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Abstract 

Abstract 
 

Most metals and alloys in the presence of oxygen and moisture will instantaneously react 
and form a thin (2-5 nm) surface oxide layer. For further reaction to occur, oxygen ions and/or 
metal cations often diffuse through the already formed oxide layer. The corrosion resistance of a 
metal in aggressive environments at high temperatures depends on the properties of the surface 
oxide scale.  

Zirconium-based alloys represent the main structural materials used in water-cooled nuclear 
reactors. For these materials, the formation of a thin, adherent oxide scale with long-term 
stability in high temperature water/steam under irradiation conditions, is crucial. In this thesis, 
the transport of oxygen and hydrogen through Zr-based oxide scales at relevant temperatures for 
the nuclear industry is investigated using isotopic gas mixtures and isotope-monitoring 
techniques such as Gas Phase Analysis and Secondary Ion Mass Spectrometry.  

Porosity development in the oxide scales generates easy diffusion pathways for molecules 
across the oxide layer during oxidation. A considerable contribution of molecular oxygen to 
total oxygen transport in zirconia has been observed at temperatures up to 800°C. A novel 
method for evaluation of the gas diffusion, gas concentration and effective pore size of oxide 
scales is presented in this thesis. Effective pore sizes in the nanometer range were found for 
pretransition oxides on Zircaloy-2. A mechanism for densification of oxide scales by obtaining a 
better balance between inward oxygen and outward metal transport is suggested. Outward Zr 
transport can be influenced by the presence of hydrogen in the oxide and/or metal substrate. 
Inward oxygen transport can be promoted by oxygen dissociating elements such as Fe-
containing second phase particles. The results suggest furthermore that a proper choice of the 
second-phase particles composition and size distribution can lead to the formation of dense 
oxides, which are characterized by low oxygen and hydrogen uptake rates during oxidation. 

Hydrogen uptake in Zr-based materials during oxidation in high temperature water/steam can 
generate degradation due to the formation of brittle hydrides in the metal substrate. A promising 
method for the suppression of hydrogen uptake has been developed and is presented in this 
thesis.  

 

 Keywords: Zirconia, Zirconium, Zircaloy, hydrogen and oxygen diffusion, SPP, oxygen 
dissociating elements, oxidation, dissociation, hydration, CO adsorption, molecular transport, 
porosity. 
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Introduction 

 
1.1 Background 
 

Zirconium dioxide (zirconia) is a refractory material with an excellent oxygen ion 
conducting capability at high temperatures used in a wide range of applications such as Solid 
Oxide Fuel Cells (SOFC)1,2, oxygen separation membranes2,3 and oxygen sensors2. It is also 
known to be an effective thermal barrier coating4 in gas turbines and jet engines due to its low 
thermal conductivity and good chemical stability in aggressive environments. When the 
substrate is Zr itself, the zirconia oxide scales are actually corrosion products of the zirconium 
oxidation. Despite the fact that corrosion is a destructive process, still a positive effect of this 
corrosion product has to be considered. As long as the oxide layer acts as a barrier between the 
metal and the corrosive environment, the metal substrate will be protected against further 
degradation. The main question is: if naturally formed oxide scales (corrosion products) are 
more dense and more protective compared to the artificially produced functional/structural 
ceramics? 

Zr-based alloys represent the main structural materials used in water-cooled nuclear reactors. 
For these materials, the formation of a thin, adherent oxide scale with long-term stability in high 
temperature water and steam is crucial. The oxidation of Zr-based materials in high temperature 
oxygen, water and steam has been intensively studied in the last 50 years5-19. The oxidation 
process can be divided into three different stages: 

1. In the initial stage, the oxide film is instantaneously formed on the clean Zr surface 
already at room temperature with linear oxide growth kinetics, being limited to a few 
monolayers of highly a disordered non-stoichiometric Zr-oxide (so called “air-formed 
oxide”)12,20,21. There are competing processes taking place during the oxidation even at 
room temperature. After this initial oxide film formation, further oxidation takes place 
virtually only at higher temperatures. 

2. In the pre-transition stage, the air-formed oxide will be further oxidized with cubic or 
parabolic kinetics up to an oxide thickness of 2 - 3 μm. The oxide is relatively protective 
but with a growth stress built up at the metal/oxide interface during oxidation12. There 
are discussions about the duplex character of this pre-transition oxide film: an inner non-
stoichiometric zirconium oxide “barrier” layer and an outer stoichiometric ZrO2 porous 
layer, but the presence of porosity within this “barrier layer” has been also suggested22. 

3. When the oxide thickness exceeds 2 - 3 μm, the oxidation kinetics changes from 
parabolic to quasi-linear oxide growth and is defined as the post-transition stage. The 
oxide scale is characterized by a multitude of defects like cracks and pores12,19,23,24. 

The delimitation of these stages for the oxidation of Zr-based materials is well known, but as 
long as the mechanisms of defect formation in the growing oxide scale are not well defined, the 
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species involved in the transport are debated12. The way in which species like oxygen and 
hydrogen are transported through the oxide layer governs the oxidation rate. 
There are many parameters which influence the transport mode, such as oxide scale 
morphology, composition, crystalline phase, porosity, the composition and size distribution of 
the second-phase particles (SPPs). The deterioration mechanisms of these oxide scales in high 
temperature water and steam have been studied with a variety of techiniques9 and a number of 
models have been elaborated16-18. However the overall picture is still not clear. Novel 
approaches to study these phenomena are now considered to improve the present knowledge. 

 “Gas-tight oxides - Reality or just a hope?”. This sentence expresses by itself our 
interest to study the growth of oxide scales and to find ways to influence the growth mode 
aiming to obtain long-term protective oxide scales. Ass. Prof. G. Hultquist developed the so-
called “Self-repairing” model25, which shows that improved balance in the oxide growth results 
in improved oxides. Previous work within our group has proven that small changes at the metal 
surface (coating with more catalytically active metals) or in the bulk (addition of hydrogen) can 
influence the species which will be transported through the oxide layer as well as their transport 
rate.  
 
1.1.1 The Self-repairing concept 
 
The simple equation for oxidation of a metal Me (Eq.1) is actually quite complex. 

2xMe + yO2 → 2MexOy     (1) 
The oxide starts to form at surfaces of the exposed metal. These initial surfaces represent the 
gas/metal (G/M) interfaces. Due to the formation of the oxide scale, the G/M interface will be 
replaced by new interfaces: oxide/gas (O/G) and oxide/metal (O/M) interfaces. The oxide will 
therefore separate the metal from the corrosive environment and for corrosion to proceed, mass 
and charge transport through the oxide scale must take place. A distinction must be made 
between the oxidation at low and high temperatures. At room temperature, most metals are 
covered by a thin oxide layer (thickness of about 2-5 nm)26. Electron tunneling due to a huge 
electric field is responsible for the initial oxide growth. After the air-formed oxide layer reaches 
thicknesses of 2-5 nm, the electrons cannot tunnel through the oxide scale and the oxidation rate 
decreases abruptly. 
 At high temperatures, the oxidation can proceed with different oxide growth modes: by inward 
oxygen transport (ex. Zr-based materials), by outward metal cation transport (ex. Cr) or by 
mixed, inward oxygen and outward metal cation transport (ex. Al).  These three oxide growth 
mechanisms are illustrated in Figure 1. 
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Figure 1. Mechanisms of oxide growth 
a. Oxide growth by inward oxygen transport. White arrows represent the oxidation front at the 

oxide/metal, O/M interface.  
b. Oxide growth by outward metal cation transport. Black arrows represent the oxidation front 

at the oxide/gas, O/G interface. 
c. Oxide growth by mixed, inward oxygen and outward metal cation, transport. White and 

black arrows same as above. 
 
Considering the self-repairing concept, the oxide growth mode should be manipulated towards 
the mixed transport mode. 

For the case of inward oxygen transport, when the volume of the newly formed oxide is larger 
than the volume of the base metal (Pilling-Bedworth ratio>1), the oxide scale is under 
compression, and distorted distances between the ions in the oxide lattice are expected (shorter 
distanced parallel to the O/G interface and longer distanced perpendicular to O/G interface) in 
comparison to the uncompressed oxide26. This distortion can explain stress-induced formation of 
cracks in the bulk of these oxide scales parallel to the O/G interface, which appear at certain 
thicknesses. It is also known that these scales can fail due to crack propagation from the oxide 
surface down to the O/M interface. Improved oxide scales have been obtained by the addition of 
certain amounts of hydrogen in the environment or in the metal substrate25. It has been shown25 
that one of the effects induced by the presence of hydrogen during the oxidation (in the substrate 
or in the environment) is the increased outward metal cation transport. A possible mechanism is 
based on a proton-induced high concentration of metal ion vacancies in the oxide scale, which is 
likely to result in an increased metal ion transport25. 
For the case of outward metal cation transport, during the oxidation, cavities at the O/M 
interface may form as a result of cation vacancy condensation26, generating detachment of the 
oxide scale at certain thicknesses. In this case, a better balance in the oxide growth has been 
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obtained by the addition of oxygen dissociation elements, such as Pt or rare earth metals, to the 
base metal25,27. The mechanism behind this effect is the increased oxygen dissociation rate at the 
O/G interface due to these active elements, generating an increased oxygen gradient over the 
oxide scale and enhanced oxide growth at the O/M interface. 
When mixed transport takes place, the compressive stress in the oxide scale at the O/M 
interface and in the bulk oxide is reduced by the outward cation transport and the cavity 
formation is avoided by inward transport of oxygen and oxide formation the O/M interface. The 
overall result is the formation of a thinner and more protective, gas-tight oxide scale.  
 

 
1.2 Aim of the thesis 
 

This work aims to improve the knowledge of operating transport mechanisms in oxides on Zr-
based materials in various atmospheres. This is done by mainly using an in-situ Gas Phase 
Analysis (GPA) technique and isotopic gas mixtures combined with other isotope-sensitive 
techniques such as Secondary Ion Mass Spectrometry (SIMS). This isotopic approach provides 
the possibility to observe processes which take place during the exposure in-situ by analyzing 
changes in the gas phase with a mass spectrometer and then attribute them to changes at the 
surfaces/interfaces as well as in the bulk by SIMS depth profiling.  

The application of the “Self-repairing” concept to Zr-based materials by engineering of 
interfaces and surfaces with effects on the overall transport process is considered.  

Another aim was is to provide a detailed investigation of the porosity evolution in the oxide 
scales on Zr-based materials upon exposure to air/O2 and/or water-containing atmospheres. The 
formation of a network of open pores in the oxide scales during oxidation and the evolution of 
their size and distribution are main factors influencing the transport of molecular species and 
hence crucial for the understanding of the degradation process of these oxide scales.  
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 Zirconium and its alloys 

 

2.1 Survey of  Zr-based alloys 
 

Unalloyed zirconium (Zr) was first tested in the 50’s in a prototype nuclear reactor for submarines, 
called STR Mark-1 (Sub-marine Thermal Reactor Mark-1)1,2. After this successful early military 
nuclear project, great efforts were engaged towards the “peaceful uses of atomic energy”2. The first 
commercial power reactor started to be produced in the 60’s. The demanding conditions from the 
nuclear reactors have generated intensive research for material development. Zr has attracted 
researchers attention as a possible candidate for fuel cladding and pressure tube material due to its 
low thermal neutron absorption cross-section as well as high corrosion resistance in aggressive 
environments at high temperatures, good heat transfer and mechanical properties.  

Zr is characterized by two crystallographic structures: the low temperature hexagonal closed 
pack (hcp) structure (α phase) and the high temperature body centred cubic (bcc) structure (β 
phase)3. The α→β allotropic phase transformation takes place at 865°C3. The β phase is stable up to 
1860°C, which is the melting temperature. The strong anisotropy of the α phase plays an important 
role in the deformation behaviour of Zr (preferential deformation in longitudinal direction)3,4. 

Unalloyed Zr does not provide sufficient corrosion resistance and mechanical strength for being 
used in the nuclear reactor core. One of the reasons for this behaviour is the nitrogen impurity 
present in the Zr substrate (introduced in the Kroll process). Different alloying elements, such as 
Sn, Ta and Nb have been investigated for the annihilation of the negative effect generated by the 
nitrogen impurity. Sn is also characterized by a low neutron adsorption cross-section and thus the 
first Sn-containing reactor-grade alloy, Zircaloy-1 (Zr 2.5%Sn), was developed1,3,4,5. This alloy 
presented better mechanical properties compared to unalloyed Zr, but the corrosion resistance still 
needed to be improved. The addition of small amounts (<0.5 wt %) of Fe, Ni and Cr to Sn-
containing Zr alloys (low tin) that increased the corrosion resistance formed the base for the 
production of Zircaloy-2 and Zircaloy-4 (Ni free) alloys. The solubility of Fe, Cr and Ni in α-Zr is 
quite low (< 100 ppm) 6-9, and therefore they form precipitates like Zr(Fe,Cr)2 and Zr2(Ni,Fe), 
known as second-phase particles (SPP). It is reported that the distribution of Fe, Cr and Ni within 
the intermetallic phases affects the dissolution of this particles during irradiation10. Parameters like 
SPP chemical composition, size distribution, density and morphology, all have a great influence on 
the in-reactor performance of these alloys10,11. The development of the Zr-based alloys and their 
applications1,3,4 are presented in Figure 2.1,. 

Zr alloys with Nb additions are widely used in Russian nuclear reactors1,3. It was found that the 
addition of Nb reduced the risk for nodular corrosion, lowered the hydrogen uptake and increased 
the ductility, toughness and resistance to creep. The Zr 2.5%Nb alloy is used as a pressure tube 
material in CANDU nuclear power plants (Pressurized Heavy Water Reactor).  
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Applications 

Applications 

¾ Fuel cladding and structural 
materials in BWR 

¾ Calandria tube material - CANDU 

¾ Fuel cladding material in PWR 
and CANDU 

¾ Fuel channels, spacers and grids 

Fuel cladding material in Russian 
RBMK and VVER 

Pressure tube material in CANDU 
and RBMK nuclear reactors 

 

Zr 1%Nb 
Zircaloy-1 
Zr 2.5%Sn

Zircaloy-2 
Zr (1.2-1.7)%Sn (0.07-0.2)%Fe (0.03-0.08)%Ni 

(0.05-0.15)%Cr

Zircaloy-3 
Zr (0.25-0.5)%Sn (0.25-0.4)%Fe (± 0.2% Ni)

Zircaloy-4 
Zr (1.2-1.7)%Sn (0.18-0.24)%Fe (0.07-0.13)%CrNew generation Zr-based alloys 

¾ ZirloTM: Zr 1%Nb 1%Sn 0.1%Fe  
¾ M5TM: Zr 1%Nb 0.125%O 
¾ Barrier cladding: Zircaloy-2 with unalloyed (or low Sn) Zr liner 
¾ Duplex alloy: Low Sn on the surface vs. bulk 

 

Zr 2.5%Nb 

Light Water Reactors, LWR:  Pressurized Water Reactor (PWR), Boiling Water Reactor (BWR),  

    Reactor Bolshoy Moshchnosty Kanalny or high-power channel reactor (RBMK)  

    Vodo Vodianoi Energheticeskii Reactor or water-water energetic reactor (VVER). 

Pressurized Heavy Water Reactors: PHWR also called CANDU (CANada Deuterium Uranium). 
 

Figure 2.1 Zr-based alloys: development and applications1,3,4 (composition in weight %) 

  



 
Zirconium and its alloys 

Zr has a high affinity for oxygen and therefore, oxygen is an important impurity. Oxygen is also 
introduced as an addition element in Zr-based alloys (800-1600 ppm) to increase the yield 
strength3. Oxygen dissolution into the Zr matrix during oxidation, described in more detail in 
Chapter 2.2, is a crucial process that needs further investigations for an improved understanding 
of the corrosion mechanisms of Zr-based alloys. 

Other elements, such as Al, Mo, C, Si, P, Cu, Hf, N, H, can be present in Zr-based alloys. 
Due to their impact on the corrosion behaviour, their amount must be kept in ppm range. Among 
the alloying elements, Al, Be, Cd, Hf, N, O, Sn and Pb are α-stabilizers and Cr, Co, Cu, Mn, 
Fe, Mo, Ni, Nb, Ag, Ta, Ti, U and V are β-stabilizers3,12. Oxygen, nitrogen and hydrogen have a 
strengthening effect on the metal substrate.  

The fuel cladding materials have been further optimised for higher burn-up and longer in-
reactor operating cycles. Barrier claddings were developed to reduce the pellet-cladding 
interactions (stress-corrosion cracking) on the fuelside by using an unalloyed (or low Sn) Zr 
liner. The waterside layer was also optimised (SPP composition, size distribution and Sn 
content) for improved corrosion resistance in high-temperature water/steam3,4. The same 
concepts were the basis for the development of the Duplex claddings, with good mechanical 
properties for the inner layer (80% of the total cladding thickness made by Zircaloy 4) and 
optimised corrosion resistance for the outer layer. The impact of the water chemistry was also 
considered3. The PWR water, maintained at approximately 320°C and 150 bars, contains as 
main additives: lithium hydroxide, boric acid and dissolved hydrogen3. The BWR water/steam is 
maintained at lower temperature (approx. 290°C) and pressure (70 bar) and additions such as 
dissolved hydrogen, soluble iron and zinc are generally used3. Deliberate hydrogen additions (a 
few ppm) to the coolant in the Light Water Reactors, LWRs, are aimed to suppress the 
production of oxygen radicals by water radiolysis. A relatively new approach for BWRs is the 
use of noble metal chemical addition (NMCA) treatment to reduce the amount of the dissolved 
oxygen species by catalysing the reaction between these species and the dissolved hydrogen 
(water production)13. By this method, the amount of dissolved hydrogen necessary to maintain a 
low content of oxygen radicals can be substantially reduced as well as the risk for intergranular 
stress corrosion cracking. On the other hand, hydrogen is a by-product of the reaction between 
Zr and water. It is known that a fraction of the produced hydrogen (approximately 20-25% in 
PWRs and 5% in BWRs in normal conditions) is absorbed by the metal substrate during the 
oxidation and, due to the low solubility of H in Zr, hydrides start to form3,10. To avoid hydride-
induced embrittlement of the cladding, a rigorous control of the hydrogen uptake is essential. 
New Zr-based alloys with better resistance to hydrogen uptake have been selected. In PWRs, the 
waterside corrosion was improved by reducing the Sn content to < 1.2 wt %14. ZirloTM, a 
Westinghouse quaternary alloy, and M5TM, a Framatome alloy, are new mono-claddings with 
low Sn content, which have better in-reactor performance than the standard Zircaloys1,3. In a 
comparison between Zirlo and Zircaloy-4, Zirlo shows drastic improvements: 55-65% lower 
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waterside corrosion, 50% lower irradiation growth and 2-5 times lower corrosion in lithiated 
water15. 

 

2.2 Oxygen uptake mechanisms 

 
Zirconium has a high affinity for oxygen. Zr-O phase diagram (Fig. 2.2) shows that 

oxygen can be in solid solution with α−Zr up to 28.6 at. % O at 200°C and its solubility 
increases with the temperature up to 2065°C (35 at. % O)3. During the exposure of Zr to an 
oxygen-containing atmosphere, an oxygen concentration gradient, from the surface to the bulk 
metal, will develop. When the solubility limit is exceeded, a surface oxide scale will start to 
form. The Ellingham diagram (Fig. 2.3) can be used to predict the thermodynamic stability of 
different oxygen-containing Zr compounds at different temperatures and O2 pressures.  

 

 
 
 
 
 
 
 
 
 
 
 
 Figure 2.2 Zr-O phase diagram after Massalski3 

Figure 2.3 Ellingham diagram of Zr-O system modified after Komarek3  
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Oxygen dissolution into the Zr matrix during oxidation can take place because it is 
thermodynamically more favourable for oxygen to be dissolved in the metal (ZrO0.05 and ZrO0.1 
in Fig. 2.2) than to form the oxide layer3. The driving force for the oxidation is the Gibbs free 
energy change, ΔG0, corresponding to the reaction between Zr and oxygen. A reaction can occur 
only if ΔG0 is negative. When Zr is exposed to an oxygen-containing atmosphere, the oxide will 
start to form only if the partial pressure of oxygen is higher than the dissociation pressure of the 
oxide at the temperature of the exposure. This condition is satisfied even in ultra high vacuum 
and therefore a thin oxide layer (2-5 nm) will always be present on the surface of Zr-based 
materials. However during exposure to a reducing atmosphere, oxygen can dissolve into the 
metal substrate diminishing the oxide layer. When a continuous oxide layer is present on the 
surface, the corresponding oxygen partial pressure at the oxide/Zr(O) interface is equal to the 
dissociation pressure of the oxide (approximately 10-90 atm. at 573K)3,16. An oxygen activity 
gradient is present between the oxide surface and the oxide/Zr(O) interface. The presence of 
defects in the oxide scale and their type, concentration and structure are influenced by this 
gradient. Layered structures with different transport behavior could be present in the oxide scale 
and the effect of impurities or doping could be significant16. This gradient can define the 
thermodynamically stable compounds that might be present within the oxide scale, e.g. 
stoichiometric ZrO2 at the oxide/gas interface, non-stoichiometric ZrO2-x at the oxide/Zr(O) 
interface and Zr-O solid solutions underneath the oxide scale, but since thermodynamic 
equilibrium is not always reached during the oxidation, kinetic aspects must also be considered. 
The oxide is highly stressed as a result of lattice parameters mismatch and thermal expansion 
differences between the oxide scale and the metal17. There is a stress gradient across the oxide 
thickness with a maximum at the oxide/Zr(O) interface and a minimum at the oxide/gas 
interface17. As a result of the high compressive stress, the metastable tetragonal non-
stoichiometric Zr-based oxide is stabilized at the oxide/Zr(O) interface9,10. Away from the 
oxide/Zr(O) interface, the tetragonal to monoclinic phase transformation takes place as a result 
of stress relief with a volume expansion of approximately 7% and generates defects like cracks 
and pores (easy diffusion pathways)10. This transformation can occur inside the barrier layer, 
possibly inducing porosity within the barrier layer18. As long as the mechanisms of defect 
formation in the growing oxide scale are not well understood, the species involved in the 
transport are not well defined10. Generally, after the formation of a continuous thin (2-5 nm) 
oxide layer on the Zr surface at elevated temperatures, oxidation proceeds via mass and charge 
transport. The oxidation can be divided in two stages (Fig. 2.4):  

i)  a pre-transition stage defined by cubic/parabolic growth kinetics and, 
ii) a post-transition stage defined by quasi-linear growth kinetics3,19,20.  

A cyclic behavior in the post-transition stage is generally observed (Fig. 2.4). This can be 
interpreted as a continuous break down and repair of the oxide scale after the transition. For the 
overall rate in the post-transition stage, these short cubic cycles can be approximated with a 
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linear oxidation rate20,21. Some of the above mentioned alloys show accelerated corrosion rates 
at high burn-up. One inflection in the oxidation kinetics in the pre-transition stage, at a thickness 
of about 0.5-0.7 μm has also been reported22. 
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Figure 2.4 Stages in the oxidation of Zr-based materials modified after Gibert20. The kinetic 
equations for the two stages are shown (k1 and k2 are the rate constants). 

 

Competing processes take place during oxidation and, for multi-step reactions, the slowest 
process determines the oxidation rate23. The rate-limiting process can change during the 
oxidation, with a possible change in the oxidation rate. Controversial information is available on 
this subject for the oxidation of Zr-based materials and thus the identification and analysis of the 
potential competing processes is presented as follows: 

¾ Oxygen adsorption and dissociation at the oxide/gas interface  
¾ Oxygen spillover via surface diffusion  
¾ Incorporation of oxygen ions into the oxide lattice  
¾ Diffusion of oxygen ions through the oxide scale     
¾ Molecular transport via short-circuit pathways 
¾ Oxygen dissolution into the metal substrate 
¾ Zr cation incorporation into the oxide lattice 
¾ Zr cation outward diffusion            
¾ Electronic transport in the oxide scale 
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2.2.1 Oxygen adsorption and dissociation at the oxide/gas interface 
  
The processes which can occur at the oxide/gas interface during the exposure of a preoxidized 
Zr-based alloy to oxygen gas, are illustrated in Figure 2.5. The first stage in the reaction between 
Zr and oxygen is the physisorption of oxygen. Non-dissociative physisorption of molecular 
oxygen,     , easily takes place as weak van der Waals interactions are involved. This process is 
fast and reversible (desorption     ). The physisorbed molecules can diffuse via surface diffusion,             

1 

2 
     , having a relatively high surface mobility. When the surface adsorption is rate-limiting (at 
low oxygen partial pressures), a strong dependence of the oxidation rate with the partial pressure 
of oxygen is observed16. Chemisorption of the physisorbed molecules can occur at defect sites 
on the surface. 

3 
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Figure 2.5 Schematic representation of the adsorption/desorption and dissociation of molecular 
oxygen at the oxide/gas interface of a preoxidized Zr-based alloy 

 
Chemisorption of oxygen is a thermally activated process (for thicker oxides than 2-5nm). The 
formation of charged species such as O2

-, O2
2-, O- and O2- has been reported for oxygen24. 

Electronic transfer from the oxide scale to oxygen atoms/molecules leads to the formation of 
these charged species. This process can also be rate-limiting, due to the insulating properties of 
zirconia. The dissociation of an oxygen molecule into oxygen atoms,     , is illustrated in Figure 
2.5. This process is reversible but the recombination rate can be suppressed due to the high 
reaction rate with Zr. The dissociation rate on preoxidized Zr alloys slowly decreases with 
increasing oxide thickness, due to an ageing effect. The oxide is growing mainly by inward 
oxygen transport, and therefore the outer surface may rearrange towards the minimum energy 
configuration. Impurities or dopants can segregate on the surface of zirconia, locally changing 
the defect concentration25. By engineering of the interfaces, the oxidation properties of Zr-based 
materials could be controlled. Zirconia is a very good oxygen ion conductor at high 
temperatures. The presence of mobile oxygen ions is clearly necessary for ionic transport to 
occur. Raspopov et al.26 have investigated the initial oxidation of Zr by atomic and molecular 
oxygen at 873-1123K. Enhanced oxidation has been observed in atomic oxygen (dissociation 
step was eliminated) at all temperatures investigated. Similar results have been obtained by Iltis 
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et al.27 during the exposure of Zircaloy-4 to atomic oxygen containing gas at 520-620K. In both 
cases26,27, the investigations were performed for thin films, for which this process could be 
followed. As the thickness of the oxide scales increases, the differences between the oxidation in 
molecular O2 and atomic O-containing gas is less pronounced and it is hence difficult to make 
straightforward conclusions27,28. Enhanced oxidation has also been observed during autoclave 
experiments in water/steam containing different amounts of dissolved oxygen as well as inside 
the reactor when the amount of dissolved oxygen, formed by water radiolysis, exceeded the 
recommended values3. Coating of pure zirconium (hydrogen removed by outgassing) with a thin 
porous layer of Pt induces an increased oxidation rate and growth of thicker and less protective 
oxide scales (Paper II). All these evidences suggest that a rate-limiting step in the oxidation of 
Zr-based materials at relevant temperatures for the nuclear industry is located at the outer 
interface. At certain thicknesses, the dissociation of oxygen is the major process, which controls 
the kinetics of oxide growth. In the case of zirconium alloys, each alloying element has certain 
effects on the oxidation and it seems plausible that one effect is related to the efficiency for 
oxygen dissociation.  

In Paper II, an analysis of oxygen dissociation on preoxidized Zr-based materials and Pt 
is presented. The results show that oxygen dissociation efficiency decreases in the order:          
Pt > Zr2Fe > Zr2Ni > ZrCr2 ≥ Zircaloy-2 at temperatures around 400°C.  
 
2.2.2 Oxygen spillover via surface diffusion 
 

The spillover term comes from heterogeneous catalysis and describes the movement of 
active oxygen species On-, (n = 0, 1, 2), from the active sites for dissociation, such as Pt 
particles, to absorption sites on the surface29. In Figure 2.6, the spillover of dissociated oxygen 
from a Pt/SPP particle to the adjacent oxide scale is illustrated.  
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Figure 2.6 Schematics of oxygen spillover from an active area for O2 dissociation  (Pt/SPP 
particle) 

Dissociative adsorption of oxygen,   , takes place on the active Pt/SPP particle surface. The 
catalytic activity of these particles is 100 to 105 times higher than the activity of the oxide 
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surface at 400°C as shown in Paper II. The resulting active species can recombine and leave the 
surface in molecular form,    , or be transported away form the Pt/SPP particles via surface 
diffusion (spillover      ). An oxygen activity gradient is created on the oxide surface with mm-
range effect at temperatures around 400°C. This gradient is also induced in depth through the 
underlying oxide scale and therefore non-uniform oxide scales can develop.  

2 
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In BWR type of nuclear reactors, enhanced local corrosion (nodular corrosion) was observed in 
systems where initially large size SPPs or agglomerated small size SPPs were present10. 
 
2.2.3 Incorporation of oxygen ions into the oxide lattice 
 
Oxygen ions produced at the oxide surface can be incorporated into the oxide lattice via defect 
sites. The concentration of these defects at the surface clearly defines the rate of oxygen 
incorporation. Doping of zirconia with lower valence cations such as Y3+, Fe2+, Fe3+, Ni2+, Cr3+ 
will induce the formation of oxygen vacancies to maintain charge neutrality and will thus 
determine the main type of mobile defects. Goff et al.30 have reported that the defect distribution 
is rather complex, and strongly depending on the dopant concentration and temperature. 
Fergus31 suggested that the size of the dopant ion influences the defect association energy. 
Oxygen vacancies are preferably located near smaller cations (in the case of YSZ, Zr is smaller 
than Y). Similar results have been reported by Stafford et al.32 for cubic zirconia doped with 
lager cations. These large cations can segregate to interfaces and surfaces as a result of the strain 
energy33. Oxygen ions can be trapped due to the formation of defect clusters thus lowering the 
ionic conductivity. Doping with smaller cations than Zr4+ (Ni2+, Fe2+, Fe3+, Cr3+, Sn4+) generates 
a competition for the oxygen vacancies and local perturbations are expected34,35. As shown in 
Chapter 2.1, Fe, Cr and Ni are common addition elements in Zr-based alloys, which have low 
solubility in α-Zr and form intermetallic precipitates. Abolhassani et al.36 found that after the 
uppermost precipitates start to oxidise, the surface oxide, above the respective precipitates, 
became depleted in Zr, showing a lens-type feature. This is due to the outward diffusion of Fe 
(and to lower extent Cr) probably via grain boundaries, which will then be oxidised at the 
oxide/gas interface. This shows that the distribution of these elements at/near the surface differs 
significantly from the bulk oxide (where they are incorporated as unoxidized intermetallic 
particles). Space charge effects at the oxide/gas interface may therefore strongly influence the 
incorporation of oxygen ad-atoms as well as the transport of the incorporated oxygen ions37.  
Two opposing effects are the result of the presence of Fe, Cr and Ni at the surface: increased 
oxygen dissociation rate and enhanced space charge effects.  

Oxygen exchange between oxygen ad-atoms and lattice oxygen ions also occurs, with an 
increasing rate of exchange at higher temperatures. 
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2.2.4 Diffusion of oxygen ions through the oxide scale     
 
 The transport of incorporated oxygen ions through the oxide layer takes place via point 
defects (oxygen vacancies or interstitials), line defects (dislocations) and plane defects (grain 
boundaries)38,39. The transport rate depends on the availability and mobility of these defects. For 
oxide scales thicker than approximately 5 nm, the driving force for oxygen transport is the 
oxygen activity gradient across the oxide scale. Wagner’s theory predicts a parabolic oxide 
growth when the rate-limiting step in the oxidation is diffusion of oxygen ions via oxygen 
vacancies39. For Zr-based alloys22, the growth kinetics in the pre-transition stage is cubic up to 
approximately 0.5-0.7 μm. This means that other contributions than the transport of oxygen ions 
to the overall transport must be considered20,39. Madeyski et al.40 pointed out the importance of 
the short-circuit diffusion processes during the oxidation of Zr even for parabolic kinetics at 
temperatures up to 862°C. A high dislocation density has been observed in Zircaloy-4 oxide 
scales obtained under PWR conditions41. This can generate increased ionic conductivity as 
shown by Otsuka et al.42 for YSZ. High compressive stress as well as irradiation during 
oxidation can generate these dislocations.  

Concerning oxygen diffusion via grain boundaries, differences of several orders of magnitude 
between grain boundary conductivity and the conductivity inside the grains have been reported 
(grain boundary diffusion >> diffusion via/in grains)39. An oxide scale with fine grains shows 
high grain boundary conductivity. For oxide scales grown on Zr-based alloys at temperatures 
around 400°C, two crystallographic phases of zirconia have been reported: monoclinic and 
tetragonal. The monoclinic phase is stable at low temperatures and is, as expected, the 
dominating phase in the oxide scale. The tetragonal phase can also be found close to the 
oxide/Zr(O) interface (stabilized by the high compressive stress and grain size < 30nm) and 
within the oxide scale near the interface between the partially oxidized intermetallics and the 
bulk oxide (stabilized by doping of zirconia with lower valence cations which diffuse outward 
from the intermetallics). The oxygen vacancy concentration in zirconia, which influences the 
transport of oxygen through the oxide lattice, is higher in the tetragonal phase43 (2-3 mol %) 
than in the monoclinic phase (<2 mol %). The tetragonal → monoclinic phase transformation 
takes place with a volume increase of about 7% and has a significant impact on the corrosion 
behavior of Zr-based alloys44. A mixture of large columnar grains, growing perpendicular to the 
oxide/Zr(O) interface, and small equiaxed grains have been found in the oxide scale. The 
columnar grains have monoclinic structure41 and are usually referred as the protective part of the 
oxide scale21. The equiaxed grains show defects like cracks in their grain boundaries41. 
Accelerated corrosion is usually correlated with the increase in the amount of equiaxed grains at 
the oxide/Zr(O) interface45,46. 
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Many researchers5,47-50 have calculated the diffusion coefficient of oxygen in zirconia using 
different experimental techniques. A scattering of the diffusion data is mainly observed at low 
temperatures as shown in Figure 2.7. Values close to the upper limit are usually grain boundary 
diffusion data and the lower limit data are bulk diffusion data. The diffusion in tetragonal 
zirconia is faster compared to monoclinic zirconia, but in the oxide scales, an intermediate value 
is commonly found. The steady state condition is not always obtained, and thus the equilibrium 
conditions cannot be assumed.  
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Figure 2.7 Range of diffusivity values, D, as found in the literature for oxygen transport in 
zirconia5,47-50  

During the oxidation, the oxide scales are in a continuous transformation including grain 
growth, phase transformation, porosity development and thickening. All these parameters 
influence the kinetics of the oxide growth.  

 

2.2.5 Molecular transport via short-circuit pathways 
 

The rate of metal consumption in corrosion is dramatically dependent on the transport of 

species like oxygen and hydrogen through the oxide layer. This means that defects like open 

pores can have a considerable influence on the corrosion rate. Even pores of nm-size and their 

abundance, distribution and interconnectivity may affect the corrosion rate. Naturally when a 

gas-tight barrier is required, the size of the interconnected pores needs to be smaller than the size 

of the diffusing molecules. Zr-based alloys form oxide scales up to thicknesses of approximately 

2.5-3 μm with an initially cubic oxidation rate followed by a parabolic rate and thus it is 
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generally assumed that the pre-transition oxide scales are relatively dense. After the kinetic 

transition, the oxide growth proceeds with a linear rate due to the loss of the oxide scale 

protectiveness. Pores and cracks in the post-transition scales are easily detected with techniques 

such as mercury porosimetry, SEM, TEM but not much is known about the evolution of the 

open porosity before transition as this implies nanometer scale investigations at high 

temperatures. There are evidences showing that pores exist in these presumably dense oxide 

scales. Using isotope exchange experiments on pretransition oxides, Ramasubramanian et al.51 

evaluated a pore density in the order of 109 cm-2 and a pore volume fraction of 0.001% for a 0.2 

μm oxide layer (boron concentration was used as an indicator for a pore size of 1 nm). They 

interpreted this as a very dense oxide scale (almost 100%) but with a high density of 

micropores51.  

In this thesis, Paper III describes an in-situ method to estimate average pore diameters in 
microporous oxides with and without substrate. In Paper IV we found a significant contribution 
of molecular oxygen to the net oxygen transport in Zirconia ceramics at temperatures lower than 
800°C.  
 
2.2.6 Oxygen dissolution into the metal substrate 
 
As shown above in Figure 2.3, the formation of Zr-O solid solutions is thermodynamically more 
favourable than the formation of the oxide compounds3. In Figure 2.2 it could be seen that α-Zr 
has a high solubility limit for oxygen (approximately 28.6 at% O at 500°C). Oxygen present in 
the Zr matrix increases the stability range of the α-phase as well as the melting temperature. 
When the solubility limit is exceeded, the oxide layer will start to form26. Inside the metal, 
oxygen is randomly distributed in octahedral interstitial positions up to a concentration of 
ZrO0.33.16,39 Yilmazbayhan et al.21 identified the formation of ordered suboxides (Zr3O) at the 
oxide/Zr(O) interface underneath the oxide, ahead of the oxidation front, by using microbeam 
synchrotron radiation diffraction. Oxygen uptake has a hardening effect on the Zr matrix. Using 
a combination of microhardness measurements and nuclear reactions of oxygen, Cox3 has found 
that the extent of oxygen dissolution increases with the temperature. At temperatures around 
400°C, less than 10% of the reacting oxygen is expected to dissolve into the metal substrate. 
Cox3 proved experimentally that preferential dissolution of oxygen, from the already formed 
oxide layer, takes place along the grain boundaries of Zr accompanied by the formation of 
arrays of pores in the oxygen-depleted grain boundaries (oxide) just above the metal substrate. 
These defective grain boundaries are possible open porosity development sites. The depth of 
oxygen penetration inside the metal substrate depends on the oxidation rate and the exposure 
time. A more shallow oxygen distribution underneath the oxide scale has been observed for 
rapidly growing oxide scales resulting also in increased brittleness. Lyapin et al.52 reported that 
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the diffusivity of oxygen in  α-Zr increases considerably at temperature above 523K. By 
investigating the oxide dissolution rate on α-Zr(1%Nb) and β-Zr(20%Nb), Zhang et al.53 
proposed the following expressions for the diffusion coefficient of oxygen (activation energy in 
kJ): 

Oxygen diffusivity53 in α-Zr(1%Nb) at 300-450°C: 

  D = 0.172 exp(-187.47/RT),  [cm2 s-1]    (1) 

Oxygen diffusivity53 in β-Zr(20%Nb) at 175-275°C: 

D = 0.69 exp(-149.45/RT),  [cm2 s-1]    (2) 

where,   
R is the universal gas constant, 8.314 J K-1 mol-1, and T is the absolute temperature, K. 
Oxygen diffuses much faster in β-Zr(20%Nb) compared to α-Zr(1%Nb). The same behaviour 
has been observed for α and β Zr and Zircaloys16,54,55. This shows that oxide scales formed on 
β-phase alloys are more susceptible for dissolution. Cox et al.56 published a comprehensive 
study of oxygen diffusion in Zr-based alloys.  
 
2.2.7 Zr cation incorporation into the oxide lattice and outward 
diffusion 
 
To obtain a balance in the oxide growth, both oxygen ions and metal cations need to be involved 
in the transport. It is well known that Zr is growing mainly by inward oxygen transport, but the 
contribution of the outward Zr transport cannot be neglected. The outward Zr cation transport 
via cation vacancies during oxidation of Zr was already taken into consideration in the early 
50’s by Gulbransen57. Lyapin et al.52 have shown an enhanced outward diffusion of Zr and 
growth of stoichiometric ZrO2 at the oxide/gas interface in the temperature range of 100-500°C 
for very thin oxide films under strong electric fields. Self-diffusion of Zr in zirconia (stabilized 
with Y2O3 or CaO) was investigated using isotopic markers (96Zr) especially at high 
temperatures and compared with computer simulation results58-61. Activation enthalpies of 4-6 
eV have been reported for self-diffusion of Zr4+ in zirconia at high temperatures. This suggests 
that the Zr outward diffusion might be negligible at low temperatures, but as shown above, 
enhanced transport can be induced. The presence of hydrogen in the exposure environment, or 
in a metal substrate, may increase the outward diffusion of metal cations by reducing the 
activation enthalpy for the creation and migration of cation vacancies62-64. For an optimized 
hydrogen content, improved adhesion and densification of oxide scales growing mainly by 
inward oxygen transport has been observed62. Two-stage oxidation of metals, first in normal 
oxygen (16O) followed by exposure to 18O-containing oxygen gas can be used to identify the 
oxide growth mode. Depth profiling using SIMS is used to identify where the oxide is growing 
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(following the location of 18O). Using this approach, the effect of hydrogen (D) and Pt on the 
oxide growth on Zr upon exposure to 20 mbar O2 at 400°C has been investigated within this 
thesis (Paper II). A small but significant H-induced outward diffusion of Zr was observed in 
these experiments. The overall oxidation rate was lowered by the presence of hydrogen in the Zr 
substrate.  
 
2.2.8 Electronic transport in the oxide scale 
 

Formation of oxygen ions that can be incorporated into the oxide lattice is highly 
dependent on the charge transfer from the oxide to the adsorbed oxygen species. Pure zirconia is 
an insulator with a wide band gap (5.2 eV)24. Additional energy levels (acceptor and/or donor) 
can be introduced by impurities or dopants65. Hydrogen has a beneficial effect on the electronic 
conduction in zirconia because it easily donates electrons. Nishizaki et al.66 have shown that 
hydrogen doping generates a new impurity level below to the conduction band of zirconia 
reducing significantly the band gap energy66. Enhanced electronic transport in Zr-based oxide 
scales has been obtained by using a Pt wire to short-circuit the oxide surface with the Zr 
substrate67. The results showed an enhanced oxidation rate in oxygen gas at 700-800°C with a 
change in kinetics from a cubic to a parabolic law. Doping Zr with Fe, Cr and Ni induces a 
similar effect due to the formation of second-phase particles (SPPs). This is valid for Zircaloy 
oxide scales as long as the SPPs remain un-oxidized and in contact with both the Zr substrate 
and the oxidation environment. A degradation of the oxide scale is often associated with the 
total oxidation of second-phase particles. Increased electronic conductivity in Zr-based oxide 
scales under γ-photon irradiation is a known process. This “radiation-induced conductivity”9 can 
occur during operation conditions in nuclear power plants.  
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2.3 Hydrogen uptake mechanisms 

 

The waterside corrosion of structural materials used in water-cooled nuclear reactors is 
significantly influenced by hydrogen uptake. Hydrogen accumulates in the metal substrate and 
forms solid solutions with the Zr metal until the hydrogen content reaches the solubility limit. 
Further hydrogen uptake generates the precipitation of hydrides, and as a result, hydrogen 
embrittlement may occur51,68,69. Hydrogen solubility in zirconium at different temperatures has 
been extensively studied70-73. A summary of available data is presented in Figure 2.8.  

 
Figure 2.8 – Hydrogen solubility in Zr, after Yamanaka et al.73  

As illustrated in Fig. 2.8 the presence of alloying elements in the Zr matrix influences the 
solubility of hydrogen74. This might cause problems for example in fuel claddings in which the 
liner is made by a different Zr alloy. Takagi et al.75 have studied the redistribution of hydrogen 
in Zr-lined Zircaloy-2 claddings. They suggested that a significant amount of hydrogen is 
moving from Zircaloy-2 to Zr during slow cooling, although the difference in their hydrogen 
solubility limit is quite small. Among the addition elements, Ni and Fe show higher hydrogen 
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uptake rates compared to Zr, and therefore Zircaloy-4 (containing Fe and Cr but no Ni) shows 
better resistance against hydrogen uptake than Zircaloy-2 (containing Ni, Fe and Cr)3.   
Hydrogen solubility in Zr also depends on the amount of dissolved oxygen present in the 
substrate76,77. For evaluation of the hydrogen solubility in Zr-O solid solutions, the Zr-O-H 
ternary system can be used (exemplified in Figure 2.9 for 700°C)76. At 700°C, for low oxygen 
content, the solubility of hydrogen in the α phase increases and then decreases at higher oxygen 
content76,78. 

                   

I. α + β 

II.  α + β + δ 

III.  β + δ 

IV.  α + δ 

V.   α + δ + ε 

VI.  α + ε 

VII.  δ + ε 

VIII.  α + ε + ZrO2 

IX.  ε+ α ZrO2  

X.  α + α ZrO2 

Figure 2.9 - Isothermal Zr-O-H ternary system at 700°C, after Miyake et al.76  

It is reported in the literature77 that hydrogen atoms are preferably located in tetrahedral 
interstitial sites in Zr-H solid solutions. The radius of these sites (∼ 0.036 nm) is about the same 
as the radius of the hydrogen atom (∼ 0.04 nm), which means that the strain induced by 
hydrogen dissolution in Zr is negligible77. Zhang et al.77 have found that hydrogen tends to 
segregate to surfaces and interfaces (grain boundaries, cracks and other defects) in Zr. These 
hydrogen-rich areas are possible nucleation sites for hydrides. When dissolved oxygen is present 
in the Zr substrate, hydrogen segregation to the Zr surface is enhanced77. The concentration of 
dissolved oxygen in Zr varies from the bulk to the metal/oxide interface and is much higher 
underneath the oxide, accommodating also more hydrogen in this area. This accumulation could 
explain the frequently observed deterioration of the “barrier” layer. However, this shows that Zr 
could diffuse easier outwards when hydrogen is present at the oxide/metal interface. An 
optimum amount of hydrogen present at this interface could actually be beneficial, supporting 
the self-repairing process62.  
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The diffusivity of hydrogen in Zr-based materials has been intensively studied at relevant 
temperatures for the nuclear industry70,72,77. Sawatzky70 proposed the following expression for 
hydrogen diffusivity in Zircaloy-2 (α-phase) at 260-560°C (activation energy in cal/mol): 

D = 2.17 x 10-3 exp (-8380/RT),  [cm2  s-1]    (3) 

where, 

 R is the universal gas constant, 1.987 cal  K-1 mol-1, and T is the absolute temperature, K. 

Hydrogen could originate from internal and/or external sources. Internally, a direct contact 
between Zr and other metals, could result in hydrogen uptake, when a hydrogen activity gradient 
is present3. Hydrogen gas present in the environment and/or obtained as a by-product of the     
Zr + H2O reaction can be considered as an external source of hydrogen3. In this case, hydrogen 
(water) diffusion through the oxide scale is a prerequisite for hydrogen uptake in the metal 
substrate. The hydrogen transport properties of the oxide layer (corrosion product of Zr in 
reaction with oxygen/water/steam) are thus very important.  

Using a thermal desorption technique, Miyake et al.76 have found that the solubility of hydrogen 
is in the range of 10-5 – 10-4 mol H/mol oxide in monoclinic zirconia at 500-1000°C. This 
solubility decreases with increasing temperature. A summary of literature data on hydrogen 
solubility in different oxides is presented in Figure 2.10.  

 
Figure 2.10 – Hydrogen solubility in some oxides versus 1/T, after Miyake et al.76 
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Figure 2.10 shows that the solubility of hydrogen in tetragonal zirconia (β ZrO2) is higher than 
in monoclinic zirconia (α ZrO2). It has been suggested that the diffusion of hydrogen in Zr-
based oxide scales depends on the fraction of the tetragonal ZrO2 present in the oxide scale79.  

Khatamian et al.80 have studied the diffusivity of hydrogen in oxide scales grown on pure Zr and 
Zr-2.5% Nb alloy for temperatures up to 700°C. Higher hydrogen diffusion rates in the Zr-2.5% 
Nb oxide scales have been observed80. Using tracer-based measurements80, the following 
expressions for the diffusion coefficient of hydrogen in pretransition oxide scales (thickness of 
∼1μm) on pure Zr and on Zr-2.5%Nb have been proposed (activation energies in kJ/mol) at 
temperatures up to 700°C: 

Hydrogen diffusivity80 in oxide scales on pure Zr: 

 D = 1.13 x 10-12 exp(-100.1/RT),  [m2 s-1]    (4) 

Hydrogen diffusivity80 in oxide scales on Zr-2.5%Nb: 

D = 3.05 x 10-13 exp(-53.7/RT),  [m2 s-1]    (5) 
where, 
R is the universal gas constant, 8.314 J K-1 mol-1, and T is the absolute temperature, K. 

To compare the diffusivity of hydrogen in Zr-based alloys and in the oxide layers grown on 
these materials, the diffusivity values calculated using the above-mentioned expressions (3-5) 
for 400°C are presented in Table1. 

Table 1. Diffusivity data for hydrogen in Zr-based materials at 400°C: metal/alloy and oxide 
scales 

Material D (cm2 s-1) Method Expression / Ref. 

Polycrystalline  

α Zircaloy-2 
4.1 x 10-6 Hot extraction 

(1)  

Sawatzky70 
Zr  

and 

Zircaloy Polycrystalline Zr 2.8 x 10-6 Tracer-based Khatamian et al.80

Polycrystalline 1 μm oxide 
layer on pure Zr 1.9 x 10-16 Tracer-based 

(2)  

Khatamian et al.80Oxide 

scales Polycrystalline 1 μm oxide 
layer on Zr-2.5% Nb 2 x 10-13 Tracer-based 

(3) 

Khatamian et al.80

From the table it can be concluded that the diffusion of hydrogen in metallic substrates is much 
faster than in pretransition oxide scales. The mechanisms for hydrogen transport through Zr-
based oxide scales have been investigated using hydrogen isotopes and isotope-tracing 
techniques such as SIMS18,81, ion-beam implantation80, permeation measurements combined 
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with mass spectrometry18,82,83 and nuclear analysis84. These studies revealed that, for thin oxide 
layers formed on Zr alloys, the un-oxidized second-phase particles, SPPs, have a significant 
effect on the hydrogen transport as long as they interconnect the metal substrate with the 
exposure environment. The SPPs have a high affinity for hydrogen and act as short-circuit 
pathways for hydrogen transport through the oxide scale85. Hydrogen can easily diffuse through 
these thin oxide scales via metallic SPPs towards the metal substrate, or outward (vacuum 
extraction). The diffusion direction is defined by the activity gradient of hydrogen across the 
oxide scale. As the oxidation proceeds, the thickness of the oxide scale exceeds the size of the 
SPPs, which also will become oxidized. The SPPs cannot mediate the transport anymore and 
thus the hydrogen transport rate decreases (~1/oxide thickness), as long as the oxide properties 
are comparable. The uptake rate increases again after the kinetic transition, due to the 
deterioration of the oxide scale. This deterioration can be enhanced by hydrogen, as it introduces 
additional defects inside the oxide layer. It is reported86,87 that interstitial protons are bonded to  
lattice oxygen ions in zirconia. The term “substitutional hydroxide” is frequently used to refer to 
this defect86. The presence of hydrogen in zirconia influences the bonds of the neighbouring 
atoms, Zr and O. 
The low thermal conductivity of zirconia induces an increase of the cladding temperature at the 
oxide/metal interface, which is intensifying, as the oxide scale is becoming thicker. Thermal 
gradients across the cladding wall will determine the redistribution of hydrogen (within the Zr 
substrate) towards the cooler outer surface. In these conditions, the formation of a hydride rim 
layer at the outer surface of the cladding tube has been observed88. 

Possible hydrogen species involved in the transport through the oxides scale could be hydrogen 
molecules, atoms or protons. The contribution of these species to the total hydrogen transport in 
zirconia is not well known, especially at low temperatures. One aim of this thesis is to improve 
the knowledge of hydrogen transport in zirconia at relevant temperatures for the nuclear 
industry.  

The reduction of the hydrogen uptake in Zr-based alloys is crucial for a better performance of 
the structural materials inside the reactor, especially for higher burn up exposures. Various 
methods and procedures have been applied to improve the resistance to hydrogen absorption, 
including the use of inhibitors, coatings, thermal treatments and surface preparations. In     
Paper I, a promising method to reduce the hydrogen uptake rate in Zr-based oxide scale is 
presented. In Paper IV, positive and negative effects of hydrogen on the corrosion resistance of 
metals, alloys and semiconductors are analysed.  
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2.4 Second-phase particles: effects on corrosion 
 
Chemical addition of Fe, Cr and Ni to pure Zr resulted in improved corrosion resistance in high 
temperature water and steam. The solubility of these elements in α-Zr is quite low (< 100 ppm)6-

9, and therefore they form precipitates like Zr(Fe,Cr)2 and Zr2(Ni,Fe), known as second-phase 
particles (SPPs). The formation rate of protective oxides and also the thickness of these oxide 
layers were found to depend on the composition and initial size distribution of these SPPs. In 
BWR environments, nodular corrosion was observed when initially large size SPPs or 
agglomerated small size SPPs were present23. On the other hand, the dissolution of small-size 
SPPs in Zr-based materials during the in-reactor operation under high neutron flux in 
combination with hydrogen pick-up can enhance the deterioration of the oxide layer11. There is 
an optimum range for size distribution and composition of SPPs, which is correlated with the 
exposure conditions. Rudling and Wikmark23 reported optimum size distributions for SPPs in 
the range of approximately 25-175 nm for BWR conditions. Optimum SPP Fe/Cr ratios of 0.6-
1.2 and Fe/Ni ratios of 0.9-1.0 have also been found23. The distribution of Fe, Cr and Ni within 
the intermetallic phases affects the dissolution of this particles during irradiation10.                  
Cr-containing particles were found to be less resistant than Ni-containing particles11,23.  
Abolhassani et al.89 performed in situ studies of the oxidation of Zircaloy-4 at 700°C using 
environmental scanning electron microscopy (ESEM). The samples were also characterized with 
atomic force (AFM) and transmission electron microscopies (TEM). They found that after the 
uppermost precipitates start to oxidise, the surface oxide, above the respective precipitates, 
became depleted in Zr, showing a lens-type feature. This is due to an outward diffusion of Fe 
(and Cr) probably via grain boundaries, which will then be oxidised at the O/G interface. AFM 
revealed a granular morphology for the pretransition oxide and the presence of randomly 
distributed pores with non-uniform size and geometry89. In the vicinity of SPPs, cracks lying 
parallel to the interface were identified. The presence of the catalytically active SPPs at surfaces 
and interfaces can increase the effective activity of dissociated species like On-, OH- and H+. 
Two effects must be considered, i) the increased dissociation rate at the oxide/gas interface and 
ii) the induced space charge in the subsurface area. The un-oxidized SPPs, which can be found 
in the oxide layer up to approximately 1 μm away from the oxide/Zr(O) interface, can influence 
the electron and hydrogen transport across the oxide layer23. A short circuit pathway for these 
species via SPPs is operative as long as the un-oxidized SPPs are in contact with both, the 
environment and the metal substrate. Doping the zirconia lattice with lower valence and size 
cations, which diffuse away from the SPPs, will contract the zirconia lattice and will stabilize 
the tetragonal phase90. When the SPPs will start to be oxidized, additional stress is introduced 
due to the volume mismatch between the metallic SPPs and the newly oxidized SPPs (Pilling-
Bedworth ratio > 1)90. The dissolution of the SPPs generates significant degradation of the oxide 
scale. Considerably higher oxidation rates and hydrogen uptake rates have been thus observed23. 
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2.5 Effects of irradiation 
 

In water-cooled nuclear reactors, the Zr-based structural materials are exposed in high 
temperature water/steam under irradiation conditions. Irradiation is produced by collisions with 
high energy neutrons, ions, photons and electrons20. The size, mass and energy of these species 
determine the extent of the deterioration. Irradiation induces changes in the exposed materials 
(metal/oxide scales) and in the exposure environment (water chemistry)20.  
It is well known that the corrosion of Zr-based materials is enhanced due to irradiation9. 
Changes in the microstructure of these alloys involve phase transition, dislocations, dissolution, 
reprecipitation and amorphisation9,91. The mechanical properties are seriously affected. 
Dissolution of the SPPs during in-reactor exposure is significantly accelerated11. The 
distribution of Fe, Cr and Ni within the intermetallic phases affects the dissolution of this 
particles during irradiation10. The Cr-containing SPPs were found to be more susceptible for 
dissolution than the Ni-containing SPPs11,23. Irradiation effects are rather different at low and 
high temperatures. Low temperature induced defects have more permanent character. A high 
dislocation density has been observed in Zircaloy-4 oxide scales formed in PWR conditions41. 

Irradiation of zirconia with low energy ions and neutrons generates increased abundance of 
vacancies and interstitials20. The formation of cavities or pores due to irradiation-induced defect 
association can occur under these conditions. Increased ionic and electronic conductivity is the 
direct result of the increased defect concentration and mobility in the oxide. The stability of the 
tetragonal phase is enhanced under irradiation conditions. Optical and thermal properties are 
also influenced by irradiation.  

The water chemistry is significantly affected by radiation-induced radiolysis9. Active oxidizing 
radicals are produced during irradiation of water with high-energy electrons, protons or 
neutrons3. It is reported that the radiolysis of water is mainly controlled by the radiolysis near 
the metal surface or in small pores. Among the radiolysis products, hydrogen peroxide has a 
crucial effect on corrosion3. Deliberate hydrogen additions (a few wt ppm) to the coolant in the 
Light Water Reactors, LWRs, are aimed to reduce the negative effect of oxidizing radicals 
produced by water radiolysis. In BWRs, the noble metal chemical addition (NMCA) treatment is 
used to decrease the amount of dissolved oxygen species by catalysing the reaction between 
these species and the dissolved hydrogen (water production)13. By this method, the amount of 
dissolved hydrogen necessary to maintain a low content of oxygen radicals can be substantially 
reduced as well as the risk for intergranular stress corrosion cracking. 
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2.6 Naturally stable isotopes 
 

In nature all elements exist in the form of isotopes. The isotopes of an element show similar 
chemical reactivity and differ just in mass having different number of neutrons (but the same 
number of protons)92. In our isotopic studies, the isotopes of H, O, C, Zr  and Y have been used. 
In Table 2, the natural abundance of the above-mentioned isotopes is presented.  

Table 2. Natural abundance,%, of H, O, C, Zr  and Y stable isotopes  (based on the 12C standard) 
as well as their atomic number, Z, and weight93 

Element Z Isotope Atomic weight, 
amu 

Abundance, 
 % 

Hydrogen 
1 
1 
1 

1H 
2H  (D) 
3H  (T) 

1.007 
2.014 
3.016 

99.985 
0.0115 

not stable 

Oxygen 
8 
8 
8 

16O 
17O 
18O 

15.9949 
16.999 
17.999 

99.757 
0.038 
0.205 

Carbon 6 
6 

12C 
13C 

12.00 
13.00 

98.9 
1.10 

Zirconium 

40 
40 
40 
40 
40 

90Zr 

91Zr 
92Zr 
94Zr 
96Zr 

89.90 
90.90 
91.90 
93.90 
95.90 

51.45 
11.27 
17.17 
17.33 
2.78 

Yttrium 39 89Y 88.90 100 

Using the Gas Phase Analysis (GPA) technique, the isotopic composition of a gas mixture can be 
analyzed. Using other complementary isotope-sensitive techniques such as SIMS, the 
distribution of the isotopes in the reaction product (solid) can be investigated (all the above listed 
isotopes). 

 
2.6.1 Isotopic effects 

The substitution between isotopes results in effects generally termed as “isotope effects”94.  

The kinetic isotope effect appears mainly due to the difference in the mass of the exchanged 

isotopes (the vibrational frequency of an atom in a crystal lattice is proportional with 
atomM
1 , 

where Matom is the mass of the respective atom).  

The strongest isotopic effect is found in the case of hydrogen, D having twice the mass of H. 
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2.7 Conclusions 
 

A simplified view of the pretransition oxide film formation on a Zr-based alloy in 
oxygen/water/steam is shown in Figure 2.11:  

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Equiaxed 
grains 

Columnar 
grains 

a. 

 
 
 
 
 
 
 
 
 
 
 
 b. 
 

Figure 2.11 Schematic view of the oxidation of a Zr-based alloy in the pretransition stage 
a.  oxidation in O2 gas  
b.   balanced oxide growth with optimized inward oxygen and outward Zr4+ transport as a 

result of the presence of SPPs and a certain amount of hydrogen in the system (in the 
environment as water/steam or inside the oxide/metal substrate) 
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Experimental  techniques 

3.1 Gas Phase Analysis (GPA) 

 
GPA is a useful tool for characterization of complex processes, identification and 
characterization of reaction mechanisms and transport modes (transport in molecular and/or 
dissociated form) during the interaction between solids and below. In-situ information is 
obtained by combining manometric and mass spectrometric data.  A complementary isotopic 
sensitive technique such as Secondary Ion Mass Spectroscopy (SIMS) can be used to 
characterize the reaction products. 

The GPA equipment, presented in Figure 3.1 consists of: 

¾ A “virtually closed reaction” chamber 
¾ A gas handling system for the introduction of the isotopic gas mixtures and a pressure 

gauge for total pressure measurements 
¾ A mass spectrometer equipped with a quadrupole analyser, placed in an UHV chamber 

(which is pumped with an ion pump).  
¾ A tube furnace, which can be used up to 1200°C. 

 

 

 

 

 

 

 

 

 

 

 

Pressure 
gauge 

Tube 
furnace 

Ion pump 

18,18O2 –containing tube

Figure 3.1 Gas Phase Analysis equipment 

The GPA equipment can be used to study in-situ solid-gas interactions by: 

¾ Exposure of solids to isotopic gas mixtures 

¾ Outgassing of solids (vacuum annealing) 

¾ Permeation of gases through solid membranes 

A detailed description of these in-situ investigations can be found in Paper V. General aspects 
related to GPA are described as follows.  
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3.1.1 Exposure of solids to isotopic gas mixtures 

 

During the exposure of a solid to isotopic gas mixtures, the composition of the gas phase can be 

continuously monitored using the mass spectrometer (MS) via a leak valve (negligible gas 

consumption).  

If we consider an oxide, MexOy, as a starting material which is exposed to different oxygen 

isotopic gas mixtures, (16,16O2+ 18,18O2), the following situations can be identified: 

a. Isotopic exchange takes place between the oxygen molecules from the gas phase 

(O2⇔O2) as a result of the catalytic activity of the oxide surface (Figure 3.2a) 

b.  Isotopic exchange takes place between the oxygen molecules from the gas phase and 

lattice oxygen (O2⇔Mex
16Oy) due to thermodynamic equilibration between the oxide 

and the gas phase (Figure 3.2b) 

As a result of the isotopic exchange, the mixed oxygen molecules 16,18O2 will form in the gas 

phase. Schematics of the time evolution of  16,18O2 abundance in the gas phase as well as the 

abundance of the 16O and 18O (initial gas composition 51% 16O and 49%18O) are also shown 

in the figure.  

Mex
16Oy 

O2  ⇔ O2 

Mex
16Oy 

Exposure time

% 

50 

16,18O2 

Exposure time

%

50

16,18O2 

a. b. 

Equilibrium 
composition 

⇔
  

O2 

16O16O 

18O 18O 

Figure 3.2 Schematics of oxygen isotopic exchange upon exposure of an oxide, Mex
16Oy, to 

18O-containing oxygen gas (49%18O). a. O2⇔O2 exchange and  b. O2⇔Mex
16Oy exchange 

In Figure 3.2 the exchange rate is proportional to the initial formation rate of the mixed 

molecules in the gas phase. The increase of the 16O content, %, in the gas phase is a 
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consequence of the O2⇔Mex
16Oy exchange as seen in Fig. 3.2b. For simplicity the statistical 

equilibrium is illustrated just in Fig. 3.2a.   

In Paper VI, oxygen exchange on Zr16O2 at temperatures between 400 and 900°C is 

investigated. Hörnlund1 recently published a detailed study of oxygen dissociation on solid 

surfaces at high temperatures using the GPA technique. 

If we consider a metal, Me, as a starting material, the kinetics and mechanisms of gas uptake in 

the metal can be investigated using isotopic gas mixtures. The gas uptake is proportional with 

the pressure decrease in the reaction chamber and can be quantified. The mechanisms involved 

in the transport process may be evaluated using for example SIMS depth profiling. 

It is important to point out that during the same experiment, additional information can be 

obtained by combining manometric measurements with isotopic information.  

In Paper I, hydrogen uptake in a preoxidized Zircaloy-2 (2 μm oxide thickness) is analysed at 

300°C as well as hydrogen dissociation. The results show that the hydrogen dissociation rate on 

preoxidized Zircaloy-2 exceeds the hydrogen uptake rate at 300°C. This suggests that 

dissociated hydrogen species are involved in the transport at this temperature. In addition, the 

dissociation of CO on different materials upon exposure to 12C16O+13C18O gas mixtures has 

been investigated in the temperature range of 400-900°C (Paper I). 

 In Paper II, two-stage oxidations have been used to study the influence of Pt and D on the 

oxidation of Zr. 

 

3.1.2 Outgassing of solids (vacuum annealing) 

 

Gas release can occur during the heating of a sample in vacuum. Identification and 

quantification of the released gas is performed using a mass spectrometer equipped with a 

quadrupole analyser. The sample is placed in the reaction chamber and the released gas is 

continuously removed with an ion pump via a fully opened leak valve. MS analyses the 

composition of the gases released by outgassing and the computer graphically reproduces the 

partial pressure of the gas constituents. By this method, the hydrogen content in a material can 

be quantified (Paper II, hydrogen outgassing from Zr).  

In Paper III (and Paper V), a model is proposed for estimation of gas transport in porous 

oxides based on quantitative outgassing.  

A combination of uptake-release type of measurements, using isotopic gas mixtures is described 

in Paper VI and exemplified with measurements of oxygen transport in zirconia. 
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3.1.3 Permeation of gases through solid membranes  
 
Oxide membranes can be self-supporting or constitute a scale on a metal substrate. The driving 
force for the transport of species like oxygen and hydrogen through oxide membranes is the 
activity gradient across the membrane (oxide scale). A schematic representation of a simple 
membrane model2-4 for oxidation of a metal substrate by inward oxygen transport is presented in 
Figure 3.3.  The figure shows the effect of Pt on the oxygen transport through the oxide scale 
during oxidation2-4.  

oxide

[On-]

DO
n-

dx
OdDJ

n

OO nn
][ −

×−= −−

 No Pt on the 
oxide surface 

Porous Pt on 
the oxide surface 

LEGEND 

oxide

0 x 

metal

metal

Pt-induced Me-oxide 
growth 

[On-]Pt [On-]

Figure 3.3 Membrane model2-4 for oxygen transport in an oxide scale that grows by inward 
oxygen transport, showing the effect of Pt on the oxide growth.   

DO
n- represents the diffusivity of oxygen ions in the oxide scale,  

dx
Od n ][ −

 = oxygen activity gradient across the membrane ([On-]Pt for the Pt coated sample),  

x = membrane thickness, 
−nOJ  = total oxygen flux. 

Figure 3.3 shows that the flux of dissociated oxygen species (On-, n= 0, 2) is increased due to Pt 
addition at the oxide/gas interface. The increased flux results in increased oxide growth at the 
metal/oxide interface. The validity of this simple membrane model relies on a number of 
conditions: 

a. A perfect gas tight oxide membrane 
b. Fast reactions at the metal/oxide interface; virtually zero oxygen activity at this interface
c.   Oxide growth exclusively at the metal/oxide interface.     
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Oxygen diffusivity, DO
n-, in the oxide is not influenced by Pt. 

 
dx
Od n ][ −

 increases due to Pt addition at the oxide/gas interface, resulting in Pt-induced enhanced 

oxidation. 

Perfectly gas-tight oxide scales are generally desired but practically the molecular transport 
must also be considered. Investigation of the total oxygen transport through oxide 
membranes/scales can be performed using isotopic gas mixtures in combination with mass 
spectrometry. 
After the oxygen gas is introduced at the high-pressure side of a membrane, the flux of the 
permeated gas at the low-pressure side increases until the rate becomes constant (steady state 
flux). 
The steady state flux, F, can be used to calculate oxygen permeability, K, as shown below5: 

K = 
PA
LF

×
×

,     [μmol cm-1 s-1 atm-1] 

where, 
F- total oxygen flux, μmol s-1 
L - the membrane thickness, cm 
A - surface area of the membrane, cm2 
P – pressure at the high-pressure side, atm. 

P can be approximated with the pressure at the high-pressure side (UHV at the low-pressure side). 

Investigations of the transport properties of membranes have been performed using isotopic gas 
mixtures as well as inert gases. The gas composition at the high-pressure and the low-pressure 
sides of the membrane are monitored continuously with mass spectrometers and the flux of the 
permeated gas is evaluated.  
The mass spectrometer measures the partial pressure of the permeated gas components. To 
convert the obtained data into flux units, μmol cm-2 s-1, the MS needs to be calibrated. Paper V 
describes in detail the setup in use as well as the calibration procedures. 
In Paper VI, permeation of labeled oxygen in zirconia was used to identify to what extent 
molecular and dissociated oxygen species are transported in zirconia at temperatures between 
400 and 900°C. 
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3.2 Secondary Ion Mass Spectrometry 
 
SIMS analyses were performed with a Cameca IMS-6f apparatus, 10 keV, 50-200 nA primary 
beam of Cs+ ions, which was rastered over 200x200 μm2, where ions where detected from a 
centred area with a diameter of 70 μm. 
Oxidation mechanisms can be investigated by using two-stage oxidation, first in 16,16O2 followed 
by the exposure to 18O-enriched oxygen gas, and a subsequent SIMS depth profiling. The oxide 
growth mode can be retrieved as illustrated in Figure 3.4. 
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Figure 3.4 Evaluation of the mechanisms of oxide growth by 18O SIMS depth profiling 

The exchange with the lattice has to be considered when profiles like b. and c. (Figure 3.4) are 
obtained. When the exchange rate is negligible in comparison to the oxidation rate, it can be 
concluded that the mechanism of oxide growth for case b. is a balanced transport and for case c. 
mainly governed by outward metal transport.  
The oxide thickness can be calculated based on the sputter time when the 90Zr ion count rate has 
decreased to half of its maximum value.  
SIMS depth profiles of 90Zr18O, and 90Zr16O ions were used in addition to 18O and 16O profiles to 
investigate the oxide layer formation on a Zr surface (Paper II).  
For an Y-stabilized ZrO2 sample the preferential transport of oxygen via Y or Zr can be 
evaluated by analysing an 18O-annealed Y-stabilized Zr16O2 sample with SIMS. A comparison 
of Y18O/Y16O, Zr18O/Zr16O and 18O/16O ratios revealed that oxygen is transported 
anisotropically in the material. A high Y18O/Y16O ratio compared to Zr18O/Zr16O ratio suggests 
that oxygen exchange preferentially takes place with oxygen bonded to Y. 
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  In Paper II, samples of 99.94% Zr-metal were partly coated with Pt and subsequently oxidized 
at 400°C in normal 16O oxygen followed by 18O-enriched oxygen. Oxidations were performed in 
a closed reaction chamber connected with a mass spectrometer. Oxygen uptake as well as 
oxygen dissociation were measured during exposure. From the SIMS-depth profiles of the 
formed oxide, the thickness of the oxide scale was determined at different positions on the 
samples. An analysis of the in-depth distribution of 18O was performed, providing information 
on the oxide growth mode. The results are illustrated in the following 18O-SIMS map (Fig. 3.5).  

 

Figure 3.5 18O-SIMS map of a Zr sample partly coated with porous Pt and oxidized in two 

stages: first in normal 16O oxygen followed by 18O-enriched oxygen at 400°C 

The oxide is growing mainly by inward oxygen transport (18O was used in the second stage of 
oxidation and in the oxide 18O is found mainly near the oxide/metal interface). SIMS profiles 
obtained at different distances from the Pt interface revealed a mm-ranged oxygen ion/atom 
spill-over effect. In the area with Pt particles, enhanced oxidation was observed, which resulted 
in thicker oxide scales. Another, even more interesting result was a local minimum in the oxide 
thickness adjacent to the area with Pt particles. An advantage of the SIMS technique is the 
capability of detecting hydrogen-containing species. Deuterium depth profiles provide valuable 
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information on the mechanism of hydrogen uptake. 18OD SIMS profiles were considered to 
elucidate the possible connection between hydrogen and oxygen diffusion (Paper II). 
 

3.3 X-Ray Photoelectron Spectroscopy 

 
XPS analyses were performed with a Kratos AXIS HS spectrometer using a monochromatic Al 

Kα X-ray source (1486.6 eV). The area of analysis was approximately 0.4 mm2. 

The method is based on the photoelectric effect and an information depth of a few nm is 

obtained. Upon exposure of a sample to photons with relatively high incident energy, electrons 

from the inner shell of the atoms are released. The energy of these photoelectrons can be 

expressed as: 

Φ−−= Bkin EhE ν         

where hν is the X-ray incoming energy, EB is the binding energy of the electron and Φ is the 

work function of the material. The kinetic energy of the electron depends on the incident photon 

energy, but the binding energy is a physicochemical constant. Therefore, XPS can be used to 

identify which elements are present at the outermost surface of a sample and also to characterize 

the nature of the chemical bonds, which connects these atoms.  
 

3.4 Scanning Electron Microscopy 
 
SEM uses electrons to form the image of the surface of a sample. When the incoming beam of 

electrons hits the surface, photons, secondary and backscattered electrons are ejected from the 

sample. The ejected electrons are used in SEM to obtain high-resolution images of the 

topography or morphology of the surface. FEG-SEM analysis were performed with a Leo 1530 

Field Emission Scanning Electron Microscope equipped with a GEMINI field emission column. 
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4.1 Paper I  

Gas phase analysis of CO interactions with solid surfaces at high 
temperatures  
 
In Paper I, the deactivation of a surface related to adsorption and dissociation of molecules has 
been examined and related to problems, which are common in industrial applications.  
Using the GPA technique, the dissociation of hydrogen on preoxidized Zr and of carbon 
monoxide on oxidized Cr have been investigated. Carbon monoxide is well known for its 
poisoning effect on different catalysts.  
Dissociation rates of carbon monoxide on various materials exposed to 20 mbar CO at different 
temperatures have been studied. High dissociation rates have been measured on materials such 
as pure Cr, Ni, Fe and stainless steel SS 304. It is interesting to note that these materials often 
suffer from high carbon uptake in CO containing atmospheres, a negative consequence of the 
high CO dissociation rates. On the other hand, relatively low dissociation rates were found on 
Zr, Cu, Al, Cu-8Al alloy, and Pt. CO adsorption on the surface of these materials can have a 
positive effect. Carbon monoxide is identified as an effective site blocker for hydrogen 
adsorption and dissociation on preoxidized Zircaloy-2 (Zr2ox) at temperatures around 400°C. 
The uptake rate of hydrogen was substantially lowered (approximately 40 times) when 2 mbar 
carbon monoxide was added to the gas phase. No influence of nitrogen gas on the hydrogen 
uptake by Zircaloy-2 at 400°C was observed. 

In CO exposure to Cr2O3, the influence of H2O on the CO dissociation rate was investigated at 
600°C. A decrease in the CO dissociation rate was observed as a result of water addition to the 
CO gas, which can be interpreted as a blocking effect of water on the surface. Upon a 
subsequent removal of water from the gas phase, the CO dissociation rate increased again. The 
results suggest that the surface activity for carbon monoxide dissociation should be a key factor 
for carbon uptake in certain applications and can be reduced by adsorbed water. 

Based on the results of the present work, the following rating for the tendency of adsorption on 
Zr2ox and Cr2O3 at temperatures in the range 400-600°C has been made: N2 < H2 < CO < H2O.  
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4.2 Paper II  

Influence of Pt, Fe/Ni/Cr–containing intermetallics and deuterium on 
the oxidation of Zr-based materials 
 
In Paper II, the transport of oxygen and hydrogen through the growing zirconia layer in the 
oxidation of Zr-based materials in O2 at 400°C and in water vapour at 370°C was investigated 
using GPA and SIMS. 
The paper is divided in three sections.  

1.  Oxygen dissociation on Zr-based materials and on Pt 
2.  Influence of Pt and deuterium on the oxidation of Zr in O2 at 400°C 
3.  Oxidation of Zr-based tubes in water at 370°C 

 
1. Oxygen dissociation on Zr-based materials and Pt 
 
The results show that the oxygen dissociation efficiency at 400°C, decreases in the order:  

Pt > Zr2Fe > Zr2Ni > ZrCr2 ≥ Zircaloy-2 
It is important to note that the dissociation rate of O2 on preoxidized Zr2Fe is about 103 times 
higher compared to preoxidized Zircaloy-2 at 400°C. 
 
2. Influence of Pt and deuterium on the oxidation of Zr in O2 at 400°C 
 
Two 1.8 cm2 Zr plates (99.9% metal basis excl. Hf) were used in this study. One sample was 
charged from gas phase with deuterium to 600 wtppm D. Both samples were then partly coated 
with 200Å porous Pt. The samples were oxidized at 400°C in two stages, first in 16,16O2 then in 
18O-enriched oxygen gas for totally 12 hours. After oxidation, the samples were characterized 
with SIMS, XPS, SEM and optical microscopy. 
The following main conclusions were drawn: 

¾ For both samples, an enhanced oxidation takes place in the area with Pt particles 
¾ A spillover of the dissociated oxygen species from the area with Pt particles is 

identified with mm-range effect 
¾ The overall oxidation rate (oxide thickness) is lower for the D-charged sample 
¾ Outward diffusion of D is suppressed in the area with Pt particles 
¾ The formation of “substitutional hydroxides” at the oxide/metal interface is proposed 

as a mechanism for oxide deterioration. Hydrogen may also induce Zr diffusion in 
the oxide, resulting in new oxide formation with fewer defects. If the hydrogen 
content is high the dissolution rate may become higher than the healing capacity of 
the oxide and deterioration may occur.  
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3. Oxidation of Zr-based tubes in water at 370°C 
 
Two Ar-filled Zr-based tubes (1 m long) were exposed to 22 mbar water vapour at 370°C for 
305 and 630 minutes. The oxide thickness and the hydrogen content were measured at different 
positions from the water inlet using SIMS depth profiles.  
A gradient in the hydrogen content inside these Zr-based tubes resulted in a non-homogeneous 
oxide thickness. The results show that the hydrogen content in the substrate influences the oxide 
scale growth. 

Conclusions 

A balance between inward oxygen and outward metal diffusion has been previously proposed as 
an important condition for obtaining oxides of high protective ability e.g. zirconium oxide.  

¾ The inward flux of oxygen ions can be promoted by ensuring a high catalytic activity for 
oxygen dissociation on the Zr surface (by Pt coating or increasing the fraction of the 
second-phase particles at the surface). It is proposed that Fe-containing second-phase 
particles act as oxygen dissociating elements in an analogue way as Pt. 

¾  The outward flux of Zr cations, on the other hand, can be promoted by introducing 
hydrogen in the oxide/metal. It is suggested that this phenomenon is beneficial for 
healing defects such as pores and microcracks, which are mainly formed in the 
zirconium oxide scale during oxidation caused by the inward oxygen diffusion. 

Hence, a proper choice of second-phase particles composition and size distribution can be 
beneficial for reducing the negative effect of hydrogen uptake. 
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4.3 Paper III 

Gas-tight oxides - Reality or just a Hope 

Paper III presents a novel and relatively straightforward method to characterize the gas release 
from an oxide previously equilibrated in a controlled atmosphere. A desorption experiment, 
involving a mass spectrometer placed in ultra high vacuum, can be used to determine the 
diffusivity and the amount of gas released with aid of a mathematical model. The method is 
validated in measurements of diffusivity and solubility of He in quartz and applied by 
characterizing two Zr-oxides and one Fe oxide (air-equilibrated). From the outgassed amounts 
of water and nitrogen the H2O/N2 molar ratio can be used to estimate an effective pore size in 
oxides.  
 
Results          
It was found that: 

¾ the diffusivity of N2 at 80°C in pretransition Zr-based oxides is in order of 10-13 cm2 s-1 

¾ the diffusivity of N2 at 20°C in a 0.3mm thick Fe-oxide is in the order of 10-9 cm2 s-1. 

¾ The effective pore diameters in pretransition oxide scales on Zircaloy-2 (φ =1-10 nm) 
are considerably smaller that for the Fe-oxide (φ = 100-1000nm).  

¾ Significant transport of molecular species was identified in pretransition oxides on 
Zircaloy-2 and in Fe-oxide, which means that at the measurements conditions these 
oxides are not gas-tight. 
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4.4 Paper IV 
Effects of hydrogen on the corrosion resistance of metallic materials 
and semiconductors 
 
 
In Paper IV, positive and negative effects of hydrogen on the corrosion behaviour of metals, 
alloys and semiconductors are identified.  
 
 

Hydrogen in metals, alloys 
and semiconductors

Negative effects Positive effects 

¾ Enhanced cation outward diffusion in
metals that grows mainly by inward
oxygen transport (better balance in
the oxide growth) 

¾ Up to a certain concentration, H in
stainless steel S 35315 increases the
resistance to localized corrosion in
chloride solutions 

¾ Up to a certain concentration, H
reduces the oxidation rate of Zr in O2

at 400°C 

¾ Enhances the oxidationof As in GaAs

¾ Formation of brittle hydrides 

¾ Decreased pitting corrosion
resistance of Cr, stainless steel
grades SS 304 and SS 310 in
aqueous solutions 

¾ Increased anodic dissolution rate 

¾ Higher oxidation rate in H-
containing Fe and Cr (loss of
adherence) 

¾ Enhances the oxidation of Fe in
SS316 

 
Most of the above-mentioned processes take place at high temperatures. A thermodynamic 
approach for the analysis of possible sources and sinks of hydrogen at various temperatures is 
also presented. The effect of the porosity on the hydrogen uptake is analysed for pretransition 
oxide scales on a Zr-based alloy.  
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4.5 Paper V 
A gas phase analysis technique applied to in-situ studies of gas-solid 
interactions 
 
In Paper V, a description of an ultrahigh vacuum technique using mass spectrometry for in-situ 
investigations of gas-solid interactions is presented.  

The following types of investigations are presented with some examples: 

¾ Studies of gas uptake kinetics in solids exemplified by the oxidation of pure Fe and a Zr-
based alloy in oxygen gas, 

¾ Isotopic exchange studies exemplified by O2 dissociation on the surface of a wide range 
of solid materials, 

¾ Outgassing studies exemplified by outgassing of an air equilibrated oxide layer on 
Zircaloy-2, and 

¾ Permeation of gases through oxide membranes exemplified by oxygen permeation 
through a 2mm thick zirconia membrane.  

Gas Phase Analysis (GPA) technique is a useful tool to characterize complex processes, identify 
and characterize reaction mechanisms and transport properties of a wide range of materials.    
In-situ information is obtained by combining manometric and mass spectrometric data.             
A complementary isotopic sensitive technique such as Secondary Ion Mass Spectroscopy 
(SIMS) can be used to characterize the reaction products. The GPA technique can be used at 
temperatures from room temperature to 1200°C and at pressures up to 1 atm. Aspects related to 
sample preparation, isotopic gas mixture selection, data acquisition, calibration and 
interpretation of the experimental data are also addressed.  
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4.6 Paper VI 
Isotopic investigation of the transport of oxygen species in Y-stabilized 
zirconia 
 

Oxygen transport in commercial sintered zirconia ceramics was investigated at temperatures 
between 400 and 900°C using labeled oxygen gas mixtures in combination with permeation and 
uptake-release types of measurements. The aim of the paper is to clarify the contribution of the 
molecular transport to the total oxygen transport (ions, atoms and molecules) in Y-stabilized 
zirconia (YSZ).  

 

1. Uptake-release measurements 

A polycrystalline Y-stabilized Zr16O2  (YSZ) tube (outer diameter = 7 mm, inner diameter =      
5 mm, length = 150 mm) was exposed to 18,18O2 gas at temperatures between 600 and 900°C 
followed by outgassing at the respective temperatures. During the exposure, the uptake of 
oxygen by YSZ was quantified by measuring the pressure decrease in the reaction chamber. The 
composition of the gas phase was continuously analyzed with a mass spectrometer placed in an 
UHV chamber via a leak valve. The results show that: 

¾ The oxygen exchange (18,18O2⇔Zr16O2) rate exceeds the oxygen uptake rate in YSZ only 
at temperatures above 700°C.  

¾ At low temperatures, a considerable molecular oxygen transport is operative in YSZ. 
 

2. Permeation measurements 

A Y-stabilized Zr16O2 tube (outer diameter = 12 mm, inner diameter = 8 mm, length = 250 mm, 
wall thickness = 2 mm) was used as a membrane tube. The permeation experiments have been 
performed using two different gas mixtures, i) 18O-containing oxygen gas and ii) a gas mixture 
with the composition of 25%He, 25%Ar, 25% N2 and 25% O2.  

The results show that: 
¾ The oxygen exchange rate is crucial for the incorporation of the On- species into the 

oxide lattice. Low exchange rates therefore result in low On- contribution to the net 
oxygen flux through the membrane. This is valid for YSZ at temperatures up to 800°C. 

¾  Oxygen molecules are indeed involved in the total oxygen transport in YSZ with a 
considerable contribution at temperatures below 800°C. 

¾ In the permeated gas detected upon permeation of 1 atm. mixed gas (25%He, 25%Ar, 
25% N2 and 25% O2) through YSZ tube at 200°C, the transport of He, N2 and O2 have 
been identified.   

Possible measures for maximization of the transport of the dissociated oxygen species in YSZ 
are suggested. 
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Conclusions 

 

The results obtained using isotopic gas mixtures and isotope-monitoring techniques such as Gas 
Phase Analysis and Secondary Ion Mass Spectrometry have opened new perspectives for the 
understanding of phenomena involved in the transport of hydrogen and oxygen species in oxide 
scales on Zr-based alloys. The following main conclusions have been drawn: 

¾ Modification of the oxide surface properties (oxide/gas interface) can influence the 
inward transport of species such as hydrogen and oxygen. Two main effects were 
distinguished: 

o Inhibitor effect: CO is identified as an effective site blocker for hydrogen 
adsorption and dissociation on preoxidized Zircaloy-2 at temperatures around 
400°C. No influence of N2 on the hydrogen uptake in Zircaloy-2 is found. Based 
on the results of the present work, the following rating for the tendency for 
adsorption on oxidized Zircaloy-2 and Cr2O3 in the temperature range of 400-
600°C was made: N2 < H2 < CO < H2O.  

o Catalytic effect: porous Pt coated on the Zr surface, catalyses oxygen 
dissociation at the gas/oxide interface, promoting inward oxygen transport. At 
400°C, oxygen dissociation efficiency decreases in the order: Pt > Zr2Fe > Zr2Ni 
> ZrCr2 ≥ Zircaloy-2.  

¾ Modification of the oxide/metal interface can influence the outward transport of 
cations. Enhanced outward diffusion of Zr4+ cations induced by the presence of 
hydrogen at the oxide/metal interface and inside the oxide scale has been identified. 

¾ Self-repairing effect: An improved balance in the oxide growth on Zr was obtained 
by combining the effect of Pt (enhanced inward oxygen transport) and D (enhanced 
outward Zr diffusion). As a result, a more protective oxide layer was formed. 

¾ We propose that Fe-containing second-phase particles act as oxygen dissociating 
elements in an analogue way as Pt. Hence, a proper choice of second-phase particles 
in terms of composition and size distribution can be beneficial for reducing the 
negative effect of hydrogen uptake at high concentrations. 

¾ Open porosity with effective pore diameters in nanometer range have been found in 
thermally-grown pretransition oxide scales on Zircaloy-2. 

¾ In commercial sintered Y-stabilized zirconia ceramics, a considerable contribution of 
molecular transport to the total oxygen transport has been found at temperatures up 
to 800°C 
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 Future work 

 

 

 
Hydrogen is quite an exciting small molecule, which generates important technological 

problems. Further investigations of the hydrogen transport in oxides needs to be considered. 

One question arises: Can atomic and/or molecular hydrogen be transported through the zirconia 

layer, and under which conditions? The results presented in this thesis show that an open 

porosity in nm-range is present in pretransition oxides on Zircaloy-2. These pores can 

accommodate without doubt molecular species like hydrogen and/or water.  

Formation of hydrides is also an important issue that needs to be further clarified. In hydrides, 

hydrogen is negatively charged. To form hydride ions inside an oxide, special reducing 

conditions are necessary. Close to the oxide/metal interface, these reducing conditions are 

possible to appear, and thus, the oxide becomes thermodynamically unstable, oxygen can 

dissolve in the metal underneath the oxide, and hydrides start to from. The formation of 

“substitutional hydroxides” could be the prerequisite for hydride formation inside the oxide 

layer. Further studies related to the effects of hydrogen on the properties of oxides would be of 

much interest. 

Optimisation of transport properties of oxides (nanomaterials) by engineering of interfaces and 

surfaces is an area, which can be further developed. 
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