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Atomic Scale Degradation of Zirconium Alloys for 
Nuclear Applications 
 
Gustav Sundell 
Department of Applied Physics 
Chalmers University of Technology 
 
Abstract 
 
Due to their low thermal neutron capture cross-section, zirconium alloys are widely 
used in the nuclear industry as fuel cladding and for structural components. The 
lifetime of the fuel assemblies in the reactors is primarily dictated by the ability of the 
cladding to withstand oxidation and hydrogen pick-up from the coolant water and 
radiation damage induced by the neutron flux. 
 
In order to study the hydrogenation and irradiation damage of zirconium on the 
atomic scale, atom probe tomography (APT) is utilized. This technique offers some 
unique virtues for nanometer scale materials analysis, such as equal sensitivity to all 
elements and near-atomic resolution. However, as APT has rarely been used for 
hydrogen studies previously, methods for accurate qualitative and quantitative 
analysis need to be developed.  
 
In this thesis, methods to control adsorption of hydrogen onto the APT specimen are 
explored. Techniques for hydrogen measurement are further developed using 
deuterium, whereby it is shown that hydrogen enters the alloy through grain 
boundaries in the oxide scale. A model for mitigation of hydrogen pick-up is 
proposed, in which oxide grain boundaries are decorated with transition metal 
alloying elements such as Fe and Ni, which affects the probability of reducing 
ingressing protons to form inert H2 gas. 
 
Zr alloys incur irradiation damage when subjected to the neutron flux in the reactor 
core, dissolving secondary phase particles and generating dislocation loops that 
embrittle the material. By studying the microstructure on the atomic scale before and 
after prolonged in-rector exposure, it is shown how the alloying elements in Zr 
interact with the irradiation-induced lattice defects. 
 
 
 
Keywords: Atom probe tomography, Hydrogen pick-up, Hydrogen microanalysis, 
Corrosion, Zirconium alloys, Irradiation damage. 
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“With the breakdown of the medieval system, the gods of chaos, lunacy, and 
bad taste gained ascendancy.”  
 
 
― John Kennedy Toole, A Confederacy of Dunces	
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1. Introduction 
 

1.1 Background 
 
Perhaps the most important challenge that science and engineering face in the 21st 
century is to satisfy the rising energy demand in the world. Rapid economic growth in 
developing countries calls for improved standards of living, accommodated partly by 
increased electricity and fuel consumption. At the same time, consciousness of the 
devastating effects of climate change, caused by emission of greenhouse gases into 
the atmosphere, is now starting to exert influence over energy policies of governments 
worldwide. This has led to a surge of interest in renewable sources of energy over the 
past decades, such as photovoltaics1, wind power2 and biomass combustion3.  
 
While some of these techniques show great promise, renewable sources of energy are 
still far from being capable of replacing fossil fuels. This has brought renewed interest 
in nuclear power as an interim solution for electricity generation. Nuclear power has 
the advantage of producing significantly less carbon dioxide than fossil fuel 
combustion processes. Life cycle analysis shows that nuclear power is comparable to 
renewable energy sources in terms of emissions4. New generations of nuclear plants 
offer substantial improvements in terms of efficiency as well as safety. This has 
prompted many governments to expand their nuclear programs, and many countries 
are now constructing new Generation III-type plants. Today, more than 25 new 
reactors are under construction only in China5. Large-scale research projects are 
carried out across the world to develop new Generation IV technologies for nuclear 
power, which will see further improvements in thermal efficiency and fuel usage. The 
vast majority of reactors in operation today, however, are of type Generation II. 
Generation II reactors were first taken into operation in the 1950s, but commercial 
usage did not start until the late 1960s. Continuous improvements to the design have 
been made since, which has prolonged the lifetime of these early reactor types.  
 
The efficiency of a nuclear plant is limited mainly by the temperature of the coolant in 
the reactor. Higher coolant temperatures increase the amount of available work that 
can be extracted from the system, in accordance with Carnot’s theorem6. Another 
factor that can be improved is increasing the burn-up of the reactor fuel. Higher burn-
ups increase the total energy output from the fuel, and, crucially, means that the 
number of the spent fuel assemblies decreases for a given energy output. The longer 
the fuel stays in the reactor, the less harmful material is left to dispose of when the 
fuel cycles are ended. Such enhancements of the nuclear plant performance put severe 
strains on the structural materials in the reactor. The components have to withstand 
heavy radiation doses as well as an intensely corrosive environment during their time 
of operation. This requires resilient mechanical properties in combination with good 
corrosion resistance. 
 
Zirconium alloys were selected at an early stage for usage in nuclear reactor cores, as 
the low thermal neutron capture cross-section of zirconium prevents it from 
interfering with the neutron flux and contributes to a good neutron economy in the 
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reactor. They are currently utilized in virtually all nuclear reactors, as fuel cladding as 
well as structural parts in the core.  
 
Two of the main limiting factors for the lifetime of the fuel cladding are the oxidation 
and the hydrogen pick-up, which are consequences of the waterside corrosion process 
in the reactor. Hydrogen pick-up causes serious embrittlement of the alloy and 
damages its advantageous corrosion properties. Despite several decades of research, 
the mechanism of hydrogen pick-up in zirconium alloys is yet to be fully understood. 
Many empirical studies have been carried out on the subject, and new alloys have 
been developed based on a trial-and-error approach of varying heat treatments and 
additions of alloying elements. In order to ultimately address the problem of 
hydrogenation of zirconium alloys, a mechanistic understanding of the fundamental 
principles that govern hydrogen uptake is needed.  
 
Another critical degradation phenomenon of zirconium alloys is irradiation damage. 
Elastic interaction between fast neutrons from the fission process and the cladding 
causes changes in the microstructure that lead to hardening and eventually 
dimensional changes. This can have severe implications for the operational safety of 
the plant, as it may impede insertion of control blades into the core. Development of 
new alloys with more resilient properties at high burnups requires knowledge about 
the interaction between crystal defects, induced by neutron irradiation, and added 
alloying elements in the materials. 
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1.2 Aim of this study 
 
This work is performed as part of the MUZIC-2 program, which is a collaborative 
project between industry and the academic partners University of Oxford, University 
of Manchester, Imperial College London, Penn State University and Chalmers 
University of Technology, aimed at elucidating the mechanisms that govern hydrogen 
uptake in zirconium alloys. The experimental work at Chalmers is focused on atom 
probe tomography analysis of fuel cladding materials. 
 
The objectives of this study are: 
 

• Investigate the possibility to perform qualitative and quantitative hydrogen 
analysis using atom probe tomography. 
 

• Develop methods to perform microanalysis of the regions that are of 
importance for corrosion and hydriding of zirconium alloys. 

 
• Study the distribution of alloying elements in the barrier oxide and around the 

metal-oxide interface of autoclaved zirconium alloys. 
 

• Utilize the knowledge gained from atom probe analysis to formulate a 
hypothesis for the mechanisms behind hydrogen pick-up. 

 
• Elucidate the evolution of alloying element distribution during neutron 

irradiation, with the view to individually establish their impact on in-reactor 
corrosion and irradiation damage. 
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2. Zirconium in the nuclear industry 
 

2.1 Nuclear reactors 
 
In a nuclear reactor controlled nuclear fission reactions take place, which generates 
heat through a series of nuclear chain reactions. Heat from the fission process is 
passed on to a coolant, typically water, which is used to produce steam that runs 
through a steam turbine to produce electric power that can be utilized for power 
distribution or propulsion. Fission is initiated and sustained by a neutron flux, which 
must be controlled during operation. In light water reactors (LWR), neutron flux in 
the reactor is regulated by the insertion of control rods into the reactor core or by 
injection of neutron absorbers in the coolant. Various designs exist in terms of 
moderator, fuel and coolant. In Swedish nuclear plants, only LWR are used where fast 
neutrons are slowed down in the fluid to become thermal neutrons, thereby triggering 
further fission. In the LWR design, a significant portion of thermal neutrons are 
absorbed by the water, which means that natural uranium cannot be used as fuel. 
Enrichment of the fissile uranium-235 isotope in the fuel is therefore necessary in 
order to sustain the chain reactions. 
 
Two types of LWR reactors are in operation in Sweden; pressurized water reactors 
(PWR) and boiling water reactors (BWR). In PWRs the coolant is kept in liquid state 
at high pressures (usually around 150 bar7) in the reactor core, and passes on thermal 
energy to a secondary water circuit in a steam generator. A pressurizer regulates 
pressure in the loop, by adjusting the temperature of the coolant with electrical 
heaters. A vertical temperature gradient is present along the fuel bundles where the 
temperature at the bottom is around 275 °C, and the water is heated to 315 °C at the 
top8. In BWRs the water is brought to boil in the core and the electricity generation in 
the turbine occurs in the primary water circuit. BWRs operate at a significantly lower 
pressure (around 75 bar) than PWRs, which means that the boiling point of the 
coolant is reduced to about 285 °C9. A schematic illustration of a boiling water reactor 
is presented in Figure 2.1. 
 
 

 
Figure 2.1: Schematics of a boiling water reactor5. 
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The fuel in the Swedish reactors comprises pellets of uranium dioxide that is enriched 
in the fissionable U-235 isotope. The pellets are inserted into zirconium alloy 
cladding tubes of approximately 10 mm in diameter. The interior of the tube is sealed 
and pressurized with helium to reduce potential pellet-cladding interaction and 
improve thermal conductivity. 
 

 
Figure 2.2: BWR (left) and PWR (right) fuel assemblies (courtesy of Westinghouse Electric Sweden 
AB). 

 
Tubes are grouped together in bundles called fuel assemblies. BWR fuel assemblies 
are each enclosed in a box to ensure water and steam flow stability. Stainless steel 
control blades, containing compartments with highly neutron-absorbing material, can 
be inserted in the fuel assemblies to regulate the neutron flux in the reactor. 
BWR and PWR fuel assemblies are presented in Figure 2.2. 
 

2.2 Fuel cladding alloys 
 
The aggressive environment in the reactor puts extreme requirements on the fuel 
cladding material. It has to withstand fission products from the inside and water at 
temperatures ranging from 280-350°C at high pressure containing oxidizing radiolysis 
products from the outer surface9. In addition it must not only endure collisions with 
fast (>1 MeV) neutrons, but also interfere as little as possible with the thermal neutron 
flux, in order to maintain high neutron efficiency in the reactor. Zirconium has a very 
low thermal neutron capture cross-section10, which means that it is nearly transparent 
for low energy neutrons that have high probability of causing fission of the fuel. This 



	
   7	
  

made it an attractive candidate for usage in early nuclear reactor cores. Pure 
zirconium, however, has relatively poor corrosion resistance and insufficient 
mechanical strength for usage in structural components. Experiments with Sn addition 
led to the development Zircaloy-1 for cladding in early BWR, but this alloy was soon 
abandoned in favor of Zircaloy-2. This alloy contains small amounts of Fe, Cr and Ni 
in addition to Sn, which significantly improved corrosion resistance. Zircaloy-2 is still 
widely used as BWR cladding, and subtle tinkering with heat treatments and 
chemistry has enabled improvements of its performance over the years. 
 
PWR reactors have seen a larger number of zirconium alloys, but the most common in 
Europe today are ZIRLO™ (additions of Sn, Nb and Fe), M5™ (Nb) and Zircaloy-4 
(Sn, Fe, Cr). Graphite-moderated RBMK reactors in Russia and heavy-water 
moderated CANDU reactors in Canada primarily use binary Zr-Nb alloys.  
 
Table 2.1: Some common Zr alloys for nuclear applications and their alloying elements. Secondary 
phase particles (SPPs) found in the materials are also listed. 

 
 
In general, these alloys contain small amounts of trace elements, such as Si, P and C. 
Their solubility in α-zirconium is very low and they form small precipitates. The 
exact role of these particles in corrosion process has not been clearly established. 
 

2.3 Microstructure and heat treatments 
 
Pure solid zirconium exists in two phases; a hexagonal close-packed (hcp) structure at 
ambient temperature (α-zirconium), and a body centered cubic (bcc) structure at 
temperatures above 865°C (β-zirconium)9. Thus the relevant crystal structure for 
normal operation nuclear applications is the α-phase. Lattice parameters are a = 0.323 
nm and c = 0.515 nm11 which means that the lattice is compressed slightly in the c-
direction with respect to the ideal hcp structure. A hexagonal unit cell is shown in 
Figure 2.3. 
 

!"#$% &' (% )* )+ ,- . &//"
0*-1#23456 !"#$%&'()* +$,-+$. /$/.-/$,/ /$/0-/$/1 - /$/2-/$+2 /$+,2 34567$&48,%-%34,567$(98%
0*-1#23457 !"#$%:"#$%&'()* +$,-+$. /$+1-/$,; - - /$/.-/$+0 /$+,2 !"#$%&'"()*
89 :"# - <2//%==> - /$1-+$, - /$+,2 +,-.*,*!"#-.&$%()*
0-56:9;)+ &'()*$%#!?@ - - - ,$;-,$1 - /$+,2 (A%7B49CD7E%F-34%5>7GHIGHAJ78
0<=>. :"# +$/-+$+ /$/K-/$+/ - +$/-+$, - /$+,2 F-(A%-%534$(A8,67

)3?*'#2;13'@%'@;AB@CDE2234
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Figure 2.3: Hexagonal close packed unit cell12. 

 
Prolonged neutron irradiation leads to crystal growth in the basal plane and 
compression in the c-direction13. The hexagonal crystal structure gives the α-phase 
strongly anisotropic properties that must be accounted for in fuel cladding 
processing14. 
 
Zirconium alloys for fuel cladding applications are typically subjected to the 
following thermomechanical processing steps9: 
 

• Hot forging in the β-phase at temperatures around 1000 °C. This dissolves 
secondary phase particles and gives rise to significant grain growth. Billets or 
slabs are formed. 

• Water quenching from the β-phase at a temperature above 1000 °C. Upon 
quenching the β-grains undergo a bainitic or martensitic transformation to 
form α-lamellae. Alloying elements such as Fe, Cr and Ni are rejected by the 
α-front and precipitate as SPPs at the boundaries of the lamellae15,16. 

• Upper α-phase extrusion to form tubes (temperature 575-725°C.).  
• A number of cold-rollings and subsequent anneals in vacuum at intermediate 

temperature (550-600 °C). Deformation of up to 80% is achieved where the 
final annealing leads to either a stress relieved (Zircaloy-4 cladding tubes) or a 
fully recrystallized state (Zircaloy-2 cladding tubes).  

 
The resulting recrystallized microstructure in Zircaloy-2 cladding is highly textured 
with equiaxed grains. A characteristic pole figure for tube material is shown in Figure 
2.4.  
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Figure 2.4: (0002) pole figure from Zircaloy-2. AD indicates the rolling direction (axial direction of 
the tube) and TD indicates the transverse direction (circumferential direction of the tube)17. 

The <c> axis lies in a plane perpendicular to the tube axis, often some 30 degrees 
from the radial direction (see Figure 4)18, which improves the yield stress and makes 
the tubes more resistant to hoop stresses from internal pressure. 
 
The size and distribution of SPPs are strongly dependent on the cold-rolling and 
annealing steps. This has led to some development work of heat treatments over the 
years in order to obtain optimal properties with regards to creep resistance and 
corrosion. Very subtle changes in SPP size in Zircaloy-2 can have a strong impact on 
hardness and corrosion properties19,20. 
 
Non-irradiated zirconium deforms plastically by activation of the principal dislocation 
glide system on prismatic planes in the <a>-directions21,22, or by twinning23. Pyramidal 
slip may also occur at high temperatures or high deformation rates. In reactors the 
picture is more complicated, as irradiation-induced dislocation loops on prismatic 
planes constitute obstacles to the glide systems of the normal deformation modes. 
This can lead to the activation of dislocation channeling in the basal plane24,25. 
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3. Corrosion behavior 
 
3.1 Overview 
 
One of the main limiting factors for the lifetime of zirconium fuel cladding tubes is 
corrosion. As a result, the oxidation properties of zirconium alloys have been studied 
extensively since the first commercial nuclear plants were taken into operation in the 
1960’s26. The native oxide that forms on Zr is monoclinic ZrO2. The Zr-O phase 
diagram in presented in Figure 3.1. In ZrO2 diffusion of oxygen is faster than 
diffusion of Zr, which results in an inward growing oxide scale27. The oxidation 
occurs by oxygen species generated in a water-splitting reaction at an oxide-water 
interface and has the overall corrosion reaction 
 

Zr +2 H2O -> ZrO2  + 2H2 
 
The Pilling-Bedworth ratio is 1.5528, causing a volume expansion that can only be 
accommodated by first deforming the underlying metal29,30, and eventually stress 
relaxation by cracking of the oxide31.  
 

 
Figure 3.1: Zr-O binary phase diagram32. 

 
Unlike most structural materials, α-Zr has a rather high solubility of oxygen. At 
relevant temperatures for nuclear applications the solubility is approximately 29 
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at%32. Diffusion of oxygen in the metal is slower than in the oxide scale, which 
prevents oxygen saturation in the metal except for in the outermost regions33.  
 
 

3.2 Oxide Growth 
 
The time dependence of the thickness of the ZrO2 layer growing on top of a Zr alloy 
is usually described as k tn where k is a rate constant and n is typically smaller than 
0.5, i.e. the rate is sub-parabolic26. This protective film stabilizes and collapses in a 
characteristic cyclic pattern (see Figure 3.2). Firstly a protective oxide is rapidly 
formed, slowing down growth significantly34. The appearance of the oxide is blackish 
at this stage, and grains are small and equiaxed9. Compressive stresses are high which 
leads to transformation of some monoclinic oxide to the high-pressure tetragonal 
oxide phase35. Upon further oxidation, monoclinic oxide with columnar morphology 
develops36. The column axes are perpendicular to the metal-oxide interface and have a 
width of approximately 25 nm37. The metal-oxide interface has a wavy morphology, 
which typically undulates with an amplitude of up to a few hundred nanometers for 
thinner oxides38. Various theories regarding the origin of these waves exist such as 
faster O2- diffusion through certain oxide column grain boundaries39, and SPP 
influence40. 
 
The protective oxide is stable up to a thickness of approximately 1.5-3 µm, depending 
on alloy and oxidation conditions, after which it breaks up and a rapid increase in 
growth rate occurs. This change in oxidation rate is referred to as transition, and this 
phenomenon has been studied extensively41–45. At this point, the fraction of tetragonal 
phase in the oxide decreases sharply41. Larger columnar grains that are elongated in a 
direction normal to the metal-oxide interface replace the small equiaxed grains46. 
 

 
Figure 3.2: Cyclic growth rate of oxide scale on Zircaloy-4. Transitions are associated with cracks in 
the oxide47. 

 
These cycles of protective barrier oxide build-up, followed by collapse and rapid 
growth is repeated numerous times up until thicknesses of several tens, or even 
hundreds, of micrometers. Eventually a breakaway corrosion stage occurs48, where the 
oxide offers no protection as large cracks and spallation will allow easy access for the 



	
   13	
  

water to the metal-oxide interface9. Fuel bundles are removed from the reactor well in 
time before breakaway corrosion occurs. 
 
In general, if the rate-limiting step of an oxidation process is dependent on solid-state 
diffusion of ionic or electronic species through an oxide scale, the thickness of the 
scale is proportional to the square-root of time34,49,50. Compliance with this parabolic 
rate law is often not observed in commercial zirconium alloys, which are in many 
cases closer to cubic kinetics26. This suggests the rate-limiting step may differ at 
different stages of the corrosion reaction. The oxide texture can have a large impact 
on the growth kinetics46,51, which indicates that grain boundary diffusion is the 
dominating transport mechanism through the oxide39,41. 
 
In addition to the uniform corrosion, Zr alloys in BWR reactors may also suffer 
nodular corrosion52. This comprises nucleation of “blisters” of oxide that are 
associated with rapid growth and rupture of the uniform protective oxide. The 
problem of nodular corrosion is believed to be connected to large SPPs and has to a 
large extent been overcome by reducing SPP size53,54. 
 
 

3.3 Influence of alloying elements 
 
Subtle differences in alloying elements can have an enormous impact on the corrosion 
behavior of the alloy55. What is true for fuel cladding in BWR may not necessarily be 
applicable in PWR plants53. Tin is added to virtually all LWR claddings, mainly for 
mechanical properties as it increases the yield strength of the alloy9. It is an α-
stabilizer for Zr and is also known to stabilize the tetragonal ZrO2 phase during 
corrosion56. Sn is fully soluble in the metal matrix as well as in the oxide, and does 
not form precipitates in commercial alloys. It has long been thought to improve the 
corrosion resistance9. However, this notion has been challenged in recent years56,57. 
One explanation for this is the presence of Sn(II) in the inner part of the oxide, which 
enhances oxygen diffusion58,59. In PWR alloys the trend in recent years is instead to 
reduce the Sn content. Examples of this are M5™, Optimized ZIRLO™ and low Sn 
Zircaloy-4. 
 
Niobium is known to delay transition60. However it appears that Nb-containing alloys 
oxidize faster in water vapor than the Nb-free Zircaloys, and they are hence not 
widely used in BWRs61. Nb diffuses very slowly in Zr, making the annealing time 
during the heat treatment very important62. The Zr matrix is typically supersaturated 
with Nb, which can lead to in-reactor precipitation of fine particles63. Nb in solution is 
proposed to constitute a dopant of the otherwise insulating ZrO2 scale, which would 
increase the conductivity and provide faster electron transport64. If electron transport 
is indeed a rate-limiting step in the corrosion process, this should enhance corrosion 
of Nb-containing alloys. 
 
Iron appears to have a very large impact on the corrosion resistance of Zr alloys. In 
Zircaloy-2 it forms precipitates with Cr and Ni, but is also soluble in very small 
amounts in the matrix65. This solubility has been subject to some discussion and its 
importance for the corrosion properties is debated40,66. The Fe-containing precipitates 
are more noble than Zr and they start to oxidize at some distance away from the 
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metal-oxide interface42. During this process Fe may diffuse out of the particle and 
form agglomerates of nearly pure iron oxide67. Like Nb, Fe in solution in the oxide is 
expected to increase the conductivity of the barrier oxide layer36,42,52,68. 
 
Chromium has a very low solubility in the Zr matrix and is only observed in Fe-
containing SPPs in commercial alloys69. Corrosion studies have been performed on 
model alloys containing Cr but without Fe55, where breakaway corrosion rates were 
attained with little protectiveness of the oxide layer. Clearly, synergistic effects 
between Fe and Cr are at play. Cr remains in the SPPs relatively far out in the oxide 
and as the particles are depleted of Fe they become amorphous9,67. 
 

 
Figure 3.3: Stability (Ellingham) diagram of alloying elements in the oxide as a function of oxygen 
partial pressure70. 

 
Similarly to Fe and Cr, nickel has very low solubility in Zr and forms SPPs with Fe. It 
has been suggested that the distribution of Ni in the Zr matrix is non-uniform, which 
could make the alloy susceptible to nodular corrosion71. Nickel is the most noble of 
the transition metal alloying elements in zirconium and can thus be expected to 
oxidize reasonably far out in the oxide where the partial pressure of O2 is higher53. 
The mobility of Ni in the oxide is reportedly low, and it tends not to migrate far from 
the original SPP region as it is oxidized72. It has been proposed that the delayed 
oxidation of precipitates may be associated with cracks and void formation in the 
oxide, thus reducing the protectiveness of the barrier layer38. The thermodynamic 
stability of the metallic species of some common alloying elements as a function of 
the partial pressure of O2 is given in Figure 3.370. 
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3.4 Effects of irradiation  
 
The fuel cladding will have little interaction with low energy thermal neutrons during 
operation in a nuclear reactor. However fast neutrons that have not been slowed down 
by the moderator will cause irradiation damage in Zr alloys13. The radiation will 
increase the number of vacancies in the Zr crystals, resulting in accelerated diffusion. 
As oxygen diffusion in the oxide is believed to be a possible rate limiting step, it was 
believed that similar processes would be at play in the oxide, leading to enhanced 
corrosion73. However, some studies of PWR cladding material does not give evidence 
for accelerated in-reactor corrosion, until after an oxide thickness of 5-6 μm was 
attained26,74. This implies that irradiation does not affect the presumably diffusion-
controlled pre-transition corrosion rate. Instead it should be a factor in the transition 
mechanism where the oxide breaks down mechanically.  
 
The conductivity of the oxide layer is often assumed to be higher in reactors than in 
autoclaves. β- and γ-radiation can be expected to cause excitations in the oxide scale, 
leading to increased electron mobility. One effect of the irradiation is amorphization 
and dissolution of precipitates75–77. Fe tends to migrate out of the SPPs in a similar 
fashion to the oxidation characteristics of Fe-containing precipitates. As SPPs are 
dissolving, elevated concentrations of alloying elements in the oxide grains are 
expected to act as dopants and enhance conductivity72,78. 
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4. Hydrogen pickup 
 
4.1 Overview 
 
The overall corrosion reaction of zirconium (see section 3.1) also comprises the 
release of hydrogen. Some of the hydrogen that is formed in the water-splitting 
reaction will subsequently enter the Zr metal. To quantify this phenomenon a 
hydrogen pick-up fraction (HPUF) is defined as79  
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This fraction may vary greatly in different alloys and reactor conditions. The 
mechanisms behind the process of hydrogenation are not known, despite the fact that 
the problem was recognized at an early stage.  
 

4.2 Electrochemistry 
 
Corrosion is an electrochemical process, which is governed by a set of redox 
reactions. Degradation of zirconium consists of a number of possible reactions and 
kinetic factors, which all can be rate determining given certain circumstances. The 
anodic reaction is 
 

2O2- + Zr -> ZrO2 + 4e- 
 
A number of different cathodic reactions are plausible, such as53  
 

2e- + H2O -> O2- + 2H0 

 
2e- + 2H+ -> H2 

 
A water-splitting reaction may also occur at an oxide-water interface according to 
 

VO + H2O -> O2- + 2H+ 

 
where VO is an oxygen vacancy. In most cases, the majority of the hydrogen will 
diffuse out in the reactor water. Interestingly, the partial pressure of H2 dissolved in 
the reactor coolant appears to have little effect on the hydrogen pick-up in the fuel 
cladding53. The third reaction is therefore likely beneficial in protecting the metal 
from hydrogen ingress, as once protons have been reduced, the resulting H2 can be 
considered inert.  
 
With the exception of nodular corrosion, Zr does not suffer crevice, pitting or other 
types of localized corrosion under normal reactor conditions. The anodic reaction can 
therefore be assumed to occur relatively homogeneously along the metal-oxide 
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interface. The anodic and cathodic reactions need not necessarily occur at the same 
site, which requires that an electronic or ionic current is facilitated. This means that 
the conductivity of the oxide is an important factor for the corrosion process. Pure 
ZrO2 is a strong insulator with a band gap of 5.16 eV80. Reports do, however, claim 
that conductivity significantly increases during irradiation81 and reactor operation78. 
This means that electrochemical considerations have to be taken into account when 
comparing autoclave and in-reactor corrosion mechanisms. Taylor proposed that the 
conductivity of the oxide governs where the cathodic sites for reduction are located, 
and suggested that an ideal oxide conductivity exists such that both oxidation rate and 
hydrogen pick-up can be minimized82 (see Figure 4.1). Although a number of shrewd 
experimental schemes have been undertaken to elucidate the sites of the cathodic 
reactions45,83–86, their locations around the oxide remain elusive.  
 

 
Figure 4.1: Corrosion kinetics at varying oxide conductivity, as suggested by Taylor82. 

 

4.3 Hydrides 
 
Hydrogen has a relatively low solubility in α-Zr and will start precipitating as 
hydrides when the solubility limit is reached. The diffusivity of hydrogen in the Zr 
matrix is very high, which means that hydrides will not necessarily nucleate in the 
vicinity of the oxide but may also form in the interior of the cladding tube. The 
solubility is highly temperature dependent and differs significantly between operating 
and room temperatures. Under in-reactor conditions, a strong temperature gradient 
exists across the thickness of the cladding. The coolest part of the tube is the outer 
part, and this is consequently where the first hydrides will form during operation. The 
phase diagram for Zr-H is presented in Figure 4.287.  
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Figure 4.2: Zr-H binary phase diagram87. 

 
The most common hydride that is found in fuel cladding is the δ-hydride with typical 
stoichiometry ZrH1.45-1.54. Some other metastable hydride phases also exist such as the 
γ-hydride (at high cooling rates) and the ζ-hydride, which is likely the first step of 
precipitation88,89. The γ-hydrides have the stoichiometry ZrH90 and are of face 
centered tetragonal crystal structure. The ζ-hydride has the composition Zr2H and is 
fully coherent with the α-Zr matrix89. At very high hydrogen concentrations, 
surpassing 70 atomic percent, an ε-hydride phase also exists91. 
 
The precipitation mechanism of hydrides has been studied extensively92–94. Upon 
rapid cooling or quenching the γ-hydrides form as platelets or needles parallel to the 
<1120> direction93. At lower cooling rates δ-hydrides form primarily at grain 
boundaries94. The precipitation is highly dependent on the stress situation in the tube, 
which is illustrated in Figure 4.3  
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Figure 4.3: Delayed hydride cracking of a zirconium cladding tube9. Hydrides give dark contrast in the 
micrograph. 

 
Here tensile hoop stresses, resulting from the internal pressure in the tube, have 
caused precipitation of hydrides in the radial direction. In the outer part of the tube 
hydrides precipitate in the basal plane, characteristic of the strong crystallographic 
texture9. 
 
At low burn-ups the hydrides are typically homogenously distributed throughout the 
tube, and have precipitated as the tube has cooled down from reactor temperature thus 
reducing the solubility. At high burn-ups hydrides tend to accumulate towards the 
outer surface of the tube, due to the temperature gradient during reactor operation that 
leads to the solubility limit being exceeded earlier there95. 
 
 

4.4 Effect on material properties 
 
Hydrogen pick-up will have a significant detrimental impact on the material 
properties, both in-reactor and when handling the spent fuel assemblies. In reactor, 
hydrogen in solution will diffuse towards areas of low temperature or higher tensile 
stress9. The first case will lead to precipitation of a hydride rim near the outer surface 
when the terminal solubility is exceeded. Reports suggest that these hydrides may 
destroy the beneficial effects of the barrier oxide layer mechanically96–98. The 
formation of the hydride rim during operation is also reported to increase the 
corrosion rate with a factor of approximately 1.495. Hydrogen diffusion towards areas 
of higher tensile stress may lead to delayed hydride cracking (DHC) of the tubes, 
which is a sub-critical crack growth mechanism in the material that must be avoided 
at any cost. DHC requires a crack in the material to be triggered, whereupon hydrogen 
in solution diffuses to the tip of the crack, where the stress is concentrated, and 
precipitates as brittle hydrides. Traces of DHC can be seen at the inner part of the tube 
in Figure 4.3, which is under tensile hoop stresses leading to crack propagation 
outwards in the radial direction9. 
 



	
   21	
  

A hydride rim also has a severe detrimental effect in case of strong power transients. 
Such transient may be a result of what is known as RIA (reactivity initiated accident), 
such as fuel pellet expansion or a sudden cladding temperature increase95.  
 
 

4.5 Factors influencing HPUF 
 
Many phenomenological studies have been carried out both in reactor and in 
autoclave environments. The influence of various alloying elements has been tested 
systematically and reported in a number of publications99–101 (see e.g. Figure 4.4).   
 

 
Figure 4.4: Influence of alloying elements on HPUF as measured by Berry99. 

 
However, a mechanistic understanding of the process, capable of explaining results 
from the various empirical studies has yet to emerge.  
 
Several phenomenological studies have been dedicated to the relationship between 
hydrogen pick-up and the transition in oxidation rate. Harada and Wakamatsu report a 
peak in instantaneous HPUF just before transition, and a sharp decline in the post-
transition regime102. This is illustrated in Figure 4.5, and the change in HPUF is 
attributed to increased resistance of the barrier layer. Similar results have been 
obtained using advanced neutron spectroscopy experiments103,104.  
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Figure 4.5: Correlation between HPUF, barrier layer thickness, total oxide thickness, electrical 
resistance of the barrier layer and potential drop over the barrier layer53. 

 
The conductivity of the barrier layer is identified as a critical factor for hydrogen 
pickup in many studies105,106. A conducting oxide will effectively move the cathode 
away from the metal, thus decreasing hydrogen ingress. Kakiuchi107 and Une101, on the 
other hand, propose that hydrogen diffusivity through the barrier layer is the rate-
determining step for HPUF. The reduction in HPUF in Fe containing alloys is 
explained by a decrease in proton mobility in the oxide due to Fe atoms in solution. 
Garzarolli suggests that metallic bands in the oxide grain boundaries exist, caused by 
segregation of alloying elements70. The assumption that this kind of grain boundary 
segregation exists in the oxide is not verified experimentally, but some speculation 
follows that this may lead to fast diffusion paths which may act as windows for HPU. 
Bossis108 and Hatano109,110 propose that SPPs in the barrier layer could be short-circuits 
for hydrogen uptake, and link SPPs in the oxide to the presence of hydrides in the 
metal underneath. 
 
Another plausible mechanism that has been put forward is that hydrogen traverses the 
oxide through microcracks and pores64,85,86,111. Porosity in the oxide has been observed 
using a number of different techniques112–114. 
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Figure 4.6: Transmission electron microscopy image of interconnected porosities and cracks in the 
oxide using Fresnel contrast imaging115. The oxide growth direction is indicated by the arrow. 

  
Advanced transmission electron microscopy (TEM) studies have later shown that 
such porosity is often associated with secondary phases and grain boundaries in the 
barrier layer115,116 (see Figure 4.6). Networks of these interconnected pores may 
provide a fast route for hydrogen transport to the metal. 
 
The water chemistry in the reactor will have an influence on the hydrogen pick-up 
fractions of the cladding. Boric acid, which is used as neutron poison in PWR plants, 
reduces hydrogen pick-up significantly117. LiOH on the other hand, has a severe 
detrimental impact, which has been shown on many occasions101,118,119. From these 
results it seems apparent that acidic conditions are favorable to a basic pH with 
respect to the HPUF properties. As discussed earlier, the presence of dissolved H2 in 
the reactor water appears to have little influence on the HPUF53. Dissolved oxygen on 
the other hand, has been shown to reduce pick-up120. 
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5. Irradiation damage 
5.1 Neutron-matter interaction 
 
Although Zr has a low thermal neutron capture cross-section, it is susceptible to 
elastic interactions with fast (~1MeV) neutrons that are generated by the fission 
reactions in the fuel. Fast neutrons collide with atoms in the Zr lattice, transferring 
part of their kinetic energy in the collision121. The mean transferred energy to a 
primary knock-on atom (PKA) Emean, PKA can be calculated according to122  
 

Emean, PKA = 2 En (mZr  mn) (mZr + mn)-2 
 
where En is the kinetic energy of the neutron, mZr is the Zr atomic mass and mn is the 
neutron mass. Taking En to be 1 MeV, this yields a kinetic energy of the PKA of 22 
keV. If the energy transferred to a lattice atom exceeds a threshold of 40 eV123, the 
atom will be knocked out of its lattice position. This will create a vacancy at its 
former lattice site and a self-interstitial at its new position, collectively referred to as a 
Frenkel pair. The mean number of lattice points affected by higher order collisions 
from a PKA can be calculated according to the modified Kinchin-Pease 
approximation124 
 

n = 0.8 EPKA/2 Ed 
 
where n is the number of affected lattice points (i.e. Frenkel pairs), EPKA is the kinetic 
energy of the PKA and Ed is the displacement energy of a lattice atom. With a PKA 
energy of 22 keV and a displacement energy of 40 eV, we find that a 1 MeV neutron 
may on average create 220 Frenkel pairs in a displacement cascade. Although most of 
these Frenkel pairs will rapidly recombine after the initial neutron-PKA collision, a 
few point defects will survive in the lattice. Throughout the lifetime of fuel cladding 
rods, every atom in the lattice will on average be displaced multiple times. The degree 
of irradiation is usually quantified in terms of the overall average dpa (displacements 
per atom) of the rod. Specific calculations of the dpa has to be performed for each 
position in a reactor, but an approximate conversion factor9 is that 2 dpa corresponds 
to a fluence of approximately 1025 neutrons/m2. 
 

 
Figure 5.1: Schematic drawing of a Frenkel pair in a 2D cubic lattice. 
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The hcp structure of α-Zr gives rise to anisotropic diffusion properties in the crystal, 
whereby self-interstitials preferentially move along the <a>-directions in the basal 
plane125. Some sources also suggest anisotropy for vacancy migration126. Diffusion of 
self-interstitials is significantly faster than vacancy diffusion.  
 
Table 5.1: Formation and migration energies for point defects in α-Zr123,125–130. 

 Vacancy Self-interstitial 
Formation energy (eV) 1.4-2.1 2.8-3.5 
Migration energy (eV) 0.5-0.9 <a>-directions 0.01-0.06 

<c>-directions 0.1-0.3 
 
Defects that are not immediately annihilated can migrate to various sinks, such as 
grain boundaries and dislocations. In order to minimize their energy, defects may also 
coalesce to form dislocation loops on prismatic planes in the structure. These 
dislocations, commonly referred to as <a>-loops, are of vacancy and self-interstitial 
character in approximately equal proportions. <a>-loops start to form in the early 
stages of irradiation and very high densities are observed after the first cycles of in-
reactor exposure131. The loops are typically stacked in layers parallel with basal planes 
in the structure132. Long-term irradiation at high doses will eventually also lead to the 
formation of loops on the basal planes in the materials - <c>-loops13,131,133,134. <c>-
loops are exclusively of vacancy character and may grow to radii of several hundred 
nanometers135. 
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Figure 5.2: <a>-type dislocation loops in neutron irradiated zirconium132. The diffracting vector is  
[-2110]. 

Another effect of prolonged irradiation of Zirconium alloys is the gradual dissolution 
of intermetallic precipitates. In the Zircaloys, the first element to leave SPPs has been 
reported to be Fe13,136. Fe depletion is accompanied by amorphization of the  
Zr(Fe, Cr)2 phase77

. Reprecipitation of smaller particles throughout the matrix may 
occur131, particularly in Nb-containing alloys where β-Nb needles form inside the α-
grains63,137. 
 

5.2 Effect on material properties 
 
The formation of large quantities of dislocation loops throughout the Zr lattice causes 
significant loss of ductility in the material. Loops are effective obstacles to dislocation 
movement and have a hardening effect on the macroscopic properties138. This may be 
a concern for instance in relation to pellet-cladding-interaction induced stress-
corrosion cracking13,139 and post-irradiation handling of the fuel assemblies123.  
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In the absence of stress, textured Zr alloys undergo dimensional changes at constant 
volume when subjected to irradiation, referred to as irradiation growth140–142. 
Irradiation growth can have severe implications for the operational safety of the 
reactor, as it may lead to bowing and elongation of the cladding tubes. Bowing can be 
an obstacle for inserting the control blades into the core and should be avoided at any 
cost. Growth is characterized by a contraction of the crystals along the <c>-direction, 
and an elongation along the <a>-directions. This means that the highly textured fuel 
cladding rods are very susceptible to growth143, manifested as macroscopic strain in 
the axial direction. 

 
Figure 5.3: Typical growth characteristics of zirconium crystals under prolonged irradiation144. 

Growth is typically relatively fast during the first dpas of irradiation144. This stage of 
growth is associated with the formation of large numbers of <a>-loops. If the <a>-
loops are primarily of interstitial character, they will contribute to the fast initial 
growth131. Another possible factor is the bias in diffusion rates between interstitials 
and vacancies, that may lead to interstitials moving along basal planes to grain 
boundaries. Growth then slows down, as the number density of <a>-loops saturate. 
Eventually a breakaway stage of growth occurs, normally associated with the 
formation of vacancy <c>-loops in the basal plane145. 
 
The role of the alloying elements in the irradiation growth process has not been 
unequivocally established. It has been suggested that Fe stabilize embryonic <c>-
loops131, and would therefore have a detrimental impact on the growth properties. The 
metallurgical difficulty in producing low-Fe Zr crystals makes it difficult to isolate 
the effects of Fe146. High Sn contents have been shown to increase the growth rates of 
binary alloys, whereas in Zircaloy-2 such detrimental effects are cancelled, suggesting 
synergistic effects between alloying elements147. 
 
Creep rates in zirconium alloys are significantly enhanced by neutron irradiation. The 
pressure difference between the cladding interior and the coolant water may cause a 
reduction in fuel rod diameter. The influence of microstructure is multi-faceted and 
complicated, involving e.g. stress states, temperature and grain size140. 
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6. Experimental techniques 
 

6.1 Hydrogen analysis 
 
Being the lightest element in the periodic table, its inherent volatility makes hydrogen 
an extremely difficult proposition for microanalysis. For zirconium alloys, an 
abundance of different microscopy techniques have been applied over the years to 
investigate hydriding mechanisms. Traditional optical microscopy allows for imaging 
of coarse hydrides that may form in bulk zirconium, but its relatively poor resolution 
prohibits examination of uptake kinetics on an atomic or molecular level. Similarly, 
X-ray or electron diffraction techniques can yield information about hydride phases, 
but due to their slight size hydrogen atoms in solid solution do not affect the Zr lattice 
parameter to any discernable level. Energy dispersive X-ray spectroscopy (EDX) in 
an electron microscope has good spatial resolution, but is not sensitive to lighter 
elements in the periodic table and can therefore not be applied for direct hydrogen 
analysis. Electron energy loss spectroscopy (EELS) is suitable for hydrides148, but 
does not suffice for detection of hydrogen in solution. Vibrational spectroscopy, such 
as Raman and infrared, is indeed sensitive to hydrogen containing molecular 
complexes, but suffers from poor spatial resolution, making the spectra difficult to 
interpret. Secondary ion mass spectroscopy (SIMS) is equally sensitive to all 
elements, and has good spatial resolution (in ideal cases below 50 nm). This is a 
method that has been applied with some success on zirconium alloys45,101. With sub-
nanometer scale spatial resolution in combination with complete elemental sensitivity, 
atom probe tomography is a unique tool for microanalysis on the atomic level. It has 
successfully been used previously for microstructural examination of zirconium 
alloys52,65,149–153. 
 
 

6.2 Atom probe tomography 
 

6.2.1 Overview 
 
Atom probe tomography is based on ejection of surface atoms from a needle-shaped 
specimen, by subjecting it to very high electric fields154. The electric field, generated 
by subjecting the specimen to a strong positive DC potential, will, if an additional 
voltage or laser pulse is superimposed, cause controlled ionization of surface atoms of 
the tip in a process called field evaporation. Once ionized, a surface atom will be 
repelled by the tip and accelerated by the field toward a detector.  
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Figure 6.1: Schematic illustration of the APT analysis chamber. 

 
Each ion that hits the detector, whether in atomic or molecular form, is registered and 
ascribed a time of flight (as measured from the instant of the voltage pulse) and a 
lateral position where it hits the detector. By assuming that only the atoms in the 
surface layer of the specimen are field evaporated, it is possible to evaluate their 
spatial position as well as atomic mass individually. This allows for reconstruction of 
the three-dimensional atomic configurations in the analyzed specimen155. A crude 
schematic illustration of the experimental setup is presented in Figure 6.1. 
 
 

6.2.2 Principles of operation 
 
For references to this section, see156,157. 
 
Atom probe analysis is performed in an ultra-high vacuum chamber (UHV), where 
the pressure is held as low as possible by a system of pumps. Modern atom probes 
work at pressures in the 10-9 Pa range or below. The samples are cooled to cryogenic 
temperatures (typically 20-100 K) in order to minimize diffusion of surface atoms, 
hence improving the resolution of the analysis.  
 
Atom probe specimen must have the shape of very sharp needles, with a tip radius on 
the order of tens of nanometers. A high positive DC voltage, on the order of kilovolts, 
is then applied to the specimen to produce a very high electric field around the apex, 
which is slightly lower than the evaporation field of the material (typically 10-60 
GV/m). The needle is mounted at a distance of approximately 40 micrometers away 
from a circular aperture that is held at a zero potential and serves as a counter-
electrode. Clearly, a prerequisite for an electric field to form around the atom probe 
specimen is that the applied potential can propagate through the needle, i.e. the 
material has to have at least some electrical conductivity. Another prerequisite is that 
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the specimen is able to withstand the high mechanical stress (Maxwell stress) that is 
induced by the high electric field (typically 0.5-18 GPa on the tip surface). 
 
Field evaporation is initiated by superimposing an additional voltage pulse on the 
specimen (voltage pulsed mode) or by heating the apex of the tip, using a laser beam 
(laser pulsed mode). These ultrashort voltage pulses (on the order of nanoseconds) 
will drain surface atoms of their electron density158 (i.e. negative charge), and cause 
them to ionize. The process is thermally activated and can therefore be initiated by 
rapid local heating of the apex by the laser pulse as well159. A schematic diagram of 
the evaporation field dependence on temperature and field strength is presented in 
Figure 6.2 
 

 
Figure 6.2: Schematic evaporation field dependence on temperature and field strength. Laser pulses 
are marked as horizontal arrows and voltage pulses as vertical arrows. 

 
In a region close to the surface, atoms may also undergo additional ionization to 
higher charge states by electron tunneling from the ion into the specimen160. This is 
referred to as post-ionization. The final charge state is determined solely by the 
magnitude of the electric field in the tip vicinity, and can be used at a later stage in the 
spectrum evaluation to estimate the field strength during analysis161. 
 
Once an atom has been field evaporated, thereby ionized, it is accelerated along 
electric field gradients away from the tip162. Equating the potential energy for the ion 
at the specimen surface with the kinetic energy acquired from acceleration by the 
electric field yields 
 

n e V0= ½ m d 2 t -2 
 
where n is the charge state of the ion, e is the elementary charge, V0 is the voltage at 
the tip (for electric pulsing V0 = VDC + Vpulse), m is the mass of the ion, d is the 
distance to the detector and t is the flight time for the ion from specimen to detector.  
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Rearranging this equation yields 
 

m/n = 2 e V0 t 2 d -2 
 
Consequently, it is possible to correlate the measurable parameters (V0 and t) and 
constants (e and d) on the right-hand side of the equation with a mass-to-charge ratio. 
This is the fundamental principle for mass spectroscopy, which will be discussed in 
more detail later on. 
 
The APT instrument used in this study contains an energy-compensating lens – a 
reflectron163,164. The reflectron is used to make corrections for energy deficits of ions 
that are field evaporated at the later stages of an electric pulse, hence not attaining the 
full energy ne(VDC+Vpulse). This is achieved by reducing the flight path length of lower 
energy ions through the lens, as compared with full energy ions. Thus, the mass 
resolution of the instrument can be improved significantly in voltage pulsed mode. 
 
When the ions have traversed the vacuum chamber, they are registered at a detector. 
The detector consists of microchannel plates and an anode. The channel plates are 
made of materials with high secondary electron yield, so that the ion impact will give 
rise to a cascade of electrons. The electrons are accelerated toward the anode where 
they produce a charge pulse. This charge travels in two opposite directions along a 
delay-line in the detector and the relative pulse delay between the two electrodes 
(ends of the delay-line) determines where the ion has hit the detector, i.e. its lateral 
position155. By using two perpendicular delay-lines the x-y hit coordinate of the ion is 
determined. The detector used in this work has a third, redundant delay-line at 45° to 
the perpendicular ones, to improve the multi-hit capability of the detector. 
 
 

6.2.3 Experimental factors 
 
Although present day atom probe analysis is largely an automated process, a set of 
experimental parameters must be selected by the operator of the instrument. These 
parameters may greatly influence the outcome of the experiment as well as the 
interpretation of the output data. Brittle materials are unsuitable for voltage pulsing 
due to the large stress variations that are induced in the specimen by varying electric 
fields, and should therefore be analyzed in laser-pulsing mode.  
 
Field evaporation of the sample is typically controlled by defining an evaporation rate 
for the sample. The evaporation rate is the percentage of applied pulses, voltage or 
laser, which will generate a hit on the detector. Once the operator has specified a rate, 
the software will adjust the applied voltage so as to maintain an even field 
evaporation at this rate. Typical values are in range of 0.2-3%. Modern day atom 
probe instruments allow for very high pulse rates of up to 1 MHz165, which means that 
large volumes of data can be obtained very fast.   
 
The temperature at which the experiment is performed will influence the evaporation 
field of the specimen166,167, as is apparent from Figure 6.2. A high specimen 
temperature may induce surface diffusion on the apex of the tip168, which will 
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decrease the spatial resolution. This is particularly important during laser pulsing, 
where instantaneous temperature rises of hundreds of degrees Kelvin may be 
generated for a few nanoseconds169. The charge states of the atoms that hit the 
detector are also closely related to the laser energy, as the field strength is reduced for 
higher temperatures. Care therefore has to be taken when selecting laser pulse energy, 
so that the desired charge states are obtained and spectral overlaps are minimized. 
 
In voltage pulsing mode, the pulse fraction, defined as Vpulse/VDC, is another parameter 
that can be adjusted. If too small pulse fractions are selected, issues with field 
evaporation between pulses may arise. This will result in decreased detection 
efficiency, and possibly also loss of data for elements with low evaporation field that 
are field evaporated at times of DC potential between pulses170. 
 

6.2.4 Data analysis 
 
A modern day atom probe instrument has the capability to examine dimensions of 
approximately 100x100 nm laterally, while stretching up to 1 μm along the axis of 
analysis. Such volumes contain tens or even hundreds of millions of atoms. This gives 
rise to vast amounts of data that require considerable computing power to process. As 
described previously, each event on the detector is associated with a mass-to-charge 
ratio as well as three spatial coordinates. The output data is normally arranged into a 
mass spectrum, where the number of detector events (counts) for each mass-to charge 
ratio (Da) is presented. A typical mass spectrum from APT analysis of Zircaloy-2, 
ranging from 0-35 Da is presented in Figure 6.3  
 

 
Figure 6.3: Typical mass spectrum from APT analysis of Zircaloy-2, ranging from 0-50 Da. 
Logarithmic counts scale. 

 
Each element carries a characteristic “fingerprint” in the form of its isotope 
distribution. Zirconium for instance has five isotopes, where the mass distribution is 
51.45% at 89.905 atomic mass units (amu), 11.22% at 90.906 amu, 17.15% at 91.905 
amu, 17.38% at 93.906 amu and 2.8% at 95.908 amu. Every element in the periodic 
table has its own unique isotope distribution, which, in most cases, allows for 
distinguishing possible overlaps between peaks that may occur in mass spectra.  
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Once the peaks in the mass spectrum have been evaluated and attributed to the 
corresponding atomic or molecular species, a 3D reconstruction may be created. This 
permits detailed examination of the analyzed volumes, where for example information 
such as concentration gradients, precipitate compositions and grain boundary 
chemistry can be extracted through the software.  
 
 

6.2.5 Limitations and artifacts 
 
The main limiting factor for the volumes of data that can be obtained from APT is the 
tendency of specimen to fracture during analysis. The strong electric fields in the tip 
vicinity induce high stresses in the material171, which may lead to rupture of the 
specimen. This is particularly prevalent for materials with poor conductivity, such as 
oxides. Therefore, care has to be taken during sample preparation to ensure that the 
applied potential can propagate to the apex of the tip. Preparation of samples for 
analysis of the zirconium-zirconia system must be carried out so that the majority of 
the specimen consists of conducting Zr metal, with only a small scale of insulating 
ZrO2 on top. In spite of the insulating nature of oxides, laser-pulsed APT analysis 
surprisingly works, but has a tendency to give poor mass resolution due to thermal 
effects172 and energy deficits arising from potential drops across the oxide top layer173. 
 
A pervading difficulty in mass spectroscopy is peak overlaps. In Zircaloy-2 a number 
of such overlaps exist, which must be taken into consideration to ensure accuracy in 
quantitative compositional analysis151. One example is an isotope of the ZrO2+ peak at 
56 Da in the spectrum, which coincides with minor alloying element Fe+. To 
overcome this one may take advantage of the field-dependent post-ionization charge 
state distributions, and bring about a high field strength so that most of Fe ions end up 
doubly charged at 28 Da. 
 
The atomic detection efficiency in the APT instrument used in this study, which is 
equipped with a reflectron, is approximately 37%. This means that two-thirds of the 
field evaporated ions are lost and not accounted for in the data evaluation. Normally 
this is not a cause for great concern, as losses occur indiscriminately across the 
periodic table. In some cases however, certain ions evade detection and lead to 
erroneous compositions. Examples of this are some carbides and oxides174–176. 
 
 

6.3 Sample preparation 
 

6.3.1 Electropolishing 
 
The traditional way of preparing samples for APT is an electrochemical polishing 
technique177. It is a comparatively quick and simple method that permits multiple 
samples to be fabricated conveniently. In a first step a rod of approximate dimensions 
0.2x0.2x20 mm is produced from the material of interest. This can be done through 
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various cutting or machining processes. The rod is then fastened in a sample holder 
and mounted in an electrochemical cell as illustrated in Figure 6.4. 
 

 
Figure 6.4: Schematics of the electrochemical cell setup during electropolishing. 

 
A positive voltage is then applied to the specimen, where electropolishing will take 
place on the surface of the part of the material that is immersed in electrolyte. The 
electropolishing is maintained until a neck is formed on the sample. At this point, the 
initial electrolyte is replaced with a more dilute solution. A second electropolishing 
step is performed until the two ends of the rod separate and two needles are formed. 
This sample preparation technique is ideally suited to analysis of the bulk of 
materials. However if specific regions are of interest, such as precipitates, grain 
boundaries or phase interfaces, the electropolishing method may be inadequate as 
there is no way of asserting that such volumes will be included in the analysis. 
Electropolishing must then be complemented with correlative TEM imaging of the 
tip, to ensure that the regions of interest are captured in the APT analysis178. 
 
 

6.3.2 FIB-SEM lift-out technique 
 
The combined scanning electron microscope and focused ion beam (FIB-SEM) has 
opened up new possibilities in sample preparation for microanalysis, both for APT 
and transmission electron microscopy179–182. Scanning electron microscopes (SEM) 
use an electron beam that is focused through a system of electrostatic and magnetic 
lenses onto a specimen. Various signals are created and can be used to analyze the 
sample, such as X-rays (chemical composition), backscattered electrons (atomic 
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number contrast) and secondary electrons (topographical contrast). The focused ion 
beam (FIB) has a similar working principle, but the beam instead consists of ions, 
typically from a liquid metal source. Due to the significantly higher mass of the ions, 
the FIB can be used for sputtering of material in the sample. The FIB is also equipped 
with a micromanipulator needle, to which samples can be attached by deposition of 
platinum.  
 
The lift-out procedure starts by deposition of a protective layer of Pt over the region 
of interest. Ion sputtering is then used to produce trenches at an angle of 
approximately 30° from the surface normal, on either side of the Pt strip. The needle 
is inserted into the chamber and the sample is attached onto it by Pt deposition. 
 

 
Figure 6.5: Lift-out sample preparation technique in FIB-SEM. A wedge-shaped sample is attached to 
a micro-manipulator needle. Slices of the wedge are then mounted on pre-fabricated Si posts. 

Slices of the wedge-shaped specimen are subsequently attached to pre-fabricated Si 
posts on a wafer. The posts are conical, with the end truncated to a radius of 
approximately 1 μm. The lift-out procedure is depicted in Figure 6.5. 
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Figure 6.6: Final shape of specimen before APT analysis (above), and APT reconstructions of the 
same specimen (below). 

Once the specimen is fixed to the post with Pt deposition, annular ion milling is 
performed to create a sharp needle shape where the apex is placed in the region of 
interest. Figure 6.6 shows two final tip shapes and the corresponding APT 
reconstructions. 
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7. Studied materials 
 

7.1 Paper I 
 
For the experiments in the first paper, which is focused chiefly on method 
development for hydrogen analysis in APT, a material was needed that may readily 
withstand extensive analysis without significant risk of early fracturing. This puts the 
following requirements on the specimen material: 
 

• Good electrical and thermal conductivity 
• Reasonably high strength and ductility 
• Reproducible and straight-forward APT needle preparation 

 
For these reasons an alloy containing 80% Ni, 20% Cr and small amounts of Si was 
selected. The name of the alloy is Nikrothal 80, manufactured by Kanthal (now 
Sandvik Heating Technology). Nickel based alloys have been analyzed since the early 
days of the atom probe technique183–185 and are known to be highly suitable for APT 
analysis. APT needles can readily be prepared through electropolishing of Nikrothal 
wires. In addition, Ni based alloys are relatively insensitive to atmospheric corrosion, 
which prevents the formation of an insulating oxide film at the needle surface during 
sample preparation and pre-experiment handling. 
 
 

7.2 Papers II-IX 
 
The materials that have been analyzed in the zirconium related papers are 
predominantly commercial alloys that are in wide use in industry today. The main 
focus of this study has been to understand degradation of Zircaloy-2, an alloy that is 
used as fuel cladding in BWR plants, but also for various structural parts in other 
reactor designs. Complementary microanalysis has also been performed on other 
zirconium-based materials, such as the common PWR material ZIRLO™ and a binary 
Zr-2.5Nb alloy, widely used in Canadian CANDU reactors. 
 

7.2.1 Zircaloy-2 
 
The investigated Zircaloy-2 materials in this study are primarily tubes of the 
Westinghouse designated LK2 and LK3 heat treatment schemes. LK2 and its modern 
counterpart LK3 have been in use in BWRs for decades and extensive data on their 
corrosion behavior exists, both from autoclave tests and in-reactor19,29,38,70,186–188. The 
two alloys have slight differences in chemical composition, as presented in Table 7.1.  
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Table 7.1: Chemical composition of the commercial Zircaloy-2 materials in this study. Data supplied 
by manufacturer Sandvik Materials Technology. 

 
Alloy Composition (wt%) 

 
Sn Fe Cr Ni O 

LK2 1.46 0.12 0.10 0.05 0.12 
LK3 1.32 0.17 0.10 0.05 0.13 

 
 
The cumulative heat treatment parameter of Zircaloy-2 is described by a normalized 
annealing parameter A, given by 
 

A = Σ ti exp(-Q/RTi) 
 

where i corresponds to the ith heat treatment after the final β-quenching of the 
material at the temperature Ti during the time ti, R is the gas constant, and Q is the 
activation energy for diffusion (264 kJ/mol) . The heat treatment will have an impact 
on the average SPP size of the material, and differs between LK2 and LK3. It will 
also produce a fully recrystallized microstructure. The modifications in chemistry and 
heat treatment also give rise to differences in hardness and strength. A summary of 
the heat treatments is given in Table 7.2. 
 
Table 7.2: Heat treatment parameter, average SPP size and yield stress for the commercial Zircaloy-2 
materials in this study. Data supplied by manufacturer Sandvik Materials Technology and Ref189. 

 

Alloy log A 
Average SPP diameter 

(nm) 
Yield stress 

(MPa) 
LK2 -16.0 22 215 
LK3 -13.9 84 180 

 
 
The materials were corrosion-tested in steam in static autoclaves for various times, in 
order to simulate BWR conditions. The pressure in the autoclaves were 10.3 MPa and 
temperatures of 400°C and 415°C were used for the 1-2 μm and 9 μm oxide thickness 
samples, respectively. Oxidation data for the analyzed materials is presented in Table 
7.3. 
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Table 7.3: Autoclave data and corresponding oxide thicknesses for the analyzed commercial Zircaloy-
2 materials in this study. Data provided by manufacturer Sandvik Materials Technology. 

Alloy Temperature (°C) Time (days) Oxide thickness (μm) 
LK2 400 3 1.3 

 
400 6 2.3 

 
415 30 8.8 

LK3 400 3 1 

 
400 15 1.8 

 
415 60 9 

 
Autoclave corrosion and hydrogen pick-up data for LK3 oxidized in 360°C water at 
saturation pressure is presented in Figure 7.1 (courtesy of Westinghouse Electric 
Company LLC). The in-reactor corrosion behavior of LK2 and LK3 is presented in 
Figure 7.2. 
 

 
Figure 7.1: Oxidation and hydrogen pick-up data for Zircaloy-2 of the LK3 heat treatment scheme, 
autoclave-corroded in 360 °C water at saturation pressure. Courtesy of Westinghouse Electric 
Company LLC190.  
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Figure 7.2: In-reactor corrosion behavior of the LK2 and LK3 alloys188. LK2 is referred to as 'Material 
A' (circles) and LK3 as 'Material B' (triangles) in the figure. 

The microstructure of the bulk metal in LK3 after in-reactor exposure has also been 
extensively analyzed with TEM previously186 (see Figure 7.3). This provides valuable 
reference for comparisons with the APT results in this thesis.  
 

 
Figure 7.3: TEM micrograph of a partially dissolved Zr(Fe, Cr)2 particle after 3 cycles of in-reactor 
exposure (approximately equivalent to 15 dpa)186. 
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A β-quenched Zircaloy-2 material with a series of custom heat treatments is 
investigated in Paper VIII. A detailed description of the annealing times, 
temperatures and cooling rates is given in ref40. 
 

7.2.2 Zr-2.5Nb 
 
A Zr-2.5Nb pressure tube material used in CANDU reactors has also been studied in 
this thesis (Paper VI and VII). Like the Zircaloy-2 cladding, the autoclave and in-
reactor performance of this alloy has also been extensively studied in previous 
works63,116,191,192. Apart from the addition of 2.5% Nb (by weight), the alloy also 
contains 1140 wt ppm of Fe. After a water-quenching step from the β-phase, the 
material was extruded and cold-worked to produce tubes of 112 mm outside diameter. 
The tubes were then stress-relieved in steam at 400°C for 24 hours. This gives rise to 
a microstructure of elongated α-grains, surrounded by a network of β-filaments. The 
β-phase is metastable and contains most of the added Nb. A TEM micrograph of the 
microstructure around the metal-oxide interface is shown in Figure 7.4. 
 

 
Figure 7.4: Bright-field TEM micrograph of the metal-oxide interface region of the analyzed Zr-2.5Nb 
material. 



	
   44	
  

The material was corroded in a heavy water autoclave operated at 335 °C. LiOH was 
added to the autoclave solution, raising the pH to 10.5. The mass gain and deuterium 
pick-up properties are presented in Figure 7.5. 
 

 

 
Figure 7.4: Corrosion kinetics and deuterium pick-up for the analyzed Zr-2.5Nb pressure tube 
material. Courtesy of Atomic Energy of Canada Limited. 
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8. Summary of results and discussion 
 

8.1 Outline of the papers 
 
This work was performed as a part of the MUZIC-2 program (Mechanistic 
Understanding of Hydrogen Pickup in Zirconium), which is a joint project involving 
industry and universities aimed at gaining knowledge of the process of hydrogen 
pick-up in zirconium alloys. Only very limited work has been performed to study 
hydrogen with APT previously, thus some groundwork in terms of method 
development was necessary. Paper I is concerned with the adsorption mechanisms for 
hydrogen-containing gases in the APT vacuum chamber. This is of importance for the 
quantification of hydrogen content in materials, as adsorbed species will field 
evaporate along with the material itself and give rise to erroneously high hydrogen 
signal. In Papers II, III and IV the oxide and the metal-oxide interface region of a 
commercial Zircaloy-2 oxidized in steam is examined, and the distribution of alloying 
elements around the interface is mapped. Paper V is more theoretical in nature, and 
the findings from Papers II-IV are put in to the context of general electrochemical 
mechanisms behind hydrogen pick-up, outlined from atomistic modeling by Mikaela 
Lindgren and Itai Panas. One of the key ideas of the proposed mechanism in Paper V 
is the migration of hydrogen through hydroxylated oxide grain boundaries. In Paper 
VI this hypothesis is experimentally confirmed, using the experience gained from 
from Paper I and exposing samples to heavy water autoclaves. Paper VII aims to tie 
all the prior observations together in the framework of a general mechanism for 
hydrogen pick-up. In Papers VIII and IX the focus was shifted primarily to 
characterize the bulk metal before and after irradiation, so as to highlight the effects 
of alloying elements on irradiation damage. 
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8.2 Summary of the thesis work 

8.2.1 Hydrogen measurement 
 
As the available literature on the behavior of hydrogen in APT is scarce, the initial 
focus of this work was to investigate the feasibility of hydrogen analysis, and to what 
extent experimental parameters can be optimized for minimal adsorption of gaseous 
H2 from the vacuum chamber. By carefully examining the influence of factors like 
temperature, electric field and tip geometry, it was concluded that it is not possible to 
eliminate adsorption entirely during analysis. However, choosing the right set of 
parameters enables control over which hydrogen-containing species that will appear 
in the mass spectra. The physical mechanisms behind this process are as follows (see 
Paper I): 
 

• H2 molecules in the vacuum chamber are polarized by the electric field and 
attracted to the surface through a dipole-dipole interaction. 

• H2 resides on the surface in molecular form in a field-adsorbed state. 
• H2 is desorbed from the surface by a conventional field evaporation process, 

whereby it is ionized to H2
+ or dissociated to two protons at higher field 

strengths. 
 
A schematic of this process is presented in Figure 8.1. At very high field strengths 
(applicable during voltage pulsing), gas molecules may undergo field ionization 
before adsorption is possible. This may lead to reduced quantities of hydrogen in the 
mass spectra. Under normal APT analysis conditions in laser pulsing mode, hydrogen 
is detected in both atomic and molecular form. The quantity of adsorbed hydrogen 
species typically range between 0.05 - 1.5% of the total ion count in the spectra. 
 

 
Figure 8.1: Schematics of the dominating H2 adsorption-desorption mechanisms on the APT tip during 
normal analysis conditions. 

Although one can draw some comfort from the fact that it is possible to suppress the 
supply of hydrogen to the tip during APT analysis, the conclusion of these early 
experiments is that it is necessary to compare H2O-corroded samples with materials 
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corroded solely in D2O if the assumed small amounts of hydrogen that is present in 
the oxide scales are to be unambiguously identified.  
 

8.2.2 First analyses of zirconium 
 
The next step was to start to examine Zircaloy-2 samples. Zr alloys are notoriously 
prone to fracture during APT analysis193,194, so it was essential to develop a reliable 
procedure for tip preparation using FIB-SEM. After some initial testing it became 
apparent that analyses from bulk of the oxide tended to give only very limited 
volumes of data with poor data quality. However, by fabricating tips that contained 
only a small cap of oxide on top of metal the yields could be increased significantly. 
Unlike the bulk oxide, the regions around the metal-oxide interface proved highly 
suitable for APT analysis. 
 
A surprising and striking observation from the first APT analyses of the metal-oxide 
interface region was the presence of large amounts of Fe and Ni (but not Cr) 
segregation to grain boundaries and dislocation networks in the oxygen-saturated 
region of the outermost metal grains (see Figure 8.2).  
 
The abundance of grain boundaries was unexpected, as the small volume of an APT 
analysis renders it improbable to capture a grain boundary in a material with a grain 
size of approximately 5-10 μm. Taking into account the high number of dislocation-
like features in the metal near the interface, the only reasonable explanation for these 
observations is that they were not in fact original high angle boundaries, but sub-grain 
boundaries formed by creep deformation of the metal. The phase transformation from 
Zr to ZrO2 is associated with a volume expansion of 55%. As the oxide grows 
inwards, there is no free surface to accommodate this expansion, and the metal 
substrate must therefore start to yield. Due to the extremely low solubility of Fe and 
Ni in the matrix, the new defects will quickly attract segregating species (see Paper 
II). 
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Figure 8.2: Segregation of Fe to dislocations (a) and grain boundaries (b) around the metal-oxide 
interface in Zircaloy-2 corroded to a 1 μm oxide thickness. 

 
Interestingly, the planar segregation of Fe and Ni – not Cr – to sub-grain boundaries 
was observed to continue uninterrupted into the advancing oxide, across the oxide 
front. Consequently, the oxide appears to inherit the grain boundary chemistry of the 
creep-deformed outer grains as the metal is consumed (see figure 8.3). Very little Fe, 
Ni and Cr were found to reside in solution in the alloy.  
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Figure 8.3: Schematics of the deformation induced by the oxide growth and subsequent segregation of 
Fe and Ni to newly formed sub-grain boundaries. 

It is important to note that this segregation does not apply to all grain boundaries in 
the oxide. The oxide grain size is extremely small, so most boundaries will not be 
decorated with Fe and Ni.  
 
A large number of SPPs of both the Zr2(Fe, Ni) and the Zr(Fe, Cr)2 families were 
analyzed in the metal-oxide interface region. Upon examination, theses particles 
proved not to contain any elevated concentrations of hydrogen and the hypothesis of 
SPPs being hydrogen sinks108–110 could be discarded. 
 
Mapping of the oxygen distribution around the metal-oxide interface revealed a 
highly irregular and complicated sub-oxide structure (see Paper III). The suboxide 
has a composition of ZrxO1-x where x ranges between 0.45-0.55. From the materials 
investigated in this study, there is nothing to suggest that the thickness of the suboxide 
would by coupled to the transition. Instead, it appears to increase monotonously in 
thickness with the total oxide thickness. 
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Figure 8.4: Suboxide distribution (orange) from Zircaloy-2 corroded to 1 and 9 μm oxide thicknesses. 
The blue dot in the 9 μm oxide analysis corresponds to a Zr(Fe, Cr)2 type SPP. 

The suboxide layer is typically followed by an oxygen saturated metal zone (~30 at% 
oxygen) and a subsequent oxygen diffusion profile into the metal Underneath the 
diffusion zone, large accumulations of hydrogen were often observed. Based on the 
observations in Paper I, we could now with some confidence ascribe these features to 
hydrides resulting form the corrosion process. A heat map of hydrogen and oxygen 
distributions around the metal-oxide interface in a pre-transition Zircaloy-2 is 
presented in Figure 8.5.  
 

 
Figure 8.5: Oxygen and hydrogen heat maps from APT analysis of the metal-oxide interface region in 
1 μm oxide Zircaloy-2. 
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From a hydrogen pick-up perspective, the most pertinent observation from these 
initial analyses of the metal-oxide interface was the presence of Fe and Ni in oxide 
grain boundaries. Small additions of Fe and Ni in zirconium are well known to have 
an enormous impact on corrosion and hydrogen pick-up properties, and it is therefore 
of essence to establish their distributions in the protective oxide scale. Aliovalent 
transition metals in grain boundaries of the otherwise strongly insulating oxide are 
likely to act as local dopants, and may provide local transport paths for electronic 
current. This was substantiated by the band structure calculations performed by 
Lindgren and Panas in Paper V. A channel for electron transport may serve to move 
the cathodic reaction away from the metal, thus reducing hydrogen pick-up. 
Moreover, Lindgren’s and Panas’ calculations also suggested that proton reduction 
would be suppressed in Ni-infused grain boundaries, which may explain the 
detrimental impact of Ni addition on the hydrogen pick-up properties. 
 

8.2.3 Barrier oxide 
 
While the metal-oxide interface region proved to be highly suitable for APT analysis, 
the true obstacle for hydrogen ingress is the barrier oxide. For this reason, the focus of 
the APT analyses was shifted from the suboxide and outermost metal grains to the 
interior of the barrier layer. The oxide has low electrical and thermal conductivity, is a 
poor absorber of green light and contains high internal stresses as well as large 
numbers of lateral cracks and voids. All of these factor contribute to induce premature 
fracture of APT tips during analysis, and has a detrimental impact on the quality of 
the mass spectra. This means that a slightly different approach to sample preparation 
and APT analysis was required. Visits to other universities with APT instruments 
equipped with UV lasers did not significantly improve oxide analyses. Laser-pulsing 
with green light at higher intensities was instead used and the number of prepared tips 
was increased to compensate for the high failure rate of the specimens. After some 
painstaking efforts a large body of data from the barrier layer was accumulating. 
 
The concentrations of Sn that is added to commercial zirconium alloys are fully 
soluble in the α-Zr matrix. This could be confirmed from the APT analysis of the 
metal in this work. However, as data from the oxide was collected, it transpired that 
the Sn distribution was altered compared to the metal. Clusters of Sn were detected 
close to the metal-oxide interface, and a few hundred nanometers out in the oxide, 
fully developed Sn particles were observed (see Paper IV).  
 
Upon inspection of the SPPs in the oxide, it became apparent that the Fe distribution 
also changed after incorporation in the oxide scale. While the oxide-embedded 
Zr(Fe,Cr)2 SPPs close to the metal-oxide interface showed similar composition as 
those in the metal, albeit with some oxygen ingress, particles several hundred 
nanometers out in the barrier layer were seen to be very low in Fe content.  
 
For thermodynamic evaluation of oxide growth in multiple component metallic 
alloys, Ellingham diagrams195 are often consulted. Although chemical kinetics is not 
accounted for, Ellingham diagrams describe the stability of metallic species at various 
temperatures as a function of partial pressure of an oxidizing agent (and conversely: 
the stability of an oxide as a function of partial pressure of a reducing agent). In the 
protective regime of the Zr oxidation cycle, a gradient in oxygen partial pressure 
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exists across the barrier layer. As all alloying elements in Zr alloys are more noble 
than Zr itself, it is expected (and observed196) that they remain metallic for some time 
after incorporation in the oxide scale.  
 

 
Figure 8.6: Stability (Ellingham) diagram of alloying elements in the oxide as a function of oxygen 
partial pressure70. 

Correspondingly for Sn, a thermodynamic driving force to remain metallic exists 
across the inner part of the barrier layer in the passive regime. As Sn is fully soluble 
in the α-Zr matrix, it will likely be incorporated in the oxide at substitutional Zr sites. 
The observed clustering, and subsequent precipitation of Sn is interpreted in the light 
of the Ellingham diagram as a sign of the driving force to stay metallic at the effective 
local oxygen partial pressure. 
 
Partitioning of Fe and Cr in the Zr(Fe, Cr)2 particles in the oxide has also been 
reported in the literature67, and the results from this study are in good agreement with 
these observations. It was found here that the Fe:Cr ratio is unchanged up to an SPP 
oxygen content of approximately 50%, after which Fe segregation occurs. Cr is more 
active than Fe, and when the Cr in the particles is no longer stable, Fe segregates in 
order to remain in a metallic state. Thus it appears that the Ellingham diagram can 
successfully predict the behavior also of Fe and Cr in the oxide. Due to the low 
number density of Zr2(Fe, Ni) SPPs, and the limited APT analysis yields in the oxide, 
too few particles from this family could be analyzed to draw any conclusions 
regarding their behavior through the oxide scale.  

8.2.4 Hydrogen in the oxide 
 
One of the fundamenal predictions of the Lindgren and Panas model for hydrogen 
pickup is the presence of hydroxide species along oxide crystallite boundaries. These 
hydroxide bonds had been inferred from FTIR spectroscopy of the oxide by 
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Ramasubramanian previously64,85, but their location in the oxide had not been 
confirmed. Therefore special attention was given to possible hydrogen-containing 
peaks in grain boundaries in the APT data. Although no explicit crystallographic 
information can be retrieved from the oxide, the previously demonstrated presence of 
Fe could be used to identify grain boundaries. When evaluating the hydrogen-
containing signals in the APT mass spectra from the oxide, it quickly became 
apparent that the OH+ peak at 17 Da would often co-localize with Fe along planar 
features in the oxide. While this is a first indication of hydrogen enrichment, the 
initial experiments on Ni-based material revealed that H2 adsorption from the 
chamber had a strong dependence on electric field and the elevated hydrogen level at 
grain boundaries might therefore be an artifact. For this reason it was decided that the 
best way to go forward would be to make use of deuterium, to enable discrimination 
between corrosion products and adsorbed gas. 
 

 
Figure 8.7: Spatial distribution of the Fe2+, OH+ and OD+ ions in a mass spectrum from oxide of the 
Zr-2.5Nb material corroded in D2O. The OH+ peak in this spectrum stems solely from adsorbed 
hydrogen species in the analysis chamber, as no hydrogen was present during the corrosion process. 

 
Unlike European LWR designs, Canadian CANDU reactors use heavy water (D2O) as 
moderator. Contact was therefore made with the research center at Atomic Energy of 
Canada Limited (AECL), who agreed to supply a Zr-2.5Nb material exposed 
exclusively to heavy water in autoclaves. APT analysis of the D2O-corroded samples 
revealed that the localized hydrogen-containing peak at 17 Da was shifted to higher 
mass by 1 Da, and was instead found at 18 Da in the spectra (see Paper VI). This shift 
is a very strong indication that the hydrogen uptake through the passive oxide occurs 
along crystallite boundaries. Moreover, the scarcity with which these H and D-
decorated boundaries were encountered in the APT analyses suggests a localized 
uptake process, where only a limited fraction of boundaries in the oxide are active 
channels for hydrogen transport. 
 
If one postulates that the cathodic half-cell reaction takes place within the oxide scale, 
then one is also left to explain where the evolving H2 gas ends up if it does not enter 
the metal. As SPPs can be assumed to act as active cathodes due to their positive 
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electrochemical potential with respect to the Zr matrix197, the void that is typically 
found above the particles can also be expected to contain trapped H2. Likewise, if 
grain boundaries are active cathodes as proposed by Lindgren and Panas198, we should 
also expect to find signs of gas evolution between oxide crystallites. TEM foils from 
the barrier layer were therefore prepared, and grain boundaries were subsequently 
imaged using a Fresnel contrast technique199 to look for porosity. Consistent with 
TEM studies of other Zr alloys116,200,201, pores of a few nanometers in size were indeed 
found along boundaries in the oxide (see Paper VII). Considering that the barrier 
oxide is under large compressive stresses30,44,56, one would expect such porosity to be 
stabilized by a high gas pressure. The porosity is often seen to form networks along 
the boundaries that suggest that evolving gas may also escape through the oxide to the 
coolant. 
 
 

 
Figure 8.8: In-focus bright field (a) and Fresnel contrast imaging (b) and (c) of the porosity along 
oxide grain boundaries.  

8.2.5 Hydrogen pick-up mechanism 
 
Based on the findings in the this work the following understanding of the hydrogen 
pick-up mechanism during a corrosion cycle emerges: 
 

• Upon the first exposure of the alloy surface to the coolant, the rate of 
oxidation is very fast. The oxide layer is at this stage electronically short-
circuited by SPPs that penetrates the scale, or by a Cabrera-Mott type electron 
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tunneling process202. This leads to a low instantaneous hydrogen pick-up as 
hydrogen may evolve at an oxide-water interface. 

• As the oxide grows to a thickness of a few hundred nanometers, the larger 
SPPs do no longer pierce the scale and the growth rate slows down. Embedded 
SPPs may still serve as active cathodes, reducing the pick-up fraction. At this 
point, the volume expansion of the oxide will start to induce creep 
deformation of the underlying metal, causing Fe (and where applicable also 
Ni) to segregate. 

• At an oxide thickness of approximately 1 μm, the surface is passivated. Due to 
slow electron transport through the insulating oxide, hydrogen has to move 
inward along grain boundaries in the form of hydroxyls, drawing the cathode 
closer to the metal-oxide interface. This is reflected in the development of 
grain boundary porosity in the oxide where H2 evolves. Hydrogen pick-up is 
suppressed if the local electron transport is enhanced in Fe-doped boundaries. 
At this point, the instantaneous hydrogen pick-up is high. 

• When the metal can no longer accommodate the stresses that are induced by 
the growing oxide, the oxide fractures and suffers a mechanical breakdown. 
The passivity of the oxide is lost as vertical cracks causes water to permeate to 
the metal-oxide interface, and a new corrosion cycle begins. 

• Water penetrating the depth of the scale through lateral cracks will lead to 
rapid oxidation rates at transition. This will quickly release large amounts of 
H2 in the cavities, leading to elevated local partial pressures. The hydrogen 
pick-up rates are therefore higher after the first transition, as cathodic 
reactions no longer occur at the outer surface of the cladding. 
 

 
Figure 8.9: Schematic of how reduction sites within the oxide mitigate hydrogen pick-up by moving 
the cathode away from the metal during the passive oxide regime. Note that oxygen moves as 
vacancies are being generated by oxidation at the metal-oxide interface. 
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8.2.6 Matrix chemistry and irradiation effects 
 
In parallel to the corrosion and hydrogen pick-up studies that are primarily related to 
the properties of the oxide and the metal-oxide interface region, APT analyses of bulk 
metal samples have also been conducted. One longstanding unresolved issue has been 
the concentration of transition metal alloying elements in α-Zr matrix40,52,66,152,203. As 
these concentrations are very low, they have proved difficult to unequivocally 
determine with conventional techniques. APT is in principle capable of determining 
concentrations as low as a few atomic ppm under ideal conditions and is therefore 
ideally suited to the task. 
 
A β-quenched Zircaloy-2 material was subjected to a series of annealing times at  
770 °C followed by various cooling times40. The matrix content of Fe, Cr, Al and Ni 
were then evaluated and compared to the concentrations found in a commercial LK3 
cladding material (see Paper VIII). It was evident that some solubility of Fe and Cr 
exists at 770 °C. With very fast cooling rates, it is possible to retain approximately  
60 wt ppm of Cr and 10-15 wt ppm of Fe in solution. No Ni was detected in the 
matrix. The matrix of the commercial alloy was found to contain virtually no Cr and 
Ni and approximately 15 wt ppm of Fe. 
 
Owing to collaboration with Studsvik Nuclear AB, a series of samples from Zircaloy-
2 cladding materials (LK3) exposed in BWR power plants could also be analyzed 
with APT (see Paper IX). Due to the high failure rate of specimen from the oxide, it 
was decided that this study should be dedicated to analysis of the bulk metal, as only a 
small number of samples would be made available for cost and sample activity 
reasons. In combination with the analyses of the fresh β-quenched material, this 
would allow for mapping of the alloying element distribution over a life cycle of the 
cladding. Exposure times of special interest were identified to be 3 and 9 annual 
cycles of exposure, corresponding to equivalent doses of approximately 15 and 40 
dpa, respectively. Samples were retrieved with the in situ FIB-SEM lift-out technique 
at the Studsvik laboratory, and subsequently brought to Chalmers, where tips were 
finally sharpened, also using FIB-SEM. The irradiated metal matrix turned out to be 
surprisingly well suited to APT analysis, which meant large volumes of data could be 
collected from a limited number of samples at hand.  
 
Already after 3 cycles inside the reactor, Fe concentrations in the matrix are elevated 
with respect to the fresh material. Signs of nanoscale clustering are apparent, although 
Fe concentration varies between different analyses. The cluster number densities 
agree reasonably well with what is expected for <a>-loops, and it is likely that they 
nucleate at, or in the strain field of such crystal defects. The Sn distribution is not 
entirely homogeneous throughout the matrix, and segregation features that are 
interpreted to be dislocation strain fields were observed. Little Cr and no Ni were 
found in the matrix of the 3 cycle material. 
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Figure 8.10: Migration of Fe (blue) and Cr (pink) out of an SPP along basal planes in 3 cycle Zircaloy-
2 cladding. 

 
After 3 cycles, SPP dissolution could readily be observed with APT. Fe, and to a 
lesser extent Cr, moves out of the particles along basal planes, where they form 
clusters (see figure 8.10). The clusters are aligned on planar features that are believed 
to be basal planes in the crystal. This is in strikingly good agreement with TEM 
observations from the same material186 (compare e.g. with figure 7.2). At this point, 
the Zr(Fe, Cr)2 particles have lost virtually all their Fe content to the matrix.  
 



	
   58	
  

 
Figure 8.11: Typical distributions of Fe, Cr and Ni in the matrix of the 9 cycle Zircaloy-2 fuel 
cladding. The size of the box is 120x120x400 nm3. 

 
In the 9 cycle material, large number densities of Fe and Cr-rich clusters were 
encountered over most of the metal matrix (see figure 8.11). As in the 3 cycle 
samples, clusters are arranged in planes with approximately 10 nm spacing, believed 
to be basal planes. Comparison with TEM micrographs186 implies that they are related 
to <a>-loops. In regions where little Fe and Cr were detected, Sn showed signs of 
similar cluster formation. A distinct anti-correlation between Fe and Cr segregation 
and Sn segregation was evident. In a few analyses of the 9 cycle material, small 
amounts of Ni were seen in the matrix. Ni appears to exhibit similar segregation 
behavior as Fe, and was exclusively found in nanosized clusters together with Fe and 
Cr. 
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Figure 8.12: Segregation of Fe, Cr and Sn around a <c>-loop in the material subjected to 9 annual in-
reactor cycles. 

 
The accelerated growth phenomenon is often linked with the formation of <c>-
component loops in the structure135,140. APT analysis revealed that the dislocation line 
of the <c>-loops was decorated with Fe, and Cr clusters were dotted along their 
periphery (see figure 8.12). In regions low in Fe and Cr, signs of interaction between 
Sn and <c>-loops were observed. As <c>-component loops are believed to be 
unstable in a pure α-Zr matrix, it is likely that Fe serves as a loop stabilizer, thereby 
promoting irradiation growth. Already after 3 cycles, Fe is relatively abundant in the 
matrix compared to the fresh material, as a result of SPP dissolution. After 9 cycles, 
significant amounts of Fe are spread out across the matrix, which facilitates 
nucleation of large number densities of <c>-component loops. 
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9. Suggestions for future work 
 
Over the course of this project, a number of ideas for complementary experiments to 
further expand the understanding of the hydrogen pick-up process have emerged. 
Following on from previous work by Cox83, it is essential to gain a better 
understanding of the electrochemical kinetics of the cathodic reactions. Therefore, it 
would be of interest to perform in situ corrosion testing in an environmental scanning 
electron microscope (ESEM). This technique enables direct imaging of a wet 
corroding surface under a low H2O pressure at elevated temperatures. Active cathodic 
sites should under such circumstances be evolving H2 gas, possibly visible through 
bubble formation on the surface. By subsequently using a FIB-SEM, cross-sections 
from sites of hydrogen evolution can be produced for careful structural and chemical 
analysis.  
 
If, as is postulated in this thesis, hydrogen evolves in the interior of the barrier layer 
during the protective regime, a fast oxidation process at high temperatures may leave 
pockets of H2 within the oxide scale. These relatively large H2 quantities may be 
detected with vibrational spectroscopy techniques204 or Raman scattering205. Electron 
energy loss spectroscopy (EELS) in using TEM has been successfully applied to 
measure other gases in nanosized cavities in different materials206–208. Although it is 
unlikely that the volatile H2 gas would remain in cavities during TEM sample 
preparation and subsequent analysis under the electron beam, this may be an 
experimental approach worth pursuing.  
 
The atom probe technique has great potential for correlative microanalysis, for 
instance in conjunction with TEM178. As the hydrogen pick-up is likely to be localized 
to certain grain boundaries in the oxide, it would be of interest to correlate APT 
analysis with crystallographic studies, such as scanning nanobeam diffraction209 
(NBD) or transmission Kikuchi diffraction210 (TKD). With these methods, possible 
preferential grain boundary misorientation angles for hydrogen migration could be 
elucidated. 
 
Finally, it should be noted that autoclave corrosion is an inadequate simulation of the 
real in-reactor degradation process. The initial APT studies of irradiated materials that 
are presented in this thesis merely give a hint of the substantial microstructural 
changes that the cladding undergoes during service in the core. If the in-reactor 
corrosion process is to be fully understood, extensive examinations of cladding 
materials that have been subjected to real nuclear reactor conditions are required. 
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