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Abstract

Pressurized water reactor (PWR) Zr-based alloy structural materials show creep and growth under neutron irradiation as a conse-
quence of the irradiation induced microstructural changes in the alloy. A better scientific understanding of these microstructural
processes can improve simulation programs for structural component deformation and simplify the development of advanced defor-
mation resistant alloys. As in-pile irradiation leads to high material activation and requires long irradiation times, the objective of
this work was to study whether ion irradiation is an applicable method to simulate typical PWR neutron damage in Zr-based alloys,
with AREVA’s M5 R© alloy as reference material. The irradiated specimens were studied by electron backscatter diffraction (EBSD),
positron Doppler broadening spectroscopy (DBS) and in-situ transmission electron microscopy (TEM) at different dose levels and
temperatures. The irradiation induced microstructure consisted of <a>- and <c>-type dislocation loops with their characteristics
corresponding to typical neutron damage in Zr-based alloys; it can thus be concluded that heavy ion irradiation under the chosen
conditions is an excellent method to simulate PWR neutron damage.

Key words: zirconium-based alloys, ion irradiation, positron spectroscopy, FRM II, positron source NEPOMUC, in-situ TEM,
ANL

1. Introduction

Zr-based alloys are used as cladding and structural materials
for PWR fuel assemblies due to their low thermal neutron cross
section, high melting point and their good mechanical stability
and corrosion resistance. However, the alloys experience mi-
crostructural degradation due to neutron irradiation which de-
pends not only on neutron flux and fluence but also on parame-
ters like the material’s temperature, external and internal stress,
hydrogen uptake and corrosion [1]. The neutron irradiation
induced microstructure in Zr-based alloys is dominated by a
high density of mostly interstitial-type dislocation loops on the
hcp lattice’s prism planes (”<a>-loops”) that are present from
low neutron doses and a significantly lower density of vacancy-
type dislocation loops (”<c>-loops”) on the basal planes whose
presence is reported for high neutron fluences only. During ir-
radiation without external stress, these dislocation loop struc-
tures are described to lead to a volume conserving expansion
along the ~a-axes and a contraction along the ~c-axis, which is
known as irradiation growth [2–10]. For polycrystalline mate-
rials, the growth of the single grains can result in a macroscopic
structural component deformation, depending on a high num-
ber of factors like the material’s texture, geometry, grain size,
grain boundary properties, second phase precipitate structure
and the level of cold work. In nuclear reactor environments,
irradiation growth of structural materials occurs in combina-
tion with irradiation induced creep, the material deformation

under external stress. The onset of the <c>-loop development
has been correlated by many authors to the observation of an
increase of macroscopic fuel assembly (FA) growth at high flu-
ences (”breakaway growth”) [2–6, 8–10]. Therefore, the onset
of <c>-loop formation and the <c>-loops’ size and density dis-
tribution are the major microstructural features being studied in
this work.
While the FA components’ deformation under standard reactor
operating conditions can be predicted, an even higher level of
accuracy in the prediction codes, e.g. for the development of
new deformation resistant alloys, could be provided by a bet-
ter scientific understanding of the microstructural processes that
cause irradiation induced growth.
Due to the high complexity of the processes leading to macro-
scopic material growth, such better understanding can be
reached by isolating and varying single experimental parame-
ters. This is not possible in a nuclear reactor but can be achieved
to a higher degree by simulating neutron irradiation by elec-
tron, light or heavy ion irradiation [8, 11–24]. During electron
or ion irradiation, experimental parameters can be easily con-
trolled, as compared to a nuclear environment. Also, the irra-
diation times that lead to typical nuclear power reactor end-of-
life doses are low, and an activation of the target material can
be avoided; thus, electron and ion irradiation provides simpli-
fied sample handling and strongly reduced experimental time
and effort. Using a TEM that is combined with an ion accel-
erator like the IVEM-Tandem Facility of the Argonne National
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Laboratory (ANL), in-situ observation of the damage structure
development during ion irradiation is possible [25]. The irra-
diation defect formation and migration can then be observed
dynamically which provides a high level of information about
the microstructural processes that is impossible to be gained
in a nuclear reactor environment. The focus of this study was
the simulation of neutron damage with self-ions (Zr) and in-
ert heavy ions similar in mass (Kr), as Zr would be the typical
primary knock-on atom species in neutron irradiated Zr-based
alloys, and to avoid chemical interaction with the target.
Contrary to neutron irradiation, ion irradiation damage is inho-
mogeneous over the material depth and follows a peaked pro-
file. To allocate the observed damage level to a specific ion
dose, it is thus required to measure either in dependence of the
material’s depth or to use samples with a thickness that is thin
enough to use the ions in transmission; then, the ions interact
with the material in the high energy part of the spectrum where
the damage levels are approximately homogeneous. Both meth-
ods have been used in this work. M5 R© foil samples irradiated
with Zr ions in the low MeV region have been studied depth-
dependently by positron Doppler broadening spectroscopy [26–
29] at the high intensity monoenergetic positron source NEPO-
MUC at the German research neutron source FRM II [30–32].
TEM samples with thicknesses in the range of 150 nm have
been investigated by in-situ TEM at the ANL’s IVEM-Tandem
Facility, using Kr ions with 1 MeV in transmission.
To compare the ion doses to typical neutron doses, the displace-
ments per atoms (dpa) were calculated, based on simulations
with the SRIM Monte Carlo ion transport code [33]. To verify
whether the calculated recoil ranges correspond to the real re-
coil behaviour in the alloy, the thickness of the damaged layer
of a 40 MeV Zr irradiated sample was measured by EBSD.

2. Materials and Methods

2.1. Damage Level Calculations
2.1.1. Ion Irradiation Damage Levels

For the ion induced damage level calculations, SRIM was
used in the ”detailed calculation with full damage cascades”
mode for 1000 projectile ions with the kinetic energies used in
the different irradiation experiments [33]. The target is made
up of 99 wt.-% Zr and 1 wt.-% Nb with the room temperature
density of the alloy of ρ=6.50 g/cm3. For the 300◦C simula-
tions, the target’s thermal expansion has been taken into ac-
count, which leads to a density of ρ=6.46 g/cm3. A displace-
ment energy of 40 eV for hcp Zr was chosen, as recommended
by G. Was [8]. While only about 0.3 wt.% Nb are dissolved
in the Zr matrix at 300◦C [34], the remaining 0.7 wt.% Nb are
precipitated as bcc ZrNb; thus, based on the recommended dis-
placement energy for bcc Nb, 60 eV [8], a weighted average
binding energy of 54 eV has been used for Nb in M5 R©.
The number of displacements per ion, N1ion

d , and the ion pene-
tration depth d are provided by the SRIM calculations. Then,
the damage level D in dpa can be calculated as follows:

D =
F · N1ion

d ·Mmol

ρ · d · NA

F is the ion fluence, Mmol the target’s molar mass of
91.24 g/mol and NA Avogadro’s constant.
For the in-situ ion irradiation, the ions have been used in
transmission; d is then the thickness of the electrolytically
thinned TEM foil at the position of the observed grain.

2.1.2. Comparison to PWR Neutron Damage Levels
To compare the material damage under ion irradiation to

material under PWR neutron irradiation, the fast neutron flux
(>1 MeV) typically given for neutron irradiated material data
found in the literature has to be converted to dpa. For the neu-
tron irradiation literature data in section ”Results”, this conver-
sion was done using the method proposed by D. Baron in the
frame of an Electric Power Research Institute report in 2009
[35] in cases where the dpa value was not directly given in the
reference. The conversion is based on a Zr displacement energy
of 40 eV as recommended by G. Was [8], the SPECTER code
library based on ENDF/B-5 and a 100 energy group neutron
structure. This conversion method for different reactor neutron
spectra is reported to be in good agreement with previous liter-
ature by V.N. Shishov [36].
Most of the ion irradiated samples were held at 300◦C during
irradiation, with typical PWR guide tube temperatures being in
the range of 300◦C to 330◦C; thus, the comparability of temper-
ature dependent microstructural processes like defect diffusion
and recombination was ensured.

2.2. Sample Preparation and Characterization

The samples studied in this work were cut by laser cutting
from polycrystalline M5 R© industrial strips with thicknesses of
0.38 mm and 0.43 mm. The strips’ chemical composition was
0.99 wt.-% Nb, 1350 wt.-ppm O, 17 wt.-ppm S and 98.9 wt.-%
Zr. They were produced by subsequent hot and cold rolling of
a hot forged alloy slab with an original thickness of 110 mm,
with the final heat treatment chosen to fully recrystallize the
material. After the foil cutting and sample preparation steps,
the samples were vacuum annealed for 2 hours at 580◦C to re-
store an undisturbed recrystallized microstructure. The recrys-
tallized samples show the typical α-Zr hcp lattice structure, an
average grain size of 2 to 4 µm and contain spherical bcc ZrNb
precipitates with diameters in the range of 30 nm to 50 nm (see
Fig. 1). The Nb content of these β-Nb precipitates is 85-90 wt.-
% [37, 38].
To study the thickness of the irradiated layer by EBSD, a cross
section of an irradiated sample was prepared and analyzed. To
assure a good edge retention of the irradiated surface of the
specimen, an unirradiated specimen was glued onto the irradi-
ated side of the irradiated specimen; then, both foils were em-
bedded in a hot mounting resin. After grinding and polishing
with colloidal silica, the cross section was swab etched with a
specific electrolyte. The rounding of the edges of the irradi-
ated foil during cross section grinding parallel to the foil nor-
mal showed to be in the range of several µm and thus near the
expected irradiated layer’s position. Therefore, the cross sec-
tion was not ground and polished parallel to the foil normal but
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with an angle of 35◦ to the foil normal. As the irradiated layer
was thus cut under an angle of 35◦, its observable width was
increased, improving the depth resolution.
For the low dose irradiation for DBS, the foil specimens’ sur-
face was pickled by an hydrofluoric acid based etchant. The
foils for the TEM samples were thinned with the same etchant
to a thickness of about 100 nm. Then, discs of 3 mm diameter
were punched from the foils, and the discs were electrolytically
thinned to perforation using a twin-jet electrolytic process at -
0◦C.
Due to the rolling process, the samples show a very strong tex-
ture with the majority of the grains’ (0002) ~c-axes tilted with an
angle of about 25◦ from the foil surface normal.

Figure 1: TEM image of M5 R©’s unirradiated microstructure

2.3. Ion Irradiation

2.3.1. Irradiation at MLL and IPP Accelerators
As a first irradiation test, a M5 R© sample was irradiated at

the MLL tandem accelerator. 90Zr4+ with 40 MeV was used as
projectile to an ion fluence of approximately 3·1019m−2; the
sample was held at 300◦C during the irradiation. The beam
with an average ion flux of 2·1015m−2s−1 was kept continuously
on the sample, and the temperature was measured by a Pt-Rh
thermocouple spot-welded to the sample’s surface directly next
to the beamspot area. Due to the ions’ inhomogeneous damage
profile which is spread to a depth of about 5.5 µm with a dam-
age peak full width half maximum of about 1.2 µm, the damage
level was calculated by approximating the irradiated volume
as a layer of thickness 1.2 µm with 0.7 of all displacements
occurring in that sample region.
Low temperature ion irradiation was done at the tandem ac-
celerator of the Max-Planck-Institute for Plasma Physics (IPP)
in Garching, Germany. 90Zr1+ with 3 MeV and an average
ion flux of about 1.9·1015m−2s−1 was used as projectile, to
three different ion fluences F. Also, high dose irradiation at
300◦C was conducted at the IPP with 2.5 MeV 90Zr1+. Due to
interference of the heating with the ion flux measurement at the
IPP sample holder, the damage level at the heated IPP sample
IPP-10 is assumed to contain a comparatively high uncertainty
in the range of 10%. The ion beam with a beam diameter

of about 1 mm was scanned continuously over the samples,
thus providing a homogeneously irradiated beamspot area and
avoiding local overheating of the samples. Target temperatures
were measured by thermocouples pressed against the samples;
the temperature measurement error is estimated to be 5 K for
room temperature and 10 K for measurements at 300◦C.
The irradiation parameters for the samples at the MLL and
IPP accelerators are summarized in Table 1; Eion is the ions’
energy, Fion the ions’ fluence, Ddpa is the total damage level
and Ḋdpa the damage rate.

2.3.2. Irradiation at the ANL’s IVEM-Tandem Facility
At the ANL’s IVEM-Tandem Facility, three electrolytically

thinned TEM samples were irradiated with 1 MeV Kr++ ions
with an ion flux of 6.25 · 1015m−2s−1. The beam was rastered
over the TEM samples to provide a homogeneous ion fluence
on all sample regions. The beamline of the ion accelerator is
directly interfaced with a Hitachi H9000 300 keV TEM where
the samples are positioned with an initial angle of 30◦ to the
ion beam, thus allowing in-situ observation and imaging of the
samples during irradiation. The samples were held at 300◦C by
a Gatan two-angle tilt heating stage. With sample thicknesses
in the imaged regions in the range of 150 nm, the ions were
used in transmission. Calculations with the SRIM Monte
Carlo code show a transmission of the incident ions of 90%
for a sample thickness of 150 nm. The Kr ions in transmission
produce the displacements in the TEM samples while still
in their high energy regime, thus creating an approximately
homogeneous damage distribution through the material. As
all defects are viewed in their two dimensional projection in
the TEM images, a homogeneous recoil distribution over the
sample depth is a major point to produce reliable results.
In sample A1, a grain oriented with the ~c-axis perpendicular to
the surface was imaged with diffraction vector ~g = (1120) or
equivalent with the foil tilted about 10◦ from the [0001] zone
axis in bright field and (~g, 3~g) dark field conditions. While
<c>-component dislocations with Burgers vectors [0001] are
invisible under the chosen diffraction condition, all perfect
<a>-component dislocation loops with Burgers vectors [1210],
[1210] and [2110] are visible, as well as mixed <c+a>-types:
[1123], [1213], [2113], [1123], [1213] and [2113] [4]. In
sample A2, a grain with the ~c-axis parallel to the foil surface
was observed in bright field, (~g, 3~g) and (~g, 4~g) dark field con-
ditions, using the ~g = (0002) diffraction vector, with the grain
tilted approximately 10◦ from the [2110] zone axis. These
diffraction conditions show all <c>-type and <c+a>-type
contrasts while suppressing pure <a>-component contrasts
[4]. A third sample, A3, was irradiated while being imaged
in the same diffraction condition as sample A2; sample A3
contained 110 wt.-ppm hydrogen due to an initially different
testing purpose. After irradiation, the <c>-loops’ development
in that sample was observed while the sample was heated from
300◦C up to 750◦C.
As the samples were in the TEM during ion irradiation,
images could be taken continuously with increasing damage
levels. The samples’ final ion damage levels are summarized
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in Table 2. As the number of recoils produced in the TEM
samples depends on the irradiated grains’ thickness, the dpa
rates are different for the three samples despite the same ion
flux. The irradiation parameters for the ANL IVEM-Tandem
Facility experiments are shown in Table 2.

Sample Tirr Eion Fion Ddpa Ḋdpa

MLL 300 40 3·1019 21 10
IPP1 35 3 2.5·1017 0.1 7
IPP2 35 3 5·1017 0.2 7
IPP3 35 3 1·1018 0.4 7

IPP-10 300 2.5 4·1019 16 7

Table 1: Irradiation parameters for samples irradiated at MLL and IPP acceler-
ators; Tirr in ◦C, Eion in MeV, Fion in m−2, Ḋdpa in 10−4dpa/s

Sample Tirr Eion Fion Ddpa Ḋdpa

A1 300 1.0 5.0·1019 18 22
A2 300 1.0 5.0·1019 22 27
A3 300 1.0 6.3·1019 27 27

Table 2: Irradiation parameters for the samples irradiated at ANL’s IVEM-
Tandem Facility; Tirr in ◦C, Eion in MeV, Fion in m−2, Ḋdpa in 10−4dpa/s

2.3.3. Electron Backscatter Diffraction
The displacement of target atoms by neutron and heavy

ion irradiation leads to a defect microstructure consisting
of interstitials (”i”), vacancies (”v”), i- and v-clusters and
dislocation loops. The elastic strain in the irradiated alloy’s
lattice caused by these microstructural features can be studied
by EBSD. The normalized sum of the band slope parameter
has been used for this study; the band slope (BS) is a numerical
image quality parameter that measures the maximum intensity
gradient at the seams of the Kikuchi bands. The Kikuchi
bands are caused by Bragg diffraction of divergent, incoherent
electrons scattered within the specimen; thus, their intensity
depends on the crystal lattice periodicity and is lowered by
dislocations and their elastic strain fields, which is reflected in
the band slope. The band slope parameter can therefore be used
to distinguish the irradiated, strongly strained layer from the
unirradiated bulk material [39, 40]. The EBSD measurement
error of the width of the damaged layer is assumed to be about
5%, resulting from the measuring uncertainty of the angle
between foil surface and cross section surface. A Zeiss Neon
40 EsB scanning electron microscope with a Nordlys EBSD
camera has been used for the analysis.

2.4. Positron Doppler Broadening Spectroscopy

The high-flux positron source NEPOMUC at the German
research neutron source FRM II provides a monoenergetic
positron beam of 1 keV in the primary beam and a moderated
positron intensity of up to 9 · 108e+s−1 [41]. By applying an

electric potential to the sample, the beam’s energy can be varied
from 0.2 to 30 keV [42]. For Doppler broadening spectroscopy,
the electron-positron annihilation gamma energy shift due to
the electrons’ momentum is measured by up to four liquid ni-
trogen cooled high purity Ge-detectors with an energy resolu-
tion between 0.25 and 0.3% at 511 keV. All measurements have
been taken with an integration time of 60 s. DBS experiments
use the so-called ”S-parameter” as a measure for the vacancy-
type defect density in the studied samples. The S-parameter is
defined as the 511 keV γ-intensity within a previously defined
energy band around 511 keV divided by the total peak intensity
and thus reflects the annihilations with low-momentum, i.e. va-
lence or conduction band electrons. In vacancies, the relative
probability of positron annihilation with core electrons is lower
than in the perfect lattice due to the absence of lattice atoms
at the vacancy positions. Thus, for a high vacancy concentra-
tion, the higher fraction of annihilations with low-momentum
electrons leads to an increase of the S-parameter. The param-
eter is calculated after the subtraction of the background. As
the energy range limits around the 511 keV peak for the S-
parameter are defined differently for each material and mea-
surement setup to receive the highest possible resolution, abso-
lute S-parameters can only be compared for samples measured
with the same energy window in the same measurement cam-
paign.
The annihilation spectra were analyzed with MSpec 2 [43]; the
received S-parameters from the up to four detectors were av-
eraged. Two different measurement types were used: lateral
sample scans at fixed positron energy and depth scans at fixed
beam position with varying positron energy. The mean positron
penetration depth for Zr-based alloys was calculated using the
Makhovian function, with the function parameters for Zr cal-
culated by linear interpolation between the parameters for Cu
and Ag reported by Puska and Nieminen [44]; for the material
density, the mass density of M5 R© was used.

3. Results and Discussion

3.1. Electron Backscatter Diffraction (EBSD)

For the verification of the SRIM ion penetration depth cal-
culations, a cross-section was prepared from sample MLL. A
total length of 330 µm along the irradiated and the unirradiated
surface was analyzed with EBSD; the band slope distribution
was averaged over the measured length. Figure 2 shows the
band slope mapping over the irradiated layer and the unirra-
diated bulk material near the surface; Figure 3 gives the dis-
tribution of the normalized sum of the band slope parameter
measured from the specimens’ surface to the unirradiated bulk,
compared to the recoil distribution calculated with SRIM for
100 90Zr projectiles with 40 MeV on the alloy. As the cross-
section was polished with an angle of about 35◦ to the foil nor-
mal, the cut through the irradiated layer is inclined. Therefore,
the EBSD image in Fig. 2 shows an enhanced thickness of the
irradiated layer. The BS parameters given in Fig. 3 have been
corrected for the cross-section inclination and thus provide the
actual thickness of the irradiated layer.
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Figure 2: Band slope map of the irradiated specimen (Z40 MeV Zr at 300◦C)
cut under 35◦; a=unirradiated bulk; b=irradiated layer; c=gap to the stabilizing
foil

Figure 3: Depth dependent normalized sum of the band slope (BS) parameter
compared to SRIM calculation results

The irradiated layer can be clearly distinguished by its
darker colouring from the bulk in the band slope map (see
Fig. 2). Also, the width of the irradiated layer is approximately
constant along the specimen. This shows that, even though
the material is hexagonal and might thus be expected to be
prone to channeling effects that are disregarded by the SRIM
code, channeling does not occur to a significant level, and the
damage range does not depend on the grain orientation.
The peaked recoil distribution which was calculated with
SRIM is not reflected in the depth dependent distribution of the
normalized sum of the BS parameter (see Fig. 3); the sum is
approximately constant over the total irradiated layer. This is
assumed to be an effect of saturation: as also observed during
the in-situ-TEM ion irradiation, the Kikuchi lines become
invisible in the TEM in specimens irradiated to high doses due
to the high density of defect structures that disturb the lattice

planes’ periodicity. From the EBSD results, that effect can
be assumed to occur already at the comparatively low recoil
densities as they are given on the material’s surface. Then,
the higher recoil density and subsequent higher defect density
can not be resolved by EBSD as the Kikuchi lines are already
completely dark at the much lower dose.
The damage level at which the saturation occurs has to be lower
than the damage level at the specimen’s surface, otherwise
a part of the peak would be seen in the EBSD signal. The
SRIM calculated surface recoil density is about 6% of the peak
recoil density. It can thus be concluded that EBSD saturation is
reached for recoil densities of 6% of the peak density or lower
in the irradiated sample. For the chosen irradiation conditions,
and assuming that 70% of the recoils are concentrated in the
recoil peak with a full width half maximum of 1.2 µm, the peak
damage level is 21 dpa. Then, the calculated damage level at
the sample’s surface is 1.3 dpa, which can be regarded as the
upper limit for EBSD saturation under the chosen measurement
conditions.
The measured maximal damage range corresponds very well
to the calculated maximum range; it can thus be concluded that
the SRIM calculations for heavy ion ranges in M5 R© produce
very realistic results and can be used as a basis for damage
level calculations in the specimens with a level of accuracy that
is significantly higher than the typical measurement errors in
the irradiation experiments.

3.2. Positron Doppler Broadening Spectroscopy

3.2.1. Irradiation at 35◦C
Four samples (IPP1, IPP2, IPP3 and an unirradiated stan-

dard sample) were scanned depth dependently with a positron
energy range from 1 keV to 12 keV, which corresponds to a
mean positron implantation depth of 9 nm to 280 nm. The ac-
cording depth-dependent S-parameters are given in Figure 4.
The S-parameters are normalized, i.e. divided by the unirra-
diated standard’s S-parameter for the bulk region; the standard
S-parameter is calculated by averaging over the three values
measured for the bulk reproducing values at highest positron
energies, designated in red.

The S-parameter depth profile for the unirradiated standard
in Fig. 4 shows a slight buckling for positron energies between
1 keV and 4 keV before reaching an approximately constant
value. This is due to deviations from the material’s bulk mi-
crostructure near the surface and positrons being scattered back
to the surface; for energies higher than 4 keV, surface effects
can thus be neglected.
The irradiated samples show an S-parameter about 6% higher
than in the unirradiated sample, indicating a high density of
vacancy-type defects in the samples. Despite the different dam-
age levels of 0.1 dpa, 0.2 dpa and 0.4 dpa, the three irradiated
samples do not show a significant difference in the S-parameter
slope near the surface and reach a comparable S-parameter level
in the bulk region of the sample. Thus, it can be concluded that
the vacancy-type defect density after 35◦C Zr ion irradiation
is not dependent on the ion dose in the measured low damage
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Figure 4: S-parameter depth profile of irradiated M5 (3 MeV Zr at 35◦C)

level range. It can therefore be assumed that, under the chosen
irradiation conditions and dose range, an equilibrium between
vacancy-type defect production and recombination is given.
Sample IPP1 with a total damage level of 0.1 dpa was scanned
depth-dependently along a line on the surface leading from the
unirradiated to the irradiated layer, thus measuring S(x,E) (see
Fig. 5). The step size in x-direction was 0.5 mm, the positron
energy step size between 0.5 keV and 1.5 keV. The S-parameter
is normalized, using the average of the unirradiated bulk region,
0.530, as unirradiated standard parameter.

Figure 5: Normalized S-parameter as function of positron energy (depth) and
position x

The unirradiated material to the left of the beamspot has a S-
parameter corresponding to the S-parameter of the unirradiated
standard (see Fig. 4), showing that sample handling before and
after irradiation has not induced, e.g. by application of stress,
any defects observable by DBS. The observed material changes
in the irradiated regions are therefore solely caused by the ion

irradiation. The irradiated material in the superficial material
region has the same S-parameter as the unirradiated material
region, even though according to the SRIM calculations there
should be a considerable recoil creation rate also near the sur-
face. A possible explanation is that defects from this superficial
layer annihilate at surface sinks or impurities that are present
with a higher probability near the surface. In deeper material
regions, the observed vacancy-type defect density shows a
peaked profile as is to be expected from the SRIM calculations.
However, the irradiated volume has a lower S-parameter at
the border of the beamspot, located at x=15 mm. Especially
for lower penetration depths, the S-parameter increases only
slowly with the x position, in the direction of the beamspot
center. The general region of S-parameter gradient around the
irradiated material volume can be partly due to the stepwidth
of 0.5 mm, leading to an averaging of the measurements of
unirradiated and irradiated material. However, the irradiated
region is broader for higher penetration depths. In the damage
peak region the defect formation rate is higher compared to
the surface region, where the ion-target interaction probability
is lower. For this reason, a possible explanation would be a
different production to recombination ratio of defects at higher
penetration depths.

3.2.2. Irradiation at 300◦C
Fig. 6 shows S-parameter depth profiles of the unirradiated

and irradiated sample IPP-10 in combination with the calcu-
lated SRIM recoil production profile; the sample was irradi-
ated to a damage level of 16 dpa with 2.5 MeV 90Zr+. The
S-parameters are normalized, using the average of the unirra-
diated parameters at the three highest energies as standard, as
designated in blue.

Figure 6: S-parameter depth profile of sample IPP-10 (2.5 MeV Zr at 300◦C),
observed at room temperature

The irradiated sample shows a significantly higher S-
parameter than the unirradiated sample. However, the differ-
ence between irradiated and unirradiated material is in the range
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of about 2%, while it was about 6% for the samples irradiated
at 35◦C to significantly lower doses. It can be concluded that
a high fraction of the initially created vacancy-type defects in
the ion induced recoil cascades are subject to recombination
and annihilation at 300◦C. This is in accordance with the an-
nealing stages for irradiation induced defects in single-crystal
zirconium, as they are proposed by G.M. Hood and W. Frank
[2, 45].
According to Hood’s interpretation of measurements of elec-
tron irradiation induced defect annealing in single crystal pure
Zr, the onset of free vacancy migration in α-Zr occurs between
-23◦C and +27◦C [45]. W. Frank’s interpretation of the anneal-
ing measurements predicts the onset of free vacancy migration
to be at around 30◦C [2], while he proposes self-interstitials
to undergo long-range migration in the annealing stages I and
III, with the higher temperature limit of stage III being around
30◦C. This suggests that free vacancy migration is possible in
the samples irradiated at 35◦C only within certain limits, while
it can be expected to be a significantly stronger effect at 300◦C.
Free vacancy migration can thus be assumed to be responsible
for the significantly lower vacancy-type defect density in the
samples irradiated at high temperature. After the initial increase
between the surface and 0.25 µm, the measured S-parameters
do not rise further (see Fig. 6), showing that the measured val-
ues are representative for the bulk material.
As DBS gives a measure of the vacancy-type defect density
only and does not contain information about the defect being
in mono-vacancy, cluster or loop form, it is not possible to de-
cide from the DBS measurements alone whether the observed
vacancies are in the form of loops or in which crystal planes the
loops are located. To test which kind of dislocation loops can be
resolved by DBS, the defects in sample IPP-10 irradiated at IPP
were annealed during in-situ DBS to image the S-parameter’s
development with the temperature and to compare the observed
annealing effects with dislocation loop imaging during in-situ
defect annealing in the TEM. A positron energy of 15 keV was
used, which leads to a positron implantation profile clearly lo-
cated in the bulk region of the irradiated sample, see Fig. 6.
The sample was heated from 230◦C to 600◦C, in steps of about
25◦C. The dwell time at each temperature level was 15 min-
utes, the heating rate between the steps about 9 K/min. During
the holding at the different temperature levels, the S-parameters
remained constant within the measurement accuracy. The mea-
sured S-parameter as a function of temperature, normalized to
the S-value of the annealed sample (T=450◦C) is shown in Fig-
ure 7, in comparison to the annealing curve for single crystal Zr
after 1.2 MeV electron irradiation at 120 K as reported by G.M
Hood [45]. The annealing stages as suggested by W. Frank [2]
are given in the plot.

As expected, the measured S-parameter remains constant be-
tween 230◦C and 285◦C; this confirms the irradiation tempera-
ture of the sample to have been higher than 285◦C, as all diffu-
sion processes up to that temperature range can be expected
to have already taken place during irradiation. From 285◦C
to 400◦C, the S-parameter decreases linearly before it approxi-
mates its lowest level at about 450◦C, which corresponds to the
S-parameter measured for the unirradiated sample. The small

Figure 7: Defect annealing in IPP-10 (irradiated with 2.5 MeV Zr at 300◦C),
observed with in-situ DBS; comparison to literature data by Hood et al. [45]

increase of the S-parameter for temperatures higher than 450◦C
is caused by the thermal lattice expansion. While the normal-
ized S-parameter’s difference between irradiated and unirradi-
ated state, which depends on the electron or ion implantation
fluence and the irradiation temperature, is higher for the mea-
sured sample, the curve’s lowest point is in very good agree-
ment with the Zr single crystal values provided by G.M. Hood.
As electron irradiation is expected not to form recoil cascades
but Frenkel pairs only [8] and vacancy migration at 120 K is
assumed to be strongly limited at the irradiation temperature of
120 K, the single crystal vacancy-type defect structure can be
assumed to consist of mainly mono-vacancies. The correspond-
ing annealing behaviour for sample IPP-10 can be an indication
of the dominating defect structures in sample IPP-10. The sam-
ple could either host mostly mono-vacancies or it could contain
defect loops or clusters with the same annealing characteris-
tics as mono-vacancies. Further studies of the defect annealing
behaviour were done by in-situ TEM annealing, as described
below.
It is assumed by the authors that the DBS measurements of
the S-parameters during annealing are unaffected by possible
changes in the second phase particles. Changes in these par-
ticles with regard to size, number, distribution or crystallinity
were not observed during additional studies with the TEM.
Also, the total second phase particle volume as compared to the
measured sample volume is low. Finally, the temperature in-
crease was done relatively fast; it is thus not expected to trigger
measureable shifts in the phase distribution.

3.3. In-situ TEM

3.3.1. <a>-Component Dislocations
The development of <a>-component dislocation loops has

been observed in one grain of sample A1 from the unirradi-
ated state to an ion fluence of 5.0 · 1019m−2. The grain’s thick-
ness was not measured; to estimate the ion dose, a thickness
of 100 nm was assumed, based on the grain’s distance from the
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hole. This leads to a calculated maximal ion dose of 17 dpa. As
soon as the irradiation was started, small <a>-loop contrasts
started to develop and to migrate in the grain; their density in-
creased with the dose (see Fig. 8). Fig. 9 shows the <a>-loop
contrast in higher magnification; contrasts of loop form are des-
ignated by the arrows.

Figure 8: <a>-loop development vs. ion dose (1 MeV Kr at 300◦C); ~g = (1120)
or equivalent

Figure 9: <a>-loop contrast in higher magnification (1 MeV Kr at 300◦C);
~g = (1120) or equivalent

At the maximum dose of 17 dpa, the <a>-component dislo-
cation network shows regions of very dense contrasts alternat-
ing with lower contrast regions. The [0001] zone axis diffrac-
tion pattern after 17 dpa shows significant deviations from the
lower dose state (see Fig. 10): while the initial hexagonal
diffraction pattern is barely recognizable, additional reflexes are
present. They might be assumed to be an indication of recrystal-

lization of grain regions into small grains with a slight deviation
of orientation or lattice parameters from the original grain. This
recrystallization could be a consequence of very strong bending
of the grain in combination to the high defect density, as it was
observed in a grain close to the hole at high damage levels. Ox-
idation as a cause for the observed changes in the images and
diffraction pattern is deemed unlikely because comparable sam-
ples have not shown the observed effects, neither while being
irradiated at corresponding pressure and ion dose conditions,
nor during annealing experiments at up to 750◦C.

Figure 10: [0001] zone axis diffraction pattern at 0 dpa and 17 dpa (1 MeV Kr
at 300◦C)

The <a>-loop contrast size distribution has been measured
at ion doses 0.3 dpa, 1 dpa and 2 dpa (see Fig. 11); for higher
doses, the high contrast density prohibited reliable measure-
ments. The <a>-loops’ size distribution shows only a slight
increase with the dose. The <a>-loops’ measured average sizes
are 5.6 nm at 0.3 dpa, 5.4 nm at 1 dpa and 7.4 nm at 2 dpa. The
average size at 2 dpa corresponds well to the typical <a>-loop
diameters in neutron irradiated Zr alloys of 8 nm stated in the
literature [8]. <a>-loops are expected to be of both interstitial
and vacancy type [8]; however, the <a>-loop types could not
be studied experimentally due to the high loop density and the
resulting strong contrasts.

Figure 11: <a>-loop size distribution in sample A1 (1 MeV Kr at 300◦C)
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3.3.2. <c>-Component Dislocations
The <c>-loop contrast development with the ion dose was

studied in one grain of sample A2. An overview TEM picture
of the observed grain can be seen in Fig. 12. The grain’s diffrac-
tion pattern of pole (2110) with the (0002) reflex location is
shown next to the BF image. When analyzing in-pile neutron
irradiated samples after they received the total neutron dose, it
is reported to be difficult to distinguish hydrides oriented paral-
lel to the <c>-loops from the loops. This difficulty is overcome
by in-situ TEM, as the hydride distribution in the unirradiated
sample is imaged before the irradiation; thus, assuming that the
presence of irradiation damage does not influence the hydrogen
solubility in the material, all additional line contrasts evolving
during irradiation are dislocation loops.

Figure 12: Sample A2, unirradiated grain, ~g = (0002); (2110) pole diffraction
pattern

The grains were tested for voids at representative dose levels
by alternating over- and underfocus imaging and searching for
contrast inversion; from the chosen imaging conditions, voids
with a diameter of about 2 nm or higher would have been visi-
ble if present in the sample. However, voids were not observed
at any dose level. Amorphization of the β-Nb precipitates was
not observed; their alternating contrast between bright field and
dark field images, and the absence of polycrystal typical rings
in the diffraction pattern showed them to be crystalline up to the
highest ion dose of 22 dpa. The formation of additional precip-
itates was not seen during or after irradiation.
The thickness of the grain was determined by imaging a grain
boundary parallel to the tilt axis at different tilt angles and mea-
suring the observable grain boundary thickness at these angles.
The grain’s real thickness can then be calculated from trigono-
metric relations. The observed grain in sample A2 had a thick-
ness of 181 nm. The measurement error at this method was
estimated by calculating the same grain’s thickness from differ-
ent grain boundary thickness measurements; the error showed
to be about 10%.
Fig. 13 shows a grain area of sample A2 at a damage level of
22 dpa imaged at a lower magnification to demonstrate that the
<c>-loops are homogeneously distributed over the grain. The
darker contrast to the right is caused by a more dynamic diffrac-
tion condition in that grain region, while the lighter contrast to
the left is given by a more kinematical diffraction condition.
The difference in the diffraction conditions is due to a slight

bending of the grain. Fig. 14 shows the development of the
<c>-loops with the ion dose.

Figure 13: <c>-loop distribution in sample A2 at 22 dpa (1 MeV Kr at 300◦C);
~g = (0002)

Figure 14: <c>-loop development with the ion dose (1 MeV Kr at 300◦C);
~g = (0002)

Contrary to the <a>-loops, <c>-loops are not observed in the
early stages of irradiation. Sample A2 was irradiated stepwise;
after the step to 6.8 dpa, <c>-loop contrasts were clearly ob-
served, but not in their first state of formation. It can be seen
in several of the imaged regions that the <c>-type contrasts are
each composed of several smaller contrasts, suggesting small
loops that are ordered in a chain-like structure to form the typi-
cal line contrast, as indicated by the arrows (see Fig. 15).

To quantitatively determine the loop lengths and densities,
the ”linear density” is used; it is defined as the sum of the
lengths of all <c>-loop contrasts in one image section, divided
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Figure 15: <c>-type contrasts formed by small loops (1 MeV Kr at 300◦C);
~g = (0002)

by the imaged material’s volume. This is a typical method for
the quantification of <c>-loop distributions [11, 37, 46] and
has thus been used to compare the measured <c>-loop densi-
ties with literature data. For each sample, several grain regions
were chosen to determine the linear density from images taken
at a magnification of 30’000. The received densities for sam-
ple A2 are shown in Fig. 16, together with literature values for
heavy ion and neutron irradiated Zr-based alloys [11, 37, 46].
Different symbols for the measured data are used to indicate the
different observed positions in the respective grain. A movie
was taken for damage levels from 7 dpa to 22 dpa with a higher
magnification of 70’000. The higher magnification leads to
a visibility of loop contrasts that can not be observed in the
lower magnification images; thus, the linear densities measured
in frames taken from the movie are higher.

Figure 16: Measured <c>-loop linear densities compared to literature data by
Tournadre [11], Bossis [37] and Gilbon [46]

The <c>-loops show an approximately homogeneous distri-
bution over the grains; the statistical variation can be seen by

comparing the linear densities calculated from the loop size
measurements at different grain positions. A change in the
<c>-loop density near outstanding microstructural features like
grain boundaries, precipitates or the former hydride location
was not observed. It is thus concluded that, if these possible
defect sinks have any influence on the <c>-loop formation or
behaviour, the effect is not significant under the chosen experi-
mental conditions.
Different literature values for the linear <c>-loop densities have
been added to the diagram. As far as the information is con-
tained in the literature, the linear densities were taken from im-
ages with magnification of 30’000; thus, the following com-
parison to literature data is done for the densities measured at
30’000. The ion irradiation induced <c>-loops’ linear densities
are in good agreement with data on ion irradiated Zircaloy-4 by
Tournadre et al. in 2011 [11], for both Zr and proton irradia-
tion. Also, the measured linear densities agree very well with
the density reported by Bossis et al. in 2007 for PWR neutron
irradiated low tin Zry-4 [37]. They also correspond well to high
Sn and O Zry-4 irradiated in the Phénix fast breeder reactor as
described by Gilbon et al., 1994 [46].
According to Adamson et al. [47], recrystallized Zircaloys
show a three stage growth process; the first stage of growth
is small, saturates and is reported to be correlated to <a>-loop
formation. The growth rate increases when <c>-loops start to
form and is described to be nearly linear with the fluence in
ranges that correspond to about 9 to 16 dpa. For higher fluences,
the growth rate increases further (”breakaway growth”). As the
dose range covered by the described in-situ ion data overlaps
with the described linear growth stage, a linear correlation is
assumed to fit the development of the linear densities L in sam-
ple A2 with the ion dose (see Fig. 17).

Figure 17: <c>-loop linear density increase with the damage level (1 MeV Kr
at 300◦C)

The assumed correlation is of the form

Llin = L0 + L̇ · D;

the fit parameters for the different magnifications are shown in
Table 3.
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Data L0 (m−2) L̇ (m−2dpa−1)
M5 R©, mag. 30’000 (6.6 ± 2) · 1013 (5.7 ± 1) · 1012

M5 R©, mag. 70’000 (1.3 ± 0.1) · 1014 (8.1 ± 0.8) · 1012

Table 3: Fit parameters for the linear densities

As the <c>-loops start to form after a significant dose thresh-
old, their density is zero until that threshold and then increases
suddenly as they start to appear; therefore, the assumed linear
correlation is only valid for the observed dose range, and not
for the dose region of the <c>-loop formation threshold. The
images taken with the higher magnification of 70’000 show a
higher linear density due to the higher contrast resolution but do
also have a 40% higher slope as compared to the densities from
the images with magnification 30’000. It can thus be assumed
that the density of small <c>-loop contrasts visible only at high
magnification increases faster with the damage level than the
density of larger loops visible also at lower magnification. This
can be an indication that the clustering of small <c>-loops to
larger alignments is a slower process than the small <c>-loop
formation.
Such a correlation of the <c>-loop linear densities with the
dose can be found comparatively fast when using ion irradia-
tion for neutron damage simulation. For neutron irradiation,
in-situ TEM imaging is impossible. A comparative study by
stepwise in-pile material irradiation takes irradiation times in
the range of months or years, and the subsequent TEM prepara-
tion can induce preparation artifacts in the samples. Obviously,
the imaged material regions would be different after each irradi-
ation step. This shows the huge advantage of the ion simulation
method as compared to neutron irradiation, even though it has
to be kept in mind that differences in the ion and neutron dam-
age cascades and deviations of the thin TEM foil from the bulk
material behaviour might lead to variations in the irradiation
damage microstructures.

The <c>-loop size distribution for one position in sample
A2 at different damage levels is shown in Fig. 18; Fig. 19
shows the development of the average <c>-loop-size with the
ion dose. The error bars shown in Fig. 19 are one standard
deviation as a measure of the scattering in length. The average
<c>-loop size increases slightly with the dose, from 30.4 nm at
6.8 dpa to 35.6 nm at 22 dpa.

3.3.3. In-situ <c>-loop Annealing
As a complementary measurement to the in-situ defect an-

nealing studied by DBS, a M5 R© sample irradiated with 1 MeV
Kr at 300◦C to doses corresponding to 22 dpa was heated up
to 750◦C to study the development of the <c>-loops with the
annealing temperature. The irradiated sample contained, due
to an initially different testing purpose, 110 wt.-ppm hydrogen;
however, this is considered not to have significant influence on
the defect annealing behaviour. After each temperature step,
the sample was held at that temperature for about five min-
utes. The average heating rate during the temperature steps was
7.5 K/min.

Figure 18: <c>-loop size distribution in ion irradiated M5 R© (1 MeV Kr at
300◦C)

Figure 19: <c>-loop average size distribution in ion irradiated M5 R© (1 MeV
Kr at 300◦C)

Fig. 20 shows the <c>-loops in dependence of the annealing
temperature, imaged at a magnification of 10’000.

Fig. 21 shows the increase of the average <c>-loop length
and the decrease of the loops’ number, normalized to the loops’
structure at 303◦C. The loops’ sizes and numbers have been
measured three times for the image taken at each temperature;
the errors given in the plots are one standard deviation for the
average of these three values, corrected for the low number of
measurements.

While the DBS measurements described above found a com-
plete annealing of the vacancy-type defects in the irradiated
samples at 450◦C, the <c>-loops observed during in-situ an-
nealing in the TEM show only a slight tendency of linear den-
sity and number decrease and size increase for temperatures
lower than 500◦C. For temperatures higher than 520◦C, the
<c>-loops’ linear densities and numbers decrease significantly
while their length increases; at 750◦C, a very low density of
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Figure 20: <c>-loop development during annealing (after irradiation with
1 MeV Kr at 300◦C)

Figure 21: <c>-loop length and number development during annealing (after
irradiation with 1 MeV Kr at 300◦C)

long <c>-type contrasts remains in the material. For higher
temperatures, the contrasts show darker, more even forms, with-
out the short disruptions or kinks that have been observed at
lower temperatures. These changes found for higher tempera-
tures suggest that, while a large part of the <c>-loops anneal
during the heating process, the remaining chains of small loops
transform into dislocation lines.

4. Conclusion

It was shown that heavy ion irradiation in combination
with in-situ TEM irradiation damage imaging is an excellent
method for the simulation of PWR neutron damage in the

Zr-based guide tube alloy M5 R©. The ion induced irradia-
tion microstructure contains <a>- and <c>-type dislocation
loops homogeneously spread over the alloys’ grains, with
the <a>-loops’ sizes and the <c>-loops’ linear densities in
good agreement with data for neutron irradiated Zr-based
alloys. As reported for neutron irradiated Zr-based alloys,
the <a>-loops develop from the beginning of the irradiation
while the <c>-loops form only above a threshold dose. The
comparatively short ion irradiation times allowed to study the
development of the <c>-loops’ linear densities with the dose
up to a dose level of 22 dpa.
Positron Doppler broadening spectroscopy as a complementary
method for the study of irradiation damage was used to
investigate the dependence of the overall vacancy-type defect
density in heavy ion irradiated M5 R© with the temperature.
As expected due to the temperature dependence of the defect
mobility, M5 R© irradiated at 35◦C showed a significantly higher
defect density than M5 R© irradiated at 300◦C to a considerably
higher dose. The overall vacancy-type defect density was com-
pletely annealed at 450◦C within the resolution limit of DBS.
Corresponding TEM analyses of the annealing of <c>-loops up
to a temperature of 750◦C showed that the <c>-loops’ density
is too low as compared to the overall vacancy-type defect
density to be resolved by DBS. Thus, it can be concluded that
the vastly dominating forms of vacancy-type defects in the
samples are not present as <c>-loops, but can be expected
to be in <a>-loop or mono-vacancy form. During annealing
between 520◦C and 750◦C, the <c>-loops migrate and join
to form fewer and larger loops with very strong contrasts that
suggest the change from chain-like small loop conglomerates
to dislocation lines.
Electron backscatter diffraction was used to measure the pene-
tration depth of 40 MeV Zr in M5 R©; it was shown that EBSD
is sensitive to the ion damage in M5 R© and that the ion range
is in very good agreement to predictions of the SRIM Monte
Carlo code. Thus, the application of the code as a basis for the
ion dose calculations used in the described experiments is valid.
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