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Constant load pyramidal indentation creep tests were performed to study the effect of Zr" ion irradiation
on the anisotropy of the local plastic deformation of Zr-2.5%Nb pressure tube material at 25 °C. The ratio
of the average indentation stress gj,,_, on the transverse normal (TN) plane relative to that on the axial-
normal (AN) and radial-normal (RN) planes is 1.3 and 1.2 respectively. After Zr* ion irradiation the ratio of
Oind,_, ON the TN plane relative to gj,q_, on the AN and RN planes is 1.04 and 1.08 respectively indicating
that the anisotropy of the yield stress is decreased as a result of irradiation hardening. The relative change
in indentation stress Ag, as a result of irradiation damage, decreases with increasing resolved basal pole
fraction in the indentation direction. This suggests that the Zr* ion irradiation damage has a greater effect
on blocking the movement of dislocations on prismatic slip systems compared to pyramidal slip systems
in the Zr-2.5%Nb pressure tubing. The activation energy AGy of the obstacles that limit the rate of dislo-
cation glide during indentation creep at 25 °C does not change with indentation direction but does

increase with increasing levels of Zr* ion irradiation damage.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Extruded and cold drawn Zr-2.5%Nb pressure tubes, used in
CANDU nuclear reactors, are mechanically anisotropic due to the
strongly textured hcp o-phase which is the predominant constitu-
ent of their microstructure. Extensive mechanical testing has been
done to characterize the anisotropy of both the flow stress and the
thermal creep properties of these tubes in the non-irradiated
condition and, to a much lesser extent, in the neutron irradiated
condition [1-16]. Performing a complete characterisation of the
mechanical anisotropy is made difficult by the fact that these pres-
sure tubes are only about 4 mm thick and it is therefore impossible
to construct conventional uniaxial test specimens aligned parallel
to the radial (thickness) direction of the tube. Several research
groups have attempted to overcome this problem by performing
impression/indentation hardness tests on the radial-normal (RN),
axial-normal (AN) and transverse normal (TN) planes of Zircaloy
pressure tubes to quantify the anisotropy of the yield stress
[17-22]. The high spatial resolution possible with micro-indenta-
tion testing makes this testing technique potentially very useful
for assessing the directional anisotropy of the mechanical proper-
ties of Zr-2.5%Nb pressure tubes and this technique is used in this
study.
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An important question related to the mechanical anisotropy of
zirconium alloy pressure tubes used in nuclear reactors is the affect
of neutron irradiation on the degree of mechanical anisotropy.
Impression tests and pyramidal indentation tests performed by
Nakatsuka et al. [17,18] and Mahmood et al. [19] have reported
that the anisotropy of the yield stress of Zircaloy pressure tubes
was reduced by exposure to neutron irradiation. They proposed
that this was due to the neutron irradiation induced defects having
a larger affect on impeding prismatic dislocation glide compared to
pyramidal dislocation glide. To date, no indentation-type tests
have been reported which assess the affect of irradiation hardening
on the mechanical anisotropy of extruded and cold drawn
Zr-2.5%Nb pressure tubes. We address this topic in this study.

In a previous study we have reported the results of Zr* ion irra-
diation (as a simulation of neutron irradiation) on both the depth
dependence of the indentation stress and the mechanism of
micro-indentation creep of Zr-2.5%Nb pressure tube material at
25°C [23]. Since the indentation tests in that study were per-
formed only on the RN plane, the effect of Zr* ion irradiation on
the overall anisotropy of the indentation stress and the indentation
creep rate was not studied.

In this study we present results from pyramidal nano-indenta-
tion tests performed, at 25 °C, on the RN [23], AN, and TN planes of
non-irradiated and Zr* ion-irradiated Zr-2.5%Nb pressure tube
material. The objective of the experiments is to investigate the
effect of Zr* ion irradiation damage on the anisotropy of the flow
stress, including the anisotropy of its indentation depth
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dependence, and the activation energy of the thermal indentation
creep process.

2. Experimental procedure

This study was performed on extruded and cold drawn
Zr-2.5%Nb CANDU pressure tube material supplied by the Atomic
Energy of Canada Ltd. The material has a strong crystallographic
texture with the majority of the hcp o-phase grains aligned with
their (000 1) basal plane normal in the transverse (circumferen-
tial) direction of the tube (Fig. 1). The calculated fraction of basal
pole normals aligned in the axial, radial, and transverse directions
of the pressure tube are Fa=0.031, Fr=0.340, and F;y=0.624
respectively. The fabrication procedure, chemical composition and
microstructure of the pressure tube is described elsewhere
[3,23-25].

Rectangular samples, 8.5 mm long, 8.5 mm wide and 4.0 mm
thick, were cut from the as-received pressure tube. The samples
were arranged into three groups; each group had either the AN,
RN, or TN planes prepared by mechanical grinding followed by
mechanical polishing and then chemical attack polishing. The aver-
age roughness of the as-polished surfaces was about +8 nm as
measured with an atomic force microscope.

One polished surface from each of the three sample groups was
irradiated with 8.5 MeV Zr* ions to a fluence corresponding to a
maximum damage of about 30 displacements per atom (dpa) as
calculated from Monte Carlo simulations carried out with the SRIM
software. Zr* ion irradiation invokes large amounts of irradiation
damage into the first several micrometers below the surface
without significantly changing the chemical composition of the
Zr-2.5%Nb substrate. The microstructure in the first several
micrometers below the surface of the Zr* ion-irradiated sample
therefore contains a similar extent of irradiation damage as the
microstructure of a Zr-2.5%Nb pressure tube material that was ex-
posed to many years of neutron irradiation at a neutron flux typical
to that in the core of a CANDU nuclear reactor. The Zr* ion irradia-
tion was performed at 25 °C in vacuum in the Tandetron 1.7 MV
tandem ion accelerator at the University of Western Ontario (Lon-
don, ON). Monte Carlo simulations indicate that the maximum
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Fig. 1. (0 0 0 1) Basal pole figure of the extruded and cold drawn Zr-2.5%Nb CANDU
pressure tube used in this study. This pole figure was supplied, along with the
pressure tube test material, by the Atomic Energy of Canada Ltd. The letters A, T,
and R refer to the axial, transverse, and radial directions of the pressure tube. The
quantities Fg, Fr, and Fa refer to the calculated basal pole fraction aligned in the
radial, transverse and axial directions respectively.
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Fig. 2. Calculated irradiation damage, in units of displacement per atom (dpa),
versus depth resulting from irradiation of a Zr-2.5%Nb substrate with 8.5 MeV Zr*
ions. The samples in this study were exposed to a Zr* ion dosage corresponding to
about a maximum damage of about 30 dpa at a depth of 2.0-2.5 um.

interaction of the Zr* ions with the Zr-2.5%Nb substrate occurs at
a depth between 2.0 and 2.5 pm (Fig. 2). Indentation tests were
then performed, as described below, within this ion-irradiated
depth to assess the effect of irradiation damage on the mechanical
anisotropy of the Zr-2.5%Nb.

Indentation tests were performed at room temperature (25 °C)
on the AN, RN, and TN polished surfaces of the non-irradiated
and the ion-irradiated samples using an instrumented nano-inden-
tation testing platform (Micro Materials Ltd., Wrexham, UK) with a
diamond Berkovich indenter. Indentation tests were carried out at
initial indentation depths of hy = 0.1, 0.5, 1.0 and 2.0 um. For each
test the indentation force (F) was slowly applied until the desired
ho was reached. F was then held constant for 1 h while the inden-
tation depth h was recorded at 18 s intervals. The indentation
depth increased, due to creep, over the course of the 1 h test. The
average indentation stress was calculated as
Oind

24.5Ch’ )
where 24.5h? is the projected area of an ideal Berkovich indenta-
tion, C is a constant that accounts for the effect of sink-in and
pile-up on the projected indentation area which was obtained from
SEM measurement of the actual projected area of indentations of
various depths. The pyramidal Berkovich indentation geometry is
geometrically self-similar in that the width D of the indentation is
directly proportional to the indentation depth h. This implies that:
(i) the average indentation strain must be a direct function of D/h
and therefore remains constant regardless of h for a Berkovich
indentation, and (ii) the average indentation strain rate must be a
direct function of h/h [26,27]. We therefore express the apparent
average indentation creep rate as

. h
Eind = n )

Between 7 and 10 indentation creep tests were performed at
each level of hy on each sample. The indentation load and depth
data obtained from the tests were used to calculate j,q and &g
using Eqgs. (1) and (2).

3. Results and discussion

Fig. 3 shows the typical decrease in 7,4 (Eq. (1)) with time dur-
ing constant-load indentation creep tests performed on the AN
plane of non-irradiated and Zr* ion-irradiated Zr-2.5%Nb material.
oing decreases with increasing time because h increases, due to
creep deformation, while F remains constant. These plots are



140 B. Bose, RJ. Klassen/Journal of Nuclear Materials 405 (2010) 138-143

10
0 (a) Non-Irradiated
8 hy(um)= 0.1 005 a1 x2
7k
—_ DA
n'? 6,
Wy
[0} L TR
: 5 \*/«"Qo,,..»
= - J
6 4r TV YA ———,
3 W
2 —
1F
0 1 1 1 1 1
0 600 1200 1800 2400 3000 3600
Time (sec)
10
9l (b) lon-Irradiated
8k ho (um)= 0.1 005 N x2
7F
—_ wh .
© % o
a 6r s“'/... .,
Q .l T Ayt
= 5 LY
£ -~
6 4 oy, NNt i
3 P
2 -
1 L
o 1 1 1 1 1
0 600 1200 1800 2400 3000 3600
Time (Sec)

Fig. 3. Typical average indentation stress g;,q versus time plots from constant-load
indentation creep tests performed on the AN plane at different values of hy on: (a)
non-irradiated, and (b) a Zr* ion-irradiated Zr-2.5%Nb. The trends shown in these
figures are similar to those shown by the data from indentation tests performed on
the RN and TN planes however the magnitude of o, is different.
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Fig. 4. Variation in j,q-0) With initial indentation depth, he, for indentation tests
performed on the AN, TN and RN planes of the non-irradiated Zr-2.5%Nb.

similar in shape to those obtained from the tests performed on the
RN and TN planes however the magnitude of ;.4 is different due to
the mechanical anisotropy of the material.

3.1. Mechanical anisotropy of the non-irradiated Zr-2.5%Nb

The anisotropy of the depth dependence of the initial indenta-
tion stress, at the instant that hq is reached, ginq_, is shown in
Fig. 4 for the non-irradiated Zr-2.5%Nb material. The decreasing
Oind,_, With increasing hg is typical of the depth dependence of

Table 1
The ratio of gy, on the TN plane relative to g, on the AN and RN planes before
and after irradiation.

Stress ratios Before irradiation After irradiation

Tindy_o(TN) 1.3 1.04
Tind,_o (AN)
Ty (TN) 1.2 1.08
Tindy_o RN)
Indent
l E= {1120} Prismatic

1 {1011} Pyramidal
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Fig. 5. Schematic presentation of the orientation of the hcp unit cell of the majority
of the a-phase grains in the Zr-2.5%Nb samples with respect to the indentation
direction. The orientation of the prismatic and the pyramidal slip planes is shown.

the indentation hardness reported for most metals [23,28-34].
Oind,_, 1S larger, at all depths, for indentations made on the TN plane
compared to those made on either the RN or AN planes. The ratio of
Oing,_, ON the TN plane relative to oj,4,_, on the AN planes, calcu-
lated from the deepest indentations (ho =2 pum), is 1.3 (Table 1).
This ratio is very close to the previously reported ratio of 1.4 for
the uniaxial tensile yield stress in the transverse direction relative
to that in the axial direction of Zr-2.5%Nb pressure tube material
[6]. The ratio of g,4,_, on the TN plane relative to gjq,_, on the
RN planes is 1.2 (Table 1). No tensile test data are available from
the radial direction due to the small thickness of these pressure
tubes.

Fig. 5 illustrates the orientation of the unit cell of the majority of
the hcp a-phase grains with respect to the indentation direction
for indentation made on the AN, RN, and TN planes in the Zr-
2.5%Nb pressure tubes. For indentations made on the TN plane,
most of the o-phase grains are oriented such that the (0001) ¢
axis is parallel to the direction of indentation whereas indentations
made on AN and RN planes are aligned with the indentation direc-
tion parallel to (1010) and (1120) respectively. Previously re-
ported uniaxial tests have indicated that plastic deformation of
Zr based materials occurs primarily by prismatic slip along the
{1010} (1210) system however when loaded in the direction of
the ¢ axis deformation occurs by pyramidal slip primarily along
the {1011} (1123) system [35-39]. Since indentation performed
on the TN plane involves application of indentation force primarily
in the (000 1) c axis direction it is very likely that pyramidal slip
plays a more prominent role in the deformation process than dur-
ing indentation on either the RN or AN planes. This could account
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Fig. 6. The rate of change of indentation stress, dan4(t)/0t, versus a,q for non-
irradiated AN, TN and RN samples. For all cases data from tests performed at
different indentation depths lie on essentially the same curves. However the shape
of the TN curve is different from the other two curves indicating an apparent
anisotropy in the thermal indentation creep mechanism.
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Fig. 7. Variation in @inq-0) With initial indentation depth, ho for indentation tests
performed on the AN, TN and RN planes of the Zr* ion-irradiated Zr-2.5%Nb.
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Fig. 8. Normalized change in the initial indentation stress ;¢ (Eq. (3)) plotted
against the level of Zr* ion irradiation damage as expressed by displacements per
atoms (dpa) for indentation tests performed on the AN, TN, and RN planes of the Zr-
2.5%Nb test material.

for the observed anisotropy of o4, since the critical resolved
shear stress for pyramidal slip is considerably greater than that
for prismatic slip [36]. The data in Fig. 4 indicate that although a
multiaxial stress state exists beneath a pyramidal indentation,

the measured indentation stress still displays the same overall
anisotropy with respect to the loading direction as that obtained
from uniaxial tensile tests.

Fig. 6 shows a plot of the indentation stress relaxation rate
00 inq(t)[0t versus oyg for all the indentation creep tests performed
on the non-irradiated samples. The data from tests performed at
different indentation depths on the RN and AN planes lie on essen-
tially the same curve indicating that similar indentation creep
behaviour occurs, for these samples, over a wide range of indenta-
tion stress and depth. The shape of the dg;,4(t)/0t versus a;,q curve
for indentations performed on the TN plane is quite different from
that of the RN and AN planes particularly at the high levels of
indentation stress. This apparent creep anisotropy is discussed,
along with an assessment of the effect of ion irradiation on the
creep anisotropy, at the end of Section 3.2.

3.2. Mechanical anisotropy of Zr* ion-irradiated Zr-2.5%Nb

Fig. 7 depicts the indentation depth dependence of the initial
indentation stress iy, for samples indented on the AN, RN, and
TN planes after Zr* ion irradiation. The indentation stress decreases
with increasing indentation depth similar to that observed in the
non-irradiated material. The ratio of jn,_, on the TN plane relative
to that on the AN planes is 1.04 (Table 1). The stress ratio calcu-
lated from uniaxial tensile test data reported by Himbeault et al.
[14] shows that the ratio 1.4 in the non-irradiated condition [6]
has decreased to 1.2 after 15 years of service i.e. the ratio has de-
creased about 14% whereas in our case the ratio has decreased
about 20% after 30 dpa damage which is equivalent to 30 years
of in-reactor operation. This indicates that the anisotropy of the
yield stress has markedly decreased as a result of irradiation hard-
ening. The ratio of ojng,_, on the TN plane relative to g, , on the
RN planes is 1.08 (Table 1) after irradiation.

Comparison of Figs. 7 and 4 indicate that the Zr" irradiation has
significantly increased the hardness of the material. We define the
relative change in indentation stress A as

AG = ai”dmadiared — Gi”dnan—nrradmted (3)

aindnan—irmdiated

Fig. 8 shows Ag, calculated from the oy,4,_, data, plotted against
the level of irradiation damage expressed in dpa, as calculated from
Fig. 2, at the indentation depth of the specific test performed on the
ion-irradiated AN, RN, and TN samples. Considerable anisotropy
exists in the degree of ion irradiation hardening. Indentations
made on the AN plane show the largest AG for a given level of
dpa. This finding is in agreement with those of Nakatsuka et al.
[17,18] and Mahmood et al. [19] who report that, for Zircaloy sam-
ples, neutron irradiation has a larger effect upon inhibiting pris-
matic dislocation glide than pyramidal dislocation glide.

Fig. 9 shows 6,4 plotted against the resolved basal pole fraction
aligned in the direction of indentation (Fig. 1) for indentations
made at levels of Zr" ion irradiation damage ranging from 0.2 to
30 dpa. The amount of irradiation hardening, i.e. the magnitude
of G4, increases, for any level of irradiation damage, with decreas-
ing basal pole fraction in the direction of indentation.

A plot of dan4(t)/0t, versus a4 for the indentation creep tests
performed on the ion-irradiated material is shown in Fig. 10. Com-
parison of Figs. 10 and 6 indicate that while the non-irradiated
material displays anisotropic creep behaviour, i.e. indentation
creep on the TN plane follows a different trend than that on the
AN and RN planes, the ion-irradiated material displays essentially
isotropic creep behaviour.

The mechanism of creep deformation that operates during the
1-h constant F stage of the indentation tests can be assessed by
first converting 7,4 and &4 (Eqs. (1) and (2)) to equivalent average
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Fig. 9. Normalized change in the initial indentation stress ;¢ (Eq. (3)) plotted
against the resolved basal pole fraction aligned in the direction of indentation for
indentations made in Zr-2.5%Nb that had levels of Zr" ion irradiation damage
ranging from 0.2 to 30 dpa.
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Fig. 10. The rate of change of indentation stress, dgin(t)/0t, versus o;,q for Zr* ion-
irradiated AN, TN and RN samples. For all cases, the data from tests performed at
different indentation depths lie on essentially the same curve. The shape of the
curve is not significantly dependent upon indentation direction. This indicates the
isotropy of the thermal indentation creep of the ion-irradiated material.

shear stress 7,4 and shear strain rate J;,4 that are characteristic of
the pyramidal indentation stress state [40]:

Oind Oind — Oth
Tind=-—"7% Tef =05 7= 4
‘"33 7T 33 @
. V3h
Vind:T (5)

Since the local stress ahead of a pyramidal indentation is very
high, and the test temperature of this study is very low relative
to the melting temperature of zirconium alloys, the indentation
creep occurs by a mechanism involving dislocation glide where
the rate of dislocation glide is limited by the strength of discrete
obstacles present with in the microstructure. The shear strain rate
7y for such a mechanism can be expressed in terms of the yield
shear stress 7,4, the effective shear stress 7.5 driving the creep
process, and the absolute temperature T as [41]

2
. - [ Tyiel _ AGCefy)
7= () e 6)

where 7, is constant (we use 7, = 10'"'s~1 in keeping with that sug-
gested by Frost and Ashby [41]), i is the elastic shear modulus, k is
Boltzmann’s constant and AG(z.g) is the thermal energy required for
a dislocation, subjected to T.p to overcome the discrete obstacles.
AG(7eq) can be expressed by the following general equation [40,41]
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Fig. 11. Activation energy AG,, normalized with respect to the strain energy (ub®)
of a dislocation, plotted against the level of Zr* ion irradiation damage as expressed
by displacements per atoms (dpa) for indentation tests performed on the AN, TN,
and RN planes of the Zr-2.5%Nb test material.

p14

) ™)
where AGy is the activation energy required for a dislocation to
move past the discrete obstacles, 7 is the athermal shear strength
of the material, p and q are constants. AGo and the constants p
and q are characteristic of the particular dislocation-obstacle inter-
action that governs the creep rate and, in the case of the Zr-2.5%Nb
material in this study, may depend upon indentation direction. Our
previous studies of the indentation creep rate on the RN plane of Zr-
2.5%Nb have found that AGy is independent of indentation depth
but increases with prior Zr* ion irradiation [23].

In this study we have determined AG(z.) by fitting Eq. (6) to
the inq versus teydata obtained from each 1 h constant F creep test
performed on the non-irradiated and the Zr* ion-irradiated sam-
ples. To accomplish this we assume that the rate of stress relaxa-
tion after 1-h of indentation creep is sufficiently low that Gjnq,_,,,
corresponds to the threshold stress gy, (Eq. (4)) below which no
significant further creep occurs. The activation energy AG, was
then determined by extrapolating the AG(tey) versus Tey trends,
obtained from each indentation creep test, to Te;= 0.

The dependence of AGy, normalized with respect to ytb® where b
is the Burgers vector, upon irradiation damage for indentation
creep tests perform on the AN, RN and TN planes is shown in
Fig. 11. While AG, increases with increasing irradiation damage
its magnitude is essentially independent of indentation direction.
The increase in AGy with increasing Zr* irradiation indicates the
effectiveness of the irradiation-induced damage as obstacles to dis-
location glide. AGy is between 0.182 and 0.215 pb>. This is of mag-
nitude similar to what is expected for the free energy of
“intermediate strength” obstacles to dislocation glide such as dis-
location/dislocation interactions [41].

T
AG(Tep) = AGo {1 - ( %ff

4. Conclusions

Constant load pyramidal indentation creep tests were per-
formed to study the effect of Zr" ion irradiation on the anisotropy
of the local plastic deformation of the Zr-2.5%Nb pressure tube
material. All tests were performed at 25 °C on the RN [23], AN,
and TN planes of non-irradiated and Zr* ion-irradiated material.
The average indentation stress oj,q4o increased with decreasing
indentation depth, in keeping with the commonly observed depth
dependence of indentation hardness, and is larger, at all depths, for
indentations made on the TN plane compared to those made on
either the RN or AN planes. The ratio of gjnq,_, on the TN plane rel-
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ative to gjnq,_, on the AN and RN planes is 1.3 and 1.2 respectively.
The stress ratio between TN and AN plane agrees well with the pre-
viously published uniaxial test results.

The indentation stress increases with increasing levels of Zr* ion
irradiation. The amount of increase is highest for indentations
made in the axial direction and lowest for indentations made in
the transverse direction of the pressure tube. The ratio of gy,
on the TN plane relative to j,4,_, on the AN and RN planes is
now 1.04 and 1.08 respectively indicating that the anisotropy of
the yield stress is decreased as a result of irradiation hardening.
The relative change in indentation stress Ag, for any level of irradi-
ation damage, decreases with increasing resolved fraction of basal
poles in the indentation direction. This suggests, since the
Zr-2.5%Nb pressure tubing studied here is strongly textured with
basal pole alignment in the transverse (circumferential) direction,
that the ion irradiation damage has a greater effect on blocking
the movement of dislocations on prismatic compared to pyramidal
slip systems. This is in agreement with previously reported find-
ings from impression tests performed on Zircaloy alloys [17-19].

The activation energy AGy of the obstacles that limit the rate of
dislocation glide during indentation creep of the Zr-2.5%Nb at
25 °C does not change with indentation direction. AG, does, how-
ever, increase with increasing levels of Zr" ion damage. The
increase is due to the increased crystallographic damage, which
acts as obstacles to the dislocation glide.
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