temperature in the range 0 to 160 MPa (Table 2).

Before and after irradiation, the specimens were measured under water in the
reactor pool at a temperature of 313 K. The gauging apparatus used a linear
variable differential transformer and was controlled by a computer. The



diameters were measured at six positions along the capsules and the reported
diameter vas the average of the measurements at the three middle axial
positions, each measurement being the average of 200 readings around the
perimeter of the capsule. The length was obtained by averaging 200
measurements made around the specimen perimeter. A standard specimen was
measured before and after each irradiated specimen, and the readings
normalized to 313 K. This measuring procedure was repeated two times on each
specimen. The error in the measurement of the diameter and length of the
capsules was estimated (95% confidence level) as ±2 /JDI and ±5 /xm,
respectively. In terms of strains, the errors are ±2 x 10"4 in diameter and
±1 x 10-4 in length.

2.3 Test Procedure

The pressurized capsules were irradiated in two NaK filled inserts in the
Osiris test reactor at Saclay, France. The reactor inserts are described in
more detail in [13]. The inserts were irradiated at nominal temperatures of
553 and 583 K, in experiments referred to as Trillium-2 (553 K) and Trillium-
3 (583 K). The peak fast-neutron flux (E > 1 MeV) was determined from Fe
wire flux monitors to be about 1.8 ± 0.1 x 1018 n.m^.s"1 (E > 1 MeV). Fast-
neutron fluences of up to 4.0 x 1025 and 1.4 x 1025 n.nr2 (E > 1 MeV) were
reached in Trillium-2 and Trillium-3, respectively.

The test specimen stresses and loadings for each of the three irradiation
phases in Trillium-2 and the one irradiation phase in Trillium-3 are given in
Table 2. The initial loading of Trillium-2 was all FS specimens; after the
second phase, five of these specimens were replaced with MPT specimens, with
specimens B and K (0 and 153 MPa) continuing. The initial loading of
Trillium-3 contained two FS and five MPT specimens. The temperatures were
measured and controlled with thermocouples in contact with the creep
specimens. The time-averaged temperatures of each specimen during each phase
of irradiation are listed in Table 2.

3. RESULTS

3.1 Strain Measurements on Fuel Sheathing

The measured transverse and axial creep strains are plotted as functions of
neutron fluence in Figures 7a and 7b for Trillium-2. Extrapolation of the
transverse curves back to zero fluence gives intercepts within ±0.017% of the
mean of 0.012%, while extrapolation of the axial curves gives positive
intercepts within ±0.008% of the mean of 0.031%. The transverse strains in
the specimens with no stress are negative, while the axial strains are larger
than those in the stressed specimens. The creep strains measured for the FS
specimens in Trillium-3 are shown in Figures 8a and 8b, where the pattern
appears to be similar to that of the Trillium-2 results. If the zero fluence
intercepts are assumed to be small, as observed in Trillium-2, and are
neglected, strain rates can be derived from one data point.



he effect of stress on the transverse and axial strain rates is shown in
Figures 9a and 9b, where the strain rates per unit fluence for Trillium-2
(Figure 9a) are derived from the difference in strains between the first and
second measurements only. The transverse strain rates increase, while the
axial strain rates decrease, with stress. The slopes of the best-fit lines
through the data points give creep compliances for biaxial stressing of 1.9 x
10"30 and -0.2 x 10"30 m2.n*1.MPa'1, in the transverse and axial directions,
respectively, with a ratio of axial to transverse compliances, CBL/CBT, of
-0.10. The zero-fluence intercepts are the growth rates in transverse and
axial directions, -3.9 x 10"29 and 2,9 x 10"29 m 2.^ 1, respectively. The
effect of stress on the strain rates in Trillium-3, shown in Figure 9b, gives
the biaxial creep compliances of 2.7 x 10*30 and -0.4 x 10"31 m2.n"1.MPa"1,
in the transverse and axial directions, respectively. The ratio CBL/CBT is
approximately -0.0.

3.2 Strain Measurements on MPT

The creep strains measured for the MPT specimens in Trillium-2 are shown in
Figures 10a and 10b, and for Trillium-3 they are shown in Figures lia and
lib. Again, if the zero fluence intercepts are assumed to be small, as
observed in the FS specimens in Trillium-2, and are neglected, strain rates
can be derived from one data point. The effect of stress on the strain rates
is shown in Figures 12a and 12b. The transverse and axial biaxial creep
compliances are 1.0 x 10-30 and 0.5 x 10"30 m2.n"1.MPa'1 in Trillium-2, and
1.3 x 10-30 and 0.8 x 10"30 m2.n-1.MPa-1 in Trillium-3. The ratios CBL/CBT
are approximately 0.5 and 0.6, respectively. The significant differences in
the creep strains measured for the MPT specimens compared with the FS
specimens are large positive axial strains and lower transverse strains in
both the Trillium-2 and Trillium-3 inserts.

4. DISCUSSION

The primary aim of these in-reactor creep tests is to provide creep data at
high neutron fluences at different temperatures on test materials that have a
texture and microstructure similar to that of the cold-worked Zr-2.5Nb
pressure tubes in CANDU power reactors. The MPT specimens used in these
experiments meet these requirements. The tests on the FS material provide a
significantly different crystallographic texture on which to base modelling
of the texture effects on the deformation.

The effect of temperature on the creep compliances is shown in Table 3. The
ratio of the rates at 553 K to those at 583 K is average 1.36 (neglecting the
value for the axial measurements of the FS because of great uncertainty in
the small values). The temperature dependence of creep has been determined
from stress relaxation tests carried out over the range 523 to 568 K, with e
« e_22oo/T [14], The ratio found here is slightly higher than that predicted
from the stress relaxation data; however, other results indicate that the
temperature dependence of creep increases with increasing temperature [15].
These first measurements from the Osiris experiment indicate that an
activation temperature of about 3300 K approximates the temperature
dependence of creep in the temperature range 552 to 583 K.



The growth rates in the transverse and axial directions obtained from the
strain rate versus stress plots, and from the 0 stress specimens, are given
in Table 4. There is good agreement between the extrapolated rates and those
measured on 0 stress specimens. Comparison of the rates at 553 and 583 K
indicate that (vith the exception of the transverse FS specimens at 583 K)
the magnitudes of both the axial and transverse growth rates tend to decrease
with increasing temperature. This is consistent with the effect of
temperature on growth reported in [13].

The higher magnitudes of the transverse creep compliances in the FS materials
compared with the MPT material (Table 3) clearly indicate that, while
pressure tubes with radial texture may be desirable to reduce delayed hydride
cracking [16] and axial elongation, these tubes will have significantly
higher transverse strain rates if they have the same microstructure as
current tubes.

A self-consistent model has been developed by Christodoulou et al. [10] to
calculate polycrystalline creep anisotropy from crystallographic texture and
single-crystal creep compliances derived from tests on polycrystals. Our
analysis used biaxial and shear creep compliances obtained from small
pressure tube material reported in [17] and normalised to measurements from
the power reactors [18]. The single-crystal compliances derived from the
polycrystalline data in [10] corresponded to relative strain contributions of
prism, basal and pyramidal slip of 78, 20 and 2%, respectively. The model
was then used to calculate the dependence of CBI//CBT on the texture parameter
(fT-fB), as shown in Figure 13. The model is in good agreement with the
measured values of CBh/CBy for the materials that have fT-fR values greater
than 0 (i.e., materials with pressure-tube-like microstructures) and poorer
for values less than 0 (i.e., FS materials that have microstructures
different from that of a pressure tube [11]).

The CBL/CBT values determined for the materials tested in Osiris are shown in
Figure 13; they show the same relation to the model as the previous results
from the lower fluence tests -- the MPT results falling close to the line and
the FS results falling well above the prediction. Thus, the conclusions of
Christodoulou et al. [10] that texture alone does not predict creep behaviour
of all cold-worked Zr-2.5Nb materials well, and that a better quantitative
evaluation of the microstructure is necessary, appear to be quite general and
not a peculiarity of the materials, low fluence or temperature. However, the
model appears to be suitable for predicting creep anisotropy for materials
with pressure-tube-like microstructures (the MPT results of the current
tests).

5. SUMMARY

The results of the in-reactor creep experiments on cold-worked Zr-2.5Nb
tubing presented in this report are summarized as follows:

a) Neutron fluences have been attained well in excess of those achieved in
any other creep test on Zr-2.5Nb pressure tube materials, up to 4 x 1025

n.m-2 (E > 1 MeV).



b) The axial and transverse strains of internally pressurized capsules
shoved a linear dependence on hoop stresses between 0 and 160 MPa for
both FS and MPT materials. The biaxial creep anisotropy ratios,
CBL/CBT, were positive for the MPT (0.5 and 0.6) and negative for the FS
(-0.0 and -0.1), at 553 and 583 K, respectively. These ratios confirm
other results attained at much lower fluences.

c) The temperature dependence of the creep compliances are consistent with
previous results, and indicate an activation temperature of 3300 K in
the temperature range from 553 to 583 K.

d) The contribution of creep strain to the total axial strain during
irradiation is greater in specimens that have a CANDU pressure tube type
of crystallographic texture than in specimens that have FS textures.

e) The magnitude of the transverse creep compliances in materials that have
FS textures is higher than in materials that have pressure tube
textures.

f) A comparison of the measured anisotropy ratios with a self-consistent
model confirm previous conclusions that the creep rate cannot be
entirely predicted from texture variations, and that microstructural
differences among the materials must be considered.
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Table 1. Dislocation densities and resolved basal
pole fractions for Zr-2.5Nb materials.

Material

Fuel sheathing
(10 mm OD)

Micro pressure
tube

Small pressure
tube [17]

Fuel sheathing
(16 mm OD [16])

CANDU pressure
tubes

Dislocation Density
m-2 x 1014

<a>

2.3

3.4

3.2

2.6

3.0 ± 0.5

<c>

0.6

0.7

0.5

0.3

0.6 ± 0.2

Resolved Basal Pole
Fractions

0.57

0.34

0.37

0.65

0.32

fT

0.37

0.57

0.52

0.28

0.62

0.O7

0.09

0.11

0.O7

0.O6

Table 2 Reactor specimen loading for the three irradiation phases of
Trillïum-2 and one phase of Trillium-3; listing materials [fuel
sheathing (FS) or micro pressure tube (MPT], specimen identity, hoop
stress (MPa), and temperature (K) during phase.

Phase 1

FS-A-

FS-B-

FS-C-

FS-F-

FS-H

FS-J-

FS-K

• 0 -

0-1

•41-

119

-78-

146

-147

Trllltum-2

563

537

558

-552

•547

-551

-551

Phase 2

FS-A

FS-B

FS-C

FS-F

FS-H

FS-J

FS-K

-0-554

-0-537

- 4 1 -

-119

-78-

-146-

-147

565

-552

541

560

-552

Phase 3

FS - B - 0 - 554

FS-K-147-551

MPT - M3 - 0 - 540

MPT-M13-43-

MPT - M14 - 82 -

MPT - M18 - 122

MPT - M17 - 160

563

553

-561

-558

Trlllium-J

Phase 1 '

FS - L16 - 0 - 583

FS-L17-155-580

MPT - M4 - 0 582

MPT-Ml-40-585

MPT - M16 - 80 - 589

MPT-M15-120-583

MPT-M2-160-577



Table 3 Effect of temperature on the biaxial creep compliances compared
with the effects predicted from stress relaxation data where
e « e-

22O°/T [18].

Material

MPT Axial

MPT
Trans. Orientation

FS Axial

FS Trans.

Stress Relaxation
[14]

m'.n

0.54

1.04

-0.20

1.91

«553

X

X

X

X

10-3 0

10-30

10-3 0

10-30

m2.n

0.78

1.27

-0.O4

2.7

f583 _x

X lO-30

X 10-30

X 10-30

X 10-30

c553/'«583

1.44

1.22

Not valid

1.41

1.23

Table 4 Effect of temperature on the growth rates of creep specimens
(in units of 10"29 m 2/n).

Material/Orientation

MPT Axial

MPT Transverse

FS Axial

FS Transverse

e553

0 MPa
specimens

2.5

-4.7

3.1

-3.1

Extrapolation
of k vs a

1.8

-4.0

2.9

-3.9

«583

0 MPa
specimens

1.1

-0.9

5.2

-0.4

Extrapolation
of e vs a

1.3

-1.3

na

na
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Fuel Sheathing

Machine billet

Extrude at 977 K
extrusion ratio 12:1

Cold work, reduction in area 73%

Anneal 3 h at 977 K

Cold work, reduction in area 71%

Anneal 3 h at 977 K

Cold work, reduction in area 70%
to 10.0 mm OD x 0.46 mm wall

Anneal 6 h at 775 K

Micro Pressure Tube

Machine billet from standard
pressure tube trepanned core

Extrude at 1088 K onto a steel
mandrel, extrusion ratio 10:1

Pickle

Cold draw 25%

•

Pickle

Stress Relieve 24 h
at 673 K

Remove mandrel, precision machine
and hone to

10.0 mm OD x 0.42 mm wall

Pickle

Figure 1 Fabrication route for small tube materials
tested in Osiris reactor.
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Figure 2 Electron replica micrograph of fuel sheathing material;
a) surface vith circumferential normals,
b) surface vith longitudinal (axial) normals.
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c

Figure 3 Electron replica micrograph of standard CANDU pressure tube
material; a).surface with circumferential normals,
b) surface with longitudinal (axial) normals.
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R

S R

Figure 4 Electron replica micrograph of micro pressure tube material;
a) surface with circumferential normals,
b) surface with longitudinal (axial) normals.



*3.0

MAXIMUM 5.3

(a.)

* MAXIMUM 10.1 MAXIMUM 15.6

(c)

Figure 5 Basal pole figures for a) fuel sheathing, b) micro pressure
tube, and c) standard CANDU pressure tubes.
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Figure 6 Photograph of an internally-pressurized creep test specimen.
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Figure 7 Creep strain as a function of neutron fluence for fuel sheathing
specimens irradiated in Trillium-2 at 553 K; a) transverse strain,
b) axial strain.
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Figure 8 Creep strain as a function of neutron fl.'.jence for fuel sheathing
specimens irradiated in Trillium-3 at 583 K; a) transverse strain, b) axial
strain.
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Figure 9 Strain rate as a function of hoop stress (axial stress = hoop
stress/2) for fuel sheathing specimens; a) Trillium-2 (553 K),
b) Trillium-3 (583 K).
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Micro Pressure Tube
Stress

OM3
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^ M 1 8

MPa

0
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160
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Fluence x 1024 n/mz

30

FiRure lOn

Fluence x 1024 n/m2

Figure 10 Creep strain as a function of neutron fluence for micro pressure
tube specimens irradiated in Trillium-2 at 553 K; a) transverse
strain, b) axial strain.
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Figure 11 Creep strain as a function of neutron fluence for micro pressure
tube specimens irradiated in Trillium-3 at 583 K; a) transverse
strain, b) axial strain.
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Figure 12 Strain rate as a function of hoop stress (axial stress = hoop
stress/2) for micro pressure tube specimens; a) Trillium-2
(553 K), b) Trillium-3 (583 K).
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Figure 13 Comparison of measured biaxial creep anisotropy ratios, C B L / C B T ,
vith values calculated using a self-consistent creep model (dotted
line), as function of texture parameter f R-f T, (the resolved basal
pole fractions, fd, are given in Table 1) shoving good agreement
for textures with fR-fT > 0 and poor agreement < 0.
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