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Kurzzusammenfassung 

Die vorliegende Dissertation beschäftigte sich mit der Erforschung des Phänomens der 
erhöhten Korrosion namens „Shadow Corrosion“. Der Schwerpunkt lag hierbei auf dem 
zugrunde liegenden Korrosionsmechanismus sowie auf den einflussnehmenden Parametern 
und Triebkräften, welche für die beschleunigte Korrosion verantwortlich sind oder diese 
sogar verstärken. Hierzu wurden eine Vielzahl an elektrochemischen Charakterisierungs-
techniken und Oberflächen Analysetechniken eingesetzt. 

Der erste Teil der Dissertation liefert eine kurze Einleitung mit der Definition von Shadow 
Corrosion und von einer speziellen Erscheinungsform namens „Enhanced Spacer Shadow 
Corrosion“ (ESSC). Weiterhin folgt eine Beschreibung der beteiligten Werkstoffe Zircaloy und 
Inconel 718. 

Kapitel 2 gibt eine Einführung über Hintergrundwissen, welches grundlegende Informationen 
über Umgebungsbedingungen unter welchen Shadow Corrosion auftritt liefert, sowie über 
das Oxidationsverhalten von Zircaloy und Inconel 718. Weiterhin wird der Kenntnisstand 
über den Mechanismus der Shadow Corrosion erläutert und eine Beschreibung über die 
einflussnehmenden Effekte auf das erhöhte Korrosionsphänomen, wie galvanische Korro-
sion, Wasser-Radiolyse und Strahlungseffekt, gegeben. Weiterführende Informationen und 
Parameter seitens der AREVA GmbH hinsichtlich Wasserverunreinigungen und einer einge-
setzten Beschichtung auf Inconel 718 sind aufgeführt, welche von Bedeutung für die 
Fragestellung bezüglich des Shadow Corrosion Phänomens sind. Der letzte Abschnitt dieses 
Kapitels beinhaltet die Simulationsbedingungen und Parameter für die Laborexperimente 
hinsichtlich der Wasserchemie, der Probengeometrie und der Verwendung von UV-Licht um 
den Strahlungseffekt und die Wasser Radiolyse zu ermöglichen. 

Drei verschiedene Arbeitshypothesen dieser Dissertation werden in Kapitel 3 beschrieben. 
Eine Arbeitshypothese bezüglich der Shadow Corrosion basiert auf einem galvanischen 
Korrosionsmechanismus zwischen Zircaloy und Inconel 718. Zudem wird angenommen, 
dass die galvanische Korrosion durch abgeschiedenes Silber auf Zircaloy und Inconel 718 in 
Form eines erhöhten Korrosionsstroms beeinflusst wird. Weiterhin wird vermutet, dass der 
Korrosionsstrom durch eine CrN Beschichtung auf Inconel 718 verringert wird. 

Die Aufgabenziele sind in Kapitel 4 aufgelistet, welche ein vertieftes Wissen hinsichtlich des  
Korrosionsmechanismus einschließlich der einflussnehmenden Parameter und Triebkräfte 
durch die Erforschung von Shadow Corrosion mittels Experimenten außerhalb des Reaktors 
beinhalten. Ein weiteres Ziel war die Erprobung der Wirksamkeit einer möglichen Abstands-
halter Beschichtung um die Korrosion zu verringern oder die Reaktorkomponenten sogar vor 
Shadow Corrosion zu schützen. 

Kapitel 5 gibt einen Überblick über den experimentellen Abschnitt mit einer Beschreibung der 
verwendeten Materialien und Chemikalien, wie Zircaloy und Inconel 718, sowie der Proben 
Präparationstechniken, wie Ätzen, Voroxidation oder Beschichtung mit CrN. Des Weiteren 
werden die drei Versuchsaufbauten für die unterschiedlichen simulierten Umgebungsbe-
dingungen abhängig von Temperatur und Wasserchemie-Parametern dargestellt. Die 
elektrochemischen Messmethoden, darunter elektrochemisches Korrosionspotential, galva-
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nische Korrosion, elektrochemische Impedanzspektroskopie und Konduktometrie werden 
beschrieben. Weitere Methoden zur Oberflächenanalyse einschließlich Mikroskopie, Raster-
elektronenmikroskopie (REM), Ionenfeinstrahlanlage (FIB-Anlage), Transmissionselektro-
nenmikroskopie (TEM), Ellipsometrie, optische Emissionsspektroskopie (OES) mit induktiv 
gekoppeltem Plasma und Spektrophotometrie werden vorgestellt. 

Die Ergebnisse mit entsprechenden Diskussionen sind in Kapitel 6 zusammengefasst, 
welches in drei Unterkapitel unterteilt ist. Kapitel 6.1 behandelt die Abhängigkeit von elektro-
chemischen Parametern, wie elektrochemisches Korrosionspotential, galvanisches Potential 
und galvanischer Strom sowie durch elektrochemische Impedanzspektroskopie erhaltene 
Parameter, in Abhängigkeit von verschiedenen Wasserchemie Bedingungen. Der Schwer-
punkt lag hierbei auf der Wasserstoffperoxid Konzentration, der Anwesenheit von Verunrei-
nigungen in Form von Nitrat und der Bestrahlung mit UV-Licht. Weiterhin werden Ober-
flächenanalysen mittels der Ionenfeinstrahlanlage (FIB-Anlage) und der Transmissions-
elektronenmikroskopie durchgeführt um die Struktur, die Zusammensetzung und die Dicke 
der Oxidschicht nach Auslagerung in sauerstoffhaltigem Hochtemperatur-Wasser zu visuali-
sieren. Die Ergebnisse mit anschließenden Diskussionen hinsichtlich der Hypothese des 
Silber-Effektes auf die Shadow Corrosion werden in Kapitel 6.2 dargestellt. Dieses Kapitel 
fasst die Ergebnisse der Silberabscheidungsexperimente und der Auslagerungsversuche 
von Proben mit abgeschiedenem Silber zusammen. Der Schwerpunkt von Kapitel 6.3 liegt 
auf dem neu entwickelten Hochtemperatur-Autoklav und der Übertragbarkeit der bisher 
erzielten Ergebnisse im Rohrreaktor sowie der Übertragbarkeit zu höheren Testtemperaturen 
bis zu 250 °C. Weiterhin werden die Ergebnisse welche im Hochtemperatur-Autoklav 
hinsichtlich Auslagerungsversuchen von Probenpärchen mit elektrochemischen Mess-
methoden in Form von elektrochemischem Korrosionspotential, galvanischem Potential und 
galvanischem Strom sowie elektrochemischer Impedanzspektroskopie und anschließenden 
Oberflächenanalysen zusammengefasst. Darüber hinaus werden anfängliche elektro-
chemische Messergebnisse von neuartig modifizierten Beschichtungen auf Inconel 718 
während der Auslagerungsversuche in sauerstoffhaltigem Hochtemperatur-Wasser dar-
gestellt. 

Abschließend fasst Kapitel 7 die wichtigsten Ergebnisse dieser Dissertation zusammen. 
Kapitel 8 gibt einen Ausblick über weiterführende Fragestellungen und Zielvorgaben hinsicht-
lich dem Thema „Shadow Corrosion“. 
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Abstract 

The focus of the present thesis was the study of the enhanced corrosion phenomenon 
named “Shadow Corrosion”. Within the context of researching based on the corrosion 
mechanism as well as the influencing parameters and driving forces, which cause or even 
intensify the corrosion, a variety of electrochemical characterization and surface analysis 
techniques were used. 

The first part of this thesis gives a short introduction with the definition of the term Shadow 
Corrosion and of the specific type called “Enhanced Spacer Shadow Corrosion” (ESSC). 
This is followed by a description of the involved materials being Zircaloy and Inconel 718. 

Chapter 2 introduces the background knowledge including fundamentals about environ-
mental conditions under which Shadow Corrosion occurs as well as the oxidation behavior of 
Zircaloy and Inconel 718. Furthermore, the state of the art about the Shadow Corrosion 
mechanism is presented and a description of the influencing effects on the enhanced 
corrosion phenomenon, like galvanic corrosion, water radiolysis, and photo-effect, is given. 
Further information and parameters on the part of AREVA GmbH concerning water impurities 
and a used coating layer on Inconel 718 are listed, which are of interest for the issue 
concerning the phenomenon Shadow Corrosion. The last part of this chapter contains the 
experimental conditions and parameters for the laboratory experiments with focus on water 
chemistry, specimen geometry, and UV-light exposure for photoexcitation and water 
radiolysis. 

Three different working hypotheses of this thesis are described in chapter 3. One hypothesis 
regarding the Shadow Corrosion Phenomenon is based on a galvanic corrosion mechanism 
between Zircaloy and Inconel 718. In addition, it is supposed that the galvanic corrosion 
could be influenced by the deposition of silver on Zircaloy and Inconel 718 in the form of an 
increased galvanic current. A further assumption is that the galvanic current could be 
decreased by a CrN coating layer on Inconel 718.  

Objectives including a deeper knowledge about the corrosion mechanism with its influencing 
parameters and driving forces by studying Shadow Corrosion with out-of-pile autoclave 
experiments are listed in chapter 4. A further aim was to test the effectiveness of a possible 
spacer coating to reduce the corrosion or even to prevent the reactor plant components 
against Shadow Corrosion. 

Chapter 5 gives an overview of the experimental part with a description of the materials and 
chemicals, like Zircaloy and Inconel 718, as well as the specimen preparation techniques, 
such as etching, pre-oxidation or coating with CrN. Moreover, the three experimental test 
set-ups used to simulate the different conditions as a function of temperature and water 
chemistry parameters are depicted. The electrochemical measuring methods including 
electrochemical corrosion potential (ECP), galvanic corrosion (GC), electrochemical impe-
dance spectroscopy (EIS) and conductometry are described. Further methods for surface 
analyses comprising microscopy, scanning electron microscopy (SEM), focused ion beam 
(FIB), transmission electron microscopy (TEM), ellipsometry, ion coupled plasma optical 
emission spectroscopy (ICP-OES) and spectrophotometry are presented.  
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Results and corresponding discussions are summarized in chapter 6, which is divided into 
three subchapters. Chapter 6.1 deals with electrochemical parameters, like electrochemical 
corrosion potential, galvanic potential, and galvanic current as well as parameters obtained 
from electrochemical impedance spectroscopy as a function of different water chemistry 
parameters. The focus was on the concentration of hydrogen peroxide, the presence of 
impurities in the form of nitrate, and the exposure to UV-light. Furthermore, surface analyses 
via the focused ion beam technique and the transmission electron microscopy were gathered 
to visualize the oxide layer structure, composition, and thickness after exposure to oxy-
genated high-temperature water. Results with subsequent discussions concerning the 
hypothesis of the silver effect on the Shadow Corrosion Phenomenon are presented in 
chapter 6.2 This chapter summarizes the results of the silver deposition experiments and 
exposure experiments using specimens with deposited silver. The focus of chapter 6.3 is the 
newly constructed high-temperature autoclave and the transferability of the experimental 
results in the tube reactor as well as the transferability to higher test temperatures up to 
250 °C. As a complement, the results obtained in the high-temperature water autoclave 
concerning exposure tests of specimen pairings with electrochemical measuring techniques 
in the form of electrochemical corrosion potential, galvanic potential, galvanic current, and 
electrochemical impedance spectroscopy as well as with surface analyses are summarized. 
Preliminary electrochemical measurements by means of exposure tests in oxygenated 
high-temperature water of new modified coatings on Inconel 718 are also represented. 

Finally, chapter 7 highlites the most significant results of this thesis and chapter 8 provides 
an outlook for future studies concerning the topic “Shadow Corrosion”. 
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Abbreviations and Symbols 

ADF Annular Dark-Field 

Ag Silver 

Ag+ Silver Ion 

Ag/AgCl Silver/Silver Chloride 

AgNO3 Silver Nitrate 

aq. Aqueous 

Austenite Austenitic Stainless Steel 

bar Bar 

BF Bright-Field 

BSE Backscattered Electron 

BWR Boiling Water Reactor 

c0 Starting Concentration 

ci Concentration of Element i 

CB Conduction Band 

CE Counter Electrode 

CPEc Constant Phase Element Coating 

CPEdl Constant Phase Element Double Layer 

CPEil Constant Phase Element Inner Layer 

CPEol Constant Phase Element Outer Layer 

Cr Chromium 

CrN Chromium Nitride ≙ Composition of Cr2N + Cr 
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Cr2O3 Chromium Oxide 

CrO4
2- Chromate 

°C Degree Celsius 

DB Dark Blue 

DH Dissolved Hydrogen  

Deionate Deionized Water 

DO Dissolved Oxygen  

e- Electron 

e-
aq. Solvated Electron 

EC Electrical Conductivity 

ECP Electrochemical Corrosion Potential 

EDX Energy Dispersive X-Ray Spectroscopy 

EG Bandgap Energy 

EIS Electrochemical Impedance Spectroscopy 

EMF Electromotive Force 

ESSC Enhanced Spacer Shadow Corrosion 

eV Electron Volt 

∆E Electrochemical Potential Difference 

FE-SEM Field Emission Scanning Electron Microscopy 

FIB Focused Ion Beam 

GC Galvanic Corrosion 

ger. mat. no. German Material Number 

GIS Gas Injection System 
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HCrO4
- Hydrogen Chromate 

h Hour(s) 

H+ Hydrogen Ion 

H∙ Hydrogen Radical 

H2 Hydrogen 

H2O Water 

HV Vickers Pyramid Number: Unit for Hardness 

HWC Hydrogen Water Chemistry 

Hz Hertz 

hν Photon energy 

H2O2 Hydrogen peroxide 

I Current 

ICP-OES Inductively Coupled Plasma – Optical Emission Spectrometry 

IR Infrared 

I718 Inconel 718 

kl Linear Rate Constant 

kp Parabolic Rate Constant 

kGy/s Kilogray/second: Absorbed Radiation Dose of Ionizing Radiation 

l Liter(s) 

LB Light Blue 

LMIS Liquid Metal Ion Source 

LWR Light Water Reactor 

λ Wavelength 
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Milli-Q Ultrapure water (Millipore) 

mV Millivolt 

μm Micrometer 

µΩ cm Micro Ohm Centimeter 

N2 Nitrogen 

NiO Nickel Oxide 

nm Nanometer 

NMC Noble Metal Chemistry 

NO3
- Nitrate 

O2 Oxygen 

OH∙ Hydroxyl Radical 

p.a. Per Analysis 

ppb Parts Per Billion, µg/kg 

ppm Parts Per Million, mg/kg 

PWR Pressurized Water Reactor 

Rc Coating Resistance 

Rct Charge Transfer Resistance 

RE Reference Electrode 

Rel Electrolyte Resistance 

Ril Resistance Inner Layer  

Rol Resistance Outer Layer 

rms Root Mean Square  

RPE Rotating Polarizer Ellipsometer 
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RT Room Temperature 

SE Secondary Electron 

SEM Scanning Electron Microscopy 

SHE Standard Hydrogen Electrode 

STEM Scanning Transmission Electron Microscopy 

TEM Transmission Electron Microscopy 

TOC Total Organic Carbon 

UV Ultraviolet 

V Volt 

VB Valence Band 

vol % Volume Percent 

VUV Vacuum Ultraviolet 

W Watt 

W Warburg Impedance 

WE Working Electrode 

wt % Weight Percent 

x Oxide layer thickness 

Zr Zirconium 

ZRA Zero Resistance Ammeter 

ZrO2 Zirconium Oxide 

Zry Zircaloy 
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1 Introduction 

The term “Shadow Corrosion” defines a localized corrosion phenomenon in boiling water 
reactor (BWR) cores. The enhanced in-reactor corrosion occurs on the zirconium-based alloy 
Zircaloy (fuel cladding tube and channel material) which is located in close proximity in the 
range of a few millimeters to or in contact with another dissimilar metallic component. The 
dissimilar metal component is usually more noble than Zircaloy, like, for example, the 
nickel-based alloy Inconel 718 (spacer material), Austenitic stainless steel, which is a 
Cr-Ni-steel, (structural material of the internals) or other materials. The appearance of the 
enhanced corrosion phenomenon is a shadow of the very close noble metal part on the 
Zircaloy surface.[1] Phenomenological Shadow Corrosion as enhanced corrosion with thicker 
oxide layer colored in black and gold, respectively, is shown in Figure 1-1 as shadow of a 
control blade handle made of Austenitic stainless steel on the outside of the Zircaloy fuel 
channel. Considering a schematic of the arrangement comprising fuel channels and control 
blade as well as the geometrical relationship between control blade handle and fuel channel 
for the Shadow Corrosion Phenomenon is shown in the appendix in Figures 9-1 and 9-2. 

 

 

 

 

 

Figure 1-1: Shadow Corrosion Phenomenon. 
Left side: Shadow of a control blade handle on the adjacent BWR fuel channel with schematic 

of relative arrangement of both components.[2] 
Right side: Image of Shadow Corrosion on BWR fuel channel.[3]  
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Although the phenomenon has been known for nearly 50 years, the occurrence and the 
mechanisms leading to the effects of Shadow Corrosion in the radiation field of commercial 
BWRs are still unclear.[4] In the literature, two leading mechanisms based on “galvanic 
corrosion” or “local water radiolysis” as a function of the specific parameters of water 
chemistry were suggested to explain Shadow Corrosion.[3],[4]  

A specific type of Shadow Corrosion is the “Enhanced Spacer Shadow Corrosion” (ESSC) on 
Zircaloy fuel cladding tubes underneath spacer and spacer springs made of Inconel 718, 
which is known since the late 90’s.[5],[6] The oxide thickness on Zircaloy under the spacer 
spring is unusually large and often appears as particularly uncracked and dense.[2] An image 
of such a damaged fuel rod with ESSC is shown in Figure 1-2. 

 

 

Figure 1-2: Image of the fuel rod with Enhanced Spacer Shadow Corrosion underneath the 
Inconel 718 spacers and spacer springs.[7]  
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2 Background 

2.1 Fundamentals 

Shadow Corrosion on Zircaloy is observed only in-pile, which means in the reactor core, of 
one type of light water reactors (LWRs), namely in boiling water reactors (BWRs), where an 
oxidizing environment is present, but not in pressurized water reactors (PWRs).[2],[8] In BWRs 
operated with normal water chemistry, highly pure water without any addition of chemicals is 
used from which a saturated steam is produced. It is circulated through the reactor core that 
runs the turbine generator. A schematic of a BWR is depicted in Figure 2-1. Table 2-1 
summarizes the characteristic in-core parameters regarding temperature, pressure, and 
water chemistry conditions of a BWR. 

 

Table 2-1: Parameters for water chemistry in-core of a BWR.[8],[9] 

Temperature 

in °C 

Pressure 

in bar 

O2 

in ppb 

H2O2 

in ppb[9] 

H2 

in ppm#) 

Electrical 

conductivity 

(feed water) 

in µS/cm 

288 70 200 – 400 500 0 / 0.05 – 0.30 < 0.08 

 

#) dosing for hydrogen water chemistry (HWC) / noble metal chemistry (NMC) in BWR 

 

 

Figure 2-1: Schematic of a BWR.[2]  
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The setup of a BWR fuel assembly with fuel rods made of Zircaloy and spacer grids made of 
Inconel 718 is shown in Figure 2-2. 

Zircaloy is standardly used as nuclear fuel cladding material since the early 1950’s due to its 
low thermal neutron absorption cross-section, its appropriate corrosion resistance in high 
temperature water and steam as well as reasonable mechanical properties. The zirconium-
based alloy Zircaloy contains additional transition metals, such as tin, iron, nickel, and 
chromium. This is meant to improve the corrosion resistance and to form an uniform thick 
oxide film without susceptibility towards early spalling. Zircaloy is used as type Zircaloy-2 for 
BWRs.[2],[10],[11],[12] 

Spacer grids are used to improve the structural rigidity of the Zircaloy fuel tubes. To this end, 
the spacer grids are placed along the fuel tube at defined distances, while the fuel tubes are 
hold in the fuel assembly via spacer springs. State of the art material for the spacer grids and 
spacer springs is the nickel-based alloy Inconel 718. It features high mechanical strength and 
corrosion resistance at high temperatures. Former spacers were manufactured from 
Zircaloy.[2],[13],[14] 

 

 
 

Figure 2-2: BWR fuel assembly. 
Left side: Image of external view of a BWR fuel assembly.[15] 

Right side: Schematic of a BWR fuel assembly with fuel rods and spacer grids.[15] 
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2.2 Oxidation Behavior 

2.2.1 Zircaloy 

The high affinity of Zircaloy for oxygen leads to a spontaneously passivation of the bare 
metal once a maximum of dissolved oxygen is reached in the metal. Hereby, a thin and 
chemically inert oxide film of about 2 to 5 nm is formed at the metal/oxide interface. Due to 
this oxide film any access of oxidizing species to the bare metal is limited. This passivation 
reaction takes even place at room temperature and under ambient air conditions.[12],[16],[17],[18]  

The Zircaloy oxidation follows a two-stage mechanism with a pre-transition and a post-
transition stage, as shown schematically in Figure 2-3. 

 

 

Figure 2-3: Oxidation curve of Zircaloy with pre-transition and post-transition stage.[19] 

 

The Zircaloy oxidation is described by para-linear kinetics. This is a combination of a para-
bolic rate law followed by a linear rate law after the transition thickness is reached. Oxidation 
kinetics in the initial pre-transition stage of Zircaloy follow a parabolic behavior, see 
Equation (1), until a transition thickness of about 2 to 3 µm achieved. The pre-transition stage 
is controlled by the diffusion of the oxidant in the form of oxygen ions through the existing 
dense oxide layer in the form of metastable tetragonal zirconium oxide (ZrO2). Overall, this 
rate limiting diffusion process is thermally activated and a higher diffusion rate is typically 
induced at higher temperatures. In the subsequent post-transition stage, the oxide growth 
rate becomes linear with time, see Equation (2). As a result, the initial protective oxide layer 
is then covered by a partially porous oxide layer in the form of the more stable monoclinic 
zirconium oxide phase due to stress-induced crack formation and pores generation within the 
oxide.[16],[19] 
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x = �kp t  (1) 

x = kl t (2) 

 

Considering the fact that the corrosion kinetics slow down as the oxide thickness increases, it 
is assumed that the oxide layer growth depends on the oxygen diffusion kinetics through the 
oxide film. The rate limiting step is hypothesized to be either the oxygen ions diffusion or the 
electron transport through the oxide film.  

According to the point defect model stated by D. D. Macdonald, the oxygen ion transmission 
is thought to occur by a vacancy movement and depends therefore on Schottky defects.[20] In 
contrast H. Frank published that the transport properties of zirconium alloy oxide films follow 
an electron motion limiting process. It strongly depends on the electrical conductivity of the 
oxide layer.[21]  

It is stated that the Zircaloy corrosion occurs by inward migration of oxygen ions through the 
oxide layer to the Zr/ZrO2 interface either through the bulk or through grain boundaries. As 
already mentioned, the passive oxide film on Zircaloy is formed as a bilayer with an inner 
compact barrier layer and an outer porous layer. Experiments with markers in the form of 
noble gases in the surface layer, which were introduced by ion implantation, were conducted. 
The positions of the markers before and after the oxidation process were identified via 
surface analyses. These results showed a growth direction of the inner layer into the metal 
phase and an outwards growth direction from the oxide layer/environmental interface of the 
outer layer.[17],[20],[21],[22] 

 

2.2.2 Inconel 718 

A protective surface oxide film consisting of Cr2O3 is formed on Ni-based alloys, which 
improves the corrosion resistance. The oxidation reaction follows a parabolic rate law. It is 
assumed that the oxidation layer growth is controlled by the diffusion of the chromium cation 
through the Cr2O3 layer.[23],[24]  

In oxygenated high-temperature water with a low dissolved oxygen amount of 200 ppb, a thin 
inner layer of octahedral NiO and a compact outer oxide layer of hexagonal Cr2O3 needles 
are formed. On top of this chromium-rich oxide, another oxide layer is formed due to the 
deposition of dissolved ions in the oxygenated high-temperature water in the form of iron, 
chromium, and nickel, possibly zinc, stemming from internal components of the reactor.[25],[26]  
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2.3 State of the Art 

2.3.1 Overview 

The Shadow Corrosion Phenomenon has been observed for more than 50 years in 
commercial BWRs and until now several theoretical models have been published to explain 
this enhanced corrosion effect. 

At the beginning of the detection of the Shadow Corrosion Phenomenon, a galvanic 
corrosion mechanism between two dissimilar metals has been proposed. The cathodic 
component is responsible for the shape of the shadow, while on the anodic component the 
enhanced corrosion in the form of Shadow Corrosion was assumed to take place. To this 
end, the required electron transfer for the galvanic corrosion reactions takes place via direct 
metallic contact between the two components or through water, which separates the two 
components. The fact that Shadow Corrosion happens on Zircaloy without the needs for 
direct contact to the austenitic control blade handle, shown in chapter 1, gives a hint for the 
assumption that the phenomenon is not a classic galvanic mechanism.[27] So far the Shadow 
Corrosion Phenomenon could not be reproduced in laboratory autoclave experiments. Only 
slightly increased oxide thicknesses were obtained on Zircaloy. Therefore, the radiation 
effect in-pile of the reactor seems to be of great importance.[2],[11]  

Regarding the effect of Shadow Corrosion, two alternative mechanisms were published in 
1998 and reviewed by Lysell et al. in 2005. As mechanisms were mentioned “Galvanic 
analysis” and “Local radiolysis”, whereas local radiolysis is stated to have the major 
contribution for the shadow formation.[3] 

Furthermore, locally enhanced corrosion was observed on contact areas of Zircaloy 
components (fuel rods) with Zircaloy parts (spacers) as mentioned by Garzarolli et al. in 
2001. It is assumed that Shadow Corrosion is a special kind of crevice corrosion in narrow 
gaps with a width range of up to a few millimeters, whereas typical crevices are only tens of 
nanometer in width.[27]  

The effect of water radiolysis was hypothesized to be responsible for the Shadow Corrosion 
Phenomenon either exclusively or additionally to the galvanic aspect. The oxidation of 
hydrogen peroxide, which is produced from water radiolysis, on the counter electrode and 
the following reduction reactions of the oxidation products on the Zircaloy surface locally 
accelerate the Zircaloy oxidation via an electron flow.[4] In addition, it was presumed that 
radiolytic yields will be locally increased by energetic β-radiation emitted from neutron 
activated isotopes. Due to theoretical and experimental results with Nitronic 32, which is a 
more than ten times higher β-emitter than Inconel 718, the β-radiation hypothesis was 
discarded, however.[1],[27] 

The latest hypothesis from Murty in 2013 is that the Shadow Corrosion Phenomenon is 
induced by an irradiation-assisted galvanic corrosion mechanism.[2] Several arguments are 
brought forward to support this hypothesis. In the reactor core, enhanced electrochemical 
potential differences between Zircaloy and the other materials, like Inconel 718 and 
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Austenite, are present. The dissimilar metals have direct contact or a defined distance 
smaller than 5 mm and an enhancement of electrical conductivity of oxides via irradiation 
was reported.[2] 

 

2.3.2 Irradiation-Assisted Galvanic Corrosion Mechanism 

2.3.2.1 Galvanic Corrosion 

The Enhanced Spacer Shadow Corrosion (ESSC) occurs on Zircaloy when Inconel 718 as 
dissimilar and more noble metal in comparison to Zircaloy is in electrical contact with it in a 
conducting corrosive environment, which is in this case high-temperature water with a 
temperature of 288 °C. Under oxidizing conditions, as it is the case in-pile of BWRs with 
normal water chemistry, the two metals have different electrochemical corrosion potentials 
(ECPs) resulting in an electrochemical potential difference (∆E). The latter functions as 
electromotive force (EMF) for the galvanic corrosion reaction. Figure 2-4 shows the 
electrochemical potential levels of Zircaloy and Inconel 718, which were obtained from 
laboratory experiments within this thesis. A high electrochemical potential difference between 
Zircaloy and Inconel 718 (∆E ≈ 360 mV at 150 °C, ∆E ≈ 920 mV at 250 °C) is only present 
under oxidizing water chemistry conditions in BWRs, but not under hydrogenated conditions 
of PWRs. In the latter, only small potential differences (∆E ≈ 100 mV) are present between 
both metals.[2] The electrical connection between the two metals is enabled across the whole 
fuel assembly or via a direct contact of the metallic components. This results in a short circuit 
for the electron current and enables the electron transfer for the oxidation and reduction 
reactions.[1],[11],[27]  

 

 

Figure 2-4: ECPs of Zircaloy and Inconel 718 with resulting EMFs at 150 °C under 
oxygenated (200 ppb) and hydrogenated (25 ppb) water chemistry conditions. 
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The galvanic corrosion process depends on the conductivity of the electrolyte and the 
potential difference between the dissimilar metals.[11],[28] Both parameters are influenced by 
the water chemistry conditions and the irradiation processes. Details of the effects on 
conductivity, ECPs, and galvanic current densities will be described in later chapters. 

The less noble metal, which is in this case Zircaloy, with lower ECP acts predominantly as 
anode and will be oxidized, while the reduction reaction of oxygen and hydrogen peroxide 
takes mainly place on the more noble and cathodic metal. It is in this case Inconel 718. The 
anodic oxidation reactions, cathodic reduction reactions, and overall galvanic reactions are 
shown in Figure 2-5. The following reaction equations are formulated using the abbreviation 
Zr for Zirconium due to the fact that the main component of the alloy Zircaloy is 
Zirconium.[29],[30] 

 

 

Anodic oxidation reactions: 
 

Zr + 2 H2O → ZrO2 + 4 H+ + 4 e- 

 

Cathodic reduction reactions: 

O2 + 2 H2O + 4 e- → 4 OH- 

H2O2 + 2 e- → 2 OH- 

Overall galvanic reactions: 

Zr + O2 → ZrO2
 

Zr + 2 H2O2 → ZrO2 + 2 H2O 

Figure 2-5: Anodic oxidation reactions, cathodic reduction reactions, and overall galvanic 
reactions.[4] 

 

2.3.2.2 Radiolysis of Water 

Radiolysis of the highly pure reactor water in the radiation field in the reactor core produces 
radiolytic species via gamma-rays and fast neutrons, which generate protons by the collision 
with hydrogen atoms, with a dose rate lager than 10 kGy/s. The photons in the water around 
the nuclear fuel are product via the Cherenkov effect. Cherenkov radiation results from fast 
electrons produced by the Compton scattering of gamma-rays, which are generated 
in-core.[31],[32][33],[34] 

The radiation-induced decomposition of water provides several primary products such as  
e-

aq., H+, OH˙, H˙, H2 and H2O2.[35] Radical, ionic, and molecular products obtained from water 
radiolysis are shown in Figure 2-6. 

 

H2O ⇝ H2 + O2 + H2O2 + H˙ + ˙OH + HO2˙ + HO2
- + O2

- + O˙ + H+ + OH- + e-
aq. 

Figure 2-6: Radical, ionic, and molecular products from the water radiolysis.[32] 
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The primary radical, ionic, and molecular products, like O2, H2, and H2O2, of water radiolysis 
were identified in the 1960-1980’s and the rate constants of most of the radiolytic reactions 
were determined.[36] The reactions during radiolysis with its rate constants and activation 
energies are shown in the appendix in Datasheet 9-1. 

The presence of oxidizing species, such as relatively stable O2 and H2O2, as well as certain 
other transient species, causes an oxidizing water chemistry environment in-core of BWRs. 
Based on calculations from modelling water radiolysis, it is assumed that a content of 
dissolved oxygen of approximately 200 ppb and a dissolved hydrogen peroxide content of 
approximately 500 ppb is present in the nuclear in-core reactor water.[9],[32] The presence of 
strongly oxidizing O2 and H2O2, whereas H2O2 is even a stronger oxidant than O2, and their 
reduction at the cathodic noble metal surface (reaction equations shown in Figure 2-5) 
promotes the anodic Zircaloy oxidation. This is furthermore intensified by the locally 
increased water conductivity via radiolysis products.[2],[34] 

 

2.3.2.3 Photo-effect 

The influence of irradiation in the form of photons on metals is called “Photo-effect”. The 
passive oxide films formed on metals like, Zircaloy, Inconel 718 or Austenite, exhibit semi-
conducting behaviors. Photoexcitation under irradiation is possible when the oxide film 
absorbs photon energy (hν) which exceeds the bandgap energy (Eg). An electronic excitation 
between occupied (valence band, VB) and unoccupied (conduction band, CB) electronic 
states results in electron-hole pairs in the oxide layer according to Equation (3) and as shown 
in Figure 2-7. The bandgap energy is defined according to Equation (4), whereas Ec and Ev 
are, respectively, the energies of the bottom of the conduction band and the top of the 
valence band.[33],[37] 

hν → e- + h+ (3) 

Eg = Ec - Ev (4) 

 

A schematic diagram of energy band models of the three solid states – conductor, 
semiconductor, and insulator – with the bandgap energy (Eg) is shown in Figure 2-7. 
Table 2-2 summarizes the bandgap energies, which are reported in the literature for the 
oxide films formed on Zircaloy, Inconel 718, and Austenite. 
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Table 2-2: Type of semi-conducting metal oxides with respective Eg-values.[37],[38],[39],[40],[41],[42] 

 ZrO2 
NiO / 

Ni(OH)2 
Cr2O3 

Fe2O3 /  

Fe3O4 

Type 

of semiconductor 
n-type 

p-type 
n-p transition 

n/p-type 
n-type  

n/p-type 

Bandgap energy (Eg) 

 in eV 
≈ 4.8 

≈ 3.6 – 4.0 /  
≈ 2.2 – 2.3 

≈ 2.8 – 3.5 
≈ 1.9 – 2.0 /  

≈ 0.1 

 

 

 

Figure 2-7: Energy band model of solids: Conductor, semiconductor, and insulator.[40] 

 

Additional electron-hole pair formation under irradiation leads to reduced electronic 
resistance and, therefore, increased electronic conductivity of the oxide films. Because of the 
reduced electronic resistance in the oxide layer, which was previously the rate limiting step, 
the oxide growth is then fully driven by the free energy of oxidation. Importantly, the 
increased charge carrier concentration near the oxide surface under illumination enhances 
the corrosion process of metals, like Zircaloy.[11],[33] 

Under irradiation with UV-light an increased electrochemical potential difference between 
Zircaloy and Inconel 718 (∆E ≈ 700 mV) is present due to the fact that an anodic potential 
shift for n-type semiconductors, like ZrO2 on Zircaloy, and a cathodic potential shift for p-type 
semiconductors, like nickel, iron, and chromium oxides on Inconel 718 or Austenite, are 
generated.[33],[43] Such increased electrochemical potential difference and increased EMF 
lead to an enhancement of the galvanic corrosion.[33] Figure 2-8 shows an overview for the 
potential shifts of Zircaloy and Inconel 718 under exposure to UV-light, which were obtained 
from laboratory experiments within this thesis. 
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Figure 2-8: ECPs of Zircaloy and Inconel 718 with resulting EMFs at temperatures ≥ 150 °C 
under oxygenated water chemistry conditions (200 ppb) as a function of UV-light irradiation. 

 
 

2.3.3 Information and Parameters by AREVA GmbH 

Under normal circumstances reactor water of a BWR is of high purity with very low 
conductivity and without additional chemicals to keep the corrosion of the materials low. 
Nevertheless, impurities are introduced into the reactor water by the feedwater or directly 
from reactor components. These impurities can be in the form of either metal ions, like iron, 
nickel, chromium, and silver, or anionic species, like nitrate or chloride, and will increase the 
electrical conductivity of the high-temperature water and, therefore, promote galvanic 
corrosion. Furthermore, impurities induce potential shifts due to the potential dependency on 
water chemistry and hence increase potential differences resulting again in an enhanced 
corrosion rate.[11],[34] Due to the fact of increased impurity contents of nitrate and silver ions in 
the water outlet of the reactor it is necessary to test if these parameters influence the 
Shadow Corrosion Phenomenon. High nitrate and silver concentrations were implied by an 
increased electrical conductivity of the reactor water. It was found out that the increased 
silver ion concentration resulted from silver coated sealings. 

To prevent the Shadow Corrosion Phenomenon, a coating for the Inconel 718 spacer with 
springs was developed. For example, Inconel 718 coating is based on a chromium nitride 
layer, which consists of Cr2N + Cr. The layer is typically applied via a physical vapor 
deposition sputtering technique, which will be explained in detail in a following chapter (see 
chapter 5.2.3). The chromium nitride coating is abbreviated as “CrN” in this thesis 
independent of the real chemical composition. The idea behind coating the fuel element 
spacer is to reduce or even prevent the enhanced Shadow Corrosion effect on Zircaloy 
cladding tubes by increasing the internal resistance of the galvanic corrosion cell. 
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As known from the literature, chromium nitride (CrN) films have become increasingly popular 
in industry as chemical and mechanical protective coating for material surfaces in wear and 
corrosion resistance utilization. The reasons are good high-temperature oxidation resis-
tances, excellent wear resistances, a high level of hardness (1090 Hv) as well as low values 
for friction coefficient and electrical resistivity (640 µΩ cm).[44],[45] CrN films have been studied 
in detail during recent years and characterized via SEM and EDX analyses as well as 
hardness determination tests and X-ray diffraction techniques. The composition of the 
chromium nitride layer (phase types: Cr, Cr2N, CrxNy) depends on the nitrogen content during 
the sputtering process, which is described in chapter 5.2.3, whereas corrosion depends on 
the density and porosity of the coating film.[46] The protective chromium nitride coating, for 
example on austenitic materials, affects the corrosion in the form of an increased corrosion 
resistance and protects the substrate material below the coating layer. It acts as an effective 
barrier between the substrate material and the electrolyte. Therefore, a slightly more positive 
ECP, a decreased corrosion current density, and an increased electrochemical impedance 
were obtained in electrochemical experiments, like potentiodynamic polarization curves and 
electrochemical impedance spectroscopy measurements.[47],[48] 

Regarding a prevention measure for the Shadow Corrosion Phenomenon, it was assumed to 
lower the galvanic corrosion kinetics for the galvanic corrosion cell between Zircaloy and 
Inconel 718 by introducing a spacer coating made out of CrN. The decreased corrosion 
kinetics should occur due to a thick, compact, and stable oxide layer formed by high-
temperature oxidation of CrN. It is published in the literature that the oxidation kinetics follow 
a parabolic rate growth and that a chromium oxide with the composition of Cr2O3 is 
formed.

[44],[49] The oxidation reactions of Cr2N + Cr forming chromium oxide follow the 
reactions in  Equations (5) and (6).[50],[51] 

 

2

3
 Cr2N + O2 → 

2

3
 Cr2O3 + 

1

3
 N2 (5) 

2 Cr + 
3

2
 O2 → Cr2O3 (6) 

 

It is furthermore hypothesized that the oxide layer formed on the initially CrN coated 
Inconel 718 is more compact and thicker than the natural oxide formed on blank Inconel 718 
under oxygenated high-temperature water chemistry conditions. A compact and thick oxide 
layer acts as an effective barrier for oxygen diffusion and leads to an increased resistance of 
the corrosion cell consisting of Zircaloy and Inconel 718. Thus, it prevents on one hand, the 
corrosion of the base material Inconel 718 itself and, on the other hand, the reduction 
reaction of oxidizing O2 and H2O2 on the cathodic surface of Inconel 718. The prevention of 
the cathodic reduction reaction would decrease the galvanic corrosion kinetics and, 
therefore, the anodic oxidation reactions of Zircaloy. Both effects would lead to a decrease of 
the overall galvanic corrosion current density.  
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2.3.4 Experimental Conditions and Parameters 

Laboratory experiments regarding the Shadow Corrosion Phenomenon were performed in a 
simulated BWR environment. High purity Milli-Q water was used and purged by a mixture of 
oxygen and nitrogen to achieve oxidizing water chemistry conditions with a dissolved oxygen 
content of DO = 200 ppb. Simulation of the presence of the oxidizing hydrogen peroxide was 
performed adding hydrogen peroxide with different concentrations in the range from 250 to 
1000 ppb into the test solution. To avoid a premature thermal decomposition of hydrogen 
peroxide a secondary mass flow, initially at room temperature (RT), was pumped into the test 
solution at test temperature. Impurities in the high-temperature water were simulated adding 
commercial chemicals to the test solutions. 

Test temperatures of up to 250 °C were adjusted depending on the test set-up and 
experimental limitations. Irradiation simulation in the laboratory was enabled using UV-light of 
the type UV-C (280 to 200 nm) and vacuum-UV (VUV, 200 to 100 nm) with photon energies 
λ < 255 nm, see the electromagnetic wavelength spectrum in Figure 2-9. 

 

 

Figure 2-9: Electromagnetic wavelength spectrum.[52] 

 

For photoexciting ZrO2 a photon energy greater than the ZrO2 bandgap energy of Eg ≈ 4.8 eV 
is necessary. This leads to required photon wavelengths of λ < 255 nm. Water radiolysis with 
UV-light wavelengths λ < 185 nm lead to a homolysis reaction and an ionization reaction of 
water producing hydroxyl radicals (∙OH), hydrogen radicals (H∙), and hydrogen ions (H+) as 
well as solvated electrons (e-

aq.). The chemical reactions for the homolysis and the ionization 
of water are shown in Equations (7) and (8). Hydrogen peroxide decomposition to hydroxyl 
radicals is induced with wavelengths λ < 200 nm, as shown in Equation (9).[53],[54] 

 

Homolysis: H2O 
hν (185 nm)
�����������  H˙ + ˙OH (7) 

Ionization: H2O 
hν (185 nm)
�����������  ˙OH + H+ + e-

aq. (8) 

H2O2 Decomposition: H2O2 
hν < (200 nm)
������������� 2 ˙OH (9) 
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Due to the limited penetration depth of UV-light in water in the range of approximately 5 m for 
a wavelength of λ < 255 nm and about 1 mm for a wavelength of λ < 185 nm, shown in 
Figure 2-10, the specimen orientation towards the UV-light source had to be as close as 
possible to approximately 1 cm.  

 

 

Figure 2-10: Penetration depth of light in water as a function of the wavelength λ.[55] 

 

The simulation of the Enhanced Spacer Shadow Corrosion was performed using specimen 
pairings of Zircaloy and Inconel 718. Known from plant data regarding the ESSC region, a 
surface area ratio between Inconel 718 and Zircaloy of I718 : Zry = 1.6 : 1 was defined. Due 
to this fact, specimen pairings of Inconel 718 and Zircaloy with correlating surface area ratio 
present in the plant were formed. Specimen pairings, as shown in Figure 2-11, were 
arranged by simulating the contact area between Inconel 718 and Zircaloy, the crevice 
condition as well as the shadow and light areas on the same Zircaloy specimen. 

 

 
 

Figure 2-11: Specimen pairing formation for simulation of ESSC.  

 

Zircaloy and Inconel 718 materials were used for the laboratory experiments with the same 
material requirements as used in the reactor plants to compare and to transfer the 
experimental results and the reactor plant observations. CrN coated Inconel 718 specimens 
were manufactured during the coating process of the Inconel 718 spacer grids used in the 
reactor plants. Thus, the coated surfaces of specimens are comparable to plant application 
as well. 
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3 Working Hypotheses 

Three working hypotheses regarding the Shadow Corrosion Phenomenon were postulated in 
this PhD thesis to explain the enhanced corrosion effect of Zircaloy. Shadow Corrosion is 
hypothesized to be caused by a short circuit corrosion cell, in which the driving force is given 
by the electrochemical potential difference between dissimilar materials. Furthermore, it is 
supposed that silver on Zircaloy could, on one hand, enhance a coating layer on Inconel 718 
could, on the other hand, reduce the galvanic corrosion. 

 

3.1 Galvanic Corrosion Mechanism 

One hypothesis is a galvanic corrosion mechanism between Zircaloy and Inconel 718 in the 
contact area of the cladding tube and the spacer spring, as shown schematically in 
Figure 3-1. The short circuit cell is enabled by the fact that all the reactor core components 
are metallically connected. Thereby, the electron transport is also possible through the high-
temperature water due to solvated electrons and β-radiation in-pile of a BWR. In this galvanic 
corrosion pairing the Zircaloy contact surface below the Inconel 718 springs represents the 
anode, while the adjacent spacer surface constitutes the cathode. Anodic oxidation reactions 
of Zircaloy, cathodic reduction reactions of oxygen and hydrogen peroxide as well as overall 
galvanic reactions based on the hypothesis of a galvanic contact corrosion mechanism are 
shown in Figure 3-2. 

 

 

Figure 3-1: Hypothesis: Galvanic contact corrosion mechanism between Zircaloy and 
Inconel 718.  
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Anodic oxidation reactions: 
 

Zr + 2 H2O → ZrO2 + 4 H+ + 4 e- 

 

Cathodic reduction reactions: 

O2 + 2 H2O + 4 e- → 4 OH- 

H2O2 + 2 e- → 2 OH- 

Overall galvanic reactions: 

Zr + O2 → ZrO2
 

Zr + 2 H2O2 → ZrO2 + 2 H2O 

Figure 3-2: Anodic oxidation reactions, cathodic reduction reactions, and overall galvanic 
reactions.  

 
 

3.2 Effect of Silver on Galvanic Corrosion Mechanism 

It is supposed that a reductive currentless deposition of silver takes place on surfaces of 
more ignoble metals, like Zircaloy and Inconel 718, as shown schematically in Figure 3-3. To 
this end, the deposited silver amount depends on the thickness of the ZrO2 layer on Zircaloy 
surfaces and on the presence of CrN on Inconel 718. Furthermore, the presence of UV-light 
influences the silver amount during its deposition. Silver acts as catalyst for the reduction 
reaction of O2 and H2O2.[56],[57] It is assumed that an increased cathodic surface area on both 
Zircaloy and Inconel 718 is generated to enhance the cathodic reduction reaction and, 
therefore, to increase the oxidation reaction of Zircaloy. The anodic oxidation reactions of 
Zircaloy, the cathodic reduction reactions of oxygen and hydrogen peroxide as well as the 
overall galvanic reactions based on a galvanic corrosion mechanism between Zircaloy and 
Inconel 718 have already been presented in Figure 3-2. 

In detail, it is hypothesized (see Table 3-1) that in the absence of UV-light an increased silver 
deposition occurs on blank Zircaloy when compared to pre-oxidized Zircaloy. The reason for 
that is, on one hand, the electrical insulation of zirconium oxide without UV-light and, on the 
other hand, the presence of higher ECPs for pre-oxidized Zircaloy when compared to blank 
Zircaloy. This results for the latter in a higher electrochemical potential difference to silver 
and, therefore, in a higher EMF. In contrast to that, the amount of deposited silver under 
exposure to UV-light is higher on pre-oxidized Zircaloy than on blank Zircaloy due to the 
increased photo-effect for pre-oxidized Zircaloy. This results in an increased electrochemical 
potential difference and, in turn, in a higher EMF between the ECP of pre-oxidized Zircaloy 
and the ECP of Ag. It is also assumed that the deposited silver on pre-oxidized Zircaloy will 
be removed from the Zircaloy surface in the absence of UV-light due to the electrical 
insulation of the zirconium oxide layer. Finally, it has to be considered that on Inconel 718 
blank and CrN coated less silver will be deposited compared to blank and pre-oxidized 
Zircaloy. This is due to the more positive ECP and, hence, the decreased electrochemical 
potential difference, which results in a lower EMF.  
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Table 3-1: Hypotheses with explanations regarding the effect of Ag on Shadow Corrosion 
under different conditions. 

Experimental condition 

UV OFF/ON 
Hypothesis Explanation 

UV OFF 
Silver deposition: 
Zryblank > Zryoxide 

Electrical insulation of ZrO2 
without UV-light 

ECP(Zryblank) < ECP(Zryoxide) 
� higher ∆E  

� EMF: Zryblank > Zryoxide 

UV ON 
Silver deposition: 
Zryblank < Zryoxide 

Photo-effect: 
ECP(Zryblank) < ECP(Zryoxide) 

� higher ∆E  
� EMF: Zryoxide > Zryblank 

UV ON � UV OFF 
Silver removal 
from Zryoxide  

Electrical insulation of ZrO2 
without UV-light 

UV OFF/ON 
Silver deposition: 

Zry > I718 

ECP(Zry) < ECP(Zryoxide) 
� higher ∆E  

� EMF: Zry > I718 

 

 

 

Figure 3-3: Hypothesis: Influence of Ag on galvanic contact corrosion mechanism between 
Zircaloy and Inconel 718.  
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3.3 Effect of CrN Coating on Galvanic Corrosion 

Mechanism 

Based on the assumption of a galvanic corrosion mechanism between Zircaloy and 
Inconel 718, another hypothesis implies that a CrN coating in the form of Cr2N + Cr could act 
as a prevention against Shadow Corrosion, as shown schematically in Figure 3-4. It is known 
from the literature (see detailed description in chapter 2.3.3) that CrN with good high-
temperature oxidation resistances acts as effective barrier between the substrate material, 
which is in this case Inconel 718, and the electrolyte. As such, the barrier layer in the form of 
CrN and later in the form of a very compact oxide layer on the Inconel 718 would increase 
the galvanic corrosion cell resistance and, in turn, decrease the electron transfer between the 
oxidation reaction of Zircaloy and the reduction reactions occurring on Inconel 718. 

 

 

Figure 3-4: Hypothesis: Influence of CrN coating on galvanic contact corrosion mechanism 
between Zircaloy and Inconel 718. 
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4 Objectives 

While the Shadow Corrosion Phenomenon has already been known since 50 years, research 
in this field has been attracted within the last two decades. To the present the mechanisms 
and the influencing parameters, which lead to Shadow Corrosion, are still unclear. Conse-
quently, studies mainly focus on the investigation of the Shadow Corrosion mechanism. A 
fundamental understanding of the mechanism is essential to develop a mitigation technique 
to reduce the enhanced corrosion.[4] 

The objective of this PhD thesis was to further deepen the knowledge about the Shadow 
Corrosion mechanism and to identify the parameters and driving forces which cause, or even 
accelerate the reaction. Mainly, the specific type of Shadow Corrosion called “Enhanced 
Spacer Shadow Corrosion” was investigated within the scope of this work. It has been known 
since the late 90’s. Here, the enhanced corrosion occurs on Zircaloy fuel cladding tubes 
underneath spacer and spacer springs made of Inconel 718.[5],[6] 

According to different hypotheses, the extent of Shadow Corrosion depends not only on 
material and physical parameters, such as material combinations and material distance, but 
also on its chemical environment, e.g. oxygen, hydrogen peroxide, nitrate, and silver. Further 
parameters, like temperature, time dependency, and irradiation, show an influence on 
Shadow Corrosion. Within this work Shadow Corrosion was investigated with out-of-pile tests 
according to the explained hypotheses regarding galvanic corrosion and the effect of both 
silver and a CrN coating on the corrosion mechanism (see detailed description in chapter 3.1 
to 3.3).  

A step by step analysis of electrochemical measurements, like ECP, GC, and EIS, under 
various well-defined conditions (different materials, UV-light irradiation, and water chemistry 
conditions) help to better understand the corrosion reaction. Additional surface analyses by 
means of SEM, EDX, FIB, and TEM, allow to gain further information about the mechanism. 

Finally, to reduce Shadow Corrosion or even to fully prevent the reactor plant components 
against the enhanced corrosion, a spacer coating in the form of CrN was tested according to 
its reliability. Mainly, the effect of CrN on the galvanic corrosion between Zircaloy and 
Inconel 718 as well as the stability of CrN towards UV-light were focused. Due to the lack of 
prevention by the CrN layer against Shadow Corrosion, new modified spacer coatings were 
developed and initial experiments have been performed. 
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5 Experimental Part 

5.1 Specimen Materials and Chemicals 

5.1.1 Zircaloy 

Two different types of the zirconium-based alloy Zircaloy (Zry) were used: Zircaloy-2 (Zry-2) 
(ger. mat. no.: R60802) and Zircaloy-4 (Zry-4) (ger. mat. no.: R60804). Zry-4 was available 
as metal wire with a diameter of 0.80 mm and Zry-2 was used as a sheet metal with a 
thickness of 0.48 mm. Table 5-1 gives the chemical compositions according to the inspection 
certificate of Zry-2 and the analysis results via energy dispersive X-ray spectrometry (EDX, 
see following chapter 5.4.6) measurements of Zry-4, see Datasheet 9-2, Table 9-1, and 
Figure 9-3 in the appendix. 

 

Table 5-1: Chemical composition of Zircaloy. 

Element 

in wt % 
Zr Sn Fe Cr Ni 

Zry-2 

(sheet) 
bulk 1.20 – 1.50 0.14 – 0.20 0.05 – 0.15 0.03 – 0.08 

Zry-4  

(wire) 
98.42 1.32 0.26 unquantifiable – 

 
 

5.1.2 Inconel 718 

The nickel-based alloy Inconel 718 (I718) was used as a sheet metal (NiCr19Fe19Nb5Mo3, 
ger. mat. no.: 2.4668) with a thickness of 0.25 mm and as a metal wire (ER NiCr-3, 
ger. mat. no.: 2.4806) with a diameter of 0.80 mm. The chemical compositions are shown in 
Table 5-2 according to the inspection certificate and the datasheet, shown in the appendix in 
Datasheets 9-3 and 9-4. 

 

Table 5-2: Chemical composition of Inconel 718. 

Element 

in wt % 
Ni Cr 

Nb 

+Ta 
Mo Ti Al Fe Cu Si Mn 

I718 

(sheet) 
53.60 18.20 5.11 3.06 1.03 0.62 residue 0.01 0.06 0.24 

I718 

(wire) 
residue 20.0 

2.7 
(Nb) 

– – – 0.8 – < 0.2 3.0 
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5.1.3 Austenitic Stainless Steel 

The Austenitic stainless steel (Austenite) was used as a sheet metal (X6CrNiNb18-10, 
ger. mat. no.: 1.4550) with a thickness of 1.90 mm or as a metal wire (welding electrode: 
ER 347 Si, ger. mat. no.: 1.4551) with a diameter of 1.00 mm. Table 5-3 gives the chemical 
compositions according to the inspection certificates, shown in the appendix in 
Datasheets 9-5 and 9-6. 

 

Table 5-3: Chemical composition of Austenitic stainless steel. 

Element 

in wt % 
C Si Mn P S Cr Ni Mo Nb Cu Fe 

Austenite 

(sheet) 
0.03 0.18 1.83 0.02 0.001 18.50 10.65 0.30 0.57 – residue 

Austenite 

(wire) 
0.05 0.42 1.77 0.02 0.007 19.64 9.32 0.08 0.57 0.19 residue 

 

 

5.1.4 Platinum 

Platinum was used with a purity of 99.95% (see certificates in Figures 9-4 and 9-5 in the 
appendix) as a metal wire having a diameter of 1.00 mm with an additional bead at the tip for 
increasing the surface area or as a sheet metal with a thickness of 0.60 mm. 

 

5.1.5 Chemicals 

The following chemicals were used as purchased without further purification: 

- H2O2 (30 wt %) from Merck, p.a. 

- NaNO3 from Merck, p.a. 

- AgNO3 from Merck, p.a. 

- HNO3 (65 wt %) from J. T. Baker/Merck, p.a. 

- Ag Standard for ICP-OES from Bernd Kraft, p.a. 

- TiO(SO4) ∙ x H2O from Honeywell Riedel-de Haën, p.a. 
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5.2 Specimen Preparation 

5.2.1 Zircaloy Etching 

Zircaloy etching to remove natural zirconium oxide from the surface was performed in an 
aqueous etching bath of hydrofluoric acid (HF) and nitric acid (HNO3) (HF (10 %) 16.7 wt %, 
HNO3 (65 %) 41.7 wt %, H2O 41.7 wt %) at room temperature. During the etching process 
the Zircaloy was immersed in the etching bath two times for approximately 30 seconds 
each.[58] 

 

5.2.2 Zircaloy Pre-Oxidation 

Zircaloy pre-oxidations to achieve oxide thicknesses within on order of magnitude of 
nanometers (35, 50, and 67 nm) to micrometers (1, 3, and 15 µm) were carried out in a 
muffle, a tubular, and an air-circulation furnace. Prior to the oxidation process, the Zircaloy 
specimens were etched with the etchant, as described in chapter 5.2.1. The oxidation 
conditions regarding furnace type, ambient conditions, temperature, and holding times are 
listed in Table 5-4. Oxide thicknesses in the micrometer range were measured via 
metallographic cross section under an optical light microscope as well as using the scanning 
electron microscope (see following chapter 5.4.5 and 5.4.6). Oxide thickness measurement 
results of the metallographic cross section are shown in the appendix in Figure 9-6. Oxide 
layers with a thickness in the range of nanometers were gauged via the ellipsometry 
technique, as described in chapter 5.4.9. 

 

Table 5-4: Oxidation conditions for pre-oxidation of Zircaloy. 

Oxide 

thickness 

Furnace 

type 

Ambient 

conditions 

Temperature  

in °C 

Holding time  

in h 

1 / 3 µm tubular 
Ar 20 vol %,  
O2 80 vol % 

400 / 500 0 / 0 

3 / 15 µm air-circulation 
Ar 20 vol %,  
O2 80 vol % 

550 24 / 96 

35 / 50 / 67 nm muffle ambient air 300 2.5 / 7 / 16 
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5.2.3 Inconel 718 Coating with Chromium Nitride  

Prior to the coating of Inconel 718 with a chromium nitride layer by the pulsed DC magnetron 
sputtering technique (scheme shown in the appendix in Figure 9-7), a heat treatment with 
defined parameters according to AREVA GmbH guidelines was conducted. This coating 
technique is a kind of physical vapor deposition (PVD) technique and was performed by the 
supplier company PT&B SILCOR GmbH. The sputtered chromium nitride layer was of the 
chemical composition of Cr2N + Cr and is abbreviated within the thesis as “CrN”. The 
chromium nitride coating shows a columnar structure with a thickness of nearly 4 µm, as 
depicted in the SEM images in Figure 5-1. 

 

  

Figure 5-1: SEM images of the CrN coating. 
Left side: Top view on CrN surface with 10kx magnification. 

Right side: FIB lamella (10kx magnification) with oxide thickness of about 4 µm. 

 

During the sputtering process a temperature of about 200 °C and a working pressure of 
about 0.1 Pa were adjusted in the pressure chamber. The substrate (Inconel 718) was 
placed inside the chamber and rotated continuously. Argon ions (Ar+), which were accele-
rated from an argon plasma, impact the chromium sputtering target surface (cathode, 
negatively charged by magnetic assembly) and strike out particles. These particles react with 
the nitrogen sputtering gas and move as chromium nitride coating particles (Cr2N + Cr) in 
direction towards the substrate (Inconel 718) (anode, positively charged by magnetic 
assembly) on which they condensate. The magnetic assembly behind the chromium target 
increased the sputter rate and degree of ionization.[59] 

 

5.2.4 Platinum Activation 

The platinum surface cleaning procedure was carried out in pure nitric acid (65 %). To this 
end, the platinum was heated until a red annealing color was reached and afterwards 
quenched in nitric acid. This process was repeated for four times.[60]  
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5.3 Test Set-Ups 

5.3.1 Tube Reactor Test Set-Up – 150 °C 

The tube reactor made of Austenitic stainless steel (ger. mat. no. 1.4541), shown in 
Figure 5-2, had a total height of approximately 390 mm and was equipped with an UV-lamp 
in a quartz cylinder in the center. Thereof, a homogenous cylindrical crevice between the 
quartz cylinder and the tube inner surface was formed with a crevice width of 1.19 mm, 
where the test solution was pumped through to get in contact with the specimens in the form 
of wires. The specimens were installed at different positions (0° to 360°) and at different 
heights of the tube reactor having its tip in the middle of the crevice between quartz cylinder 
and the tube inner surface. The quartz cylinder was flushed with nitrogen for cooling the 
UV-lamp and for removing oxygen to prevent ozone formation. This test set-up was used for 
measurements at a temperature of 150 °C and a pressure of 10 bar. The temperature was 
controlled and monitored using four different temperature measurement positions over the 
whole tube reactor length.   

 

 

 

Figure 5-2: Tube reactor test set-up. 
Left side: Overview of the whole tube reactor test set-up. 

Right side: Detailed view of the tube reactor.  
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The UV-light source was a low pressure amalgam lamp (UVI-amalgam-lamp, 
UVI 40 4C S 15/300, one side wire conduction, UV-Technik Speziallampen GmbH) with an 
active length of 150 mm and a total power of 35 W. A power of 10 W is emitted as light. The 
wavelength spectrum, see Figure 5-3, showed that most of the relative intensity of the 
UV-light is in the UVC-light range mainly at a wavelength of 255 nm.[61] 

 

 

Figure 5-3: Wavelength spectrum of low pressure amalgam UV-lamp.[61] 

 

The water make-up system is a cascade of ion exchangers and an UV-lamp to reduce ionic 
impurities to reach water quality as it is used for BWR applications according to impurities 
and electrical conductivity (EC < 0.06 µS/cm, total organic carbon (TOC) content solved in 
the test solution < 5 ppb). Flushing the stored water in vessels made of Austenitic stainless 
steel purged with nitrogen, oxygen, and hydrogen, respectively, guaranteed defined water 
chemistry conditions. The water chemistry parameters were continuously monitored at the 
inlet and outlet position of the test rig. The monitoring comprised the electrical conductivity 
(EC), the dissolved oxygen (DO) content, and the dissolved hydrogen (DH) content. 
Additionally, water samples were taken for analysis of ionic impurities in the test solution at 
the outlet position of the tube reactor. 

A flow of flushed and pre-heated water of 35 ml/min was continuously pumped through the 
tube reactor. During the periods of chemical dosage (nitrate or hydrogen peroxide) a 
secondary mass flow of 5 ml/min, initially at room temperature, was pumped into the main 
flow directly in front of the tube reactor. A special inlet mixing device was used to guarantee 
continuous and equal flow through the crevice at all circumferential positions (0° to 360°).The 
outlet position of the tube reactor had four small tubes as an assembler unit to secure an 
equal pressure drop at different angle positions from 0° to 360°.  
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5.3.2 Static Test Set-Up – 65 °C 

The double-walled cylindric glass jar with a volume capacity of one liter was equipped with 
an UV-lamp in a quartz tube, see Figure 5-4. The quartz tube was centered in the middle of 
the glass jar and flushed with nitrogen for cooling the UV-lamp and for removing oxygen to 
prevent ozone formation.  

 

  

Figure 5-4: Static test set-up. 
Left side: Static apparatus equipped with UV-lamp in faraday cage. 

Right side: Static apparatus with aluminium shell for protection of UV-light. 

 

The UV-light source was a medium pressure mercury emitter (UVH-mercury-lamp, ozone 
producing, UVH 1016 10, one sided wire conduction, uv-technik meyer gmbh) with 
adjustable UV-lamp power and with a wavelength spectrum as shown in Figure 5-5. 
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Figure 5-5: Wavelength spectrum of medium pressure mercury UV-lamp.[62] 

 

The spectrum has the following distribution of the relative intensity: Most of the relative 
intensity (60 W) of the UV-light was UV-C-light in a wavelength range from 200 to 280 nm. 
UV-B-light (280 to 315 nm) and UV-A-light (315 to 400 nm) had both the same relative 
intensity of 30 W. The active length of the UV-light source was 100 mm with a maximal 
output of 40 W/cm, resulting in a maximum total lamp output of 400 W. The energy balance 
is composed of 30 % UV-radiation, 15 % visible light, and 55 % infrared (IR) in the form of 
thermal output. To guarantee a constant test temperature of 65 °C, the UV-lamp was used 
with only a total output of 350 W.[62]  

With this apparatus several experiments under static water chemistry parameters were 
performed unpressurised at a constant temperature of approximately 65 °C. To keep this 
temperature an external cooling via a cooling water circuit was used during operation of the 
UV-lamp. Alternatively, an external heating via a heating plate was utilized when the 
UV-lamp was not in use. The temperature of the test solution was monitored via three 
thermal elements at different positions between the outer wall of the quartz tube and the 
inner wall of the glass jar. The temperature called internal temperature was measured near 
the outer wall of the quartz tube, whereas the temperature named external temperature 
reflected the measurement position near the double wall of the glass jar. The measured 
temperature in the middle between the outer wall of the quartz tube and the inner wall of the 
glass jar was called centered temperature. This measurement position was equal to the 
position of the installed specimens. 

The specimens in the form of metal sheets were installed from the top of the glass jar and 
positioned homogeneously around the quartz tube with a maximal distance of 2 cm relative 
to the quartz tube. During the electrochemical measurements the static apparatus was used 
in a Faraday cage to reduce the electrical noise during the measurements. For protection of 
the emitted UV-light the glass jar was integrated into an external aluminium shell.  
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5.3.3 High-Temperature Test Set-Up – 150 to 250 °C 

The high-temperature autoclave made out of Austenitic stainless steel (ger. material no. 
1.4571), shown in Figure 5-6, was equipped with an UV-lamp in a sapphire tube. The 
sapphire tube was centered in the middle of the autoclave and flushed by nitrogen for cooling 
the UV-lamp and for removing oxygen to prevent ozone formation. This test set-up was used 
for measurements at temperatures from 150 to 250 °C and a pressure of up to 70 bar. The 
temperature of the test system was controlled and monitored using six thermocouples at 
different heights and circumferential positions: one at the bottom of the autoclave, one at the 
top of the autoclave, and four in the middle of the autoclave, each per quadrant, namely 0°, 
90°, 180°, 270° positions. 

 

 

 

 

 

Figure 5-6: High-temperature test set-up. 
Left side: Overview of high-temperature autoclave. 

Right side: Top view of high-temperature autoclave equipped with sapphire tube. 

 

The UV-light source was a medium pressure mercury emitter (UVH-mercury-lamp, ozone 
producing, UVH 1015-8, two sided wire conduction, uv-technik meyer gmbh) with an active 
length of 100 mm and an adjustable UV-lamp output of maximum 40 W/cm, resulting in a 
total lamp output of 400 W.[62] The wavelength spectrum of the UV-lamp is shown in Figure 
5-5 of chapter 5.3.2.  
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To achieve water quality as it is used for BWR applications according to remaining impurities 
and electrical conductivity (EC < 0.06 µS/cm, TOC < 5 ppb) a water make-up system of ion 
exchangers and an UV-lamp was used to reduce ionic impurities. The water was stored in 
vessels made of Austenitic stainless steel and flushed with nitrogen, oxygen, and hydrogen, 
respectively, to adjust the defined water chemistry conditions. 

The water chemistry parameters were continuously monitored at the inlet and outlet position 
of the test rig regarding the electrical conductivity (EC), the dissolved oxygen (DO) content, 
and the dissolved hydrogen (DH) content. Additionally, it was possible to take water samples 
to analyze ionic impurities and to measure the TOC-value in the test solution at the inlet and 
outlet position of the autoclave. 

The gap between the sapphire tube and the inner autoclave wall was 30 mm and contained a 
water volume of approximately 0.5 l. The test solution was pumped through the gap to 
contact with the flat specimens. Four flow inlet positions were on the bottom side of the 
autoclave, while four flow outlet positions were on the top side of the autoclave, twisted by 
45° relative to the bottom positions. A perforated plate on the bottom and top of the autoclave 
was used for additional solution swirls. A flow of the flushed and pre-heated water of 
250 ml/min was continuously pumped through the autoclave. During periods of chemical 
dosage (nitrate or hydrogen peroxide) a secondary mass flow of 5 ml/min, initially at room 
temperature, was pumped into the main flow directly in front of the test cell. The autoclave 
featured a special inlet mixing device to guarantee continuous and equal flow through the 
gap at all circumferential positions (0° to 360°). 

The specimens in the form of metal sheets were installed both from the top and the bottom of 
the autoclave using twin and quadruplet heads and positioned homogenously (0° to 360°) 
around the sapphire tube with a maximal distance of 2 cm.  
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5.4 Methods 

5.4.1 Electrochemical Corrosion Potential 

5.4.1.1 Experimental Procedure 

Measurements of the electrochemical corrosion potential (ECP), as the electrical potential 
measured at zero net current, were recorded against a reference electrode (RE) at a certain 
test temperature, as shown in Figure 5-7. For potential measurements at temperatures less 
than 70 °C a silver/silver chloride reference electrode (Ag/AgCl) within a Haber-Luggin-
Capillary with an electrochemical potential difference against the standard hydrogen 
electrode (SHE) of approximately +207 mVSHE at room temperature was used. During 
electrochemical corrosion potential measurements at temperatures between 150 °C and 
250 °C a high temperature silver/silver chloride reference electrode, which was developed 
from the AREVA GmbH, was used. This high temperature reference electrode enabled the 
potential measurement directly at the test temperature. The measured corrosion potential 
was converted to a potential value versus SHE at test temperature based on a certain 
equation developed by AREVA GmbH, which includes several temperature coefficients. 

The potentials of the working electrodes (WE) were measured multi-channel via high-ohmic 
impedance converters and recorded via an analog/digital data acquisition unit (MW 100 unit 
or Yokogawa unit). All electrochemical corrosion potentials were corrected and reported as 
electrochemical potential values against SHE. 

 

 

Figure 5-7: Schematic diagram of electrode arrangement for ECP measurement. 
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5.4.1.2 Presentation of Results 

The presentation of the ECP measurements follows the exemplary diagram (potential vs. 
time) shown in Figure 5-8. The ECPs of the different materials are measured over a certain 
time period. The different specimens are listed with corresponding colors in the figure legend 
on the right side of the diagram. The environmental conditions concerning temperature, 
UV-light exposure, and water chemistry, for example dissolved oxygen or hydrogen peroxide 
concentration, are presented in the left legend of the diagram. Time periods of hydrogen 
peroxide dosage are highlighted with light pink bars. Periods with and without UV-light 
exposure are marked with curly brackets using the term UV OFF and UV ON. 

 

 

Figure 5-8: Exemplary diagram of ECP measurements at 150 °C under oxygenated conditions 
(200 ppb) as a function of UV-light exposure and H2O2 presence (500 ppb). – 

Zry blank (black), Zry 3 µm (brown), I718 blank (gray), I718 CrN (purple), Austenite (dark green), 
and Platinum (blue). 

 

5.4.2 Galvanic Corrosion 

5.4.2.1 Experimental Procedure 

Galvanic corrosion (GC) measurements with regard to galvanic potentials and galvanic 
currents were performed with a “Gamry” test system (Gamry Reference 600 Potentiostat/ 
Galvanostat/ZRA or Gamry PC4 Potentiostat/Galvanostat/ZRA). It was used in the “zero 
resistance ammeter” (ZRA) mode. A simplified schematic of a potentiostat is shown in the 
appendix in Figure 9-8.  

Prior to any galvanic corrosion measurements the ECP was measured versus time to ensure 
steady state conditions. For all galvanic corrosion measurements, platinum was used as a 
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pseudo reference electrode. It shows a low impedance and a low overvoltage as well as a 
relatively stable electrochemical potential under oxygenated experimental conditions. Accor-
ding to the corrosion convention, a positive current is anodic, while a negative current is 
cathodic.[63],[64],[65]  

Figure 5-9 shows the electrode arrangements for galvanic corrosion measurements using, on 
one hand, two different electrodes as working electrode (WE) and counter electrode (CE) 
and, on the other hand, one electrode as WE and the autoclave as CE. The ZRA device 
maintained the WE and the CE at the same voltage through an electrical short circuit with 
zero volts between them. The potential between the WE and the CE was the cell potential 
and was measured against the pseudo reference electrode (RE), which is in this case 
platinum. The measured cell potential was then converted to a potential value versus SHE. In 
the ZRA mode, the current flow between the WE and the CE was measured, from which then 
the current density was calculated. A schematic diagram of the potentiostat circuits in the 
ZRA mode is shown in the appendix in Figure 9-9. 

 

 

 

 

Figure 5-9: Schematic diagram of electrode arrangement for GC measurement. 
Left side: Two different electrodes used as WE and CE. 

Right side: One electrode used as WE and the autoclave used as CE. 

 

5.4.2.2 Presentation of Results 

The presentation of the GC measurements is based on the exemplary diagram (current 
density vs. time on the left y-axis and potential vs. time on the right y-axis) as shown in 
Figure 5-10. The galvanic current density and the cell potential are measured over a certain 
time period and colored in blue and orange, respectively, see figure legend on the right side 
of the diagram. The specimen combination for the GC measurement is mentioned in left 
legend of the diagram, for example Zircaloy blank vs. Inconel 718 blank. Here, Zircaloy blank 
functions as working electrode and Inconel 718 blank as counter electrode. The environ-
mental conditions concerning temperature, UV-light exposure, and water chemistry 
(concentration of dissolved oxygen and H2O2) are listed in the legend on the left side of the 
diagram. Light pink bars highlight the time periods of hydrogen peroxide dosage. Curly 
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brackets are used to illustrate the time periods with and without UV-light exposure using the 
marking UV OFF and UV ON. 

 

 

Figure 5-10: Exemplary diagram of GC measurements at 150 °C under oxygenated conditions 
(200 ppb) as a function of UV-light exposure and H2O2 presence (500 ppb). 

Left y-axis: Current density (blue). Right y-axis: Cell potential (orange). 

 

5.4.3 Electrochemical Impedance Spectroscopy 

5.4.3.1 Experimental Procedure 

Electrochemical impedance spectroscopy (EIS) measurements regarding the frequency 
dependent impedance or alternating current resistance were performed with a “Gamry” test 
system (Gamry Reference 600 Potentiostat/Galvanostat/ZRA or Gamry PC4 Potentiostat/ 
Galvanostat/ZRA) in the potentiostatic EIS mode. In this measurement mode, a sinusoidal 
potential excitation with a magnitude of 40 mV rms (root mean square), which is equivalent to 
a peak amplitude of 40 mV ∙ 2√2, was imposed to the system at its steady state (DC 
voltage = 0 V) over a frequency range of 1 ∙ 106 Hz to 0.002 Hz with seven points within 
every frequency decade. The current response, which is also alternating and sinusoidal, but 
shifted in phase and with different amplitude, was monitored at each frequency.  

Prior to any EIS measurement the ECP was measured versus time to ensure steady state 
conditions. For all EIS measurements, platinum was used as a pseudo reference electrode, 
because it has a lower impedance than a standard reference electrode.[63],[64] In the case of 
the tube reactor test set-up (see chapter 5.3.1) and the high-temperature test set-up (see 
chapter 5.3.3) a three-electrode arrangement, shown in Figure 5-11, with WE, CE and, RE 
was used. The autoclave made of Austenitic stainless steel was used in this case as large-
area counter electrode, wherefore the impedance of the counter electrode could be 
neglected according to the literature.[66] In the case of the static test set-up made of glass 
(see chapter 5.3.2) a two-electrode arrangement, shown in Figure 5-11, with WE and 
platinum, which acts both as RE and CE, was used.  



Experimental Part 
 

 
- 35 - 

  

Figure 5-11: Schematic diagram of electrode arrangement for EIS measurement. 
Left side: Three-electrode arrangement using WE, RE = Pt and CE = autoclave. 

Right side: Two-electrode arrangement using WE, RE/CE = platinum. 

 

5.4.3.2 Presentation of Results 

EIS measurements are presented in the form of a Nyquist diagram (-imaginary part Z vs. real 
part Z), as shown in Figure 5-12. The specimen and the environmental conditions concerning 
temperature, UV-light exposure, and dissolved oxygen concentration, for the EIS measure-
ment are listed in the left legend of the diagram. The measured values are depicted as 
points, while the corresponding fits are illustrated as dashed lines, as defined in the figure 
legend on the right side of the diagram. Results under UV-light exposure are colored in 
orange, whereas results without UV-light are presented in blue (see figure legend on the right 
side). 

 

 

Figure 5-12: Exemplary Nyquist diagram of EIS measurements at 150 °C under oxygenated 
conditions (200 ppb) as a function of UV-light exposure. – 

Measured values (points) with corresponding fits (dashed lines), UV OFF (blue), and UV ON 
(orange).  
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5.4.4 Conductometry 

The temperature dependent electrical conductivity of an aqueous solution under defined 
water chemistry conditions and with/without the presence of UV-light was calculated via the 
electrical resistance of the electrolyte. An electrical conductivity cell consisting of two 
platinum sheet metals with a defined distance and a calibrated cell constant was used in the 
high-temperature test set-up. The corresponding measurements were performed with a 
“Gamry” potentiostat (Gamry Reference 600 Potentiostat/Galvanostat/ ZRA).[67] 

 

5.4.5 Microscopy 

Stereo microscopic images were recorded with a Leica M165C MST59 and optical light 
microscopic images were performed on a Leica DM 4000. 

 

5.4.6 Scanning Electron Microscopy 

Scanning electron microscope (SEM) analyses were performed with a high resolution 
Schottky TESCAN MIRA 3 XMU system to visualize the morphology and composition of the 
sample surface with nanometer resolution. Such a field emission scanning electron 
microscope (FE-SEM) used a high brightness Schottky emitter as electron gun with a small 
electron spot to enable high-resolution, high current, and low-noise imaging. The images 
were recorded under high voltage and high vacuum with an accelerating voltage of 10 or 
20 kV and with a magnification between 50x and 20kx.  

The imaging was performed in two detection modes using different detectors to collect the 
emission signals: the secondary electrons (SE) and the backscattered electrons (BSE). 
Low-energy secondary electrons gave information about the morphology and the topology. 
Information about the composition could be derived from signals of high-energy back-
scattered electrons from the primary electron beam. A schematic view of the electrons 
emitted from a sample is shown in the appendix in Figure 9-10. The detection of X-rays and 
the energy measurement of the emitted X-ray photons were performed in the energy 
dispersive X-ray spectrometry (EDX) mode to achieve further compositional information. 
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5.4.7 Focused Ion Beam 

Focused ion beam (FIB) preparations and subsequent SEM analyses were performed with 
the dual beam FIB/SEM system ZEISS NEON 40 EsB CrossBeam. High resolution FE-SEMs 
were fit with an integrated gas injection system (GIS) for depositing metals or insulating 
layers. In addition, the system included a FIB column for preparing specimen lamellas (see 
Figure 9-11 in the appendix), which are used for analyses in the transmission electron 
microscope (TEM), see the following chapter 5.4.8. 

Prior to the preparation of the specimen lamella, a platinum sputtering in the form of two 
platinum layers was performed in the selected area via the gas injection system using two 
different energies to prevent damaging the upper oxide layer, shown in the appendix in 
Figure 9-12. The milling process was performed using a gallium liquid metal ion source 
(LMIS) with an accelerating voltage of 30 kV. Electron transparent lamellas with a thickness 
of approximately 100 nm, a width of 20 to 30 µm, and a height of approximately 10 µm were 
fabricated. SEM imaging during the FIB procedure, as shown in Figure 5-13, were performed 
using a Schottky field emitter as electron beam with an accelerating voltage of 3 to 10 kV and 
with a magnification range from 125x to 30000x. 

 

  

Figure 5-13: SEM images of the FIB lamella preparation. 
Left side: Overview of FIB preparation area (125x magnification). 

Right side: FIB lamella (5kx magnification). 

 

5.4.8 Transmission Electron Microscopy 

Transmission electron microscope (TEM) analyses were performed with a high resolution 
FEI COMPANY TecnaiTM G2 20 S-TWIN system for imaging electron transparent lamellas, as 
shown in Figure 5-14, using LaB6 as electron source. The lamellas were prepared by the FIB 
milling technique. TEM was equipped with a scan system for operating in the scanning 
transmission electron microscope (STEM) mode for bright-field (BF) and annular dark-field 
(ADF) imaging as well as with an EDX detector for compositional analyses (see Figure 9-13 
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in the appendix). The oxide layer thickness and the oxide composition was analyzed and 
imaged adjusting an electron energy of 200 kV and a magnification range from 7kx to 400kx. 

 

  

Figure 5-14: FIB lamellas for TEM analysis. 

 

5.4.9 Ellipsometry 

Ellipsometry spectra were recorded with a DUV-NIR spectroscopic ellipsometer SOPRA 
SE-5 (now Semilab) of the Rotating-Polarizer-Ellipsometer (RPE) type (see Figure 9-14 in 
the appendix) for oxide layer thickness determinations at the Fraunhofer IISB in Erlangen. 
Automated spatially resolved five point measurements were performed with a parallel beam 
with a spot size of 3 mm and a measurement time of 1 s over a wavelength range from 190 
to 1700 nm (0.73 to 6.53 eV) under three different angles of incidence (75°, 70°, and 65°). 

 

5.4.10 Ion Coupled Plasma – Optical Emission Spectroscopy  

Optical emission spectroscopy measurements were performed with a SPECTRO GENESIS, 
which is based on an inductively coupled argon plasma excitation (shown in Figure 9-15 in 
the appendix) for dissociation and ionization reactions (ICP-OES). Quantitative and semi-
quantitative analyses of liquids regarding silver were measured by a detector system via the 
emission of the element specific radiation. 

 

5.4.11 Spectrophotometry 

UV-vis absorption measurements were performed with a two beam HACH LANGE DR 5000 
UV-vis spectral photometer with a detection range of 200 to 900 nm. The concentration 
measurements of hydrogen peroxide were done at room temperature using a solution of 
titanylsulfate.  
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6 Results and Discussions 

The x-axes in diagrams, which show several parameter evolutions as a function of the testing 
time, e.g. ECP or GC, present the time of each measurement and not the total exposure 
time. 

 

6.1 Experiments in the Tube Reactor at 150 °C 

6.1.1 Specimen Installation and Materials 

The test specimens were installed in the form of electrode wires in the middle of the crevice 
between quartz cylinder and tube inner surface. The specimen arrangement as top view is 
depicted in Figure 6-1. The following specimens were used: Zircaloy blank or pre-oxidized 
with two different oxide thicknesses of 3 or 15 µm as well as Inconel 718 blank or coated with 
CrN. Furthermore, Austenitic stainless steel (1.4551) was installed as reference material, 
while platinum was added as (pseudo) reference electrode. 

 

 

Figure 6-1: Specimen arrangement around a quartz cylinder equipped with an UV-lamp from 
top view. 
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6.1.2 Results 

6.1.2.1 Electrochemical Corrosion Potential 

The electrochemical corrosion potentials were measured according to chapter 5.4.1 under an 
oxygenated experimental environment with a dissolved oxygen concentration of 200 ppb at a 
temperature of 150 °C as a function of the exposure to UV-light and on different water 
chemistry conditions, like dissolved oxygen, nitrate, and hydrogen peroxide with different 
concentrations.  

 

6.1.2.1.1 Effect of Electrochemical Corrosion Potentials for EMF 

Considering the hypothesis of a galvanic corrosion mechanism responsible for Shadow 
Corrosion, the value of the ECPs and, thereof, the electrochemical potential difference 
between anode and cathode is of importance as the electromotive force for the galvanic 
reaction. ECPs under oxygenated conditions at a test temperature of 150 °C are represented 
in Figure 6-2. The effects of UV-light, an already existing oxide layer on Zircaloy, which is in 
this case about 3 µm thick, and a CrN layer on Inconel 718 on the ECPs and the EMFs for 
galvanic corrosion are listed in Table 6-1 and depicted in Figure 6-2. 

Under exposure to UV-light an anodic potential shift was obtained for Zircaloy blank and 
pre-oxidized with 3 µm oxide layer, whereas a cathodic potential shift was measured for 
Inconel 718 blank and coated with CrN as well as for Austenite. These potential shifts lead to 
an increased electrochemical potential difference and, therefore, to an enhanced EMF for 
galvanic corrosion (colored in yellow). CrN coating on Inconel 718 had only a slight effect on 
the ECP for a cathodic shift. Therefore, a similar ECP was obtained for blank and CrN coated 
Inconel 718 resulting in similar EMFs between Zircaloy and both types of Inconel 718 
specimens (colored in violet). The presence of a ZrO2 layer on Zircaloy caused a cathodic 
potential shift when compared to blank Zircaloy resulting in a decreased EMF for the galvanic 
corrosion mechanism between Zircaloy and Inconel 718 (colored in green). 

 

Table 6-1: Effects of UV-light, CrN coating and ZrO2 layer on EMFs between Zircaloy and 
Inconel 718. 

Effect of Color Impact on EMF 

UV-light yellow increased 

CrN coating violet similar 

ZrO2 layer green decreased 
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Figure 6-2: ECP measurements at 150 °C under oxygenated conditions (200 ppb) as a function 
of UV-light exposure and H2O2 presence (500 ppb). The effects of UV-light (yellow arrow), of the 

CrN coating on Inconel 718 (violet arrow), and of a 3 µm thick ZrO2 layer on Zircaloy (green 
arrow) on the EMFs between Zircaloy and Inconel 718 are presented. – Zry blank (black), Zry 

3 µm (brown), I718 blank (gray), I718 CrN (purple), Austenite (dark green), and Platinum (blue). 

 

 

6.1.2.1.2 Effect of ZrO2 Layer Thickness 

ECP measurements under oxygenated experimental conditions with a dissolved oxygen 
amount of 200 ppb, depicted in Figure 6-3, documented the impact of the ZrO2 layer 
thickness. For the Zircaloy specimen with a 15 µm thick ZrO2 layer, no ECP decrease upon 
exposure to UV-light was obtained in comparison to the Zircaloy with a 3 µm thick oxide 
layer. Due to the fact that the UV-light has a limited total lamp output (see chapter 5.3.1), the 
15 µm thick ZrO2 layer seems to be too thick for a complete penetration of UV-light to cause 
enough electron-hole pairs to achieve the conductivity of ZrO2. Furthermore, no potential 
response concerning the presence of hydrogen peroxide was noted. Consequently, a thinner 
ZrO2 layer of about 3 µm was used for the specimen equipping in the tube reactor. Zircaloy 
with the 3 µm thick ZrO2 layer showed the expected response regarding the dosage of 
hydrogen peroxide and the exposure to UV-light. 

  



Results and Discussions 

 
- 42 - 

  

Figure 6-3: ECP measurements at 150 °C under oxygenated conditions (200 ppb) as a function 
of UV-light exposure, H2O2 presence (500 ppb), and oxide layer thickness on Zircaloy 

(15 and 3 µm). Left side: Zircaloy with a 15 µm ZrO2 layer. Right side: Zircaloy with a 3 µm ZrO2 
layer. – Zry blank (black), Zry 15 µm (beige), Zry 3 µm (brown), I718 blank (gray), I718 CrN 

(purple), Austenite (dark green), and Platinum (blue). 

 

 

6.1.2.1.3 Effect of Hydrogen Peroxide 

Figure 6-4 shows the effect of 500 ppb hydrogen peroxide on the ECPs under oxygenated 
conditions with a dissolved oxygen concentration of 200 ppb. The presence of hydrogen 
peroxide without UV-light caused a substantial cathodic shift for Zircaloy (∆E = 400 mV). A 
lower cathodic shift was obtained for Inconel 718 blank and coated with CrN as well as for 
Austenite (∆E = 200 mV) with same potential values as under exposure to UV-light. 
Hydrogen peroxide was the source for additional oxidants in the form of oxygen and hydroxyl 
radicals, which caused these cathodic potential shifts. The dosage of hydrogen peroxide 
under exposure to UV-light had nearly no effect on the ECPs of Inconel 718 blank and 
coated with CrN as well as for Austenite. In comparison to that a cathodic shift of 
approximately ∆E = 200 mV was measured for Zircaloy. 

  



Results and Discussions 
 

 
- 43 - 

 

Figure 6-4: ECP measurements at 150 °C under oxygenated conditions (200 ppb) as a function 
of UV-light exposure and H2O2 presence (500 ppb). – Zry blank (black), Zry 15 µm (beige), 

I718 blank (gray), I718 CrN (purple), Austenite (dark green), and Platinum (blue). 

 

The dependence of the ECP shifts with respect to the concentration of hydrogen peroxide is 
shown in Figure 6-5 for 1000 and 250 ppb hydrogen peroxide. The presence of 1000 ppb 
hydrogen peroxide had no further effect on the ECPs of Zircaloy, Inconel 718 – blank and 
coated with CrN – as well as Austenite. 250 ppb hydrogen peroxide caused without UV-light 
again the same ECP shifts compared to higher hydrogen peroxide concentrations of either 
500 or 1000 ppb. In contrast to that, under exposure to UV-light with 250 ppb hydrogen 
peroxide the cathodic shift of Zircaloy could not be obtained. In short, hydrogen peroxide was 
used with a concentration of 500 ppb for all further experiments. 

 

  

Figure 6-5: ECP measurements at 150 °C under oxygenated conditions (200 ppb) as a function 
of UV-light exposure, H2O2 presence and H2O2 concentration (1000 and 250 ppb). 

Left side: H2O2 concentration of 1000 ppb. Right side: H2O2 concentration of 250 ppb. –  
Zry blank (black), Zry 15 µm (beige), I718 blank (gray), I718 CrN (purple), Austenite (dark green), 

and Platinum (blue).  
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6.1.2.1.4 Effect of Nitrate 

The presence of nitrate in the form of sodium nitrate (see Figure 6-6) with a concentration of 
100 ppb had nearly no effect on the ECPs, independent of UV-light presence. A higher 
nitrate concentration of 10 ppm prompted to a slight effect on the ECPs in the form of a 
cathodic shift. During the dosage of nitrate an increased electrical conductivity of circa 0.20 
to 0.25 µS/cm for a nitrate concentration of 100 ppb and of approximately 21.0 µS/cm for a 
nitrate concentration of 10 ppm was measured at the outlet position of the tube reactor. In 
addition, a slightly decreased dissolved oxygen amount was noted at the outlet measurement 
position of the autoclave (see measurement results in Figures 9-16 and 9-17 in the 
appendix). The reason is that the dissolved oxygen amount at the inlet position of the tube 
reactor is diluted by the secondary mass flow, which is used for the nitrate dosage. 
Nevertheless, an increased EC in the test solution, which results from nitrate, would enable 
an increased galvanic current via a decreased galvanic corrosion cell resistance.[28] 

 
 

  

Figure 6-6: ECP measurements at 150 °C under oxygenated conditions (200 ppb) as a function 
of UV-light exposure, nitrate presence and nitrate concentration (100 ppb and 10 ppm). 

Left side: Nitrate concentration of 100 ppb. Right side: Nitrate concentration of 10 ppm. – 
Zry blank (black), Zry 15 µm (beige), I718 blank (gray), I718 CrN (purple), Austenite (dark green), 

and Platinum (blue). 
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6.1.2.2 Galvanic Corrosion 

Galvanic corrosion measurements of the galvanic potentials and galvanic currents, see 
chapter 5.4.2, were performed on different specimens and under different conditions: 
DO = 200 ppb, with/without UV-light, H2O2 = 0/500 ppb. The measurements were conducted 
after the specimens had already been oxidized for approximately six months in oxygenated 
high-temperature water at a temperature of 150 °C with time periods under exposure to 
UV-light and with dosage of hydrogen peroxide with a concentration of 500 ppb. 

The following schematic measurement procedure, shown in Figure 6-7, was employed for 
the galvanic corrosion measurements. Over the whole measurement an environment with a 
temperature of 150 °C and an oxygenated condition with a dissolved oxygen concentration of 
200 ppb was adjusted. Times without UV-light and times with UV-light were altered. A period 
without any hydrogen peroxide was followed by a period with 500 ppb hydrogen peroxide in 
the tube reactor and was again followed by a period without hydrogen peroxide. 

 

 

Figure 6-7: Schematic measurement procedure for GC measurements. 

 

The oxidation of the initially blank Zircaloy and the blank and with CrN coated Inconel 718 vs. 
the autoclave made out of Austenitic stainless steel is shown in Figures 6-8 to 6-10. Under 
UV-light exposure increased galvanic currents were monitored for the oxidation of Zircaloy 
due to the photo-effect and an increased EMF. Compared to times without UV-light for the 
initially blank Inconel 718 also increased oxidation currents were seen when UV-light was 
present due to the photo-effect. With and without UV-light exposure no approachable 
galvanic currents were registered for the initially CrN coated Inconel 718. Consequently, a 
decreased corrosion rate was measured for the Inconel 718 base material oxidation with the 
initially CrN coating compared to the initially blank Inconel 718 after an exposure time of 
approximately six months. 
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Figure 6-8: GC measurements of Zircaloy blank vs. Autoclave at 150 °C under oxygenated 
conditions (200 ppb) as a function of UV-light exposure and H2O2 presence (500 ppb). – 

Left y-axis: Current density (blue). Right y-axis: Cell potential (orange). 

 

 

Figure 6-9: GC measurements of Inconel 718 blank vs. Autoclave at 150 °C under oxygenated 
conditions (200 ppb) as a function of UV-light exposure and H2O2 presence (500 ppb). – 

Left y-axis: Current density (blue). Right y-axis: Cell potential (orange). 

 

 

Figure 6-10: GC measurements of Inconel 718 CrN vs. Autoclave at 150 °C under oxygenated 
conditions (200 ppb) as a function of UV-light exposure and H2O2 presence (500 ppb). – 

Left y-axis: Current density (blue). Right y-axis: Cell potential (orange). 
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Galvanic corrosion measurements according to the procedure shown in Figure 6-7 were ran 
on two specimen combinations: Zircaloy blank vs. Inconel 718 blank and Zircaloy blank vs. 
Inconel 718 CrN (see Figures 6-11 and 6-12). In both cases the oxidation on the anode took 
place on Zircaloy, whereas Inconel 718 blank or CrN coated acted as cathode for the 
reductions. For both specimen combinations the same galvanic current evolved. Therefore, 
the oxide layer on the Inconel 718, which was formed out of the initially CrN layer after an 
exposure to oxygenated high-temperature water for about six months, had no influence on 
the decrease of the Zircaloy oxidation. 

 

 

Figure 6-11: GC measurements of Zircaloy blank vs. Inconel 718 blank at 150 °C under 
oxygenated conditions (200 ppb) as a function of UV-light exposure and 

H2O2 presence (500 ppb). – 
Left y-axis: Current density (blue). Right y-axis: Cell potential (orange). 

 

 

Figure 6-12: GC measurements of Zircaloy blank vs. Inconel 718 CrN at 150 °C under 
oxygenated conditions (200 ppb) as a function of UV-light exposure and  

H2O2 presence (500 ppb). – 
Left y-axis: Current density (blue). Right y-axis: Cell potential (orange). 
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6.1.2.3 Electrochemical Impedance Spectroscopy 

EIS measurements using a three-electrode arrangement, see description in chapter 5.4.3, as 
a function of UV-light and oxide layer thickness were performed on initially blank and pre-
oxidized Zircaloy with a 15 µm thick oxide layer over a frequency range of 100 kHz to 2 mHz 
in oxygenated water at a temperature 150 °C. The corresponding trends are listed in Table 
6-2 and the respective EIS Nyquist diagrams are attached to the appendix in Figures 9-18 
and 9-19. 

The presence of UV-light yielded a decreased resistance for blank and pre-oxidized Zircaloy 
with a 15 µm thick oxide layer due to the photo-effect. While the resistance decrease for the 
blank Zircaloy was only slightly, a drastically lower resistance was identified for Zircaloy with 
a 15 µm oxide layer. A likely rationale implies a photo-effect, which is greater for pre-oxidized 
Zircaloy when compared to blank Zircaloy. The resistances were higher for the Zircaloy with 
a 15 µm thick oxide layer due to the thickness of the oxide both with and without exposure to 
UV-light. 

 

Table 6-2: Trend of EIS results of resistances: Comparison regarding presence of ZrO2 layer 
and UV-light OFF/ON. 

Resistances 

under different conditions 
Zry blank Zry 15 µm 

UV OFF/ON < 

UV OFF 

 

R (UV ON) 

< 

R (UV OFF) 

 

 

R (UV ON) 

<<< 

R (UV OFF) 

 

UV ON 
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6.1.2.4 Surface Analyses 

Surface analyses via SEM with EDX and FIB with TEM were done on the initially blank 
Zircaloy and on the initially blank and with CrN coated Inconel 718 to study the oxide layer in 
terms of thickness, structure, and composition. The analyses were executed after exposure 
to oxygenated high-temperature water at a temperature of 150 °C for about six months with 
several periods of UV-light exposure and hydrogen peroxide dosages with a concentration of 
500 ppb. 

A gold to light blue colored ZrO2 layer with a thickness of about 80 to 90 nm was formed on 
the initially blank Zircaloy after the exposure, see the images recorded via stereo microscope 
and TEM, respectively, in Figure 6-13. 

 

 

 

 

 

Figure 6-13: Images of Zircaloy blank after exposure to oxygenated high-temperature water at 
150 °C for approximately six months. 

Left side: Image recorded via stereo microscope. 
Right side: Image of oxide scale at wire tip recorded via TEM. 

 

On the initially blank Inconel 718, a two-phase oxide was formed. This is shown in the TEM 
images in Figure 6-14. An image recorded via stereo microscope of the oxide on the initially 
blank Inconel 718 is shown in the appendix in Figure 9-20. The inner highly porous oxide 
layer, which grew into the base material even along grain boundaries, had a thickness of 
approximately 200 to 230 nm. The outer compact oxide layer was circa 100 to 130 nm thick. 
The compositions of the base material and the oxide layer, which were determined via EDX 
measurements, are listed in Table 6-3 as a function of the different positions, which are 
depicted on the right side of Figure 6-14. The oxide composition of the inner layer was nickel-
rich, whereas the outer layer was rich of chromium (position 4 to 6). Furthermore, the results 
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from EDX analyses suggested that a chromium diffusion through the Inconel 718 base 
material towards the oxygen source for the oxidation reaction occurred (position 1 to 3). 

 

  

Figure 6-14: TEM images of oxide layer on blank Inconel 718 after exposure to oxygenated 
high-temperature water at 150 °C for approximately six months. 

Left side: Oxide layer thickness at wire tip. 
Right side: Composition of base material and oxide layer. 

 

Table 6-3: Atom concentration concerning Cr, Ni, Fe, and O on different positions in the base 
material and in the oxide layer of blank Inconel 718. 

Position 
Cr 

in at % 

Ni 

in at % 

Fe 

in at % 

O 

in at % 

1 

(base material) 
22.83 – 22.50 70.57 – 70.54 1.51 – 1.41 – 

2 

(base material) 
22.39 – 22.22 71.17 – 70.60 1.62 – 1.32 – 

3 

(base material) 
21.90 – 21.81 71.18 – 69.61 1.39 – 1.31 – 

4 

(oxide) 
21.75 20.73 – 50.57 

5 

(oxide) 
24.21 2.66 – 66.62 

6 

(oxide) 
23.48 4.19 – 60.73 
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As confirmed via EDX measurements, no CrN layer remained on the initially with CrN coated 
Inconel 718 after the exposure to oxygenated high-temperature water at 150 °C for circa six 
months. Instead, a thick and compact oxide layer with a thickness of about 130 to 210 nm 
was formed on the Inconel 718. Only less oxide growth into the base material and no oxide 
growth along grain boundaries was observed, as depicted in the TEM images in Figure 6-15. 
An image recorded via stereo microscope of the oxide layer on the initially CrN coated 
Inconel 718 is shown in the appendix in Figure 9-21. The compositions of the base material 
and the oxide layer, which were enabled via EDX measurements, are listed in Table 6-4 as a 
function of the different positions, which are depicted on the right side of Figure 6-15. The 
oxide composition was rich of chromium, but not of nickel (position 4 to 6). Furthermore, the 
results from EDX analyses confirmed a nearly constant chromium value in the Inconel 718 
base material towards the oxide layer was present (position 1 to 3). This is due to the fact 
that chromium for the oxide formation came mainly from the initially CrN layer, but not from 
the Inconel 718 base material. 

 

  

Figure 6-15: TEM images of oxide layer on CrN coated Inconel 718 after exposure to 
oxygenated high-temperature water at 150 °C for approximately six months. 

Left side: Oxide layer thickness at wire tip. 
Right side: Composition of base material and oxide layer. 
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Table 6-4: Atom concentration concerning Cr, Ni, Fe, and O on different positions in the base 
material and in the oxide layer of CrN coated Inconel 718. 

Position 
Cr 

in at % 

Ni 

in at % 

Fe 

in at % 

O 

in at % 

1 

(base material) 
22.98 – 22.67 70.90 – 69.89 1.51 – 1.42 – 

2 

(base material) 
23.19 – 22.58 70.28 – 69.52 1.56 – 1.48 – 

3 

(base material) 
23.17 – 22.71 70.21 – 70.16 1.70 – 1.44 – 

4 

(oxide) 
21.85 2.70 – 67.76 

5 

(oxide) 
25.39 1.00 – 65.34 

6 

(oxide) 
26.71 0.94 – 63.34 

 

 

6.1.3 Discussions 

6.1.3.1 Electrochemical Corrosion Potential 

Under oxygenated experimental conditions, an electrochemical potential difference between 
Zircaloy and Inconel 718 and, therefore, an EMF for galvanic corrosion was given. This was 
further increased under exposure to UV-light. 

Hydrogen peroxide acts as an oxidant in the form of oxygen and hydroxyl radicals. The latter 
is one of the most powerful species in radiation chemistry. It is responsible for the potential 
shifts without UV-light.[68] Under exposure to UV-light the hydroxyl radicals were sufficient to 
achieve the high level of the ECPs. As a matter of fact, additional oxidant as hydrogen 
peroxide at different concentrations could not further increase the ECPs. Without UV-light, 
doubling the hydrogen peroxide concentration to 1000 ppb had no further effect on the ECPs 
because the high level of the ECPs was already reached with a hydrogen peroxide concen-
tration of 500 ppb. Under exposure to UV-light, the dosage of hydrogen peroxide with a 
concentration of 250 ppb realized no effects on the ECP of Zircaloy. Here, not enough 
hydrogen peroxide remained in the test solution under exposure to UV-light. Instead, nearly 
the entire hydrogen peroxide was decomposed to yield oxygen and water. 

The oxygen amount was continuously measured at the inlet and at the outlet measurement 
position of the tube reactor. Based on the increased oxygen amount at the outlet position 
during the dosage with hydrogen peroxide, the amount of decomposed and also remaining 
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hydrogen peroxide was calculated according to Equation (10).[68] The results are listed in 
Tables 6-5 and 6-6. In these calculations, it was assumed that no oxygen consumption from 
both the specimens and the autoclave inner walls occurred. Therefore, the entire dissolved 
oxygen from the hydrogen peroxide decomposition was measured at the outlet measurement 
position of the tube reactor. Otherwise even more hydrogen peroxide would be decomposed 
resulting in an even lower amount left in the test solution. Furthermore, the decomposition 
reaction of hydrogen peroxide via UV-light, following reaction Equation (11), forming radical 
species and resulting in other products than oxygen were also not considered in these 
calculations. 

 

H2O2
   T   
����

1

2
 O2 + H2O (10) 

H2O2 
hν < (200 nm)
������������� 2 ˙OH (11) 

 

 

Table 6-5: Measured O2 due to H2O2 and decomposition and, thereof, calculated amount of 
decomposed and remaining H2O2 under UV-light OFF. 

Dosed H2O2 

in ppb 

Produced O2 from 

H2O2 dosage (measured) 

in ppb 

Decomposed H2O2 

(calculated) 

in ppb  

Still remaining H2O2 

(calculated) 

in ppb  

250 80 160 90 

500 122 244 256 

1000 246 492 508 

 
 

Table 6-6: Measured O2 due to H2O2 dosage and decomposition and, thereof, calculated 
amount of decomposed and remaining H2O2 under UV-light ON. 

Dosed H2O2 

in ppb 

Produced O2 from 

H2O2 dosage (measured) 

in ppb 

Decomposed H2O2 

(calculated) 

in ppb  

Still remaining H2O2 

(calculated) 

in ppb  

250 98 196 54 

500 191 382 118 

1000 374 748 252 
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The cathodic shift of the ECPs upon dosage with hydrogen peroxide without UV-light was 
already achieved with a concentration of 250 ppb resulting in a remaining hydrogen peroxide 
concentration of 90 ppb, as listed in Table 6-5. The results of the calculations in Table 6-6 
show that under dosage of hydrogen peroxide with a concentration of 250 ppb the remaining 
amount of hydrogen peroxide is only 54 ppb under exposure to UV-light. This is, however, 
not high enough to achieve a cathodic shift for Zircaloy under UV-light ON. 

The diagrams concerning dissolved oxygen amount at the outlet measurement position of 
the tube reactor for the above mentioned calculations for decomposed and remaining 
hydrogen peroxide concentrations are given in the appendix in Figures 9-22 to 9-24. 
Furthermore, measurements of the electrical conductivity concerning the presence of 
hydrogen peroxide are collected in the appendix in Figures 9-22 to 9-24. They will be 
discussed in chapter 6.1.3.4. 

 

6.1.3.2 Galvanic Corrosion  

The results concerning an increased galvanic current for the oxidation of Zircaloy under 
exposure to UV-light based on a photo-effect are in agreement with experimental results 
from the literature.[33] As seen from the results, the initially CrN layer and later oxide layer 
prevents the corrosion of the Inconel 718 base material. However, it does not reduce 
remarkable the corrosion of Zircaloy in the galvanic current measurements for the combi-
nation of Zircaloy blank vs. Inconel 718 CrN in comparison to Zircaloy blank vs. Inconel 718 
blank. As such, the initially CrN layer on Inconel 718 and later oxide layer is not effective to 
prevent the Shadow Corrosion Phenomenon. 

 

6.1.3.3 Electrochemical Impedance Spectroscopy 

The impedance modelling for the oxides formed on Zircaloy was based on the following equi-
valent circuit in Figure 6-16. It is in agreement with EIS modelling in the literature.[69],[70] As 
known from the literature, an inner dense and an outer porous oxide layer are formed on 
Zircaloy. Therefore, two time constants in the form of two capacitors as well as two resis-
tances, one for each oxide layer (Ril for inner layer in low-frequency range and Rol for outer 
layer in high-frequency range), are necessary for the modelling. This is in good agreement 
with the EIS measurements showing two semi-circles in the Nyquist plots.[16],[69],[71] Owing to 
the non-ideal behavior of the specimens a constant phase element (CPE) was used instead 
of a real capacitor.[72],[73] For the modelling of the diffusion process a Warburg Impedance (W) 
was inserted in the equivalent circuit.[74] 

The EIS Nyquist diagrams are given in the appendix in Figures 9-18 and 9-19. EIS data are 
represented as points, while the fit spectra are illustrated as dashed lines. The low 
conductivity of the highly pure water, the non-steady water environment as well as the 
experimental equipping with working, counter, and reference electrode were non-ideal for 
standard EIS measurements. Due to that fact, it was impossible to measure the electrolyte 
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resistance (Rel). Furthermore, it was impossible to illustrate the absolute values for the fit 
parameters. Instead, the trend regarding temperature, oxide layer thickness, and exposure to 
UV-light were compared. 

 

 

Figure 6-16: EIS equivalent circuit with inner dense oxide layer and outer porous oxide layer. 
Rel: Electrolyte resistance, Ril: Inner layer resistance, Rol: Outer layer resistance, CPEil: Inner 

layer constant phase element, CPEol: Outer layer constant phase element, and  
W: Warburg Impedance. 

 

The results of the EIS measurements demonstrated a change in the properties of the oxide 
layer on Zircaloy under exposure to UV-light. A decreased diameter of the semi-circle in the 
Nyquist diagram was noted. This smaller diameter in the Nyquist curve was attributed to a 
change in the oxide layer resistance. Such a decreased oxide layer resistance might lead to 
a change of the corrosion in terms of a higher corrosion rate. The presence of a thick ZrO2 
layer of 15 µm caused an increased diameter of the semi-circle in the Nyquist diagram when 
compared to the initially blank Zircaloy. This diameter increase correlates well with the oxide 
layer thickness. It results likely in a decreased corrosion rate for the already pre-oxidized 
Zircaloy with a 15 µm ZrO2 layer based on lower oxidation kinetics. 

 

6.1.3.4 Surface Analyses 

After exposure of the initially CrN coated Inconel 718 to oxygenated high-temperature water 
for about six months no CrN remained on the surface of the Inconel 718 base material. In 
addition, a drastically thinner oxide layer in the range of nanometers was formed out of the 
CrN layer with an initially thickness in the range of micrometers (see chapter 5.2.3). For that 
reason, it is assumed that most of the initially CrN layer was dissolved in the oxygenated 
high-temperature water. 

The stability of CrN and Cr2O3 under oxygenated conditions are discussed according to the 
Pourbaix diagram of the system chromium – H2O at a temperature of 300 °C, as shown in 
Figure 6-17. Under normal BWR water chemistry conditions (pure H2O with DO = 200 ppb) at 
an ECP value between 0.2 to 0.3 V and a pH value of about 5.7 a stable phase of chromium 
in the form of chromate (CrO4

2-) is present at 300 °C, which is soluble in water. According to 
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Equations (12) and (13), the formed Cr2O3 dissolves in the form of chromate (CrO4
2-) or 

hydrogen chromate (HCrO4
-) in the BWR simulating environment.[75],[76],[77] 

 

Cr2O3 + 5 H2O → 2 CrO4
2-  + 10 H+ + 6 e- (12) 

Cr2O3 + 5 H2O → 2 HCrO4
-  + 8 H+ + 6 e- (13) 

 

 

Figure 6-17: Pourbaix diagram of the system chromium – H2O at 300 °C.[75] 

 

During periods of extra oxidants in the form of hydrogen peroxide and, in turn, oxygen and 
hydroxyl radicals, a strong dissolution of chromium as chromate ions was measured. Thus, 
an increased electrical conductivity at the outlet measurement position of the tuber reactor 
was noted. Overall, the results on the electrical conductivity were independent on the 
hydrogen peroxide concentration and are shown in the appendix in Figures 9-22 to 9-24. 
Therefore, it is assumed that the maximal dissolution rate of chromium was already achieved 
at lower hydrogen peroxide concentrations. 

The oxide compositions of initially blank and CrN coated Inconel 718 are in agreement with 
published results. Accordingly, a two-phase oxide with inner nickel-rich and outer chromium-
rich oxide layers is formed on a nickel-based alloy under oxygenated conditions.[25],[26] In 
accordance to the literature, a chromium containing oxide, namely Cr2O3, is formed during 
the oxidation reaction of CrN.[50] 

Based on the initially CrN layer, a thicker and more compact oxide layer is formed on 
Inconel 718 when compared to the natural formed oxide layer on initially blank Inconel 718. 
Nevertheless, CrN coating fails to prevent the Shadow Corrosion Phenomenon. It has no 
effect on the oxidation kinetics of the Zircaloy specimen in electric contact to Inconel 718. 
Instead, CrN coating is a “passive” corrosion protection for the Inconel 718 base material 
until the CrN layer is consumed.  
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6.2 Silver-Experiments in the Static Test Set-Up at 65 °C 

Silver experiments were conducted in the static test set-up at a test temperature of 65 °C to 
verify the working hypothesis regarding the silver effect on Shadow Corrosion, as mentioned 
in chapter 3.2. The experiments included silver deposition and exposure experiments of 
specimens, to which silver was deposited. 

 

6.2.1 Silver Deposition Experiments 

6.2.1.1 Specimen Preparation and Characterization 

Specimens of interest for the silver deposition experiments were blank and pre-oxidized 
Zircaloy with different tempering colors according to the plant parameters on the part of 
AREVA GmbH as well as blank and with CrN coated Inconel 718. As shown in Figure 6-18, 
Zircaloy was used in blank and with the following tempering colors: gold, dark blue (db), and 
light blue (lb). Pre-oxidation of Zircaloy to achieve the different tempering colors, were 
executed in a muffle furnace with ambient air conditions at a temperature 300 °C for different 
oxidation times. The oxide thickness was measured via the ellipsometry technique (see 
chapter 5.4.9 according to the literature[78]). Table 6-7 shows the oxidation times and oxide 
thicknesses of the pre-oxidized Zircaloy specimens with different tempering colors. 

 

  

  

Figure 6-18: Zircaloy specimens in blank and with different tempering colors: gold, dark blue, 
and light blue. 
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Table 6-7: Oxidation times and oxide thicknesses of pre-oxidized Zircaloy specimens with 
different tempering colors. 

Tempering color 
Oxidation time  

in h 

Oxide thickness 

in nm 

blank 0 0 ≜ reference 

gold 2.5 34.5 ± 4.3 

dark blue 7 50.0 ± 2.9 

light blue 16 67.0 ± 5.3 

 
 

According to the literature[19] (see chapter 2.2.1), parabolic oxidation kinetics were obtained 
from the pre-oxidation experiments with Zircaloy, as described in chapter 5.2.2 and depicted 
in Figure 6-19. 

 

 

Figure 6-19: Oxidation kinetics (oxide thickness vs. time) of Zircaloy-4 obtained from 
pre-oxidation experiments in a muffle furnace at 300 °C with ambient air conditions for different 

oxidation times (2.5, 7, and 16 h). – 
Tempering colors: Gold (yellow), dark blue (dark blue), and light blue (light blue). 
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Characterization of pre-oxidized Zircaloy specimens were performed via EIS measurements 
under three experimental conditions as a function of temperature and presence/absence of 
UV-light, shown in Table 6-8:  

 

Table 6-8: Experimental conditions for Zircaloy characterization via EIS measurements. 

UV-light Temperature 

UV OFF RT 

UV OFF 65 °C 

UV ON 65 °C 

 
 

EIS measurements were conducted using a two-electrode arrangement, see description in 
chapter 5.4.3, as a function of temperature and UV-light exposure on blank and pre-oxidized 
Zircaloy over a frequency range of 100 kHz to 2 mHz in air-saturated deionized water as 
listed in Table 6-8. Trends in terms of resistances, capacities, and Warburg Impedance 
under the different experimental conditions and the different oxide thicknesses are listed in 
Tables 6-9 and 6-10. The EIS Nyquist diagrams are shown in the appendix in Figures 9-25 to 
9-28 and in Figures 9-29 to 9-31. 

From the measurements (see results in Table 6-9) it is inferred that an increasing 
temperature led to decreased oxide resistances. This is due to an increased conductivity 
stemming from a semi-conducting behavior. A temperature rise increased the charge carrier 
concentration in ZrO2, which signifies n-type behavior, due to an increased amount of 
electron-hole pairs by thermal excitation from the valence band to the conduction 
band.[79],[80],[81] Increased diffusion, oxidation reaction, and corrosion were induced. The 
temperature increase furthermore reduced the Warburg Impedance owing to the fact that an 
enhanced temperature depending diffusion process occurred.[16],[17],[21],[74],[82]  

The presence of UV-light additionally decreased the oxide resistances due to an increased 
electronic conductivity of ZrO2. This is due to a higher charge carrier concentration in the 
form of electron-hole pairs in the oxide (see Table 6-9). An enhanced oxygen diffusion was 
also caused by the irradiation, which results from lower activation energies by the energy of 
the UV-light. From this a higher capacity due to increased charge separations as well as 
enhanced reaction kinetics and therefore, a higher corrosion rate were obtained. In addition, 
a reduced Warburg Impedance due to an enhanced diffusion process by the energy from the 
UV-light was measured.[11],[19],[33],[74] 
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Overall, thick oxide layers are linked to high oxide resistances, as shown in Table 6-10. The 
oxide layer thickness is responsible for the oxidation reaction pathway and, thus, for the 
corrosion rate.[17] 

The EIS modeling for the pre-oxidized Zircaloy specimens was based on the equivalent 
circuit already shown in Figure 6-16 in chapter 6.1.3.3. 

 

Table 6-9: Trend of EIS results: Comparison regarding temperature and UV-light OFF/ON. 

Specimens: 

Zry blank 

Zry gold 

Zry dark blue 

Zry light blue 

UV OFF 

RT 

UV OFF 

T = 65 °C 

UV ON 

T = 65 °C 

Resistances 
 

Capacities 
 

Warburg Impedance 
 

 

 

Table 6-10: Trend of EIS results: Comparison regarding different ZrO2 thicknesses on Zircaloy. 

Experimental conditions: 

UV OFF, T = RT, or 

UV OFF, T = 65 °C, or 

UV ON, T = 65 °C 

Zry 

blank 

Zry 

gold 

Zry 

dark blue 

Zry 

light blue 

 

Resistances  

Capacities 
 

Warburg Impedance 
 

 

  

decreasing 

decreasing 

increasing 

no clear trend 

no clear trend 

no clear trend for Ril 

increasing for Rol 

increasing oxide thickness 
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6.2.1.2 Experimental Procedure 

Tests for the inertness validation of the glass jar without Zircaloy were done prior to the silver 
deposition experiments on Zircaloy. To this end, two conditions were adjusted under an air-
saturated dissolved oxygen concentration: UV OFF at 65 °C and UV ON at 65 °C. The 
temperature profiles for both experiments are shown in the appendix in Figures 9-32 and 
9-33 with a constant testing temperature of approximately 65 °C. The initial silver concen-
tration was adjusted to be 0.8 ppm to secure a silver concentration depending ECP(Ag) 
according to the Nernst equation of about E ≈ 0.5 V vs. SHE.[83] Silver was used in the form 
of AgNO3, as nitrate had nearly no influence on the ECPs of Zircaloy and Inconel 718 under 
the applied test conditions (see results in chapter 6.1.2.1). 

To enable inertness of the glass jar concerning silver, the glass jar and the components 
made of glass, like the quartz tube for the UV-lamp and the Haber-Luggin-Capillary, were 
silvered in an aqueous solution of silver with a concentration of 16 ppm over one day. The 
silver concentration profiles of the inertness tests measured via ICP-OES (see analysis 
technique description in chapter 5.4.10) over a time range of 5 h with and without UV-light 
are shown in Figure 6-20. The stability of the silver concentration without UV-light was 
proven. Hereof, the measurement deviations of the ICP-OES device of about 0.05 ppm have 
to be considered. Under exposure to UV-light a decrease of the silver concentration was 
detected due to the reduction reaction of Ag+ to Ag via UV-light and the deposition of 
elementary silver on the sidewalls and the bottom of the glass jar.[84] 

 

  

Figure 6-20: Ag concentration profiles at 65 °C under air-saturated conditions as a function of 
UV-light exposure with a starting Ag concentration of 0.8 ppm.  
Left y-axis: Ag concentration. Right y-axis: ∆ Ag concentration.  

Left side: UV OFF. – Ag concentration (black), ∆ Ag concentration (gray).  
Right side: UV ON. – Ag concentration measurement 1 (black circle), Ag concentration 

measurement 2 (dark blue circle), Ag concentration average (dark red circle), ∆ Ag 
concentration measurement 1 (gray square), ∆ Ag concentration measurement 2 (light blue 

square), and ∆ Ag concentration average (light red square). 



Results and Discussions 

 
- 62 - 

The silver deposition experiments were performed with blank and pre-oxidized Zircaloy as 
well as with blank and CrN coated Inconel 718. For each type two different experimental 
conditions were adjusted under an air-saturated dissolved oxygen concentration: with and 
without UV-light at the same operating temperature of 65 °C. 

For each silver deposition experiment, specimens of different sizes with a specific total 
specimen area of approximately 140 cm2 for Zircaloy and of about 175 cm2 for Inconel 718 
were used. The specimen arrangement in the test set-up around the UV-lamp is shown in the 
appendix in Figures 9-34 and 9-35. ECP measurements vs. an Ag/AgCl reference electrode 
were realized on four selected specimens of different sizes (Pot1 to Pot4) to verify the 
measured values. The initial silver concentration was adjusted to be 0.8 ppm with an initial 
solution volume of 1 l for each deposition experiment, which lasted 5 h. Water samples with a 
volume of circa 0.01 l were taken after certain times: 0, 2.5, 5, 10, 15, 30, 60, 90, 120, 180, 
240, and 300 minutes. Right after taking the water samples, they were inspected via 
ICP-OES (see technique description in chapter 5.4.10) with respect to the remaining silver 
concentration in solution. From these measurements the deposited silver amount on the 
metal surfaces was calculated. Please note that the missing silver concentration in solution 
was set to be equal to the deposited silver amount on the metal surfaces. 

The results of the silver deposition experiments regarding ECP, which are plotted as 
calculated values vs. SHE, and the calculated deposited silver amount per cm2 over time are 
shown as comparison of the different conditions of Zircaloy and Inconel 718, respectively, in 
Figures 6-21 to 6-24. Complete measured graphs for each silver deposition experiment 
referring ECP, measured silver concentration in solution and thereof calculated ∆ silver 
concentration are attached to the appendix in Figures 9-36 to 9-47. For the comparison of 
the different specimens and experimental conditions in Figures 6-21 to 6-24 one potential 
profile, in each case Pot1, was used due to the fact that roughly the same ECP values were 
measured for the four specimens (Pot1 to Pot4) of each experiment (see graphs in the 
appendix in Figures 9-36 to 9-47). 

The ECPs of the specimens were measured in the air-saturated deionized water at room 
temperature with and without the presence of UV-light before silver was present and the 
heating process to a temperature of 65 °C started. These ECP values were plotted as 
starting potentials to each potential profile of the silver deposition experiment, in which the 
silver deposition started at zero hours. Right after silver was present in the aqueous solution 
the silver deposition started, which could be detected via increasing ECP values. 
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6.2.1.3 Results 

6.2.1.3.1 Electrochemical Corrosion Potential 

As shown in Figure 6-21, the silver deposition on the Zircaloy surfaces could be detected via 
the ECP increase, with and without UV-light, right after exposure to the silver containing 
aqueous solution. 

Without UV-light, an immediate ECP increase to about 370 mVSHE could be monitored. After 
0.5 h, the ECP reached a stabilized value of approximately 400 mVSHE for the pre-oxidized 
Zircaloy and of about 300 mVSHE for the blank Zircaloy. Under exposure to UV-light, the ECP 
values became briefly circa 900 mVSHE before they reached a stabilized ECP of about 
-700 mVSHE for Zircaloy blank and Zircaloy light blue after approximately 0.5 h and for 
Zircaloy gold after about 1.5 h. The ECP of Zircaloy dark blue reached a stable value of 
circa -200 mVSHE after circa 4 h. 

 

  

Figure 6-21: ECP measurements of blank and pre-oxidized Zircaloy at 65 °C under air-saturated 
conditions as a function of UV-light exposure with a starting Ag concentration of 0.8 ppm.  

Left side: UV OFF. Right side: UV ON. – Zry blank (gray), Zry gold (yellow), Zry dark blue (dark 
blue), and Zry light blue (light blue); ECP Pot 1 measured during Ag deposition (line), ECP 

measured prior to Ag deposition in deionate at RT (dashed line). 

 

The silver deposited amount reached a saturation without UV-light after approximately 3 h 
and with UV-light after about 1 h. Without the presence of UV-light the highest silver amount 
of 2.88 µg/cm2 was measured on Zircaloy blank, whereas for the pre-oxidized Zircaloy types 
similar silver amounts of circa 0.5 to 1.0 µg/cm2 could be detected. In contrast to that, the 
lowest silver amount under exposure to UV-light of 0.92 µg/cm2 was obtained for Zircaloy 
blank, followed by Zircaloy light blue with a value of 1.68 µg/cm2. The highest silver amount 
under UV-light was measured for Zircaloy dark blue with a value of 3.88 µg/cm2 and Zircaloy 
gold with a value of 3.30 µg/cm2. The calculated deposited silver amounts on blank and 
pre-oxidized Zircaloy after an exposure time of 5 h are shown in Table 6-11. Furthermore, 
the ∆ silver amount with and without UV-light is listed for each type of Zircaloy. The effect by 
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UV-light on the deposited silver amount is indicated by the factor, which is defined as: 
c(Ag+ – UV OFF) / c(Ag+ – UV ON). As the results show, the ZrO2 thickness has a significant 
effect on the deposited silver amount, especially if UV-light is simultaneously present. The 
profiles of the deposited silver amount with and without UV-light of blank and pre-oxidized 
Zircaloy are shown in Figure 6-22.  

 

Table 6-11: Calculated deposited Ag amounts on blank and pre-oxidized Zircaloy after an 
exposure time of 5 h. 

Specimen 

(thickness in nm) 

Deposited Ag+ after 5 h  

in µg/cm2 

 UV OFF UV ON ∆ factor 

Zry blank 
(0 nm) 

2.88 0.92 1.96 3.13 

Zry gold 
(34.5 nm) 

0.69 3.30 2.61 0.21 

Zry dark blue 
(50.0 nm) 

0.95 3.88 2.93 0.24 

Zry light blue 
(67.0 nm) 

0.45 1.68 1.23 0.27 

 

 

  

Figure 6-22: Ag concentration profiles of blank and pre-oxidized Zircaloy at 65 °C under 
air-saturated conditions as a function of UV-light exposure with a starting Ag concentration of 
0.8 ppm. Left side: UV OFF. Right side: UV ON. – Zry blank (gray), Zry gold (yellow), Zry dark 

blue (dark blue), and Zry light blue (light blue). 
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Compared to the silver deposition experiments on Zircaloy the deposition on Inconel 718 
surfaces blank and CrN coated could also be measured immediate after the exposure to the 
silver containing aqueous solution started. This was due to an ECP increase independent of 
UV-light presence or not, see Figure 6-23. 

Without UV-light, an immediate ECP increase to circa 400 mVSHE was monitored. After 1 h, 
the ECP reached a stabilized value of about 400 mVSHE for the CrN coated Inconel 718 and 
of about 350 mVSHE for the blank Inconel 718. Under exposure to UV-light, the ECP values 
became briefly approximately 1200 mVSHE before they reached a stabilized ECP value of 
ca. -100 mVSHE for Inconel 718 CrN after 0.5 h and of about -200 mVSHE for Inconel 718 blank 
after 4 h. 

 

  

Figure 6-23: ECP measurements of blank and CrN coated Inconel 718 at 65 °C under 
air-saturated conditions as a function of UV-light exposure with a starting Ag concentration of 

0.8 ppm. Left side: UV OFF. Right side: UV ON. – I718 blank (gray) and I718 CrN (purple); 
ECP Pot 1 measured during Ag deposition (line), ECP measured prior to Ag deposition in 

deionate at RT (dashed line). 

 

The silver deposited amount reached saturation without UV-light after about 1 h and with 
UV-light after circa 2 h. Without the presence of UV-light, similar silver amounts of ca. 0.5 to 
0.6 µg/cm2 were measured on blank and CrN coated Inconel 718. However, under exposure 
to UV-light a silver amount of about 1.6 to 1.9 µg/cm2 was obtained for both Inconel 718 
types. The calculated deposited silver amounts on blank and CrN coated Inconel 718 after 
an exposure time of 5 h are shown in Table 6-12. Again, the ∆ silver amount and the factor 
for the influence of the UV-light are listed. The profiles of the deposited silver amount with 
and without UV-light of blank and CrN coated Inconel 718 are shown in Figure 6-24.  
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Table 6-12: Calculated deposited Ag amounts on blank and CrN coated Inconel 718 after an 
exposure time of 5 h. 

Specimen 
Deposited Ag+ after 5 h  

in µg/cm2 

 UV OFF UV ON ∆ factor 

I718 blank 0.64 1.88 1.24 0.34 

I718 CrN 0.46 1.57 1.11 0.29 

 

 
 

  

Figure 6-24: Ag concentration profiles of blank and CrN coated Inconel 718 at 65 °C under 
air-saturated conditions as a function of UV light exposure with a starting Ag concentration of 

0.8 ppm. Left side: UV OFF. Right side: UV ON. – I718 blank (gray) and I718 CrN (purple). 
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6.2.1.3.2 Surface Analyses 

Surface analyses of silver deposited Zircaloy and Inconel 718 were based on SEM with EDX 
technique (see analysis technique description in chapter 5.4.6). As shown exemplarily in 
Figure 6-25, silver is deposited in the form of small up to large or even agglomerated silver 
beads on the metal surfaces. They could be identified via EDX measurements. In the case of 
a high silver amount, silver could even be detected by EDX analyses with a measuring range 
of the whole sample surface. 

An overview regarding the amount, the size, and the form of the deposited silver beads on 
the different specimen types is given in Table 6-13 as a function of the exposure to UV-light. 
Detailed results of the surface analyses via SEM of the different sample types are illustrated 
in the appendix in Figures 9-48 to 9-59. In the case that silver was measurable on the whole 
surface area the SEM images in the appendix are framed in orange, as it is the case on the 
left side of Figure 6-25. 

 

 

 

 

Figure 6-25: SEM images of Ag deposited Zircaloy specimen with Ag beads on surface. 
Left side: BSE mode with 10kx magnification. 
Right side: SE mode with 20kx magnification. 

 

A high amount of large silver beads with a size of about 0.7 µm was identified on blank 
Zircaloy under UV OFF, whereas a low amount of small silver beads of circa 0.2 µm size was 
noted on blank Zircaloy under exposure to UV-light. Silver was detected as medium-sized 
silver beads of approximately 0.4 to 0.5 µm size with low amounts on pre-oxidized Zircaloy 
gold, dark blue, and light blue when exposed to the silver containing solution without 
UV-light. Under exposure to UV-light, high up to very high amounts of agglomerated silver 
beads with sizes between 0.3 to 0.8 µm were confirmed on the surfaces of gold, dark blue, 
and light blue Zircaloy. In these cases silver was measurable on the whole surface of the 
specimens. On both types of Inconel 718 blank and CrN coated low amounts of small silver 
beads of circa 0.2 µm were seen independent whether the deposition experiments were 
performed with the presence of UV-light or not.   
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Table 6-13: Amount, size, and form of deposited Ag beads. 

Specimens Amount, size, and form of deposited Ag beads 

 UV OFF UV ON 

Zry blank 
high amount, 

large Ag beads (≈ 0.7 µm) 
low amount, 

small Ag beads (≈ 0.2 µm) 

Zry gold 
low amount, 

medium-sized Ag beads  
(≈ 0.4 µm) 

very high amount, 
agglomerated Ag beads (≈ 0.3 – 0.8 µm), 

Ag measurable on whole surface 

Zry dark blue 
low amount, 

medium-sized Ag beads  
(≈ 0.5 µm) 

very high amount, 
agglomerated Ag beads (≈ 0.3 – 0.8 µm), 

Ag measurable on whole surface 

Zry light blue 
low amount, 

medium-sized Ag beads  
(≈ 0.4 µm) 

high amount, 
agglomerated Ag beads (≈ 0.3 – 0.8 µm), 

Ag measurable on whole surface 

I718 blank 
low amount, 

small Ag beads (≈ 0.2 µm) 
low amount, 

small Ag beads (≈ 0.2 µm) 

I718 CrN 
low amount, 

small Ag beads (≈ 0.2 µm) 
low amount, 

small Ag beads (≈ 0.2 µm) 
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6.2.2 Exposure of Silver Deposited Specimens 

6.2.2.1 Experimental Procedure 

Galvanic corrosion measurements with focus on potentials and currents, see chapter 5.4.2, 
were performed with different specimen pairings with and without deposited silver on the 
surfaces under defined experimental conditions: 65 °C, air-saturated, 0/500 ppb H2O2, 
UV-light OFF/ON. Due to the results stemming from the silver deposition experiments, see 
chapter 6.2.1.2, Zircaloy dark blue was chosen for the exposure tests. It featured the highest 
silver amount on the surface in deposition experiments under UV-light exposure. The 
specimen pairings were with direct contact or without direct contact with a small crevice 
between them and fixed by an insulated thin clip (specimen pairings shown in Table 6-14). 
Specimen pairings were formed according to the surface area ratio in the plant of 
Zry : I718 = 1 : 1.6 to give a shadowed and an illuminated part on the same Zircaloy 
specimen, as shown exemplarily in the appendix in Figure 9-60. The surface area ratio as 
well as the distance between anode and cathode is of major importance for the magnitude of 
the galvanic current.[28] The galvanic potential was directly measured vs. platinum as a 
pseudo reference electrode with the GAMRY potentiostat. In addition, the galvanic potential 
was measured directly vs. an Ag/AgCl reference electrode, recorded via an analog/digital 
data acquisition unit (MW 100 unit), and corrected as potential vs. SHE. 

 

Table 6-14: Specimen pairings regarding WE and CE with and without direct contact for GC 
measurements. 

 Specimen pairings 

with/without direct contact WE CE 

with direct contact 

Zry blank (reference) I718 blank/CrN 

Zry dark blue (reference) I718 blank/CrN 

Zry dark blue with Ag I718 blank/CrN 

without direct contact 
Zry dark blue (reference) I718 blank/CrN 

Zry dark blue with Ag I718 blank/CrN 
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The schematic measurement procedure is shown in Figure 6-26. It was used for all galvanic 
corrosion measurements. During the entire measurement an environment with a temperature 
of 65 °C and oxygenated conditions, that is air-saturated, was adjusted. Time periods without 
UV-light and with UV-light were alternated in defined intervals. A period without hydrogen 
peroxide was followed by a period with 500 ppb hydrogen peroxide in the test set-up. 

 

 

Figure 6-26: Schematic measurement procedure for GC measurements. 

 

Pre-tests focused on the thermal stability of hydrogen peroxide in deionized water at a 
temperature of 65 °C with and without UV-light were done, see Figure 6-27. From these pre-
tests with analyses via spectrophotometry (see analysis technique description in chapter 
5.4.11) the stability of hydrogen peroxide under temperature of 65 °C without UV-light was 
proven. This is in good agreement with literature results.[85] Therefore, no needs emerged to 
add hydrogen peroxide. In contrast hydrogen peroxide at a temperature of 65 °C under 
exposure to UV-light is unstable. Here, hydrogen peroxide decomposition sets in induced by 
UV-light to form hydroxyl radicals (as already described in chapter 2.3.4).[53],[54] Thus, 
additional 500 ppb hydrogen peroxide had to be added almost every minute to guarantee a 
constant amount of hydrogen peroxide in the solution. 

 

 

Figure 6-27: Concentration profile of H2O2 at 65 °C under air-saturated conditions as a function 
of UV-light exposure with a starting H2O2 concentration of 500 ppb. – 

UV OFF (black) and UV ON (gray).  
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6.2.2.2 Results 

Comparing the potential profiles in Figure 6-28 indicates that the presence of silver on the 
surface of Zircaloy blank and dark blue has nearly no effect on the ECPs under oxygenated 
deionized water at 65 °C without the presence of UV-light. Under exposure to UV-light, 
similar ECPs of approximately -400mVSHE were measured for Zircaloy blank and dark blue 
with deposited silver on the surfaces. In comparison, different ECP values, namely 
-300mVSHE for Zircaloy blank and -500mVSHE for Zircaloy dark blue, were obtained for both 
types of Zircaloy without deposited silver on the surfaces. 

 

  

Figure 6-28: ECP measurements of blank and dark blue Zircaloy at 65 °C under air-saturated 
conditions as a function of UV-light exposure, H2O2 presence (500 ppb), and Ag beads on the 

surface. Left side: Without Ag. Right side: With Ag. – 
Zry blank (gray) and Zry dark blue (dark blue). 

 

Specimen pairings, in which direct metallic contact existed between Zircaloy and 
Inconel 718, showed a mixed cell potential even without short circuiting via the “Gamry” 
potentiostat for the galvanic corrosion measurement due to its metallic contact area. Notable, 
specimen pairings without direct contact and with small crevice between them had no mixed 
cell potential before short circuiting via the “Gamry” potentiostat. In both cases, the same 
mixed cell potential was measured, which dropped under exposure to UV-light due to the 
photo-effect. 

When the specimen pairings were in direct metallic contact, the galvanic currents were only 
in the range of nanoamperes. This is due to the missing electrochemical potential difference 
as EMF for the galvanic corrosion. Nevertheless, higher galvanic currents were generated 
upon exposure to UV-light. Here, the photo-effect either in a positive or a negative direction 
relates to the oxidation of either Zircaloy or Inconel 718. As already described in chapter 
5.4.2, a positive galvanic current correlates with an oxidation reaction on the WE, which is in 
this case Zircaloy. A negative galvanic current reflects an oxidation reaction on the CE, which 
is in this case Inconel 718. The presence of hydrogen peroxide had nearly no effect on the 
galvanic potentials and galvanic currents. A listing of the galvanic current densities of the 
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different specimen pairings with direct contact under the different experimental conditions are 
shown in Table 6-15. The corresponding galvanic corrosion diagrams are shown in the 
appendix in Figures 9-61 to 9-66. 

By virtue of a direct metallic contact between the specimen pairings and the missing EMF 
between them an alternating oxidation reaction on Zircaloy and Inconel 718 was measured 
for most of the experiments. Comparing the galvanic current densities under UV-light 
exposure while oxidizing blank Inconel 718 and Inconel 718 coated with CrN higher galvanic 
corrosion currents were measured for the blank Inconel 718. This is due to the protection of 
CrN for the Inconel 718 base material. The presence of silver showed no effect on the 
galvanic corrosion of Zircaloy. However, a slightly increased galvanic current was noted for 
the oxidation of Inconel 718 coated with CrN due to the increased cathodic surface area for 
the reduction reactions. 

 

Table 6-15: Galvanic current densities of specimen pairings with direct contact. 

Specimen pairings 

(WE vs. CE) 
Galvanic current density  

in nA/cm2 

with direct contact UV OFF 
UV OFF 

+ H2O2 
UV ON 

UV ON 

+ H2O2 

Zry blank  
vs. I718 blank 

-0.05 … +0.05 -0.05 … +0.05 -0.3 -0.2 

Zry blank  
vs. I718 CrN 

0 … -0.1 -0.2 … -0.1 -0.2 -0.2 

Zry dark blue  
vs. I718 blank 

0 … -0.1 0 … -0.1 0 … -0.1 0 … -0.1 

Zry dark blue  
vs. I718 CrN 

0 … -0.1 0 … -0.1 0 … +0.1 0 … +0.1 

Zry dark blue with Ag  
vs. I718 blank 

-0.05 … +0.05 -0.05 … +0.05 0 … +0.1 0 … +0.1 

Zry dark blue with Ag  
vs. I718 CrN 

0 … -0.1 0 … -0.1 0 … +0.05 0 … +0.1 
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The experiments could not simulate the conditions in the plant because of the low experi-
mental testing temperature of 65 °C and the short exposure times, whereby insufficient thick 
and isolating oxide layers were formed. Moreover, only very small galvanic currents in the 
range of nanoampere and varying negative and positive current values were obtained for the 
specimens in direct contact. Therefore, different specimen pairing without having any direct 
metallic contact between the specimens was chosen to simulate the crevice and the 
available EMF between Zircaloy and Inconel 718. 

Using the galvanic pairings without direct metallic contact galvanic currents up to micro-
amperes were measured under exposure to UV-light. It caused a drastically higher galvanic 
current due to the photo-effect and the, therefore, increased EMF between Zircaloy and 
Inconel 718. Again, the presence of hydrogen peroxide had no significant effect on the 
galvanic corrosion. A list of the galvanic current densities of the different specimen pairings 
without direct contact under the different experimental conditions are given in Table 6-16. 
The corresponding galvanic corrosion diagrams are shown in the appendix in Figures 9-67 to 
9-70. In particular, the ECPs of both Zircaloy and Inconel 718 were measured for given time 
periods, before the mixed cell potential was set up due to the short circuit via the “Gamry” 
potentiostat in the ZRA mode. 

 

Table 6-16: Galvanic current densities of specimen pairings without direct contact. 

Specimen pairings 

(WE vs. CE) 
Galvanic current density  

in nA/cm2 

Galvanic current density  

in µA/cm2 

without direct contact UV OFF 
UV OFF 

+ H2O2 
UV ON 

UV ON 

+ H2O2 

Zry dark blue 
vs. I718 blank 

-6.0 … +2.5 +22.5 +2.5 +4.0 

Zry dark blue 
vs. I718 CrN 

-3.5 +8.0 +2.5 +2.5 

Zry dark blue with Ag 
vs. I718 blank 

-4.0 … +4.5 +22.5 +2.0 +2.5 

Zry dark blue with Ag 
vs. I718 CrN 

-1.3 … +0.9 +10.3 +2.0 +2.5 

 

 

Using the coated Inconel 718 with CrN as CE no decrease in the galvanic corrosion current 
for the oxidation on Zircaloy was measured when compared to the blank Inconel 718 if the 
UV-light was activated. Furthermore, the presence of silver on Zircaloy dark blue imposed no 
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current change in the Zircaloy oxidation, as illustrated in Figure 6-29. As a matter of fact, the 
current density range is independent of the presence of silver.  

Moreover, the presence of silver on blank and dark blue Zircaloy had only a small effect on 
the galvanic cell potential within galvanic corrosion measurements via short circuit, as shown 
in Figure 6-30. 

 

 

Figure 6-29: Galvanic current measurements (current density) of Zircaloy dark blue 
with/without Ag vs. Inconel 718 blank/CrN at 65 °C under air-saturated conditions as a function 

of UV-light exposure, H2O2 presence (500 ppb), and Ag beads on surface. – 
Zry db vs. I718 blank (light blue), Zry db vs. I718 CrN (dark blue), Zry db with Ag vs. I718 blank 

(light gray), and Zry db with Ag vs. I718 CrN (dark gray). 
 

 

 

Figure 6-30: Galvanic potential measurements (cell potential) of Zircaloy dark blue with/without 
Ag vs. Inconel 718 blank/CrN at 65 °C under air-saturated conditions as a function of UV-light 

exposure, H2O2 presence (500 ppb), and Ag beads on surface. – 
Zry db vs. I718 blank (light blue), Zry db vs. I718 CrN (dark blue), Zry db with Ag vs. I718 blank 

(light gray), and Zry db with Ag vs. I718 CrN (dark gray). 
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6.2.3 Discussions 

6.2.3.1 Silver Deposition Experiments 

Currentless galvanic silver deposition was indeed realized on Zircaloy as well as on 
Inconel 718 although it is a noble metal with an ECP similar to that of silver under the 
conditions of: air-saturated deionized water, RT/65 °C, and UV-light OFF/ON (see 
Figure 9-71 in the appendix). 

Hypotheses regarding the silver deposition, see chapter 3.2, could mostly be validated, as 
shown in Table 6-17. Silver deposition without UV-light was actually highest on blank 
Zircaloy when compared to all three pre-oxidized Zircaloy types. Here, ZrO2 acts as an 
electrical insulator, when UV-light is not present leading to a lower silver deposition.[11] In 
addition, blank Zircaloy has a lower ECP relative to the pre-oxidized Zircaloy types 
(Figure 6-31). An increased electrochemical potential difference between the ECP of blank 
Zircaloy and the ECP of silver results in a higher EMF. 

 

  

Figure 6-31: ECP measurements of blank and pre-oxidized Zircaloy at 65 °C under air-saturated 
conditions as a function of UV-light exposure. 

Left side: UV OFF. Right side: UV ON. – 
Zry blank (gray), Zry gold (yellow), Zry dark blue (dark blue), and Zry light blue (light blue). 

 

One hypothesis that under UV-light exposure more silver was deposited on the pre-oxidized 
Zircaloy types than on the blank Zircaloy could be confirmed. A likely rationale implies that 
the photo-effect under exposure to UV-light is smaller for blank Zircaloy when compared to 
pre-oxidized Zircaloy even with very thin oxide films. This would lead to lower ECPs for the 
pre-oxidized Zircaloy types than for the blank Zircaloy. Indeed, as shown in Figure 6-31, the 
lowest ECP was obtained for Zircaloy dark blue. Larger ECPs were measured for Zircaloy 
gold and Zircaloy light blue. The ECP for the blank Zircaloy was in between these two ECPs 
because of an undefined thick, but compact natural oxide layer. These results are in 
agreement with the hypotheses. Due to that fact larger electrochemical potential differences 
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exist between pre-oxidized Zircaloy and the ECP of silver. This is the basis for a higher EMF 
for the galvanic silver deposition. The highest silver amount under exposure to UV-light was 
verified for the dark blue Zircaloy with the lowest ECP. Thicker oxide layers on, for example 
Zircaloy light blue, evoked stronger isolating effects and lower photo-effects resulting in a 
lower deposited amount of silver. 

No evidence was gathered that would suggested that already deposited silver would be 
removed from pre-oxidized Zircaloy under exposure to oxygenated water at  65 °C without 
the presence of UV-light. For Zircaloy, this was independent on the oxide layer thickness. 

Results from the silver deposition experiments inform that silver was not only deposited on 
the ignoble metal Zircaloy, but also on the noble metal Inconel 718. Only small electro-
chemical potential differences between both blank and CrN coated Inconel 718 and silver 
and, thus, small EMFs were measured. Nevertheless, not negligible amounts of silver were 
deposited on both types of Inconel 718. Anyhow, smaller amounts were found on 
Inconel 718 than on Zircaloy. A higher silver amount was deposited on blank Inconel 718 
when compared to CrN coated Inconel 718 due to the insulating property of CrN. This was 
independent of the presence of UV-light.[47] 

 

Table 6-17: Validation of hypotheses regarding Ag deposition on Zircaloy and Inconel 718 
under UV OFF/ON. 

Condition Hypothesis Validation 

UV OFF 
Silver deposition: 
Zryblank > Zryoxide 

Yes 

UV ON 
Silver deposition: 
Zryblank < Zryoxide 

Yes 

UV ON � UV OFF Silver removal from Zryoxide  no evidence 

UV OFF/ON 
Silver deposition: 

Zry > I718 
Yes 

 
 

A temporary ECP increase to approximately 370 to 400 mVSHE during the silver deposition on 
blank and pre-oxidized Zircaloy types as well as on blank and CrN coated Inconel 718 is 
assumed to correlate with the starting silver deposition on the metal surfaces. Measurements 
showed that the ECP for silver under these conditions is also about 300 mVSHE, see 
Figure 9-71 in the appendix.  
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After stabilization the ECP values of approximately 400 mVSHE for pre-oxidized Zircaloy types 
and of 300 mVSHE for blank Zircaloy are in the same range than these without the presence 
of silver on the surfaces, as shown in Figure 6-28. It is assumed that the ECPs of the 
specimens are dominated by the ECPs resulting from the free metal surface areas without 
any contributions from the deposited silver on the surfaces. These results are in agreement 
with the results from the SEM and EDX surface analyses disclosing no uniform silver layers, 
but silver beads of different sizes and amounts on the surface, depicted schematically in 
Figure 6-32. To this end, the schematic on the left side represents both blank Zircaloy with a 
natural oxide layer and Zircaloy with three oxide thicknesses from the pre-oxidation 
experiments on Zircaloy. Both cases of blank Inconel 718 with a natural oxide layer and 
Inconel 718 coated with CrN are presented by the schematic of the right side.  

 

  

Figure 6-32: Schematics of Ag deposited beads under UV OFF. 
Left side: Ag beads on blank and pre-oxidized Zircaloy. 

Right side: Ag beads on blank and CrN coated Inconel 718. 

 

An ECP increase to circa 900 mVSHE for the different Zircaloy types and to 1200 mVSHE for 
both Inconel 718 types were measured during the silver deposition experiments under 
exposure to UV-light. These ECPs are close to the standard electrochemical ECP of silver 
(E0(Ag/Ag+) ≈ 0.8 V).[83] It is assumed that these ECPs are in correlation with an initial and 
temporary area-wide silver layer consisting of silver particles with different sizes on the whole 
surface area. 

According to the literature[84], it is hypothesized that a time and silver dependent agglo-
meration promoted via UV-light took place. With the exception of the dark blue Zircaloy, the 
ECPs for the blank, gold and light blue Zircaloy were governed by the ECPs of the free metal 
surface areas under exposure to UV-light (ECP ≈ -700 mVSHE). A similar conclusion was 
drawn for blank and CrN coated Inconel 718 leading to ECPs of about -100 to -200 mVSHE. In 
strong contrast, the large amount of agglomerated silver beads on the surface of the dark 
blue Zircaloy influences the ECP by intensifying it to approximately -200 mVSHE. Reference 
measurements showed that the ECP for silver under these conditions and under exposure to 
UV-light is in the range of about 150 mVSHE, see Figure 9-71 in the appendix. These results 
from ECP measurements are in agreement with the results from the SEM and EDX surface 
analyses after an exposure time of 5 h. Agglomerated silver beads of different sizes and 
amounts on Zircaloy as well as small-sized silver beads on Inconel 718 are depicted 
schematically in Figure 6-33. 
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Figure 6-33: Schematics of Ag deposited beads under UV ON. 
Top side: Ag beads on blank and pre-oxidized Zircaloy. 

Bottom side: Ag beads on blank and CrN coated Inconel 718. 

 

 

6.2.3.2 Exposure of Silver Deposited Specimens 

Figure 6-34 summarizes the schematics of the possible oxidations on Zircaloy and on 
Inconel 718. For simplification reductions were left out. Zircaloy with an undefined thick oxide 
layer and Inconel 718 with existing CrN layer is used for this schematic example. 

Possible oxidations on Zircaloy are, on one hand, the oxidation of Zr to Zr4+ and, on the other 
hand, the oxidation of Ag to Ag+. Possible oxidation reactions on Inconel 718 are the 
oxidation of Cr to Cr3+. Chromium is coming as an alloying element from the Inconel 718 
base material. In the case of a CrN coating, chromium is stemming from the CrN layer, 
where chromium has the oxidation stages +1/+2. Nickel from the base material of 
Inconel 718 can also be oxidized to Ni2+. Moreover, the nitrogen from CrN at the oxidation 
stage -3 is oxidizable to N2. Therefore, the measured galvanic current represents not only the 
galvanic corrosion currents of Zircaloy or Inconel 718 itself, but as sum of several possible 
oxidations. A positive current infers that the oxidation reactions on Zircaloy dominate when it 
is electrical connected to the working electrode. By contrast oxidations on Inconel 718 result 
in an overall negative current when it is used as counter electrode in the galvanic couple. 
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Figure 6-34: Schematics of possible oxidations on Zircaloy and on Inconel 718. 

 

As already mentioned in chapter 6.2.2, silver had no impact on the galvanic current of 
Zircaloy. It is likely that the surface of Inconel 718, which acts as cathodic area, is large 
enough for the reduction of oxygen and hydrogen peroxide. As such, an additional cathodic 
surface area in the form of silver beads has no influence on the Zircaloy oxidation current.  

Nevertheless, it has to be considered that the exposure experiments with silver deposited 
specimens were ran at a limited temperature of 65 °C. Pressure limitations in the apparatus 
are considered. At this temperature, the diffusion during the oxidation of Zircaloy is limited. 
Thus, it is questionable if the presence of silver fails increasing the Zircaloy corrosion or if the 
corrosion is just limited by the diffusion. Concerning this question, it is important to mention 
that the corrosion is influenced and increased under UV-light exposure, even at a low 
temperature of 65 °C. This is in agreement with the experimental results in the literature.[43] 

Experiments under exposure to UV-light demonstrated that increased charge carrier densi-
ties lower the oxide resistances (see EIS results in chapter 6.2.1.1) and, therefore, facilitates 
the electrical conductivity of the oxide layer. Due to the fact that Zircaloy either blank or with 
only very thin oxide thicknesses of up to 67 nm were used, it is safe to conclude that the 
energy from the UV-light is sufficient to overcome the band gap energy of ZrO2 and renders 
the ZrO2 layer conduction (see Figure 6-31 in chapter 6.2.3.1). Furthermore, the energy from 
the UV-light lowers the activation energy for diffusion resulting in an enhanced corrosion. 
Moreover, it is supposed that the diffusion is not noticeable due to the very short reaction 
pathway for oxygen through the ZrO2 layer to the Zr/ZrO2 interface despite the low 
temperature of 65 °C. 
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6.3 Experiments in the High-Temperature Test Set-Up 

6.3.1 Start-up of High-Temperature Test Set-Up 

Due to limitations in the pressure of the static test set-up and the tube reactor (shown in 
chapter 5.3.1 and 5.3.2) the maximum temperatures were limited to 65 and 150 °C. These 
temperatures were distinctly lower than the temperature in the BWR reactor core, which is 
about 280 °C. A newly constructed autoclave, described in chapter 5.3.3, was used for high-
temperature experiments at 250 °C to translate the test results to higher test temperatures 
under simulated oxygen containing high-temperature water. 

 

6.3.1.1 Specimen Installation 

The specimens were installed in a 360° fashion around the sapphire tube with a maximum 
distance of approximately 2 cm relative to the sapphire tube. Single specimens were installed 
for ECP, EIS, and GC measurements. Furthermore, specimen pairings with direct metallic 
contact were assembled into the autoclave for ECP and GC measurements with the different 
surface areas to represent the original surface area ratio between Zircaloy and Inconel 718 in 
the plant of Zry : I718 = 1 : 1.6. The surface area ratio as well as the distance between anode 
and cathode governs the magnitude of the galvanic current.[28] Concerning the pairing 
arrangement, a shadowed and an illuminated part on the same Zircaloy specimen was 
established. The specimen orientation around the sapphire tube and the formation of 
specimen pairings is shown in Figure 6-35. 

 

 

Figure 6-35: Specimen orientation around the sapphire tube and specimen pairing formation. 
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6.3.2 Transferability at 150 °C between the Tube Reactor and 

the High-Temperature Autoclave 

6.3.2.1 Specimen Materials 

According to the materials in the tube reactor test set-up, the following components were 
used as specimens to compare the test results: Zry-2 sheet without oxide layer and with an 
oxide layer of 1 µm, I718 blank and coated with CrN, Austenitic stainless steel (1.4550) and 
platinum. Because of the fact that Zircaloy with oxide layers of 3 or 15 µm acted as semi-
conductor with insulating properties during the electrochemical measurements, Zircaloy 
specimens were used with an oxide layer of about 1 µm. Under the experimental conditions, 
a 1 µm oxide layer is comparable to the oxide layer thickness and the environmental 
conditions occurring in the plant. Table 6-18 surveys the single and pairing specimens 
installed in the high-temperature autoclave. 

 

Table 6-18: Single and pairing specimens for transferability at 150 °C between the different test 
set-ups and for feasibility experiments at 210 °C. 

Single specimens 
Specimen pairings 

(WE + CE) 

Zry blank Zry blank + I718 blank 

I718 blank Zry blank + I718 CrN 

I718 CrN Zry 1 µm + I718 blank 

 Zry 1 µm + I718 CrN 

 
 

6.3.2.2 Experimental Procedure 

During a time period of approximately two months at a test temperature of 150 °C several 
ECP, GC, and EIS measurements were performed with and without UV-light. This is to 
validate the transferability of the experimental results summarized in the tube reactor at 
150 °C to the new high-temperature autoclave. After that time, initial experiments concerning 
ECP, GC, and EIS were run at a test temperature of 210 °C for circa one month as a function 
of hydrogen peroxide presence and UV-light exposure. The effect of both temperature and 
UV-light was of interest for this thesis.  
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6.3.2.3 Results and Discussions 

Analyses demonstrate that the results concerning ECP and GC measurements at a test 
temperature of 150 °C in both test set-ups, namely the high-temperature autoclave and the 
tube reactor using different UV-lamps (see chapter 5.3.1 and chapter 5.3.3), are comparable. 
Thus, the transferability of the results using a low pressure amalgam UV-lamp to the 
measurements using a medium pressure mercury UV-lamp is possible.  

 

6.3.2.3.1 Electrochemical Corrosion Potential 

The ECPs were measured according to the description in chapter 5.4.1. As shown in 
Figure 6-36, the ECPs of the different specimens in high-temperature water at 150 °C with an 
oxygen concentration of 200 ppb were in the same range regardless the presence/absence 
of UV-light and the dosage of 500 ppb hydrogen peroxide, respectively, in both test set-ups. 

 

       High-temperature Autoclave        Tube reactor 

  

Figure 6-36: ECP measurements at 150 °C under oxygenated conditions (200 ppb) as a function 
of UV-light exposure, H2O2 presence (500 ppb), and experimental test set-up. 

Left side: High-temperature Autoclave. Right side: Tube reactor. – Zry blank (black), I718 blank 
(gray), I718 CrN (purple), Austenite (dark green), and Platinum (blue). 

 

6.3.2.3.2 Galvanic Corrosion 

Galvanic corrosion measurements, as galvanic potentials and galvanic currents, in 
oxygenated high-temperature water at 150 °C were based on the technique described in 
chapter 5.4.2. The focus was on the dependency of galvanic currents on the exposure to 
UV-light and the presence of 500 ppb hydrogen peroxide over certain time periods. The 
following schematic procedure, as shown in Figure 6-37, was used for the galvanic corrosion 
measurements. 
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Figure 6-37: Schematic measurement procedure for GC measurements. 

 

The results of the galvanic corrosion measurements either as single specimen vs. single 
specimen (see Figure 6-38) or as single specimen vs. autoclave (see Figure 6-39) provided 
galvanic potentials and galvanic current densities. They were in the same range regardless 
of UV-light exposure and hydrogen peroxide dosage in both test set-ups. 

High galvanic currents were characterized under exposure to UV-light. It is the photo-effect in 
both test set-ups using different types of UV-lamps that makes the difference. In contrast the 
presence of hydrogen peroxide had nearly no effect on the galvanic currents. Galvanic 
potentials either using Inconel 718 blank/CrN or the autoclave as counter electrode led to the 
same trend as function of the presence/absence of UV-light and hydrogen peroxide dosage. 

 

High-temperature Autoclave 

 

Tube reactor 

 

 

 

 

 

Figure 6-38: GC measurements of Zircaloy blank vs. Inconel 718 blank (top) and Zircaloy blank 
vs. Inconel 718 CrN (bottom) at 150 °C under oxygenated conditions (200 ppb) as a function of 

UV-light exposure, H2O2 presence (500 ppb), and experimental test set-up. 
Left side: High-temperature Autoclave. Right side: Tube reactor. – 

Left y-axis: Current density (blue). Right y-axis: Cell potential (orange). 
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High-temperature Autoclave Tube reactor 

 

 

 

 

 

 

Figure 6-39: GC measurements of single specimen – Zircaloy blank (top), Inconel 718 blank 
(middle), Inconel 718 CrN (bottom) – vs. Autoclave at 150 °C under oxygenated conditions 

(200 ppb) as a function of UV-light exposure, H2O2 presence (500 ppb), and experimental test 
set-up. 

Left side: High-temperature Autoclave. Right side: Tube reactor. – 
Left y-axis: Current density (blue). Right y-axis: Cell potential (orange). 

  



Results and Discussions 
 

 
- 85 - 

6.3.2.3.3 Surface Analyses 

Stereo microscopic images of Zircaloy after three months of exposure time (two months at 
150 °C and one month at 210 °C) either orientated towards the UV-light or hidden from the 
UV-light (in the shadow) are shown in Figure 6-40. Based on the oxidation colors, a thicker 
oxide layer colored in dark gray was identified for the Zircaloy side, which was directed 
towards the UV-light source. In contrast, a thinner oxide layer colored in gold and violet was 
formed on the Zircaloy side, which was hidden from the UV-light source. Considering these 
observations, an increased Zircaloy corrosion was concluded under exposure to UV-light. 
This result is in sound agreement with the results from GC and EIS measurements. Here, 
increased galvanic currents and decreased oxide resistances were obtained for Zircaloy 
under exposure to UV-light (see chapter 6.1.2.2 and chapter 6.1.2.3). 

 

  

Figure 6-40: Stereo microscopic images of Zircaloy. 
Left side: Zircaloy orientated towards UV-light: dark gray – thicker oxide. 

Right side: Zircaloy hidden from UV-light: colored – thinner oxide. 

 

6.3.3 Measurement of Electrical Conductivity of Water 

Temperature dependent electrical conductivity (EC) measurements of the high-temperature 
water under defined water chemistry conditions and with/without the presence of UV-light 
were conducted. A calibrated conductivity cell made of two platinum metal sheets, as 
described in chapter 5.4.4 and shown as image in the appendix in Figure 9-72, was used.  

The electrical conductivity of water were measured under an oxygenated environment with a 
dissolved oxygen concentration of 200 ppb and at different temperatures: 150, 165, 180, 
210, and 250 °C. The dependence of the electrical conductivity of water regarding the 
presence of UV-light and the presence of hydrogen peroxide was validated at a test 
temperature of 150 °C. The results in Table 6-19 proof the lack of contributions to the 
electrical conductivity from UV-light exposure or hydrogen peroxide. The decomposition 
products of hydrogen peroxide according to Equations (14) and (15) in the form of radicals 
produced via UV-light and in the form of oxygen and water produced via temperature do not 
show up in the electrical conductivity. Likewise the radiolysis products in the form of radicals 
do not change the electrical conductivity.  
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H2O2 
hν (185 nm)
�����������  H˙ + ˙OH (14) 

H2O2 
   T   
���� 

1

2
 O2 + H2O (15) 

 

Table 6-19: Measured electrical conductivities at 150 °C concerning UV-light and H2O2. 

Water chemistry: 

T = 150 °C 

DO = 200 ppb 

Electrical conductivity 

in µS/cm  

from measurements 

UV OFF 

H2O2 = 0 ppb 
2.16 

UV OFF 

H2O2 = 500 ppb 
2.13 

UV ON 

H2O2 = 0 ppb 
2.10 

UV ON 

H2O2 = 500 ppb 
2.07 

 
 

 

Electrical conductivity measurements at high-temperature water were performed under an 
oxygenated environment with a dissolved oxygen amount of 200 ppb and under exposure to 
UV-light. Table 6-20 shows the temperature dependent conductivities of water obtained from 
measurements under exposure to UV-light during this thesis. Furthermore, calculated 
literature values (without UV-light) according to the physical-technical data base of AREVA 
GmbH and the ASME handbook edited by P. Cohen are listed.[86] As depicted in Figure 6-41, 
the measured values and the literature values are in perfect agreement due to the fact that 
UV-light has no effect on the electrical conductivity of water, as shown in Table 6-19. 
  



Results and Discussions 
 

 
- 87 - 

Table 6-20: Temperature dependent electrical conductivities of water obtained from 
measurements under exposure to UV-light and from literature calculations without 

UV-light.[86],[87] 

Temperature 

in °C 

Electrical conductivity 

from measurements 

(with UV-light) 

in µS/cm 

Electrical conductivity 

from literature[86],[87] 

(extrapolated values)  

(without UV-light) 

in µS/cm 

T = 150 °C 2.10 2.03 

T = 165 °C 2.44 2.54 

T = 180 °C 2.97 2.93 

T = 210 °C 3.44 3.68 

T = 250 °C 4.46 4.20 

 

 

 

Figure 6-41: Temperature dependent electrical conductivities of water obtained from 
measurements under exposure to UV-light and from literature calculations without 

UV-light.[86],[87] 
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6.3.4 Specimen Exposure at 250 °C 

The objective of exposure tests with specimen pairings at 250 °C was to study the Shadow 
Corrosion Phenomenon in autoclave experiments. The specimen exposure under oxy-
genated high-temperature water at 250 °C with a dissolved oxygen concentration of 200 ppb 
was conducted over a time period of 2.5 months. The specimens were exposed to UV-light 
for about 50 % of this time. During certain time periods hydrogen peroxide was dosed with a 
concentration of 500 ppb in the autoclave. During the exposure to high-temperature water a 
range of ECP, EIS, and GC measurements were conducted. After the exposure, some of the 
specimens were characterized via SEM with EDX and FIB analyses techniques to inspect 
the surface modifications. 

 

6.3.4.1 Specimen Materials 

Zircaloy was used as a blank metal and with a gold colored oxide layer having a thickness of 
approximately 34.5 nm (see chapter 6.2.1.1). Inconel 718 was installed as a blank metal and 
coated with CrN. Furthermore, Austenitic stainless steel (1.4550) was employed as reference 
material, while platinum was added as (pseudo) reference electrode (please see Table 6-21). 

 

Table 6-21: Single and pairing specimens for exposure at 250 °C. 

Single specimens 
Specimen pairings 

(WE + CE) 

Zry blank Zry blank + I718 blank 

Zry gold Zry blank + I718 CrN 

I718 blank Zry gold + I718 blank 

I718 CrN Zry gold + I718 CrN 

 

 

6.3.4.2 Experimental Procedure 

A time period with UV-light exposure was followed by a time period without UV-light 
exposure. During both time periods various dosage periods with 500 ppb hydrogen peroxide 
and several electrochemical measurements concerning ECP, EIS, and GC were performed. 
The effect of both temperature and UV-light was of interest for this thesis.  
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6.3.4.3 Results and Discussions 

6.3.4.3.1 Electrochemical Corrosion Potential 

The electrochemical corrosion potentials were measured according to chapter 5.4.1 under an 
oxygenated environment with a dissolved oxygen amount of 200 ppb at 250 °C. UV-light and 
hydrogen peroxide presence were varied. The ECP results of single specimens and 
specimen pairings are shown in Figures 6-42 and 6-43, respectively. Corresponding profiles 
of temperature, electrical conductivity and oxygen content are collected in the appendix in 
Figures 9-73 to 9-75. 

Under UV-light OFF and ON the same temperature of 250 °C was adjusted. Due to the 
oxygen consumption during oxidation of the specimens and the austenitic autoclave inner 
walls a decreased dissolved oxygen amount of 60 ppb was measured at the outlet measure-
ment position of the autoclave without UV-light. Under exposure to UV-light, the dissolved 
oxygen amount at the outlet was further decreased by 80 ppb. This is due to increased 
surface oxidations, consumption in the photolysis reactions and combustion of the very small 
residual portions of organics (TOC < 5 ppb) via UV-light by consumption of oxygen from the 
test solution. In the presence of hydrogen peroxide, the amount of oxygen at the outlet 
position of the autoclave increased due to oxygen production from decomposition of 
hydrogen peroxide into oxygen and water. The oxygen generation from hydrogen peroxide 
decomposition was enhanced under exposure to UV-light. 

The electrical conductivity without the presence of UV-light increased from approximately 
0.06 to about 0.10 µS/cm. Small contaminations in the test solution from the test apparatus 
(ions from leaching of oxidized metal surfaces) are responsible for this trend. Under 
exposure to UV-light, the electrical conductivity went up to approximately 0.20 µS/cm due to 
the oxidation of remaining organics in the test solution. Moreover, the presence of UV-light or 
the presence of hydrogen peroxide enables the oxidation of the water-insoluble Cr3+ state, 
which is formed from corrosion of chromium-containing materials, and, which appears in 
chromium-rich oxide layers in the form of Cr/Fe spinel. This oxidation reaction results in the 
water-soluble Cr6+ state, which occurs as chromate ion and mainly contributes to the 
electrical conductivity of the test solution. 

The ECPs for the single specimens under UV-light OFF and ON are listed in Table 6-22. The 
presence of UV-light at 250 °C had only a slight effect on the ECPs, shown in Figure 6-42. 
The presence of hydrogen peroxide had no impact. Under exposure to UV-light, the dosage 
of hydrogen peroxide caused no effects on the potentials. Hydroxyl radicals stemming from 
the photolysis were enough to achieve the high level of the ECPs. In contrast, the ECPs of 
the Inconel 718 blank or coated with CrN were increased by approximately 95 to 130 mV 
while the ECPs of Zircaloy blank or pre-oxidized (gold) were increased by circa 40 to 70 mV 
due to the additional oxidant. The presence of the gold colored oxide layer with a thickness 
of about 34.5 nm on Zircaloy had nearly no effect on the ECP of Zircaloy. Only a slight 
difference of ECPs of maximum 90 mV between blank and CrN coated Inconel 718 was 
obtained, which is, however, insignificant due to measurement errors.  
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Table 6-22: ECPs of Zircaloy and Inconel 718 under UV OFF/ON and with/without H2O2 dosage. 

ECPs of Zry and I718 

in mVSHE 
UV OFF 

UV OFF 

+ H2O2 
∆ECP UV ON 

UV ON 

+ H2O2 
∆ECP 

Zry blank -780 -710 70 -770 -760 10 

Zry gold -810 -770 40 -810 -790 20 

I718 blank 120 215 95 160 170 10 

I718 CrN 50 180 130 70 80 10 

 
 

  

Figure 6-42: ECP measurements of single specimens at 250 °C under oxygenated conditions 
(200 ppb) as a function of UV-light exposure and H2O2 presence (500 ppb). 

Left side: UV OFF. Right side: UV ON. – 
Zry blank (black), Zry gold (orange), I718 blank (gray), I718 CrN (purple), Austenite (dark green), 

and Platinum (blue). 

 

Shortly after exposure of the specimen pairings with direct metallic contact in the oxygenated 
high-temperature water different ECP values were measured on Zircaloy and Inconel 718 of 
each pairing. The results are listed in Tables 6-23 and 6-24 and depicted in Figure 6-43. The 
oxide layers on both surfaces set up a non-metallic contact between the Zircaloy and the 
Inconel 718 and results in different ECPs. Because of that an electrochemical potential 
difference between Zircaloy and Inconel 718 and, therefore, an EMF for galvanic corrosion 
developed. 

The exposure to UV-light left no potential effects for Zircaloy of the specimen pairings, 
whereas for the Inconel 718, both blank and CrN coated, a slight cathodic shift was obtained. 
This results in an increased electrochemical potential difference and, thereof, an enhanced 
EMF for galvanic corrosion.  
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The presence of hydrogen peroxide did not change the ECPs of both Zircaloy and 
Inconel 718 under exposure to UV-light. As a consequence, the electrochemical potential 
difference and likewise the EMF for galvanic corrosion was unaffected. In contrast, cathodic 
shifts emerged for Zircaloy as well as for Inconel 718 during hydrogen peroxide dosage 
without exposure to UV-light. Considering that approximately the same cathodic shifts were 
measured for Zircaloy and for Inconel 718. Therefore, no changes in the electrochemical 
potential difference between Zircaloy and Inconel 718 and, therefore, in the EMF for galvanic 
corrosion were present. 

Independent of the presence/absence of UV-light and hydrogen peroxide the lowest electro-
chemical potential difference and EMF was conducted for the specimen pairing Zircaloy gold 
with Inconel 718 blank followed by the specimen pairing Zircaloy blank with Inconel 718 
blank. In contrast, similar electrochemical potential differences were gathered for the two 
other specimen pairings using Inconel 718 CrN as a counter electrode. 

 

Table 6-23: ECPs of specimen pairings under UV OFF and with/without H2O2 dosage with 
electrochemical potential differences (∆E) between Zircaloy and Inconel 718. 

ECPs of specimen pairings 

in mVSHE 

UV OFF UV OFF + H2O2 

Zry I718 ∆E Zry I718 ∆E 

Zry blank vs. I718 blank -730 25 755 -560 190 750 

Zry blank vs. I718 CrN -830 15 845 -780 130 910 

Zry gold vs. I718 blank -730 -85 645 -640 130 770 

Zry gold vs. I718 CrN -830 10 840 -780 130 910 
 

 

Table 6-24: ECPs of specimen pairings under UV ON and with/without H2O2 dosage with 
electrochemical potential differences (∆E) between Zircaloy and Inconel 718. 

ECPs of specimen pairings 

in mVSHE 

UV ON UV ON + H2O2 

Zry I718 ∆E Zry I718 ∆E 

Zry blank vs. I718 blank -720 90 810 -690 140 830 

Zry blank vs. I718 CrN -830 50 880 -815 80 895 

Zry gold vs. I718 blank -720 20 740 -690 80 770 

Zry gold vs. I718 CrN -830 50 880 -815 80 895 
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Figure 6-43: ECP measurements of pairing specimens at 250 °C under oxygenated conditions 
(200 ppb) as a function of UV-light exposure and H2O2 presence (500 ppb) with respective EMFs 

(black arrow). Left side: UV OFF. Right side: UV ON. – 
Potential on Zircaloy specimen (circle), potential on Inconel 718 specimen (rhombus); 
Specimen pairings: Zry blank + I718 blank (light blue), Zry blank + I718 CrN (dark blue), 

Zry gold + I718 blank (orange), and Zry gold + I718 CrN (red). 

 

6.3.4.3.2 Galvanic Corrosion 

Galvanic currents and galvanic potentials (see measurement technique description in 
chapter 5.4.2) were established for four different specimen pairings, listed in Table 6-21, in 
oxygenated high-temperature water (DO = 200 ppb, T = 250 °C) with and without UV-light. 
The resulting diagrams are displayed in Figures 6-45 and 6-46. The galvanic currents and 
galvanic potentials were compared as a function of UV-light and 500 ppb hydrogen peroxide 
as well as the different combinations of Zircaloy and Inconel 718. 

A schematic measurement procedure, as shown in Figure 6-44, was used for the galvanic 
corrosion measurements. Throughout the measurement period a temperature of 250 °C and 
an oxygenated condition with a dissolved oxygen concentration of 200 ppb was adjusted. A 
period with UV-light was followed by another one without UV-light. During each period, 
500 ppb hydrogen peroxide was dosed for given time periods in the test autoclave. 

 

 

Figure 6-44: Schematic measurement procedure for GC measurements. 
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From the presence of UV-light an increased galvanic current is linked to the photo-effect for 
all specimen pairings (see Figures 6-45 and 6-46). For the two specimen pairings using 
Zircaloy gold in combination with Inconel 718 blank/CrN galvanic currents were intensified 
under hydrogen peroxide dosage with and without UV-light, see Figure 6-46. Comparing all 
the galvanic current densities of the different specimen pairings revealed the highest values 
for the pairings using Zircaloy with gold colored oxide layer (see Figures 6-45 and 6-46). This 
result is nearly independent of using blank or CrN coated Inconel 718 as counter electrode. 
Using Inconel 718 CrN as counter electrode in pairing with blank Zircaloy higher galvanic 
currents were derived than in measurements using blank Inconel 718 as counter electrode. 
Under exposure to UV-light, the galvanic potentials lowered for all four specimen pairings 
due to the photo-effect. The dosage of hydrogen peroxide with and without UV-light led to 
increased galvanic potentials due to extra oxidants. 

 

Zircaloy blank vs. Inconel 718 blank Zircaloy blank vs. Inconel 718 CrN 

 

 

 

 

Figure 6-45: GC measurements of specimen pairings at 250 °C under oxygenated conditions 
(200 ppb) as a function of UV-light exposure and H2O2 presence (500 ppb). 

Left side: Zircaloy blank vs. Inconel 718 blank. Right side: Zircaloy blank vs. Inconel 718 CrN. 
Top: UV OFF. Bottom: UV ON. – 

Left y-axis: Current density (blue). Right y-axis: Cell potential (orange). 
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Zircaloy gold vs. Inconel 718 blank Zircaloy gold vs. Inconel 718 CrN 

 

 

 

 

Figure 6-46: GC measurements of specimen pairings at 250 °C under oxygenated conditions 
(200 ppb) as a function of UV-light exposure and H2O2 presence (500 ppb). 

Left side: Zircaloy gold vs. Inconel 718 blank. Right side: Zircaloy gold vs. Inconel 718 CrN. – 
Top: UV OFF. Bottom: UV ON. 

Left y-axis: Current density (blue). Right y-axis: Cell potential (orange). 
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6.3.4.3.3 Electrochemical Impedance Spectroscopy 

EIS measurements using a three-electrode arrangement, as described in chapter 5.4.3, were 
performed on blank and gold colored Zircaloy as well as on blank and CrN coated 
Inconel 718 over a frequency range of 1000 kHz to 2 mHz after oxidation for approximately 
two weeks in oxygenated high-temperature water (DO = 200 ppb, T = 250 °C). The EIS 
results are listed in Table 6-25 and the respective EIS Nyquist diagrams are shown in the 
appendix in Figures 9-76 to 9-79.  

For blank and gold colored Zircaloy similar oxide resistances were measured at 250 °C with 
and without exposure to UV-light. When comparing the oxide resistances of the blank and 
CrN coated Inconel 718 a higher value was measured for the latter with and without the 
presence of UV-light. This indicates a drop in the corrosion rate for the CrN coated 
Inconel 718 base material. 

The exposure to UV-light at 250 °C led to no approachable effects of the resistances for all 
specimens. It is likely that under the high-temperature of 250 °C a large number of charge 
carriers were produced via thermal activation so that the presence of UV-light had no further 
effect. 

The temperature dependence of the EIS values follows the equation: R (T = 250 °C) = 
R (T = 210 °C) < R (T = 150 °C). A temperature dependence of the resistances was noted up 
to 210 °C. The resistances at 250 °C were equal to those at 210 °C. In contrast, larger resis-
tances were obtained at 150 °C. 

 

Table 6-25: EIS results: Comparison of resistances regarding specimens and UV-light OFF/ON. 

Resistances 

under different conditions 
Zry blank Zry gold I718 blank I718 CrN 

UV OFF/ON ≈ < 

UV OFF 

= = = = 
UV ON 
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6.3.4.3.4 Surface Analyses 

Analyses focused on selected specimens after 2.5 months of exposure. For the specimen 
characterization, SEM with EDX and FIB techniques were used. Of particular interest was 
the corrosion of Zircaloy and Inconel 718 at the contact area (forming crevice conditions) and 
at the free area as well as at the surface areas towards the UV-light and hidden from the 
UV-light (in shadow). 

Images by means of stereo microscope of the specimen pairings for free and contact areas 
are shown in Figures 6-47 and 6-48. For each pairing, Zircaloy is placed on the left side, 
whereas Inconel 718 is positioned on the right side. The contact areas of both materials are 
highlighted with a yellow mark showing the positions on Zircaloy and Inconel 718, which 
were on top of each other during the installation in the high-temperature autoclave. As 
indicated in the stereo microscopic images, the surfaces of both Zircaloy and Inconel 718 
featured different coloring as a function of the contact and free areas. 

 

  

Figure 6-47: Stereo microscopic images of specimen pairings. 
Left side: Zircaloy blank with Inconel 718 blank. 
Right side: Zircaloy blank with Inconel 718 CrN. 

 

  

Figure 6-48: Stereo microscopic images of specimen pairings. 
Left side: Zircaloy gold with Inconel 718 blank. 
Right side: Zircaloy gold with Inconel 718 CrN.  
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6.3.4.3.4.1 FIB Lamellas and Analyses with EDX 

FIB lamellas and analyses with EDX were at the focus for the following two specimen 
pairings: Zircaloy gold + Inconel 718 blank and Zircaloy gold + Inconel 718 CrN. Their 
relative orientation towards the UV-light is shown in Figure 6-49 for Inconel 718 with and 
without CrN layer. Positions of interest concerning contact areas and free areas are 
numbered and listed in Table 6-26. 

 

  

Figure 6-49: Schematics of specimen pairing orientation towards the UV-light 
with positions of interest.  

Left side: Zircaloy with Inconel 718 blank. Right side: Zircaloy with Inconel 718 CrN. 

 

Table 6-26: Different positions on Zircaloy and Inconel 718 blank/CrN. 

Number Area description 

1 Free area of Zircaloy towards UV-light 

2 Contact area of Zircaloy 

3 Contact area of Inconel 718 

4 Free area of Inconel 718 hidden from UV-light (in shadow) 

5 Free area of Inconel 718 towards UV-light 
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6.3.4.3.4.2 Zircaloy (gold) with Inconel 718 blank 

Results from surface analyses of Zircaloy (gold) and blank Inconel 718 via REM with EDX, 
see Figure 6-50, showed a ZrO2 layer on the free area of Zircaloy (1). Few octahedral iron-
rich oxides and hexagonal needles of Cr2O3 and Ni(OH)2 were identified on the contact area 
of Zircaloy (2). On the contact area of blank Inconel 718 (3), also few octahedral iron-rich 
oxides and hexagonal needles of Cr2O3 and Ni(OH)2 were detected. On the free area of 
blank Inconel 718 (4) only octahedral iron-rich oxides were found. 

The prepared FIB lamellas of Zircaloy (gold) and blank Inconel 718 are depicted in 
Figure 6-51. From EDX analyses and oxide thickness measurements a compact and thick 
ZrO2 layer of approximately 2.8 µm was seen on the free area of Zircaloy (1). A distinct 
thinner, but, nevertheless, compact ZrO2 layer of about 0.4 µm was found on the contact 
area of Zircaloy (2). On top of the oxide formed on the contact area of Zircaloy, a porous 
oxide layer consisting of chromium, nickel, and iron-rich oxides was developed. The oxide 
layer formed on the contact area of blank Inconel 718 (3) consisted of a compact and 0.5 µm 
thick oxide composed of NiO and Cr2O3 with iron-rich oxides on top of it. In contrast, a 
multilayer oxide was formed on the free area of blank Inconel 718 (4). A very thin NiO inner 
layer was followed by a two-phase Cr2O3. The Cr2O3 inwards growing oxide was compact 
and circa 0.7 µm thick, whereas the Cr2O3 outwards growing oxide was highly porous with a 
thickness of approximately 0.7 µm. On top of the Cr2O3 layer, the surface consisted of 
octahedral iron-rich oxides. 
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Figure 6-50: SEM images with EDX analyses of Zircaloy with Inconel 718 blank 
(oxidation for 2.5 months).   
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Figure 6-51: FIB lamellas analyses of Zircaloy with Inconel 718 blank (oxidation for 2.5 months). 

 

6.3.4.3.4.3 Zircaloy (gold) with Inconel 718 CrN 

Figure 6-52 shows the results from the surface analyses via REM with EDX of Zircaloy (gold) 
and Inconel 718 coated with CrN. Again, the typical morphology of a ZrO2 layer was found on 
the free areas of Zircaloy (1), whereas hexagonal needles of Cr2O3 were detected throughout 
the entire contact area of Zircaloy (2). On the contact area of blank Inconel 718 (3) the 
columnar structure of CrN in the form of Cr2N + Cr was found. In contrast, the free area of 
blank Inconel 718 (4) was fully covered with Cr2O3 in the form of hexagonal needles. 

FIB lamellas of Zircaloy (gold) and Inconel 718 coated with CrN are depicted in Figure 6-53. 
Again, a thick and compact ZrO2 layer with a thickness of approximately 3.5 µm was noted 
and analyzed via EDX on the free areas of Zircaloy (1). The contact area of Zircaloy (2) 
featured only a thin and compact ZrO2 layer of about 0.4 µm. Overall, the ZrO2 layer was fully 
covered with a compact Cr2O3 layer with hexagonal needles of a thickness of circa 0.4 µm. 
On the contact area of CrN coated Inconel 718 (3) a compact and approximately 3.3 µm thick 
CrN layer was still detected (maximum exposure time: 2.5 months), which was only slightly 
oxidized. An enhanced oxidation of the CrN layer as well as an enhanced dissolution of the 
formed Cr2O3 out of CrN on the free areas of Inconel 718 CrN (4) was seen. This results in a 
thinner compact CrN layer of about 2.8 µm and a Cr2O3 layer with a thickness of ca. 0.5 µm 
as hexagonal needles on top of the still existing CrN layer.  
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Figure 6-52: SEM images with EDX analyses of Zircaloy with Inconel 718 CrN 
(oxidation for 2.5 months). 
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Figure 6-53: FIB lamellas analyses of Zircaloy with Inconel 718 CrN (oxidation for 2.5 months). 



Results and Discussions 
 

 
- 101 - 

6.3.4.3.4.4 Influence of UV-light on CrN layer of Inconel 718 CrN 

The effect of UV-light on the oxidation of the CrN layer is demonstrated in Figure 6-54. Both 
sides of the Inconel 718 CrN, that is, the one hidden from the UV-light (4) and the one facing 
the UV-light (5), see Figure 6-49, are already oxidized. Thus, hexagonal needles of the Cr2O3 
layer evolved in the SEM images with EDX analyses in Figure 6-54. 

As shown in the FIB lamellas in Figure 6-54, the presence of UV-light facilitated the oxidation 
of the CrN layer as well as the dissolution of Cr2O3 formed out of the CrN coating. As such, a 
thinner compact CrN layer of about 2.3 µm and a thicker compact Cr2O3 layer of ca. 0.6 µm 
(5) relative to the areas on Inconel 718, which was turned away from the UV-light (4), were 
identified. The CrN layer on the side of Inconel 718, which was hidden from the UV-light (4), 
has already been oxidized to Cr2O3 and partially be dissolved. Deep trenches of oxidized 
CrN have already been formed in the CrN layer orientated towards the UV-light (5), which 
reached into the Inconel 718 base material, and, which created a pathway for oxygen to 
penetrate towards the Inconel 718 base material. 
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Figure 6-54: SEM images with EDX and FIB lamellas analyses of Inconel 718 CrN as a function 
of UV-light (oxidation for 2.5 months). 

Left side: SEM images. Right side: FIB lamellas. 

  



Results and Discussions 

 
- 102 - 

6.3.4.4 Discussions 

6.3.4.4.1 Electrochemical Corrosion Potential 

The exposure to UV-light in oxygenated high-temperature water at a test temperature of 
250 °C had only a marginal effect on the ECPs independent of the presence of hydrogen 
peroxide relative to ECPs measured without exposure to UV-light, as represented in 
Table 6-22. Especially the highly negative ECPs of Zircaloy in blank and gold were not 
further decreased in the presence of UV-light. These results are in contrast to the 
measurements performed at a test temperature of 150 °C in chapter 6.1.2.1. Here, UV-light 
shifted the electrochemical potential of Zircaloy to anodic direction. 

Right after installing the pairing specimens a mixed ECP set in on both specimens due to the 
metallic contact. Considering the equivalent ECPs of Zircaloy and Inconel 718 the lack of any 
electrochemical potential difference sets off the EMF for galvanic corrosion between them. 
Shortly after the exposure to high-temperature water with a temperature of 250 °C, the 
formation of oxide layers on both surfaces of Zircaloy and Inconel 718 started, depicted 
schematically in Figure 6-55. These oxide layers contact Zircaloy and Inconel 718 non-
metallically. The fact that the oxides on the contact surfaces (in the crevice) were exposed to 
only a low UV-light irradiation they remained non-conductive. This results in different ECPs 
on both individual specimens of one pairing. Overall, the electrochemical potential difference 
between Zircaloy and Inconel 718 resulted in an EMF for the galvanic corrosion. 

 

  

Figure 6-55: Schematics of oxide formation on specimen pairings. 
Left side: Zircaloy blank/gold with Inconel 718 blank. 
Right side: Zircaloy blank/gold with Inconel 718 CrN. 
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6.3.4.4.2 Electrochemical Impedance Spectroscopy 

The EIS modeling for the initially blank and gold colored Zircaloy was based on the 
equivalent circuit already shown in Figure 6-16. According to the literature, the same 
equivalent circuit is applicable for the oxides formed on initially blank Inconel 718.[88] The 
reason is a two-phase oxide layer with inner compact nickel-rich and outer porous chromium-
rich oxide layer on a nickel-based alloy under oxygenated conditions.[25],[26] 

In line with the literature, the CrN coating is oxidized to Cr2O3.[50] Due to this fact, an 
equivalent circuit that is shown in Figure 6-56 was used for EIS modeling a degrading 
coating layer.[70] The high-frequency semi-circle relates to the coating porosity represented 
by the CPE of the coating (CPEc) and the resistance of the coating pores (Rc). The semi-
circle in the low-frequency range represents the charge transfer at the coating metal interface 
as a reflection of the double layer CPE (CPEdl) and the charge transfer resistance (Rct).[70],[89] 
An ideal capacitive behavior was, however, not seen for the specimen and, in turn, a 
constant phase element was used instead of a real capacitor.[72],[73] The diffusion process 
was modeled in the equivalent circuit using a Warburg Impedance.[74] 

 

 

Figure 6-56: EIS equivalent circuit with oxidizing coating layer. 
Rel: Electrolyte resistance, Rc: Coating resistance, Rct: Charge transfer resistance, 

CPEc: Coating constant phase element, CPEdl: Double layer constant phase element, 
W: Warburg Impedance. 

 

Due to the fact that the initially blank and gold colored Zircaloy have nearly the same oxide 
thickness as well as equal composition and structure, similar resistances were obtained from 
the EIS measurements. For example, similar diameters of the semi-circle were seen in the 
Nyquist curves, which were independent of UV-light presence. EIS measurements of the 
initially blank and CrN coated Inconel 718 showed higher oxide resistances for Inconel 718 
CrN in the Nyquist diagrams. This is in good agreement with the surface analyses including 
FIB cross sections, see chapter 6.1.2.4. It shows that a more compact oxide layer is formed 
on the initially CrN layer than on the initially blank Inconel 718. A temperature increase up to 
250 °C as well as the presence of UV-light caused no further changes to the resistances. 
Therefore, it is assumed that the maximal amount of charge carriers was already reached. 
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6.3.4.4.3 Surface Analyses 

Unfortunately, no Enhanced Shadow Corrosion Phenomenon could be reproduced in the 
autoclave experiments, as the analyses results of the specimen pairings in chapter 6.3.4.3.4 
showed. Instead, a thicker ZrO2 layer was formed on the free area of Zircaloy (1) compared 
to the contact area of Zircaloy (2) for both types of Inconel 718 blank and coated with CrN. 

The obtained morphology of ZrO2 is in accordance with literature results.[18] Oxidation 
products of Inconel 718 in the form of hexagonal Cr2O3 and Ni(OH)2 needles are also in 
agreement with the results from the literature.[25],[26] Octahedral iron-rich oxides, which are 
deposited on the surfaces of Zircaloy and Inconel 718, stemmed from the Austenitic stainless 
steel base material of the autoclave.[90] The obtained oxidation product of CrN + Cr in the 
form of hexagonal Cr2O3 is also in good agreement with published experimental results.[50],[51] 

It is assumed, as depicted in Figure 6-57, that both the geometry of the specimen pairings 
and the reaction kinetics in the crevice of the specimen pairings are responsible for the 
corrosion. These both factors were unequivalent to the ones in the Shadow Corrosion 
mechanism. Due to the geometry of the specimen pairings, that is, a direct metallic contact, a 
limited amount of oxygen was present in the crevice. Therefore, a reduced transport 
controlled oxidation of Zircaloy occurred at the contact area compared to the free area, 
where continuously oxygen was present for the oxidation reaction. Furthermore, it is 
assumed that due to the geometry of the specimen pairings a limited removal of dissolved 
species, like chromate, iron, and nickel ions, occurred. Therefore, a deposition of these 
dissolved species as oxides took place on the Zircaloy surface of the contact area. Oxide 
layers based on chromium, nickel, and iron on top of the Zircaloy in the contact area 
influenced the kinetics of the Zircaloy oxidation. The result was a limited Zircaloy oxidation 
due to the oxide layers of chromium, nickel, and iron oxides, which acted as protecting layer 
for the oxidation of Zircaloy. 

During this exposure experiment, the stability of the CrN layer under oxygenated high-
temperature water with dependency of UV-light was tested. As shown in chapter 6.3.4.3.4, 
the CrN layer was almost intact with only a slight oxidation at the contact area of the 
Inconel 718 coated with CrN (3). Due to the limited oxygen concentration in the crevice of the 
specimen pairings, shown schematically in Figure 6-57, a drastically reduced oxidation 
occurred at the contact area of Inconel 718 CrN. Compared to that, an enhanced (≙ normal 
oxidation on free surface) corrosion of the CrN layer took place at the free area of 
Inconel 718 CrN (4). Here, oxygen was continuously present and the oxidation reaction was 
enabled. The objective of this thesis was to verify the influence of UV-light on the stability of 
CrN. As the results in chapter 6.3.4.3.4 showed, the stability of the CrN layer was drastically 
decreased by the presence of the UV-light. It is postulated that such a decreased stability is 
based on faster oxidation kinetics of CrN forming Cr2O3 and dissolution of Cr2O3 in the form 
of chromate.  
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Figure 6-57: Schematics of proposed mechanisms regarding the corrosion of specimen 
pairings under exposure to UV-light. 

Left side: Zircaloy with Inconel 718 blank. 
Right side: Zircaloy with Inconel 718 CrN. 
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6.3.5 New Modified Coatings 

6.3.5.1 Theory and Hypotheses 

Based on the lack of prevention by the CrN layer against Shadow Corrosion, new modified 
coatings for the Inconel 718 spacer were developed. The basic idea considering the new 
modified coatings was an anodic potential shift, especially under exposure to UV-light, for the 
coated Inconel 718 compared to the blank Inconel 718. The reason is the n-type 
semi-conducting behavior of the coating. Such a potential shift would reduce the electro-
chemical potential difference between coated Inconel 718 and Zircaloy. A lower EMF would 
evolve for galvanic corrosion. The results from ECP measurements are shown in 
Figure 6-58. The new modified Inconel 718 coatings are described in a later chapter 6.3.5.2. 
Furthermore, the kinetics of the galvanic corrosion between Zircaloy and Inconel 718 should 
be decreased due to a high galvanic corrosion cell resistance. The introduction of a coating 
layer on Inconel 718 is the key. The idea is that the coating layer forms a compact and thick 
oxide layer on Inconel 718 after exposure to high-temperature water. Thus, the kinetics of the 
galvanic corrosion reaction should be decreased. 

 

 

Figure 6-58: ECPs of Zircaloy, Inconel 718 blank, and Inconel 718 with new modified coatings 
(coating 1, 2, and 3) with resulting EMFs at 250 °C under oxygenated water chemistry 

conditions (200 ppb) and irradiation with UV-light. 

 

Three types of new modified coatings were tested in autoclave experiments at high-
temperature of 250 °C under oxygenated conditions and under exposure to UV-light. Focus 
was on their oxidation as well as their effect on the galvanic corrosion mechanism between 
Zircaloy and coated Inconel 718. Corrosion behavior characterizations of the coating layers 
on Inconel 718 were enabled by ECP, GC, and EIS techniques.  
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6.3.5.2 Specimen Materials 

Inconel 718 was coated with three different metallic coatings via the PVD sputtering 
technique, as already described in chapter 5.2.3. One coating was the already known CrN 
layer in the form of Cr2N + Cr doped with a metallic component, which is termed as coating 1 
(C1). The other two coatings were both pure metallic layers, which were termed as coating 2 
(C2) and coating 3 (C3). Table 6-27 shows a list of the single and specimen pairings installed 
in the autoclave. Furthermore, Austenitic stainless steel (1.4550) and blank Inconel 718 were 
added as reference materials, while platinum was employed as a (pseudo) reference 
electrode. 

 

Table 6-27: Single and specimen pairings for exposure at 250 °C. 

Single specimens 
Specimen pairings 

(WE + CE) 

I718 C1 Zry blank + I718 C1 

I718 C2 Zry blank + I718 C2 

I718 C3 Zry blank + I718 C3 

I718 blank – 

 

 

6.3.5.3 Experimental Procedure 

Electrochemical measurements, namely ECP, GC, and EIS, were conducted according to 
the schematic measurement procedure shown in Figure 6-59. In the measurement periods 
an environment with a temperature of 250 °C under UV-light exposure, oxygenated water 
chemistry conditions with a dissolved oxygen concentration of 200 ppb, and hydrogen 
peroxide dosages of 500 ppb in the test autoclave were adjusted. 

 

 

Figure 6-59: Schematic measurement procedure for GC measurements. 
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6.3.5.4 Results 

6.3.5.4.1 Electrochemical Corrosion Potential 

The ECPs were measured according to the description in chapter 5.4.1. The ECP results of 
single specimens and specimen pairings after exposure to high-temperature water at 250 °C 
(simulation BWR in-pile condition) under continuously exposure to UV-light after about two 
weeks or two months, respectively, are listed in Tables 6-28 to 6-30. The corresponding ECP 
diagrams are shown in Figures 6-60 and 6-61. 

ECP results for the single specimens under exposure to UV-light after about two weeks are 
shown in Figure 6-60 and listed in Table 6-28. Inconel 718 with coating 1 had similar ECP 
values with and without dosage of hydrogen peroxide compared to the reference material 
Inconel 718 blank. Inconel 718 with coating 2 had a ∆ECP of 150 mV, whereas Inconel 718 
with coating 3 shows a ∆ECP of 370 mV relative to the blank Inconel 718. The presence of 
500 ppb hydrogen peroxide in the autoclave increased the ECP values for all specimens, as 
listed in Table 6-28, due to additional oxidants in the form of oxygen and hydroxyl radicals. 
ECP values after two months of exposure, as shown in Figure 6-61, were slightly higher for 
Inconel 718 blank and Inconel 718 with coating 1 and coating 2, respectively, due to oxide 
formation. In contrast, much higher ECPs were measured for Inconel 718 with coating 3 
based on an oxide layer formation. 

 

Table 6-28: ECPs of Inconel 718 blank and Inconel 718 with new modified coatings under 
UV ON and with/without H2O2 dosage after different exposure times. 

ECPs of Inconel 718 

in mVSHE 

2 weeks 2 months 

UV ON 
UV ON 

+ H2O2 
∆ECP UV ON 

UV ON 

+ H2O2 
∆ECP 

I718 blank 210 270 60 260 290 30 

I718 C1 180 210 30 180 210 30 

I718 C2 60 130 70 120 190 70 

I718 C3 -160 50 210 50 160 110 

 

 

Shortly after exposure, the specimen pairings with direct metallic contact in the oxygenated 
high-temperature water had the same ECP values on Zircaloy and Inconel 718 with the 
exception of the specimen pairing Zircaloy blank vs. Inconel 718 C3. Please see Table 6-29 
and Figure 6-60. At that point, the oxide layers on the specimens were insufficiently thick to 
act as insulator between the two specimens. 
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After exposure to the oxygenated high-temperature water for approximately two months the 
oxide layers on both surfaces of the specimen pairings led to a non-metallic contact between 
Zircaloy and Inconel 718. This results in different measured ECP values on Zircaloy and 
Inconel 718 for all three specimen pairings, shown in Figure 6-61 and listed in Table 6-30. 
Because of the different ECPs an electrochemical potential difference between Zircaloy and 
Inconel 718 and, therefore, an EMF for galvanic corrosion was generated. The lowest ∆E 
value and, therefore, the lowest EMF for the galvanic corrosion was detected for the 
specimen pairing Zircaloy blank vs. Inconel 718 C3 with a value of circa 520 mV without 
hydrogen peroxide dosage. Both other specimen pairings Zircaloy blank vs. Inconel 718 C1 
and Zircaloy blank vs. Inconel 718 C2 showed larger electrochemical potential differences of 
about 800 mV and 695 mV, respectively, in the absence of hydrogen peroxide. Under 
dosage of hydrogen peroxide an increased electrochemical potential difference of circa 
720 mV was obtained even for the specimen pairing Zircaloy blank vs. Inconel 718 C1. This 
is due to a cathodic shift for the coated Inconel 718 evolving into a similar ∆ECP when 
compared to the other two specimen pairings. 

 

Table 6-29: ECPs of specimen pairings under UV ON and with/without H2O2 dosage after an 
exposure time of approximately two weeks with ∆Es between Zircaloy and Inconel 718. 

 2 weeks 

ECPs of specimen pairings 

in mVSHE 

UV ON UV ON + H2O2 

Zry I718 ∆E Zry I718 ∆E 

Zry blank vs. I718 C1 -60 -60 0 60 60 0 

Zry blank vs. I718 C2 -140 -140 0 30 30 0 

Zry blank vs. I718 C3 -660 -230 430 -630 10 640 

 

 

Table 6-30: ECPs of specimen pairings under UV ON and with/without H2O2 dosage after an 
exposure time of approximately two months with ∆Es between Zircaloy and Inconel 718. 

 2 months 

ECPs of specimen pairings 

in mVSHE 

UV ON UV ON + H2O2 

Zry I718 ∆E Zry I718 ∆E 

Zry blank vs. I718 C1 -650 150 800 -620 180 800 

Zry blank vs. I718 C2 -690 5 695 -680 70 750 

Zry blank vs. I718 C3 -660 -140 520 -650 70 720 
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Figure 6-60: ECP measurements of single and pairing specimens at 250 °C under UV-light 
exposure and oxygenated conditions (200 ppb) after exposure to BWR simulated reactor 

medium for approximately two weeks as a function of H2O2 presence (500 ppb). 
Left side: Single specimens. – I718 blank (gray), I718 C1 (purple), 718 C2 (orange), 

718 C3 (black), Austenite (dark green), and Platinum (blue). 
Right side: Pairing specimens. – ECP on Zircaloy specimen (circle), ECP on Inconel 718 

specimen (rhombus), EMFs of specimen pairings (black arrows); Specimen pairings: 
Zry blank + I718 C1 (purple), Zry blank + I718 C2 (orange), and Zry blank + I718 C3 (black). 

 

 

  

Figure 6-61: ECP measurements of single and pairing specimens at 250 °C under UV-light 
exposure and oxygenated conditions (200 ppb) after exposure to BWR simulated reactor 

medium for approximately two months as a function of H2O2 presence (500 ppb). 
Left side: Single specimens. – I718 blank (gray), I718 C1 (purple), 718 C2 (orange), 718 C3 

(black), Austenite (dark green), and Platinum (blue). 
Right side: Pairing specimens. – ECP on Zircaloy specimen (circle), ECP on Inconel 718 
specimen (rhombus), EMFs of specimen pairings (colored arrows); Specimen pairings: 

Zry blank + I718 C1 (purple), Zry blank + I718 C2 (orange), and Zry blank + I718 C3 (black). 
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6.3.5.4.2 Galvanic Corrosion 

Within this thesis, galvanic corrosion measurements, as illustrated in Figure 6-59, were only 
performed after an exposure time of about two weeks. The oxidation of the Inconel 718 with 
three different coating layers as well as the initially blank Inconel 718 as reference specimen 
vs. the autoclave made of Austenitic stainless steel are shown in Figure 6-62. The lowest 
galvanic current was seen for the Inconel 718 C1 with a current density of about 0.5 µA/cm2, 
whereas for Inconel 718 C2 and Inconel 718 C3 higher galvanic currents with a current 
density of about 1.5 µA/cm2 were detected. For the Inconel 718 blank the galvanic current 
density was very low with a value of ca. 0.2 µA/cm2. Hydrogen peroxide exerted no impact 
on the galvanic currents for all types of Inconel 718. 

 

Inconel 718 C1 vs. Autoclave Inconel 718 C2 vs. Autoclave 

 

Inconel 718 C3 vs. Autoclave Inconel 718 blank vs. Autoclave 

  

Figure 6-62: GC measurements of Inconel 718 with new modified coatings and Inconel 718 
blank vs. Autoclave at 250 °C under UV-light exposure and oxygenated conditions (200 ppb) 

after exposure to BWR simulated reactor medium for approximately two weeks as a function of 
H2O2 presence (500 ppb). Specimen pairings: Inconel 718 C1 vs. Autoclave (top left), 

Inconel 718 C2 vs. Autoclave (top right), Inconel 718 C3 vs. Autoclave (bottom left), and 
Inconel 718 blank vs. Autoclave (bottom right). – 

Left y-axis: Current density (blue). Right y-axis: Cell potential (orange). 

 

Galvanic corrosion measurements similar to that shown in Figure 6-59, were performed on 
three specimen pairings: Zircaloy blank vs. Inconel 718 C1, Zircaloy blank vs. Inconel 718 C2 
and, Zircaloy blank vs. Inconel 718 C3 (see Figure 6-63). The main oxidation took place on 
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Zircaloy when using coating 1 and coating 3 on Inconel 718. Here, the Inconel 718 with the 
coating layer acted as cathode for the reductions. Higher galvanic currents were recorded for 
the specimen pairing using coating 3 compared to the pairing using coating 1 on Inconel 718. 
At the time of galvanic corrosion measurements a non-metallic contact between Zircaloy and 
Inconel 718 of the specimen pairing Zircaloy blank vs. Inconel 718 C3 had already been 
formed. This was not the case for the specimen pairing Zircaloy blank vs. Inconel 718 C1. 
The results for the former were different potentials on both specimens and, thus, an EMF for 
galvanic corrosion, see ECP results in Figure 6-60. In contrast, for coating 2 on Inconel 718 
the oxidation occurred on the Inconel 718 specimen by oxidizing mainly the coating layer. 

 

 

 

 

Figure 6-63: GC measurements of specimen pairings at 250 °C under UV-light exposure and 
oxygenated conditions (200 ppb) after exposure to BWR simulated reactor medium for 

approximately two weeks as a function of H2O2 presence (500 ppb). 
Specimen pairings: Zircaloy blank vs. Inconel 718 C1 (top), Zircaloy blank vs. Inconel 718 C2 

(middle), and Zircaloy blank vs. Inconel 718 C3 (bottom). – 
Left y-axis: Current density (blue). Right y-axis: Cell potential (orange). 
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6.3.5.4.3 Electrochemical Impedance Spectroscopy 

EIS measurements with a three-electrode arrangement, see description in chapter 5.4.3, as 
a function of coating layer on Inconel 718 were performed over a frequency range of 
1000 kHz to 2 mHz under exposure to UV-light. EIS Nyquist diagrams are attached to the 
appendix in Figure 9-80. 

Independent of the coating in the form of CrN, C1, C2, or C3 generally higher resistances 
were measured than for the blank Inconel 718 (R (I718 blank) < R (I718 with coating)). As 
such, this indicates a stronger corrosion for the blank Inconel 718 base material. 
Thicknesses of the coating layers on Inconel 718 impacts the resistances. Similar 
resistances were measured for I718 CrN, I718 C1, and I718 C3. Nevertheless, slightly lower 
resistances were obtained for I718 C2.  The trend for the resistances is described as follows: 
R (I718 CrN) ≈ R (I718 C1) ≈ R (I718 C3) > R (I718 C2). EIS modeling for the coated 
Inconel 718 specimens were based on the equivalent circuit for degrading coating layers, 
already shown in Figure 6-56 in chapter 6.3.4.4.2. 

 

6.3.5.5 Discussions 

The introduction of a n-type semi-conducting Inconel 718 coating caused an anodic potential 
shift compared to the blank Inconel 718. A slightly decreased electrochemical potential of 
200 mV and a drastically decreased electrochemical potential of 400 mV were noted for 
Inconel 718 C2 and for Inconel 718 C3, respectively. No shift was, however, measured for 
Inconel 718 with coating 1. CrN is the main component of coating 1, as it dominates the ECP 
and the oxidation, whereas the metallic doping in the coating layer seems to have no 
significant effect. 

Despite the drastically decreased ECP and EMF for Inconel 718 C3 in the galvanic corrosion 
reaction with Zircaloy, GC measurements provided that a non-negligible galvanic current was 
obtained for the respective specimen pairing. This result shows that not only the 
electrochemical potential difference and, thus, the resulting EMF, but also the kinetics are 
important for the galvanic corrosion. It is assumed that the oxide formation on Inconel 718 C3 
after a longer exposure time would slower the reaction kinetics, on one hand, and decrease 
the galvanic corrosion, on the other hand.  

Preliminary measurements showed that the coating 2 on Inconel 718 prevented the Zircaloy 
corrosion. After formation of a compact oxide layer on top of the coating on Inconel 718 it is 
likely to lead to a dominating oxidation of Zircaloy. It is also assumed that upon oxidation of 
Inconel 718 C2 an increased anodic potential shift due to the n-type semi-conducting 
behavior of the coating 2 is linked to UV-light exposure. As a consequence the EMF for the 
galvanic corrosion is lowered. 
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7 Summary 

The phenomenon “Shadow Corrosion” occurs as localized enhanced corrosion on the fuel 
cladding tube and channel material made of Zircaloy when it is in close proximity or in direct 
contact to a dissimilar metallic component. It plays a role in boiling water reactors (BWRs), 
where an oxidizing environment is present. This corrosion is named after its appearance as 
shadow of the dissimilar component, which is usually more noble than the zirconium-based 
alloy Zircaloy, as depicted in chapter 1. The specific type of Shadow Corrosion called 
“Enhanced Spacer Shadow Corrosion” describes the enhanced Zircaloy corrosion on fuel 
cladding tubes underneath spacer and spacer springs made of Inconel 718, which is a 
nickel-based alloy. Enhanced Zircaloy corrosion is linked to an unusually thick oxide. 

So far, Shadow Corrosion has only been observed in-pile although it is known for more than 
50 years. Shadow Corrosion is stated in the literature to be an irradiation-assisted galvanic 
corrosion, which is described in detail in chapter 2. In other words, the base mechanism is a 
galvanic corrosion between Zircaloy and Inconel 718. Here, Zircaloy acts as anode and will 
mainly be oxidized, whereas the cathode is Inconel 718, where the reduction reactions of 
oxygen and hydrogen peroxide will take place. The electromotive force (EMF) for the 
galvanic corrosion mechanism is given by the electrochemical potential difference (∆E) 
between Zircaloy and Inconel 718. A high electrochemical potential difference is only present 
under oxygenated water chemistry conditions in BWRs (∆E ≈ 1 V), but not under hydro-
genated conditions in another plant type called pressurized water reactor (PWR). Oxidizing 
water chemistry includes oxygen, hydrogen peroxide, or hydroxyl radicals, which are 
produced from the radiolysis of the reactor water in the radiation field inside the reactor core. 
Photon-irradiation of semi-conducting metal oxides reduces the electronic resistance and, 
therefore, increases the oxide conductivity. This is named as photo-effect. The photo-effect 
causes an anodic potential shift for n-type semiconductors, like ZrO2 on Zircaloy, and a 
cathodic potential shift for p-type semiconductors, like nickel, iron, and chromium oxides on 
Inconel 718. As such, an increased electrochemical potential difference and, therefore, an 
enhanced EMF for the galvanic corrosion are the immediate consequence. Simulation of the 
BWR environment was reached by using high purity Milli-Q water purged with a mixture of 
oxygen and nitrogen to yield a dissolved oxygen content of 200 ppb and by dosing hydrogen 
peroxide with a concentration of 500 ppb. Photoexcitation of ZrO2 was conducted by 
exposure to UV-light with wavelengths greater than the bandgap energy of ZrO2 (Eg ≈ 4.8 eV 
� λ < 255 nm). Water radiolysis was enabled with wavelengths λ < 185 nm. 

Different working hypotheses regarding Shadow Corrosion were postulated in this thesis in 
chapter 3 to explain the enhanced corrosion. The basic hypothesis was a galvanic corrosion 
mechanism between Zircaloy and Inconel 718 in the contact area of the cladding tube and 
the spacer spring. In this case, Zircaloy represents the anode, where the oxidation occurs, 
whereas Inconel 718 acts as cathode, where mostly the reduction of oxygen and hydrogen 
peroxide takes place. Furthermore, it was supposed that a reductive currentless silver 
deposition happens on the more ignoble metals Zircaloy and Inconel 718 when compared to 
silver. It depends on the ZrO2 thickness on Zircaloy, on the presence of CrN on Inconel 718 
as well as on the presence of UV-light. It was hypothesized that an increased cathodic 
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surface area on Zircaloy and Inconel 718 is generated by silver particles. In turn, an 
enhanced cathodic reduction and anodic oxidation is the consequence. Based on the 
galvanic corrosion between Zircaloy and Inconel 718, a CrN coating in the form of Cr2N + Cr 
with good high-temperature oxidation resistances was assumed to prevent Shadow 
Corrosion. It was supposed that an effective barrier between the base material Inconel 718 
and the electrolyte is created via the initial CrN layer and later via a compact oxide layer on 
Inconel 718. In other words, an exchange electron transfer between the oxidation part on 
Zircaloy and the reduction reactions on Inconel 718 is enabled. 

The aim of this work was to further deepen the knowledge about the Shadow Corrosion 
mechanism, as described in chapter 4. This includes to identify the parameters and driving 
forces, like water chemistry, e.g. oxygen, hydrogen peroxide, presence of nitrate and silver, 
temperature, time as well as irradiation and electrochemical aspects, which cause, or even 
accelerate the corrosion reaction. The objectives were the study of the Shadow Corrosion 
Phenomenon with out-of-pile tests. The focus was on the reduction of Shadow Corrosion or 
even on the prevention of the reactor plant components against the enhanced corrosion by 
using and testing the effectiveness of spacer coatings.  

A detailed description of the experimental part regarding used specimen materials and 
chemicals, like Zircaloy and Inconel 718, as well as specimen preparation techniques, e.g. 
etching, pre-oxidation or coating with CrN is provided in chapter 5. Three different experi-
mental test set-ups for the simulation of the conditions with respect to temperature and water 
chemistry are given. Details on the electrochemical measuring methods including electro-
chemical corrosion potential (ECP), galvanic corrosion (GC), electrochemical impedance 
spectroscopy (EIS) and conductometry are presented. Further methods for surface analyses 
comprising microscopy, scanning electron microscopy (SEM), focused ion beam (FIB), 
transmission electron microscopy (TEM), ellipsometry, ion coupled plasma optical emission 
spectroscopy (ICP-OES) and spectrophotometry are described. 

The results are described in detail and discussed in chapter 6. Based on the hypothesis of a 
galvanic corrosion mechanism behind Shadow Corrosion, the electrochemical corrosion 
potentials were determined as a function of water chemistry parameters, ZrO2 layer 
thickness, and UV-light exposure. Under oxidizing conditions, an electrochemical potential 
difference set in between Zircaloy and Inconel 718 with a corresponding EMF for galvanic 
corrosion. The presence of the CrN layer on Inconel 718 had nearly no effect on the ECP of 
the Inconel 718. The ZrO2 layer on Zircaloy caused a cathodic potential shift compared to the 
blank Zircaloy. Under exposure to UV-light an anodic potential shift was seen for Zircaloy, 
whereas a cathodic potential shift was obtained for Inconel 718. In short, the electrochemical 
potential difference between Zircaloy and Inconel 718 increased. Cathodic potential shifts 
were induced for Zircaloy and Inconel 718 by the present hydrogen peroxide. The presence 
of nitrate in the test solution had nearly no effect on the ECPs regardless of the effective 
concentration.  

Under exposure to UV-light, higher galvanic currents for the oxidation of Zircaloy went hand 
in hand with lower oxide resistances due to the photo-effect on Zircaloy. After exposure to 
oxygenated high-temperature water the galvanic current under exposure to UV-light due to 
the corrosion of the initially CrN coated Inconel 718 dropped to zero. In strong contrast, a 
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sizeable galvanic corrosion current was still measurable for the initially blank Inconel 718. 
These measurements are in agreement with the surface analyses showing a thicker and 
more compact oxide layer in the form of Cr2O3 on the initially CrN coated Inconel 718 
compared to the naturally formed high-temperature oxide on the initially blank Inconel 718. In 
particular, the CrN layer on Inconel 718 acts as a “passive” corrosion protection for the 
Inconel 718 base material until the CrN layer is consumed. Despite the compact Cr2O3 layer, 
neither the initial CrN layer nor the later oxide layer prevent Shadow Corrosion. It could not 
decrease the galvanic current for the corrosion reaction of Zircaloy. 

A reductive currentless silver deposition in the form of agglomerated silver beads with 
different amounts on Zircaloy and Inconel 718 was in line with the hypotheses. The silver 
amount on the surfaces was dependent on the ZrO2 thickness on Zircaloy, the presence of 
CrN on Inconel 718, and the exposure to UV-light. Despite silver on Zircaloy, the ECP did not 
shift towards the cathodic direction. Moreover, silver caused no increased galvanic current 
for the oxidation of Zircaloy at the test temperature of 65 °C. 

A newly high-temperature autoclave was constructed to simulate the conditions in a BWR 
pressure vessel. To this end, the transferability of the test results in the tube reactor as well 
as the transferability to higher test temperatures of up to 250 °C was successfully performed. 

According to surface analyses the Enhanced Shadow Corrosion was irreproducible in the 
autoclave experiments. Instead, for both types of Inconel 718 blank and coated with CrN a 
thinner ZrO2 layer was formed on the contact area with Inconel 718 compared to free areas 
of Zircaloy. The reason is the geometry of the specimen pairings and the reaction kinetics in 
the crevice of the specimen pairings. It is assumed that a limited oxygen concentration was 
present in the crevice as well as a limited removal of dissolved chromium, iron, and nickel 
ions, occurred. A deposition of oxides on the Zircaloy surface was the consequence. 
Chromium and nickel oxides on the Zircaloy surface acted as a protecting layer, which 
lowered the kinetics for the Zircaloy oxidation. The look at the stability of the CrN layer, 
revealed an enhanced CrN oxidation under UV-light exposure. Increased oxidation and 
dissolution was the likely consequence. Furthermore, a low oxygen concentration in the 
crevice nearly fully prevented the oxidation of CrN in the contact area of Inconel 718. 

Preliminary measurements with new modified n-type semi-conducting coatings on 
Inconel 718 give rise to an anodic potential shift for the coated Inconel 718 relative to the 
blank Inconel 718. Electrochemical potential differences and the EMF for the galvanic 
corrosion dropped. Despite a lower EMF, galvanic currents were non negligible for initial 
galvanic corrosion measurements. In particular, not only the electrochemical potential 
difference and EMF, but also the kinetics and the effects on aging is a huge factor that 
impacts the galvanic corrosion. 
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8 Outlook 

A further aim is the ongoing research on Shadow Corrosion to further deepen the knowledge 
about the Shadow Corrosion mechanism. The development of a more effective mitigation in 
the form of a spacer coating is indispensable to reduce Shadow Corrosion or even to prevent 
the reactor plant components against the enhanced corrosion. 

New modified coatings on Inconel 718 were developed and preliminary measurements in 
oxygenated high-temperature water after short exposure times provided promising results. 
Anodic potential shifts for Inconel 718 with new modified coatings and, thus, decreased 
EMFs between Zircaloy and coated Inconel 718 could be received. 

Therefore, the focus of the topic Shadow Corrosion is to perform further studies with the new 
modified Inconel 718 coatings with out-of-pile tests in BWR simulated high-temperature 
water. Electrochemical measurements, like ECP, GC, and EIS should provide information 
about the effectiveness of the coatings against Shadow Corrosion and about the corrosion 
mechanism. Surface analyses with SEM, EDX, FIB, and TEM include the study of the oxide 
structure, composition, and thickness as well as the coating stability towards UV-light, 
especially after longer exposure times. 

In particular, a new geometry of the specimen pairings of Zircaloy and Inconel 718 has to be 
developed. It is close to that in the plant, especially due to formed crevice geometrics. 
Hereof, only a point contact between the specimen pairing Zircaloy and Inconel 718 should 
be considered. Here, the geometry of the Inconel 718 specimen should be similar to the 
geometry of the spacer spring made of Inconel 718 in the plant.  
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9 Appendix 

 

 

Figure 9-1: BWR control cell with four bundles and a control blade.[15]  

 

 

Figure 9-2: Geometrical relationship between control blade handle and channel for the Shadow 
Corrosion Phenomenon.[2]  
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Datasheet 9-1: Reactions during water radiolysis with its rate constants and activation 
energies.[36]  
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Datasheet 9-2: Analysis and inspection certificate for Zircaloy-2 sheet metal. 
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Table 9-1: Analysis result of EDX measurements for Zircaloy-4 metal wire. 

Element 

in wt % 
Zr Sn Fe 

Position 

Sp1 
98.39 1.29 0.31 

Position 

Sp2 
98.45 1.34 0.20 

 
 

 

Figure 9-3: Positions Sp1 and Sp2 for EDX measurements of Zircaloy-4 metal wire. 
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Datasheet 9-3: Inspection certificate for Inconel 718 sheet metal. 
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Datasheet 9-4: Datasheet for Inconel 718 metal wire. 
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Datasheet 9-5: Inspection certificate for Austenitic stainless steel sheet metal. 
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Datasheet 9-6: Inspection certificate for Austenitic stainless steel metal wire. 
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Figure 9-4: Certificate for platinum sheet metal. 

 

 

 

Figure 9-5: Certificate for platinum metal wire.  
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Figure 9-6: ZrO2 thickness measurements via SEM. 
Left side: ZrO2 thickness of about 1 µm. Right side: ZrO2 thickness of about 3 µm. 

 

 

 

Figure 9-7: Schematic schedule of a coating chamber for physical vapor deposition (PVD) 
sputtering technique.  
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Figure 9-8: Simplified schematic schedule of a potentiostat.[91] 

 

 

 

Figure 9-9: Schematic schedule of potentiostat circuits in the ZRA mode. 
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Figure 9-10: Schematic of the electrons emitted from a range R, below the surface of the 
sample in scanning electron microscopy (SEM). BSE: Backscattered electrons, SE1: 

Secondary electrons directly generated from impacted electrons (IE) right after the incidence 
with spatially localized information (σ1), SE2: Secondary electrons generated from BSEs when 

passing through the surface, SE3: Secondary electrons generated from BSEs when hitting a 
lens or sample chamber, SE2 and SE3 have rather spatially broad information (σ23).[92]  

 

 

 
 

Figure 9-11: Schematic schedule of a focused ion beam scanning electron microscope 
(FIB-SEM).[93]  
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Figure 9-12: Schematic schedule of the focused ion beam (FIB) assisted deposition process.[94] 

 

 

 
 

Figure 9-13: Schematic schedule for imaging and diffraction in the scanning transmission 
electron microscope (STEM) with annular dark-field (ADF) and bright-field (BF) detectors.[95] 
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Figure 9-14: Schematic schedule of a typical rotating polarizer spectroscopic ellipsometry 
setup.[96]  

 

 

 
 

Figure 9-15: Schematic schedule of an inductively coupled plasma optical emission 
spectrometer (ICP-OES).[97] 
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Figure 9-16: Measurements at 150 °C under oxygenated conditions (200 ppb) as a function of 
UV-light exposure and nitrate presence (100 ppb). 

Left side: Dissolved oxygen content. Right side: Electrical conductivity. – 
Inlet position (black), Outlet position (gray). 

 

 

  

Figure 9-17: Measurements at 150 °C under oxygenated conditions (200 ppb) as a function of 
UV-light exposure and nitrate presence (10 ppm). 

Left side: Dissolved oxygen content. Right side: Electrical conductivity. – 
Inlet position (black), Outlet position (gray). 
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Figure 9-18: EIS Nyquist diagram of Zircaloy blank at 150 °C under oxygenated conditions 
(200 ppb) as a function of UV-light exposure. – 

Measured values (points) with corresponding fits (dashed lines), UV OFF (blue), and 
UV ON (orange). 

 

 

 

Figure 9-19: EIS Nyquist diagram of Zircaloy 15 µm at 150 °C under oxygenated conditions 
(200 ppb) as a function of UV-light exposure. – 

Measured values (points) with corresponding fits (dashed lines), UV OFF (blue), and 
UV ON (orange). 
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Figure 9-20: Stereo microscopic images of Inconel 718 blank after exposure to oxygenated 
high-temperature water at 150 °C for approximately six months. 

Left side: Bottom side. Right side: Top side. 

 

 

  

Figure 9-21: Stereo microscopic images of Inconel 718 CrN after exposure to oxygenated 
high-temperature water at 150 °C for approximately six months. 

Left side: Bottom side. Right side: Top side. 
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Figure 9-22: Measurements at 150 °C under oxygenated conditions (200 ppb) as a function of 
UV-light exposure and H2O2 presence (250 ppb). 

Left side: Dissolved oxygen content. Right side: Electrical conductivity. – 
Inlet position (black), Outlet position (gray). 

 

 

  

Figure 9-23: Measurements at 150 °C under oxygenated conditions (200 ppb) as a function of 
UV-light exposure and H2O2 presence (500 ppb). 

Left side: Dissolved oxygen content. Right side: Electrical conductivity. – 
Inlet position (black), Outlet position (gray). 
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Figure 9-24: Measurements at 150 °C under oxygenated conditions (200 ppb) as a function of 
UV-light exposure and H2O2 presence (1000 ppb). 

Left side: Dissolved oxygen content. Right side: Electrical conductivity. – 
Inlet position (black), Outlet position (gray). 

 

 

 

Figure 9-25: EIS Nyquist diagram of Zircaloy blank at RT/65 °C under air-saturated conditions 
as a function of UV-light exposure and temperature. – 

Measured values (points) with corresponding fits (dashed lines), UV OFF at RT (dark red), 
UV OFF at 65 °C (blue), and UV ON at 65 °C (orange). 
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Figure 9-26: EIS Nyquist diagram of Zircaloy gold at RT/65 °C under air-saturated conditions as 
a function of UV-light exposure and temperature. – 

Measured values (points) with corresponding fits (dashed lines), UV OFF at RT (dark red), 
UV OFF at 65 °C (blue), and UV ON at 65 °C (orange). 

 

 

 

Figure 9-27: EIS Nyquist diagram of Zircaloy dark blue at RT/65 °C under air-saturated 
conditions as a function of UV-light exposure and temperature. – 

Measured values (points) with corresponding fits (dashed lines), UV OFF at RT (dark red), 
UV OFF at 65 °C (blue), and UV ON at 65 °C (orange). 
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Figure 9-28: EIS Nyquist diagram of Zircaloy light blue at RT/65 °C under air-saturated 
conditions as a function of UV-light exposure and temperature. – 

Measured values (points) with corresponding fits (dashed lines), UV OFF at RT (dark red), 
UV OFF at 65 °C (blue), and UV ON at 65 °C (orange). 

 

 

 

Figure 9-29: EIS Nyquist diagram of blank and pre-oxidized Zircaloy at RT under air-saturated 
conditions without UV-light exposure. – 

Measured values (points) with corresponding fits (dashed lines), Zry blank (gray), 
Zry gold (yellow), Zry dark blue (dark blue), and Zry light blue (light blue). 
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Figure 9-30: EIS Nyquist diagram of blank and pre-oxidized Zircaloy at 65 °C under 
air-saturated conditions without UV-light exposure. – 

Measured values (points) with corresponding fits (dashed lines), Zry blank (gray), 
Zry gold (yellow), Zry dark blue (dark blue), and Zry light blue (light blue). 

 

 

 

Figure 9-31: EIS Nyquist diagram of blank and pre-oxidized Zircaloy at 65 °C under 
air-saturated conditions with UV-light exposure. – 

Measured values (points) with corresponding fits (dashed lines), Zry blank (gray), 
Zry gold (yellow), Zry dark blue (dark blue), and Zry light blue (light blue). 
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Figure 9-32: Temperature profiles in the static test set-up at 65 °C under air-saturated 
conditions without UV-light exposure. – 

Temperature measurement positions: Internal (black), centered (red), and external (green). 

 

 

 

Figure 9-33: Temperature profiles in the static test set-up at 65 °C under air-saturated 
conditions with UV-light exposure. – 

Temperature measurement positions: Internal (black), centered (red), and external (green). 
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Figure 9-34: Specimen arrangement around UV-lamp during silver deposition experiments in 
the static test set-up. 

 

 

 

Figure 9-35: Static test set-up equipped with an UV-lamp and specimens for silver deposition 
experiments.  
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Figure 9-36: Measurements of Zircaloy blank at 65 °C under air-saturated conditions without 
UV-light exposure with a starting Ag concentration of 0.8 ppm. 

Left side: ECP measurements. – Pot1-4: ECPs at four Zry specimens during Ag deposition, 
Zry blank – Pot1 (dark blue), Zry blank – Pot2 (pink), Zry blank – Pot3 (purple), and 

Zry blank – Pot4 (turquoise); Zry blank: ECP prior to Ag deposition in deionate at RT (red). 
Right side: Ag concentration profiles. –  

Left y-axis: Ag concentration (black). Right y-axis: ∆ Ag concentration (gray). 

 

 

 
 

Figure 9-37: Measurements of Zircaloy blank at 65 °C under air-saturated conditions with 
UV-light exposure with a starting Ag concentration of 0.8 ppm. 

Left side: ECP measurements. – Pot1-4: ECPs at four Zry specimens during Ag deposition, 
Zry blank – Pot1 (dark blue), Zry blank – Pot2 (pink), Zry blank – Pot3 (purple), and 

Zry blank – Pot4 (turquoise); Zry blank: ECP prior to Ag deposition in deionate at RT (red). 
Right side: Ag concentration profiles. –  

Left y-axis: Ag concentration (black). Right y-axis: ∆ Ag concentration (gray). 
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Figure 9-38: Measurements of Zircaloy gold at 65 °C under air-saturated conditions without 
UV-light exposure with a starting Ag concentration of 0.8 ppm. 

Left side: ECP measurements. – Pot1-4: ECPs at four Zry specimens during Ag deposition, 
Zry gold – Pot1 (dark blue), Zry gold – Pot2 (pink), Zry gold – Pot3 (purple), and 

Zry gold – Pot4 (turquoise); Zry gold: ECP prior to Ag deposition in deionate at RT (red). 
Right side: Ag concentration profiles. – 

Left y-axis: Ag concentration (black). Right y-axis: ∆ Ag concentration (gray). 

 

 

  

Figure 9-39: Measurements of Zircaloy gold at 65 °C under air-saturated conditions with 
UV-light exposure with a starting Ag concentration of 0.8 ppm. 

Left side: ECP measurements. – Pot1-4: ECPs at four Zry specimens during Ag deposition, 
Zry gold – Pot1 (dark blue), Zry gold – Pot2 (pink), Zry gold – Pot3 (purple), and 

Zry gold – Pot4 (turquoise); Zry gold: ECP prior to Ag deposition in deionate at RT (red). 
Right side: Ag concentration profiles. – 

Left y-axis: Ag concentration (black). Right y-axis: ∆ Ag concentration (gray). 
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Figure 9-40: Measurements of Zircaloy dark blue at 65 °C under air-saturated conditions 
without UV-light exposure with a starting Ag concentration of 0.8 ppm. 

Left side: ECP measurements. – Pot1-4: ECPs at four Zry specimens during Ag deposition, 
Zry dark blue – Pot1 (dark blue), Zry dark blue – Pot2 (pink), Zry dark blue – Pot3 (purple), 

and Zry dark blue – Pot4 (turquoise); 
Zry dark blue: ECP prior to Ag deposition in deionate at RT (red). 

Right side: Ag concentration profiles. – 
Left y-axis: Ag concentration (black). Right y-axis: ∆ Ag concentration (gray). 

 

 

 
 

Figure 9-41: Measurements of Zircaloy dark blue at 65 °C under air-saturated conditions with 
UV-light exposure with a starting Ag concentration of 0.8 ppm. 

Left side: ECP measurements. – Pot1-4: ECPs at four Zry specimens during Ag deposition, 
Zry dark blue – Pot1 (dark blue), Zry dark blue – Pot2 (pink), Zry dark blue – Pot3 (purple), 

and Zry dark blue – Pot4 (turquoise); 
Zry dark blue: ECP prior to Ag deposition in deionate at RT (red). 

Right side: Ag concentration profiles. – 
Left y-axis: Ag concentration (black). Right y-axis: ∆ Ag concentration (gray). 
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Figure 9-42: Measurements of Zircaloy light blue at 65 °C under air-saturated conditions 
without UV-light exposure with a starting Ag concentration of 0.8 ppm. 

Left side: ECP measurements. – Pot1-4: ECPs at four Zry specimens during Ag deposition, 
Zry light blue – Pot1 (dark blue), Zry light blue – Pot2 (pink), Zry light blue – Pot3 (purple), 

and Zry light blue – Pot4 (turquoise); 
Zry light blue: ECP prior to Ag deposition in deionate at RT (red). 

Right side: Ag concentration profiles. – 
Left y-axis: Ag concentration (black). Right y-axis: ∆ Ag concentration (gray). 

 

 

 
 

Figure 9-43: Measurements of Zircaloy light blue at 65 °C under air-saturated conditions with 
UV-light exposure with a starting Ag concentration of 0.8 ppm. 

Left side: ECP measurements. – Pot1-4: ECPs at four Zry specimens during Ag deposition, 
Zry light blue - Pot1 (dark blue), Zry light blue – Pot2 (pink), Zry light blue – Pot3 (purple), 

and Zry light blue – Pot4 (turquoise); 
Zry light blue: ECP prior to Ag deposition in deionate at RT (red). 

Right side: Ag concentration profiles. – 
Left y-axis: Ag concentration (black). Right y-axis: ∆ Ag concentration (gray). 
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Figure 9-44: Measurements of Inconel 718 blank at 65 °C under air-saturated conditions without 
UV-light exposure with a starting Ag concentration of 0.8 ppm. 

Left side: ECP measurements. – Pot1-4: ECPs at four I718 specimens during Ag deposition, 
I718 blank – Pot1 (dark blue), I718 blank – Pot2 (pink), I718 blank – Pot3 (purple), and 

I718 blank – Pot4 (turquoise); I718 blank: ECP prior to Ag deposition in deionate at RT (red). 
Right side: Ag concentration profiles. – 

Left y-axis: Ag concentration (black). Right y-axis: ∆ Ag concentration (gray). 

 

 

 
 

Figure 9-45: Measurements of Inconel 718 blank at 65 °C under air-saturated conditions with 
UV-light exposure with a starting Ag concentration of 0.8 ppm. 

Left side: ECP measurements. – Pot1-4: ECPs at four I718 specimens during Ag deposition, 
I718 blank – Pot1 (dark blue), I718 blank – Pot2 (pink), I718 blank – Pot3 (purple), and 

I718 blank – Pot4 (turquoise); I718 blank: ECP prior to Ag deposition in deionate at RT (red). 
Right side: Ag concentration profiles. – 

Left y-axis: Ag concentration (black). Right y-axis: ∆ Ag concentration (gray). 
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Figure 9-46: Measurements of Inconel 718 CrN at 65 °C under air-saturated conditions without 
UV-light exposure with a starting Ag concentration of 0.8 ppm. 

Left side: ECP measurements. – Pot1-4: ECPs at four I718 specimens during Ag deposition, 
I718 CrN – Pot1 (dark blue), I718 CrN – Pot2 (pink), I718 CrN – Pot3 (purple), and 

I718 CrN – Pot4 (turquoise); I718 CrN: ECP prior to Ag deposition in deionate at RT (red). 
Right side: Ag concentration profiles. – 

Left y-axis: Ag concentration (black). Right y-axis: ∆ Ag concentration (gray). 

 

 

 
 

Figure 9-47: Measurements of Inconel 718 CrN at 65 °C under air-saturated conditions with 
UV-light exposure with a starting Ag concentration of 0.8 ppm. 

Left side: ECP measurements. – Pot1-4: ECPs at four I718 specimens during Ag deposition, 
I718 CrN – Pot1 (dark blue), I718 CrN – Pot2 (pink), I718 CrN – Pot3 (purple), and 

I718 CrN – Pot4 (turquoise); I718 CrN: ECP prior to Ag deposition in deionate at RT (red). 
Right side: Ag concentration profiles. – Left y-axis: Ag concentration (black). Right y-axis: ∆ Ag 

concentration (gray). 
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Figure 9-48: SEM images of Zircaloy blank deposited with Ag under UV OFF. 
Left side: SE mode with 1kx magnification of surface. 

Right side: BSE mode with 10kx magnification of surface for detailed view. 

 

 

  

Figure 9-49: SEM images of Zircaloy blank deposited with Ag under UV ON. 
Left side: SE mode with 1kx magnification of surface. 

Right side: BSE mode with 10kx magnification of surface for detailed view. 
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Figure 9-50: SEM images of Zircaloy gold deposited with Ag under UV OFF. 
Left side: SE mode with 1kx magnification of surface. 

Right side: BSE mode with 10kx magnification of surface for detailed view. 

 

 

  

Figure 9-51: SEM images of Zircaloy gold deposited with Ag under UV ON. 
Left side: SE mode with 1kx magnification of surface. 

Right side: BSE mode with 10kx magnification of surface for detailed view. 
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Figure 9-52: SEM images of Zircaloy dark blue deposited with Ag under UV OFF. 
Left side: SE mode with 1kx magnification of surface. 

Right side: BSE mode with 10kx magnification of surface for detailed view. 

 

 

  

Figure 9-53: SEM images of Zircaloy dark blue deposited with Ag under UV ON. 
Left side: SE mode with 1kx magnification of surface. 

Right side: BSE mode with 10kx magnification of surface for detailed view. 
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Figure 9-54: SEM images of Zircaloy light blue deposited with Ag under UV OFF. 
Left side: SE mode with 1kx magnification of surface. 

Right side: BSE mode with 10kx magnification of surface for detailed view. 

 

 

  

Figure 9-55: SEM images of Zircaloy light blue deposited with Ag under UV ON. 
Left side: SE mode with 1kx magnification of surface. 

Right side: BSE mode with 10kx magnification of surface for detailed view. 
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Figure 9-56: SEM images of Inconel 718 blank deposited with Ag under UV OFF. 
Left side: SE mode with 1kx magnification of surface. 

Right side: SE mode with 10kx magnification of surface for detailed view. 

 

 

  

Figure 9-57: SEM images of Inconel 718 blank deposited with Ag under UV ON. 
Left side: SE mode with 1kx magnification of surface. 

Right side: SE mode with 10kx magnification of surface for detailed view. 
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Figure 9-58: SEM images of Inconel 718 CrN deposited with Ag under UV OFF. 
Left side: SE mode with 1kx magnification of surface. 

Right side: SE mode with 10kx magnification of surface for detailed view. 

 

 

  

Figure 9-59: SEM images of Inconel 718 CrN deposited with Ag under UV ON. 
Left side: SE mode with 1kx magnification of surface. 

Right side: SE mode with 10kx magnification of surface for detailed view. 
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Figure 9-60: Specimen pairing formation between Zircaloy dark blue and Inconel 718 blank with 
direct contact and in close proximity to platinum (right side). 

 

 

 

Figure 9-61: GC measurements of Zircaloy blank without Ag vs. Inconel 718 blank with direct 
contact at 65 °C under air-saturated conditions as a function of UV-light exposure and 

H2O2 presence (500 ppb). – 
Left y-axis: Current density (blue). Right y-axis: Cell potential (orange). 
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Figure 9-62: GC measurements of Zircaloy blank without Ag vs. Inconel 718 CrN with direct 
contact at 65 °C under air-saturated conditions as a function of UV-light exposure and 

H2O2 presence (500 ppb). – 
Left y-axis: Current density (blue). Right y-axis: Cell potential (orange). 

 

 

 

Figure 9-63: GC measurements of Zircaloy dark blue without Ag vs. Inconel 718 blank with 
direct contact at 65 °C under air-saturated conditions as a function of UV-light exposure and 

H2O2 presence (500 ppb). – 
Left y-axis: Current density (blue). Right y-axis: Cell potential (orange). 
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Figure 9-64: GC measurements of Zircaloy dark blue without Ag vs. Inconel 718 CrN with direct 
contact at 65 °C under air-saturated conditions as a function of UV-light exposure and 

H2O2 presence (500 ppb). – 
Left y-axis: Current density (blue). Right y-axis: Cell potential (orange). 

 

 

 

Figure 9-65: GC measurements of Zircaloy dark blue with Ag vs. Inconel 718 blank with direct 
contact at 65 °C under air-saturated conditions as a function of UV-light exposure and 

H2O2 presence (500 ppb). – 
Left y-axis: Current density (blue). Right y-axis: Cell potential (orange). 
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Figure 9-66: GC measurements of Zircaloy dark blue with Ag vs. Inconel 718 CrN with direct 
contact at 65 °C under air-saturated conditions as a function of UV-light exposure and 

H2O2 presence (500 ppb). – 
Left y-axis: Current density (blue). Right y-axis: Cell potential (orange). 

 

 

 

Figure 9-67: GC measurements of Zircaloy dark blue without Ag vs. Inconel 718 blank without 
direct contact at 65 °C under air-saturated conditions as a function of UV-light exposure and 

H2O2 presence (500 ppb). – 
Left y-axis: Current density (blue). Right y-axis: Cell potential (orange), ECPs of Zry and I718 

prior to short-circuiting (red). 
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Figure 9-68: GC measurements of Zircaloy dark blue without Ag vs. Inconel 718 CrN without 
direct contact at 65 °C under air-saturated conditions as a function of UV-light exposure and 

H2O2 presence (500 ppb). – 
Left y-axis: Current density (blue). Right y-axis: Cell potential (orange), ECPs of Zry and I718 

prior to short-circuiting (red). 

 

 

 

Figure 9-69: GC measurements of Zircaloy dark blue with Ag vs. Inconel 718 blank without 
direct contact at 65 °C under air-saturated conditions as a function of UV-light exposure and 

H2O2 presence (500 ppb). – 
Left y-axis: Current density (blue). Right y-axis: Cell potential (orange), ECPs of Zry and I718 

prior to short-circuiting (red). 
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Figure 9-70: GC measurements of Zircaloy dark blue with Ag vs. Inconel 718 CrN without direct 
contact at 65 °C under air-saturated conditions as a function of UV-light exposure and 

H2O2 presence (500 ppb). – 
Left y-axis: Current density (blue). Right y-axis: Cell potential (orange), ECPs of Zry and I718 

prior to short-circuiting (red). 

 

 

 

Figure 9-71: Potential profile of Ag at RT/65 °C under air-saturated conditions as a function of 
UV-light exposure and temperature. 
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Figure 9-72: Electrical conductivity cell composed of two platinum metal sheets in the 
high-temperature test set-up. 

 

 

  

Figure 9-73: Temperature profiles at 250 °C under oxygenated conditions (200 ppb) as a 
function of UV-light exposure and H2O2 presence (500 ppb). 

Left side: UV OFF. Right side: UV ON. – 
Temperature measurement positions: Bottom (black), four in the middle of the autoclave, each 

per quadrant: Centered 1 (blue), centered 2 (red), centered 3 (orange), centered 4 (green), 
and top (gray). 
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Figure 9-74: Dissolved oxygen content profiles at 250 °C under oxygenated conditions 
(200 ppb) as a function of UV-light exposure and H2O2 presence (500 ppb).  

Left side: UV OFF. Right side: UV ON. – 
Inlet position (black) and outlet position (gray). 

 

 

  

Figure 9-75: Electrical conductivity profiles at 250 °C under oxygenated conditions (200 ppb) as 
a function of UV-light exposure and H2O2 presence (500 ppb).  

Left side: UV OFF. Right side: UV ON. – 
Inlet position (black) and outlet position (gray). 
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Figure 9-76: EIS Nyquist diagram of Zircaloy blank at 250 °C under oxygenated conditions 
(200 ppb) as a function of UV-light exposure. – 

Measured values (points) with corresponding fits (dashed lines), UV OFF (blue), and 
UV ON (orange). 

 

 

 

Figure 9-77: EIS Nyquist diagram of Zircaloy gold at 250 °C under oxygenated conditions 
(200 ppb) as a function of UV-light exposure. – 

Measured values (points) with corresponding fits (dashed lines), UV OFF (blue), and 
UV ON (orange). 
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Figure 9-78: EIS Nyquist diagram of Inconel 718 blank at 250 °C under oxygenated conditions 
(200 ppb) as a function of UV-light exposure. – 

Measured values (points) with corresponding fits (dashed lines), UV OFF (blue), and 
UV ON (orange). 

 

 

 

Figure 9-79: EIS Nyquist diagram of Inconel 718 CrN at 250 °C under oxygenated conditions 
(200 ppb) as a function of UV-light exposure. – 

Measured values (points) with corresponding fits (dashed lines), UV OFF (blue), and 
UV ON (orange). 
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Figure 9-80: EIS Nyquist diagram of blank Inconel 718 and coated Inconel 718 at 250 °C under 
oxygenated conditions (200 ppb) and UV-light exposure. – 

Measured values (points) with corresponding fits (dashed lines), I718 blank (gray), I718 CrN 
(pink), I718 C1 (purple), I718 C2 (orange), and I718 C3 (black). 
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