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�The energy of the breaking down of the atom is a very poor kind of thing. Anyone who
expects a source of power from the transformation of these atoms is talking moonshine.�

(E. Rutherford, 1933)
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Abstract

Fuel assembly (FA) deformation in pressurized water reactors (PWR) has become a larger issue
during the last years, as a consequence of the continuous increase of FA lifetime, power level and
burnup. Unexpectedly high FA growth was observed in some PWR, to an extent that constrained
power plant operation. Therefore, a better scienti�c understanding of the microstructural pro-
cesses in the FA structural components leading to this deformation is necessary to e�ectively
address the phenomenon. As the FA component with the highest in�uence on the overall assem-
bly growth are the guide tubes, the focus of this study was on irradiation growth of Zr-based
alloys typically used for PWR guide tubes, and speci�cally on the still unknown e�ects of hy-
drogen content and external stress on FA growth.
Zirconium and its alloys show an increase in irradiation induced growth at high neutron �u-
ences (�breakaway growth�) which is generally being linked to the formation of vacancy-type
<c>-component dislocation loops. Therefore, the characteristics of the irradiation induced mi-
crostructure, and particularly these �<c>-loops�, were investigated in this work, in the typical
guide tube alloys Zircaloy-4 (Zry-4) and M5 R©. As in-pile neutron irradiation requires irradi-
ation times of several years, leads to high material activation and does not allow independent
parameter studies or in-situ observation of damage formation, heavy ion irradiation was used for
the neutron damage simulation. The largely applied post-irradiation examination technique was
in-situ transmission electron microscopy for the direct observation of the dislocation loop struc-
tures, supplemented by positron Doppler broadening spectroscopy for the study of the general
vacancy-type defect density.
At �rst, a feasibility study was conducted which showed that the irradiation induced microstruc-
ture forming under heavy ion irradiation at the chosen experimental conditions agreed in all main
aspects with the known PWR neutron induced microstructure in Zr-based alloys. The compari-
son between the observed <c>-loop nucleation threshold in the ion irradiated samples with the
known �uence range for the onset of breakaway growth under neutron irradiation con�rmed the
assumption of <c>-loop nucleation being at the source of the breakaway growth phenomenon.
Also, in was shown for the �rst time that the <c>-loops' linear density increases linearly with the
damage level, and the <c>-loop density increase rate was determined. After a set of successful
experiments on the in�uence of temperature, the e�ect of hydrogen was studied in Zry-4. The
hydrogen in�uence was found to be measurable, but to contain a discontinuous component, with
a lower hydrogen content increasing the <c>-loop densities, while a higher hydrogen content led
to the opposite e�ect. It was concluded that further studies on the hydrogen e�ect are necessary
to provide a su�ciently large database for a clear correlation between hydrogen content and
macroscopic component growth.
Finally, the e�ect of external tensile stress at the yield strength level was examined. The stress
showed to have a most signi�cant e�ect on the <c>-loop densities, with a strong dependence
on the orientation of the stress direction towards the grains. While <c>-loop formation was
comparable to samples without stress in the grain with its c-axis perpendicular to the stress
direction, the <c>-loop density decreased with increasing stress component parallel to the c-axis
and led to a complete suppression of <c>-loop formation in the grain with its c-axis parallel
to the stress direction, despite the high damage level. This clear correlation between external
tensile stress and the formation characteristics of basal plane vacancy loops in Zr-based alloys
can be explained by the elastic properties of the hexagonal close-packed α-Zr lattice structure.
It was proven experimentally for the �rst time, and the e�ect is surprising in both its clarity and
its magnitude.
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Chapter 1

Motivation

In 1934, E. Fermi published experimental results of the bombardment of uranium with neutrons
[1]; during the following years, O. Hahn, L. Meitner and F. Strassmann studied the transmutation
of uranium during interaction with slow and fast neutrons [2,3]. In February 1939, L. Meitner and
O.R. Frisch identi�ed the research results found by them and other research groups in the �eld as
proof of the nuclear �ssion of uranium by neutron bombardment [4]. Less than four years later,
a research group led by E. Fermi created the �rst controlled nuclear chain reaction in a reactor
built underneath the University of Chicago's Stagg Field [5]. After electricity was produced by
nuclear �ssion for the �rst time, in the nuclear Experimental Breeder Reactor EBR-I in Idaho
on December 1951 [6], and after the �rst nuclear powered submarine, the U.S.S. Nautilus, was
launched under president Eisenhower in January 1954 [7], the �rst nuclear power plant to be
connected to the electricity grid was the Russian 5MWe APS-1 plant in June 1954 [6]. The �rst
commercial nuclear power reactor worldwide, the 50MWe CalderHall 1 plant, went operational
in August 1956 in England [6], to be followed by nuclear power plants in most industrialized
countries. By July 2012, 435 nuclear power plants are in operation1 in 31 countries with a total
net electric power of about 370GWe; 62 new plants are under construction (see Fig. 1.1) with a
total net electric power of 59GWe [8]. In addition, 272 research reactors of di�erent types are
operational by July 2012, and 17 more are under construction [9].
The 435 operational nuclear power plants consist of 272 pressurized light-water moderated and
cooled reactors (PWR), 84 boiling light-water moderated and cooled reactors (BWR), 47 pres-
surized heavy-water moderated and cooled reactors (PHWR), 15 gas-cooled, graphite-moderated
reactors (GGR), 15 light-water cooled, graphite-moderated reactors (LWGR) and 2 fast breeder
reactors (FBR) [8]. The focus of this work is on pressurized water reactors of western design.

Due to the widespread application of nuclear power, comprehensive research e�orts have been
dedicated for decades to study and develop materials for utilization in the nuclear �eld (�nuclear
materials�). Nuclear materials consist of the two large groups of nuclear fuels, like uranium or
plutonium dioxide, and nuclear structural materials. Next to stainless steel in various forms,
studied for reactor pressure vessel (RPV) applications as well as cladding and other core com-
ponents, Zirconium-based alloys are the dominating structural materials. In modern light-water
moderated and cooled reactors (LWR), most fuel assembly (FA) structural components like fuel
rod (FR) cladding, spacer grids, PWR guide tubes and BWR water channels and fuel channels
consist of advanced Zr-based alloys.

1In consequence of the Fukushima accident, a number of these reactors are in temporary shutdown for safety
review; they are listed as plants �in operation�.
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CHAPTER 1. MOTIVATION

Figure 1.1: Nuclear power plants worldwide [6]

The dominating role of Zr-based alloys as structural material is due to their very advantageous
properties with regard to nuclear reactor environments: Reactor-grade Zr in its natural isotopic
composition has a low absorption cross section for thermal neutrons in the range of 0.2 barns, and
a melting point of above 1800◦C, thus providing enough margin to ensure thermal stability as
cladding or structural material even in accidental scenarios. These two major qualities are shown
in Fig. 1.2, compared to other elements used in industrial applications. Advanced Zr-based alloys
possess a high corrosion resistance which allows for component lifetimes in the reactor core of
several years, and they show a comparatively low hydrogen pickup. As hydrogen uptake can lead
to material embrittlement, and high amounts of hydriding could favor material deformation, a
low hydrogen uptake is an important nuclear material property. In addition, Zr-alloys feature
su�cient mechanical stability to withstand transport and handling under normal operation as
well as to ful�ll stability requirements in design basis accidents like earthquakes. Finally, Zr is
available in su�cient quantity and at price levels which allow for its industrial use.

A nuclear reactor requires the structural materials to tolerate extreme environmental conditions
for many years during operation, particularly the neutron �ux. Neutron irradiation of the in-core
components produces irradiation defects with a number of consequences; in metals, one of the
main e�ects of these defects is irradiation induced material deformation. Most metals under
irradiation are known to experience this deformation, and the phenomenon can be divided into
two contributing parts, creep and free growth. Creep is known as the constant volume material
deformation process under stress, while growth is de�ned as the constant volume material defor-
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Figure 1.2: Material melting point vs. thermal neutron absorption cross section; courtesy of
AREVA NP GmbH

mation in the absence of stress. Irradiation creep is observed in most metals; however, irradiation
induced growth occurs in non-cubic crystal systems only, as it depends strongly on the anisotropy
of the crystal lattice [10]. The irradiation-induced creep and growth occur simultaneously with
each other and the thermally induced creep, which is a process that would also be present without
the irradiation at the typical operating temperatures around 300◦C. Therefore, the total observed
material deformation is a combination of both thermally and irradiation induced deformation.
One important part of the irradiation growth phenomenon is its development at high neutron
�uences. Irradiated anisotropic materials in both single-crystal and polycrystal form show, after
a certain �uence has been reached, an increase in their growth rate. This increase is designated
as �breakaway growth�, and its onset lies in �uence ranges that are relevant for nuclear reactor
operation [11,12]. The occurrence of breakaway growth in fuel assembly components is therefore
an important issue when discussing fuel assembly irradiation deformation.

A fuel assembly is a complex structure of fuel rods (which contain the fuel pellets), spacer grids
and guide tubes. All these interconnected parts experience irradiation-induced deformation dur-
ing operation, and the extent of their deformation varies due to their di�erent geometry, texture,
alloy, and local environmental situation. The deformation of the fuel assembly as a whole is then
the result of the interaction of the deformation of these single components. It will be shown in
chapter 2 that the PWR components whose deformation has the largest impact on the whole
assembly's axial deformation are the guide tubes. Therefore, this work focusses on the irradiation
behavior of typical guide tube alloys.
The phenomenon of fuel assembly deformation is, of course, known, and large experience databases
containing FA deformation values from many years of operation exist. A certain amount of pos-
itive FA length change is even required to compensate for the irradiation induced relaxation of
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CHAPTER 1. MOTIVATION

the fuel assembly hold-down springs, which apply a load on the guide tubes to counteract the
coolant �ow's buoyant force. Based on the operational experience, fuel assembly design therefore
allows for a speci�c amount of assembly growth; within these margins, a safe operation of the
assemblies is ensured.

Due to economic and ecologic reasons, the nuclear fuel assembly market demands for FA designs
which can reach higher fuel burnups, can withstand increased power levels at high operating tem-
peratures and allow for longer cycle lengths and higher FA lifetimes [13]. By these developments,
the number of assemblies for a �xed power output is reduced, thus decreasing FA acquisition and
transport costs and the amount of nuclear waste. The required improvement of the fuel assembly
operation behavior led to the development of advanced Zr-based alloys. However, due to these
more demanding operating conditions, the issues of hydrogen uptake, corrosion and irradiation
induced deformation of PWR fuel assembly structural components have become more signi�cant
than in the decades before [13].
King et al. reported unexpectedly high growth of PWR fuel assemblies with Zry-4 skeletons
in the US Wolf Creek plant, which could not be accounted for by the operational experience
based irradiation growth models [13]; similar FA behavior was observed in some other PWR
plants. Such excessive and unexpected deformation of the assemblies can lead to issues disturb-
ing power plant operation, like possible fuel assembly handling problems and interactions due to
fuel assembly envelope increases caused by lateral spacer grid growth, or incomplete control rod
insertion due to guide tube deformation [13]. As a consequence of this unexpected behavior, it
has become clear that a more detailed understanding of the irradiation-induced microstructural
processes leading to FA growth is necessary; such understanding could contribute to improve the
fuel assembly deformation prediction codes and would facilitate the development of advanced
growth-resistant Zr-based alloys [14].

The nuclear reactor environment o�ers a large number of possible reasons for FAs showing di�er-
ent levels of irradiation induced growth in di�erent plants: variations in the FA design; neutron
�ux and �uence which depend on the plant, di�er axially as well as with the FA position in the
core and are in�uenced by varying control rod movements during start-up, shutdown and load
changes; di�erent fuel burnup, power levels and FA lifetimes; plant speci�c cooling water chem-
istry with a possible in�uence on hydrogen uptake at the components' beginning of life. Many of
these possible parameters leading to FA growth have been investigated and could be excluded as
the origin of the unexpected deformation. There are, however, two parameters whose in�uence
on FA growth require further study: the guide tubes' hydrogen content and the in�uence of
external stress.
Zr-alloys in a nuclear light water reactor environment absorb hydrogen during operation, with
the total amount depending on a large number of factors like the FA's operating history, the
component alloy's composition and its level of oxidation. With the hydrogen solubility limit
in typical guide tube alloys in the range of 80wt.-ppm at the operating temperatures in the
range of 300◦C, and possible hydrogen concentrations up to several 100wt.-ppm, the excess
hydrogen precipitates as zirconium hydrides. The Zr-alloy components' total hydride content
therefore increases continuously during FA operation. The in�uence of both the hydrogen in
solution in the Zr-alloy matrix and of the precipitated hydrides on the neutron irradiation in-
duced microstructure remains unclear. The study of a possible correlation between hydrogen and
irradiation-induced deformation is complex as the hydrogen content of the components increases
not necessarily linearly with the total assembly time in the core and is further in�uenced by a
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number of factors as mentioned above. It can also vary locally with the axial or radial guide
tube position within one FA.
The second parameter of possible major in�uence on FA growth, external stress, can di�er from
unit to unit and assembly to assembly due to variations in coolant pressure and �ow rate or dif-
ferences in the chosen hold-down spring forces. Also, the applied axial stress by the hold-down
springs is not constant, as the springs show relaxation as a consequence of material degradation
due to the neutron irradiation. Additional stresses are caused by the irradiation deformation
of the FA's components and their mechanical interaction, which can vary for di�erent assembly
designs and lead to consequential stress distributions in the assemblies that are di�erent from
the stress situation in other assemblies. Also, thermally and irradiation induced creep can lead
to varying degrees of stress relaxation. Most of these factors are a function of the total assembly
time in the core and of a number of other operation dependent parameters, such that the result-
ing local stress situation is complex.

As both the hydrogen content of the components and the applied stress depend on a large num-
ber of parameters that cannot be separated or measured with high accuracy in a nuclear reactor
environment, the study of the e�ect of hydrogen level and stress on irradiation-induced creep
and growth is di�cult in in-pile experiments. Therefore, heavy ion irradiation was chosen as a
method to simulate the neutron irradiation damage out-of-pile.
During heavy ion irradiation, experimental parameters like the material's temperature, hydrogen
content, stress level and the irradiation dose and damage rate can be controlled and measured
with accuracy. Also, in-situ transmission electron microscopy (TEM) facilities like the Argonne
National Laboratory's IVEM Tandem Facility allow to observe the development of the irradi-
ation damage with the dose dynamically in the TEM, such that defect nucleation, migration
and interaction can be studied. Also, a de�ned material region can be imaged starting from its
unirradiated state up to high dose levels; thus, the local microstructural properties before the
irradiation are known, which avoids artifacts and measurement errors. Due to the signi�cantly
higher interaction cross sections of heavy charged particles with matter as compared to neutrons,
irradiation times are strongly reduced. Typical guide tube end-of-life doses which are given in a
PWR after about 5 years of operation can be reached by heavy ion irradiation in several hours.
Finally, the absence of material activation avoids the decay times necessary for in-pile irradiated
material, simpli�es sample handling and laboratory access and saves large �nancial e�orts for
material transport and radiation protection issues. Heavy ion irradiation, especially coupled
with in-situ TEM, is therefore a highly valuable tool for the study of neutron irradiation damage
processes in nuclear materials.

The objective of this work is to provide a better understanding of the microstructural origins
of PWR fuel assembly deformation, with speci�c focus on the e�ects of hydrogen content and
external stress.
This objective is reached by three consecutive steps: First, the testing of appropriate heavy ion
irradiation conditions for the simulation of PWR neutron damage in the chosen guide tube alloys,
and of suitable post-irradiation examination methods to gain the maximal knowledge about the
irradiation induced damage structures. Secondly, the conduction of a feasibility study to assess
the comparability of heavy ion produced and PWR neutron induced irradiation damage. And
�nally, the investigation of the in�uence of hydrogen content and external stress on the irradiation
induced microstructural changes in the guide tube alloys.
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Chapter 2

Scienti�c and Industrial Background

2.1 Pressurized Water Reactor Nuclear Power Plants

Irradiation induced fuel assembly deformation is a known phenomenon in all nuclear power
reactor designs. Since 272 of the 435 nuclear power reactors in operation worldwide as of July 2012
are pressurized water reactors, this work will focus on FA deformation in PWRs as the dominating
reactor type. The studied fundamental processes of irradiation damage are, with reservation,
also relevant to other reactors, as long as design di�erences like material compositions, coolant
temperatures and neutron spectra are kept in mind.
This section provides an overview of the technical properties of the PWR design and of typical
PWR fuel assemblies.

2.1.1 Thermal Nuclear Fission

The operation principle of a thermal nuclear power reactor is the production of electricity from
the heat generated by a stable chain reaction of thermal nuclear �ssion. Energy gain by nuclear
�ssion is in theory possible for elements with mass numbers higher than iron (A=56), while
lighter elements would release energy by nuclear fusion. This is due to the dependency of the
binding energy per nucleon on the mass number, as shown in Fig. 2.1 [15].
Elements with signi�cant probability of undergoing nuclear �ssion after neutron absorption are
those with Z>90. Neutron absorption leads, in a �rst step, to the formation of a so-called
�compound nucleus� with the new mass number (A+1); following Fig. 2.1, the binding energy
per nucleon is lowered by neutron absorption for heavy elements. This reduction in the binding
energy per nucleon is su�cient, even if the captured neutron has low energy, to induce nuclear
�ssion in several isotopes with odd neutron numbers like 233

92U,
235
92U,

239
94Pu and 241

94Pu [15].
These elements are designated as ��ssile� and used as nuclear fuels for thermal nuclear reactors.
Other isotopes of industrial interest are 232

90Th,
238
92U and 240

94Pu because of their high �ssion cross
sections for neutron energies in the range of 1MeV. This energy lies within the energy range of
the neutrons produced by nuclear �ssion, which makes the isotopes candidates for fast nuclear
�ssion. They are thus used in fast nuclear reactor designs like fast breeder reactors [15].
The probability of a neutron to interact with a target atom is described by the so-called �neutron
reaction cross section� σ. σ is strongly energy and target isotope dependent and di�ers for each
kind of neutron-target interaction, which include scattering, neutron capture with subsequent γ-
or particle emission or capture with subsequent �ssion. The cross section is a measure for the
e�ective interaction area a speci�c nucleus o�ers for an incoming neutron, and is thus measured
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CHAPTER 2. SCIENTIFIC AND INDUSTRIAL BACKGROUND

Figure 2.1: Binding energy per nucleon [15]

in the dimension of area; the established unit is 10−24cm2=1barn. The total probability of a
neutron to interact with a target consisting of isotopes i, by any possible neutron-target reaction
k is the macroscopic cross section. It is the sum over the microscopic interaction cross sections
σi of all isotopes in the target, multiplied with their respective atomic densities Ni, and over all
interaction reaction types k [16]:

Σ(E) =
∑
i,k

σik(E)Ni.

Due to their lack of electric charge, neutrons travel freely in the target material between the
collisions. Their mean free path between collisions, λ, is de�ned as λ = 1/Σ.
The probability of neutron capture and �ssion is quanti�ed by the so-called capture and �ssion
cross sections. Fig. 2.2 gives an overview of the low-energy neutron absorption (�ssion+ capture)
cross sections for the isotopes of main interest for thermal nuclear �ssion reactors, as well as a
schematic of the �ssion product mass number distribution for thermal neutron and fast neutron
induced �ssion of 235

92U.
The neutron absorption cross sections decrease with increasing neutron energy (except for the re-
spective isotopes' speci�c resonance energy ranges, where the resonance cross sections reach high
values for small energy bandwidths), as the probability for neutron-atom interaction is inversely
proportional to the neutron's velocity [16]. To use the thus high �ssion cross sections at thermal
neutron energies, the �ssion neutrons have to be decelerated from their energy of creation of up
to several MeV to thermal energies before inducing subsequent �ssion reactions. This process
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2.1. PRESSURIZED WATER REACTOR NUCLEAR POWER PLANTS

Figure 2.2: Neutron absorption (�ssion+ capture) cross sections (left); �ssion product yield for
235
92U (right) [15]

is called �moderation� and is reached by a heterogeneous con�guration of �ssile material and a
moderator. Moderators are chosen to have a high stopping power for neutrons combined with a
low neutron absorption cross section in the relevant energy ranges. Typical moderators are light
water (e.g. for PWR and BWR), heavy water (e.g. for PHWR like CANDU) or graphite (e.g.
for LWGR).

For light water reactors of western design, uranium dioxide is the major fuel component, with
the 235

92U content enriched up to 5wt.-%. Due to neutron capture by the thermally non-�ssile
238
92U, the thermally �ssile isotopes 239

94Pu and 241
94Pu are bred during normal thermal reactor

operation; their contribution to the energy from thermal nuclear �ssion goes up to about 1% at
fuel assembly end-of-life. For mixed-oxide (MOX) fuel assemblies, the bred �ssile Pu isotopes
are recovered chemically from the burned UO2 fuel assemblies after they have reached end-of-life
and are mixed as plutonium dioxide with uranium dioxide to form new fuel.
235U has an absorption cross section of 681 barn for thermal neutrons (Ekin=0.025 eV); the �ssion
cross section is 586 barn [17]. The absorbed neutron leads to an excited 236U∗ compound nucleus
which parts with few exceptions into two excited �ssion products with the mass numbers of
highest probability in the range of 90 and 140 (see Fig. 2.2). During the �ssion process, on
average 2.43 prompt neutrons are emitted, as well as γ radiation. By the transitions of the excited
�ssion product nuclei to their ground states, further γ-emission occurs. Delayed neutrons and
anti-neutrinos emerge from the subsequent β−-decays and neutron emission of the neutron rich
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CHAPTER 2. SCIENTIFIC AND INDUSTRIAL BACKGROUND

�ssion products. The total energy gained by the nuclear �ssion of 235U is 207MeV; the majority
of the energy, on average 168MeV, is the kinetic energy of the �ssion products, divided according
to momentum conservation. The remaining energy is partly borne by prompt γ's released directly
during the �ssion event and prompt neutrons with a most likely energy of 0.7MeV. After those
neutrons slowed down, they are absorbed, thus producing γ emission subsequent to neutron
capture (�capture γ's�). Further energy is released in the form of kinetic energy of β-particles and
neutrinos resulting from the �ssion product decay. The energy caused by the delayed processes
make up for about 7% of the total energy released (not counting the 12MeV borne by neutrinos,
as they are not deposited within the core due to the low neutrino interaction cross section) [15].
Those 7% are the origin of the afterheat of spent nuclear fuel after the chain reaction is stopped
[16]. Table 2.1 summarizes the distribution of the energy released in the thermal nuclear �ssion
of an 235

92U nucleus. Fig. 2.3 shows a schematic of the 235
92U �ssion chain reaction.

prompt processes energy in MeV
kinetic energy of �ssion products 168
kinetic energy of prompt γ's 7
kinetic energy of prompt neutrons 5
delayed processes energy in MeV
kinetic energy of capture γ's 7
kinetic energy of β-particles 8
kinetic energy of delayed neutrinos 12
kinetic energy of delayed neutrons <<1

Table 2.1: Energy distribution after thermal nuclear �ssion of 235
92U [15,16]

Figure 2.3: Fission chain reaction [15]

A stable nuclear �ssion chain reaction requires the number of neutrons available for nuclear �ssion
in the (i+1)th generation of �ssion reactions to correspond to the neutron number in generation
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2.1. PRESSURIZED WATER REACTOR NUCLEAR POWER PLANTS

i. For a homogeneous, in�nite volume of �ssile and absorbing material, the neutron density n(t)1

as a function of time would be described by the neutron balance equation,

dn

dt
= νΣfϕ− Σϕ = n(t)v(νΣf − Σ) = n(t)C,

where ν is the number of neutrons produced per �ssion reaction, ϕ is the neutron �ux, v the
neutron velocity, Σf the macroscopic �ssion cross section and Σ the macroscopic absorption cross
section of all reactions leading to neutron loss, i.e. neutron capture with subsequent �ssion and
(n,γ) reactions e.g. in coolant, non-�ssile fuel components or structural material. The neutron
absorption in structural material or other core components leads to e�ective neutron loss and
depends on a high number of parameters given by the reactor type and the speci�c plant, like
the size and geometry of the reactor core and fuel assemblies, the choice of moderator, structural
materials, fuel, and coolant. The constant C is given by

C = v(νΣf − Σ).

The neutron balance equation is solved by

n(t) = n0 exp(Ct),

and the desired state of a constant neutron density n(t) is given for C=0:

(νΣf − Σ) = 0 ⇒ νΣf

Σ
= k = 1.

The thus de�ned ratio between neutron production and neutron loss, k, is designated the �mul-
tiplication factor�. Using the neutrons' mean free path,

λ =
1

Σ
and the neutrons' average lifetime

t̄ =
λ

v
=

1

vΣ
,

C is related to the multiplication factor as follows:

C = vΣ

(
νΣf

Σ
− 1

)
=

k− 1

t
.

Then, the time dependent neutron density is given as

n(t) = n0 exp
[
(k− 1)

t

t

]
.

For k=1, n(t)=n0 is constant, leading to the desired state of a stable chain reaction which is
designated as �critical�. For k<1, the argument of the exponential function is negative, and the
exponential function causes n(t) to approach zero; this state is called �subcritical�, and the chain
reaction cannot be held up. k>1 results in a positive argument of the exponential function and
thus an exponential neutron density excursion; this state is known as �supercritical� [16]. For
a stable nuclear chain reaction, �ssile material has to be assembled in a way that enables k to
keep the value 1 continuously. Such a con�guration can be reached by di�erent reactor designs,
di�erent fuels and for thermal, epithermal or fast neutron spectra.
1number of neutrons per unit volume
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2.1.2 Pressurized Water Reactor Power Plant Design

Fig. 2.4 shows a schematic of a PWR power plant.

Figure 2.4: Schematic of a pressurized water reactor power plant [18]

The heart of a PWR is the reactor pressure vessel; for a German Vorkonvoi or Konvoi PWR,
typical dimensions would be 5m diameter, 12m height and a wall thickness of 25 cm [19]. The
reactor pressure vessel contains the fuel assemblies; German Vorkonvoi and Konvoi designs host
FA with an active length of 3.90m. Fig. 2.5 contains a more detailed schematic of the reactor
pressure vessel and of a typical PWR fuel assembly design.
The top and bottom piece of the fuel assemblies are connected by about 20 - 24 guide tubes;
together with the spacer grids, which are located at about every 500mm of axial position, they
make up the assembly skeleton. The spacer grids provide 14 x 14 to 18 x 18 positions; those which
are not taken by the guide tubes are occupied by the fuel rods, which are held by the spacer
springs, but do not have a �xed connection to top or bottom end piece. Typical modern AREVA
PWR spacers are made of Zr-based alloys like M5 R©for the middle spacer positions and of alloy
718 (�Inconel�), a corrosion-resistant nickel-chromium-iron alloy, for the top and bottom spacer
positions. PWR fuel rod cladding materials are Zircaloy-4 (Zry-4) or Zr-Nb alloys like AREVA's
M5 R©alloy or Westinghouse's ZIRLO (Zr-1Nb-1Sn-0.1Fe). The fuel rods are �lled with pellets of
uranium dioxide or a mixture of uranium and plutonium dioxide in the case of MOX fuel. The
pellets are held at their position by plenum springs within the top of each fuel rod; the fuel rods'
free volume is �lled with He gas at pressures of about 20 bar. With the cooling water acting as
a moderator, the pellets create heat by thermal nuclear �ssion of 233

92U,
235
92U,

239
94Pu and 241

94Pu;
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Figure 2.5: Schematic of a reactor pressure vessel and a PWR fuel assembly; courtesy of AREVA
NP GmbH

the pellets' temperatures reach up to 1200◦C in the pellet center and about 600◦C at the pellets'
surface. PWR local rod power levels can be as high as about 450W/cm fuel rod length under
normal operation in high duty plants. The neutron �ux is relatively constant along the active
length of the fuel assemblies. With a typical number of 193 fuel assemblies in German Konvoi
PWR, the total uranium inventory at �rst loading is about 100 tons.
For Isar 2 as a typical German Konvoi plant, the pressurizer keeps the cooling water from boil-
ing by pressures of about 150 bar and is pumped by four primary cooling pumps from pressure
vessel bottom to top through the fuel assemblies (see Fig. 2.5), being heated from a typical inlet
temperature of 293◦C to an outlet temperature of 328◦C [19]. The coolant temperature leads to
fuel cladding outer temperatures of about 300 -330 ◦C. The heated water from the pressure vessel
outlet is led to four steam generators where heat exchangers between the primary and secondary
cooling circuit with a total heating area of about 5400m2 evaporate the secondary cooling water;
the primary cooling water continues to be reinjected into the pressure vessel. The created steam
in the secondary circuit is led to one high pressure (HP) turbine with a vapor pressure of 64 bar
at the HP turbine inlet and 11 bar at its outlet; it continues to two low pressure turbines before
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reaching the condensor and being repumped into the steam generators. The heat sink for the
condensor is provided by connection to a cooling tower; alternative heat sinks would be a river
or the sea. The turbines with rotation speed of 1500 r/min drive a generator, producing net
electrical power of 1410MWe [19].
German nuclear power plants have refuelling cycles of one year, while US or French plants prefer
18 - 24 months cycles; after each cycle, about a forth of the fuel assemblies will be exchanged
with new assemblies. PWR fuel assembly lifetimes are in the range of �ve one-year cycles, cor-
responding to FA end-of-life burnups in the range of 55 - 60MWd/kgU in typical German PWR.
Refuelling involves a complete unloading and reloading of the core, with a new arrangement of
the assemblies; based on neutronics calculations of assembly burnup and power levels, loading
patterns are de�ned to provide a homogeneous power level throughout the core. Low leakage
core loading pattern with high burnup assemblies and their associated lower power levels at the
core periphery are being used for economic reasons and to reduce the neutron damage to the
reactor pressure vessel.
Burnable poisons like boric acid in the coolant or gadolinium-doped fuel are used to compen-
sate the excess reactivity at the beginning of the cycles. Load changes or reactor shutdown are
done by partial or complete control rod insertion; the control rods, consisting of strong thermal
neutron absorbers like B4C or Ag-In-Cd, and with di�erent absorber concentration and lengths
depending on their function for shutdown or axial power regulation, are arranged in control
rod banks above speci�c FA locations throughout the core and can be inserted into the guide
tubes [15]. The guide tubes of fuel assemblies without control rod banks are closed by thimble
plugs which control the coolant �ow through the tubes.

2.1.3 Pressurized Water Reactor Guide Tubes

The focus of this work is on the study of irradiation damage in Zr-based alloys typically used for
PWR guide tubes. There are two main groups of Zr-based alloys for light water reactor structural
materials: The group of the Zr-Sn-Fe-Cr alloys, and the group of the Zr-Nb or Zr-Nb-Sn alloys.
For this work, typical guide tube alloys from both groups were chosen: Zircaloy-4 from the group
of the Zr-Sn-Fe-Cr and M5 R© from the group of the Zr-Nb alloys.

Material Properties of Zr-based Alloys

The group of Zr-Sn-Fe-Cr alloys contains the so-called Zircaloys (Zry) with the two major groups
of Zry-2 and Zry-4. Both are Zr-based alloys with the main alloying elements Sn, Fe and Cr,
di�ering mainly in their Ni content, which have been used for nuclear applications for decades [20].
Zry-4 is currently in use in both PWR and BWR, while Zry-2 is a BWR material only. The
chemical composition of the Zry-4 and M5 R© ingots used in this work is given in Table 2.2. Both
alloys have a mass density of 6.5 g/cm3 at room temperature.
While tin and oxygen are in solid solution in α-Zr, iron and chromium are quasi-insoluble in
Zr at typical component operating temperatures and precipitate nearly entirely as intergranular
and intragranular Zr(Fe,Cr)2 Laves phases2 with hexagonal close-packed (hcp) lattice structure
and typical diameters after the guide tube fabrication process of 200 nm [22].
The group of Zr-Nb alloys have been in operation in various reactor types for several years,
e.g. Zr-2.5Nb for CANDU pressure tubes [23, 24], the Russian alloys E110 (Zr-1Nb) and E635
(Zr-1Nb-1.2Sn-0.35Fe) [25] or Westinghouse's ZIRLO alloy (Zr-1.0Sn-1.0Nb-0.1Fe) [13]. M5 R© is

2�Laves phases� desigate 3 highly close-packed structure types of de�ned composition AB2; the high atomic density
is enabled by the di�erence in atomic radii between A and B with an ideal radius ratio of 1.225 [21].
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Zry-4 M5 R©

Sn 1.3wt.-% Nb 0.99wt.-%
O 0.14wt.-% O 0.135wt.-%
Fe 0.23wt.-% S 17wt.-ppm
Cr 0.11wt.-%
Zr 98.2wt.-% Zr 98.9wt.-%

Table 2.2: Alloying composition of the Zry-4 and M5 R© ingots used for this work

part of this group of Zr-Nb alloys; its major alloying elements are niobium, oxygen and sulfur.
As compared to Zry-2 and Zry-4, M5 R© hosts only a low density of Laves phases which contain
the impurity Fe of up to 500wt.-ppm. The Laves phases' sizes correspond to typical sizes in
Zircaloys; the Fe content of the M5 strips used for the samples was 389wt.-ppm. The dominat-
ing second phase particle (SPP) type in M5 R© is a body-centered cubic zirconium-niobium phase
(�βNb�) with a Nb content of 85-90wt.-% with spherical form and typical diameters between 30
and 50 nm [26,27]. Binary phase diagrams of Zr-Sn and Zr-Nb are given in the Appendix.

Zirconium and Zr-based alloys are in Zr's α-phase at room temperature and at typical component
in-pile operating temperatures of around 300◦C for guide tubes and 300 - 400◦C for cladding. Zr's
α-phase is hcp with space group 6/mmm; the atom layer sequence for hcp is ABABAB... . Pure
Zr has lattice parameters of a=3.231 and c=5.147 and a density of 6.5 g/cm3 [28,29]. The lattice
parameters shift slightly with the alloying content. Fig. 2.6 shows a schematic of the hcp lattice
structure, with the notation of the lattice planes of highest importance for irradiation defect
accumulation. The basal planes are perpendicular to the basal pole, (0001); the prism planes
can be divided into two di�erent kinds, type I (1100) and type II (1120)3 [10].

Figure 2.6: Hexagonal close-packed (hcp) lattice structure with main lattice planes

3Hexagonal crystal structures are sometimes described by using only the 3 Miller indices (hkl); the 4 index
notation relates to the 3 Miller indices by (hkil) with i=-(h+k) [29].
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The transition from the hcp α-Zr to body-centered cubic (bcc) β-Zr occurs, for very pure Zr,
at 862◦C; the β-phase has a lattice parameter of 3.545Å [28]. The high temperature phase is,
however, not present during normal reactor operation, where all Zr-based structures are in the
α-phase.

Radiation damage in Zr-based alloys has shown to consist mainly of dislocation loops on the
prism planes (�<a>-loops�) and basal planes (�<c>-loops�). A dislocation loop develops if a
signi�cant number of vacancies or interstitials agglomerate on a particular plane; the vacancies
or interstitials form a disc which has a circular edge dislocation as boundary [30]. The left image
in Fig. 2.7 shows a schematic of an edge dislocation.

Figure 2.7: Edge dislocation [29] (left); <a>- and <c>-loop locations in the hcp lattice (right)

An edge dislocation can be imagined by cutting a crystal open along the plane ABCD as desig-
nated in Fig. 2.7, then shifting the left upper part of the crystal to the right by distance b, while
the right upper part of the crystal remains unchanged. Then, both upper halfs of the crystal will
be combined again, and the strain will release. The line CD is called a �dislocation line�, and the
displacement vector

−→
B is designated as �Burgers vector� [29]. The right side of Fig. 2.7 shows the

schematic location of <a>- and <c>-loops on the hcp lattice planes. The loops are extended
over several unit cells; typical diameters for <a>-loops, for example, would be 8 nm [10].

Guide Tube Fabrication

The guide tube fabrication process starts from an ingot of the respective Zr-based alloy, which is
produced by several subsequent melting processes. After forging of a stock rod by a hot forging
press, the bar undergoes a �forge forge quench� process to set the material's state with regard to
second phase precipitate properties to a de�ned level. In a following forging process, billets will be
formed, from which hollow billets will be produced by a drilling and milling process. The hollow
billet will then be extruded to receive a so-called �tube shell� with an outer diameter of about
80mm and a length in the range of 3 - 3.5m. Then, a multistage cold pilgering process will start;
during pilgering, the hollow cylinder will be deformed to a tube, by rotating cylinders (�rolling
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dies�) rolling the tube shell which is held centrically by a conic mandrel. The component after
the �rst pilgering step is called a �tube reduced extrusion� (TREX), and such TREX material
was used as base material for the Zry-4 samples in this work. Between the di�erent rolling steps,
the cylinder is rotated and shifted to allow for homogeneous deformation. In each step, after
pilgering, the received tube is cleaned and recrystallization annealed to re-establish the material's
ductility for further plastic deformation. The tube is then straightened and, depending on the
quality of its inner surface, pickled. After drying and quality control, the next pilgering step is
started. Guide tubes are typically pilgered to their �nal wall thickness in the range of 0.6mm in
four pilgering steps and then cut to their �nal length of about 4m. The thus received material
deformation is demonstrated in Fig. 2.8; the volume of the component shown in the schematic
remains constant.

Figure 2.8: Schematic of the pilgering process; courtesy of AREVA NP GmbH

The annealing after pilgering leads to a recrystallized α-Zr microstructure in the guide tubes,
with equiaxed grains of diameters in the range of 3 to 6µm. The pilgering process for guide tubes
results in a preferential crystallite orientation (texture) in the tubes; the α-Zr grains' c-axes will
be directed radially, with an angular range of 30 to 40◦ from the radial vector. The a-axes range
from axial to tangential orientation; a schematic of the guide tubes' texture is shown in Fig. 2.15
in the following section.
As an example for the typical microstructure of Zr-based alloys in their recrystallized state,
Fig. 2.9 is a TEM image of unirradiated M5 R©. The structure shows the characteristic equiaxial
grains of Zr-based alloys in their recrystallized α-phase. The small spherical βNb-precipitates can
be seen, as well as some larger Laves phases. The main microstructural di�erence between Zry-4
and M5 R© would be the absence of βNb-SPPs and a higher density of Laves phases in Zry-4.
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Figure 2.9: Microstructure of recrystallized, unirradiated standard M5 R©

2.2 Guide Tubes under Neutron Irradiation

PWR fuel assembly irradiation induced deformation is a complex process and the result of
the irradiation induced deformation of the di�erent structural components, i.e. guide tubes,
spacer grids, fuel rods and hold down springs. In models that are phenomenologically describ-
ing the long-term deformation of Zr-based alloys in PWR environments, it has generally been
assumed that the irradiation deformation consists of separable, additive components from the
simultaneously occurring macroscopic component thermal and irradiation creep and irradiation
growth [11].
Fuel assembly component deformation depends on a high number of partly interacting and time-
dependent parameters; external parameters de�ned by the plant design like neutron spectrum,
�ux and �uence, coolant pressure and temperature, operating history, external stress and water
chemistry, as well as internal parameters like component geometry, texture, alloy composition,
initial microstructure and hydrogen content. This section gives a summary of the observed ir-
radiation deformation in Zr-based alloys and the underlying microstructural processes, with a
focus on guide tube deformation.

2.2.1 Observed Neutron Irradiation E�ects in Zr-Based Alloys

Irradiation induced deformation of neutron irradiated zirconium and Zr-based alloys has been
reported for decades. Buckley published in 1962 that �ssion fragment irradiation of Zr single
crystals at 100◦C and low �uence neutron irradiation of both Zr single crystals and Zry-2 at 90◦C
led to an expansion of the samples along their a-axes and a contraction along the c-axis, while the
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sample volume remained constant. From the results, Buckley proposed the following widely-used
model for the observed irradiation growth process: The irradiation induced interstitials condense
on the prism planes while the vacancies, which are concentrated in the depleted regions of the
damage cascades, collapse to form loops on the basal planes. This would lead to an e�ective atom
transport from basal planes to prism planes and would thus explain the observed behavior [31].
Buckley's model was in agreement with following growth studies by Hesketh et al. on textured
polycrystalline Zry-2; however, Hilditch found an a-axis expansion and also a very slight c-axis
expansion in a neutron irradiated Zr single crystal. TEM analyses of the irradiated Zr, Zircaloy
and Zr-2.5wt.-%Nb showed only dislocation loops on the prism planes (<a>-loops) with Burg-
ers vectors a/3(1120), while some authors reported measurements indicating a small fraction of
loops with c-component Burgers vectors [32]. Northwood et al. described in 1976 the neutron
irradiation of a Zr single crystal at 200 - 250◦C. They found an initial elongation of the cylindric
sample along the c-axis which decreased and led to a following shrinkage in c-direction with a
�nal state of 0.03% lower length than at the initial state. All dislocation loops were reported to
be prism plane loops with Burgers vector a/3(1120) and an equal distribution among the three
Burgers vectors. The loops after 10min of annealing at 440◦C were analyzed to consist of both
vacancy and interstitial type with a 10% excess of interstitial loops [32]. In 1977, Jostsons et al.
reported studies of both Zr and Zry-2 at irradiation temperatures of around 400◦C which showed
the dislocation structure to be again solely <a>-loops, which agrees with a report by Northwood
et al. from 1979; however, in both these works, the <a>-loops are described to be primarily
of vacancy-type, with the fraction of vacancy-loops between 53 to 91% of the total <a>-loop
population [32, 33]. Again in 1977, Jostsons et al. found faulted c-component dislocation loops
with Burgers vector 1/6(2023) in high-purity Zr neutron irradiated at 450◦C in addition to the
<a>-loops of both interstitial and vacancy-type [34]. From the studies of the <a>-loop types
in the following years until now, it can be concluded that the prism plane loops consist of both
vacancy and interstitial loops with roughly equal fraction of the whole <a>-loop population [35].
Their density is reported to increase with the dose, but to saturate at comparatively low �uence
in the range of 1 x 1024n/m2 [36]. According to G. Was, vacancy-type <a>-loops are unstable
above 450◦C due to thermal emission [10].
In 1986, Holt et al. described the neutron irradiation of annealed Zry-4 at about 290◦C to lead
to <c>-component loops in addition to a high density of <a>-loops, while annealed Zry-2 and
Zry-4 irradiated to lower doses had only shown <a>-loops. They compared the dislocation loop
observations to the samples' growth behavior and stated that �the appearance of the <c> com-
ponent dislocations correlated with the reported onset of acceleration in the rate of irradiation
growth of annealed Zircaloy at 550K referred to as 'growth breakaway' � [12]. They concluded
that the <c>-loops have an important role in the growth process, presumably as vacancy sinks.
Further work by many authors con�rmed that <a>-loops nucleate from the beginning of irra-
diation and are of both vacancy and interstitial type, while <c>-loops form above a threshold
dose only and are of vacancy type [10,12,14,31�34,37�44].
Fig. 2.10 shows the typical <a>- and <c>-loop appearance in neutron irradiated Zircaloys.
Fig. 2.11 is a summary of the growth strain observed in Zry-2 growth specimens and Zry-4 fuel
guides as provided by Holt et al. [12]. It demonstrates that the observed irradiation growth
follows a three-stage process. After the �rst stage of growth strain increase with the beginning
of the irradiation, the strain remains constant in stage II before entering stage III of accelerated
growth, designated as �breakaway�.
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Figure 2.10: Dislocation loops in neutron irradiated Zircaloys. Left: <a>-loops in annealed Zry-
2, irradiated at 300◦C in Oak Ridge Research Reactor [45]; right: <c>-loops in recrystallized
low-tin Zry-4, irradiated at 315◦C in PWR [26]

Figure 2.11: Irradiation growth in annealed Zircaloys at 277-307◦C [12]
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In the following years, irradiation induced deformation of components made of Zr-based alloys,
and the implications on reactor performance were studied and discussed for di�erent reactor
types, Zr-alloys and irradiation conditions [11, 12, 43, 46�53]. Based on these studies and the
fuel vendors' operational experience, empirical models were developed to predict (among others)
PWR fuel assembly irradiation growth.
Even though these models are generally reliable, several cases of unexpectedly high fuel assembly
growth were observed in some PWR plants during the last years. These observations led to more
recent work on the phenomenon of irradiation-induced deformation of structural components.
The transition from constant growth strain in stage II to breakaway in stage III as shown in
Fig. 2.11 was observed in research studies on Zircaloy and ZrNb-alloys irradiated in the BOR60
reactor in the scope of an NFIR (Nuclear Fuel Industry Research) program [54]; unpublished
work on free growth samples of M5 R© and Zr-1%Nb alloys irradiated in di�erent PWR as well
as the BOR60 test reactor also showed the transition to breakaway growth at high �uences.
In the light of the reported supposed correlation of the occurrence of <c>-loops with the onset
of breakaway growth, a better understanding of the irradiation deformation phenomenon cannot
only be reached by studying macroscopic component deformation, but also by investigating the
nucleation mechanisms and characteristics of <c>-component dislocation loops.

2.2.2 Microstructural Origins of Irradiation Induced Guide Tube Deforma-

tion

The following section gives an overview of the irradiation induced deformation process. It be-
gins with the neutron damage mechanisms in the structural material lattice, then describes the
formation and characteristics of dislocation loops in Zr-based alloys and their impact on single
grain geometry, and �nally explains the transition from single grain irradiation deformation to
component deformation.

Neutrons in Matter

At the very beginning of irradiation damage is the interaction process between the incoming neu-
tron and the target material. The interaction of neutrons with matter can be divided into three
groups of mechanisms. The �rst group contains the two processes of neutron scattering. �Elastic
scattering� with the conservation of the kinetic energy of the initial neutron-nucleus system and
without neutron absorption is referred to as �potential scattering� and can be treated as a hard
sphere collision process [16, 55]. During �resonance scattering�, also designated �inelastic scat-
tering�, the neutron forms a compound nucleus with the original nucleus, with the subsequent
emission of a neutron with reduced energy. The residual nucleus remains in an excited state.
While the neutron-nucleus system's total energy is conserved, the system's kinetic energy is not,
as it is reduced by the excitation energy [55]. The excitation energy will eventually be emitted,
e.g. in the form of γ-radiation or by internal conversion [15]. Inelastic scattering typically re-
quires neutron energies in the keV to MeV range.
The second group are neutron capture reactions, associated with nucleus transmutation and ra-
diation or particle emission. Typical examples are the neutron loss reactions A(n,γ)B, A(n,p)B*
and A(n,α)B*, or the neutron producing A(n,2n)B* reaction where the capture of a fast neu-
tron leads to the emission of two thermal neutrons. A and B are the initial and �nal nucleus,
respectively. X* designate excited nuclei; their excitation energy is, again, typically emitted in
the form of γ-radiation or internal conversion.
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The third group of reactions is neutron induced nuclear �ssion, as described in 2.1.1 [16]. Zr-
based alloys are non-�ssile materials, with their elemental composition chosen in a way to keep
neutron capture cross sections, and thus the probability of reactions of groups two and three,
low. Therefore, the relevant neutron-nucleus reactions for guide tube materials are scattering re-
actions, with potential scattering being the dominant mechanism for light water reactor neutron
spectra.

Fig. 2.12 shows the typical neutron energy distribution for the thermal �ssion of 235U. The
produced neutrons are quanti�ed by the neutron �ux ϕ(E), which is the number of neutrons of
energy E per unit area and unit time. While a fast nuclear reactor has the peak of its neutron
�ux spectrum near 1MeV, thermal nuclear reactors show a continuous distribution from the fast
neutrons down to thermal energies, with slight peaks in the range of 0.1 eV and 1MeV (see right
side of Fig. 2.12).

Figure 2.12: Neutron energy distribution after thermal �ssion of 235U (left); representative PWR
neutron �ux, compared to LMFBR spectrum (right) [15]

To compare the magnitude of the elastic cross sections, which are the relevant cross sections
for atom displacement in the structural materials, to the cross sections for neutron absorption
with subsequent nuclear transformation, Fig. 2.13 shows the respective cross sections for 90Zr,
Zr's main isotope, for the typical LWR neutron energy range. The cross sections are taken
from KAERI's pointwise ENDF-VII library at 300K [56]. For a detailed calculation of the cross
sections, they would have to be corrected for the di�erent temperature at operating conditions;
for a rough estimate, however, the data for 300K is used. The general trend of the cross sections
is comparable for all Zr isotopes. The total cross section is strongly dominated by the elastic
cross section over all energy ranges up to about 1MeV. While (n,γ) reactions show a contribution
especially at thermal energies, their impact is small as compared to the elastic contribution for
large parts of the spectrum. For energies higher than 1MeV, the probability of nuclear reactions
increases strongly, with (n,p) from about 2MeV, (n,α) from about 3MeV and a number of
other reactions starting from higher energies. To estimate the importance of those reactions,
the total macroscopic cross sections (Σtotal) and the macroscopic cross sections for all nuclear
transformation reactions occurring in that energy range in addition to (n,γ) (Σtransformation), were
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calculated for Zry-4 at the energies of 1MeV, 2MeV and 5MeV; the contribution of all isotopes
of the alloying elements as given in table 2.2 was taken into account. The resulting macroscopic
cross sections and their ratio are given in table 2.3. The contributing nuclear reactions in that
energy range are (n,p) and (n,α).

Figure 2.13: Neutron cross sections for 90Zr at 300K [56]

Zry-4

1MeV 2MeV 5MeV
Σtotal (cm−1) 0.27 0.20 0.15

Σtransformation (cm−1) 3.8 x 10−8 4.3 x 10−7 9.4 x 10−5

Σtransformation/Σtotal 1.4 x 10−7 2.2 x 10−6 6.3 x 10−4

Table 2.3: Σtotal and Σtransformation (without (n,γ)) estimate for Zry-4

While those additional nuclear reactions reach signi�cant contributions at 5MeV, their fraction of
the total reactions is low at 1MeV and 2MeV. While �ssion neutrons are produced with energies
even higher than 5MeV, their fraction of the whole neutron number is low, and their part of the
overall light water moderated reactor spectrum is signi�cantly smaller still (compare Fig. 2.12).
Therefore, it can be concluded that the material impurities produced by nuclear transformation
in the guide tube alloys, being either the hydrogen atoms or helium atoms from (n,p) and (n,α)
reactions or the foreign atoms from the residuals of those reactions and the (n,γ) reactions, are
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small as compared to the impurities already contained in the industrial alloys due to the fabri-
cation process or the chemical interactions with the reactor environment.

To determine the level of irradiation damage, the �rst step is to calculate the number of elastic
scattering reactions between neutrons and target atoms in the respective target volume. This
quantity is de�ned by the neutron �uence Φ(E), which is the neutron �ux integrated over the
total irradiation time. The neutron �uence thus gives the total number of incoming neutrons
after a certain irradiation time per unit area. The neutrons' mean free path between collisions,
λ, is in the range of 1 cm in Zr-based alloys; in reactor core components like guide tubes with wall
thicknesses less than 1mm, the neutron-atom collision distribution can therefore be assumed to
be homogeneous over the guide tube dimensions [16].

The number of elastic scattering reactions between neutron and target atoms per unit volume
and unit time, the so-called �reaction rate� Ṙ, can be calculated from the macroscopic elastic
scattering cross section Σe by

Ṙ =

∫ Emax

Emin

ϕ(E)Σe(E) dE.

For the assessment of irradiation damage, the total number of elastic neutron-target reactions in
a de�ned irradiated material volume Virr after a speci�c irradiation time tirr is of interest. This
total number of reactions, R, can be calculated by integration over Virr and tirr:

R =

∫ tirr

0

∫
Virr

∫ Emax

Emin

ϕ(E)Σe(E) dE dV dt.

From Point Defects to Defect Clusters

The number of elastic neutron-target nucleus collisions having occurred in a speci�c target volume
after de�ned irradiation time can be calculated by the equation directly above. Whether the
elastic collision reaction leads to atom displacement, and how much kinetic energy is transferred
to the target atom, depends on the binding energy of the target atom in its crystal lattice and
the target atom's mass. For α-Zr, an atom binding energy of 40 eV is speci�ed in the ASTM4

norm reference test standard [10,36]. Due to momentum conservation during the elastic collision,
the transferred energy T from a neutron with initial energy Ei to an atom with mass A is given
by [10]

T =
2A

(1 + A)2
Ei(1− cosθ)

with θ being the scattering angle. For the direct collision with maximal energy transfer, and the
mass A=91.22 for Zr with its natural isotopic composition, the minimal neutron energy neces-
sary to displace a Zr atom is 932 eV. This energy is clearly covered by the majority of neutrons
in the PWR spectrum.
Having been knocked out of its original lattice position and leaving a vacancy behind, the dis-
placed Zr atom (�Primary Knock-on Atom�, PKA) will travel through the matrix and loose its
kinetic energy by Coulomb interaction with the target atoms' electrons as well as by elastic

4American Society for Testing and Materials
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collisions, creating a displacement cascade. As the PKA and matrix atoms have equal mass for
the majority of the atom collisions, half the PKA's current energy is transferred to the matrix
atom [36]. Having lost its energy, the PKA comes to rest in the lattice, typically at an interstitial
position. Thus, the primary defect types being caused by neutron irradiation are interstitials and
vacancies. However, molecular dynamics computations showed that after the relaxation of the
damage cascades, which initially consist of a core of high vacancy concentration and a periphery
of high interstitial concentration, a large part of the point defects recombinate; in addition, the
remaining defects are not all in point defect form but also constitute clusters which can contain
up to 24 vacancies or 25 interstitials in the case of α-Zr. Those spatially separate point defect
clusters as well as possible di�erent numbers of vacancy and interstitial type point defects after
the cascade relaxation can result in a disequilibrium in the interstitial to vacancy ratio, which is
described as �production bias� and is of high importance for the resulting microstructure [36].
The point defects which remain in the material after the cascade collapse do not necessarily stay
isolated in the target matrix but tend to form pairs and clusters. When a vacancy is induced
into an atomic lattice, the lattice con�guration changes slightly around it, adjusting to the new
Coulomb potential. Thus, a strain is applied to the surrounding atoms that is absent in the equi-
librium state without the vacancy and which increases the material's free energy. If two or more
vacancies are located directly next to each other, the caused strain for the neighbouring atom
positions is lower than the sum of the strains caused by two single vacancies. The same principle
applies to interstitials, with the modi�cation that the strain does not pull the surrounding atoms
nearer to the vacancies' position but pushes them from the interstitials' location. Thus, cluster-
ing of defects lowers the system's free energy which is the reason for the tendency of defects to
agglomerate [57].
Defect migration requires a defect type and lattice structure dependent activation energy to move
the defect from its initial position where it is in a local potential minimum; at a su�ciently high
material temperature, the thermal activation energy enables defect migration. Typical PWR
coolant and thus structural component temperatures are in the range of 293◦C to 328◦C [19].
The migration and annihilation of point defects in single crystal α-Zr after 1.2MeV electron
irradiation at 120K was studied by G.M Hood [58]; Frank then suggested the di�erent defect
annealing stages in α-Zr based on that work [37]. The onset of free vacancy migration in α-Zr,
according to Hood, occurs between -23◦C and +27◦C [58]. According to Frank, free vacancy mi-
gration starts at around 30◦C, while self-interstitials undergo long-range migration in annealing
stages I and III, with the higher temperature limit of stage III at around 30◦C [37]. At typical
PWR component temperatures, the point defect migration threshold energies are thus clearly
exceeded, and the point defects are free to migrate, recombinate or cluster in the material under
irradiation. As compared to defect clusters like dislocations, single defects move on short time
scales. Thus, the changes in cluster size are assumed to depend on the interstitial and vacancy
migration rates. If an interstital reaches a vacancy cluster, the cluster shrinks, while an intestitial
cluster would grow [10].

Zirconium alloys as non-cubic metals di�er from a large number of other materials by their
anisotropic crystal structure. The formation and characteristics of extended defect structures in
irradiated materials are de�ned by the di�usion characteristics of point defects in these mate-
rials. As point defect di�usion strongly depends on the crystal structure, the anisotropy of the
lattice structure has a major impact on the irradiation defect cluster formation and dislocation
characteristics in Zr-based alloys.
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Fig. 2.14 gives an overview of the two main processes leading from an irradiation induced popula-
tion of interstitials and vacancies to the observed microstructural evolution in anisotropic metals.
The focus of the schematic is on the behavior of point defects which is the primary factor de-
termining the �nal material microstructure. However, it has to be taken into account that the
behavior of defect clusters, like dislocation loop interaction or migration, does also in�uence the
�nal microstructure.
The process shown in green takes place in isotropic as well as anisotropic materials and is, for
isotropic metals, the main process of microstructural evolution. The process shown in blue is
caused by the anisotropic crystal lattice and does not occur in isotropic materials; for anisotropic
metals, the blue process is, according to Woo [41], the dominating one. Apart from the two pre-
sented processes, other minor in�uences are present.

Figure 2.14: Schematic of the microstructural evolution processes in non-cubic metals

The conventional theoretical description of irradiation deformation in cubic metals is done by
rate theory, based on the so-called Elastic Interaction Di�erence (�EID�) between vacancies and
interstitials. The EID shown in green results from a generally di�erent interaction of interstitials
and vacancies with defect sinks. While interstitials lead to an excess of atoms in a unit space that
would contain less atoms in an ideal crystal, the neighboring atoms are pushed away from the
interstitial. This is the inverse e�ect of a vacancy in the lattice, which provides additional space in
the unit volume that would allow the neighboring atoms to move from their ideal crystal positions
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nearer to the vacancy. Consequently, a strain of di�erent mathematical sign is created in the
lattice for the two di�erent point defect types, and that di�erent defect strain causes a di�erent
interaction of the point defects with the surrounding lattice atoms, dislocations and other sinks.
That di�erence is mathematically expressed by the dipole tensor that describes the strain �eld
created by the point defect in the perfect lattice, and the so-called �elastic polarizability� which
specify the modi�cation of the point defect strain by the total strain �eld that is present in the
crystal, e.g. caused by defect sinks or external stress. The interaction of the point defects with
sinks changes their migration characteristics and migration rates; therefore, the di�erent dipole
tensors and polarizabilities for interstitials and vacancies lead to di�erent reaction constants of
the two defect types with defect sinks [41].
If external stress is applied, it leads to an additional strain �eld that is superimposed on the
existing dislocation and sink strain �eld in the material; such existing strain �elds are small for
recrystallized material but will grow during irradiation due to the developing defect structures.
The external stress leads to the e�ects of stress-induced preferential nucleation (�SIPN�) and
stress-induced preferential absorption (�SIPA�) of point defects. SIPN describes the preferred
nucleation of dislocation loops on planes with a certain orientation to the external stress during
irradiation. While interstitial loops are reported to nucleate with a higher probability on planes
perpendicular to the applied tensile stress than parallel to it, vacancy loops are more likely
to nucleate on planes parallel to the stress. Both e�ects lead to an increase in sample length
parallel to the external tensile stress. However, the SIPN model is still controversely discussed
and gives account only for a certain amount of the observed irradiation induced creep [10]. SIPA
describes an unequilibrium in the point defect absorption by dislocations under external stress.
The additional external strain �eld is reported to lead to a preferred absorption of interstitials
by dislocations while vacancies are preferredly emitted by dislocations [10].
The result of the generally di�erent interaction behavior of the di�erent point defect types and
the in�uence of the external stress is a di�erent sink interaction potential for interstitials and
vacancies which causes the elastic interaction di�erence.
For anisotropic metals, an additional process is triggered by the crystallographic anisotropy.
In anisotropic crystalline materials, point defect jump directions and jump distances depend
on the atom jump directions which leads to an anisotropy in point defect di�usion. Also, the
sinks' attraction or repulsion for the di�erent defect types depend on the sinks' geometry and
their orientation to the di�usion �eld which causes the point defect sink interaction to become
dependent on the spatial directions. The consequence of both e�ects is the so-called �Di�u-
sional Anisotropy Di�erence� (DAD), a lattice direction dependent di�erence in the point defect
di�usion of interstitials and vacancies [41].
The overall result of the described processes is a di�erence in the reaction constants for the
interstitial-sink and vacancy-sink interactions which leads to the so-called �sink bias�. The sink
bias describes the di�erence between the di�erent point defect �uxes to a certain defect sink.
Even though interstitials and vacancies are produced in equal numbers during irradiation, and if
it would be assumed that the production bias described above would be negligible, the sink bias
in the material could lead to a local or general di�erence of the interstitial and vacancy number
densities. This would result in the preferred nucleation of defect clusters like dislocation loops
of speci�c type. The sink bias is thus generally observed as the dominant factor that determines
the microstructural defect evolution and, on the long term, the macroscopic material deforma-
tion [10].
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The explained process is, of course, an idealized one. It has to be considered that the described
defect behavior will depend on parameters like the alloy's composition, chemical impurities, grain
size and the associated grain boundary characteristics and second phase particle structure, to
name but a few.

Based on the experimental and theoretical work during the last decades, the observed three-stage
irradiation growth process can be described in more detail. Bacon [38] summarized the processes
in hcp metals as follows: Stable interstitial loop nuclei are formed with a few self-interstitial
atoms per loop, supposedly in replacement cascades under neutron irradiation. These loops are
growing fast by self-interstitial di�usion parallel to the c-direction, leading to interstitial loops in
the prism planes of type II. The extra material that is deposited on the prism planes leads to the
growth transient that is observed at low doses (growth stage I). Then, vacancy loops nucleate and
grow on the same planes; here, it is not known whether the loop nucleation is caused by neutron
irradiation cascade collapse. Depositing vacancies at dislocations on the same type of planes as
the interstitials decreases the growth rate to a very low value (growth stage II). The actually
observed small rate could be caused by a small net deposition of self-interstitials at prism grain
boundaries and vacancies at basal grain boundaries. The accumulation of more damage leads
to the nucleation and growth of vacancy loops on the basal planes. This nucleation mechanism,
which is possibly in�uenced by solute atoms, is unknown; however, the vacancy basal loops
provide a ready sink for vacancies. Therefore, the presence of vacancy loops on the basal planes
disturbs the balance of self-interstitial atoms and vacancies depositing on the prism planes, which
leads to the acceleration of irradiation growth (growth stage III).

From Single Grain Growth to Component Growth

The described three-stage irradiation growth process leads to an expansion of Zr or Zr-based
alloy single crystals along their a-axes and a shrinkage along their c-axis. How and to what
degree this single crystal deformation a�ects the component as a whole depends strongly on the
component's texture. For PWR guide tubes, the texture produced by the pilgering fabrication
process consists of the majority of the grains' c-axes oriented radially, with their deviation from
the radial vector within 30◦ to 40◦ [30]. The guide tube will thus shrink radially and expand
axially, giving rise to the phenomenon of fuel assembly axial growth, as the guide tubes are in
�xed connection to the assembly's top and bottom end piece. This process is demonstrated in
Fig. 2.15. The schematic is, however, an idealized one. The real fuel assembly growth will occur
simultaneously with irradiation creep and be a consequence of the irradiation induced dislocation
structures in the single grains and the associated single grain deformation, the interaction of the
single deforming grains via their grain boundaries and the macroscopic interaction of the di�erent
assembly components, i.e. guide tubes, spacer grids, fuel rods and hold-down springs. Each of
these steps in itself is subject to a high number of variables which will be discussed in the
following.
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Figure 2.15: From single grain deformation to guide tube deformation; acc. to R.B. Adamson [30]

2.2.3 Parameters A�ecting Irradiation Induced Guide Tube Deformation

Irradiation induced deformation of Zr-based alloys in PWR environments depends on various pa-
rameters. This section gives an overview of the relevant variables for irradiation deformation in
general; then, it focusses on the factors that could be responsible for the unexpectedly high fuel
assembly growth in several cases in some units, which occurred while other assemblies of similar
design, reactor environment and operating history showed the predicted �normal� deformation
behavior. Two of these parameters are the materials' hydrogen content and the external stress,
whose e�ect was investigated in this work.

The following parameters are related to Zr-based alloy or fuel assembly deformation, as reported
by Fidleris [11], Abromeit [59] and other authors [10]:

• Neutron spectrum: The neutron spectrum as the neutrons' energy distribution within
a nuclear reactor de�nes the range of the energy transferred to the component material in
neutron-target atom collisions. It is thus the decisive factor for the primary recoil energy
distribution and the subsequent recoil cascade size and characteristics, which in turn de�ne
the initial point defect distribution and interaction in the target material. Irradiation
damage in a test reactor with fast neutron spectrum can thus be expected to di�er from
the observed damage in a light water reactor with thermal spectrum.

• Neutron �ux: The neutron �ux de�nes the number of neutron-target interactions per unit
volume and unit time. Time-dependent microstructural processes in the target material,
like recoil cascade overlap or irradiation-induced dissolution of second phase particles can
be expected to depend on the neutron �ux.
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• Neutron �uence: There is an obvious e�ect of neutron �uence on the irradiation induced
deformation of Zr-based alloys: the observed three-stage growth process, and especially
the occurrence of breakaway growth. From a microstructural point of view, the density of
<a>-loops is described to �rst increase with the �uence and then approximate saturation,
while the <c>-loops are reported to form only above a certain threshold �uence.

• Temperature: The irradiated material's temperature has a major in�uence on irradia-
tion deformation. It directly a�ects the defect di�usion constants, as defect di�usion and
migration increase with increasing temperature. Thompson described the defect migration
rate, which de�nes the defect cluster growth and shrinkage and point defect recombination,
to depend exponentially on the temperature [57].

• Defect sink structure: Due to the previously explained sink bias, the irradiation in-
duced microstructure and the associated material deformation is strongly dependent on
the presence, distribution and characteristics of defect sinks like initial dislocations from
cold work, grain boundaries, second phase particles, alloying elements, foreign atoms and
dislocations [10, 59]. These factors are usually de�ned by the fabrication process which
leads to a given texture, grain size, alloying composition and second phase particle struc-
ture in the component. However, it has to be kept in mind that this defect sink structure
is not a constant during the irradiation but changes continuously by the development of
irradiation-induced defects, dislocations and local strain �elds in the material or possible
dissolution of second phases during irradiation.

• Stability of second phase particles: During the displacement process in the cascade,
the material is locally in an overheated, molten state designated as �thermal spike�. That
phenomenon can lead to the formation of disordered or amorphous non-equilibrium phases,
even though the local high temperatures fall to ambient temperature level in the range of
10−12 s. A damage cascade causes a shock wave in the material that can in certain cases
result in a transport of interstitial displacement loops away from the interaction region
[21]. The cascades lead to a disordering of the target's atomic structure that in�uences
the behavior of alloy precipitates under heavy ion or neutron irradiation. Abromeit et
al. [60] state two major atomic transport mechanisms under irradiation: atomic mixing
and radiation-enhanced interdi�usion. The atomic mixing in the recoil cascade volume
leads to dissolution of the preexisting mixtures of phases. Radiation-enhanced interdi�usion
accelerates the system's return to the thermodynamical equilibrium and can either stabilize
the previous mixture of phases or lead to �ux-, defect- and atom species-dependent modi�ed
mixtures of phases.

• Texture: The respective component's texture de�nes how the irradiation growth of single
grains a�ects the deformation of the component as a whole, as described above.

• Alloying elements: Hood reports that self-interstitial di�usion in α-Zr could be enhanced
by Fe, Ni and Co due to an impurity-associated di�usion mechanism. Also, metallic solutes
with small elemental radii are suspected to slow down the di�usion of vacancies and self-
interstitial atoms: Undersized atoms in association with a self-interstitial are reported to
build defects with lower mobility than the self-interstitials would have on their own [14].
Shishov et al. reported that the <a>- and <c>-loop population in neutron irradiated alloy
Zr-1Nb-1.2Sn-0.35Fe (�E635�) depends on the chemical composition, the phase mixture and
the Fe/Nb-ratio [61]. For E635 with 0.15%Fe, the evolution of <c>-loops and accelerated
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growth was observed after a neutron dose of 15 dpa while E635 with 0.65%Fe showed
no <c>-loops up to 20 dpa. Hood speci�cally emphasized the role of Sn with regard to
irradiation damage in α-Zr; Sn was observed to enhance interstitial-vacancy-recombination,
as well as to attenuate vacancy clustering [14].

The parameters listed above are parameters that can be assumed to be relatively constant for
fuel assemblies of the same design and production process, with comparable operating histories
and in similar reactor environments. To better understand why some of these assemblies showed
unexpectedly high growth, the focus is laid on the in�uence of two parameters which might vary
even in otherwise comparable assemblies and reactor environments: the guide tubes' hydrogen
content and the external stress.

In�uence of the Alloy's Hydrogen Content

As all Zr-based alloy components in nuclear reactor environments, guide tubes pick up hydrogen
during operation due to the corrosion reaction Zr+2H2O→ZrO2+2H2. Fig. 2.16 shows the
typical range of hydrogen content in Zry-4 and ZIRLO guide tubes after fast �uences in the
range of 9 x 1021cm−2 (E>1MeV); the data was reported by King et al. for guide tubes from
assemblies in the US units VC Summer and Wolf Creek [13]. The hydrogen content, which
is strongly dependent on the alloy, increases with axial elevation due to the higher coolant
temperature at higher axial positions which favors corrosion and thus hydrogen uptake. End-of-
life hydrogen contents in Zry-4 guide tubes can reach ranges of up to 1000wt.-ppm.

Figure 2.16: Hydrogen uptake in Zry-4 (�uence=8.8 x 1021n/cm2, E>1MeV) and ZIRLO (�u-
ence=9.5 - 9.6 x 1021n/cm2, E>1MeV) guide tubes; H content in wt.-ppm [13]
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Up to its solubility limit, the hydrogen is dissolved in the Zr matrix. Fig. 2.17 shows the terminal
solid solubility of hydrogen in unirradiated Zry-4, measured by di�erential scanning calorimetry
[62]. The Tmax give the annealing temperatures of the samples; thus, the data in blue is from
stress-relieved material while the data in red from recrystallized samples. The hydrogen solubility
from the dissolution data shown in the plot at typical PWR temperatures of 300◦C is in the range
of 80wt.-ppm. At room temperature, the solubility is close to 0wt.-ppm.

Figure 2.17: Hydrogen solubility in Zry-4 [62]

For hydrogen concentrations above the solubility limit, the hydrogen precipitates as zirconium
hydride. At hydrogen levels lower than 1000wt.-ppm, two hydride phases are reported to exist
simultaneously in α-zirconium: the face-centered cubic δ-phase with the approximate composi-
tion of ZrH1.6 and the face-centered tetragonal γ-phase, ZrH. While the δ-phase is described to
form primarily intergranularly, the γ-phase tends to be intragranular; the hydrides are reported
to precipitate with needle- or plate-like morphologies [63]. Cann et al. studied the in�uence of
di�erent parameters on the ratio between the δ- and γ-hydrides in α-zirconium. They found that
the materials' oxygen content had a signi�cant e�ect on the hydride ratio and concluded that
the alteration of the yield strength by the oxygen may have an important e�ect on the nature
of the formed hydride phases in α-Zr [63].
The hydrogen content under the solubility limit is in solution in the hcp α-Zr matrix. α-Zr
with its large interatomic separation and a comparatively small ion-core radius of 0.079 nm
[38] is a relatively open-structured metal; small atoms in α-Zr are reported to di�use via the
nominally empty interstitial sublattice generally faster than it would be possible by substitutional
di�usion [14]. While substitutional di�usion would require the formation of a vacancy before the
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substitute atom could jump to that new position and thus di�use, interstitial di�usion needs
only the activation energy for jumps between adjacent interstitial sites, thus leading to the
observed higher di�usion coe�cient. This corresponds to the observation that oxygen, nitrogen
and hydrogen show, without exception, interstitial behavior in metal hosts. The relatively high
solubility of these elements in α-Zr is assumed to cause a di�usion behavior that is largely
insensitive to the state of the matrix [58].
The di�usion of hydrogen and oxygen in α-Zr is described to depend only weakly on the presence
of alloying elements, at least at elevated temperatures. It was reported that the di�usion of small
atoms in α-Zr is generally faster parallel to the c-axis than perpendicular to it, with the di�erence
less than a factor of two [14].
McMinn et al. described the in�uence of chemical composition or microstructure on the terminal
solid solubility to be small. They also studied the e�ect of CANDU reactor neutron irradiation on
the hydrogen solubility in Zry-2 and Zry-4. They did not �nd an e�ect for fast �uences between
5.5 x 1020 to 5.5 x 1021 n/cm2, but reported that Zry-2 with 75wt.-ppm hydrogen irradiated to
1 x 1022 n/cm2 showed an increase of the hydrogen solubility that could not be completely recov-
ered by annealing at 500◦C for 1 h. From their observations, McMinn et al. formed the hypothesis
that the irradiation damage sites after the high dose irradiation act as traps for hydrogen and
keep the trapped hydrogen from contributing to the hydride precipitation and dissolution process.
They based the hypothesis on reports of clear evidence for hydrogen trapping at vacancy defects
and dislocation lines in Zr. Also, they referred to publications which describe that the irradi-
ation induced microstructure inhibits hydrogen di�usion during irradiation [64]. The threshold
�uence for the increase in solubility, and the fact that annealing at 500◦C was insu�cient to re-
verse the e�ect, would point to an important role of <c>-loops in the hydrogen trapping process.

To sum up, there are three di�erent mechanisms to be considered when discussing the e�ect of
hydrogen on irradiation induced guide tube deformation:

1) The material volume increase caused by hydride precipitation: With the hydrides'
density lower than the density of Zr, the hydrogen precipitation leads to a volume increase of
the Zr-based components. For a hydrogen concentration of about 1000wt.-ppm in Zircaloy, this
volume increase is in the range of 1%, due to the density di�erence of about 16% between
Zircaloy and zirconium hydride [65]. While King et al. [13] reported the guide tube and spacer
grid volume increase due to precipitation to be independent of texture, a systematic preferential
orientation of the needle-like hydrides in all hydrogen-loaded Zry-4 samples for this work was
observed in the TEM. With guide tubes being textured components and Zr-based alloys hav-
ing an anisotropic lattice structure, a possible preferential orientation of the hydrides, or the
hydrides of a speci�c phase, with regard to the guide tube geometry cannot be excluded. Such
preferential hydride precipitation would contribute to guide tube deformation. As guide tube
hydrogen uptake increases with increasing axial position, following the oxide pro�le, [13] and de-
pends on the assemblies' power history and time under irradiation, this e�ect can contribute with
di�erent strength to the deformation of guide tubes in di�erent units, assemblies and also within
one tube. Furthermore, the e�ect of hydride precipitation depends on the �uence: As described
above, the hydrogen solubility in Zr increases for high �uences. Also, following the hypothesis
of Cann et al. [63] on a dependence of the δ- to γ-hydride ratio on the material's yield strength,
it might be possible that the irradiation hardening known to occur during neutron irradiation
might lead to a di�erent hydride type ratio. This would be relevant for deformation processes as
the di�erent hydride types have di�erent densities and would thus contribute di�erently to the
volume increase.
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2) The direct interaction of hydrides with the irradiation induced defect structures:

Second phase particles are typical sinks for point defects and can act as preferential defect type
sinks in anisotropic materials [10]. The hydrides' size, density, phase, distribution and orienta-
tion to the lattice structure will thus de�ne the interaction of the irradiation induced interstitials
and vacancies with the hydrides, under the additional possible in�uence of external stress. Thus,
the presence of hydrides could change the total number of point defects at a given �uence and
also shift the interstitial to vacancy ratio in the material locally or generally; as a consequence,
the presence of hydrides would directly in�uence the nucleation and development of the di�erent
dislocation loops.

3) The direct interaction of dissolved hydrogen with the irradiation induced defect

structures: Gorodetsky et al. concluded from their studies on hydrogen-defect interaction in Mo
and Ni (both cubic lattice structures) that hydrogen leads to an increase of the stability of radia-
tion defects and defect clusters during their association and dissociation. They deduced a change
in the defect cluster accumulation kinetics for defects of the same type. Also, they expected an
essential increase in the probability of interstitial and vacancy recombination by the formation
of stable and mobile self-interstitial-hydrogen-complexes. This might suppress the nucleation
and growth of defect clusters [66]. In α-Zr, several experiments suggested an unexpectedly fast
vacancy migration. Hood proposed the interaction of vacancies with another defect with a low
migration energy as a possible explanation for this phenomenon; the interacting defect would
either be another vacancy, a self-interstitial, a very mobile interstitial-like metallic solute or a
hydrogen atom. He emphasized the fact that the interaction of hydrogen atoms with vacancies
in metals is a well-known phenomenon [14]. Finally, the experiments and interpretations from
McMinn et al. described above con�rm an interaction between hydrogen and neutron irradiation
induced defect structures, with an increase of the interaction for high �uences. This interaction
was assumed to be due to hydrogen trapping in defects and dislocations [64]. Unpublished ab
initio calculation work by other authors on the interaction between hydrogen and dislocation
loops in α-Zr showed that the dislocation loops act as metastable and stable hydrogen traps, and
that hydrogen can cause dislocation loop stabilization, depending on its position to the loops.

The sum of these interaction processes leads to the expectation that the hydrogen content of
Zr-alloy components under neutron irradiation plays a major role in the components' irradiation
induced deformation.

In�uence of External Stress

The essential, and complex role of externally applied stress on the mechanisms leading from point
defects to defect clusters, especially in the case of anisotropic lattice structures, was already de-
scribed above (see the schematic in Fig. 2.15). A summarizing statement by G. Was on general
loop nucleation, not only in anisotropic materials, should be emphasized again: �Interstitial loops
will be more likely to nucleate on planes perpendicular to an applied tensile stress than parallel
to the stress. Vacancy loops will be less likely to nucleate on planes perpendicular (non-aligned)
to the tensile stress and more likely to nucleate on planes parallel (aligned) to the stress� [10].
It can therefore be assumed that external stress has a strong in�uence on the irradiation induced
microstructure and the resulting irradiation induced component deformation. When discussing
that in�uence, it has to be kept in mind that the stress distribution in the fuel assemblies can
vary both in its magnitude and in its direction from assembly to assembly and also locally within
single assemblies. Di�erent initial hold-down spring forces and varying degrees of relaxation of
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these spring forces during operation, the growth of an oxide layer that can cause axial tensile
stress, coolant �ow conditions and e�ects like cross �ow, di�erent irradiation deformation of
spacer grids, fuel rods and guide tubes which can transfer mechanical stresses are some of the
main contributors to the resulting �nal stress state of a speci�c part of the assembly.

2.3 Neutron Damage Simulation by Ion Irradiation

Neutron damage simulation by ion irradiation provides the advantages of very short irradiation
times, the avoidance of target material activation, the easy experimental accessibility of the
targets and the large parameter range for de�ned parameter studies. In addition, and most
importantly, it o�ers the possibility of in-situ observation of the damage formation. However,
the right selection of the experimental parameters for an ion irradiation experiment is crucial to
the success of such a simulation. The essential parameters are the projectile element, its energy,
the target temperature and the ion �uence and �ux. In this section, the principal interaction
mechanisms between ions and matter will be described, and the displacements per atom (dpa)
concept will be introduced, a widely-used concept to match an ion or neutron dose to a speci�c
irradiation spectrum and dose level. After a discussion of remaining constraints in the use of ion
irradiation as a neutron irradiation analogue, a summary of several ion irradiation experiments
for neutron damage simulation from the literature will be given.

2.3.1 Ions in Matter

Neutrons and charged particles interact with a target material by di�erent physical processes.
While neutron-target interaction is de�ned by the laws of strong interaction between the neutron
and the target atom's nucleus, charged particle-target interaction is dominated by the laws of
electromagnetical interaction of the charged projectile with the target atom's electron shell as
well as with the target nuclei.
When an ion with kinetic energy in the MeV range enters a solid target material, it is stripped
of all of its electrons; as a consequence, the initial charge state of the ion does not in�uence
the damage it causes in the target. An atom passing through a crystal lattice loses energy by
four di�erent processes: collisions with nuclei, electronic excitation, ionization and emission of
Bremsstrahlung. While mathematical descriptions of these processes are available, there is little
experimental knowledge about the forces between metal atoms [10].
As long as the ion's energy is high, it is slowed down mainly by excitation and ionization of
the target atoms' electron shells; during these processes, the ion's energy loss is small and its
trajectory changes only insigni�cantly. In metals, the electron shell holes created by ionization or
excitation are re�lled by electrons from the conduction band in a short time frame; therefore, the
result is the heating of the target, but no remaining changes in the target's structure as it would
occur in insulators [57]. With the kinetic energy decreasing, the ion captures electrons from the
target and thus reduces its Coulomb potential and the fraction of energy loss by excitation and
ionization. The probability for atomic collisions with target atoms, which lead to higher energy
loss and scattering angles, generally increases with decreasing ion energy and is the dominating
energy loss mechanism at low ion energies. The projectile ion comes to rest in an interstitial
site between lattice atom positions when its kinetic energy is too low for further displacement
collisions. The total distance the ion passed before reaching that interstitial state, measured
perpendicularly to the target surface, is called the ion's �range�.
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The energy loss per unit length can therefore be described by a parameter which consists of an
elastic collision, electronic (excitation and ionization) interaction and radiation loss part, the
stopping power S:

S =

(
−dE

dx

)
total

=

(
−dE

dx

)
elastic

+

(
−dE

dx

)
electronic

+

(
−dE

dx

)
radiation

As energy loss by radiation is small, Bremsstrahlung can usually be neglected.

Collision processes between atoms are described by interatomic potentials V(r), r being the
atoms' distance; the general form of an interatomic potential would be a central �eld repulsive
force for small atom-atom distances and a Coulomb force dominating at larger distances. There
is, however, not a single interatomic potential describing the whole atom mass and energy range;
di�erent energy ranges require the description by di�erent interatomic potentials. According
to Was [10], heavy ions with energies up to 1MeV (as would be the case for the 1MeV Kr
irradiations in this work, and the main part of the recoil cascades following the collision) can
best be described by an inverse square approximation:

V(r) =
2Er

e
(Z1Z2)

5/6
(a0

r

)2
where Zi are the atoms' atomic numbers, e is the elementary charge, a0 is the Bohr radius and
Er the Rydberg constant. Depending on projectile element, energy range and target properties,
more re�ned interatomic potentials have been developed.
To receive the elastic collision part of the stopping power, the scattering cross section σ(Ei,T) is
calculated, with Ei being the energy of the incident atom and T the kinetic energy transferred
during the collision. The di�erential scattering cross section is determined by the geometry of
the collision [10]:

σ(Ei,T) = 2πTb
db

dθ

dθ

dT
.

θ is the scattering angle and b the scattering parameter. The di�erential scattering cross section
describes the probability of an incident particle of energy Ei to be scattered from an area 2πbdb
into the angular element dθ at scattering angle θ with energy transfer T. The scattering geometry
is de�ned by the speci�c interatomic potential for the scattering reaction.
With the scattering cross section known, the average transferred energy T can be calculated [10]:

T =

∫
TσdT∫
σdT

.

The mean free path of the atom between the collisions is de�ned as λ=1/σN, where N is the
atom number density of the target. The ratio of the average energy transferred and the mean
free path is then the stopping power [10]:(

−dE

dx

)
elastic

= −T

λ
= N

∫ Tmax

Tmin

Tσ(Ei,T)dT.

As opposed to energy loss by collisions, energy loss by ionization or excitation is rather a contin-
uous process than a sequence of single events. Electronic energy loss can be classically described
by collisions between a moving heavy charged particle with an electron at rest; this approxima-
tion is valid for ion velocities higher than the velocity of the tightest bound electron [10]. A
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more exact description is provided by the so-called �Bethe-Bloch formula�, which is received by
relativistic quantum mechanical calculations based on the Born approximation [10,67]:(

−dE

dx

)
electronic

=
4πk20Z2e4n

mc2β2

[
ln

2mc2β2

I(1− β2)
− β2

]
(2.1)

k0 = 1
4πε0

with ε0 being the electric �eld constant, Z is the atomic number of the incoming ion, e
the elementary charge, n the number of electrons per unit target volume and m the electron rest
mass. β = v

c with v the ion's velocity in the target and c being the speed of light in vacuum. I
is the mean excitation energy of the target and describes the average necessary energy to excite
target atom shell electrons. The mean excitation energy can be approximated by an empirically
found formula [67]; for Z>13, I is given as I≈ 52.8+8.71 Z eV; for Zr with atomic number 40, I
is thus in the range of 400 eV. If the target material is an alloy, the mean excitation energy is
calculated by the sum of the mean excitation energies of the di�erent elements, weighted with
their atomic fraction in the alloy. The Bethe-Bloch formula cannot be applied for very low ion
energies because the logarithmic term would become negative [67,68].

The total stopping-power as a function of the target depth describes a peaked pro�le, increasing
from high ion velocities to reach the peak when enough projectile energy is lost that atomic
collisions become dominant, and decreasing for even lower energies. The defect pro�le in the
target material follows that peak, as a high stopping power corresponds to a high energy transfer
to recoils and consequently a high defect density in the region of that recoil. The damage peak
is called the �Bragg peak�; in metals, its typical full width half maximum for heavy ions with
energies in the MeV range is around 1µm [67]. Fig. 2.19 gives an example for the resulting peaked
recoil distribution for 1MeV Kr in Zry-4, with a typical TEM foil thickness marked in the plot.

Figure 2.18: Position of the TEM foil within the 1MeV Kr damage peak in Zry-4
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This peaked stopping power pro�le is the reason why heavy ion damage is concentrated in a very
thin layer with a depth of only several µm from the target's surface, while neutron irradiation
leads for a spatially constant neutron �ux to a homogeneous defect density over several cm depth
of the target material. Consequently, for a comparable particle �ux with the same average energy
transfer to the target atoms, heavy ion irradiation reaches a speci�c target damage level orders
of magnitude faster than neutron irradiation with the same particle �ux.

The projectile-target interaction processes de�ne the energy and trajectory of the primary knock-
on atom, which is the starting point for the subsequent displacement cascade that takes place
in the target. If ions are planned to be used for neutron simulation, the approach is to choose
ion irradiation conditions that produce recoil cascade characteristics as similar as possible to the
cascades produced by the respective neutron spectra. For the ion species, there are two self-
evident choices. On the one hand, ions could be chosen with their mass and thus their collision
characteristics as similar to neutrons as possible, to create similar kinetic energy transfer to
the primary knock-on atoms; the best choice for this method would be protons with an energy
spectrum comparable to LWR neutrons, as they have the same mass as neutrons. On the other
hand, heavy ions could be chosen with their mass as similar to the target's main element as
possible. By such an irradiation, the �rst collision process between neutron and nucleus would
be skipped, and the projectile ion would take the role of the primary knock-on atom in the
target. This process is demonstrated in Fig. 2.19. The process will match the neutron irradiation
as closely as possible if self-ions are used for the irradiation, in this case Zr.

Figure 2.19: Schematic: self-ion irradiation as a neutron irradiation analogue

For the experiments in this work, heavy ion irradiation was chosen to simulate the neutron
damage. The main argument for this choice was the signi�cantly higher stopping power of heavy
ions in matter as compared to light ions, which shortened the necessary irradiation times for
dose levels comparable to PWR end-of-live conditions from several days to several hours. For the
part of the irradiations where bulk foils were the targets and the projectile ions thus remained
in the target, Zr projectiles were used. In the irradiation experiments with the projectiles in
transmission, both Zr and Kr were chosen. It is not expected that the choice of Kr has signi�cant
in�uence on the irradiation microstructure, as it is close in mass to Zr, and only about 10 to
15% of the projectiles remain in the target for the chosen conditions, according to calculations
with the SRIM code [69]. In addition, Kr as a nobel gas is chemically inert; therefore, chemical
interaction between projectile and target is unlikely.
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2.3.2 The Displacements per Atom Concept

For the simulation of PWR neutron damage with any other kind of projectile or energy spectrum
than PWR neutrons, it is necessary to study the damage level and characteristics caused by
PWR neutron irradiation; then, the irradiation parameters of the substitute particles have to
be adjusted in a way that the same damage levels in the target material are reached. There are
di�erences in the damage levels caused by the same neutron �uence in di�erent nuclear reactors,
depending on the neutron energy spectrum; the damage in a target material irradiated to the
same neutron �uence in a material test reactor with a fast neutron spectrum will deviate from
the damage caused by the same �uence in a light water reactor with thermal neutron spectrum.
To be able to compare neutron damage in di�erent reactor types, the displacements per atom
(dpa) concept has been introduced; the dpa level is calculated by dividing the total number of
displaced atoms in a certain material volume during irradiation by the total number of atoms in
that volume. It is thus a measure of how often each atom in the target has been replaced from
its lattice site. The dpa concept takes not only the total number of incoming neutrons, i.e. the
�uence, into account, but also the amount of transferred energy to the material and the resulting
number of atoms in the displacement cascades. The success of that concept is demonstrated in
Fig. 2.20, taken from the textbook on radiation materials science by G. Was [10]. It compares the
yield stress change in 316 stainless steels under irradiation for three neutron sources of di�erent
spectra: OWR is a test reactor with typical LWR spectrum, RTNS-II is a pure 14MeV neutron
source and LASREF has a broad high energy neutron spectrum. While a direct correlation
cannot be seen when plotting the yield stress change against the fast �uence, the correlation is
clearly given when comparing the data based on dpa.

Figure 2.20: Irradiation e�ect correlation: �uence vs. dpa [10]

Due to the dpa concept's success in comparing di�erent neutron spectra, it is also applied to
compare radiation damage caused by di�erent particle species, i.e. neutrons, electrons and light
or heavy ions.
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Dpa Calculation for Neutron Irradiation

The number of displacements in a target material unit volume under neutron irradiation occuring
per unit time depends on the initial number of target atoms per unit volume N0, the energy
dependent neutron �ux ϕ(E) and the energy dependent damage cross section σD(E), which
describes how many target atoms are displaced per incoming neutron with energy E [10]:

Ṅd = N0

∫ Emax

Emin

ϕ(E)σD(E)dE

The displacement cross section is given by

σD(E) =

∫ Tmax

Tmin

σ(E)ν(T)dT

where T is the energy transferred from incoming particle to target atom and ν(T) the number
of interstitial/vacancy-pairs produced by one incoming particle. σ(E) is the elastic cross section
for neutron-target atom collisions. The displacement cross section used for this calculation is the
sum of the microscopic displacement cross sections of the di�erent atom species in the target.
The total damage density D for an irradiation timeframe between t0 and t1 can then be calculated
as follows [10]:

D =
Nd

N0
=

∫ t1

t0

∫ Emax

Emin

∫ Tmax

Tmin

ϕ(E)σ(E)ν(T) dT dE dt

A typical PWR neutron spectrum (see Fig. 2.12) shows an energy distribution over several orders
of magnitude. Since neutrons with energies down to several 100 eV can displace target atoms,
and since the number of recoil atoms in a cascade does not show a linear behavior with the
neutron energy, a reliable dpa calculation has to be based not on an average neutron energy
value but on a multigroup approximation of the neutron spectrum. For PWR cladding, Shishov
et al. reported that a fast �uence of 6 x 1024nm−2 (E>1MeV) correspond to 1 dpa [36]; this
conversion factor will be used throughout this work for the comparison of neutron damage levels
to ion damage.

Dpa Calculation for Ion Irradiation

The irradiation damage for ions is not spread homogeneously over the target material but leads,
after a region with relatively low collision damage, to a damage peak. The peak's depth in the
target depends on the projectile element and its kinetic energy as well as on the target's chemical
composition and its lattice structure.
For ions, the displacements per atom in the target can be calculated from the number of dis-
placements caused by ions in the damage peak region divided by the total number of atoms in
the damage peak region:

D =
Nd

N0

The total number of atoms in the damage peak region, N0, depends on the target's density ρ,
the beam spot area A and the damage peak's thickness d. For ions being used in transmission,
d would be the thickness of the irradiated sample region:
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N0 =
ρ · A · d

Mmol
· NA

Mmol is the molar mass of the target material, and NA is Avogadro's constant.

For a measured beam current I at the accelerator with ion charge state C and beam spot area
A, the ion �ux φ is de�ned as the number of ions per unit area and unit time:

φ =
I

e · C · A
Integrating the ion �ux over the total irradiation time tirr, the total number of ions sent into the
sample per unit area is given by the ion �uence F:

F =

∫ tirr

0
φ(t)dt

For constant ion �ux, the �uence is the �ux multiplied by the total irradiation time.

The total number of ions sent into the sample on the beam spot area A is given by

Nions = F · A

Then, the total number of displacements induced in the sample can be calculated as follows:

Ntot
d = Nions · N1ion

d

N1ion
d is the average number of displacements induced by one ion and can be calculated with the

SRIM Monte Carlo code [69].
For the irradiation of bulk material, the number of displacements in the heavily damaged region,
the damage peak, can be calculated by multiplying the total number of displacements with the
fraction f of the displacements induced in the damage peak region:

Nd = Ntot
d · f

The fraction of displacements in the damage region can be derived from the SRIM code results.
For ions in transmission, the SRIM calculation input would include the low thickness of the
material, and f would be set to 1.

Finally, the displacements per atom created in the damage peak region for a constant ion �ux
on the sample are de�ned as follows:

Nd

N0
=

I · tirr · N1ion
d · f ·Mmol

e · C · ρ · V · NA

Based on the work by Shishov et al. [36,70], fast PWR neutron �uences (E>1MeV) for end-of-life
conditions in the range of 10 - 12 x 1021 n/cm2 correspond to damage levels roughly between 17 to
20 dpa and PWR fuel assembly burnup in the range of 60MWd/kgU. Therefore, the ion �uences
for the irradiation experiments in this work have been chosen to correspond to or to exceed this
range.
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Deviations between Ion and Neutron Irradiation Experiments

Despite the many advantages o�ered by neutron damage simulation with heavy ions, there re-
main some deviations between the processes that cannot be overcome. For ion irradiation in
transmission, the dominating e�ect can be assumed to be the low thickness of the irradiated
TEM foil of around 200 - 300 nm as compared to the bulk guide tube material in a PWR. The
TEM foil surfaces can be expected to act as defect sinks for defects forming near the surface re-
gion, which would reduce the point defect number in the foil. Therefore, defect densities in these
regions might di�er from the ones observed in bulk material, which might lead to di�erences
in the microstructure. Another important point is the di�erent damage rate; microstructural
phenomena in general can be expected to show a variety of dose rate dependencies [71]. While
guide tubes in a PWR take several years to reach their end-of-life dose, ion irradiated samples
gain the same dose in a matter of hours. It is possible that long-term material relaxation or
defect annealing e�ects that are active in a PWR environment cannot take place within the
short irradiation time in an ion irradiation experiment. Also, the local high concentration of the
damage events under ion irradiation as compared to neutron irradiation might lead to damage
cascade overlap e�ects that might not occur in a nuclear reactor, due to the mean free path of
neutrons in Zr of several cm.
However, the results presented in the next sections will show that despite those constraints, it is
possible to produce typical PWR neutron damage structures by heavy ion irradiation in Zr-based
alloys, under the chosen experimental conditions.

2.3.3 Selected Examples from the Literature

Experimental and theoretical work on neutron damage simulation by electrons or ions has been
published for many years, mostly on materials with application in �ssion or fusion reactors. With
zirconium alloys being a typical nuclear reactor structural material, there are many publications
on charged particle irradiation of zirconium and its alloys. While most of the experiments com-
pared the evolving ion irradiation damage to known neutron damage structures, there are also
some publications available on ion irradiation induced macroscopic material creep and growth.
The respective irradiation conditions and material parameters are di�ering over a wide range,
due to the di�erent objectives of the experiments and the available experimental capabilities.
Motta et al. [72] analyzed the di�erent amorphization characteristics of Zr(Cr,Fe)2 and Zr2(Ni,Fe)
precipitates in Zircaloy under neutron, electron and ion irradiation in 1991. They reported that
the critical temperatures, above which amorphization is not practically attainable, are varying
for the three di�erent projectiles. In their conclusion, they stated charged particle irradiation
to be a useful tool for the studying of irradiation-induced processes; however, they warned that
all comparisons to neutron irradiation damage should be done with care because of the di�erent
damage and annealing processes for the di�erent projectiles.
In the IAEA technical meeting about �Accelerator Simulation and Theoretical Modelling of Radi-
ation E�ects� in 2008, Ryanzanov presented a comparison between neutron irradiated and proton
(10MeV) and helium (4MeV) irradiated Russian Zr-based alloys with damage levels of 1 and
2 dpa [73]. The performed TEM analyses showed a similar <a>-type dislocation loop structure
in all samples with regard to size and density. In the He irradiated samples, <c>-loops were
found. Ryanzanov concluded that there is a good correlation between microstructural changes
in irradiated Zr alloys after neutron and charged particle irradiation at comparable dpa level.
Tournadre et al. [74] presented work on 2MeV proton and 600 keV Zr irradiation of Zry-4 at
300◦C in 2011. They reported the observed <c>-loops to be smaller and more numerous after
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Zr irradiation than found in neutron irradiated material; for proton irradiation, however, they
described a homogeneous distribution of large <c>-loops, close to the known neutron-irradiation
microstructure.

There is also some literature on the macroscopic creep and growth of Zr or Zr-based alloys under
ion irradiation. Terasawa et al. [75] examined irradiation creep of pure zirconium under 4MeV
proton irradiation under stress in 1984. The used sample thickness was lower than the range of
the protons to avoid hydrogen implantations in the material. At temperatures lower than 300 ◦C,
they found that the creep strain was enhanced by irradiation, as it is also known to occur during
in-pile neutron irradiation.
Chapman et al. [76] used 6MeV protons in transmission at 280◦C and 235◦C to compare the
creep and growth of Zircaloy-2 under proton irradiation with in-pile irradiation data from the
DIDO material test reactor in Harwell in 1984. At 280 ◦C, the growth behavior under ion ir-
radiation was stated to be in excellent agreement with the in-pile results. However, the results
varied for the di�erent irradiation methods for 235 ◦C. Based on profound data analysis, the
authors concluded that the prediction of absolute creep and growth rates in thermal reactors by
proton irradiation is generally good and that the respective creep equations are very close for
both methods except for the dose dependence.

In conclusion, the available published work shows a wide range of experimental parameters,
and di�erent degrees of comparability between neutron damage and ion damage. The similarity
between the ion induced damage structures to neutron damage is obviously strongly dependent on
the chosen experimental and material parameters. Therefore, the experiments conducted in this
work were not done on model alloys but industrial PWR guide tube alloys, and the irradiation
temperatures and dpa levels were kept as closely as possible to PWR operating conditions.
These conditions are expected to lead to the best possible similarity in the ion induced and
neutron induced irradiation damage, and to the most reliable comparability of the observed
microstructural e�ects to neutron irradiation damage.
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Chapter 3

Experimental Methods

The following chapter provides an overview of the experimental methods used in this work. After
a description of the ion damage level calculations with the SRIM Monte Carlo code, the tandem
accelerator principle of operation is explained and the applied irradiation damage examination
techniques are presented. Parts of the section are adopted from a �rst-author paper published
in the Journal of Nuclear Materials in 2012 [77].

3.1 Ion Damage Simulation with the SRIM Code

The Stopping and Range of Ions in Matter program (�SRIM�) is a widely used Monte Carlo
code for the simulation of the energy loss and scattering behavior of ions in matter [69]. It
allows the calculation of ion ranges and recoil numbers, distribution and energies for a wide
spectrum of target elements and user-de�ned compounds in a large projectile ion energy range.
However, it has to be kept in mind that the results are still an approximation, as details like the
target's lattice structure or lattice orientation to the beam cannot be included; while the density
of the target material can be de�ned by the user, the atoms are assumed to be homogeneously
distributed as in an amorphous material. For the speci�c case of the samples in this work, this
means to disregard the anisotropic lattice structure, the samples' texture and the presence of
second phase particles. To minimize the error source from the neglected crystal lattice, the
displacement energy of the target elements (the lattice and orientation dependent energy which
is necessary to remove a lattice atom from its site in the crystal) can be de�ned.
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 di�erent
irradiation experiments [69]. For the M5 R© samples irradiated at room temperature, the target
was designed of 99wt.-% Zr and 1wt.-% Nb with the room temperature density of the alloy of
ρ=6.50 g/cm3. For the 300◦C simulations, the target's thermal expansion was taken into account,
which leads to a density of ρ=6.46 g/cm3. A displacement energy of 40 eV for hcp Zr was chosen,
as recommended by the ASTM norm reference test standard [10,36]. While only about 0.3wt.%
Nb are dissolved in the Zr matrix at 300◦C [78], the remaining 0.7wt.-% Nb are precipitated as
bcc βNb; thus, based on the recommended displacement energy for bcc Nb, 60 eV [10], a weighted
average binding energy of 54 eV was used for Nb in M5 R©. The calculations for Zry-4 were done
for 1MeV Kr on a target consisting of the main alloying elements as given by the samples'
ingot's certi�cate: 98.22wt.-%Zr, 1.3wt.-%Sn, 0.23wt.-%Fe, 0.11wt.-%Cr and 0.14wt.-%O; the
displacement energies for all elements in Zry-4 were chosen to be 40 eV. The density corresponds
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to the density of M5 R©. For all calculations, the lattice and surface binding energies were set
to 0 eV, as advised by R. Stoller [79]. The number of displacements per ion, N1ion

d , and the ion
penetration depth d (for those samples that were not irradiated in transmission) are provided
by the SRIM calculations. Then, the damage level D in dpa can be calculated as described in
section 1.3.2.:

D =
F · N1ion

d ·Mmol

ρ · d · NA

F is the ion �uence, Mmol the target's molar mass and NA Avogadro's constant.
For the in-situ ion irradiation, the ions were used in transmission; d is then the thickness of
the electrolytically thinned TEM foil at the position of the observed grain. For the samples
that were not irradiated in transmission but as bulk foils, the dpa calculation is based on the
damage depth distribution given by SRIM. For sample M1 which was irradiated with 40MeV
Zr, the SRIM calculations provided a recoil distribution peak with full width half maximum of
1.5µm; the calculation results showed 70% of the displacements to have occurred within that
peak region. For the foil samples irradiated at the lower energies of 2.5 and 3MeV, the damage
peak is spread out without signi�cant variation to ion ranges of 1.2µm and 1.3µm, respectively.
Thus, the whole ion range was used as �thickness� d of the irradiated layer, with 100% of the
displacements occurring within that layer.
Table 3.1 summarizes the irradiated samples, the observed grains' thickness (or damage peak
thickness for the foil samples) d, the calculated number of displacements per ion and the fraction
of transmitted atoms per ion.

sample alloy type H d ion Eion displ./ion transm. atoms/ion
M1 M5 R© foil ≤ 3 1500 Zr 40 46538 0
I1 M5 R© foil ≤ 3 1300 Zr 3 20973 0
I2 M5 R© foil ≤ 3 1300 Zr 3 20973 0
I3 M5 R© foil ≤ 3 1300 Zr 3 20973 0
I10 M5 R© foil ≤ 3 1200 Zr 2.5 19548 0
A1* M5 R© TEM ≤ 3 150 Kr 1 2692 0.9
A2 M5 R© TEM ≤ 3 181 Kr 1 3350 0.9
A3 M5 R© TEM 110 197 Kr 1 3911 0.9
IA1* Zry-4 TEM ≤ 7 200 Zr 1 4810 0.8
JA1 Zry-4 TEM ≤ 7 219 Kr 1 4651 0.9
PA2 Zry-4 TEM ≤ 7 247 Kr 1 5329 0.8
PB3 Zry-4 TEM 186 191 Kr 1 3782 0.9

PC4 grain 1 Zry-4 TEM 405 424 Kr 1 9236 0.3
PC4 grain 2 Zry-4 TEM 405 489 Kr 1 10123 0.1
PZ grain 1 Zry-4 St-TEM ≤ 7 337 Kr 1 7670 0.6
PZ grain 2 Zry-4 St-TEM ≤ 7 478 Kr 1 9871 0.2

Table 3.1: Summary of the irradiated samples:
H=hydrogen content in wt.-ppm, d=grain thickness/damage peak thickness in nm, Eion=ion
energy in MeV
�St-TEM�=tensile specimen for TEM
* = grain thickness not measured but estimated
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3.2 Ion Irradiation and Post-Irradiation Examination

3.2.1 Ion Irradiation Facilities

Acceleration principles for heavy ions are, due to their electric charge, based on electric �elds.
The tandem accelerator principle has been established for decades and is used in accelerators for
all mass numbers and an energy range from several tens of keV to several 100MeV. Fig. 3.1 gives
a schematic of the principle of operation.

Figure 3.1: Schematic of the tandem accelerator principle of operation [80]; e=elementary charge,
C=ion charge state

Ions of the desired element are produced in an ion source. While there are several di�erent
ion source principles, the Maier-Leibnitz Laboratorium's (MLL) and the Max-Planck Institut
für Plasmaphysik's (IPP) accelerators use sputter ion sources. The projectile element in solid
state, pure or in molecular form, is located in the sputter target, a cone-shaped copper form.
Caesium is being evaporated adjacent to the cone, partly condensating on the cooled sputter
target. Another part of the Cs steam is ionized at an ionizer and accelerated towards the target.
The Cs ions' impact removes atoms from the target which pass through the condensed Cs layer,
where they have a signi�cant probability of taking up an electron. The then once negatively
charged ions are accelerated from the source by an electric �eld towards the accelerator tank.
The tandem accelerator tank is a vacuum tank with typical pressures in the range of 10−6 to
10−7mbar. In the center of the tank, the positively charged high tension terminal is located
with an electron stripping material in line with the ion beam; the stripper is either a carbon foil
(�foil stripper�, with thickness 4µg per cm2 at MLL) or a volume �lled with stripper gas (�gas
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stripper�, �lled with air at 5 · 10−4mbar at MLL). With a positive high tension Uacc applied at
the terminal, the once negatively charged ions are accelerated towards the terminal, gaining the
kinetic energy e · Uacc until they pass the stripper. The stripper material removes, depending on
ion type, stripper material and ion energy, one to several electrons, thus producing a beam of C
times positively charged ions. Those ions are then repelled from the positively charged terminal
to the end of the tank which is held at ground state, gaining C · e · Uacc in kinetic energy. The ions
then leave the tank with a total gain in kinetic energy of (C + 1) · e · Uacc. The ion beam, which
is focussed at several stages before and behind the tank with electromagnetic quadrupole lens
systems, then passes an analyzing magnet, where the ions are radially de�ected in the magnetic
�eld, depending on their charge state. The desired charge state, which corresponds to the desired
ion energy, is then focussed in the center of the beam tube and led to the experiment while the
ions of other charge states are blocked [81�84]. The beam's intensity is typically measured by
metallic cups (�Faraday Cups�) which can be inserted into the beam or are located on the sample
holder next to the target position within the beam spot or scanning area. They are electrically
insulated against the beamtube and sample holder and measure the transported electric charge
per unit time; this charge rate measure can be used to calculate the ion �ux φ:

φ =
I

C · e · A
where I is the measured charge per time unit, C is the ions' charge state, e is the elementary
charge and A the cross section area of the ion beam seen by the cup. Typical ion beam current
measurement errors are in the range of 10%. The total number of ions per target area, the �uence
F, is received by integration of the ion �ux over the time of irradiation:

F =

∫ tirr

0

I

C · e · A
dt.

Three di�erent tandem accelerators were used for the irradiation experiments in this work. The
MLL tandem accelerator in Garching, Germany, is a high voltage accelerator for ion masses up to
A=238 with a maximal terminal voltage of 14MV [83]; depending on the projectile elements, it
reaches ion energies from several MeV to more than 100MeV. The second accelerator is part of the
IPP in Garching, Germany, with a maximum accelerating voltage of 3MV. Typical irradiations
at that facility are hydrogen, deuterium or helium implantations with energies of several 100 keV;
however, Zr with 1, 2.5 and 3MeV showed to provide a stable beam as well, even though the
beam current for 1MeV was comparatively low. The third accerelator is the tandem accelerator
of the IVEM (Intermediate Voltage Electron Microscope) Tandem Facility of Argonne National
Laboratory (ANL) near Chicago, IL. The accelerator with a maximal terminal voltage of 500 kV
is mostly used for intermediate mass elements in energy ranges of 1MeV. The accelerator's beam
tube is attached to a Hitachi H9000 300 keV transmission electron microscope (TEM) with an
angle of 30◦ to the beam axis of the microscope, thus enabling in-situ TEM imaging during
the ion irradiation. Fig. 3.2 shows photographs of the respective accelerators and the sample
holders; the picture of the TEM holder is taken from a TEM lecture by D. Gerthsen [85]. For
the irradiation of pre-thinned TEM samples at the IPP accelerator, a special sample holder
was built to host four standard TEM samples simultaneously, corresponding to a sample holder
design provided by T. Wiss from the Institute of Transuranium Elements (ITU) in Karlsruhe.
Both sample holders used at IPP are shown in the pictures.
The major requirements of the sample holders were their capability for sample heating to 300◦C
and reliable temperature measurements; in all three sample holders, the de�ned heating was
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Figure 3.2: Pictures of the irradiation facilities with their respective sample holders

achieved by a combination of microheaters and water cooling systems. Temperature measure-
ments were conducted by thermocouples pressed against or spot-welded to the samples. For the
dislocation loop studies during in-situ TEM at ANL, a double-tilt heating sample holder was
used to reach the respective grains' orientations which allow for the imaging of speci�c dislo-
cation loop types. For the in-situ experiments with applied tensile stress at ANL, a single-tilt
heating-straining sample holder was necessary. Table 3.2 summarizes the main technical and
experimental parameters for the di�erent accelerators.
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accelerator MLL IPP ANL
max. terminal voltage 14MV 3MV 500 kV

projectiles used 40MeV Zr 1, 2.5MeV and 3MeV Zr 1MeV Kr
ion beam mode continuous scanned scanned

sample foil sample foil and standard TEM +
type standard TEM samples tensile TEM samples
target 300◦C 35◦C and 300◦C 300◦C

temperature
temperature thermocouple thermocouple thermocouple
measurement spot-welded to sample pressed against sample pressed against sample
temperature heater + heater + heater +

control water cooling water cooling water cooling
beam current cup behind cups around cup with aperture
measurement sample holder sample holder in front of sample holder

Table 3.2: Technical and experimental parameters of the irradiation facilities

3.2.2 Post-Irradiation Examination Techniques

The ion damage structures in the irradiated samples were studied by three di�erent methods:
electron backscatter di�raction (EBSD), for the examination of the ions' penetration depth,
positron Doppler broadening spectroscopy (DBS) for the examination of the vacancy-type defect
densities and transmission electron microscopy (TEM) for direct observation of the irradiation-
induced dislocation structures.

Electron Backscatter Di�raction (EBSD)

EBSD is an experimental technique that can be applied in scanning electron microscopes (SEM)
which are equipped with electron backscatter detectors. These detectors are positioned close to
the SEM's electron beam's axis and detect electrons that are re�ected from the target material
in the direction of the incoming beam. The method can be used for the study of crystalline
materials to di�erentiate between sample regions with di�erent degree of deviation from the
ideal crystal structure.
When the SEM's electron beam with typical energies in the range of 2 to 30 keV [86] meets the
target material, the beam widens up, being scattered in the target in all directions (see Fig. 3.3).
For each lattice plane that is hit by the beam under the Bragg angle for constructive interference,
the electron beam hits an adjacent plane at the mirrored Bragg angle. As this occurs for beams
being de�ected from the main beam in all angular directions, two cones of Bragg-re�ected beams
are formed for each set of lattice planes, so-called �Kossel cones�. Due to their large radii, they
appear on the detector as pairs of parallel straight lines, the so-called �Kikuchi lines�. These
lines can be observed by the SEM's backscatter detectors, or in the TEM for forward scattered
electrons directly on the screen. The Kikuchi line patterns are speci�c for crystal lattice, lattice
parameters and orientation of the target material to the beam. Fig. 3.3 shows a schematic of the
Kikuchi line formation and a picture of the Kikuchi pattern of the (1210) pole of a hexagonal
lattice [87�89].
For imperfect crystallites, the Kikuchi lines appear with decreased intensity as compared to the
perfect crystal; the higher the degree of disorder, the lower the lines' intensities. The parameter
introduced to quantify this e�ect is the Band Slope (BS) parameter. It is a measure for the
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Figure 3.3: Kikuchi line formation schematic [88], with Kikuchi line pattern from hexagonal pole
(1210) [87]

intensity gradient between the Kikuchi band's rim and the background and thus decreases with
increasing degree of crystal disorder. The target material of interest is prepared for SEM imaging
by embedding into epoxy resin and polishing or etching. The area of interest is then mapped by
the electron beam, with intensities being measured at each beam position. The resulting map
can then be analysed by EBSD software, providing an area map of the degree of disorder in the
crystal lattice. A Zeiss Neon 40 EsB scanning electron microscope with a Nordlys EBSD camera
was used for the EBSD measurements.

Positron Doppler Broadening Spectroscopy (DBS)

Positron DBS is an experimental method to analyze the vacancy-type defect density in materials.
The experiments described in this work were conducted at the high intensity positron source
NEPOMUC at the research neutron source Heinz Maier-Leibnitz (FRM II) in Garching, Germany
[90,91].
The FRM II is a 20MW compact core light water cooled, heavy water moderated research
reactor which went operational in 2004. With a single fuel assembly equipped with highly
enriched uranium-silicide fuel dispersed in plates of an aluminum matrix, it o�ers an undisturbed
maximum thermal neutron �ux of about 8 ·1014 cm−2s−1. 11 beam tubes are located around the
core, mostly in the region of maximum thermal neutron �ux, leading the neutrons to di�erent
experimental facilities and neutron guides located around the core [92]. Fig. 3.4 provides a
schematic of the positron source.
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Figure 3.4: Design of the positron source in FRM II' beamtube SR11 [91]

In the beamtube SR11, which contains a 113Cd shield, the high thermal neutron capture cross
section of 20600 barn for the neutron-gamma reaction 113Cd(n,γ)114Cd is used to produce high
energy γ-radiation. The γs fall onto a platinum plate where electron-positron pairs are created by
pair production, with the maximum positron intensity at 800 keV. The positrons are moderated in
a platinum layer to energies of 1 keV and led to the experiment facilities by electromagnetical lens
systems in a beamtube. With an intensity of 9 x 108 moderated positrons per second, NEPOMUC
is the world's positron source with the highest intensity of a monoenergetic positron beam [91].
After passing through an aperture and additional focussing systems, a positron beam of about
1mm diameter is provided at the Doppler broadening spectroscopy facility. A voltage of up to
30 kV can be applied to the sample holder, thus o�ering positron energies between 1 and 30 keV;
this enables depth dependent measurements in the target materials [91].
When a positron meets a metallic target, it is decelerated due to the Coulomb interaction and
reaches a certain material depth, depending on its initial energy. The positron penetration depth
can be approximated by the Makhov function as given by Puska and Nieminen [93], describing
the positron probability distribution P in dependence of the material depth z:

P(z) =
mzm−1

zm0
exp

[
−
(

z

z0

)m]
with m a dimensionless, material dependent parameter and z0 being related to the mean stopping
depth z by

z0 =
z

Γ[(1/m) + 1]
.

Γ is the gamma function.
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The mean stopping depth is de�ned as

z =
A

ρ
En

with positron energy E, mass density ρ and �t parameters A and n [93,94].
As the parameters A, n and m for Zr were not available in the literature, they were calculated by
linear interpolation between the parameters for Cu and Ag reported by Puska and Nieminen [93];
for the material density, the mass density of M5 R© and Zry-4, 6.5 g/cm3, was used. The resulting
parameters and calculated positron penetration depth distributions are given in Fig. 3.5.

Figure 3.5: Calculated Makhov parameters and approximated positron penetration depth distri-
butions in Zr

When entering the target material, the positrons will be thermalized (to energies of 0.04 eV at
300K) in a timeframe of several picoseconds, which is about a factor 100 shorter than typical
positron lifetimes in solids. The thermalized positrons are then di�using through the solid within
ranges of about 0.1µm until they annihilate. During this di�usion, they can be trapped by
potential sinks; such potential sinks are given by vacancy-type lattice defects, dislocations or grain
boundaries. A missing atom in the lattice lowers the positive potential by about 1 eV as compared
to the surrounding lattice and provides an attractive potential for the positrons. Positrons are
thus captured in vacancy-type defects, and a trapped positron will not be able to escape from the
vacancy until it annihilates with an electron. At the location of a vacancy-type defect, there is an
increased probability of low-energy conduction and valence band electrons being present due to
the missing higher energy electrons bound to the atomic nuclei. Therefore, positrons in crystalline
materials with high vacancy-type defect density will annihilate with a higher probability with low-
energy electrons than as they would in an undisturbed crystal. The electron-positron anihilation
energy is released as two γ's in opposite directions, each bearing the electron/positron rest
mass of 511 keV plus half of the electron's kinetic energy before the annihilation (the positron's
kinetic energy after its thermalization can be approximated as zero). The emerging γ-radiation
is detected at NEPOMUC's DBS facility with up to 4 high-purity, liquid N2-cooled Ge-detectors
with single count rates of up to 40000 counts/s and an energy resolution between 0.25 and 0.3%
at 511 keV [91]. All measurements were done with an integration time of 60 s.
DBS experiments use the so-called �S-parameter� as a measure for the vacancy-type defect density
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in the studied samples. The S-parameter is de�ned as the 511 keV γ-intensity within a previously
de�ned energy band around 511 keV, divided by the total peak intensity and thus re�ects the
annihilations with low-momentum, i.e. valence or conduction band, electrons. In vacancies,
the relative probability of positron annihilation with nuclei electrons with high energy is lower
than in the perfect lattice. Thus, for a high vacancy concentration, a higher fraction of all
annihilations occurs with low-momentum electrons, which leads to an increase of the S-parameter.
The parameter is calculated after the subtraction of the background. Fig. 3.6 shows a schematic
of the electron-positron annihilation and the de�nition of the S-parameter.

Figure 3.6: Electron-positron annihilation; de�nition of the S-parameter [95]

As the energy range limits around the 511 keV peak for the S-parameter are de�ned di�erently
for each material and measurement setup to receive the highest possible resolution, absolute
S-parameters can only be compared for samples measured with the same energy window in
the same measurement campaign [77]. By normalizing the S-parameter to the parameters of
an unirradiated standard of the respective material, a comparison between samples of di�erent
measuring campaigns can be achieved to a certain degree. By measuring the S-parameter of
an unirradiated standard versus an irradiated sample of the same material, the increase in the
vacancy-type defect density by the irradiation can be studied.
The positron annihilation spectra were analyzed by M_Spec 2 [96]; the S-parameters received
from up to four detectors were averaged. The measurement errors given for the received S-
parameters in the chapter �Results� are the statistical errors based on the standard deviation, as
provided by M_Spec 2. Additional deviations of the S-parameters, which are not included in the
error bars, can occur due to �uctuations of the Ge-detectors' energy resolution; such �uctuations
can be caused by disturbances in the readout electronics. Also, mechanical vibrations of the DBS
instrument environment which can in�uence the detector readout are a possible error source.
Due to the positron beam diameter of about 1mm, the examined material area comprises of a
high number of grains in the studied Zr-alloy samples, which have a typical grain size range of
3 - 6µm. Therefore, the measured S-parameters provide a defect density averaged over a repre-
sentative material volume, which minimizes the in�uence of possible local impurities.
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Transmission Electron Microscopy (TEM)

Transmission electron microscopes o�er spatial resolutions down to 0.05 nm and are mostly used
for the study of defects, interfaces and nonperiodic structures in all kinds of materials [85]. Con-
trary to other electron microscope types, the TEM is used to view thin material samples in
transmission. This leads to signi�cant di�erences in imaging as compared to other electron mi-
croscope types, and speci�cally in TEM image interpretation; TEM images cannot be interpreted
intuitively. A TEM image is a 2D projection of a 3D sample volume; in addition, the Bragg
di�raction in crystalline materials causes a visibility or invisibility of structures with speci�c
orientation to the beam. Dislocation structures visible at one crystal orientation to the beam
under speci�c imaging conditions will be invisible at another tilt angle. These phenomena have
to be considered in any interpretation of TEM images. Also, electron di�raction phenomena
caused by the interaction of the beam with the thin foil can cause a number of additional image
artifacts [88].
TEM imaging is a powerful and thus the dominating method for the direct observation of irra-
diation damage in materials [97]. Fig. 3.7 shows a schematic of a TEM, with a demonstration of
the electron beam paths in the two basic operation modes of the TEM: di�raction mode (left)
and imaging mode (right).

Figure 3.7: TEM schematic and electron beam path [88,98]

The electron beam in the TEM is generated by an electron gun; typical guns are LaB6 cathodes
for thermal emission between 1700 - 2000◦C, thermally supported �eld emission guns or cold �eld
emission guns for highest resolution TEM, mostly made of tungsten with a ZrO2 layer. The
emitted electrons are accelerated towards the anode with typical voltages between 200 kV up to
1MV. After passing the anode, the beam's intensity is de�ned by up to three electromagnetic
condensor lenses which are used, in combination with the condensor aperture, to vary the angle
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of convergence. The TEM sample with typical diameter of 3mm is placed in a sample holder
which is held in a goniometer; for analytical TEM, sample holders with two tilt axes are required.
Depending on the desired experimental conditions, heating or cooling holders are available, as
well as straining stages [85]. Below the sample, the objective aperture and the objective lens are
located; the objective lens is the most important lens of the system [85,98]. The image aberrations
of the objective lens determine the resolution of the TEM. The objective aperture's position
de�nes whether the TEM is used in imaging or di�raction mode. The selected �eld aperture
for selected area di�raction (SAD aperture) is used to con�ne the beam to a small sample area
to receive di�raction pattern from detailed areas. After passing through the intermediate and
projector lenses for the adjustment of the desired �nal magni�cation, the electron beam falls onto
the �uorescent screen. A small �uorescent screen can be inserted into the beam and observed
through a binocular for more detailed observations. The large �uorescent screen can be removed
to let the beam pass to the CCD camera under the screen. For imaging in the di�raction mode,
a beamstop can be inserted to protect the CCD camera from damage by the high intersity of
the main beam [85,86,88].
The right side of Fig. 3.7 demonstrates the beam path in the two operating modes of a TEM.
When the coherent electron beam falls on a crystalline sample, it is di�racted by the crystal's
lattice planes according to Bragg's law

2dsinθ = nλ

with d being the lattice constant of the respective plane, θ the Bragg angle and λ the electron
beam's wavelength. For an 300 keV electron beam, the wavelength would be 1.97 pm [85].
In di�raction mode (left schematic), the main beam and di�racted beams are focussed by the
objective lens; the intermediate image 1 is formed in the plane of the SAD aperture which is
used to select only a small material region for the di�raction. The main and di�racted beams
are then focussed by the intermediate lens to form the intermediate image 2 in a plane above the
projector lens, with the di�raction pattern in the focal point. The projector lens then focusses the
main beam and the di�erent di�racted beams onto the �uorescent screen, forming the di�raction
pattern (DP). If the selected sample area consists of single crystal material, the DP shows the
reciprocal lattice of the crystal lattice. For a polycrystalline or amorphous region, rings will
form in the DP, as the electron beam meets small crystallites in all possible orientations towards
the beam. For single crystal DPs, the individual re�exes of the pattern can be identi�ed with
their respective crystal planes (�indexing�), by using known lattice constants and geometries to
identify the crystal lattice and its orientation towards the beam. For crystal lattices with a high
symmetry like cubic or orthorhombic, indexing is straightforward. Lattices with low symmetry
like hcp for Zr-based alloys require a more detailed analysis to identify the re�exes. Fig. 3.8
shows a di�raction pattern of hcp M5 R© for the beam axis parallel to the c-axis (pole (0001)),
and for pole (2110). The main re�exes are indexed, which was done by comparing the ratio of
re�ex distances, and the Kikuchi pattern at the poles, to the literature [88,99].
In imaging mode (right schematic in Fig. 3.7), the objective aperture is brought into the beam,
cutting o� the di�racted beams but letting the main beam pass. The intensity of the main beam
is then varied at image areas where the Bragg condition has been met and parts of the beam
were di�racted, by image regions with di�erent lattice structures and di�erent Bragg conditions
than the matrix (e.g. second phase particles, bent or strained material regions) or by image
regions with a higher thickness than the average sample thickness. The main beam reaches the
intermediate lens whose strength is increased as compared to di�raction mode to focus the beam
in the focal point of the projector lens. The beam then passes the projector lens and falls onto
the �uorescent screen [85,88].
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Figure 3.8: Di�raction pattern for hcp M5 R©, taken at ANL's IVEM Tandem Facility

The two main imaging modes for conventional TEM, where only one re�ex is used for imaging,
are bright �eld (BF) and dark �eld (DF) imaging. For BF imaging, the sample is tilted away from
the pole until only the main beam and one re�ex from the lattice plane of interest are excited and
the intensity of all other re�exes is minimised. This condition is called �two-beam condition�, and
the excited re�ex de�nes the di�raction vector −→g . Then, a small objective aperture is chosen to
block all re�exes except the main beam; the image then received in the imaging mode is formed
by the main beam, with reduced intensity at all areas where the Bragg condition for the lattice
plane corresponding to the excited re�ex is met. For dark �eld imaging, the small objective
aperture is set around the excited re�ex, not the main beam. After shifting the re�ected beam
to the beam axis (�centered dark �eld�) and changing to imaging mode, only those regions of
the screen are lit where sample areas meet the Bragg condition for the chosen re�ex; any other
sample areas appear dark [85,88]. Fig. 3.9 shows a low magni�cation BF and the corresponding
DF image of a grain in an unirradiated M5 R© standard sample loaded with hydrogen, containing
microstructural features like the spherical second phase particles, needle-like hydrides and grain
boundaries.
By tilting the sample to excite one higher order re�ex and the main beam, and then setting up
DF conditions by placing the objective aperture around the excited n-th order re�ex, only the
Bragg re�ected beams of that order show intensity on the screen. This so-called (−→g , n−→g )-DF
condition, or generally �weak-beam dark �eld condition�, can be advantageous when imaging
certain defect or dislocation types, as it is highly sensitive to regions of strain in the lattice [97].

A phenomenon of major importance for dislocation imaging in the TEM is the so-called �invisi-
bility criterion�:

Invisibility criterion:−→
B · −→g = 0 and −→g · (

−→
B ×−→u ) = 0,

where −→u is the unit vector in direction of the dislocation line. As
−→
B × −→u = 0 for screw

dislocations, those with their Burgers vector
−→
B perpendicular to the di�raction vector −→g are

63



CHAPTER 3. EXPERIMENTAL METHODS

Figure 3.9: Bright �eld (left) and dark �eld (right) image of standard M5 R© after hydrogen
loading

invisible in the image, while screw dislocations with
−→
B parallel to −→g show maximal contrast.

For edge or mixed dislocations, both conditions of the invisibility criterion have to be ful�lled.
The

−→
B · −→g = 0 criterion can be explained as follows: The re�ex intensity in two beam condi-

tions with di�raction vector −→g for a crystal containing a dislocation with Burgers vector
−→
B is

proportional to the square of the amplitude F of the Bragg re�ex:

F = FS

∑
all unit cells

exp[2πi(−→g +−→s )(−→rpi +
−→
B )]

where FS is the structure factor which depends on the atom positions in the lattice, −→rpi is the
position vector of atom i in the lattice and −→s is the excitation error. −→s is the distance of the
reciprocal lattice point from the Ewald sphere1 and a measure on how far the actual di�raction
condition deviates from the ideal Bragg condition. The Ewald sphere with radius 1/λ is compar-
atively large, λ being in the range of 1 pm, with its surface appearing nearly as a plane, from the
point of view of a small section of the di�raction pattern; thus, −→s is very small. As the reciprocal
lattice points are not ideal points but extended to small rods whose length is proportional to 1/d
with d being the sample thickness, the re�ex intensity can be non-zero also for planes which do

1The Ewald sphere is a visualization of the Bragg condition in reciprocal space. It is constructed by drawing the
wave vector of the incident electron beam such that it ends at the origin of the reciprocal lattice. The beginning
of the wave vector is then the center of the Ewald sphere, its radius is 1/λ, and the Bragg condition is ful�lled
for all reciprocal lattice points that are intersected by the sphere.
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not ful�ll the Bragg condition exactly. The argument of the exponential function in the re�ex
amplitude then contains the sum of −→g and −→s [85, 88,97].

Expanding the argument of the exponential function leads to the terms

(−→g +−→s )(−→rpi +
−→
B ) = −→g · −→rpi +−→s · −→rpi +−→s ·

−→
B +−→g ·

−→
B

The �rst two terms correspond to the argument of the Bragg re�ex from an undisturbed crystal
plane; the third term is approximately zero, as −→s is very small as compared to −→g . The fourth
term, −→g ·

−→
B , is then the only term distinguishing the re�ex amplitude of the disturbed material

from the amplitude of the undisturbed crystal. If the Burgers vector is perpendicular to the
di�raction vector, the scalar product in the fourth term will be zero, and the re�ex amplitude
will be the same as for the ideal crystal without the dislocation; the dislocation will be invisible
in the image [85,88,97].

The origin of the additional −→g · (
−→
B ×−→u ) = 0 condition for the invisibility of screw or mixed

dislocations is the bending of the glide plane by the edge dislocation [88].

For the imaging of <a>-loops, two di�erent di�raction vectors were used, depending on the
textured samples' grain orientation.
The �rst di�raction vector for <a>-loop imaging was −→g = (1120) or equivalent with the foil
tilted about 10◦ from the [0001] zone axis in bright �eld and (−→g , 3−→g ) dark �eld conditions.
While <c>-component dislocations with Burgers vectors (0001) are invisible under the chosen
di�raction condition, all perfect <a>-component dislocation loops with Burgers vectors (1210),
(1210) and (2110) are visible, as well as all mixed <c+a>-types: (1123), (1213), (2113), (1123),
(1213) and (2113) [42]. The second di�raction vector was −→g = (0110) or equivalent with the
foil tilted about 10◦ from the [2110] zone axis. The [2110] zone axis is particularly useful as it
allows to reach both −→g = (0110) for <a>-loop imaging and −→g = (0002) for <c>-loop imaging
(compare the di�raction pattern on the right side of Fig. 3.8). Thus, both <a>- and <c>-loops
can be imaged if a grain is available with its orientation allowing imaging near that pole. Using
−→g = (0110), two thirds of the <a>-loops are visible, those with Burgers vectors (1120) and
(1210), and two thirds of the mixed <c+a>types, those with Burgers vectors (1123), (1213),
(1123) and (1213). Pure <c>-type loops are invisible under that vector [42].
The <c>-loops were imaged using the −→g = (0002) di�raction vector, with the grain tilted ap-
proximately 10◦ from the [2110] zone axis, in bright �eld, (−→g , 3−→g ) and (−→g , 4−→g ) dark �eld
conditions. These di�raction conditions show all <c>-type and <c+a>-type contrasts while
suppressing pure <a>-component contrasts [42].

To characterize the dislocation densities in the studied TEM samples, it was necessary to measure
the thickness of the respective grains. The grain thicknesses were determined by imaging a grain
boundary parallel to the sample holder's main tilt axis at di�erent tilt angles and measuring
the observable grain boundary thickness at these angles. The grain's real thickness can then be
calculated from trigonometric relations, as described in more detail in Appendix C.

3.2.3 Sample Fabrication

The base material for the M5 R© samples studied in this work were polycrystalline M5 R©industrial
strips with thicknesses of 0.38mm and 0.43mm. They were produced by subsequent hot and
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cold rolling of a hot forged alloy slab with an original thickness of 110mm, with the �nal heat
treatment chosen to fully recrystallize the material. After cutting foil pieces from the strips by
laser cutting and sample preparation steps, the samples were vacuum annealed for 2 hours at
580◦C to restore an undisturbed recrystallized microstructure. According to the strips' material
certi�cates, their hydrogen content was ≤ 3wt.-ppm.
To study the thickness of the 40MeV Zr irradiated layer in sample M1 by EBSD, a cross section
of the sample was prepared and analyzed. To assure a good edge retention of the irradiated sur-
face of the specimen, an unirradiated specimen was glued to the irradiated side of the irradiated
specimen; then, both foils were embedded in a hot mounting resin. After grinding and polishing
with colloidal silica, the cross section was swab etched with a speci�c electrolyte. The rounding
of the edges of the irradiated foil during cross section grinding parallel to the foil normal showed
to be in the range of several µm and thus near the expected irradiated layer's position. Therefore,
the cross section was not ground and polished parallel to the foil normal but 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' surface was pickled with an acid based
etchant consisting of 30%H2O, 30%H2SO4, 30%HNO3 and 10%HF.
The M5 R© foils for the TEM samples were thinned by subsequent wet grinding with sandpaper of
roughness 800, 1200 and 2400 to a thickness of about 150µm; wet grinding was necessary due to
the pyrophoric properties of zirconium. Then, their �nal thickness of about 100µm was reached
by etching with the described etchant. Discs of 3mm diameter were punched from the foils,
and the discs were electrolytically thinned to perforation using a twin-jet electrolytic process at
- 50◦C and an electrolyte consisting of 90% methanol and 10% perchloric acid.
Due to the rolling process during the strip production, the samples show a very strong texture
with the majority of the grains' (0002) c-axes tilted with an angle of about 25◦ from the foil
surface normal.

The Zry-4 samples were taken from an industrial Zry-4 tube reduced extrusion (TREX), a pre-
product of the guide tube fabrication process, as described in section 1.1.3; the TREX was a
hollow cylinder with wall thickness 15mm. The hydrogen content of the ingot was given as
≤ 3wt.-ppm, and the tubes produced from the ingot had a hydrogen content of 7wt.-ppm.
The hydrogen content of the TREX, which is not measured during the production process, is
therefore given in this work as≤ 7wt.-ppm. For the samples loaded with hydrogen, the additional
hydrogen put into the samples is given throughout the thesis.
Due to the pre-production steps, the TREX has the majority of the grains oriented with their c-
axis radial to the cylinder axis. Thus, TEM samples with the majority of the grains' c-axes in the
sample plane, as necessary for <c>-loop imaging, can be produced by cutting foils perpendicular
to the cylinder axis. Fig. 3.10 shows the subsequent steps in the TEM sample production.
The Zry-4 TREX was cut axially by milling into six parts. Then, three of these parts were
di�usion loaded with di�erent amounts of hydrogen. The hydrogen loading was done by placing
the vibratory ground part into a vacuum furnace after weighing it with a high accuracy scale;
the vibratory grinding was necessary to remove the pickled TREX surface that inhibited the
material from picking up the hydrogen. A de�ned pressure of hydrogen gas was then �lled into
the furnace, and the furnace heated to 400◦C and held at that temperature for about 30min,
depending on the part's weight. By monitoring the decrease of the hydrogen pressure in the
furnace, the amount of hydrogen that was taken up by the material can be estimated. After the
end of the loading, the part was weighted a second time; the hydrogen uptake could then be
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Figure 3.10: Sample fabrication process for Zry-4 TEM samples

calculated from the weight gain of the material. A cross section of one exemplary sample was done
after the hydrogen loading to verify that the zirconium hydrides are distributed homogeneously
in the sample. The accuracy of the hydrogen content values received by the described weighing
method is in the range of 8%, as determined in former experiments where the such measured
values were compared to the hydrogen contents provided by the hot vacuum extraction method.
In the next step, thin slabs with a thickness of about 0.5mm were milled perpendicular to the for-
mer cylinder axis from the unloaded and hydrogen loaded parts. The resulting foils were thinned
to a �nal thickness of about 150µm by subsequent wet grinding with sandpaper of roughness 800,
1200 and 2400. The thus received foils were then thinned to about 100µm analogously to the
M5 R© TEM sample fabrication. Afterwards, the foils were vacuum annealed for 2 hours at 600◦C
to remove any defects or dislocations produced by the cold working during fabrication, and to
receive the material in its recrystallized state. Two di�erent types of TEM samples were taken
from these foils: The �rst type were standard TEM discs with 3mm diameter, punched from the
foils; the second type were tensile specimens cut from the slabs by laser cutting, corresponding
to the required geometry of the straining stage from Gatan Inc. of the IVEM Tandem Facility.
Both sample types were then electrolytically thinned to perforation by the same process as the
M5 R© TEM samples.

It is important to note at this point that a high number of di�erent TEM sample fabrication
techniques were tested in the scope of this work. Before the proposal to the IVEM Tandem Fa-
cility was accepted, a di�erent experimental process had been planned, consisting of irradiating
foil samples with thicknesses in the range of 0.5 to 1mm with or without external tensile stress,
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kept at 300◦C, and to afterwards prepare TEM samples out of the region of the foil where the ion
damage peak was located. The advantage of that method would have been the easier accessibility
of the accelerator facilities. The conducted TEM sample fabrication tests showed, however, that
it was impossible to produce artifact free Zr-based alloy TEM samples from a de�ned position
within the samples:
Focussed Ion Beam (FIB) would have been the method of choice for TEM sample preparation
from a de�ned position within a foil [85, 88]. However, various test preparations with FIBs of
di�erent institutes (AREVA NP Technical Center, Erlangen; Universitäre Serviceeinrichtung für
Transmissionselektronenmikroskopie (USTEM), Wien) showed that even using the lowest pos-
sible milling current, low milling angles and ion beam energies in the low keV range, it was
impossible to keep the irradiation damage from the milling beam low enough. The unirradiated
FIB-cut samples showed comparable irradiation damage as the irradiated samples from the ac-
celerators. Also, the FIB lamellae kept bending during the FIB process, making it di�cult to
reach the necessary thinness for TEM imaging. Additional testing was done at USTEM using a
Precision Ion Polishing System (PIPS) to remove the damaged layer from the FIB samples. As
compared to FIB, which uses heavy ions like Gallium, PIPS is based on an Argon beam with typ-
ical energies between about 1 and 5 keV [85,88]; also, the ion beam can be adjusted to meet the
sample surface at a very low angle to produce a damaged layer of minimal thickness. However,
PIPS itself showed to produce too much irradiation damage. An additional di�culty was the
oxidation of the FIB lamellae during FIB, PIPS or during sample transfer between the devices
or to the microscope. Finally, FIB at liquid nitrogen temperature was tested at USTEM, which
showed an improved sample quality. However, artifacts from the preparation process could not
be avoided completely and would have given strong doubts to any results of irradiation damage
studies in those samples.
Then, several mechanical techniques were tried. Subsequent grinding, polishing and dimpling
of standard TEM discs was tested at AREVA NP GmbH, the �Arbeitsgruppe für Elektronen-
mikroskopie� at the FAU Erlangen-Nürnberg and the Institute of Transuranium Elements (ITU)
at Karlsruhe. The samples were dimpled to a minimal thickness at the center of about 10 to
30µm; then, they were thinned to perforation by PIPS at the ITU. However, PIPS induced
signi�cant irradiation damage. Another tested method was thin edge polishing, a combination
of mechanical and chemical polishing to produce an edge at one side of a foil sample with its
thickness being low enough to view the material in the TEM. Problems with this method arose
from sample oxidation as well as defect and dislocation production by the mechanical part of the
polishing. Finally, sample cutting by an ultramicrotome [85,88] was tried by Leica Microsystems;
this method is based on the mechanical cutting of very thin foils from soft materials, also soft
metals, with a thin diamond blade; the resulting material slabs with thicknesses in the range
of 150 nm are then collected on a copper grid TEM holder. However, the compression stress
during cutting led to signi�cant foil bending with parts of the foil thrown over each other; the
defects induced by these high levels of strain would have made reliable irradiation damage studies
impossible.
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3.2.4 Summary of the Experiments

The experiments conducted in the course of this work consist of several groups.
First, the necessary ion damage levels were calculated based on the SRIM code, to de�ne the
ion �uence range necessary for the experiments. As a veri�cation for the suitability of the SRIM
code for Zr and Kr in Zr-based alloys, a M5 R© foil was irradiated, after several pre-tests and sam-
ple holder adjustments, at the MLL accelerator at the comparatively high ion energy of 40MeV
to receive an ion penetration depth of several µm. The resulting recoil distribution was then
measured by electron backscatter di�raction to compare the actual recoil distribution with the
simulation results.

Then, M5 R© foil samples were irradiated with 2.5 and 3MeV Zr ions, both at 35◦C and 300◦C to
di�erent damage levels, at the IPP's accelerator for subsequent vacancy-type defect density stud-
ies with positron Doppler broadening spectroscopy. After test measurements at the NEPOMUC
DBS facility, the samples were investigated with a number of di�erent procedures: a lateral scan
at a de�ned positron energy in the region of the maximal damage, depth scans from the sample's
surface to the higher damage depths, a line scan from the unirradiated to the irradiated region
and from sample surface to the region of highest damage, and �nally an in-situ DBS annealing
experiment to study the annealing behavior of the vacancy-type defects. By these experiments,
information about the general defect behavior were found, in particular the in�uence of damage
level and temperature on the overall vacancy type defect density.

However, for the direct observation of dislocation loop structures forming under irradiation, as
necessary for the objective of this work, transmission electron microscopy was the method of
choice. Therefore, the in-situ TEM irradiations comprise the widest part of the experiments,
and some irradiations with subsequent TEM were done in addition. These TEM studies can
be divided in several parts. At �rst, suitable TEM sample preparation conditions had to be
established to receive the desired grain orientation and to minimize preparation artifacts, which
included a high number of tests with all standard TEM sample preparation techniques at a
number of di�erent institutes and facilities as described above. Then, a �rst group of in-situ ir-
radiations with both M5 R© and Zry-4 samples were done as a feasibility study for LWR neutron
damage simulation with heavy ions. In addition, some irradiations with subsequent TEM were
carried out at both ANL and IPP accelerators with Zr and Kr projectiles to exclude possible
in�uences of projectile, accelerator or irradiation mode (irradiation in one step to the �nal dam-
age level vs. irradiation in several steps with intermediate TEM imaging). After the successful
results of this study, the e�ects of hydrogen content and tensile stress on the irradiation induced
microstructure, which were the main issues to be investigated in this work, were studied in Zry-4.

Table 3.3 gives an overview of all irradiated samples described in this work, listing their irradiation
conditions as well as the applied post-irradiation examination techniques. For the examined
grains in samples A1 and IA1, where the grain thickness could not be measured due to geometry
constraints, a thickness of 150 nm was assumed for the near-hole grain in sample A1 and a
thickness of 200 nm for the grain in sample IA1 with a larger distance from the hole, estimated
from the image quality and the experience with the other samples.
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sample alloy type H acc. ion Eion Tirr Fion Ddpa Ḋdpa PIE
M1 M5 R© foil ≤ 3 MLL Zr 40 300 3 · 1015 21 10 EBSD
I1 M5 R© foil ≤ 3 IPP Zr 3 35 2.5 · 1013 0.1 7 DBS
I2 M5 R© foil ≤ 3 IPP Zr 3 35 5 · 1013 0.2 7 DBS
I3 M5 R© foil ≤ 3 IPP Zr 3 35 1 · 1014 0.4 7 DBS
I10 M5 R© foil ≤ 3 IPP Zr 2.5 300 4 · 1015 16 7 DBS;DBS+T
A1* M5 R© TEM ≤ 3 ANL Kr 1 300 5 · 1015 18 22 IS-TEM
A2 M5 R© TEM ≤ 3 ANL Kr 1 300 5 · 1015 22 27 IS-TEM
A3 M5 R© TEM 110 ANL Kr 1 300 6.25 · 1015 27 27 IS-TEM;TEM+T
IA1* Zry-4 TEM ≤ 7 IPP Zr 1 300 5 · 1015 28 0.4 TEM
JA1 Zry-4 TEM ≤ 7 ANL Kr 1 300 5 · 1015 25 31 TEM
PA2 Zry-4 TEM ≤ 7 ANL Kr 1 300 5 · 1015 25 32 IS-TEM
PB3 Zry-4 TEM 186 ANL Kr 1 300 5 · 1015 23 29 IS-TEM
PC4 Zry-4 TEM 405 ANL Kr 1 300 5 · 1015 25 31 IS-TEM
PZ Zry-4 St-TEM ≤ 7 ANL Kr 1 300 5 · 1015 25** 32 IS-TEM+St

Table 3.3: Summary of the irradiated samples:
�St-TEM� = tensile specimen for TEM
�IS-TEM�=In-situ-TEM
�IS-TEM+St�=In-situ-TEM with straining stage
�DBS+T�=DBS with defect annealing
�TEM+T�=TEM with defect annealing
H = hydrogen content in wt.-ppm
Eion = ion energy in MeV
Tirr = irradiation temperature in ◦C
Fion = ion �uence in cm−2

Ddpa = damage level in dpa
Ḋdpa = damage rate in 10−4dpa/s
* = grain thickness not measured but estimated
** = average between the damage levels of two di�erent grains
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Chapter 4

Results and Discussion

This chapter consists of the description and discussion of the experimental results. It starts with
a presentation of the con�rmation of the SRIM calculations by electron backscatter di�raction
(EBSD) and then focusses on the heavy ion irradiation experiments with M5 R© and Zry-4. Those
experiments are structured into two parts. First, the feasibility studies will be described, which
showed that typical PWR neutron damage can be simulated by heavy ion irradiation under the
chosen conditions in M5 R© and Zry-4. Then, the investigation of the e�ect of di�erent parameters
on the irradiation induced microstructure will be presented: ion dose, temperature, hydrogen
content and external stress.
Parts of this chapter have been published in a �rst-author publication in the Journal of Nuclear
Materials [77].

4.1 SRIM Calculation Con�rmation by Electron Backscatter Di�rac-

tion

The conversion of the ion �uence to displacements per atom, which is a key point in comparing
neutron and ion damage, is based on recoil distribution simulations with the SRIM code [69]. To
verify whether the code gives a realistic representation of the behavior of projectile ions in the Zr
mass range in Zr-based alloys, a calculated ion recoil distribution was compared to the dimensions
of the ion damage layer in a M5 R© sample. The sample (M1) was irradiated with 40MeV Zr at
the MLL accelerator at a temperature of 300◦C to a total ion �uence of 3 x 1015cm−2. After a
cross-section was prepared from the sample, a total length of 330µm along the irradiated and
the unirradiated surface was analyzed with EBSD; the band slope distribution was averaged over
the measured length. Fig. 4.1 shows the band slope mapping over the irradiated layer and the
unirradiated bulk material near the surface; Fig. 4.2 gives the distribution of the normalized sum
of the band slope (BS) parameter measured from the specimen's surface to the unirradiated bulk,
compared to the recoil distribution caused by 90Zr projectiles with 40MeV in the alloy, calculated
with SRIM for 100 projectiles. As the cross-section was polished with an angle of about 35◦ to
the foil normal, the cut through the irradiated layer is inclined. Therefore, the EBSD image
in Fig. 4.1 shows an enhanced thickness of the irradiated layer. The BS parameter given in
Fig. 4.2 is corrected for the cross-section inclination and thus provides the actual thickness of the
irradiated layer.
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Figure 4.1: Band slope map of the irradiated M5 R© specimen (40MeV Zr at 300◦C) cut under
35◦; a=unirradiated bulk; b=irradiated layer; c=gap to the stabilizing foil

Figure 4.2: Depth dependent normalized sum of the band slope (BS) parameter compared to the
SRIM calculation results (M5 R©, 40MeV Zr irradiated at 300◦C)
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The irradiated layer can be clearly distinguished from the bulk by its darker coloring in the band
slope map (see Fig. 4.1). 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 ex-
pected to be prone to channeling e�ects that are disregarded by the SRIM code, channeling does
not occur to a signi�cant level, and the damage range does not depend on the grain orientation.
The peaked recoil distribution which was calculated with SRIM is not re�ected in the depth
dependent distribution of the normalized sum of the BS parameter (see Fig. 4.2); the sum is
approximately constant over the total depth of the irradiated layer. This is assumed to be an
e�ect of saturation: As observed during the in-situ-TEM ion irradiation, the Kikuchi lines be-
come 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 e�ect 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 deeper
in the sample cannot 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 1.2µm, 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 maximal recoil
range; it can thus be concluded that the SRIM calculations for heavy ion ranges in Zr-based
alloys produce reliable results and can be used as a basis for damage level calculations in the
specimens with a level of accuracy that is signi�cantly higher than the typical measurement
errors in the irradiation experiments.

4.2 Comparability of Light Water Reactor Neutron and Heavy

Ion Damage

The most distinguished features of neutron induced microstructural damage in Zr-based alloys
are the <a>- and <c>-type dislocation loops, as described in chapter 2; also, the dislocation
loops are reported to be the dominant force in irradiation induced deformation. Therefore, the
formation and characteristics of these dislocation loops are the primary criterion to assess the
comparability of ion damage with neutron damage in the context of irradiation induced defor-
mation.
The results of the feasibility study whether heavy ion irradiation is suited to simulate neutron
damage, and under which parameters, will be presented in three parts: �rst, <a>-loop forma-
tion and characteristics, then <c>-loop nucleation and properties, and �nally the observations
regarding additional microstructural features. To be sure that the experimental method is ap-
plicable not only in the single case of one speci�c alloy, or reproducible only at one accelerator,
two di�erent Zr-based alloys were used, M5 R© representing the group of Zr-Nb alloys, and Zry-4
as an example of the Zr-Sn-Fe-Cr alloys. Also, irradiations were done at two di�erent acceler-
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ators with two di�erent projectiles: 1MeV Kr at the ANL's 500 kV tandem accelerator of the
IVEM Tandem Facility, and 1MeV Zr at the Max-Planck-Institute für Plasmaphysik's 3MV
tandem accelerator. Finally, irradiations were carried out with both in-situ TEM imaging at
ANL, and with pre-irradiating the samples to their �nal dose and subsequent post irradiation
TEM imaging. It was thus assured that the irradiation mode (stepwise or in one run) did not
have a signi�cant e�ect on the irradiation induced microstructure.

4.2.1 <a>-Loops

The development of <a>-component dislocation loops was observed in one grain of the M5 R©

sample A1 from the unirradiated state to an ion �uence of 5.0 x 1015cm−2. Di�raction vector
−→g = (1120) or equivalent was used, which leads to an invisibility of all <c>-type contrasts and
shows all emerging <a>-type contrasts (see chapter 3). The grain's thickness was not measured;
to estimate the ion dose, a thickness of 150 nm was assumed, based on the grain's distance from
the hole. This leads to a calculated �nal ion dose of 18 dpa. As soon as the irradiation was
started, small <a>-type contrasts in dot- or loop-like shape started to develop and to slightly
migrate in the grain; their density increased with the dose (see Fig. 4.3). Fig. 4.4 shows the
<a>-loop contrast in higher magni�cation; contrasts of loop form are designated by the arrows.
At high damage levels, the <a>-component dislocation network shows regions of very dense
contrasts alternating with lower contrast regions. Therefore, it is di�cult to tell whether the
loop density increases further with the damage level or reaches a state of saturation which is
described for neutron irradiated Zr-based alloys [36]. The [0001] zone axis di�raction pattern
after 18 dpa shows signi�cant deviations from the lower dose state (see Fig. 4.5): While the initial
hexagonal di�raction pattern is barely recognizable, additional re�exes are present. They might
be an indication of recrystallization 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 with the high defect density, as
it was observed in a grain close to the hole at high damage levels. Even though the temperature of
300◦C is much lower than the recrystallization temperature range of Zr-based alloys, it is assumed
that the e�ect might have been triggered by strong bending of the single grain in combination
with the irradiation. Oxidation as a cause for these changes in the images and di�raction pattern
is deemed unlikely because comparable samples did not show the observed e�ects, neither while
being irradiated at corresponding pressure and damage level conditions nor during annealing
experiments at up to 750◦C.
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Figure 4.3: <a>-loop development in M5 R© vs. ion dose (1MeV Kr at 300◦C); −→g = (1120) or
equivalent
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Figure 4.4: <a>-loop contrast in M5 R© in higher magni�cation (5 dpa 1MeV Kr at 300◦C);
−→g = (1120) or equivalent

Figure 4.5: [0001] zone axis di�raction pattern of M5 R© at 0 dpa and 18 dpa (1MeV Kr at 300◦C)
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In Zry-4, <a>-loops were studied at the high damage level of 25 dpa; Fig. 4.6 shows the observed
<a>-loop contrast at high magni�cation with di�raction vector −→g = (0110) or equivalent, which
allows for visibility of two thirds of the <a>-type contrasts and two thirds of the mixed <c+a>-
types. Analogously as in M5 R©, the <a>-loops formed from the beginning of the irradiation
and built a dense network at high damage level. The di�raction pattern given in �gure 4.6 is
taken after the �nal dose of 25 dpa and does not show signs of recrystallization. It is therefore
assumed that the strong di�raction pattern degradation observed in the M5 R© sample was caused
by the low grain thickness and the close position of the grain to the hole which allowed for strong
bending. The Zry-4 grain had a higher thickness of 247 nm.
Fig. 4.7 shows the <a>-loop size distribution in both samples, at damage level 2 dpa in the M5 R©

sample and for the high dose of 25 dpa in Zry-4.

Figure 4.6: <a>-loops in Zry-4 (25 dpa, 1MeV Kr at 300◦C); −→g = (0110) or equivalent
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Figure 4.7: <a>-loop size distribution in M5 R© and Zry-4 (1MeV Kr at 300◦C)

The <a>-loops' measured average sizes are 7.4 nm at 2 dpa for M5 R© and 6.8 nm at 25 dpa for
Zry-4. These sizes correspond well to the typical <a>-loop diameters in neutron irradiated Zr
alloys of about 8 nm stated in the literature [10]. <a>-loops are expected to be of both inter-
stitial and vacancy type [10]; however, the <a>-loop types could not be studied experimentally
due to the high loop density and the resulting strong contrasts.

To quantitatively determine the loop densities, the so-called �linear density� is used; it is de�ned
as the sum of the lengths of all loop contrasts of the speci�c type in one image section, divided
by the imaged material's volume. For the irradiated Zry-4 sample, the grain thickness was mea-
sured by the grain boundary method described in chapter 3; therefore, a linear <a>-loop density
could be calculated from the loop length measurements. At 25 dpa, the linear <a>-loop density
as measured for one observed grain was (1.7±0.12) x 1014m−2; the given measurement error is
calculated based on one standard deviation of the foil thickness. As the chosed di�raction vector
−→g = (0110) allows for visibility of two thirds of all <a>-type contrasts, the total <a>-loop lin-
ear density is thus 3/2 of the measured linear density, (2.6±0.18) x 1014m−2. There are only few
published values of <a>-loop linear densities in neutron-irradiated Zr-based alloys. Gilbon et al.
studied <a>-loop densities in a recrystallized high tin and oxygen version of Zry-4 (1.73wt.-%
Sn, 1640wt.-ppm O) which had been neutron irradiated at 400◦C at the Phénix reactor; they
report linear densities of 7.5 x 1014m−2 at 5 dpa and 9.1 x 1014m−2 at 13 dpa [100]. These values
are higher than the ones observed in the Kr irradiated sample, but within the same order of
magnitude. The deviation between the values might be due to possible variations in the linear
density measurement techniques, the di�erent Sn and O content or the 100K di�erence in irra-
diation temperature. It should also be kept in mind that the <a>-loop densities at such damage
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levels are high and that loop contrast overlap is probable, which would be an error source in the
loop density determination.

To conclude, the <a>-loops observed in 1MeV Kr irradiated M5 R© and Zry-4 agree very well in
their characteristics with the <a>-loops reported for neutron irradiated Zr-based alloys:

• The <a>-loops begin to form directly with the beginning of the irradiation, without a dose
threshold; then, they increase in density with increasing damage level.

• The average <a>-loop size corresponds very well to the average <a>-loop size in neutron
irradiated Zr-based alloys of about 8 nm reported in the literature [10].

• <a>-loop linear densities measured in Kr irradiated Zry-4 are in the same range as the
linear densities reported for high Sn and O Zry-4, neutron irradiated at 400◦C in the Phénix
reactor [100].

4.2.2 <c>-Loops

The <c>-loop contrast development with the ion dose in M5 R© was studied in one grain of
sample A2. An overview TEM picture of the observed grain in its unirradiated state can be seen
in Fig. 4.8. The grain's di�raction pattern of pole (2110) with the (0002) re�ex location is shown
next to the BF image.

Figure 4.8: M5 R© sample A2, unirradiated grain, −→g = (0002) (left); (2110) pole di�raction
pattern (right)

The thickness of the grain was determined by the grain boundary method to be 181 nm.
Fig. 4.9 shows the development of the <c>-loops with the ion dose. In Fig. 4.10, a grain area
of sample A2 at a damage level of 22 dpa imaged at a lower magni�cation demonstrates that
the <c>-loops are homogeneously distributed over the grain. The darker contrast to the right
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is caused by a more dynamic di�raction condition in that grain region, with the contrast being
sensitive to weak lattice strains, while the lighter contrast to the left is given by a more kinemat-
ical di�raction condition with the contrast more con�ned to the physical size of the dislocation
loops [97]. The di�erence in the di�raction conditions is caused by a slight bending of the grain.

Figure 4.9: <c>-loop development in M5 R© with the ion dose (1MeV 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 observed,
while they were absent up to 3.4 dpa. 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 which
are ordered in a chain-like structure to form the typical line contrast, as indicated by the arrows
in Fig. 4.11.
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Figure 4.10: <c>-loop distribution in M5 R© sample A2 at 22 dpa (1MeV Kr at 300◦C);
−→g = (0002)

Figure 4.11: <c>-type contrasts formed by small loops (1MeV Kr at 300◦C) in M5 R©;
−→g = (0002)
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A Zry-4 sample, PA2, was imaged as well during in-situ irradiation to study the <c>-loop
formation; for this sample, movies were taken during the irradiation process from the beginning,
to determine the threshold damage level for <c>-loop nucleation. The imaged grain in PA2
had an orientation towards the beam that allowed for imaging of both <a>- and <c>-loops.
Fig. 4.12 shows both contrasts with their respective di�raction conditions for the �nal dose of
25 dpa. The <a>-loops, as described above, were imaged with di�raction vector (0110), which
leads to a complete invisibility of the <c>-loops (see left image). By tilting the sample away
from this di�raction condition to excite the (0002) re�ex, all <a>-contrasts are invisible and
the <c>-loops appear (see right image). The di�raction pattern added to the images show the
perpendicular position of the two di�raction vectors to each other in the reciprocal lattice.

Figure 4.12: <a>- and <c>-loop imaging conditions in the same grain in Zry-4 sample PA2
(25 dpa 1MeV Kr at 300◦C)

For a detailed observation of the <c>-loop development with the dose, the grain was set up for
<c>-loop imaging, and one grain region was observed from its unirradiated state up to 25 dpa.
Fig. 4.13 shows the development of the <c>-loops with the damage level.
The left lower corner of the imaged position shows a part of a Laves precipitate. As expected
from previous studies on Zr-based alloys [77] and from neutron irradiated material, the <c>-loops
form only after a threshold dose in the Zr-matrix. From the movies taken during the irradiation,
the point of �rst observation of small <c>-loops was found to be at 5.5 dpa. However, in direct
vicinity of the precipitate, <c>-loop contrasts can be observed to nucleate at a lower damage
level; the image taken at 3 dpa (see Fig. 4.13) already shows small loops. This is in agreement
with observations for neutron irradiated Zr-based alloys, where <c>-loops at the beginning of
their formation are reported to be located close to the intermetallic precipitates [36]. This is
assumed to be due to a gradual dissolution of the Fe in the SPP into the matrix, which might
then provide <c>-loop nucleation points or lead to faster <c>-loop growth. This e�ect of faster
<c>-loop nucleation near SPPs under heavy ion irradiation in Zry-4 has been shown for the �rst
time. It con�rms the good agreement between PWR neutron damage and heavy ion damage
under the chosen experimental parameters. As in the Kr irradiated M5 R© sample, the <c>-loops
are distributed homogeneously throughout the grain.
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Figure 4.13: <c>-loop development with the dose in Zry-4; −→g = (0002)

The <c>-loop density is also quanti�ed by the linear density, dividing the sum of the lengths
of all <c>-loop contrasts in one image section by the imaged material's volume. The <c>-loop
linear density is a widely-used quantity [26,74,100] and allows to compare the measured <c>-loop
densities with literature data. For each sample, several grain regions were chosen to determine
the linear density from images taken at a magni�cation of 30'000. The received densities for
M5 R© sample A2 and Zry-4 sample PA2 are shown in Fig. 4.14, together with literature values
for heavy ion and neutron irradiated Zr-based alloys [26, 74, 100]. From the M5 R© sample A2, a
movie was taken for damage levels from 7dpa to 22 dpa with a higher magni�cation of 70'000;
the received linear densities from this high magni�cation image series are added to the diagram
for the sake of completeness. This higher magni�cation leads to a visibility of loop contrasts
that cannot be observed in the lower magni�cation images; thus, the linear densities measured
in frames taken from the movie are higher.
The <c>-loops show an approximately homogeneous distribution over the grains; the statistical
variation can be seen by comparing the linear densities calculated from the loop size measure-
ments at di�erent grain positions. A general change in the <c>-loop density near outstanding
microstructural features like grain boundaries or precipitates was not observed (with exception
of the earlier onset of <c>-loop nucleation near the Laves precipitate in Zry-4). It is thus con-
cluded that, if these possible defect sinks have any in�uence on the general <c>-loop densities,
the e�ect is not signi�cant under the chosen experimental conditions.
For the linear densities in the Zry-4 sample, error bars are given. They were calculated based on
one standard deviation of the grain thickness measurements at about 8 di�erent tilting angles,
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Figure 4.14: Measured <c>-loop linear densities compared to literature data by Tournadre [74],
Bossis [26] and Gilbon [100]

using the grain boundary method. As these thickness measurements had only been done twice
for the grain in the M5 R© sample, the M5 R© density values do not contain error bars.
Di�erent literature values for the linear <c>-loop densities are added to the diagram. As far as
the information is contained in the literature, the linear densities were taken from images with
magni�cation of 30'000; thus, the following comparison to literature data is done for the densities
measured at 30'000.
The ion irradiation induced <c>-loops' linear densities measured in Zry-4 agree very well with
the densities reported by Bossis et al. in 2007 for PWR neutron irradiated low tin Zry-4 [26].
Also, they correspond well to high Sn and O Zry-4 irradiated in the Phénix fast breeder reactor
as described by Gilbon et al. in 1994 [100], speci�cally with the density given for about 13 dpa.
The deviation in the range of 5 dpa can be expected, since <c>-loop densities are very low near
the nucleation threshold which would increase the measurement error. In addition, the measured
<c>-loops' linear densities in both alloys are in the same range as data on ion irradiated Zry-4
presented by Tournadre et al. in 2011 [74], for both Zr and proton irradiation.
Fig. 4.15 shows the observed <c>-loop size distributions for the maximal damage level reached
in the samples A2 (M5 R©) and PA2 (Zry-4). The given values include the measurements of 4
di�erent positions within one grain in A2 and 3 di�erent positions within one grain in PA2. The
perception of the loops as several small ones or one long loop may vary for each person doing the
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measurements. Also, the actual observed length can depend on the speci�c imaging conditions
in each TEM image. To keep this bias as low as possible, all length measurements were done
by the author of this work; also, images with the same magni�cation were chosen. The average
<c>-loop diameters are 36 nm for M5 R© and 16 nm for Zry-4. As a comparison, two TEM
images taken from publications on neutron induced <c>-loops in annealed Zry-4 were measured
analoguously to the TEM images from the ion irradiated samples. Remeasuring the published
images is expected to avoid the possible bias in length measurement. The images chosen are from
a Zry-4 sample irradiated at 290◦C in a BWR [101] and a Zry-4 sample irradiated at 290◦C in a
CANDU [12], both to a neutron �uence of 8.5 x 1021n/cm2 (E>1MeV). Using the neutron �ux -
dpa conversion suggested by Shishov et al. [25] for PWR as an approximation, due to the absence
of a BWR or CANDU conversion factor in the open literature, the given fast �uence corresponds
to 14 dpa. The magni�cation was in the same range as for the ion irradiated samples, but image
quality was comparatively low as the images were taken in the 1980s. For the BWR irradiated
sample, the received average <c>-loop length is 27 nm; in the CANDU-irradiated sample, it is
19 nm. This provides an estimate of the measured loop length variation for di�erent neutron
irradiated samples. The <c>-loop size distribution of these neutron irradiated samples is also
included in Fig. 4.15.

Figure 4.15: <c>-loop size distribution in ion irradiated M5 R© and Zry-4 (1MeV Kr at 300◦C)
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The <c>-loop size distribution is rather comparable for all four samples; especially the three
Zry-4 samples' distributions are very similar. This con�rms the general agreement between the
<c>-loop characteristics for heavy ion irradiated and neutron irradiated samples.

In addition to the in-situ TEM irradiations, experiments were also carried out using ion irradia-
tion to the �nal dose with the TEM imaging afterwards. Fig. 4.16 shows two examples of Zry-4
grains, one of them irradiated with 1MeV Kr at ANL and the other with 1MeV Zr at IPP. They
both received an ion �uence of 5 x 1015cm−2, which corresponded to 25 dpa in the ANL sample;
for the IPP sample, the grain thickness was not measured but estimated to be 200 nm, which
results in a calculated �nal damage level of 27 dpa.

Figure 4.16: <c>-loops in Zry-4 pre-irradiated at 300◦C with 1MeV Kr at ANL (left) and with
1MeV Zr at IPP (right); −→g = (0002)

Both samples show a homogeneous network of <c>-loops with signi�cant density, analogous to
the samples studied with in-situ TEM. The loops in both samples, which were irradiated with
di�erent projectiles with signi�cantly di�erent damage rates (see table 3.3), are comparable in
their size and distance distribution. It can therefore be concluded that the irradiation microstruc-
tures produced by Zr and Kr irradiation are in agreement. Also, a signi�cant in�uence of the
accelerator and damage rate with regard to the �nal loop structure was not found.

Discussion of the <c>-Loops' Characteristics

There was one speci�c observation of the <c>-loops' characteristics in all studied samples irradi-
ated at 300◦C that was not reported in the literature before and should thus be emphasized: The
<c>-loop contrasts which are typically described in the literature as being large loops viewed
edge-on give strong indications in their contrast appearance of not being single large loops, but
instead chain-like structures of many aligned, small loops. There are some details which support
this hypothesis: High magni�cation bright �eld images show the <c>-type contrasts to actually
consist of a number of small contrasts (see e.g. Fig. 4.11). This general loop appearance was ob-
served in all TEM samples when viewed at su�ciently high magni�cation. Also, the loops when
imaged at the usual magni�cation of about 30000 x show kinks and jogs along their lengths,
which would be more obvious to emerge for aligned small loops than for one large loop. An ex-
perimental veri�cation of the hypothesis by tilting the <c>-loops from their edge-on orientation
towards a plane orientation was impossible in the samples, due to the high <a>-type contrast
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densities. A possibility would be the heating of the samples to 450◦C where the <a>-type con-
trasts should have annealed (see DBS studies to be described in the following); however, such
a change in sample temperature could easily lead to changes in the <c>-loop characteristics,
such that the <c>-loops would not keep their original features. There is no straightforward
explanation from the imaging conditions as to why those contrast features should emerge as an
imaging artifact. There might be a possibility that strain �elds from the <a>-loops on the prism
planes lead to lattice distortions which produce the observed e�ect. However, thinking of possible
<c>-loop nucleation and development processes, the nucleation of small <c>-loops and their
gradual alignment to chain-like structures when their number increases with the damage level
could be a valid physical process, perhaps similarly probable as the generally assumed formation
of single large <c>-loops.

A central point in the interpretation of the results of this work is the degree of possible correlation
between the observed irradiation induced microstructures, speci�cally the <c>-loop structure,
and the macroscopic irradiation growth phenomenon. This issue contains several di�erent aspects
which will be discussed one at a time.

• The experimental work described in this thesis covered the irradiation induced microstruc-
tures forming after heavy ion irradiation. The measurement of irradiation induced material
deformation, either in single grains or macroscopic samples, was not an objective of this
work. Therefore, a direct experimental correlation between irradiation induced microstruc-
tures and material growth cannot be provided by this work. However, the formation of
<c>-loops is correlated by both experimental and theoretical work in the literature with
the onset of breakaway growth (see chapter 2). Based on this reported correlation, indirect
conclusions to possible material deformation can be drawn from the observed microstruc-
tures.

• Based on the reported correlation between <c>-loop appearance and breakaway growth,
the �rst information that can be gathered from ion irradiated samples would be the ten-
dency of di�erent materials to show breakaway growth. A low <c>-loop nucleation thresh-
old would indicate an early onset of breakaway growth, while a higher threshold would lead
to a later occurrence of the phenomenon.

• Following the literature argument that the presence of <c>-loops enhances irradiation
growth, it can be assumed that a higher density of <c>-loops would lead to a stronger
material growth. Thus, the absolute <c>-loop density increase rate in the ion irradiated
samples can be used as an indicator for the growth rate with the damage level after the
onset of breakaway growth.

• It should be discussed in more detail which point of the <c>-loop formation is actually
the one that correlates with the onset of breakaway growth. As was already shown in the
studies presented above, <c>-loops are rather small and have a low density when they are
�rst observed after the threshold dose. It is also possible that they exist in a smaller state
that is invisible with the chosen imaging conditions and magni�cation before the observed
threshold. Referring to the growth model by Bacon [38] which describes the <c>-loops
to act as a defect sink that disturbs the equilibrium between interstitial and vacancy type
loops on prism planes, it is not highly probable that the few small loops in that �rst state of
nucleation already show a signi�cant e�ect on material growth. It would seem more likely
that a certain <c>-loop density has to be present before signi�cant e�ects on material
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growth will emerge; this will be described in the following as �critical <c>-loop density�.
In this context, it should also be kept in mind that a low <c>-loop threshold with a high
<c>-loop density increase rate could have the same e�ect on the onset of breakaway growth
as a higher <c>-loop threshold with a lower <c>-loop density increase rate, reaching the
critical <c>-loop density at the same damage level. According to the growth data of
recrystallized Zry-2 and Zry-4 neutron irradiated at around 300◦C presented by Holt et
al. [12] (see Fig. 2.11 in chapter 2), the transition region from the rather moderate material
growth in phase II to breakaway growth in phase III lies in a fast �uence range of about
4-6 x 1021n/cm2 (E>1MeV). Based on the PWR �uence to damage level conversion, this
transition range corresponds to a damage level range of 6.7 to 10.0 dpa, with the average
being 8.3 dpa. The <c>-loop damage level thresholds found for the in-situ irradiated
samples as presented above were between 3.4 and 6.8 dpa for standard M5 R© (sample A2)
and 5.5 dpa for standard Zry-4 (sample PA2). These damage level thresholds correspond in
general to the fast �uence regions reported by Holt et al., and thus con�rm the hypothesis
of the link between <c>-loop appearance and onset of breakaway growth. To narrow the
value of the critical <c>-loop density down, the Zry-4 sample whose properties are similar
to the material studied by Holt et al. [12] will be used. To demonstrate how the <c>-loop
structure looks like in the damage level region where breakaway growth begins according
to Holt et al., Fig. 4.17 shows three TEM images of sample PA2, taken at damage levels
corresponding to the lower boundary, average value and upper boundary for the transition
to breakaway growth.

Figure 4.17: Zry-4 standard sample at damage levels representing the observed region of macro-
scopic growth transition to breakaway

Table 4.1 summarizes the average <c>-loop length and the <c>-loop linear densities mea-
sured for these damage levels.

damage level (dpa) average <c>-loop length (nm) <c>-loop linear density (m−2)
6.7 10.7 (4.48±0.260) x 1012
8.3 11.5 (1.46±0.109) x 1013
10.0 11.1 (3.46±0.259) x 1013

Table 4.1: <c>-loop average length and linear densities for standard Zry-4 in the transition
damage level region to macroscopic breakaway growth

From the comparison of the measurement results with the macroscopic growth data by
Holt et al., it is concluded that the critical <c>-loop linear density which marks the be-
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ginning of macroscopic breakaway growth in recrystallized Zry-4 irradiated at about 300◦C
lies in the range of 1.5 x 1013m−2 and shows an average loop length of about 11 nm. This
critical <c>-loop distribution is close to the observed actual <c>-loop nucleation thresh-
old at 5.5 dpa, but lies slightly above it. It should be mentioned that the growth samples
used in the experiments by Holt et al. can be expected to have contained some amount
of hydrogen, since they spent signi�cant time being irradiated in a BWR and PWR. This
might have an e�ect on the <c>-loop nucleation threshold in the samples. This issue will
be taken up again in section 4.3.3.
Ion irradiation experiments by Tournadre et al. [74] using 600 keV Zr on Zry-4 at 300◦C
show a <c>-loop nucleation threshold between 4.1 and 5.5 dpa. This agrees well with the
nucleation threshold of 5.5 dpa observed for sample PA2.

Summary of the <c>-Loops' Characteristics

In summary, the <c>-loop microstructure induced by heavy ion irradiation under the chosen
experimental conditions shows good agreement with the microstructure observed under neutron
irradiation:

• <c>-loops can be produced by heavy ion irradiation in both M5 R© and Zry-4, at di�erent
accelerators and with both Kr and Zr projectiles.

• As reported for neutron irradiated Zr-based alloys, the <c>-loops start to form after a
threshold dose only, and then increase in density.

• The threshold dose found for the onset of <c>-loop formation in 1MeV Kr irradiated Zry-4
con�rms the correlation between <c>-loop nucleation and the onset of breakaway growth
described by Holt et al. [12]. By comparing that growth data to the observed ion induced
<c>-loop structures, the critical <c>-loop density at which macroscopic breakaway growth
can be expected to start in Zry-4 LWR neutron irradiated at 300◦C is determined to lie in
the range of 1.5 x 1013m−2.

• The <c>-loops' length distribution in both ion irradiated alloys corresponds to the length
distribution from BWR and CANDU neutron irradiated recrystallized Zry-4, when the
same loop length measurement technique is applied by the same person.

• The <c>-loop linear densities for Kr irradiated Zry-4 agree with the linear density values
for neutron irradiated Zry-4 found in the literature. For Kr irradiated M5 R©, the measured
linear densities were found to correspond well to unpublished data from PWR guide tubes.

• In Kr irradiated Zry-4, a preferential nucleation of<c>-loops was observed in direct vicinity
to a Laves phase, as reported in the literature for neutron irradiated Zry-4 [36].

4.2.3 Further Microstructural Characteristics

Apart from the investigation of dislocation loop formation, which was the major objective of the
conducted experiments, other microstructural features were studied.

• All imaged grains in both M5 R© and Zry-4 were tested for voids at di�erent dose levels
by alternating over- and underfocus imaging and searching for contrast inversion; from
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the chosen imaging conditions, voids with a diameter of about 2 nm or higher would have
been visible if present in the samples. However, voids were not observed at any dose level.
This is in agreement with the literature on neutron irradiated Zr-based alloys. While void
formation under irradiation is a typical phenomenon observed in steels (which have a cubic
lattice structure), there are no reports on void formation in Zr-based alloys under neutron
irradiation [10,36].

• In M5 R©, amorphization of the βNb precipitates was not observed; their alternating contrast
between bright �eld and dark �eld images, and the absence of rings in the di�raction pattern
showed them to be crystalline up to the highest ion dose of 22 dpa. This is in agreement
with the reported stability of these precipitates in neutron irradiated M5 R©.

• Possible di�erences in the irradiation induced microstructures in the di�erent alloys M5 R©

and Zry-4 were not the primary objective of this work, but the agreements and di�erences
found during the experiments should be noted. The general irradiation behavior of the
two alloys was similar. The microstructures of both irradiated alloys at high damage level
consisted of a high density of <a>-loops and a lower density of homogeneously distributed
<c>-loops. Void formation was not seen in either alloy. The observed <a>-loop struc-
tures in both alloys appear comparable. Both alloys showed <a>-loop formation from the
beginning of the irradiation, with an increasing loop density with the dose. For damage
levels higher than 2 dpa, the average <a>-loops size is in the range of 8 nm for both alloys.
<c>-loops formed after a dose threshold in both alloys; for Zry-4, that threshold was de-
termined to be at 5.5 dpa. In M5 R©, it lies between 3.4 and 6.8 dpa. In both alloys, the
increase of the linear <c>-loop density with the damage level shows a linear behavior with
a comparable slope. However, Zry-4 showed a lower absolute <c>-loop linear density than
M5 R©; it was by a factor 2.5 lower at 15 dpa and a factor of 1.9 lower at 20 dpa. The
measured average <c>-loop size from images of magni�cation 30'000 x was 36 nm for M5 R©

and 16 nm for Zry-4. However, deviations in the <c>-loop size can also be found between
images from neutron irradiated samples of the same material, due to the generally di�cult
comparability of <c>-loop length measurements.

To sum up, the heavy ion irradiation induced microstructure under the chosen experimental
conditions in both M5 R© and Zry-4 shows all essential characteristics of the microstructure after
LWR neutron irradiation. Both <a>- and <c>-loops are produced with their features corre-
sponding to neutron irradiated Zr-based alloys, and unexpected new microstructural e�ects were
not observed. It can be concluded that, despite the large di�erences in the damage rate between
heavy ions and LWR neutrons, and possible in�uences of the surfaces of the thin TEM foil on the
microstructure, the chosen experimental conditions are well suitable for LWR neutron damage
simulation.
Therefore, further experiments were carried out using these veri�ed experimental conditions to
study the e�ect of di�erent parameters on the irradiation-induced microstructure.
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4.3 Heavy Ion Induced Irradiation Damage in Guide Tube Alloys

As the �rst studies showed that the chosen experimental parameters were well suited for the
simulation of LWR neutron damage in Zr-based alloys, they were applied to investigate the in-
�uence of di�erent parameters on the irradiation induced microstructures: ion dose, temperature,
hydrogen content and external stress.

4.3.1 E�ect of Ion Dose

<a>-Loops

The <a>-loops were observed to nucleate from the very beginning of the irradiation and to
increase in density with the dose. For the M5 R© sample A2, <a>-loop diameters were measured
at di�erent comparatively low dose levels; in Zry-4 sample PA2, the diameters were determined
at high dose. Fig. 4.18 shows the <a>-loop size distribution in dependence of the damage level.

Figure 4.18: <a>-loop size distribution at di�erent damage levels in M5 R© and Zry-4

The average <a>-loop diameters are given in Table 4.2.
There is a noticeable loop size increase between 1 dpa and 2 dpa; however, between 2 dpa and
25 dpa, assuming that the in�uence of the alloying on the loop size is insigni�cant, the loop size
remains rather stable.
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alloy damage level (dpa) <a>-loop diameter (nm)
M5 R© 0.3 5.6
M5 R© 1 5.4
M5 R© 2 7.4
Zry-4 25 6.8

Table 4.2: Average <a>-loop diameters

<c>-Loops

As described above, <c>-loops do not start to form from the beginning of the irradiation like the
<a>-loops but only after a threshold dose, which was found to be 5.5 dpa for the Kr irradiated
Zry-4 sample PA2. For damage levels exceeding this <c>-loop threshold, the <c>-loop linear
densities L show an increase with the damage level which can be approximated by a linear
correlation, as shown in Fig. 4.19.

Figure 4.19: <c>-loop linear density increase with the damage level (1MeV Kr at 300◦C)

The assumed correlation is of the form

L = L0 + L̇ · D;

the �t parameters for the di�erent magni�cations and alloys are shown in Table 4.3.
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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

Zry-4, mag. 30'000 (−1.2± 1.1) · 1013 (5.3± 0.6) · 1012

Table 4.3: Fit parameters for the linear densities

The images taken with the higher magni�cation 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 magni�cation 30'000. It can thus be assumed that the density of small
<c>-loop contrasts visible only at high magni�cation increases faster with the damage level than
the density of larger loops visible also at lower magni�cation. 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.
The absolute linear densities measured from the images with magni�cation 30'000 for M5 R© and
Zry-4 are di�erent, with Zry-4 being signi�cantly lower. However, the slope of the �t function
for the two materials agrees very well, with only a 8% deviation. Thus, the increase of the linear
<c>-loop density with the dose is very similar for the two materials, but Zry-4 shows a higher
threshold dose for <c>-loop nucleation. In the dose region above the threshold, a damage level
increase of 5 dpa leads to a <c>-loop linear density increase of about 25% of the �nal density
reached at 25 dpa (calculated for the standard Zry-4 sample).
Such a correlation of the <c>-loop linear densities with the dose can be found comparatively
fast when using ion irradiation 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 (in high-�ux material test reactors) or years (in nuclear
power plants), and the subsequent TEM preparation can induce preparation artifacts in the sam-
ples. Obviously, the imaged material regions would be di�erent after each irradiation step. This
shows the great advantage of the in-situ ion irradiation method as compared to in-pile neutron
irradiation.

The <c>-loop size distribution for one grain in the M5 R© sample A2 at di�erent damage levels
is shown in Fig. 4.20; the length distribution is based on TEM images of 4 di�erent positions in
the grain (for 7 and 22 dpa) and on 5 di�erent positions for 14 dpa. The average <c>-loop size
increases slightly with the dose, by 17% from 7dpa to 22 dpa (see Table 4.4).

sample damage level (dpa) <c>-loop length (nm)
M5 R© 7 30.4
M5 R© 14 32.4
M5 R© 22 35.6
Zry-4 8 15.4
Zry-4 13 12.2
Zry-4 25 16.0

Table 4.4: Average <a>-loop lengths as a function of the damage level

93



CHAPTER 4. RESULTS AND DISCUSSION

Figure 4.20: <c>-loop size distribution in ion irradiated M5 R© (1MeV Kr at 300◦C)

Fig. 4.21 shows the <c>-loop size distribution for di�erent damage levels in Zry-4. The distribu-
tions are taken from TEM images of one position at 8 dpa, of 2 positions in the grain at 13 dpa
and of 3 positions at 25 dpa. The average <c>-loop size does not show a clear trend as a function
of the dose in Zry-4 (see Table 4.4).

Figure 4.21: <c>-loop size distribution in ion irradiated Zry-4 (1MeV Kr at 300◦C)
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Overall Vacancy-Type Defect Densities

While the observation of the <a>- and <c>-loops in the TEM is of most importance to study
irradiation growth, positron Doppler Broadening Spectroscopy (DBS) as a complementary exper-
imental technique was used to measure the overall vacancy-type defect density in the material.
As a fraction of the <a>-loops and all <c>-loops are reported to be of vacancy-type, it can be
assumed that the higher the overall vacancy-type defect density, the higher the general loop den-
sity. In addition, dislocation loop studies in the TEM do not provide information about defects
in other forms than loops, like single vacancies, which can be expected to be equally part of the
irradiation induced microstructure. Therefore, the vacancy-type defect density was studied by
DBS, in several M5 R© foil samples irradiated under di�erent conditions.
The S-parameter was measured in four M5 R© foil samples, consisting of one unirradiated stan-
dard and three samples (I1, I2 and I3) irradiated with 3MeV Zr at 35◦C at the IPP accelerator,
to dose levels of 0.1, 0.2 and 0.4 dpa. Fig. 4.22 shows a lateral scan over an area of 2 cmx 2 cm
of the four quadratic samples; the given S-parameter is normalized, using the S-parameter av-
eraged over the central region of the unirradiated sample (x=3...7mm, y=3...7mm), 0.53, as a
standard. The scan was taken with a positron energy of 25 keV which corresponds to a positron
mean penetration depth of 880 nm.

Figure 4.22: Lateral DBS scan at 25 keV (880 nm) of one unirradiated and 3 irradiated M5 R©

samples
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While the unirradiated sample shows the expected homogeneous low S-parameter, the circular
beamspots in the irradiated samples can be clearly distinguished from the unirradiated sample
rims. The area between the four samples appears as a cross-like shape of a di�erent S-parameter
color-coded in green. The irradiated areas show a signi�cant S-parameter increase of about 6% as
compared to the unirradiated standard, indicating a high vacancy-type defect density. However,
the di�erence in the damage level does not show an in�uence on the vacancy-type defect density
in the irradiated samples; the S-parameters of the three samples are in the same range. For a
more detailed study, S(E) depth scans were conducted in each sample center from 1 to 12 keV,
which corresponds to a mean positron implantation depth of 9 nm to 280 nm, to measure the
S-parameter in dependence of the sample depth. The determined depth-dependent S-parameters
are given in Fig. 4.23. The S-parameters are normalized, i.e. divided by the unirradiated stan-
dard's S-parameter for the bulk region; the standard S-parameter is calculated by averaging over
the three values measured for the bulk at highest positron energies, designated in red.

Figure 4.23: S-parameter depth pro�le of unirradiated and irradiated M5 R© (3MeV Zr at 35◦C)

The S-parameter depth pro�le for the unirradiated standard in Fig. 4.23 shows a slight buckling
for positron energies between 1 keV and 4 keV before reaching an approximately constant value.
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This is due to deviations from the material's bulk microstructure near the surface and positrons
being scattered back to the surface; for energies higher than 4 keV, surface e�ects can apparently
be neglected.
As observed for the lateral scan at 25 keV positron energy, the three irradiated samples do not
show a signi�cant di�erence in the S-parameter slope near the surface and reach a comparable
S-parameter level in the bulk region of the sample, despite their di�erent damage levels. Thus,
it can be concluded that the vacancy-type defect density after 35◦C Zr ion irradiation is not
dependent on the damage level in the measured low damage 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 I1 with a total damage level of 0.1 dpa was scanned depth-dependently along a line
leading from the unirradiated to the irradiated layer (designated in Fig. 4.22), measuring S(x,E)
(see Fig. 4.24). The step size in x-direction was 0.5mm, 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 of the sample, 0.53, as standard.

Figure 4.24: Normalized S-parameter as function of the positron energy (depth) and the sample's
x-position (M5 R©, 3MeV Zr at 35◦C)

The unirradiated material to the left of the beamspot has a S-parameter corresponding to the
S-parameter of the unirradiated standard (see Fig. 4.23), showing that sample handling before
and after irradiation did not induce, 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 super�cial material region has the same S-
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parameter as the unirradiated material region, even though according to the SRIM calculations
there should be a considerable recoil creation rate also near the surface. This can be due to
positrons being scattered back to the surface. Another possible e�ect would be that point de-
fects from this super�cial 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 pro�le as is to be expected from the SRIM calculations. The irradiated
volume has a lower S-parameter at the border of the beamspot, located at x=15mm. 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 irra-
diated material volume can be partly due to the stepwidth of 0.5mm, leading to an averaging
of the measurements of unirradiated and irradiated material. However, the irradiated region is
broader for higher penetration depths, indicating that the defects in this region are more stable
against recombination with the unirradiated bulk than in the regions closer to the surface. 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 for the
observed variation in beamspot width would be a di�erent production to recombination ratio
of point defects at higher penetration depths, or the formation of point defect clusters, e.g. as
loops, with a higher stability against recombination.

Summary of the Dose E�ect

While <a>-loops begin to form with the beginning of the irradiation, <c>-loops form after a
threshold dose only, which was determined to be 5.5 dpa in 1MeV Kr-irradiated recrystallized
Zry-4. The <a>-loops show a size increase with the dose for dose levels lower than 2 dpa, but
remain rather stable in their average size afterwards, in the range of 8 nm up to high doses. Their
density, however, increases with the dose and leads to a dense dislocation network at high doses.
After the <c>-loop nucleation, their linear density increases approximately linearly with the
dose up to damage levels in the range of 22 to 25 dpa. The <c>-loop contrasts' average lengths
remain rather stable with increasing damage level, when the �rst few dpa after their nucleation
have passed.
For the overall vacancy-type defect density at low temperatures (35◦C), an e�ect of the damage
level on densities between 0.1 and 0.4 dpa was not found, while a clear distinction between the
unirradiated and irradiated material region was given. The vacancy-type defect densities followed
the peaked damage distribution as predicted by the SRIM code.
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4.3.2 E�ect of Temperature

Temperature Dependence of the Overall Vacancy-Type Defect Densities

As described above, in the M5 R© foil samples irradiated at 35◦C, a S-parameter increase of
about 6% as compared to the unirradiated standard was observed. To study the in�uence of the
irradiation temperature, a M5 R© foil sample (I10) was irradiated at 300◦C with 2.5MeV 90Zr+;
however, as further testing was planned with that sample, it was irradiated to a high �nal dose
of 16 dpa. Fig. 4.25 shows S-parameter depth pro�les of the unirradiated and irradiated sample
I10 in combination with the calculated SRIM recoil production pro�le. The S-parameters are
normalized, using the average of the unirradiated parameters at the three highest energies as
standard, as designated in blue. After the initial increase between the surface and 0.25µm, the
measured S-parameters do not rise further, showing that the measured values are representative
for the bulk material.

Figure 4.25: S-parameter depth pro�le of M5 R© sample I10 (2.5MeV Zr at 300◦C), observed at
room temperature

The irradiated sample shows a signi�cantly higher S-parameter than the unirradiated sample.
However, the di�erence between material irradiated at 300◦C and unirradiated material is in the
range of about 2.5%, while it was about 6% for the samples irradiated at 35◦C to signi�cantly
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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 agreement with the annealing stages for irradiation induced defects in single-crystal zirconium,
as they are proposed by G.M. Hood and W. Frank [37,58]: According to Hood's interpretation of
measurements of electron 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 [58]. W. Frank's interpreta-
tion of the annealing measurements predicts the onset of free vacancy migration to be at around
30◦C [37], 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 have a signi�cantly stronger e�ect at 300◦C. Free vacancy
migration can thus be assumed to be responsible for the signi�cantly lower vacancy-type defect
density in the samples irradiated at high temperature, even though the damage level was much
higher. The signi�cantly higher defect density at 35◦C as compared to 300◦C agrees with ob-
servations made for interstitial and vacancy-type <a>-loops in neutron-irradiated zirconium at
400◦C as described by Jostsons et al. [33]. He concluded from his observations that the <a>-loop
concentration decreases with increasing irradiation temperature at a given �ux.

Post-Irradiation Damage Annealing

Annealing Studies with Positron Doppler Broadening Spectroscopy (DBS)

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 decide from the
DBS measurements alone whether the observed vacancies are in the form of loops or on which
crystal planes the loops are located. To test which kind of dislocation loops can be resolved by
DBS, the defects in sample I10 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
e�ects with dislocation loop imaging results during in-situ defect annealing in the TEM. Another
objective of the experiment was to compare the defect annealing characteristics with those known
from the literature. A positron energy of 15 keV was used, which leads to a positron implantation
pro�le clearly located in the bulk region of the irradiated sample (see Fig. 4.25). The sample I10
was heated from 230◦C to 600◦C, in steps of about 25◦C. The temperature measurements were
done with a two-color pyrometer, whose output had been calibrated with a Pt-Rh thermocouple
spotwelded to an M5 R© standard sample. The dwell time at each temperature level was 15min,
the heating rate between the steps about 9K/min. During the holding time at the di�erent
temperature levels, the S-parameters remained constant within the measurement accuracy. The
measured S-parameter as a function of temperature, normalized to the S-value of the annealed
sample (T=450◦C) is shown in Fig. 4.26, in comparison to the annealing curve for single crystal
Zr after 1.2MeV electron irradiation at 120K as reported by G.M Hood [58]. The annealing
stages as suggested by W. Frank [37] are given in the plot.
As expected, the measured S-parameter remains constant between 230◦C and 285◦C; this con-
�rms the irradiation temperature of the sample to have been higher than 285◦C, as all di�usion
processes up to that temperature range can be expected to already have taken place during
irradiation. From 285◦C to 400◦C, the S-parameter decreases linearly before it approximates its
lowest level at about 450◦C, which corresponds to the S-parameter measured for the unirradiated
sample. The overall vacancy type defect density between 300 and 400◦C showed to decrease by
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Figure 4.26: Defect annealing in I10 (M5 R© irradiated with 2.5MeV Zr at 300◦C), observed with
in-situ DBS; comparison to literature data by Hood et al. [58]

about 7% of the initial density per 10K temperature increase. An increase of the irradiation
temperature by 50K would thus lead to a decrease of the overall vacancy type defect density by
35%. The small increase of the S-parameter for temperatures higher than 450◦C is caused by
the thermal lattice expansion. While the normalized S-parameter's di�erence between irradiated
and unirradiated state, which depends on the electron or ion implantation �uence and the irra-
diation temperature, is higher for the measured sample, the curve's lowest point is in very good
agreement 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 [10] and vacancy migration is assumed
to be strongly limited at the irradiation temperature of 120K, the single crystal vacancy-type
defect structure can be assumed to consist of mainly mono-vacancies. The corresponding anneal-
ing behavior for sample I10 can be an indication of the dominating defect structures in sample
I10. The sample could either host mostly mono-vacancies, or it could contain defect loops or
clusters with the same annealing characteristics as mono-vacancies. Further studies of the defect
annealing behavior were done by in-situ TEM annealing, as described below.
The observed S-parameter changes during annealing can be expected to be due to changes in the
matrix material only, and to be independent of the SPP behavior. Steinberg et al. [102] reported
in 1997 that no visible growth of SPPs was observed after annealing of Zircaloys at 510◦C. This
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was con�rmed during the annealing studies in the TEM in this work, where changes of the SPPs
with regard to size, number, distribution or crystallinity remained absent.

Annealing Studies with In-Situ TEM

As a complementary measurement to the in-situ defect annealing studied by DBS, a M5 R© sample
irradiated with 1MeV Kr at 300◦C to doses corresponding to 27 dpa was heated up to 750◦C to
study the development of the <c>-loops with the annealing temperature. The irradiated sample
was charged with 110wt.-ppm hydrogen, due to an initially di�erent testing purpose; however,
this is approximated not to have signi�cant in�uence on the defect annealing behavior. After
each temperature step, the sample was held at the respective temperature for about �ve minutes.
The average heating rate during the temperature steps was 7.5K/min. The temperature was
measured with a thermocouple integrated in the TEM sample holder; the measurement accuracy
is assumed to be 5K. Fig. 4.27 shows the <c>-loops in dependence of the annealing temperature,
imaged at a magni�cation of 10'000.
While the DBS measurements described above found a complete annealing of the vacancy-type
defects in the irradiated samples at 450◦C, the <c>-loops observed during in-situ annealing in
the TEM show only a slight tendency of linear density 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 decreased signi�cantly while their length increased; at 750◦C, a very low
density of long <c>-type contrasts remained in the material. For the higher temperatures, the
contrasts show darker, more even forms, without the short disruptions or kinks that were observed
at lower temperatures. These changes found for higher temperatures 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. The observed stability of the <c>-loops at temperatures in the
range of 500◦C is in agreement with dislocation annealing studies in PWR irradiated Zry-4 by
Garzarolli et al. [103], where <a>-component dislocations were shown to be removed completely
after 48 h annealing at 500◦C while the <c>-component dislocations were still present.
At di�erent times during the TEM annealing experiment, it was tested whether the TEM's
electron beam acted as a trigger for the loop annealing by focussing the beam on a small area
and looking for possible changes in the annealing characteristics. However, such an in�uence
could not be found.

102



4.3. HEAVY ION INDUCED IRRADIATION DAMAGE IN GUIDE TUBE ALLOYS

Figure 4.27: <c>-loop development in M5 R© during annealing (after irradiation with 1MeV Kr
at 300◦C)

In Fig. 4.28, the increase of the average <c>-loop length and the decrease of the loops' num-
ber is given, normalized to the loops' structure at 303◦C. The loops' sizes and numbers were
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.
Another grain region was observed after 750◦C was reached, to study the <c>-loop annealing
behavior with the time until the equilibrium loop concentration at that temperature had formed.
Fig. 4.29 shows the remaining <c>-loop fraction as compared to the total <c>-loop density at
reaching 750◦C, in dependence of the holding time.
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Figure 4.28: <c>-loop length and number development in M5 R© during annealing (after irradi-
ation with 1MeV Kr at 300◦C)

Figure 4.29: Total <c>-loop contrast length decrease and length annealing rate in M5 R© (after
irradiation with 1MeV Kr at 300◦C)

After a holding time of 45min, the total <c>-component contrast length had decreased to 34%
of its original value at the start of holding. The remaining 34% did not show noticeable changes
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during the additional subsequent holding time of about 30min. The annealing rate �uctuated
around its average value of 1.5%/min.

By observing the dislocation annealing, it has to be kept in mind that, due to the invisibility
criterion, only <c>-component dislocations are visible, and possible defect structures on other
lattice planes that might be involved in the annealing process cannot be seen. Also, as shown
by the DBS in-situ defect annealing experiment, it can be assumed that at a temperature as
high as 750◦C, the vast majority of the vacancy-type defects have already annealed; this can be
expected to include speci�cally vacancy-type point defects and <a>-loops. While the DBS mea-
surements do not provide information about the interstitial-type point defects, it can be assumed
that the majority of them was involved in the vacancy annealing processes and have therefore
disappeared as well. <a>-loop annealing studies in the TEM by other authors show that for
temperatures higher than 450◦C to 500◦C, only a very low density of <a>-loops is left [33]. It
can therefore be expected that the observed sample material is, with exception of the remaining
<c>-component dislocations, rather defect free, and that the dislocation annealing is dominated
by thermal processes and interaction of the dislocations with each other, rather than interaction
with remaining other defects in the sample.

The annealing of the dislocations was observed to follow several di�erent processes. First, dis-
locations could be seen to remain rather stable or to migrate without changing their form or
interacting with other dislocations, until their sudden disappearance. It is assumed that this
e�ect is caused by dislocations migrating to the TEM foil surface and annihilating there. Also,
locally static dislocations were observed to diminish from one or two ends, until total annealing.
During the shrinking of the dislocations, parts of them showed vibration like behavior around
their static location, possibly indicating interaction with point defects. Fig. 4.30 is an image
series of such an annealing process. Another interesting observation was the shrinkage of a dis-
location that led to the formation of a small loop-like contrast before sudden disappearance of
the newly formed loop. This observation is demonstrated in the image series in Fig. 4.31. Dis-
locations were also observed to move towards each other, to merge partly or completely and to
anneal afterwards. Fig. 4.32 is an image series of such a merging process.
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Figure 4.30: <c>-type dislocation annealing in 1MeV Kr irradiated M5 R©: annealing of a locally
static dislocation

Figure 4.31: <c>-type dislocation annealing in 1MeV Kr irradiated M5 R©: loop-like contrast
before annealing
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Figure 4.32: <c>-type dislocation annealing in 1MeV Kr irradiated M5 R©: merging of two
dislocations with subsequent partial annealing

Summary of the Temperature E�ect

The DBS studies on Zr irradiation damage in M5 R© at irradiation temperatures of 35◦C vs. 300◦C
showed that the irradiation temperature has a very strong in�uence on the overall vacancy-type
defect densities created during the irradiation: The normalized S-parameter increase by irradia-
tion was around 6% for 35◦C and only about 2.5% at 300◦C, even though the damage level at
300◦C was about a factor 40 higher than at 35◦C. This strong e�ect was con�rmed and studied
in more detail by in-situ DBS annealing of a sample irradiated at 300◦C from 285◦C to 600◦C. A
monotoneous decrease of the overall vacancy-type defect density from 300◦C towards 450◦C was
observed, with the measured S-parameter at 450◦C corresponding to the unirradiated standard.
It was thus concluded that at 450◦C, the signi�cant part of the irradiation induced vacancy-type
defects was annealed. From the similarity of the annealing characteristics to literature work on
electron irradiated single-crystal Zirconium, it can be assumed that the vacancy-type defects are
either mostly of point defect form or have the same annealing dynamics as point defects. The
subsequent <c>-loop annealing studies in the TEM showed <c>-loops to be stable up to about
520◦C. This leads to the conclusion that the <c>-loops only constitute an insigni�cant amount
of all vacancy-type defects in the sample; following the literature, the majority of the vacancies
are presumably in <a>-loop or point defect form. For temperatures higher than 520◦C, the
<c>-loops showed a decrease in their length and density, and a change in their contrast char-
acteristics that suggests a change in their form from chains of small loops to dislocation lines.
During holding of the sample at 750◦C, the <c>-dislocation migration and annealing character-
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istics were studied, and di�erent mechanisms were observed. After 1h holding at 750◦C, about
a third of the original <c>-loop density remains.
Regarding the experimental technique, it should be mentioned that the positron Doppler broad-
ening spectroscopy measurements showed a large potential as a complementary experimental
method to in-situ TEM, especially with regard to irradiation microstructure studies in a larger
material volume than accessible with a TEM. The constraint of this experimental method, that
conclusions can only be drawn regarding the overall vacancy-type defect density and not the
di�erent forms in which the vacancies occur, could be dissolved by using Positron Annihilation
Lifetime Spectroscopy (PALS). A continuation of the positron studies of irradiation e�ects in
Zr-based alloys, especially at the unique positron source NEPOMUC at the FRM II research
reactor, is therefore regarded as a promising project.

4.3.3 E�ect of Hydrogen Content

To study the e�ect of the hydrogen content on the irradiation induced microstructure in Zr-
based alloys was one main objective of this work. This section contains the hydrogen in�uence
studies in Zry-4; in addition, experiments on the dissolution and precipitation of hydrides under
temperature cycling in M5 R© are presented. The con�dential studies on the e�ect of hydrogen
content on the irradiation induced microstructure in M5 R© will be summarized in AREVA internal
reports.

Hydride Precipitation Characteristics

Hydrogen in zirconium and Zr-based alloys precipitates as δ- and γ-hydrides, as described in
chapter 2. Within the hydrogen-loaded Zry-4 samples, zirconium hydrides were present as inter-
granular as well as intragranular hydrides.

Intergranular Hydrides

Fig. 4.33 shows overview TEM images of the electrolytically thinned holes in the sample centers
of Zry-4 samples which were loaded with 0, 68, 186 and 405wt.-ppm hydrogen.
In the vicinity of the holes of all four samples, it can be seen that a preferential thinning of
second phase particles occurred, or a preferential thinning of their boundaries with subsequent
SPP loss - there are small spherical holes spread throughout the grains, which are assumed to be
former SPP locations. While the samples with 0 and 68wt.-ppm look rather similar, the sample
with 186wt.-ppm shows increased �ssures at the lower right side of the hole, and for the sample
with 405wt.-ppm a very high amount of �ssures are given throughout the hole periphery. Those
�ssures are assumed to originate from preferential etching of intergranular zirconium hydrides.
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Figure 4.33: Zry-4 TEM samples with di�erent hydrogen contents

Intragranular Hydrides

Fig. 4.34 shows overview TEM images of several grains in the samples with 186 and 405wt.-ppm
hydrogen content.

The samples show intragranular hydrides of needle-like shape; the hydride density is signi�cantly
higher in the sample with 405 ppm, as expected. The needle-like hydrides show a preferential
orientation in coherence with the matrix of the respective grains. As was con�rmed during later
TEM work, the hydrides are oriented perpendicular to the c-direction of their surrounding ma-
trix. When analyzing in-pile neutron irradiated samples after they received the total neutron
dose, it is reported to be di�cult to distinguish hydrides oriented parallel to the <c>-loops
from the loops. This di�culty is overcome by in-situ TEM, as the hydride distribution in the
unirradiated sample is known before the irradiation.
The technical aspect of this preferential orientation is that the hydrides can be used as markers to
easily recognize the grains' c-direction, and to �nd grains with suitable orientation for <c>-loop
imaging.
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Figure 4.34: Zry-4 TEM samples with di�erent hydrogen contents at room temperature, con-
taining intragranular hydrides

Hydride Dissolution and Precipitation during Temperature Cycling

In the TEM samples containing hydrogen, hydrides were observed as part of the general mi-
crostructure during the experiments. The majority of the intragranular hydrides dissolved dur-
ing heating from room temperature to 300◦C. During cooling down of the samples in between or
after the irradiation, hydrides were seen to re-precipitate; however, they were generally located
at di�erent positions than before their dissolution, appeared in di�erent number, geometry and
orientation and did not show any relation to the hydrides before the irradiation.
Fig. 4.35 gives an example of the temperature induced dissolution of a large hydride which had
formed after cool-down of an M5 R© sample with 110wt.-ppm that had been irradiated to a dam-
age level of 11 dpa. The imaging conditions are close to −→g =(0002); therefore, some <c>-loops
can be seen in the images. During re-heating to 300◦C, the hydride initially remained stable up
to a temperature of about 190◦C, then started to dissolve from its upper tip at around 205◦C
and gradually disintegrated downwards until its disappearance at 243◦C. The time span between
the start of the dissolution and the complete disintegration was about 3min, at a heating rate
in the range of 25K/min.
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Figure 4.35: Dissolution of an intragranular hydride during heating up in 11 dpa irradiated M5 R©

with 110wt.-ppm H

After the heating up of the sample, it was further irradiated until a �nal damage level of 27 dpa.
During the following cooling down from 300◦C to room temperature, the precipitation of some
hydrides was observed; one of them is shown in the image series in Fig. 4.36. The average cooling
rate was about 100K/min.
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Figure 4.36: Precipitation of an intragranular hydride during cooling down in 27 dpa irradiated
M5 R© with 110wt.-ppm H

The observed hydride dissolution and precipitation behavior con�rms that the hydride structure
at room temperature before or in between an irradiation experiment at higher temperature is
not related to the hydride structure after the irradiation. Therefore, correlations between the
hydride and dislocation loop structures in irradiated samples should only be drawn from samples
imaged at their temperature of irradiation, and not from images taken at room temperature.

<a>-Loops in Zry-4

Fig. 4.37 shows the <a>-loop size distribution in Zry-4 at high damage level, as a function of the
samples' hydrogen content. The distribution shows a slight trend towards lower loop sizes with
increasing H content. The average <a>-loop diamaters as well as the <a>-loop linear densities
for the samples with di�erent hydrogen content are summarized in Table. 4.5. The <a>-loop
linear densities are 3/2 times the measured linear densities, due to the visibility of only two thirds
of the <a>-loops under the chosen di�raction condition −→g = (0110). Those values are, however,
to be regarded with caution, as the high damage level leads to a very high <a>-contrast density
that makes <a>-contrast overlap probable. As a result, it is possible that the measured linear
densities are too low.

The <a>-loop linear density does not follow a clear trend in dependence of the hydrogen content:
The sample with 186wt.-ppm hydrogen shows an increase of the linear density as compared to
the hydrogen free sample, while the sample with 405wt.-ppm has a lower loop density than the
unloaded standard. The average <a>-loop sizes show a slight decrease with increasing hydrogen
content.
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Figure 4.37: <a>-loop size distribution in Zry-4 at high damage level, as a function of the
hydrogen content

Sample H content (wt.- ppm) Ddpa <a>-loop lin. density (1014m−2) <a>-loop diameter (nm)
PA2 0 25 (2.51±0.18) 6.8
PB3 186 23 (3.41±0.14) 6.2
PC4 405 25 (1.85±0.15) 5.4

Table 4.5: <a>-loop linear densities and average diameters in Zry-4 as a function of the hydrogen
content

<c>-Loops in Zry-4

Fig. 4.38 shows the measured <c>-loop linear densities in the Zry-4 samples with di�erent hy-
drogen content, as a function of the damage level. At the �nal damage level of each sample, 3
di�erent positions in one grain of each sample were measured to assess the statistical variation
within one grain. In addition, the loop densities were measured in 3 di�erent grains in sample
PC4 with 405wt.-ppm hydrogen content (shown by di�erent symbols in Fig. 4.38), with 3 mea-
surement positions in each grain. It can be seen that the data from those 3 di�erent grains do
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not show signi�cant deviation. The <c>-loop linear densities can therefore be assumed to be
comparable within di�erent grains of one sample.

Figure 4.38: Linear <c>-loop densities in Zry-4 with di�erent hydrogen content

Signi�cant<c>-loop densities formed in all three samples; the loops nucleate at threshold damage
levels between 4 and 8 dpa. Fig. 4.39 shows the <c>-loops in their early state of nucleation;
Table 4.6 gives the respective damage levels.

Figure 4.39: <c>-loop threshold in Zry-4 for di�erent hydrogen contents

Even though the thresholds are signi�cantly di�erent, they do not show a clear trend in one
direction. While the sample PB3 with a hydrogen content of 186wt.-ppm has a lower <c>-loop
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sample H content (wt.- ppm) <c>-loop threshold (dpa)
PA2 0 5.5
PB3 186 4.4
PC4 405 7.9

Table 4.6: <c>-loop nucleation threshold in Zry-4

threshold than the as-fabricated sample PA2, sample PC4 with 405wt.-ppm H has a higher
threshold than the as-fabricated sample. It should, however, be pointed out that the threshold
decreases for hydrogen content with 186wt.-ppm by only 20%, as compared to the standard
sample, while it increases by 44% for the sample with 405wt.-ppm. When comparing these ob-
served <c>-loop nucleation thresholds with the average damage level for the onset of breakaway
growth described by Holt et al., 8.3 dpa, it is noticeable that the observed threshold being closest
to this literature value is the one for the sample with 405wt.-ppm hydrogen. Holt et al. do
not provide data on the hydrogen content of the samples, but from the irradiation time of the
samples spent in the BWR and PWR environment, it can be expected that the hydrogen uptake
was signi�cant. It is therefore possible that the critical <c>-loop distribution for the onset of
macroscopic breakaway growth lies actually closer to the <c>-loops' �rst point of nucleation
than to the �critical� <c>-loop density determined in section 4.2.2. Still, due to the absence of
the hydrogen data in the literature, and the observed discontinuity of the hydrogen e�ect, this
phenomenon cannot be investigated in more detail. The determined �critical <c>-loop density�
from section 4.2.2 is therefore assumed to be the most reliable value to can be gained from the
available ion irradiation data; it can be regarded as an upper limit for the �critical <c>-loop
density�.
The discontinuous trend of the hydrogen e�ect is also re�ected in the overall <c>-loop linear
densities throughout the studied damage levels: The linear <c>-loop densities for the sample
with 186wt.-ppm H are highest for all damage levels, and the densities for the sample with
405wt.-ppm are lowest (see Fig. 4.38). All three samples show an approximately linear increase
of the <c>-loop linear density with the damage level, but the density increase rate varies with
the hydrogen content. The given error bars are based on one standard deviation of the measured
grains' thicknesses. At the highest damage level, the linear densities were determined at three
di�erent positions in the observed grain of each sample, to assess the statistical scattering during
the <c>-loop measuring and the variations of the densities within one grain. The deviations of
the linear densities between the three samples are, however, higher than this statistical scattering
and the measurement errors of the grain thicknesses; therefore, it is concluded that the observed
hydrogen e�ect is signi�cant.
The linear <c>-loop densities were again approximated by a linear equation of type

Llin = L0 + L̇ · D

with the �t parameters for the di�erent hydrogen contents as given in Table 4.7.
For the damage level of 23 dpa, the linear <c>-loop densities (calculated by using the linear cor-
relation described above) in sample PB3 with 186wt.-ppm are 61% higher than the as-fabricated
sample; the densities in the sample PC4 with 405wt.-pm are 71% lower than in the sample with-
out hydrogen.
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sample H content (wt.-ppm) L0 (1013m−2) L̇ (1012m−2dpa−1)
PA2 0 (-1.23±1.05) (5.27±0.628)
PB3 186 (-2.50±1.22) (8.70±0.789)
PC4 405 (-1.58±0.931) (2.06±0.482)

Table 4.7: Fit parameters for the linear densities as a function of hydrogen content and damage
level

Fig. 4.40 shows the size distribution of the <c>-loops at the respective maximal damage level for
the three samples with di�erent hydrogen contents. The size distributions include measurements
from 3 positions in sample PA2 without hydrogen, 3 positions from PB3 with 186wt.-ppm H and
2 positions from PC4 with 405wt.-ppm H. In Fig. 4.41, the average <c>-loop length is given as
a function of the damage level for the di�erent hydrogen contents.

Figure 4.40: <c>-loop size distribution for di�erent hydrogen contents
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Figure 4.41: Average <c>-loop length in Zry-4 with di�erent hydrogen contents

The <c>-loop length results for the di�erent samples do not show a dependence on the hydrogen
content; the scattering of the average loop length from di�erent positions in the same grain of
each sample, at highest dose level, is in the range of the overall scattering of the data points.
Therefore, conclusions on the e�ect of hydrogen on the average <c>-loop length cannot be drawn.

Summary of the Hydrogen E�ect

The hydrogen content of Zr-based alloys was one of the two parameters suspected to have a
dominating in�uence on macroscopic irradiation deformation, not only by the known e�ect of
zirconium hydride precipitation and the associated volume increase with a possibly preferred
orientation, but by direct interaction of hydrides and dislocation loops, and direct involvement
of dissolved hydrogen with loop nucleation, characteristics and stabilization. However, the ex-
periments with Zry-4 conducted in this work do not show a straightforward, but rather a dis-
continuous in�uence of hydrogen on dislocation loop formation.
While the <a>-loops' average sizes decrease slightly with the hydrogen content, the average
<c>-loop lengths are independent of the hydrogen level. The <c>-loop formation threshold and
the <c>-loop linear densities at comparable damage levels show an in�uence of hydrogen con-
tent on the <c>-loop characteristics, but the observed e�ect does not point in a clear direction.
While the sample with 186wt.-ppm hydrogen showed a 20% lower <c>-loop nucleation threshold
and an increase in <c>-loop density by 61% as compared to the standard sample at 23 dpa, the
sample with 405wt.-ppm demonstrated a 44% higher nucleation threshold and a decrease of the
linear density by 71%, for a damage level of 25 dpa.
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Discussion of the Hydrogen E�ect

The observed increase of the <c>-loops' linear densities at 186wt.-ppm H as compared to the
standard, and the decrease at 405wt.-ppm H seems unusual, as well as the e�ect of hydrogen on
<c>-loop threshold which points in two di�erent directions for the di�erent amounts of hydrogen.
However, the experimental conditions during the measurements do not seem to contain the
possibility of an error in measurement that would lead to an explanation of the e�ect:

• The hydrogen contents of the samples before the irradiation experiments were determined
in the middle of the sample preparation process, after the hydrogen di�usion loading of
the parts that had been milled from the TREX (see chapter 3). Subsequent preparation
steps included further milling, mechanical and chemical polishing, relaxation annealing,
TEM disc punching and electrolytical etching. The order of these preparation steps was,
however, chosen with care. The chemical thinning and polishing with the hydro�uoric acid
based etchant is expected to lead to a thin oxide layer on the samples' surfaces, which is
assumed to act as a di�usion barrier, to keep the hydrogen in the sample during relaxation
annealing. That hydrogen did not leave the samples in signi�cant amounts is con�rmed
by the appearance of the TEM samples before the irradiation, as shown in Fig. 4.33: The
samples with 186 and 405wt.-ppm show the presence of large intergranular hydrides in their
hole periphery, where preferential thinning of the material occurred. Also, more detailed
TEM imaging with higher magni�cation (see Fig. 4.34) shows the presence of intragranular
hydrides in the materials, with a signi�cantly higher hydride density for the sample with
405wt.-ppm than in the sample with 186wt.-ppm. This strong visibility of the hydrides
in the TEM samples also guarantees that an unintended confusion of the samples with
di�erent hydrogen content during some step of the experimental process can be excluded.

• The TEM samples were thinned to perforation by electrolytical etching, a process that is
reported to lead to slight hydrogen uptake. However, if an uptake of that kind occurred, it
can be expected that it would a�ect all samples to the same degree, as they were thinned
with the same parameters. Then, they would pick up a comparable amount of �excess
hydrogen� which might increase the hydrogen content of the samples, but by the same
amount in all samples. Therefore, the hydrogen content of all samples would be shifted
upwards simultaneously, which would not lead to an explanation of the observed e�ect of
hydrogen pointing in two di�erent directions.

• It could be assumed that hydrogen leaves the samples during the irradiation due to the
energy transferred to the atoms, which might enhance di�usion processes in the material
and to the surface. However, the samples showed hydride precipitation during cool-down to
room temperature after their �nal damage level was reached, which proves that a signi�cant
amount of hydrogen was still present in the samples after the irradiation. Also, since the
loop densities are compared at similar dose levels, possible irradiation induced di�usion
enhancement would have occurred in the di�erent samples at that speci�c damage level to
a comparable degree, and should thus have changed their hydrogen content into the same
direction. Again, this would not be an obvious explanation for the observed e�ect in two
di�erent directions.

• The <c>-loop linear densities are calculated by summing up all loop lengths and dividing
them by the observed material volume, which depends on the observed grain's thickness.
Grain thickness measurements are therefore of high importance for the accuracy of the
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calculated linear densities. Thus, the thicknesses of each observed grain was calculated
by the grain boundary method (see Appendix C) from measurements at about 8 di�erent
tilting angles each, to assure a reliable grain thickness determination. The errors by the
grain measurements are shown with the linear density data (see Fig. 4.38). They are not
in an order of magnitude that could explain the deviation of the densities.

• As described in several parts of this work, there is a statistical variation when measuring
the <c>-loop densities from di�erent TEM images, caused by both a possible bias in the
decision when a loop is actually a loop and not a background contrast, and variations
in image quality and di�raction conditions that might lead to di�erent degrees of loop
visibility. The �human factor� in the analyses does not apply, as all measurements were
done by the same person. The statistical variation of the measurements can be observed in
the deviation of the linear densities at di�erent damage levels from a straight line increasing
with the dose, and also from the 3 measurements each that were taken at the �nal damage
level of the samples. However, the scattering is smaller than the deviation between the
data from the di�erent samples, and can therefore not explain the e�ect.

It is therefore concluded that the observed phenomenon is a real experimental e�ect and not due
to possible experimental or measurement errors. It is possible that the e�ect of hydrogen addi-
tion in the range of 186wt.-ppm lowering the loop threshold and increasing the linear densities
as opposed to the e�ect of 405wt.-ppm is due to e�ects in the material that possess a certain
hydrogen concentration threshold. For example, it should be noted that the di�erent hydride
densities due to the varying hydrogen content provide a di�erent density of defect sinks in the
samples. This could shift the interstitial to vacancy ratio locally or globally. With the sink bias
playing an important role during the evolution of the irradiation induced microstructure, this
di�erence in hydride density could have a signi�cant e�ect on the dislocation loop nucleation and
characteristics in the observed samples. Another possible and perhaps more obvious explanation
would be that certain material or experimental parameters other than the hydrogen content have
a dominating e�ect on the dislocation loop characteristics and cover any e�ect that the di�erent
hydrogen content might have.
To assess which of these explanations is the accurate one, further experiments with a higher
number of samples are required. By measuring a higher number of samples with the same hydro-
gen content, the magnitude of the e�ect of unknown other material or experimental parameters
on the dislocation loops could be tested. Also, by conducting experiments with samples of a
higher number of di�erent hydrogen contents, it could be determined at which hydrogen content
the observed density e�ect changes its direction, i.e. up to which hydrogen level the hydrogen
increases the loop density, and when it causes the loop density to fall again.

4.3.4 E�ect of External Stress

The e�ect of external tensile stress on <c>-loop formation was studied in a Zry-4 sample, pre-
pared for the heating-straining TEM stage. The straining sample is �xed to the straining stage
by two screws at either end; then, the screws' distance can be increased in a de�ned way to
apply the strain. However, an exact �t of the sample holes to the stage screw positions can only
be guaranteed within limited accuracy. Thus, the zero point of the stress, where the sample
is exactly �at in the stage but not yet under stress, cannot be de�ned accurately. To avoid
this uncertainty in the sample's stress state, the sample was put into the sample holder and the
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TEM, heated to 300◦C and then strained until dislocation channels started to open in the grains.
Fig. 4.42 shows a low magni�cation TEM image of the dislocation channels opening in the strain
sample.

Figure 4.42: Dislocation channels opening in the Zry-4 TEM sample at yield strength

This value of external stress can then be assumed to be close to the material's yield strength,
which is de�ned as the minimal stress which leads to a permanent plastic deformation of the
material. For recrystallized Zry-4 ingots comparable to the ingot from which the samples were
prepared, the average yield strength is 378MPa at room temperature and 143MPa at 343◦C.
Approximating the temperature dependence to be linear, the calculated yield strength at 300◦C
is 175MPa.
Due to the inhomogeneous lattice structure of hcp α-Zr, a possible e�ect of grain orientation
to the tensile direction was expected. Therefore, a sample region was chosen which contained
four grains in close proximity to each other, with their c-axes in di�erent orientations towards
the stress direction. The angles α between c-axis and tensile direction were approximately 90◦,
45◦, 30◦ and 0◦. As the grains were within the same sample region and close to each other (with
maximal two grains in between), their grain thickness and general stress and temperature state
can be assumed to be comparable. Di�erences in the irradiation induced microstructures are
therefore expected to be due to the di�erent c-axis to stress orientation only. The left image row
of Fig. 4.43 shows overview images of the four grains, with their values of α indicated; all grains
were imaged with g=(0002). In-situ irradiation was carried out at 300◦C to high damage levels;
the right image row of Fig. 4.43 shows the observed <c>-loop distributions in the four di�erent
grains after the �nal dose level. For the two grains with α=90◦ and α=45◦, which showed
signi�cant loop densities, the grains' thicknesses were determined by the grain boundary method
to be able to calculate reliable <c>-loop densities. The thicknesses correspond to damage levels
of 27 dpa for α=90 and 24 dpa for α=45◦. For the two other grains with low loop densities, the
thicknesses were not measured; however, due to their close positions to the other grains, it can
be assumed that their damage levels lie within the same range.
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Figure 4.43: <c>-loop development in the Zry-4 strain sample, in dependence of the orientation
of the tensile stress direction to the grains' c-axis; dose level = 24 - 27 dpa

The grain with its c-axis oriented perpendicular to the stress direction contains a high <c>-loop
density as expected from the previous experiments for Zry-4 at comparable damage level. How-
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ever, the grains where the stress vector has a component parallel to the c-axis show a decrease
in <c>-loop density; the lower the angle α between tensile stress direction and c-axis, the lower
the <c>-loop density in the grains. While the <c>-loop density in the grain with α=45◦ is still
signi�cant, the grain with α=30◦ shows only few small loops. Finally, the grain with the tensile
stress direction parallel to the c-axis does not contain <c>-loops in a signi�cant amount.
This most signi�cant e�ect of external tensile stress on the <c>-loop characteristics in Zr-based
alloys was observed for the �rst time. The consistency of the continuous <c>-loop density de-
crease in the four grains with decreasing angle α con�rms the reliability of the results. It should
also be emphasized that the e�ect of complete suppression of <c>-loop formation for α=0◦ is
surprising in its magnitude, as 24 - 27 dpa is a damage level range at the upper end of end-of-
life doses where <c>-loops with signi�cant densities are found as a rule, both in ion irradiated
samples as well as in neutron irradiated material. An oral presentation about these results was
accepted at the Nuclear Materials Conference 2012 [104].

Fig. 4.44 shows the linear <c>-loop densities for the unstressed Zry-4 standard sample (black
symbols) and two grains in the sample under strain, one with angle α=90◦ (blue symbols), the
other with α=45◦ (green symbols). During the in-situ irradiation, the grain with angle 90◦ was
observed; therefore, the densities measured in the grain at 45◦ were taken at the highest dose
level only. For the grain with α about 30◦, there were only a few single <c>-loops; therefore,
their density was not measured. The observed <c>-loop threshold of the grain with α=90◦ is
5.0 dpa, which agrees with the threshold of 5.5 dpa for the standard sample without stress.

Figure 4.44: <c>-loop linear densities, in dependence of the damage level and the orientation of
the tensile stress direction to the grains' c-axis
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The measurement accuracy designated by the error bars was calculated from the statistical error
of the grain thickness measurements and is one standard deviation of the grain thickness average
for the respective grains. At the highest damage level, three grain positions were measured in
each sample to demonstrate the <c>-loop density scattering, which can be assumed to be caused
both by loop measurement statistics and actual inhomogeneities of the loop distribution over the
samples.
The sample with α=90◦ shows similar <c>-loop linear densities as the sample without stress
over the whole damage level range; however, the grain with α=45◦ has a signi�cantly lower linear
<c>-loop density. At the maximal damage level (27 dpa for the grain with α=90◦ and 24 dpa
for the grain with α=45◦), the <c>-loop linear density in the grain with α=45◦ is about 30% of
the density of the grain with α=90◦.

Fig. 4.45 shows the <c>-loop size distribution for Zry-4 samples with and without external
stress. The distributions contain data from 3 observed positions in sample PA2 without strain,
3 positions in the grain with α=90◦ and 2 positions in the grain with α=45◦ in the strain sam-
ple. The average <c>-loop lengths as a function of the damage level for the standard sample
without stress and the samples under stress with α being 90◦ and 45◦ are summarized in Fig. 4.46.

Figure 4.45: <c>-loop size distribution for samples with and without external stress
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Figure 4.46: Average <c>-loop length for samples with and without external stress

The <c>-loop length distributions for the two grains with α=90◦, α=45◦ and for the standard
sample without stress in Fig. 4.45 do not show a signi�cant in�uence of external stress and its
orientation on the loop length. Fig. 4.46, which gives the average <c>-loop length development
with the damage level, con�rms that an e�ect of stress on loop length cannot be seen.
The <c>-loop distribution in the imaged grain from the sample without stress and the grain
under stress with α=90◦ are comparatively homogeneous over the grains; however, the grain
with α=45◦ shows an noticeable feature in the <c>-loop distribution which can be observed in
a lower magnitude overview image of the grain: The loops' density is varying over the grain,
with regions of higher densities following a pattern of ��ow lines� (see Fig. 4.47). For the linear
loop densities given in Fig. 4.44, grain regions of homogeneous densities within the matrix were
chosen.
These �ow lines are similar in form and characteristics to bending contours typically observed
in thin TEM sample grains. Therefore, it is assumed that the origin of the phenomenon is an
inhomogeneous stress state of the matrix over the grain. This inhomogeneous stress distribution
would lead to the formation of a higher density of <c>-loops along the bending contours, where
the stress state varies from the rest of the grain. This observation demonstrates that not only
strain di�erences between di�erent grains lead to di�erent <c>-loop densities, but that the
<c>-loop densities are also sensitive towards strain variations within single grains. Whether the
deciding factor in this case is a di�erence of the absolute stress value within the contours or the
di�erence in the stress orientation, or both, cannot be decided from the available data. This also
raises the question whether reported enhanced <c>-loop densities in the vicinity of hydrides
and second phase particles are really primarily due to possible dissolution of these phases and
the related compositional changes in their surrounding matrix during irradiation, and not rather
caused by the di�erent strain level in the matrix surrounding the precipitates.
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Figure 4.47: <c>-loop distribution varying within one grain; α=45◦, damage level 24 dpa

Summary of the Stress E�ect

A most signi�cant e�ect of external tensile stress at yield strength level on the <c>-loop for-
mation in Zry-4 was observed. The <c>-loop density decreases with decreasing angle between
the direction of stress and the c-axis of the respective grain; for the stress direction parallel to
the c-axis, <c>-loop formation is suppressed entirely, at the high damage level of 24 to 27 dpa
which corresponds to high end-of-life LWR neutron �uences. This strong e�ect of external stress
on <c>-loop densities in Zr-based alloys was shown for the �rst time and is surprising in its
magnitude. In addition, the observation of <c>-loop density �uctuations within one grain fol-
lowing a ��ow line� pattern is an indication that <c>-loop formation and/or stability is not only
sensitive towards the orientation of the respective grain towards the tensile stress, but also to
stress variations within single grains.
While the stress was observed to clearly a�ect the <c>-loop linear densities, <c>-loop lengths
showed to be una�ected by the tensile stress.

Discussion of the Stress E�ect

The observed e�ect of the orientation of external tensile stress on the <c>-loop linear densities
can be explained as follows:
By applying an external tensile stress parallel to the c-axis of the sample, the grain is strained
and its basal planes are pulled apart (see left schematic in Fig. 4.48).
The linear density of lattice planes in c-direction is therefore reduced as compared to the equi-
librium state. Placing a <c>-loop, which is a two-dimensional cluster of vacancies, on one of the
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Figure 4.48: Tensile stress pulling on the basal planes, α ≈0◦ (left); tensile stress pulling on the
prism planes of type II, α ≈90◦ (right)

basal planes, would correspond to a local removal of a part of the basal plane, and would there-
fore reduce the lattice plane density in c-direction even further. It would thus require additional
energy, as compared to the formation of a c-loop on a basal plane in the crystal without external
stress. Consequently, <c>-loop formation under tensile stress with a component parallel to the
c-axis is not energetically favored, and the <c>-loop density is accordingly lower than in the
grain without tensile stress. This is in accordance with the stress induced preferetial nucleation
(SIPN) model described in section 2.2.2. and summarized in the statement that vacancy loops
will be less likely to nucleate on planes perpendicular to the tensile stress and more likely to nu-
cleate on planes parallel to the stress [10]1. The larger the component of the stress in c-direction,
the stronger the suppression of <c>-loop formation. The observed <c>-loop densities shown
in Fig. 4.43 are in direct agreement with this hypothesis; for α ≈45◦, a signi�cant reduction in
<c>-loop density is observed. For increasing stress component parallel to the c-axis, at α ≈30◦,
the <c>-loop density decreases further until the complete absence of <c>-loops for α ≈0◦.
When tensile stress is applied perpendicular to the c-direction, it has only components in one
or more of the a-directions, depending on the orientation of the grain. The right schematic in
Fig. 4.48 shows the situation where the tensile stress is applied to one set of prism planes of
type II, parallel to the crystal axis ~a1. The linear density of the prism planes in this direction is
therefore reduced; consequently, in analogy to the explanation above, the density of vacancy-type
<a>-loops on the respective prism planes should be reduced. <a>-loops were not studied in
the strain sample which was imaged with the (0002) re�ex only. Also, the interstitial or vacancy
nature of the <a>-loops would not have been measureable due to the high defect density. There-
fore, it was not possible to con�rm or refute this hypothesis.

1This statement is not limited to anisotropic crystal structures.
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When discussing the comparability of the conducted ion irradiation experiment on the e�ect of
tensile stress to the guide tube situation during reactor operation, one major issue is the texture
of the guide tubes. In consequence of the tube production process, the c-axes in the guide tubes
are mainly in radial orientation. In radial direction, though, tensile stress is not applied during
reactor operation. However, the hold-down system described in chapter 2 leads to a compressive
stress in axial direction. Due to the elasticity of the material, it can be expected that such com-
pressive stress in an a-direction would lead to an expansion of the grain in the other a-directions
and, speci�cally, in c-direction. The magnitude of this indirect tensile strain component in c-
direction can be estimated on the basis of the elastic properties of the hcp lattice:
The elastic behavior of a solid, in this case a single grain of the guide tube alloy, can be approx-
imated by continuum theory, regarding the grain as a homogeneous continuous medium instead
of a periodic array of atoms [105, 106]. Assuming the applied stress to be low, the strain in the
elastic solid is directly proportional to the stress, as stated by Hooke's law. While there is a
deviation from this direct proportionality for stress at the yield strength level, it will still be
used as an approximation to illustrate the general material behavior. In the three-dimensional
case, strain and stress are each tensors of 2nd rank, which are connected by the elastic data of
the solid, in the form of a tensor of 4th rank. The displacement ~R of a material position ~r can
be described as

~R(~r) =

εxx εyx εzx
εxy εyy εzy
εxz εyz εzz

 ·
xy
z

 ,
where the dimensionless coe�cients εij de�ne the deformation. The strain components eαβ are
related to the εij as follows [105]:

exx = εxx

eyy = εyy

ezz = εzz

exy = εyx + εxy = eyx

eyz = εzy + εyz = ezy

ezx = εzx + εxz = exz

The strain components eαβ are linear functions of the stress components; for example, exx is
given as

exx = S11Xx + S12Yy + S13Zz + S14Yz + S15Zx + S16Xy.

The Xx, Zx etc. represent the stress components; the capital letter describes the direction of the
force, and the index gives the normal to the plane to which the force is applied. The Smn are
the so-called elastic compliance constants which can be calculated from the elastic moduli Cab

by inverting the 6x6 matrix containing the elastic moduli.
For hcp materials, the elastic data consists of 5 independent elastic moduli with the following
structure [106]:
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C =



exx eyy ezz eyz ezx exy

Xx C11 C12 C13 0 0 0
Yy C12 C11 C13 0 0 0
Zz C13 C13 C33 0 0 0
Yz 0 0 0 C44 0 0
Zx 0 0 0 0 C44 0
Xy 0 0 0 0 0 C66


with C66 = (C11 − C12)/2.
For the described situation of compressive stress perpendicular to the c-direction, a suitable ori-
entation of the coordinate system is the x-axis parallel to crystal axis ~a1 and the z-axis parallel to
crystal axis ~c (compare the coordinate system on the right side of Fig. 4.48). This compressive
stress applied in ~a1 direction, parallel to the x-axis, leads to a compressive strain of the material
normal to one prism plane set of type II. The response of the prism planes of type I and the
basal planes can then be calculated from the elastic data of the hcp lattice:
According to the chosen coordinate system, only the Xx out of the six independent stress compo-
nents are unequal zero. Following the elastic material properties as described above, the resulting
strain components are the eii; the eij with i 6=j are zero because of the respective elastic moduli
being zero. Therefore, the strain components in x-, y- and z-direction are

exx = S11Xx

eyy = S21Xx

ezz = S31Xx

The values of Smn referring to the eii can be calculated by inverting the matrix C and are given
as follows [106]:

S11 =
1

2

[
1

C11 − C12
+

C33

(C11 + C12)C33 − 2C2
13

]
S21 =

1

2

[
C33

(C11 + C12)C33 − 2C2
13

− 1

C11 − C12

]
S31 =

−C13

(C11 + C12)C33 − 2C2
13

The elastic moduli for α-Zr are summarized in table 4.8 [107].

C11 C12 C13 C33 C44

1.43 0.728 0.653 1.65 0.320

Table 4.8: Elastic moduli for α-Zr, in 1011N/m2 [106]

The strain components are therefore given as:

exx = 1.017 · 10−11 m2

N
· Xx
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eyy = −4.076 · 10−12 m2

N
· Xx

ezz = −2.411 · 10−12 m2

N
· Xx

For compressive stress in x-direction, the Xx are negative, which leads to a negative strain in x-
direction and a positive strain in y- and z-direction. The resulting strain component in y-direction
is about 40% of the strain component in x-direction, and the strain component in z-direction
is about 24% of the strain in x-direction. For visualization of the absolute grain deformation,
the absolute displacements will be calculated for an exemplary compressive stress of 100MPa in
x-direction. The resulting strain components are

exx = −1.017 · 10−4

eyy = 4.076 · 10−5

ezz = 2.411 · 10−5

The position of atom ~a1 = (a, 0, 0) on the x-axis and atom ~c = (0, 0, c) on the c-axis, with
a=3.231Å and c=5.147Å would then change as follows2:

~a1
new = ~a1 + ~R( ~a1) =

3.231Å(1− 1.017 · 10−4)
0
0

 =

3.2307Å
0
0



~c new = ~c+ ~R(c) =

 0
0

5.147Å(1 + 2.411 · 10−5)

 =

 0
0

5.1482Å


For completeness, the center of the prism plane I designated in green in Fig. 4.48, with position
vector ~ay=(0,

√
3/3·a,0) would be a�ected as follows:

~ay
new = ~ay + ~R( ~ay) =

 0√
3/3 · 3.231Å · (1 + 4.076 · 10−5)

0

 =

 0

1.8655Å
0


The resulting changes in the axis intercepts of the di�erent lattice planes in x-, y- and z-direction
are summarized in table 4.9.

prism planes II (yellow) prism planes I (green) basal planes (grey)
x-axis y-axis z-axis

without stress 1.6155Å 1.8654Å 5.147Å
100MPa in a1-direction 1.6153Å 1.8655Å 5.1482Å

Table 4.9: Estimate of the changes in the lattice plane positions for a compressive stress of
100MPa parallel to ~a1; color references are given with regard to Fig. 4.48

2The number of valid digits is increased by 1 in the new atom position vectors as compared to the original
positions, to illustrate the strain e�ect which would not be visible otherwise.
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Due to the texture of the guide tubes, a compressive stress in axial direction (which can be ap-
proximated as being parallel to one of the a-axes) thus leads to a signi�cant indirect tensile strain
component in c-direction, with a magnitude of about 24% of the compressive strain component
in direction of the speci�c a-axis. Therefore, the axial compressive stress during reactor opera-
tion indeed creates a strain situation that is approximated with the tensile stress in c-direction
during the ion irradiation experiment with α=0◦. In consequence, the hypothesis can be formed
that an increase of the axial hold-down forces during operation should lead to a decrease of the
<c>-loop formation in the guide tubes.

The observed dependence of <c>-loop densities on the stress orientation, and the variation of
<c>-loop-densities within a single grain observed in the ��ow line� features lead to the forma-
tion of an additional hypothesis: In-pile irradiated Zr-based alloys are in some cases reported to
show a preferred nucleation of <c>-loops, or just a higher <c>-loop density, in direct vicinity of
second phase particles or hydrides. The e�ect of preferential nucleation near an SPP was also de-
scribed for one sample ion irradiated in this work. Explanations of this phenomenon are mostly
based on compositional changes of the matrix in the vicinity of the SPPs or hydrides during
the irradiation, e.g. Fe di�usion from the dissolving SPP into the matrix. The observed strong
e�ect of stress on <c>-loop formation indicates another obvious explanation for this preferential
nucleation or loop formation to higher densities, which would be independent of changes of the
chemical composition of the matrix: The presence of SPPs or hydrides leads, due to the di�erent
lattice structures and lattice parameters of those phases as compared to the matrix, to lattice
strains in the matrix surrounding the particles. The strain state of the material in these regions
is thus di�erent from the rest of the grain, which would be a direct explanation for a di�erent
<c>-loop formation behavior in these areas. It is of course also possible that both the e�ects
of the di�erent stress state around the SPPs and the irradiation induced di�usion of alloying
elements from the SPPs into the matrix contribute to the observed phenomenon.

An important issue from the experimental point of view is the estimation of the strain state of
the respective grains. It was explained above that the determination of the zero strain state of
a sample put into the straining stage is di�cult because strains in the range of microns are to
be measured while it is impossible to assess at which exact point the sample is in a perfectly
�at state without external stress. To avoid this di�culty, the yield strength of the respective
alloy was chosen; then, by straining until the occurrence of dislocation channels, the amount of
stress can be well estimated. However, while this applies for initial stress before the irradiation,
it is known that Zr-based alloys under neutron irradiation show irradiation hardening and thus
change their elastic properties [108]. To assess whether the sample was still under stress during
and after the irradiation, the screw distance of the straining stage was decreased by some microns
to see the reaction of the sample after the �nal damage level was reached. The observed rim
of the hole in the sample reacted immediately to the stress release by motion in negative stress
direction. It was therefore con�rmed that, even if the sample did experience relaxation during
irradiation, there was still a signi�cant amount of stress present at the �nal damage level.
For future experiments with a more detailed monitoring of the strain state in single grains during
the irradiation, and also to be able to do reliable experiments at stress levels lower than the yield
strength where the dislocation channel method can obviously not be applied, �rst tests were
conducted to calculate the strain level from the distances of markers within the grains before
and after the application of stress. Such markers could be second phase particles or, depending
on grain size and geometry, grain boundary sections. The tests showed that the resolution of
the strain in the applied levels would require images of signi�cantly higher magni�cation than
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30'000 which was used. Further work in succession to this thesis will therefore also focus on
high magni�cation imaging of de�ned distances within single grains under stress, possibly by
reconstruction of grain distances from a larger number of high magni�cation images taken from
regions between the respective markers.
Since the e�ect of stress showed to be very clear and continuous, the reliability of this partic-
ular experiment should also be used to study the simultaneous e�ects of external stress and
other parameters like hydrogen content or alloying. This would provide more details about the
interaction of the di�erent experimental parameters and would be of high interest for the trans-
ferability of the results to in-pile components, whose behavior is the result of a high number of
interdependent experimental parameters.

4.4 General Discussion

4.4.1 Interaction of the Parameters during the Ion Irradiation Experiments

During the in-situ irradiations at the IVEM Tandem Facility, all samples were held at 300◦C
(with an assumed error of 5K for the double-tilt heating stage and 10K for the heating-straining
stage), such that e�ects of temperature should be negligible when discussing the di�erences in
irradiation microstructure in the various samples.
Looking at the e�ect and possible superpositions of hydrogen and stress state in the ion irra-
diated samples, the straining sample should not have experinced an e�ect of hydrogen. There
is the possibility of hydrogen pickup during electrolytical etching, but since the imaged grains
were close to each other in the sample, if such pick-up should have occurred, it should have
a�ected the grains to a comparable degree. On the other hand, it cannot be excluded that the
samples studied for the e�ect of hydrogen experienced deviations of the strain state in their
di�erent grains. Residual strains from sample preparation are not expected in the samples, as
they were recrystallization annealed before the electrolytical etching. However, di�erences in
strain might evolve during the irradiation, assuming that the dislocation loop formation leads
to single grain growth, which would cause strains between adjacent grains, depending on their
geometry. A more detailed assessment of this question would require a method to measure single
grain's strain states during the irradiation experiments, which might be possible by the marker
technique described above.

4.4.2 Relevance of the Results for the Fuel Assembly Deformation Issue

The objective of this work was to investigate the microstructural processes in Zr-based alloys
under irradiation, in order to better understand the fuel assembly deformation phenomenon. The
results of this work contribute to such a better understanding in several points.
First of all, there are a number of conclusions and practical recommendations regarding the
experimental techniques in general and TEM sample preparation and TEM imaging, which are
also relevant for TEM studies of in-pile irradiated material:

• The extensive experiments with in-situ ion irradiation proved the method to be an excellent
tool for LWR irradiation damage simulation; the conducted parameter optimization can
facilitate further experimental work in the �eld, and the good results can promote the
method as a time- and cost-e�ective alternative to in-pile irradiation experiments. It was
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also shown that, due to the possibility to observe dynamic microstructural processes in-
situ, the method provides scienti�c insight into microstructural processes that would not
be accessible in in-pile irradiation experiments.

• It has to be emphasized that TEM sample preparation by focussed ion beam (FIB) should
be avoided whenever possible for the study of dislocations in Zr-based alloys. FIB tests
at di�erent facilities and with di�erent instruments showed to lead to extensive irradiation
damage, even when conducted at liquid nitrogen temperature, and additional problems oc-
curred like TEM lamella bending or sample oxidation. Minimization of the FIB's ion beam
incident angle, ion energy and beam current did not solve the issue; neither did subsequent
usage of a precision ion polishing system (PIPS) even when set to the mildest parameters.
From the preparation experience in this work, it has to be concluded that irradiation dam-
age studies in Zr-based alloy samples prepared by FIB before or after the irradiation are
not suitable to provide reliable results on the irradiation induced microstructures.

• When studying the relation between hydrides and irradiation damage, it is recommended
not to draw conclusions regarding possible interactions between dislocation loops and intra-
granular hydrides from samples viewed in the TEM at room temperature (if the irradiation
temperature was higher than room temperature). The observed hydride dissolution during
heating of the samples to 300◦C and hydride precipitation during cooling showed that the
hydride distribution and characteristics at room temperature are not related in any direct
way to the situation at 300◦C. The hydrides did not precipitate in the same locations where
they were before the heating up, and they were di�erent in size, form and orientation. It is
expected that their appearance after cooling down is also related to the cooling rate, which
can vary for in-pile irradiated samples due to di�erent procedures for reactor shutdown
before the outage. For post irradiation examinations of irradiated material, it is therefore
recommended to heat the samples in the TEM and image them at their former operating
temperature, which would reproduce the hydrogen solution state during the irradiation.

• When comparing dislocation loop densities from di�erent TEM images, it is essential to
use images with similar magni�cation. To avoid bias in the density measurements, it
is recommended that the di�erent images are analyzed by the same person. Also, the
accuracy of grain thickness measurements is essential for the calculation of reliable values
for dislocation loop densities.

• The studies on the temperature e�ect showed that the irradiation temperature has a strong
e�ect on the overall vacancy-type defect density. Microstructural observations from mate-
rial irradiated at di�erent temperature levels should therefore be compared with care.

Finally, the results contribute to a better scienti�c understanding of the origins and in�uencing
factors of the fuel assembly deformation phenomenon, which was the main objective of this work.

• The damage level at which the <c>-loop nucleation threshold was observed for the ion
irradiated samples con�rmed the hypothesis of several authors that the onset of macroscopic
breakway growth in Zr-based alloys is correlated to the appearance of <c>-loops in the
material. The critical <c>-loop density corresponding to this onset was determined for
Zry-4 at 300◦C.
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• While a correlation between <c>-loop appearance and macroscopic growth was described
and assumed by many authors, it was never actually proven that the appearance of <c>-
loops would trigger the onset of breakaway growth, and not the other way round. In theory,
it could also be possible that breakaway growth is triggered by processes that are unrelated
to the <c>-loops, and that the <c>-loops would form as a consequence of the breakaway
growth. By the ion irradiation experiments in this work, it was shown that <c>-loop
formation occurs in Zr-based alloys as a result of the irradiation in samples that are isolated
from the in-pile environment, in the absence of parameters like stress, hydride precipitation,
temperature gradients, corrosion or other possible factors that might be causing breakaway
growth. Therefore, the results of this work con�rm that <c>-loop formation is a trigger
for breakaway growth, and not breakaway growth a trigger for <c>-loop formation.

• One of the main questions to be investigated in this work was the e�ect of hydrogen on the
irradiation induced microstructure in Zr-based alloys. The studies of the e�ect of hydrogen
as an isolated parameter, as it was done in the ion irradiation experiments, showed the
in�uence of hydrogen content on the <c>-loop characteristics to be discontinuous, in the
way that hydrogen addition in the range of 186wt.-ppm led to a lower <c>-loop nucleation
threshold and a higher <c>-loop linear density than in the standard material at compa-
rable damage level, while the addition of 405wt.-ppm had the opposite e�ect. The two
most probable explanations for the observed phenomenon would be, on the one hand, that
the e�ect of parameters other than hydrogen on the irradiation induced microstructure are
so strong that they cover the e�ect of the hydrogen completely; or, on the other hand,
that the di�erent hydrogen levels which lead to a di�erent hydride density could in�uence
the defect sink bias and thus change the interstitial to vacancy ratio locally or globally.
This could cause a <c>-loop stabilization for lower hydride densities as compared to a
<c>-loop formation suppression for higher hydride densities. In the case of the dominant
e�ect of other parameters, it is necessary to assess which parameters that would be. In
the case of the di�erent interactions between hydrides and irradiation defects for di�erent
hydrogen contents, this phenomenon has to be taken into consideration when discussing
the e�ect of hydrogen on macroscopic fuel assembly growth. Since the hydrogen content in
the structural material changes during the assembly lifetime, from a hydrogen-free state at
beginning-of-life to concentrations signi�cantly above the solubility limit for Zry-4, Zry-4
guide tubes can be assumed to pass these two observed hydrogen content regions which
have an opposite e�ect on the <c>-loop structure and thus possibly on macroscopic irra-
diation growth. As the hydrogen uptake shows dependence on the operating conditions of
the speci�c plants and fuel assemblies, the e�ects can di�er for di�erent assemblies. Disre-
garding the e�ect of other parameters, this would lead to non-linear or discontinuous e�ects
in the growth behavior. The onset of breakaway growth would be accelerated if the hy-
drogen level was in the range of 186wt.-ppm before the damage level triggering breakaway
onset is reached, and it would be retarded if the material had already taken up a hydrogen
level in the range of 405wt.-ppm before reaching the �critical� damage level. Above the
threshold dose, the ion irradiation results showed a lower <c>-loop formation rate for the
405wt.-ppm level and a higher rate for the 186wt.-ppm. It can therefore be expected that
the <c>-loop density increase rate after the onset of breakaway growth will depend on the
operating condition and lifetime dependent hydrogen content of the components and might
lead to discontinuous growth behavior.
To sum up, the ion irradiation results did not show an e�ect of the hydrogen content
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pointing in a clear direction; the most probable explanations for this observation are that
the hydrogen content is either negligible with regard to other dominating parameters, or
that it has a discontinuous component. Both hypotheses lead to the conclusion that a
direct correlation between hydrogen content and breakaway growth might not be suited to
describe the phenomenon. Therefore, it is recommended to study the e�ect of hydrogen
more extensively to assess this issue in more detail.

• The ion irradiation experiments showed a very signi�cant and conclusive e�ect of external
tensile stress on the <c>-loop formation in Zry-4: tensile stress with a component parallel
to the c-direction of the grains reduces the <c>-loop density in the respective grains; the
e�ect increases with the magnitude of the parallel component. For tensile stress at the
yield strength level, <c>-loop formation was completely suppressed for the stress direction
parallel to the c-axis.
When comparing the experimental conditions during the ion irradiation experiment to in-
pile fuel assembly operation, the main di�erence is the level of applied stress. The Zry-4
yield strength at 300◦C of 175MPa is by several factors higher than typical stress levels
in PWR guide tubes under normal operation, which are described to vary between some
10MPa compressive to several 10MPa tensile axial load, caused by the hold-down spring
force, hydraulic forces, the di�erential expansion of fuel rods and guide tubes, and bow
forces created by cross �ow and neighbouring fuel assemblies; in addition, the oxide layer
on the guide tubes, growing during operation, can contribute up to 10MPa axial tensile
stresses [30]. Even though these stress levels during operation are smaller than the yield
strength, they remain at a signi�cant level; also, there is no obvious reason to assume that
the conclusive e�ect of tensile stress observed at yield strength level should not occur, with
a lower magnitude, analogously for lower stress levels. It is thus assumed that the observed
orientation dependent stress e�ect is also relevant under in-pile conditions.
As described in chapter 2, the guide tubes are produced with a texture that causes the
majority of the grains' c-axes to be oriented radially, with their direction deviating in a
range of 30◦ from the radial vector. A direct tensile stress in radial direction is not likely
to occur in guide tubes during normal operation; the coolant pressure results in a radial
compressive stress, and the other main stress contributors are oriented in axial direction. It
should however be noted that radial tensile stress is relevant for fuel rods as a consequence
of pellet swelling. On the other hand, due to the elastic properties of the alloy, an �indirect�
tensile strain in radial direction would result from axial compressive stress e.g. applied by
the hold-down springs. As calculated above from the elastic properties of α-Zr, a com-
pressive stress in axial direction, corresponding to a compressive stress in one a-direction
of the crystal lattice, would lead to a tensile strain component in c-direction with about
one fourth of the magnitude of the compressive strain component in a-direction. Such
tensile strain parallel to the c-axis would, according to the results of the ion irradiation at
yield strength experiment, hinder the formation of <c>-loops. Therefore, the application
of axial compressive stress on the guide tubes leads in theory to a reduction of <c>-loop
formation which would in turn hinder the onset of macroscopic breakaway growth and slow
down the growth process in general. However, to assess the magnitude of the e�ect and to
study whether it is signi�cant at typically applied hold-down forces, further ion irradiation
experiments at lower tensile stress levels corresponding to typical PWR environments are
necessary.
Finally, the observed e�ect of grain orientation towards the stress direction leads to the
conclusion that changes in the guide tubes' texture due to di�erent production processes
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might have a signi�cant e�ect on <c>-loop formation under irradiation and thus on macro-
scopic component growth. Also, it was shown by Garzarolli et al. that Zry-4 with higher
yield strength shows stronger irradiation growth [103]. Therefore, processes leading to a
yield strength increase such as possible induction of residual strains from cold work after
the �nal annealing, e.g. by �nal straightening of the tubes, might in�uence the tubes'
growth behavior. Such variations in the tubes' texture or strain state should therefore be
treated with caution.

• As a �nal comment, the e�ects of the di�erent environmental parameters during in-pile ir-
radiation are occurring simultaneously and can be expected to be interdependent. This can
be expected to also apply for the e�ects of hydrogen and stress; deviations from the con-
clusions taken from the ion irradiation experiments that were conducted by isolating these
single parameters can therefore be assumed for in-pile operation. Further insight into these
interactions could be provided by additional ion irradiation studies on the simultaneous
e�ects of stress and hydrogen content.
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Chapter 5

Conclusion and Outlook

In the past years, unexpectedly high fuel assembly growth has been observed in some PWR
plants, which was not predicted by the fuel assembly codes that are based on the operational
experience and the theoretical knowledge of irradiation deformation. To explain this unexpected
phenomenon, to improve the FA codes and to facilitate the development of advanced deforma-
tion resistant alloys, a better understanding of the microstructural processes in the alloys during
neutron irradiation is necessary. The objective of this work was to contribute to such better
understanding by speci�cally studying the in�uence of hydrogen content and external stress on
the irradiation behavior of PWR guide tube alloys, two parameters whose e�ect on the ob-
served unexpected growth is unclear. Irradiation induced macroscopic component deformation
at high �uences is reported to be governed by a process of enhanced material growth (�breakaway
growth�), which is associated by many authors with the formation of c-component vacancy-type
dislocation loops. Therefore, the main focus during the conducted microstructural studies was
on the formation and characteristics of those <c>-loops.

The unique feature of this work as compared to many other studies in the �eld is the highly suc-
cessful application of out-of-pile experimental methods for the investigation of in-pile phenomena,
and speci�cally for phenomena directly originating from the in-pile neutrons. That LWR typi-
cal irradiation damage can be produced out-of-pile, and particularly in modern Zr-based alloys
currently being used for PWR assemblies, is despite previous reports in the literature far from
self-evident.
The out-of-pile method this work is based on is heavy ion irradiation, in the majority of the ex-
periments coupled with in-situ transmission electron microscopy. The huge advantages of heavy
ion irradiation as compared to in-pile neutron irradiation are the vastly reduced irradiation times
in the range of several hours, the absence of target activation, the easy experimental accessibility
which allows to control and measure the experimental parameters with accuracy, and the capa-
bility to isolate single parameters. The unique asset of in-situ TEM is the possibility to observe
de�ned material regions from their unirradiated state up to highest damage levels, to study the
microstructural processes dynamically and to document the microstructural developments as a
function of the damage level in the form of movies.
For additional studies of the properties of the overall irradiation induced vacancy-type defect
density, positron Doppler broadening spectroscopy was used, as a post-irradiation examination
method complementary to TEM.
In a �rst set of experiments after the optimization of the sample preparation techniques and the
experimental parameters, a feasibility study was conducted to show that heavy ion irradiation in
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combination with in-situ TEM is suitable for the simulation of in-pile irradiation damage. The
criteria to decide upon the comparability of heavy ion and LWR neutron damage were set to be
all main microstructural characteristics reported for LWR neutron damage in Zr-based alloys:
1) <a>-loop characteristics: <a>-loop formation from the beginning of the irradiation; increase
of the <a>-loop density with the damage level; <a>-loop size
2) <c>-loop characteristics: <c>-loop producibility with ion irradiation; formation after a
threshold damage level only; correspondence of that threshold level to the LWR neutron �u-
ence range for the onset of breakaway growth; increase of the <c>-loop density with the damage
level; <c>-loop size
3) Further microstructural characteristics: absence of void formation; preferential nucleation of
<c>-loops in the vicinity of intermetallic precipitates in Zry-4
The in-situ irradiation experiments carried out with both guide tube alloys M5 R© and Zry-4 ful-
�lled all the criteria described above. It was therefore concluded that heavy ion irradiation under
the chosen experimental conditions is a most suitable tool for the simulation of LWR neutron
damage in Zr-based alloys, which is the �rst main result of this work.

The second main result is the con�rmation of the generally assumed correlation between <c>-
loop formation and breakaway growth, as the observed formation threshold damage level for<c>-
loops lies in the same damage level range as the reported onset of macroscopic breakaway growth.
Also, it was shown that <c>-loop formation occurs independently of in-pile parameters that
might lead to breakaway growth without the <c>-loops' involvement; this allows the conclusion
that breakaway growth as a trigger for <c>-loop formation can be excluded, and con�rms the
assumption of <c>-loops being the trigger for breakaway growth. The third important result is
the observation that the <c>-loop linear density increases linearly with the damage level, and
the determination of the slope (which agrees within the measurement accuracy for M5 R© and
Zry-4). This <c>-loop density increase rate has been measured for the �rst time. In addition,
the overall <c>-loop appearance during the experiments led to the hypothesis that <c>-loops
are not, as generally assumed, single large loops, but chains of small aligned <c>-component
dislocation loops.
Studies with both in-situ DBS and in-situ TEM showed, as expected from the literature, a large
e�ect of the target temperature on the irradiation induced microstructure. Defect annealing
measurements led to the conclusion that, while the majority of the vacancy-type defects is an-
nealed for temperatures higher than 450◦C, the <c>-loops are stable up to 500◦C and therefore
constitute only a small fraction of the overall vacancy-type defects. In addition, an anneal-
ing experiment at 750◦C allowed to observe several di�erent c-component dislocation annealing
mechanisms dynamically.
The e�ect of hydrogen in Zry-4 under irradiation was studied by in-situ TEM in samples with
di�erent hydrogen contents. The experimental results showed an increase of the <c>-loop linear
densities as compared to the standard material for an addition of a lower hydrogen content, and
a decrease of the <c>-loop linear densities for a higher hydrogen content. This discontinuous
nature of the hydrogen e�ect is surprising and is assumed to be due to one of two possible
explanations: First, there might be another currently unknown experimental parameter with a
strong in�uence on the <c>-loop characteristics, which is superimposed on the hydrogen e�ect
and covers any e�ect the hydrogen might have partly or completely. Secondly, it seems possible
that a lower hydrogen content and the related hydride concentration might have an e�ect on the
sink bias in the Zr-matrix which would lead to an increase of <c>-loop formation as compared to
the standard material, while higher hydrogen contents with the related higher hydride densities
might cause a decrease in <c>-loop formation. The fourth main result of this thesis is therefore
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the recommendation to investigate the hydrogen e�ect in more detail and with a higher number
of studies, since the database provided by the herein described experiments is not su�cient to
provide a clear correlation between the material's hydrogen content and macroscopic component
growth.
External tensile stress, on the other hand, showed a very signi�cant and direct correlation with
the irradiation induced <c>-loop structure. In a Zry-4 sample under irradiation to a high dose
at yield strength level, the <c>-loop linear density decreased continuously with an increase of
the component of the tensile stress parallel to the c-axis, and the stress applied parallel to the
c-axis suppressed the <c>-loop formation entirely. Such a dependence of the <c>-loop structure
on the tensile stress direction can be explained in a straightforward way, but has been veri�ed
experimentally for the �rst time. The e�ect is surprising in both its clarity and its magnitude.
In addition, the observation of the <c>-loop density following bending contour like ��ow lines�
in one of the grains suggests the assumption that <c>-loop densities are not only dependent on
variations of the stress level between di�erent grains, but also within single grains.
While the applied stress in the range of the yield strength is clearly higher than in-pile component
stress levels during operation, is seems a valid conclusion that the observed e�ect should also
occur for lower stress levels, with a respectively lower magnitude. The �fth major result of this
thesis is thus the following: Tensile stress has a most signi�cant e�ect on <c>-loop formation
in Zr-based alloys, and the e�ect is highly dependent on the orientation of the stress direction
towards the grains' orientation. Based on this result, the known typical guide tube textures and
the elastic properties of α-Zr, it can be deduced that, in theory, an increase of the hold-down
spring forces should lead to a reduction of <c>-loop formation in the majority of the grains,
which could in turn lower the guide tubes' axial growth. Any such measures would, however,
have to be taken in compliance with the known e�ect of stronger hold-down forces on creep and
the resulting increase in fuel assembly bow.

The presented results showed that the experimental techniques applied in this work can con-
tribute valuable information about the microstructural characteristics of irradiation induced
damage in Zr-based alloys. It is therefore recommended to continue these studies in several
di�erent facets.
First of all, it should be mentioned that the promising positron experiments should be carried
on, preferably by using positron annihilation lifetime spectroscopy.
Then, it has to be emphasized that the successful optimization of the experimental parameters
of the in-situ TEM method, the feasibility studies and especially the clear results on the e�ect
of external stress strongly suggest further use of this excellent tool for the investigation of LWR
neutron damage in Zr-based alloys. The two major issues to be addressed in direct succession
to this work are the following:
Firstly, more detailed studies of the in�uence of hydrogen should be conducted, to resolve the
question of the observed discontinuous component of the e�ect. Secondly, the highly success-
ful in-situ experiment under tensile stress should be continued, with the focus on two di�erent
areas: On the one hand, the experimental technique should be re�ned to allow for the reliable
application and measurement of lower stress levels, which are closer to the actual operating con-
ditions of the components. On the other hand, since the nature of the orientation dependent
stress e�ect is now known from the previous experiments, a set of studies should be carried out
to investigate the correlation of the stress e�ect with other material parameters. Since neutron
irradiation under in-pile conditions occurs under a combination of a high number of interacting
parameters, the investigation of the interaction of these parameters would contribute to a more
detailed understanding of the in-pile irradiation behavior of Zr-based alloys.
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Appendix

A Abbreviations and Acronyms

This section provides lists of the abbreviations and acronyms used throughout this work.

Abbreviation Meaning

ANL Argonne National Laboratory
ASTM American Society for Testing and Materials
bcc body-centered cubic
BF Bright Field
BS Band Slope
BWR Boiling Water Reactor
CANDU Canadian Deuterium Uranium Reactor
CCD Charge-Coupled Device
DAD Di�usional Anisotropy Di�erence
DBS Doppler Broadening Spectroscopy
DF Dark Field
DP Di�raction Pattern
dpa displacements per atom
E110 Zr-1Nb
E635 Zr-1Nb-1.2Sn-0.35Fe
EBSD Electron Backscatter Di�raction
EID Elastic Interaction Di�erence
FA Fuel Assembly
FBR Fast Breeder Reactor
FIB Focussed Ion Beam
FR Fuel Rod
GGR Gas-Cooled Graphite-Moderated Reactor
hcp hexagonal close-packed
HP High Pressure
IAEA International Atomic Energy Agency
IPP Max-Planck-Institut für Plasmaphysik
ITU Institute for Transuranium Elements
IVEM Intermediate Voltage Electron Microscope
LWGR Light-Water Cooled Graphite-Moderated Reactor
LWR Light-Water Moderated and Cooled Reactor

continued on next page
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Table 1 � continued from previous page
Abbreviation Meaning

MLL Maier-Leibnitz Laboratorium
MOX Mixed Oxide
NEPOMUC Neutron Induced Positron Source Munich
NFIR Nuclear Fuel Industry Research
PALS Positron Annihilation Lifetime Spectroscopy
PHWR Pressurized Heavy-Water Moderated and Cooled Reactor
PIPS Precision Ion Polishing System
PKA Primary Knock-on Atom
PWR Pressurized Water Reactor
RPV Reactor Pressure Vessel
SAD Selected Area Di�raction
SEM Scanning Electron Microscope
SIPA Stress-Induced Preferential Absorption
SIPN Stress-Induced Preferential Nucleation
SPP Second Phase Particle
SRIM Stopping and Range of Ions in Matter
TEM Transmission Electron Microscope / Microscopy
TREX Tube Reduced Extrusion
USTEM Universitäre Serviceeinrichtung für Transmissionselektronenmikroskopie
Zry Zircaloy

Table 1: List of Abbreviations

Acronym Meaning

A nucleon number
A beam spot area
a0 Bohr radius
b scattering parameter
~B Burgers vector
β v/c
c speed of light in vacuum
C ion charge state
d TEM sample thickness / Bragg peak thickness
D damage level
e elementary charge
E energy
Eion ion energy
ER Rydberg constant
ε0 electric �eld constant

continued on next page

Table 2: List of Acronyms
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Table 2 � continued from previous page
Acronym Meaning

f fraction of total recoil number
produced in the damage peak region

F ion �uence
F amplitude of the Bragg re�ex
FS structure factor
ϕ neutron �ux
Φ neutron �uence
φ ion �ux
~g di�raction vector
I mean excitation energy
I ion beam current
k multiplication factor
Llin linear loop density
L̇lin linear loop density increase rate
λ neutron mean free path
λ electron beam wavelength
m mass
Mmol molar mass
n number of neutrons per unit volume
n number of electrons per unit volume
ν number of neutrons produced

per �ssion reaction
N number of atoms per unit volume
N0 initial number of target atoms per unit volume
NA Avogadro's constant
Ṅd atom diplacement rate
Nd total number of displaced atoms per unit volume
N1ion
d average number of displacements

produced by 1 incident ion
P positron probability distribution
R total number of reactions
Ṙ reaction rate
ρ mass density
S stopping power
~s excitation error
σ (microscopic) neutron reaction cross section
σD damage cross section
Σ macroscopic neutron absorption cross section
Σf macroscopic �ssion cross section
Σtotal total macroscopic neutron reaction cross section
Σtransformation macroscopic nuclear reaction cross section, without (n,γ)
t time
t average time between two neutron generations

continued on next page

Table 2: List of Acronyms
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Table 2 � continued from previous page
Acronym Meaning

T transferred energy
θ scattering angle
θ Bragg angle
Uacc accelerating voltage
v neutron velocity
V volume
x distance
Z atomic number

Table 2: List of Acronyms
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B Zirconium Phase Diagrams

Fig. 1 shows the binary phase diagrams for Sn-Zr and for Zr-Nb.

Figure 1: Binary phase diagrams of Sn-Zr [109] and Zr-Nb [78]
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C Foil Thickness Determination by the Grain Boundary Method

For the calculation fo the dislocation loop linear densities, the thickness of the observed grains
in the TEM had to be determined. This was done by imaging a grain boundary lying parallel to
the main tilt axis of the sample holder at di�erent tilting angles and measuring the observable
thickness of the boundary. Fig. 2 gives a schematic of a TEM sample with a tilted grain boundary
at di�erent tilting angles.

Figure 2: Schematic for the grain thickness calculation

In the �rst step, the sample is tilted to the angle where the grain boundary is viewed edge-on.
That tilting angle, γ, corresponds to the tilting angle of the grain boundary to the sample normal.
The relation between the grain thickness d0 and the grain boundary length dgr is given as

dgr =
d0

cos(γ)
.

The sample can then be tilted in two directions, and with the tilting angle smaller or larger than
γ. For the three cases demonstrated in Fig. 2, the trigonometric relations for the grain thickness
are the following:
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1) Tilting angle γ-ε:

dobs = dgr · sin(ε)⇒ d0 = dobs
cos(γ)

sin(ε)

2) Tilting angle γ+β:

dobs = dgr · sin(β)⇒ d0 = dobs
cos(γ)

sin(β)

3) Tilting angle -δ:

dobs = dgr · sin(γ + δ)⇒ d0 = dobs
cos(γ)

sin(γ + δ)

Fig. 3 shows exemplary TEM images for the calculation of the thickness of one of the Zry-
4 samples. The grain boundary was edge-on at γ=+1.4◦; the observed boundary thicknesses
therefore corresponded to the cases 2 (positive tilting angles) and 3 (negative tilting angles).

Figure 3: TEM imaging of a grain boundary for grain thickness determination
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D List of Publications

In the course of the thesis, parts of the work were published in printed form as well as poster
and oral presentations:

• R.M. Hengstler: �Fuel Development for Nuclear Research and Power Reactors�. Oral
presentation at the Neutrons in Science and Industry seminar at Technische Universität
München. Garching, June 2009

• R.M. Hengstler: �Irradiation induced creep and growth of zirconium-based alloys for
PWR guide tubes�. Physik Department E13, Annual Report. 2009

• R.M. Hengstler-Eger: �Irradiation induced creep and growth of zirconium-based alloys
for PWR guide tubes�. Physik Department E13, Annual Report. 2010

• R.M. Hengstler-Eger: �Heavy ion irradiation for LWR neutron damage simulation in
Zr-based alloys�. Oral presentation at the Wall Forum of the Max-Planck-Institut für
Plasmaphysik. Garching, July 2011.

• R.M. Hengstler-Eger, P.B. Ho�mann, P. Baldo, M.A. Kirk, J. Dorner, K. Ertl, C.
Hugenschmidt, W. Petry and P. Pikart: �Heavy Ion Irradiation Induced Dislocation Loops
in AREVA's M5 R©Alloy�. Poster presentation at the Workshop on Ion Implantation as a
Neutron Irradiation Analogue. Oxford, 26-28 Sept. 2011

• R.M. Hengstler-Eger, P. Baldo, L. Beck, J. Dorner, K. Ertl, P.B. Ho�mann, C. Hugen-
schmidt, M.A. Kirk, W. Petry, P. Pikart and A. Rempel: �Heavy ion irradiation induced
dislocation loops in AREVA's M5 R©alloy�. Journal of Nuclear Materials 423, pp. 170-182.
Feb. 2012

• R.M. Hengstler-Eger, W. Petry, P. Baldo, M.A. Kirk and P.B. Ho�mann: �Ion Irradi-
ation Studies of the Microstructural Origins of PWR Guide Tube Deformation�. Poster
at the Department of Energy Review of the Argonne National Laboratory's Electron Mi-
croscopy Center. Lemont, 18-19 July 2012

• R.M. Hengstler-Eger, P.B. Ho�mann, W. Petry, M.A. Kirk and P. Baldo: �The E�ect of
External Stress on Irradiation Induced c-Loop Formation in Zircaloy-4�. Oral presentation
at the Nuclear Materials Conference 2012. Osaka, 22-25Oct. 2012.
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