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Micro-indentation creep tests were performed at 25 �C on radial-normal samples cut from Zr–2.5Nb
CANDU pressure tube material in both the as-fabricated condition and after irradiation with 8.5 MeV
Zr+ ions. The average indentation stress, and hence the yield stress, was found to increase with decreasing
indentation depth and with increasing levels of ion irradiation. The activation energy of the indentation
creep rate and hence the, activation energy of the obstacles that limit the rate of dislocation glide, was
independent of indentation depth but increased from DG0 = 0.185 to 0.215 lb3 with increasing ion irra-
diation damage. The magnitude of the activation energy indicates that ion irradiation introduces a new
type of obstacle into the microstructure which reduces the low temperature indentation creep rate of
Zr–2.5Nb pressure tubes. This is supported by TEM images showing that Zr+ ion irradiation produces
small, nanometer size, dislocation loops which act as obstacles to dislocation glide and thus influence
both the yield stress and the activation energy of the low-temperature thermal creep of Zr–2.5Nb pres-
sure tube material. These findings suggest that neutron irradiation will have similar effect upon yield
stress and low-temperature thermal creep as the Zr+ ion irradiation since both create similar crystallo-
graphic defects in Zr–2.5Nb pressure tubes.

� 2010 Elsevier B.V. All rights reserved.
1. Introduction

Zr–2.5Nb pressure tubes have proven to be very reliable compo-
nents of the fuel-channel assemblies of CANadian Deuterium Ura-
nium (CANDU) nuclear reactors however the inside surface of
these tubes can become scratched during service and the local
stress ahead of these scratches can be high enough to require the
early removal of a pressure tube from the reactor core. It is there-
fore necessary to be able to predict the local creep rate ahead of
sharp scratches on the inside surface of these pressure tubes in or-
der to make accurate flaw assessments. While the thermal creep
characteristics of Zr–2.5Nb pressure tube material at low applied
stress levels have been reported [1,2] the creep rate under high
magnitude multi-axial stress conditions and the effect of neutron
irradiation hardening on the thermal creep rate has not been thor-
oughly studied. The research presented in this paper uses pyrami-
dal micro-indentation creep tests performed at 25 �C to simulate
the creep rate ahead of a scratch on the inside surface of a Zr–
2.5Nb CANDU pressure tube. The effect of indentation depth and
ion irradiation hardening (as a simulation of neutron irradiation
hardening) on the mechanism of indentation creep deformation
ll rights reserved.
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is investigated. Some important underlying principles pertaining
to this investigation are described below.
1.1. Indentation creep tests to simulate creep at scratches

Scratches on the inside surface of CANDU pressure tubes,
arising from refueling operations and rubbing between fuel bundle
bearing pads and the inside wall of the pressure tube, often have
similar depth and sharpness to pyramidal micro-indentations.
Pyramidal micro-indentation creep tests therefore offer a way to
simulate the creep deformation around such scratches. Constant-
force micro- and nano-indentation creep tests have been used to
study the kinetics of plastic deformation of a variety of materials
[3–9] and the results of such tests are usually interpreted in terms
of deformation occurring by a mechanism of dislocation glide
limited by discrete obstacles distributed throughout the micro-
structure [10,11]. Most of the published indentation creep investi-
gations were performed on relatively isotropic material (i.e. fcc
metals). The kinetics of high-stress low-temperature indentation
creep of mechanically anisotropic materials, such as the extruded
and cold-drawn Zr–2.5Nb pressure tube alloy, has not been re-
ported. This information is not only important for understanding
the fundamentals of the indentation creep process but is also
important for establishing basic kinetic parameters that can be
used in expressions describing the creep rate of material around
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Fig. 1. Calculate irradiation damage, in units of displacement per atom (dpa),
resulting from 8.5 MeV Zr+ ions versus depth in the irradiated Zr 2.5Nb sample. One
sample was exposed to a relatively low dosage of Zr+ ions corresponding to about a
maximum of 5 dpa while another group of sample was exposed to a higher dosage
corresponding to a maximum of about 30 dpa at a depth of 2.0–2.5 lm.
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scratches that have geometrical similarities to pyramidal
indentations.

1.2. Mechanism of creep deformation ahead of scratches in Zr–2.5Nb
pressure tubes

The combination of very high equivalent stress at the tip of a
crack, or surface flaw, in a Zr–2.5Nb pressure tube and the fact that
the service temperature of the tube is low relative to the solidus
temperature (T/Tmelt = 0.14–0.17) suggests that thermal creep
ahead of the sharp scratches occurs by a mechanism of dislocation
glide at a rate limited by the interaction of the gliding dislocations
with discrete obstacles in the microstructure. When deformation
occurs by such a mechanism the shear strain rate _c can be ex-
pressed in terms of the yield shear stress syield, the effective shear
stress seff driving the creep process, and the absolute temperature
T as [10]

_c ¼ _cp
syield

l

� �2

e�
DG seffð Þ

kT ð1Þ

where _cp is a constant (approximately equal to 1011 s�1 [10]), l is
the elastic shear modulus, k is Boltzmann’s constant and DG(seff)
is the thermal energy required for a dislocation, subjected to seff,
to overcome the discrete obstacles. The following general expres-
sion for DG(seff) has been proposed [10,11]

DGðseffÞ ¼ DG0 1� seff

ŝ

� �p
� �q

ð2Þ

In this equation DG0 is the activation energy of the discrete obsta-
cles, ŝ is the athermal flow strength of the material, p and q are con-
stants. DG0 and the constants p and q are characteristic of the
particular dislocation–obstacle interaction that governs the creep
rate and, in the case of Zr–2.5Nb pressure tubes, may depend upon
temperature, indentation depth, and the degree of neutron irradia-
tion hardening. The study described in this paper addresses the
dependence of DG0 upon indentation depth and ion irradiation.

1.3. Indentation size effect

The indentation hardness of metals decreases with increasing
indentation depth from 0.1 to about 10 lm. The hardness then re-
mains relatively constant with further increasing depth. This depth
dependence of the indentation hardness is widely thought to result
from the fact that a higher local dislocation density is necessary to
accommodate the larger plastic strain gradients associated with
sub-micrometer deep indentations [12–17]. While the indentation
depth dependence of hardness has been studied extensively for
relatively isotropic fcc metals, it has not been thoroughly investi-
gated for mechanically anisotropic metals such as the highly tex-
tured Zr–2.5Nb pressure tube alloy. In this study we perform
indentation tests at depths from 0.1 to 2.0 lm to assess the inden-
tation size effect on the indentation stress of the extruded and
cold-drawn Zr–2.5 Nb pressure tube alloy before and after 1 h
indentation creep testing. In so doing we hope to gain insight into
the indentation depth dependence of the kinetics of dislocation
motion in this material when subjected to high-level multi-axial
indentation stress for an extended time at 25 �C.

1.4. Ion irradiation to simulate neutron irradiation

The role of neutron irradiation as a source for the production of
point defects and nanometer-scale dislocation loops and the result
of these defects on increasing the yield stress of the Zr–2.5Nb alloy
is well documented [18–26]. The use of proton- and electron-irra-
diation to simulate the microstructural damage resulting from
neutron irradiation is also widely reported [27–31]. Previous re-
search has shown that heavy ion bombardment of metals results
in the creation of crystallographic damage consisting of dislocation
loops similar in size and character to that produced, at a slower
rate, by neutron irradiation [32,33]. In this study we use Zr+ irradi-
ation of the Zr–2.5Nb to simulate the microstructural damage
resulting from neutron irradiation without causing significant
compositional change to the test material.
2. Experimental procedure

2.1. Material

Rectangular samples, 8.5 mm long, 8.5 mm wide and 4.0 mm
thick, were cut from a non-irradiated Zr–2.5%Nb CANDU pressure
tube. The general chemical composition of this alloy is: 2.5–
2.7 wt.% Nb, 1100–1200 ppm O, �1000 ppm Fe, <55 ppm N,
<16 ppm H, and balance Zr [34]. The tube was fabricated by 11:1
extrusion of an annular billet at 720 �C followed by 27% cold-draw-
ing at room temperature followed by a 24 h stress relief autoclave
treatment at 400 �C [1,35]. The microstructure of the tube consists
of hcp a-Zr grains, elongated in the axial direction of the tube, sur-
rounded by a thin discontinuous layer of Nb-rich bcc b precipitates.
The a grains have average dimensions of about 0.2, 1.0 and 5.0 lm
in the radial, hoop and axial directions of the pressure tube respec-
tively. The a grains are textured with the majority of the basal
plane normals aligned along the hoop direction of the tube [36].
The Radial-Normal (RN) surface, relative to the radial direction of
the pressure tube, of each sample was prepared by mechanical
grinding and polishing followed by chemical polishing. The aver-
age roughness of the final polished surface was about ±8 nm as
measured with atomic force microscopy. The RN plane was chosen
as the surface upon which to perform the micro-indentation creep
tests since it is the same orientation as the inside surface of a Zr–
2.5Nb pressure tube and, therefore, the same surface that becomes
scratched during service.

2.2. Zr+ ion irradiation

Some of the polished samples were exposed to 8.5 MeV Zr+ ions
to introduce irradiation damage to the material. The ion irradiation
was performed in vacuum in the Tandetron 1.7 MV tandem ion
accelerator at the University of Western Ontario (London, ON).
Monte Carlo simulations carried out with the SRIM software indi-
cate that the maximum interaction of the Zr+ ions with the Zr
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2.5Nb alloy occurs at a depth between 2.0 and 2.5 lm (Fig. 1). One
group of samples was exposed to a relatively low dosage of Zr+

ions, corresponding to a maximum of about 5 displacements per
atom (dpa) at a depth of between 2.0 and 2.5 lm while another
group of samples was exposed to a higher dosage corresponding
to a maximum damage of about 30 dpa.

2.3. Micro-indentation creep tests

Constant-force Berkovich indentation creep tests were per-
formed at 25 �C on the polished RN surface of the Zr–2.5Nb sam-
ples using an instrumented nano-/micro-indentation testing
platform made by Micro Materials ltd (Wrexham, UK). Indentation
creep tests were carried out at initial indentation depths of h0 = 0.1,
0.5, 1.0 and 2.0 lm for both the non-irradiated and the ion-irradi-
ated samples. For each test the indentation force (F) was slowly ap-
plied until the desired h0 was reached. F was then held constant for
1 h while the indentation depth h was continuously recorded. Be-
tween 7 and 10 indentation creep tests were performed at each
h0 on the non-irradiated, the 5 dpa, and the 30 dpa Zr+ irradiated
samples.

2.4. TEM investigations

Electron transparent foils, of about 500 nm thicknesses, were
extracted by focused ion beam (FIB) milling from within the inden-
tation plastic zone of 500 nm deep crept indentations from the
non-irradiated and the ion-irradiated samples (Fig. 2). The FIB mill-
ing was performed using a LEO XB1540 dual beam FIB/SEM with
30 keV Ga+ ions of 1nA current. The final 100–150 nm thickness
was slowly removed with a Ga+ ion current of 50 pA. Parallel beam
transmission electron microscopy (TEM) was performed on the
samples with a PHILIPS CM12 microscope operating at 120 kV.

3. Results and discussion

The average indentation stress rind was calculated as:

rind ¼
F

24:5Ch2 ð3Þ

where 24.5h2 is the projected area of an ideal Berkovich indentation
and C is a constant that accounts for the effect of sink-in and pile-up
on the projected indentation area. C was obtained from SEM mea-
surement of the projected area of indentations of various depths.

The average indentation strain rate _eind is related to the instan-
taneous indentation depth h and indentation velocity _h as:

_eind ¼ k
_h
h

 !
ð4Þ
Fig. 2. Schematic illustration of the orientation of a TEM foil extracted, by FIB
milling, from an as-crept indentation made in the Zr 2.5Nb test material. The SEM
image shows the extracted foil with the profile of the indentation clearly visible
beneath the deposited Pt protective later.
where k is a material constant that, due to the geometrical self-sim-
ilarity of the pyramidal indentation, is independent of h over the
depth range considered in this study. Since k remains constant,
we set it equal unity and refer to _eind as the apparent average inden-
tation strain rate.

During the constant-F stage of the micro-indentation tests, h in-
creases with time due to creep deformation and this result in
decreasing rind (Fig. 3a and b). In Fig. 4 the initial indentation stress
rindt¼0 is plotted versus the initial indentation depth h0, prior to
creep testing. Power-law functions of indentation depth fitted to
the data show that rindt¼0 of the Zr–2.5Nb material in this study
is a function of both the indentation depth and the level of Zr+

ion irradiation. Since the strain gradient in the indentation plastic
zone increases inversely with the indent size (Section 1.3), rind of-
ten reaches a magnitude of a few percent of the Young’s modulus,
i.e. almost the ideal strength of the indented material, when the
indentation depth is less than 1 lm. David Tabor has shown that
for deep indentations, where indentation size effects are not a fac-
tor, rind is a function of the uniaxial yield stress for most materials
(rind � 3ryield [37]). Using this empirical correlation, rindt¼0 from
the deepest indentations in our study (depth 2 lm) corresponds
to a uniaxial yield stress that is similar in magnitude to the re-
ported value for the cold-worked Zr–2.5Nb pressure tube alloy
[38–40].

In Fig. 5 the indentation stress at the end of the constant-F
stage, rindt¼1 h

is plotted against the final indentation depth hf.
The plot shows that rind at the end of the creep tests, i.e. after
Fig. 3. Typical average indentation stress rind versus time plots during the
indentation creep tests performed on (a) non-irradiated and (b) 30 dpa Zr+

irradiated Zr 2.5Nb samples performed at different values of h0. Although the
trend is similar for all samples, the indentation stress rind values are higher for the
irradiated samples.



Fig. 4. Variation in initial indentation stress, i.e. indentation stress at the beginning
of creep tests, rind(t=0) with initial indentation depth, h0 for three different sample
conditions (as received, 5 dpa and 30 dpa). rind(t=0) decreases with h0 and increases
with irradiation damage.

Fig. 5. Indentation stress at the end of the 1 h constant F creep tests rindt¼1 h
versus

final indentation depth, hf plot for the three different sample conditions (as
received, 5 dpa and 30 dpa). For all cases the 30 dpa Zr+ irradiated sample has the
highest final indentation stress. The value of rindt¼1 h

also decrease with increasing
indentation depth.

Fig. 6. The rate of change of indentation stress, orind(t)/ot, i.e. the slope of the
curves in Fig. 3, versus rind for the three different sample conditions (as received,
5 dpa and 30 dpa). For all cases the shape of the curve is clearly dependent upon the
level of ion irradiation and data from tests performed at different indentation
depths lie on essentially the same curves.
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significant creep deformation has occurred, still displays depen-
dence upon indentation depth and upon the level of Zr+ ion irradi-
ation. This suggests that, even after 1 h recovery under constant F
conditions, the dislocation density is still higher for the shallow
indentation compared to the deep indentation.

Fig. 6 shows a plot of the rate of change of indentation stress,
orind(t)/ot, i.e. the slope of the curves in Fig. 3, versus rind. While
the shape of the curves is clearly dependent upon the level of ion
irradiation, the data from tests performed at different indentation
depths lie on essentially the same curve. This indicates that while
the indentation creep behaviour of the material depends upon the
level of ion irradiation it is not dependent upon indentation depth
over the depth range considered in this study (0.1 lm <
h < 2.0 lm).

Figs. 7 and 8 show TEM images of the indentation plastic zone of
a non-irradiated and a 30 dpa ion irradiated sample. Both samples
display elongated a phase grains with high dislocation density that
is characteristic of the extrusion/cold-drawing fabrication route of
the test material. However, the ion irradiated sample also displays
large regions of mottled ‘‘salt and pepper” contrast. Previous inves-
tigations have shown that small, less than 5 nm diameter, disloca-
tion loops formed in Zr–2.5Nb as a result of electron irradiation at
77 �C [36]. The mottled contrast displayed in Fig. 8 is very likely to
be diffraction contrast resulting from a uniform distribution of
small dislocation loops resulting from the Zr+ ion irradiation.

The 1 h constant-force indentation creep tests provide data
from which rind and _eind can be calculated as a function of time
using Eqs. (3) and (4). We have used these data to determine the
following expressions for the equivalent indentation shear stress
sind, the equivalent effective indentation shear stress seff and the
apparent equivalent indentation shear strain rate _cind [11]:

sind ¼
rind

3
ffiffiffi
3
p seff ¼

rind � rindt¼1 h

3
ffiffiffi
3
p and _cind ¼

ffiffiffi
3
p

_eind ¼
ffiffiffi
3
p

_h
h

ð5Þ

DG(seff), the thermal energy required for a dislocation subjected to a
shear stress seff to overcome an obstacle of strength DG0, was calcu-
lated by fitting Eq. (1) to the sind, seff and _cind data (see Fig. 9).
Fig. 7. TEM image of an as-crept indentation plastic zone in the non-irradiated Zr
2.5Nb sample. A very high, but inhomogeneous, dislocation distribution exists
everywhere in the sample (including far from the indentation). This dislocation
distribution is therefore attributed to the 27% cold drawing stage of the pressure
tube fabrication.



Fig. 8. TEM image of the as-crept indentation plastic zone in a 30 dpa Zr+ irradiated Zr 2.5Nb sample. The higher magnification inset displays large regions of mottled ‘‘salt
and pepper” contrast which was not observed in the non-irradiated sample (Fig. 7) and is therefore attributed to diffraction contrast resulting from a uniform distribution of
small dislocation loops resulting from the Zr+ ion irradiation. The sizes of the dislocation loops at room temperature are expected to be less than 5 nm [36].

Fig. 9. The activation energy DG0 of the obstacles that limit the rate of indentation
creep versus final indentation depth hf. The error bars represent ± one standard
deviation of the measured population (sample size between 7 and 10). DG0 is
essentially independent of hf (within the variability of the measured DG0) however
its magnitude increases with increasing Zr+ irradiation damage.

Fig. 10. The activation energy DG0 of the obstacles that limit the rate of indentation
creep versus the calculated dpa at the final indentation depth hf of each test (Table
1). DG0 clearly increases in a non-linear way with increasing degree of Zr+ ion
irradiation damage.

Table 1
dpa levels at each of the initial indentation depth, h0 and their corresponding final
indentation depths, hf for the two kinds of irradiated samples.

h0

(lm)
Calculated dpa
at h0 (5 dpa
Zr+ irradiated
sample)

Calculated dpa
at h0 (30 dpa
Zr+ irradiated
sample)

5 dpa Zr+

irradiated
sample

30 dpa Zr+

irradiated
sample

Avg.
hf

(lm)

Approx.
dpa at
hf

Avg.
hf

(lm)

Approx.
dpa at
hf

0.10 0.03 0.18 0.16 0.05 0.19 0.30
0.50 0.23 1.35 0.69 0.56 0.58 2.00
1.00 0.75 4.42 1.12 1.20 1.07 6.60
2.00 5.35 31.35 2.17 4.53 2.12 27.36
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The activation energy DG0 of the obstacles that limit the dislo-
cation glide, and hence the indentation creep rate, was determined
by extrapolating the DG(seff) versus seff trends obtained from each
indentation creep test to seff = 0. Fig. 10 shows DG0 plotted as a
function of final indentation depth hf. DG0 does not change with
indentation depth for the non-irradiated sample. This is in agree-
ment with what has been previously reported for DG0 of Au and
Al alloys during indentation creep at 25 �C [5,6]. If one considers
the data from a specific indentation depth DG0 increases with
increasing ion irradiation damage. The dependence of DG0 upon
irradiation damage is shown clearly in Fig. 10 where the average
DG0 data from all the tests performed on the Zr+ ion irradiated
material are plotted versus the calculated dpa level corresponding
to the final indentation depth hf (Table 1). The TEM observations
(Figs. 7 and 8) suggest that the increase in the measured DG0 is re-
lated to the small dislocation loops that result in the mottled dark-
light contrast in Fig. 8. It should be noted that DG0 is between
0.185 and 0.215 lb3. This is of magnitude similar to what is ex-
pected for the free energy of ‘‘intermediate strength” obstacles to
dislocation glide such as dislocation/dislocation interactions [10].
4. Conclusions

This paper presents the data from a study that uses pyramidal
micro-indentation creep tests performed at 25 �C on non-irradi-
ated and Zr+ ion-irradiated Zr–2.5Nb pressure tube material to
simulate the low-temperature creep deformation that drives the
time-dependent blunting of scratches in CANDU reactor pressure
tubes. The primary findings of this study are:

The indentation hardness (as indicated by the initial average
indentation stress rind,t=0) increased with decreasing indentation
depth and increasing levels of Zr+ ion irradiation. The depth depen-
dence of the indentation stress is consistent with that predicted by
the theories that attribute this to the increased density of geomet-
rically necessary dislocations around sub-micrometer deep
indentations.



B. Bose, R.J. Klassen / Journal of Nuclear Materials 399 (2010) 32–37 37
TEM images of the indentation plastic zone in non-irradiated
and ion-irradiated samples indicate that the Zr+ ion irradiation in-
duces regions of mottled contrast, typical of a uniform distribution
of nanometer sized dislocation loops, within the microstructure.
This is similar to what results from neutron irradiation. We con-
clude therefore that Zr+ ion irradiation is an effective way to sim-
ulate the crystallographic damage resulting from neutron
irradiation in Zr–2.5Nb.

The activation energy DG0 of the obstacles that limit the rate of
dislocation glide during indentation creep was assessed from the
measured indentation stress and strain rates. DG0 does not change
with indentation depth for the non-irradiated sample and this is in
agreement with what was previously reported for DG0 of other
ductile metals at 25 �C. DG0 does however increase with increasing
levels of Zr+ ion damage and shows a non-linear relationship with
dpa resulting from Zr+ ion irradiation. The magnitude of the mea-
sured DG0 is between 0.185 and 0.215 lb3. This is similar to what
is expected for the free energy of ‘‘intermediate strength” obstacles
to dislocation glide such as dislocation/dislocation interactions.
This suggests that the small dislocation loops shown in the TEM
images of indentations made in the irradiated samples become
the rate-limiting feature controlling the low-temperature creep
around scratches in Zr–2.5Nb pressure tube material.

It should be noted that this study has investigated the effect of
prior irradiation hardening on the kinetics of thermal creep defor-
mation occurring, in Zr–2.5Nb, at very high stress and very low
temperature. The resulting data on the effect of irradiation damage
on rind and DG0 are particularly important for arriving at conserva-
tive predictions of the rate of crack tip blunting of scratches in the
outboard region of a CANDU pressure tube. This research does not
consider the effect of temperature and neutron flux on rind or DG0.
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