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Abstract

This doctoral thesis investigates the ferritic steel corrosion during and after Water Abrasive
Suspension (WAS) cutting, a method utilized in the dismantling of activated components,
specifically Reactor Pressure Vessels (RPVs) and Internals (RPVS), during nuclear
decommissioning. One of the drawbacks of this technique is the generation of significant amounts
of secondary radioactive waste, which impacts process economics and poses a challenge for
radioactive waste disposal of materials which accrue in the process of decommissioning of nuclear
facilities. Efficient separation of radioactive steel particles from abrasive particles post-cutting is
an essential step for minimizing secondary waste volume and enhancing economic viability. A
combined wet sieving and magnetic separation process has been developed for this purpose.
However, the corrosive aqueous environment of the WAS, compounded by the presence of
ionizing radiation from activated steel, poses a significant threat to the magnetic properties and
structural integrity of the steel swarf (used interchangeably with ‘steel particles’ throughout this

work), impeding effective magnetic separation.

The overarching aim of this research was to identify and characterize suitable corrosion inhibitors
for aRPV ferritic steel (steel type 20MnMoNi5-5, denoted as 1.6310 according to DIN EN 10027-
1) under conditions relevant to WAS cutting and subsequent separation, and to quantify and
understand the effects of ionizing radiation on inhibitor performance and steel corrosion.

A multi-faceted experimental approach was employed, combiningelectrochemical methods (OCP,
potentiodynamic polarization, EIS), surface analytical techniques (SEM-EDX, XPS, QCM,
Ellipsometry), inhibitor characterization (Chromatography, NMR, Mass Spectrometry), and
irradiation experiments utilizing radioactive sources. In addition to the experimental studies,

Monte Carlo radiation transport simulations were performed.

Initial screening identified a commercial inhibitor formulation, denoted as C.Inh #4 in this Ph.D.
thesis, as highly effective in preventing visible corrosion during immersion tests. Detailed
electrochemical studies confirmed its effectiveness as a mixed-type inhibitor that significantly
reduced corrosionratesand promoted the formationof a protective surfacefilm. Post-WAS cutting
experiments demonstrated that C.Inh #4 successfully mitigated corrosion of steel particles in the
actual cutting suspension over extended periods, as demonstrated by SEM-EDX analysis showing

the absence of significant corrosion products.
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Compositional analysis of C.Inh #4 performed using complementary techniques as well as
confirmation from the manufacturer identified Triethanolamine (TEA), of 2,4,6-tri(6-
aminohexanoicacid)-1,3,5-triazine (TACT) and 6-(4-Methylphenylsulfonamido) hexanoic acid as
the major components of the formulation. Comparative studies of pure TEA and TACT revealed
that TACT provided similar corrosion inhibition at significantly 10 times lower concentrations
than TEA, which required > 3000 ppm concentration to achieve similar inhibition efficiency. In
addition, adsorption studies indicated that while TEA primarily adsorbs via physisorption, TACT
utilizes a combination of physisorption and stronger chemisorption, leading to a more stable and
durable protective layer, which was supported by QCM and Ellipsometry measurements. Further
investigations into the third component, 6-(4-Methylphenylsulfonamido) hexanoic acid, was
discontinued dueto the presenceof sulphur, contraryto the setcriteria of usingorganic compounds

having only carbon, hydrogen, oxygen and nitrogen as constituents (CHON principle).

Radiation transport simulations revealed that an annual absorbed dose of about5 Gy to water is
expected from a reference case of 1 m3radioactive steel-abrasive mixture in water. Irradiation
experiments utilized higher dose values up to 2.5 kGy to obtain discernible radiolysis effects in
the inhibitor solutions and to maintain a conservative dose range expected from real scenarios.
Investigations into the effects of ionizing radiation demonstrated a dose-dependent decrease in the
inhibition efficiency for both TEA and TACT. NMR spectroscopy revealed that both compounds
undergo a degree of radiolytic degradation with increasing absorbed dose. Electrochemical and
surface analysis of steel exposed to irradiated inhibitor solutions indicated that TEA maintained
its protective capabilities slightly more effectively than TACT at higher radiation doses, although
some degree of radiation-induced oxidation was observed in both cases. Both inhibitors
maintained over 95% inhibition efficiency even after 2.5 kGy irradiation. The presence of
bicarbonate ionsin irradiated solutions had a positive synergistic effect with ionizing radiation for

TEA resulting in a relatively lower corrosion rate, in contrast to TACT.

This research successfully identified a potent inhibitor formulation effective under relevant
conditions and provided fundamental insights into the mechanism of corrosion inhibition and
influence of ionizing radiation. The findings overall highlight the superior performance and
radiation stability of TACT compared to TEA, contributing valuable knowledge for optimizing
corrosion inhibition, steel-abrasive separation efficiency in processes like WAS cutting of
radioactive steel, and minimizing secondary waste generation in nuclear decommissioning

operations.
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Zusammenfassung

Diese Doktorarbeit untersucht die Korrosion von ferritischem Stahl wé&hrend und nach dem
Wasser-Abrasiv-Suspensions-Schneiden (WAS-Schneiden), einer Methode, die beim Riickbau
aktivierter Komponenten, insbesondere eines Reaktordruckbehélters (Reactor Pressure Vessel,
RPV) und dessen Einbauten, eingesetzt wird. Ein Nachteil dieser Technik ist die Erzeugung
erheblicher Mengen an radioaktivem Sekundarabfall, was die Prozessokonomie beeintréchtigt und
eine Herausforderung fir die Entsorgung radioaktiver Abfélle darstellt, die beim Rickbau
kerntechnischer Anlagen anfallen. Eine effiziente Trennung radioaktiver Stahlpartikel von
Abrasivpartikeln nach dem Schneiden ist ein wesentlicher Schritt zur Minimierung des
Sekundarabfallvolumens und zur Steigerung der Wirtschaftlichkeit des Verfahrens. Zu diesem
Zweck wurde ein kombiniertes Nasssieb- und Magnetabscheideverfahrenfir das WAS-Schneiden
entwickelt. Das korrosive wassrige Medium der WAS, verstarkt durch die Anwesenheit
ionisierender Strahlung aus aktiviertem Stahl, stellt jedoch eine erhebliche Bedrohung fir die
magnetischen Eigenschaften und die strukturelle Integritat des Stahl-Swarf (im gesamten Text
synonym mit ,,Stahlpartikeln® verwendet) dar, was eine effektive magnetische Trennung
behindert.

Das Ubergeordnete Ziel dieser Forschung war es, geeignete Korrosionsinhibitoren fiir das WAS-
Schneiden eines ferritischen RPV-Stahls (Stahltyp 20MnMoNi5-5, bzw. 1.6310 gemé&Rk DIN EN
10027-1) und die anschlieBende Trennung zu identifizieren und zu charakterisieren, sowie die
Auswirkungen ionisierender Strahlung auf die Inhibitoren und die Stahlkorrosion zu

quantifizieren und zu verstehen.

Es wurde ein vielseitiger experimenteller Ansatz gewéhlt, der elektrochemische Methoden (OCP,
potentiodynamische Polarisation, EIS), oberflachenanalytische Techniken (SEM-EDX, XPS,
QCM, Ellipsometrie), die Charakterisierung von Inhibitoren (Chromatographie, NMR,
Massenspektrometrie) und Bestrahlungsexperimente unter Verwendung radioaktiver Quellen
kombinierte. Zusatzlich zu den experimentellen Studien wurden Monte-Carlo-Simulationen zum
Strahlungstransport durchgefiihrt.

Ein anféngliches Screening identifizierte eine kommerzielle Inhibitorrezeptur, in dieser
Doktorarbeit als C.Inh #4 bezeichnet, als hochwirksam zur Verhinderung sichtbarer Korrosion in
Immersionstests. Detaillierte elektrochemische Studien bestétigten ihre Wirksamkeit als
Inhibitormischung, die die Korrosionsraten signifikant reduzierte und die Bildung eines



schitzenden Oberflachenfilms forderte. Experimente nach dem WAS-Schneiden zeigten, dass
C.Inh #4 die Korrosion von Stahlpartikeln in der tatsdchlichen Schneidsuspension tber langere
Zeitraume erfolgreich minderte, was durch SEM-EDX-Analysen, die das Fehlen signifikanter

Korrosionsprodukte zeigten, bestétigt wurde.

Die Zusammensetzungsanalyse von C.Inh #4, die mittels komplementérer Analysetechniken
ermittelt und letzlich vom Hersteller bestétigt wurde, identifizierte Triethanolamin (TEA), 2,4,6-
Tri(6-aminohexansaure)-1,3,5-triazin (TACT) und 6-(4-Methylphenylsulfonamido)hexanséure
als Hauptbestandteile der Rezeptur. Vergleichende Studien von reinem TEA und TACT ergaben,
dass TACT eine ahnliche Korrosionshemmung bei einer um das Zehnfache geringeren
Konzentrationen als TEA bot, wobei TEA Konzentrationen von >3000 ppm bendtigt wurden, um
eine dhnliche Inhibierungswirkung zu erreichen. Daruber hinaus zeigten Adsorptionsstudien, dass
TEA primér durch Physisorption adsorbiert, wahrend TACT eine Kombination aus Physisorption
und starkerer Chemisorption nutzt, was zu einer stabileren und dauerhafteren Schutzschicht fuhrt,
welchesdurch QCM-und Ellipsometrie-Messungen bestatigt wurde. Weitere Untersuchungen der
dritten Komponente, 6-(4-Methylphenylsulfonamido)hexansdure, wurden aufgrund des
Vorhandenseins von Schwefel eingestellt, denn dies widersprach den festgelegten Kriterien der
Verwendung von organischen Verbindungen, die nur Kohlenstoff, Wasserstoff, Sauerstoff und

Stickstoff als Bestandteile aufweisen sollen (CHON-Prinzip).

Strahlungstransportsimulationen ergaben, dass eine jahrliche absorbierte Dosis von etwa 5 Gy in
Wasser fur einen Referenzfall einer radioaktiven Stahl-Abrasiv-Mischung in 1 m3 Wasser zu
erwarten ist. In den Bestrahlungsexperimente wurden hdhere Dosiswerte bis zu 2,5 kGy
verwendet, um moégliche Radiolyseeffekte in den Inhibitorlésungen deutlich zu erkennen und
einen konservativen Dosisbereich aufrechtzuerhalten, der in realen Szenarien zu erwarten ist.
Untersuchungen der Auswirkungen ionisierender Strahlung zeigten eine dosisabhéngige
Abnahme der Inhibierungseffizienz fir sowohl TEA als auch TACT. Ergebnisse der NMR-
Spektroskopie ergaben, dass beide Verbindungen mit zunehmender absorbierter Dosis einen
gewissen Grad an radiolytischem Abbau erfahren. Elektrochemische und Oberflachenanalysen
von Stahl, der bestrahlten Inhibitorldsungen ausgesetzt war, zeigten, dass TEA seine schiitzenden
Eigenschaften bei héheren Strahlungsdosen etwas effektiver beibehielt als TACT, obwohl in
beiden Féllen ein gewisser strahlungsinduzierter Oxidationsgrad beobachtet wurde. Beide
Inhibitoren behielten selbst nach 2,5 kGy Bestrahlung eine Inhibierungseffizienz von tiber 95%
bei. Die Anwesenheit von Bicarbonationen in bestrahlten Ldsungen bewirkte einen
synergistischen Effekt fur TEA im Gegensatz zu TACT.
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Diese Untersuchungen identifizierten erfolgreich eine potente Inhibitor, der unter relevanten
Bedingungen fireine Anwendungmitradioaktiven Stahlen wirksamist, und lieferte grundlegende
Einblicke in die Mechanismen der Korrosionshemmung und deren Beeinflussung durch
ionisierende Strahlung. Die Ergebnisse unterstreichen insgesamt die héhere Leistungsfahigkeit
und Strahlenresistenz von TACT im Vergleich zu TEA und liefern wichtige Erkenntnissen zur
Optimierung der der Stahl-Abrasiv-Trennung in Prozessen wie WAS schneiden von radioaktive
Stahlen und zur Minimierung der Sekundarabfallerzeugung bei der Stilllegung von
Kernkraftwerken.
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CHAPTER ONE: INTRODUCTION

1.1 Motivation of the Study

Nuclear power plants play a vital role in the energy systems of many countries, supplying low-
carbon electricity and heat for other industrial applications. Most nuclear reactors have a
service life of about 40 years, after which the decommissioning and dismantling phase of the
lifecycle commences 1. The decommissioning of nuclear power plants and other nuclear
facilitiesis a complex processinvolvingthe removal of spentnuclear fuel and other radioactive
materials, segmentation of the reactor pressure vessel and internals, removal of the secondary
systems, demolition of containment structures, and site remediation. Decommissioning
represents one of the most significant challenges facing the nuclear industry in the coming
decades. As one of the key processes in the decommissioning program, the safe and efficient
dismantling of reactor pressure vessels (RPVs) and its internals is crucial. RPV structural
materials, primarily low alloy ferritic steels -4, become activated due to prolonged exposure
to neutron irradiation 561, necessitating remote handling for dismantling and packaging during

decommissioning.

As of early 2024, 213 nuclear power reactors worldwide had been officially shutdown for
decommissioning, yet full dismantling and decommissioning had been completed for only 22
of them [7l. This represents a global challenge requiring innovative, sustainable, and cost-
effective methodologies for RPV segmentation — the process of cutting the RPV into smaller
pieces for efficient removal and storage. Various techniques are employed in the industry to
segment reactor pressure vessels and internals, including abrasive waterjet cutting, plasma arc,
mechanical cutting, electrical discharge machining, and metal disintegration machining 8.1,
The use of plasma saw, and laser cutting methods has been proposed recently but hasnot been
used to date (9. Wire sawing and abrasive waterjet cutting are widely used methods in
segmentation projects [11-131. However, abrasive waterjet cutting and other underwater cutting
techniques are particularly well-suited for this application due to the additional radiation
shielding effect in compliance with the ALARA (As low As Reasonably Achievable) principle
[141, Also, cold-cuttingmethods preventaerosol formation, offeringadvantages such as reduced

personnel exposure and minimal secondary waste generation [13],

The abrasive waterjet cutting method (Water-Abrasive-Suspension (WAS) cutting process)

utilizes a high-pressure water jet mixed with suspended abrasive particles to cut through thick



metal structures, including reactor internals and high-strength steel components of RPVs [16],
as shown in Figure 1.1. It has thus emerged as a highly effective method for RPV internals
segmentation due to its precision, versatility, cost and the ability to minimize radiological
exposure [17.18], Despite its technical advantages, the considerable generation of radioactive
secondary waste - the mixture of steel swarf (steel particles) and abrasive particles, hampers its
economic competitiveness compared to conventional cutting methods [2:10131, WAS cutting has
been employed in Germany for the dismantling of the Stade and Wirgassen nuclear power
plants (NPP) RPV internals [19.20], Strategies for reducing the attendant radioactive secondary
waste after dismantling remain a crucial open question for sustainability and enhanced
economic efficiency [21.221, Hence, separating the radioactive steel swarf and reusing the

abrasive grains would represent a further possible improvement to the WAS cutting process.

Water-abrasive suspension

Y

WAS-Nozzle

Suspension jet

Activated RPV steel

Steel particles
Abrasive particles

Radioactive steel

/ particles

.. Abrasive particles
Radioactive Secondary waste

Figure 1.1: Schematic of water-abrasive suspension jet cutting of RPV steel, which produces
radioactive secondary waste (abrasive particles and activated steel particles). For details, see
references [3, 16].

Efforts have been made to recycle the abrasives used in the WAS cutting of conventional

materials [2324, However, the NENAWAS project (Neuartige Entsorgungswege fir



Abrasivmittel aus der Wasserstrahl-Schneidtechnikan. In English, novel disposal routes for
abrasives from waterjet cutting technology) 25, MaSK project (Magnet-Separation von
Korngemischen zur Minimierungvon Sekundérabfallenim Ruckbau kerntechnischer Anlagen.
In English, magnetic separation of granular mixtures for minimizing secondary waste in the
decommissioning of nuclear facilities) (261 and the present work in the NaMaSK project
(Nasssiebung und Magnetseparation von Korngemischen zur Minimierung von
Sekundarabfallen im Rickbau Kerntechnischer Anlagen. In English, wet screening and
magnetic separation of grain mixtures to minimize secondary waste in the dismantling of
nuclear facilities) 271 have been research efforts to address the challenge of minimising the
volume of secondary waste generated in the WAS cutting process applied to nuclear systems
and structures. The overarching motivations for these projects are the recycling of abrasives
and the reduction of the volume of radioactive waste which would limit the cost of radioactive

waste disposal and the improved economics of the WAS cutting process.

The NENAWAS and MaSK projects, funded by the German Ministry of Education and
Research (BMBF) and developed jointly by the Institute for Nuclear Waste Disposal (KIT-
INE) and the Institute for Technology and Management in Construction (KIT-TMB),
developed a separation process for the post-treatment of grain mixtures generated during the
cutting of reactor pressure vessel steels [25.26.28], Figure 1.2 shows the separation scheme, which
entails that fine steel and abrasive particles are removed using the sieves, the larger steel
particles further separated using the magnetic filter and disposed, while the larger abrasive
particles are reused. Detailed separation experiments were initially carried out with the
development of a prototype separation system (Patent No: DE102018110204A120191031),
and thereafter, process parameters such as concentration of the grain mixture, time of a filter

cycle and flowrate were systematically examined.
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Figure 1.2: Overall scheme for abrasive-steel mixture separation in the NaMaSK system adapted
from Heneka, 2021[%°1,
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Chemical and microscopic analyses of the grain mixtures were performed to determine the
grain characteristics and separation efficiency. The separation system separated the steel
particles from the abrasive-steel mixture generated during the cutting process. This prototype
unit utilizes filters of varying mesh sizes and magnetic separation, specifically a magnetic rod
filter, and exploits the ferromagnetic properties of the steel particles, enabling their efficient

separation from the non-magnetic abrasive material [28.29],

The MaSK pilot plant was developed to enhance the separation efficiency from 90% obtained
in the NENAWAS system to > 98%. The plantseparates steel fromabrasives in a batch process,
combining wet screening and magnetic filtering. The preliminary experimental design and
investigation of the magnetic filtration system required for separating the radioactive steel and
abrasive mixture have been reported in the doctoral theses of Brandauer, 2017 B% and KrauB,
2021 B1],

The NaMaSK project - is a successor of the two previous projects, developed jointly by KIT-
INE and KIT-TMB, supported by ANT Liibeck, Orano and EnBW [32-34, The overall goals of
the project are the minimization of steel corrosion prior to separation, optimization of the
separation parameters and the development of a continuous separation cycle to achieve the
highest possible radioactive secondary waste reduction and abrasive reuse rate. The later has
been reported in the doctoral thesis of Heneka, 2024 [271, The secondary radioactive waste
volume reduction is estimated to be between 50-70%.



In NaMaSK, improvements to the separation of steel-abrasive mixture with sieving and
magnetic separation has been implemented while the presentstudyaddresses the limiting factor
of steel corrosion in the cutting suspension. The steel particles are expected to be intact prior
to separation, corrosion of the steel particles in aqueous solution presents an impediment. The
corrosion of the RPV ferritic steel particles in the aqueous environment during and after the
waterjet cutting is particularly complex due to mechanical stress, the agueous environment,
and ionizing radiation from activated components. While corrosion inhibitors could be used to
address the challenge of corrosion, their application in nuclear decommissioning presents
unique issues - the effectiveness of corrosion inhibitors may be compromised by radiation-
induced degradation, hence the limited understanding of inhibition mechanisms under

combined corrosion-radiation conditions presents an opportunity for further study.

1.2 Problem Statement and Aim of Study

Effective separation of the steel swarf from the abrasive grains in the separation system under
study depends on the corrosion resistance of the materials. RPVs are typically made from low-
allow ferritic steels with a thin inner lining of austenitic stainless steel. The choice of materials
is due to mechanical properties, neutronic properties, cost etc. However, the corrosion
susceptibility of the RPV low-alloy steels, such as 1.6310 (20MnMoNi5-5), posesa challenge
to the minimization of secondary radioactive waste in the NaMaSK system. Corrosion is a
chemical and electrochemical process that leads to the deterioration of materials and the
formation of corrosion products such as oxides and hydroxides. This corrosion-induced
degradation can negatively impact the effective separation of RPV ferritic steel particles in our

process.

First, the corrosion of steel and rustformationstrongly affects the Fe-bearing material resulting
in non-magnetic iron corrosion products. The corrosion of iron in aqueous solutions produces
rust, which consists of several phases, e.g., Fe,03, a-, - and y-FeOOH, that are anti-
ferromagnetic 3536], Studies have shown that the presence of corrosion products on
ferromagnetic materials leads to increased magnetic hysteresis losses, a phenomenon
characterized by energy dissipation within the material as its magnetization cycles through a
magnetic field. This energy loss manifests as a reduction in the efficiency and strength of
magnetization, directly suggesting a degradation or weakening of the material's magnetic
properties due to rust formation [37.38], This degradation is problematic because it can impede

the effective magnetic separation of steel particles. Corrosion can alter the orientation and



strength of the net magnetic moment and the spatial distribution of the internal magnetic field
in a ferromagnetic material 391, The influence of alloying elements on the magnetic properties
of iron alloys has also been observed, highlighting that corrosion influences the magnetic
properties of a material because these properties are susceptible to the condition of the
material's surface [40.411, While corrosion may not affect the overall magnetic properties of bulk
metal samples (given that corrosion is a surface phenomenon and the base metal is largely
unaffected), the impactbecomessignificantfor micrometer-sized steel particles as encountered

in this study.

Furthermore, the corrosion of the RPV steel particles in the aqueous environmentcouldrelease
radioactive ionsand particulates into the cutting fluid. This increases the risk of contamination,
poses environmental and health hazards to workers, and requires more stringent containment
measures. In addition, corroded steel particles produce loose oxide particlesand sludge, which
contaminate the abrasive slurry. These corrosion by-products could inadvertently increase the
volume of radioactive waste, complicating waste management and increasing disposal costs.
Therefore, preventing corrosion ensures more efficient separation processes and reduced

secondary waste generation.

The use of corrosion inhibitors provides a strategy for protectingsteel particles duringthe WAS
cutting process and before filtration and magnetic separation. In contrast with other corrosion
mitigation methods such as using oxygen scavengers or cathodic protection systems (which
cannot be applied to metal particles in suspension as they cannot be contacted), corrosion
inhibitors act directly in the aqueous cutting fluid, providing real-time protection to steel
particles in suspension, as they are generated. This is particularly critical in the turbulentand
high-pressure environment of the WAS cutting process, where exposed steel surfaces are
continually created and subjected to the corrosive aqueous environment. Corrosion inhibitors
are notexpected to adversely affectthe magnetic properties of steels. In contrast, inhibitors can
preserve the magnetic properties essential for efficient separation by preventing the formation
of non-magnetic corrosion products. This makes them highly compatible with the downstream
separation process after the cut. Moreover, corrosion inhibitors are quickly introduced into the
cutting fluid without significantly modifying the setup. They are cost-effective and less toxic,
especially compared to alternative strategies like replacing cutting fluids with inert
media/oxygen scavengers 21 or implementing complex cathodic protection systems [43l,

Corrosion inhibitors can also be tailored to specific operational conditions like pH,



temperature, and radiation fields. This flexibility ensures their effectiveness across various

scenarios, making them suitable for large-scale industrial applications.

While corrosion inhibitors offer a potential solution, their application in nuclear
decommissioning presents unique challenges. The RPV materials typically undergo neutron
activation over many years of operational life and emit ionizing radiation as a result, and thus
their interaction with the inhibitors requires understanding of the effects of ionizing radiation
on inhibitor effectiveness. lonizing radiation, characterized by high-energy particles or
electromagnetic waves capable of causing ionization in atoms, presents unique challenges in
terms of material degradation and corrosion. The effectiveness of conventional corrosion
inhibitors may be compromised by radiation-induced degradation, and the limited
understanding of inhibition mechanisms under combined corrosion-radiation conditions has
hindered the development of suitable protective systems. Obtaining relevant insights into how
radiation may impact these inhibitors' stability, reactivity, and protective properties is crucial
for developing robust corrosion prevention strategies for the steel swarf separation. Many
studies have focused on the effects of irradiation on corrosion inhibitors used for nuclear power
plants to limit oxygen concentration in the reactor coolant at high temperatures and high-
pressure valuesand in very alkalineoracidic conditions during plant operations or maintenance
[42.44.45] In contrast, others have studied inhibitors utilized in the extraction processes for the
partitioning and transmuting of minor actinides in highly acidic conditions and requiring
radiolytic and hydrolytic stability under extreme radiation fields [46.47). The present study
focuses on inhibitors for RPV steel in near-neutral environments and the influence of ionizing

radiation on their performance.

This thesis presents a systematic investigation into the selection and characterization of
corrosion inhibitors and their behavior in the presence of radiation fields. These inhibitors find
application in RPV ferritic steel corrosion inhibition during waterjet cutting operations and
post-cutting separation using a developed wet-filtration and magnetic separation system. The
research follows a strategic progression from initial inhibitor screening through detailed
mechanistic studies and culminates in evaluating radiation effects on inhibitor performance.
By combining electrochemical methods, surface analytical techniques, and radiation chemistry
approaches, this work provides comprehensive insights into the complex relationship between

corrosion inhibition mechanisms and radiation-induced effects.



Aim of the study:

The doctoral thesis aims to:

1. Select suitable corrosion inhibitor(s) for minimizing the corrosion of ferritic steel
corrosion during and after cuts with the water-abrasive suspension to ensure efficient
steel-abrasive separation.

2. Quantify the effects of ionizing radiation on the corrosion of ferritic steels in the
presence and absence of the inhibitorsand understandthe chemical processes involved.

The study combines electrochemical and surface analytical techniques with irradiation
experiments to better understand inhibitor behavior. Separation and characterization methods
elucidate inhibitor compositions, while Monte Carlo simulations and irradiation experiments

simulate radiation field effects during real-world WAS cutting of steels.

1.3 Overview on Relevant Corrosion Inhibition Processes and their Modelling

The unique environment of the WAS - characterized by the presence of fine steel particles,
abrasive material (garnet), water, and ionizing radiation, likely at near-ambient temperatures
post-cutting — is explicitly differentiated from the high-temperature, high-pressure conditions
and specific water chemistries encountered during LWR operation [“8], The review aims to
synthesize current knowledge, identify significant research gaps, and thereby provide a
foundation for developing effective corrosion control strategies to optimize secondary waste

management in RPV decommissioning projects.

The corrosion of ferritic steels in agueous environments, such as the WAS, is fundamentally
an electrochemical process. Itinvolves the simultaneous occurrence of oxidation (anodic) and
reduction (cathodic) reactions at anodic and cathodic sites on the metal surface. Compositional
differences, grain boundaries, and surface heterogeneities lead to the formation of anodic and
cathodic sites on steel surfaces, creating potential differences between these areas. In the
presence of an ionically conductive medium, a certain charge transfer develops between the
steeland solution due to the potential difference (49501, This charge transfer or currentis referred
to as the corrosion current. The charge is transferred from the anodic sites of the steel into the

solution and back to the steel through the cathodic sites.



1.3.1 Steel Corrosion in Near-neutral Solutions

As stated previously, the steel corrodes in the aerated, near-neutral solution of a water abrasive
suspension via reduction-oxidation partial (half) reactions. At the steel anode, the anodic
reaction is generally represented as the oxidation of iron since iron is the main constituent of

steels, leading to the formation of metal ions in the solution.
The half-cell reactions are described as follows:
1. Anodic Reaction: Metallic iron dissolution
Fe — Fe?t + 2e” (1.1)

2. Cathodic Reaction: Dissolved oxygen reduction at cathodic sites leading to localized

increase in pH, and possibly passivation of the metal.

0, + 2H,0 + 4e~ — 40H™ (1.2)
Rust formation can occur through the interaction of cathodic and anodic products.

Fe?* + 20H™ - Fe(OH), (1.3)

Since the corrosion process is a consecutive reaction chain, the overall corrosion rate is
governed by the kinetics of the slowest of these partial reactions and is influenced by several
factors. The rate is directly influenced by temperature, pH, include the electrochemical
potential difference driving the reactions, temperature, the concentration of dissolved species
(like oxygen or aggressive ions), and the electrical conductivity of the solution facilitating ion
movement. Critically, the formation and properties of surface films —either passive layers (thin,
protective oxides) or thicker corrosion product layers — significantly moderate the corrosion

process by acting as barriers to ion or electron transport.

Under ambient conditions, the corrosion product, Fe(OH), from Eqn. 1.3, is unstable and
oxidizesto ferric hydroxide (also knownas ‘yellow rust’) in the presence of sufficientdissolved

oxygen under oxic conditions:
2Fe(OH), + H,0 + %oz — 2Fe(0OH)54 (1.4)

Yellow rust could undergo dehydration to form hydrated ferric oxide FeOOH or hematite
Fe, 05 (red rust).

Fe(OH); — FeOOH + H,0 (1.5)



Two forms of hydrated ferric oxide are observed in the corrosion of iron in water: a-FeOOH

(geothite) and y-FeOOH (lepidocrocite) 11,

The stability of different corrosion products in the iron-water system at various pH values and
potentials s illustrated in a Pourbaix diagram [521. The majorapplications of Pourbaix diagrams
have been to predict the spontaneous direction of corrosion reactions for a given metal-
electrolyte system, to predict possible ways to drive the corrosionreactionin adesired direction

by adjusting environmental conditions, and to estimate the composition of corrosion products.

For the fine steel swarf generated during WAS cutting and residing in the suspension, the most
pertinent corrosion mechanisms are likely Uniform Corrosion and Pitting Corrosion.

e Uniform Corrosion: This involves a relatively even dissolution of the metal surface
across the exposed area. While often considered less insidious than localized forms, the
extremely high surface area of the fine steel swarf means that even a low uniform
corrosion rate can lead to significant metal loss and corrosion product generation in a
shorttime. The mechanism in high-temperature water often involves outward diffusion
of metal ions and inward diffusion of oxygen species through a growing oxide layer. At
the lower temperatures relevant to the WAS cutting, the kinetics will be slower, but the
fundamental process of surface oxidation and dissolution remains active.

e Pitting Corrosion: This is a localized form of attack characterized by the formation of
small pits or holes, initiating at points where the protective passive film breaks down [,
Initiation sites can include surface defects, scratches (potentially abundant due to
cutting/abrasion), or inclusions within the steel matrix, such as manganese sulphides
(MnS). Pitting is often promoted by the presence of aggressive anions, particularly
chlorides (CI"), which may be present as impurities in the process water or the abrasive
material [54551. Once initiated, pit growth can be autocatalytic: the localized dissolution
within the pit leads to an accumulation of metal cations, which hydrolyze to lower the
local pH, and migration of anions (like CI") into the pit to maintain charge neutrality,
creating an aggressive microenvironment that hinders repassivation and accelerates
further dissolution. Given the potential for surface damage from cutting and the possible
presence of contaminants, pitting represents a significant concern for the steel particles.

Additionally, Galvanic Corrosion could play a role at a microstructural level. RPV steels
typically possess a tempered bainitic or martensitic microstructure, which may contain
differentphasesorcarbideprecipitates orinclusions like MnSBl. Potential differences between
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these microstructural features (e.g., ferrite vs. cementite in pearlite remnants, or matrix vs.
inclusions) can establish micro-galvanic cells when exposed to the electrolyte, accelerating the

corrosion of the more anodic phase.

For steels in near-neutral solutions, the half-cell potentials of the electrochemical cell deviate
from their equilibrium values with the consequent development of an irreversible electrode

potential. This deviation in potential is called an overpotential or overvoltage 1.
n=EGW-E (1.6)

where E is the half-cell potential at equilibrium as given by the Nernst equation and E(i) is the

measured potential represented as a function of current density [56.57],

Overpotential arises due to slow charge transfer, resistance losses and mass transfer losses in
the system, all of which contribute to the overall overpotential. Charge transfer or activation
overpotential (n.r) is overpotential arising from maintaining the rate of the electrode reactions.
Resistive or Ohmic overpotential (nz) develops as a result of electronic or ionic conduction.

Mass transport overpotential (1), is observed as a result of mass transport limitations [58.59],

The change in potential gives rise to electrode reaction resulting in current flow. The cathodic
half-cell potential becomes more negative than its equilibrium value while the anodic half-cell
potential shifts to more positive values. This phenomenon is called polarization. The resulting
polarization of the anodic and cathodic sites leads to anodic and cathodic net currents exceeding

the exchange current density (jo).

If the electrochemical systemissuch thatelectrode process iscompletely determined by charge
transferatthe metal surface, typical for corrosion measurements aroundthe corrosion potential,
then the relationship between the current and voltage is described by the Butler-VVolmer

equation [57.601;

i=Jatic = jofexp () —exp (- L£22)) (L.7)

Where j = overall currentdensity of the reaction, j, & j. =anodicand cathodic current densities
respectively, jo is the exchange current density at equilibrium, a =transfer coefficient, which
describes the charge transfer kinetics (0 < a < 1), F = Faraday constant (96485 Cmol1), R =

universal gas constant (8.314 Jmol1K-1), T = absolute temperature in Kelvin (K) and n =
number of electrons transferred.
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Two limiting cases of the Butler—VVolmer equation occur; at the high overpotential regime
(when for > 50mV ) resulting in an approximation to the Tafel equation, and at the low
potential regime from which an expression for the polarization resistance, Ry, may be derived

(also known as the Stern—Geary relationship) [61.62],

When the overpotential  is significantly greater than RT/nF = 25.7mV at 25°C (i.e. n >

50mV), the respective counter reaction is neglected.

For the cathodic reaction, we neglect the anodic current density contribution and thus have:

= —joexp{(— 2} (1.82)

For the anodic reaction, we neglect the cathodic current contribution and have:

j= jo{eXp (%:n)} (1.8b)

Solving the above two equations for n yields;

RT X RT
(—onr 23108l = Tonr

For the cathodic reaction, n = — 2.3logljl (1.9a)

For the anodic reaction, n = —%2.310};]'0 + %2.3log|j| (1.9b)

The above equations for the overpotentials can be expressed as a linear equation of the form
N = A+ Belogljl (1.10)

The above linear equation is known as the Tafel equation, which describes the rate of metal

dissolution as a function of the overpotential.

From the Tafel equation, A is the Tafel constant while B can be defined as the Tafel slopes for
both the anodic and cathodic reactions as B, and B, (commonly B, & B.) where;

__ 2.3RT
- anF

2.3RT
and BC - (1—-o)nF

Pa (1.11)

Fromthe Tafelequation, itcan be seen thatshiftingthe anodic potential towardspositive values

results in a higher rate of metal dissolution.

If the steel electrode is anodically polarized at a certain positive potential or in the presence of
an oxidizing agent, a sudden decrease in the rate of anodic dissolution is observed 531, This
occurs because of the formation of a protective oxide film on the metal surface. This protective
film is called a passive film and this process is called passivation by an oxide film. In a few

cases, the excess accumulation of metal ions near the electrode layer can lead to the
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precipitation of salts on the electrode covering a portion of the surface and leading to
passivation. This type of passivation could be seen at higher pH values [63.64], The presence of
corrosion inhibitors could also introduce a passive layer blocking active sites on the metal
surface, ennobling the corrosion potential and ultimately reducing the Kinetics of the electrode
processes [65],

1.3.2 Thermodynamics of Steel Corrosion

The electrochemical processes that produce steel corrosion differ from typical chemical
reactions in that their energetics depend on the difference in potentials between the steel and
the contacting phase e.g. an electrolyte solution. Changes in the free-energy of reaction, AG,
accompanying the corrosion reaction determine the driving forces and progression of the
anodic half-reactions. In principle, it must be thermodynamically favourable for a given
corrosion reaction to occur spontaneously. For such, the change in Gibb’s free energy, AG,

must be negative, where:
AG = —nFE (1.12)

The sum of the associated free energy changes of the oxidation and reduction half-reactions

must be negative, for the reaction to proceed i.e.
AGpy + AGreg < 0 (1.13)

Where AG,, and AG,.4 are the changes in free-energy associated with the anodic oxidation

reaction and the cathodic reduction reactions respectively.

Both oxidation and reduction free-energy changes are related to the equilibrium cell potential,

E, as given below:

AGi, = nFE’ (1.143)
AG,,q = —nFE° (1.14b)
Where E° = Standard electrode potential.

The standard electrode potential for the cathodic reduction reaction of hydrogen evolution has
a value of 0 V assigned to it. This is known as the Standard Hydrogen Electrode (SHE) used
as a reference in electrochemical reactions. The standard electrode potential for Iron oxidation

has a value of +0.44 V [57],
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The Nernstequation given below describes the relationship betweenthe electrode potential and
the standard electrode potential under non-equilibrium conditions. The standard cell potentials
describe cells in which all dissolved substances are at an effective concentration of 1 moldm=3
or unit activity. The 'effective activity' (denoted as a;) accounts for the non-ideal behavior of
ions and molecules in real solutions, where intermolecular interactions can deviate from ideal
dilute conditions. For ideal solutions or very dilute solutions, the activity of a species is
approximately equal to its molar concentration. Therefore, the Nernst equation gives a
relationship between the cell potential, the effective activities of the dissolved electroactive

species and the standard electrode potential [56],

o RT
E=E — EIHQ (1158.)
_Iaox
and, Q = e (1.15b)

where Q is the reaction quotient, relating the activities of oxidized and reduced species.

The difference in potentials of the anodic and cathodic half-cell reactions drives the corrosion
reaction.

While the application of thermodynamics in the study of corrosion has been successful in
establishing the tendency of corrosion for a given metal-electrolyte system, a major limitation

is the inability to predict the rate of the corrosion process.

1.3.3 Corrosion Inhibition of Steel

Corrosioninhibitorsare chemical substances that, when added in small quantities to a corrosive
environment, significantly decrease the rate of metal corrosion 7. Their primary function is
typically to interact with the metal surface or the corrosive medium to impede the
electrochemical reactionsdriving corrosion manifesting as alterations in the anodic or cathodic
polarization behavior (reducing slopes of the Tafel plot), impeding the transport or diffusion of
aggressive ions to the steel surface, and increasing the overall electrical impedance of the steel
surface and double-layer [%8]. Inhibitors are broadly classified based on their effect on the
electrochemical half-reactions: anodic inhibitors slow the metal dissolution (anodic) reaction,
cathodic inhibitors slow the reduction (cathodic) reaction, and mixed-type inhibitors affect
both.

The mechanisms of inhibition actionare diverse. Anodic inhibitors often promote the formation

or stabilization of a passive oxide film on the metal surface (passivators). Cathodic inhibitors
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may poison the cathodic reaction sites (e.g., hindering oxygen reductionin aerated, near-neutral
or alkaline media) or precipitate as insoluble compounds on cathodic areas, forming a barrier
layer 69, Many inhibitors, particularly organic compounds, function by adsorbing onto the
steel surface. This adsorbed layer acts as a physical barrier, blocking active corrosion sites and
preventing access of corrosive species to the metal surface. Organic inhibitors often possess
heteroatoms (such as Nitrogen (N), Oxygen (O), Sulfur (S)) with lone pair electrons, and/or
multiple bonds or aromatic rings (w-electron systems), which facilitate their interaction with

the unfilled d orbital of iron to form coordinate bonds [70.71],

The adsorption of an organic inhibitor to a steel surface leads to the formation of a protective
film that acts as a barrier between the metal and the corrosive environment. The nature of this
adsorption can be categorized as physical adsorption (physisorption) or chemical adsorption
(chemisorption), or often a combination of both [7273], For organic inhibitors with heteroatoms
(N, O, S), this involves the sharing of lone pair electrons from the inhibitor with vacant d-
orbitals of the metal atoms (e.g., iron). n-electrons from aromatic rings or multiple bonds can
also participate. Chemisorption leads to stronger bonding and often more effective inhibition,
and its rate may increase with temperature up to a certain point. The adsorption process is often
described mathematically using adsorption isotherms (e.g., Langmuir, Freundlich, Temkin,
Frumkin), which relate the inhibitor concentration in solution to the degree of surfacecoverage.
A detailed review of the mechanism of the inhibition of steel corrosion in near-neutral media
is found inthe works of Vermaand coworkers (9, Quraishiand coworkers ["4land by Mansfeld

and coworkers [73],

Dissolved O,(aq) concentration, pH, temperature, and composition of corrosive medium all
affectthe inhibition of steel corrosion in neutral, oxic solutions. For iron/steel immersed in acid
solutions, the metal surfaces are usually free of oxides due to the higher solubility of the iron
corrosion products such as Fe,03(s), Fe(OH),(s) and FeOOH(s) at low pH, whereas metal
surfaces corrodingin neutral solutionsare covered with coatings of oxides, hydroxides, or salts
due to their lower solubility at higher pH. These variations mean that compounds that inhibit
steel corrosion in acidic solutions by adhering to oxide-free surfaces may not be adequate for
preventing corrosion in neutral solutions. A number of organic compounds have been
investigated forthe corrosion inhibition of mild steeland low alloy steels in near neutral media.
Azole and triazoles derivatives ['6-79] amines and amino acids derivatives [70.80-821 gnd triazine
derivatives [83.84 have been reported as satisfactory corrosion inhibitors of mild steel corrosion

in near-neutral oxygen-saturated solutions.
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1.3.4 Corrosion Inhibitor Adsorption Modelling

In corrosion studies, most organic inhibitorsact primarily by adsorption onto the metal surface
and providing a protective covering [58.85], Inhibitor-Metal adsorption is defined as a surface
phenomenon that results in an accumulation of inhibitor molecules, atoms, and/or ions
(adsorbate) onto the metal surface (adsorbent). Adsorption typically occurs by
physical/physisorption, chemical/chemisorption or a combination of both mechanisms [72.73.89],
Physical adsorption mechanism is facilitated by the electrostatic forces between the charges on
the metal surface and dipoles or ions groups of the inhibitor [87.88], chemisorption on the other
hand leads to the formation of stronger bonding via covalent bonds. An adsorption
isotherm models the relationship between the adsorbate (inhibitor molecules) in the
surroundingphase (electrolyte solution) and adsorbate adsorbed on the surface of the adsorbent
(metal electrode) atequilibrium and constanttemperature. The Langmuir [77.84.89-91] ‘Freundlich
[92.93] and Temkin 41 adsorption isotherms have been frequently used to model corrosion

inhibitor adsorption on metal surfaces.

The Langmuir adsorption isotherm assumes monolayer adsorption on a homogenous surface,
a dynamic equilibrium state with all adsorption sites being equivalent, and no interactions

between adsorbed molecules and is expressed by the relation [95-971:

_ KegC
1+ KeqC

(1.16)

Where: C is the inhibitor concentration in mol/dms3, K is the adsorption equilibrium constant

and 0 is the surface coverage.

When fitted to the Langmuir Isotherm, the standard Gibbs free energy of adsorption (AGZ,,)

can be calculated using the thermodynamic relation:

Keq =

RT

(Z]
exp (— M) (1.17)

CH,0
Where: cy,o is the molar concentration of liquid water (55.34 mol/dm? at 25°C)

The !

. factor in the equation above considers the aqueous-phase adsorption of the inhibitor
H,0

molecules as substitutional adsorption where an inhibitor molecule replaces a water molecule

on the surface.
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1.3.5 Radiolysis of Organic Corrosion Inhibitors

Radiolysis of organic corrosion inhibitors occurs when these compounds are exposed to
ionizing radiation, such as alpha particles, gamma rays or high-energy electrons. Organic
corrosion inhibitors often contain functional groups with heteroatoms (e.g., nitrogen, oxygen,
sulfur) that facilitate adsorption onto metal surfaces, forminga protective barrier. However,
these functional groups are also susceptible to radiation damage. When exposed to ionizing
radiation, organic corrosion inhibitors can undergo various transformations, including: bond
cleavage leading to fragmentation and the formation of smaller, potentially less effective or
even corrosive byproducts [98], generation of highly reactive free radicals that can further react
with the inhibitor or with the metal surface, potentially accelerating corrosion 99, as well as
polymerization which can induce the formation of larger, less soluble species that may lose

their inhibitive properties [100],

While radiolysis of various molecules has been a subject of interest for a long time, specific
research on the effect of radiolysis on the performance of corrosion inhibitors has been limited
to organic compounds used in the operation of nuclear power plants, in decontamination [101
and in solvent extraction in partitioning of actinides from dissolved spent nuclear fuel [102],
When ionizing radiation interacts with a solution of an organic compound, the immediate
reaction is the radiolysis of water which forms the bulk of the solution. The primary products
of water irradiation are H,0,(aq), H;0*(aq), OH~(aq), H,(g), OH-(aq), H-(aq), 02(aq), and
e-(aq)io3l. Of all these products, solvated electrons (ez4), hydrogen (H-) and hydroxyl (OH:)
radicals are the most reactive species which rapidly react with organic compounds to form
organic free radicals. The resulting radicals affect the inhibition performance of the corrosion

inhibitors [104-106]

Radiation-induced chemical change is quantitatively expressed by the G-value, defined as the
number of molecules formedorconsumed per 100eV of absorbedenergy. For water radiolysis,
the primary G-values for species like e (~2.7), OHe (~2.8), and He (~0.5) are well-
established [103.107], G-values for the formation of all individual radiolysis products of complex
organic molecules used as corrosion inhibitors are often not readily available in the literature
due to the analytical challenges of identifying and quantifying a myriad of potential products.
However, existing studies on similar compounds provide valuable insights into typical yields.
These yields are essential in quantifying the degree of degradation expected from a molecule

based on the absorbed energy from ionizing radiation.
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1.4 Thesis Structure

The thesis is structured to ensure a cohesive narrative. The initial chapters establish a
foundational understanding of RPV steel corrosion, corrosion inhibitors, and a detailed
description of the experimental methods. The results and discussion chapter presents findings
from inhibitor selection, a test cut of the steel with WAS, long-term corrosion inhibition
monitoring of the steel swarf, and experiments with unirradiated and irradiated inhibitors.
Finally, the thesis concludes with a comprehensive outline of major findings and their

implications for secondary waste minimization after reactor decommissioning.
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CHAPTER TWO: MATERIALS AND METHODS

This chapter details the materials, experimental and numerical methods employedin this study,
which can be broadly categorized into two main areas: experiments utilizing non-radioactive
steel samples and unirradiated inhibitor solutions, and numerical simulations coupled with

experiments involving irradiated samples.

Experiments involving non-radioactive steel coupons and unirradiated inhibitors were
conducted at the KIT-INE with three primary objectives: (a) Selection of suitable inhibitors for
RPV steel cutting in the WAS process, and determination of their corrosion inhibition kinetics
and mechanism using electrochemical measurements. (b) Gaining insights into their surface
adsorption behavior through surface analytical techniques, including X-ray Photoelectron
Spectroscopy (XPS), Scanning Electron Microscopy/Energy-dispersive X-ray spectroscopy
(SEM-EDX), Quartz Crystal Microbalance (QCM), and Ellipsometry. (c) Observation of the

inhibition behavior following use in a WAS cutting process.

Monte Carlo simulations of radiation transport aided the estimation of realistic dose-rates from
a steel-abrasive mixture to be separated after a WAS cut. Inhibitor samples and steel coupons
were irradiated in specifically designed setups utilizing alternative radiation sources available
at the KIT-INE shielded box line. Post-irradiation experiments included electrochemical
testing of the irradiated inhibitor solutions and solution characterization via Nuclear Magnetic
Resonance spectroscopy (NMR). Additionally, surface analysis of coupons irradiated with the
inhibitors was performed to determine the effect of ionizing radiation on the inhibition of RPV

steel corrosion under post-WAS cutting conditions.

2.1 Materials
2.1.1 RPV Steel

The reactor pressure vessel material under investigation, 20MnMoNi5-5, isa low-alloy ferritic-
bainitic steel, designated as 1.6310 according to the German DIN standard (equivalent to
ASTM A533 Grade B Class 1). This material is typically used in the manufacturingof the RPV
shell, coolant lines and jacket plates (1981, The microstructure of 1.6310 steel consists primarily
of tempered bainite, with a small amount of ferrite. This microstructure provides a good

balance of strength and toughness, essential for the RPV's operational requirements [109],
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However, itis also susceptible to various forms of corrosionin aqgueous solutions and especially

under irradiation conditions.

A block of the steel obtained from the previous MaSK project is shown in Figure 2.1 and used
throughout the experiments. Cylindrical coupons were cut from the steel block for immersion
tests and as working electrodes for electrochemical measurements. The 1.6310 steel block was
also transported to the project partner site, ANT Lubeck, for WAS cutting with the selected
inhibitor (C.Inh #4) added to the process water.

The composition of the steel shown in Table 2.1 was obtained from the acceptance test
certificate of the steel conducted by Edelstahl Rosswag (D-76327 Pfinztal-Kleinsteinbach)
attached in the appendix section (Al).

Table 2.1: Chemical composition of 1.6310 steel in weight (wt.) %
Element Fe C Mo Si Mn  Ni Cu Cr (P,N,V)
Comp. (Wt%) balance 0.19 043 0.28 1.31 0.67 0.03 0.12 0.06

@ 13mm

@ 8mm

Figure 2.1: Steel samples used for the WAS cutting trial and electrochemical experiments: (a) Blocks
of non-radioactive 1.6310 and 1.6582 steel (b) Coupons of 1.6310 steel produced at the KIT-INE
workshop.

Steel Sample Preparation:

Cylindrical coupons ofthe investigated steel, with dimensionsof @ 13mmx 15mmand @ 8mm
X 5mm (shown in Figure 2.1), were cut from the steel block. Before use in corrosion
experiments, the surfaces of the steel coupons were prepared accordingto ASTM standards
[110], The steel was abraded with p240, p600, and p1000 Silicon Carbide (SiC) papers on a

Buehler EcoMet30 Twin Semi-Automatic grinder-polisher machine to provide a uniform
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surface area. Abrasion was followed by polishing with a diamond paste, progressing from 3um
and 1um roughness, to achieve a mirror surface finish. After polishing, the coupons were
cleaned with isopropanol in an ultrasonic bath, washed with de-ionized water to remove any
attached carbon paste and fine steel particles, and then dried with Argon before storage in an
Argon-filled box to prevent oxidation.

2.1.2 Abrasive

As described in the introduction, the WAS cutting process employs a high-pressure water jet
mixed with abrasives. Garnet sand is the most frequently used abrasive for the WAS process.
As a naturally occurring mineral, its composition and particle size distribution can vary
depending on the extraction site, processing methods and manufacturer. In the present study,
Barton™ 80 HPX (High-Performance Hard Rock) garnet sand was utilized as the abrasive.
While garnet is a natural product whose chemical composition may vary with product batch,
the average composition of the sand components is detailed in Table 2.2. The designation 80
HPX is derived from the particle size of the abrasive, sorted with screens of 80 meshes per
inch, resulting in a mesh size of 177 um. Some properties of HPX80 garnet abrasive include

7.5 - 8.5 hardness (Mohs), 3.9 — 4.1 specific gravity (g/cm3) and red to slightly pink in color

[111]

Table 2.2: Average chemical composition (wt. %) of the Barton 80 HPX abrasive [111],

Component SiO, Al,O; FeO Fe,03 TiO, MnO CaO MgO
Composition. (wt %) | 36 20 30 2 2 1 2 7

2.1.3 Corrosion Inhibitors

Preliminary selection of corrosion inhibitors for this study was based on a number of criteria
as seen in Figure 2.2. Inhibitors which had been reported in literature as suitable for inhibiting
mild/low alloy steel corrosion were considered. The selected inhibitors were required to be
relatively non-toxic (with respect to environmental regulations), readily available, and low
cost. While organic compounds containing heteroatomssuchasP, N, O and S have been shown
to be excellent corrosion inhibitors for metals including Fe, the C-H-O-N (Carbon, Hydrogen,
Oxygen, Nitrogen) principle was applied. The C-H-O-N principle, applied in nuclear waste
processing, establishes a basis for selecting molecules for extraction and for waste handling

where molecules containing only carbon, hydrogen, oxygen and nitrogen are focused on. As a
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result, all secondary organic process waste can be treated via incineration without increase in

final waste volumes as well as radioactive solid residues [112-114]

Radiation
stability
. Relatively
AYgilvﬂféit& low concen-
- tration

Figure 2.2: Criteria for the selection of inhibitors to be used for WAS cutting of RPV steel.

The tested pure compounds, AnalaR grade 5-Methylbenzotriazole, 5-Aminobenzimidazole,
3,4-Dihydroxybenzoicacid, and L-Tryptophan were purchased from Merck Chemicals GmbH
(Darmstadt, Germany) and used as purchased. Aqueous solutions of chemicals were prepared
usingdeionized water (Milli-Q water) from a Merck Advantage A10 device, whichfilters water
to a 3 ppb TOC value and provides a resistivity of 18.2 MQ-cm at 25.00+1.00 °C. For the
immersion tests, a 0.004 mol/dm3 NaCl solution was prepared as the blank. Different
concentrations of the inhibitors were added to the blank to give the inhibited solutions. pH
values were measured with a laboratory pH meter (inoLab® pH7110) and a semi-micro pH
electrode (Orion™ 8103BN ROSS™, Thermo-Fisher Scientific). The pH meter calibration
was performed at room temperature with standard buffers (NIST Standard, Merck, Germany)
at pH values 4, 6, 8 and 10. Steel coupons were added to each solution in glass vials under
aerated conditions and monitored for steel corrosion. In addition, four commercial inhibitor
formulations were obtained from various manufacturers and named as C.Inh #1, C.Inh #2,

C.Inh#3and C.Inh #4 respectively with properties given below according to the manufacturers:
C.Inh #1: non-toxic, organic, polyamine mixture.

C.Inh #2: fatty amine mixture, non-ferrous metal inhibitors, dosage 0.2%

C.Inh #3: 99% Octadecylamine, <1% Salicylic acid.

C.Inh #4: Alkaline pH, polyamine mixture, dosage 0.5-2.5%
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For the electrochemical tests using the C.Inh #4, 0.004 mol/dm3 NaCl solution (Fischer
Scientific, Darmstadt, Germany) was used as the blank solution. Further electrochemical tests
were also performed using a blank solution of 0.06 mol/dm3 NaHCO3 as informed by the
industrial partner of the project, representing the typical cutting solution utilized for RPV
segmentation. This was prepared by dissolving a weighted quantity of analytical grade
NaHCO; purchased from Merck Chemicals GmbH in Milli-Q water.

2.2 Experimental & Analytical Methods

2.2.1 Immersion Tests

The pure inhibitor compounds and commercial formulations were tested as potential inhibitors
via immersion tests at different concentrations. @ 8 mm steel coupons were added to vials
containing each of the inhibitors and visually observed for corrosion after a period of up to 7

days. A summary of the immersion test and conditions are given in Table 2.3:

Table 2.3: Immersion test experimental conditions

No. Inhibitor Inh. Electrolyte T pH Duration
Conc (NaCl)conc. +1°C £0.1
(ppm)  (mol dm=)

1 5-Aminobenzimidazole 1000 0.004 25 8.4 24 hours
2  3,4-Dihydroxybenzoic acid 1000 0.004 25 3.1 24 hours
3 L-Tryptophan 1000 0.004 25 5.9 24 hours
4 5-Methylbenzotriazole 1000 0.004 25 8.9 24 hours
5 C.Inh #1 10000 0.004 25 8.7 7 days
6 C.Inh #2 10000 0.004 25 8.8 7 days
7 C.Inh #3 10000 0.004 25 9.1 7 days
8 C.Inh #4 10000 0.004 25 8.2 7 days

2.2.2 Electrochemical Analyses

The corrosion of 1.6310 steel investigated in this study is fundamentally an electrochemical
process. Consequently, electrochemical techniques were applied to understand the mechanisms
of corrosion and for quantitatively evaluating the efficiency of corrosion inhibitors. These
methods allowed for the probing of electrical and chemical transformations at the interface,
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providing insights into reaction kinetics, surface film properties, and the overall corrosion rate.
The techniques employed were specifically Open Circuit Potential (OCP) measurements,
Potentiodynamic Polarization (PDP), and Electrochemical Impedance Spectroscopy (EIS), to
comprehensively investigate the corrosion behavior of 1.6310 steel and the performance of
selected inhibitors. The combinedutilization of OCP, PDP, and EIS enabled a cross-correlation
of results, with a consistency across the different electrochemical methods strengthening the

conclusions drawn regarding the inhibitor performance and mechanism.

A BiolLogic VMP3® Multichannel potentiostat/galvanostat (BioLogic France) was used for
electrochemical measurements performed on unirradiated samples. Subsequent data analyses
were performed with the accompanying EC-Lab® software. A sealed three-electrode cell was
used with a 13 mm diameter 1.6310 steel coupon as the working electrode (WE) having an
exposed surface area of 0.84 cm?. The working electrode was fastened to a sample holder,
exposingonly the polished surface area, and secured with an O-ring. A high purity graphite
rod was used as the counter electrode (CE), and Ag/AgCl in saturated 3 mol dm-3 NaCl was
used as a reference electrode (RE). A Luggin capillary tube was used alongside the reference
electrode to minimize the distance between the REand WE surface, thereby minimizing ohmic
voltage drops (115116 The electrodes were placed in the 500ml glass three-electrode
electrochemical cell from BioLogic® containing 200 —500 ml of each solution, and connected
to the potentiostat for each experiment. A schematic representation of the 500 ml three-
electrode cell is shown in Figure 2.3. The potentiostat measures the flow of current between
the WE and the CE, while the potential is measured between the WE and RE.

v

Reference electrode (RE)
r with luggin capillary
sample » Electrochemical cell
holder
\ > Graphite Counter Electrode
CE
Working (CE)
Electrode
(WE) , Electrolyte/ test solution

Figure 2.3: Three-electrode corrosion cell showing reference electrode, working electrode and
graphite counter electrode.
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While initial screening and preliminary electrochemical tests utilized a 0.004 mol dm- NacCl
solution as the blank, subsequent electrochemical investigations involving the individual
constituents of the selected inhibitor discussed in Chapter 3.4, employed a 0.06 mol/dm3
NaHCOjs solution as the blank electrolyte. This decision was informed by an industrial partner
involved in the project, who indicated thata 0.06 moldm-3NaHCOj3 solution is typically added
to their demineralized water for use as the cutting fluid in their WAS cutting operations. The
use of sodium hydrogen carbonate likely serves multiple purposes in the cutting fluid.
Bicarbonate/carbonate solutions are known to act as buffering agents (1171, helping to maintain
a stable pH in the cutting fluid despite potential acidic or alkaline contaminants introduced
during the cutting process. Furthermore, carbonate ions can contribute to the passivation of
steel surfaces by promoting the formation of protective iron carbonate or oxide/hydroxide
layers [118] thereby offering a degree of inherent corrosion protection to the steel swarf even

before the addition of any corrosion inhibitor.

2.2.2.1 Open Circuit Potential

The Open Circuit Potential (OCP), also referred to as the free corrosion potential (Ecor) Or rest
potential when no net external current flows, is defined as the electrical potential difference
measured between the working electrode (in this study, 1.6310 steel) and a stable reference
electrode, both immersed in the corrosive electrolyte. This potential spontaneously develops
due to the establishment of a dynamic equilibrium where the total rate of all anodic (oxidation)
reactions equals the total rate of all cathodic (reduction) reactions occurring simultaneously on
the electrode surface [1191, The magnitude of the OCP is a direct thermodynamic indicator of
the propensity of the steel to corrode in the specific medium; generally, a more negative OCP

value suggests a greater driving force for corrosion [38l,

Monitoring the OCP over a period of time is a critical preliminary step in electrochemical
corrosion studies. It allows for the assessment of the stability of the metal/electrolyte system
before initiating more perturbative techniques like PDP or EIS. The OCP versus time curve
provides information about real-time processes occurring at the electrode surface. These can
include the formation or breakdown of passive layers or inhibitor films, as well as the

adsorption or desorption kinetics of inhibitor molecules on the steel surface [120],

Furthermore, the direction and magnitude of the OCP shift observed upon the introduction of

a corrosion inhibitor can offer preliminary insights into the inhibitor's primary mode of action
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(i.e.,whetherit predominantly affectsanodic reactions, cathodic reactions, or both) even before

conducting more detailed polarization experiments [79.121],
OCP Experimental Procedure:

All three electrodes described in Figure 2.3 were immersed in the test electrolyte and the
potential difference between the WE and the RE measured using a high-impedance voltmeter,
which is an integral part of the potentiostat. The high impedance of the measuring instrument
is crucial to ensure that negligible or no currentis drawn from the electrochemical cell. This
is vital to preventany unintended polarization of the WE, which would otherwise perturb the
system's natural equilibrium potential and lead to an inaccurate OCP measurement. The OCP
was then monitored as a function of time, typically for a duration sufficient to allow the system
to reach a quasi-equilibrium state (e.g., 3600 seconds or longer). Stabilization was considered
achieved when the potential variation became minimal over a defined period (less than 5 mV
over 5 minutes or 1 mV/min).

The analysis of OCP data provided information regarding the corrosion behavior of 1.6310
steel in each test environment, including the stabilized OCP value (Ey) and insights into

surface film dynamics.

2.2.2.2 Electrochemical Impedance Spectroscopy

Electrochemical Impedance Spectroscopy (EIS) is a non-intrusive electrochemical technique
employed to investigate the complex properties of the metal/electrolyte interface and the
various electrochemical and physical processes occurring there. These processes include non-
faradaic phenomena such as the charging of the electrical double layer, and faradaic processes
such as charge-transfer reactions (corrosion), diffusion of electroactive species, and the

behavior of surface films (e.g., passive layers or adsorbed inhibitor films) 571,

The technique involves applyingasmallamplitude (5-10 mV root meansquare, rms) sinusoidal
alternating current (AC) potential (or current) perturbation to the working electrode, which is
usually held at its OCP. This perturbation is applied over a wide range of frequencies, typically
spanning several orders of magnitude. The electrochemical system responds to this sinusoidal
inputwith an AC current(or potential) outputthatisalso sinusoidal butmay differ inamplitude

and be phase-shifted relative to the applied signal [222],
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The impedance (Z), a complex quantity analogous to resistance in direct current (DC) circuits,
is then calculated as the ratio of the AC potential (E) to the AC current(l) as a function of

angular frequency (o)

w =2nf (2.1)
_E(w)
Z(w) = @) (2.2a)

where f is the frequency.
Impedance can be expressed in complex notation as
Z(w) =Z"(w) +jZ" (w) (2.2b)

where Z'(®) is the real (resistive) component and Z"'(®) is the imaginary (reactive) component
of the impedance, and j?2 = —1, is a complex number that enables the representation and
calculation of phase differences in both the resistive and reactive aspects of the system's

impedance response to the applied signal.

The frequency-dependent impedance spectrum provided a detailed "fingerprint” of the

electrochemical interface.

EIS is relatively non-destructive due to the small amplitude of the perturbation signals,
allowing for in-situ monitoring of corrosion processes and the formation or degradation of
inhibitor films over extended periods on the same electrode sample. This capability is
particularly valuable for studying the long-term stability and performance of corrosion

inhibitors and for tracking dynamic changes at the interface [123.124],
EIS Experimental Procedure:

In the present study, EIS measurements were conducted using a three-electrode
electrochemical cell, identical in configuration to that used for OCP and PDP studies,
containing the 1.6310 steel working electrode, RE and CE. The experiments were performed
at the stabilized OCP of the working electrodes to investigate the corrosion behavior under
freely corrodingconditions. To do this, asmallamplitude AC voltage perturbation,5 mV (rms),
was superimposed on the chosen DC potential (OCP). The frequency of this AC signal was
then swept logarithmically between 1 MHz and 1 mHz. Measurements were made at 10 points

per decade of frequency to adequately resolve the impedance spectrum.

Data Representation and Interpretation:
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The complex impedance data obtained from EIS experiments are commonly visualized and

analyzed using two types of plots:

(@) NyquistPlot: which plotsthe negative of the imaginary componentof impedance (—Z2")
against the real component (Z') for each frequency measured. Each point on the plot
correspondsto the impedance at a specific frequency, with frequency decreasing from
left to right.

(b) Bode Plot: which consists of two graphs plotted against the logarithm of frequency (log
f) - Bode Magnitude plot (logarithm of the impedance modulus |Z]| versus log f) and

the Bode Phase Plot (phase angle, ¢ = arctan(Z"/Z") versus log f).

Nyquist plots exhibit one or more semicircles. In a system dominated by a single time-constant
(e.g., charge transfer resistance in parallel with double-layer capacitance), a single semicircle
is observed. The diameter of this semicircle, when it intercepts the real axis, is related to a
resistance value, most commonly the charge transfer resistance (Ry). The observed semicircles
tend to be "depressed,” meaning their centers lie below the real axis, indicating a deviation
from ideal capacitive behavior and is often attributed to factors such as surface roughness,
porosity of surface films, non-uniform current distribution, or a distribution of time constants

at the interface [123,125],

The Bode plot explicitly shows the frequency dependence of both the impedance magnitude
and the phase shift. For a purely resistive element, it would show a frequency-independent |Z|
and a phase angle of 0°. A purely capacitive element would exhibit a slope of -1 in the log |Z|

vs. log f plot and a constant phase angle of -90° [126],

In corrosion studies, the impedance atvery low frequencies in the Bode magnitude plotis often
taken as an indicator of the overall corrosion resistance (approaching Rs + R for simple
systems). The shape and maximum value of the phase angle peak in the Bode phase plot, as
well as the frequency at which it occurs, provide valuable information about the capacitive
nature of the interface and the presence of protective films. For instance, a broad phase angle
peak approaching-90° over a wide frequency range often suggests good capacitive (barrier)

properties of a film [227],

The combination of Nyquist and Bode plots provides complementary information that
facilitates detailed interpretation of EIS data. While Nyquist plots are effective for visualizing
time constants as semicircles and are widely used for fitting data to equivalent electrical

circuits, they do not explicitly display frequency information for each data point. Bode plots,
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on the other hand, clearly illustrate the frequency dependence of |Z] and ¢, making it easier to
identify frequency ranges dominated by specific electrochemical processes (e.g., solution
resistance at high frequencies, capacitive behavior at intermediate frequencies, diffusion-
controlled processes atlow frequencies) and to assess the quality of the experimental data (e.g.,

by observing noise levels, particularly at low frequencies).
Equivalent Electrical Circuit (EEC) Modelling:

Analysis of EIS data using EEC models provides parameters for the corrosion process and
inhibitor behavior. An EEC is a theoretical circuit composed of ideal electrical components
such as resistors (R), capacitors (C), and sometimes inductors (L), along with more specialized
electrochemical elements like the Constant Phase Element (CPE) and the Warburg impedance
(Zw). These elements are arranged in a specific configuration to represent the plausible
electrochemical and physical processes occurring at the metal/electrolyte interface. The
experimental impedance spectrum is then fitted to the chosen EEC using complex non-linear
least squares (CNLYS) fitting algorithms to determine the values of the circuit elements with

chi-squared values () indicating goodness of fit [128],
In the EIS results obtained from the corrosion and inhibition studies on 1.6310 steel:

- Rs (Solution Resistance): Represents the ohmic resistance of the electrolyte solution
between the working electrode and the tip of the reference electrode's Luggin capillary.
Its value depends on the electrolyte conductivity, cell ggometry, and electrode spacing.

- R« (Charge Transfer Resistance): Represents the resistance to the Faradaic corrosion
reactions (electron transfer) occurring at the metal/electrolyte interface. R is inversely
proportional to the corrosion rate; a higher R value signifies a lower corrosion rate and
thus better corrosion resistance. A significant increase in Ry upon addition of an
inhibitor is a primary indicator of effective inhibition.

- Cq (Double Layer Capacitance): Represents the capacitance of the electrical double
layer formed at the interface due to charge separation. The value of Cg is affected by
the dielectric constant of the interfacial region, the thickness of the double layer, and
the electrochemically active surface area. Changes in Cg upon inhibitor addition
indicate adsorption of inhibitor molecules (which may alter the dielectric constant or
layer thickness) or changes in surface roughness. A decrease in Cy often demonstrates

effective inhibitor adsorption, as inhibitor molecules (typically having a lower
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dielectric constant than water) replace water molecules at the interface, or due to an
increase in the effective thickness of the dielectric layer.

- CPE (Constant Phase Element): This element is used in place of an ideal capacitor (Cy)
to accountfornon-ideal capacitivebehavior, which manifests asa depressed semicircle
in the Nyquist plot. This non-ideality can arise from surface heterogeneity, roughness,

porous electrode structures, or a distribution of relaxation times.

The impedance of a CPE is given by:

1
Zrpp = ——
CPE ™ g(jw)e

(2.3)

where Q is a CPE parameter (with units of Fs@-1) cm=2), @ is the angular frequency, and a is
an empirical exponent, ranging from 0 to 1, that reflects the degree of deviation from ideal
capacitive behavior. If o =1, the CPE behaves as an ideal capacitor with capacitance Q. If o=

0, it behaves as a resistor [129],

While notused forthe modelling, the Warburg impedance (Zy) is a circuitelementused in EIS
models to represent mass transport limitations of electroactive species. It arises when the rate
of the electrochemical reaction is governed by the speed at which reactants (e.g., dissolved
oxygen forcorrosion, oran inhibitor molecule) can diffusethrough the solution to the electrode

surface. It appears in the Nyquist plots as a straight line with a 45° angle to the abscissa.

The Randles Circuit, consisting of R, Cqj, and Ry (without Zy), was chosen as the EEC to
representthe electrochemical processesoccurringatthe 1.6310 steel/electrolyte interface under
the specific experimental conditions. For simplicity, the inhibitor film resistance and
capacitance were respectively evaluated as part of R and Cy, with Cy4 modeled as a CPE to
account for surface non-ideality. Experimental data were fit to the model using proprietary
software from the potentiostat manufacturer (assessed by a low %2 value from the fitting
software) [130.131],

EIS, coupled with EEC modelling, provided qualitative information about the corrosion of
1.6310 steel and the effects of inhibitors such as the mechanism of corrosion, the inhibitor

adsorption and film properties, and the Inhibition Efficiency (IE %) evaluated as:

IE (%) — Rct,inh —Rctuninh x 100 (24)

Retinn

Where R inn and Re uninn @re the charge transfer resistances measured in the presence and

absence of the inhibitor, respectively.
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2.2.2.3 Potentiodynamic Polarization

Potentiodynamic polarization (PDP) involves systematically varying the potential of the
working electrode (1.6310 steel) away from its OCP, typically scanning in both the positive
(anodic) and negative (cathodic) directions, ata controlled, constant rate, while simultaneously
measuring the resultant current flowing through the electrodel32, This method directly
interrogates the kinetics of the constituent anodic (metal dissolution) and cathodic (oxygen
reduction) reactions that collectively govern the overall corrosion process. PDP as an
accelerative technique, forces the electrochemical system away from its natural equilibrium
state (OCP). While this allows for the rapid assessment of corrosion kinetics and the extraction
of parameters like i, the application of significant polarization can, in some cases,
irreversibly alter the electrode surface. Such alterations might include the formation of thick
corrosion product layers, the initiation of pitting (if scanned to sufficiently high anodic

potentials), or the stripping of adsorbed inhibitor films [57.123],

The relationship between the applied potential (E) and the logarithm of the measured current
density (log j) is plotted to generate a polarization curve. In many corrosion systems under
activation control, this curve exhibits linear regions, known as Tafel regions, at potentials
sufficiently displaced (typically >50 — 100 mV) from the E,. The theoretical basis for this
current-potential relationship isprovided by the Butler-Volmerequation (See Eqn. 1.7 and 1.8),
which describes the kinetics of electrode reactions when the rate is limited by the charge

transfer step.

The PDP curve can reveal distinct characteristic regions reflecting the electrochemical behavior
of the steel across the scanned potential range. These include: Active Dissolution Region —
where the rate of metal dissolution increases exponentially with increasing anodic potential;
Passive Region — characterized by a significant decrease in current density despite further
increases in anodic potential, due to the formation of a protective surface film (e.g., an oxide
layeror adsorbed inhibitor layer) and Transpassive Region —characterized by very high anodic
potentials which may result in the passive film break-down, leading to a renewed increase in

current density, often associated with pitting corrosion or oxygen evolution [54.62.132],

The overall shape of the PDP curve provided qualitative information which pertains to the
steel's corrosion mechanism (e.g., general corrosion, tendency to passivate) and its
susceptibility to localized forms of attack like pitting corrosion in the specific testenvironment,

both in the absence and presence of inhibitors.

31



Due to this potentially "destructive" aspect of PDP, electrochemical experiments in this study
were sequenced thus: OCP — EIS — PDP.

PDP Experimental Procedure:

PDP experiments were conducted using the same three-electrode electrochemical cell
configuration as described for OCP measurements, comprising the 1.6310 steel WE, RE, and
a CE. Prior to initiating the polarization scan, the OCP of the working electrode was monitored
until stability was achieved, establishingthe E 0f the system. The potential scan was initiated
at a potential significantly cathodic to the OCP (-500 mV relative to OCP) and then sweptin
the anodic direction, passing through the OCP, up to a predetermined anodic potential limit (to
+500 mV relative to OCP). The scan was performed at a constant, slow scan rate of 0.2 mV4.
The choice of scan rate allowed the electrochemical system to approach a quasi-steady state at
each applied potential, a prerequisite for accurate Tafel extrapolation and kinetic parameter
determination. Faster scan rates could introduce distortions due to capacitive charging currents
or may not allow sufficient time for surface concentrations or film properties to equilibrate,

leading to skewed Tafel slopes and corrosion current, icr, Values [119.132],
PDP Data Analysis: Tafel Extrapolation

Tafel extrapolation is applied to PDP curves to determine corrosion kinetic parameters. The
method relies on the observation that, under activation control, the relationship between
overpotential and log |il becomes linear at potentials sufficiently far from E.,. These linear
segments are known as Tafel regions. The Tafel regions on both anodic and cathodic branches
of the polarization curve are typically at least 50 — 100 mV, away from the measured
Econ[133:1341, Straight lines were fitted to the identified linear (Tafel) regions using linear
regression. The slopes of these fitted lines yield the anodic Tafel slope (Ba) and the cathodic
Tafel slope (Bc). These slopes are characteristic of the kinetics of the anodic and cathodic
reactions, respectively, and represent the change in potential required to alter the current
density by one order of magnitude. The corrosion potential (Ecor) and the logarithm of the
corrosion current density are determined from the point of intersection of the extrapolated

anodic and cathodic Tafel lines.

PDP analysis, through Tafel extrapolation, yielded several critical parameters that enabled the
characterization of corrosion inhibitor performance: Ecorr, icom, Pa, Bc, passivation parameters

and corrosion rate and inhibition efficiency.
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Calculation of Corrosion Rate:

The reported corrosion rates were evaluated with the BioLogic EC-Lab® software using the
Tafel Fit method. EC-Lab® applies the Nelder and Mead Simplex method to improve the
goodness-of-fit (represented by minimized 2 values), fitting the data in the selected Tafel
region to the Stern-Geary equation [131, Four adjustable electrochemical parameters:
icorn Ecorm Be and S,, were optimized till stable values were obtained and the i, finally
used to calculate the corrosion rates (CR) according to the formula [132I:

icorr® Ke EW
peA

CR = (2.5)

Where K=3272 mm Al cm-yrl isaconstant that specifies the unit of the corrosion rate, EW
is the equivalent weight of the corroding metal, calculated by dividing the atomic weight of the
pure metal by the number of electrons (n) involved in the corrosion process (n = 2 for Fe
- FeZ*). EW for steel was therefore 28.25. p is the density of the metal 7.85gcm-=3132land A

is the exposed surface area of the metal coupon during the experiment.

The corrosion inhibition efficiency of the tested inhibitor is calculated from the i., - and CR

according to the formulae below:

icorr(blank) —icorr(inhibitor) . 100% = CR(blank)—CR (inhibitor)

04 =
IE (%) icorr(blank) CR(blank)

e 100 % (2.6)
Uncertainties associated with these directly determined or fitted parameterswere obtained from
statistical analysis of replicate measurements or the fitting software's output. These
uncertainties were then propagated to derived quantities, such as the CR and IE, following

standard error propagation principles for fundamental arithmetic operations.

Post-irradiation electrochemical measurements were performed with a Gamry 1010E™
potentiostat (Gamry Instruments Inc., USA) in the conventional three-electrode cell
configuration. The working electrode was a 5mm-diameter 1.6310 coupon with 0.50 cm?
exposed surface area. A platinum wire was used as counter electrode while Ag/AgCI in

saturated 3 mol/dm3 KCI was used as a reference electrode.

Before each measurement, the polished WE was polarized for 10 min with =1 V vs Ag/AgCl
potential to remove intrinsic surface oxides and to create a more reproducible initial test
surface. The electrochemical measurements were performed in triplicates to ensure

reproducibility, at room temperature (25 £ 2 °C) and in aerated condition.
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2.2.3 Water Abrasive Suspension Cutting

To evaluate the effectiveness of the selected corrosion inhibitor, a non-radioactive steel block
(Figure 2.1) was transported to ANT Lubeck, where it underwenta controlled WAS cutting
process (ConSUS) 32, This technique, patented by ANT, is specifically used for segmenting

structural materials such as RPV and its internals.

After preliminary immersion tests followed by electrochemical analysis, an optimal
concentration (1.5 vol.%) of the selected inhibitor was used for the WAS cutting of the steel
block. WAS cutting involves directing a high-pressure jet of water mixed with abrasive
particles—typically 80 HPX garnet—onto the steel surface. The resulting jet, comprising
approximately 97.5% water and 2.5% abrasive by volume, effectively cuts through the steel

block. A schematic overview of the WAS cutting setup is presented in Figure 2.4.

In the process described in Figure 2.4, a portion of the pressurized water is diverted into an
Abrasive Mixing Unit, where it is combined with the abrasive material to form a suspension.
This suspension is then forced through a high-pressure hose and nozzle, producing a stable and
focused cutting jet. The steel block is securely fixed underwater within a cuttingbasin, ensuring
immersion throughout the process. The cutting water—ordinary tap water dosed with a
commercial additive (Liquitech 227P), is also mixed with a 1.5 vol.% concentration of the
selected corrosion inhibitor prior to the cut. Liquitech 227P is a dimethyl phosphonate-based
sequesteringagentforremoving CaCO3, MgOH, dirtand solids from water prior to use in WAS
cutting operations. The primary purpose of this additive as stated in the technical datasheet is

the protection of cutting nozzles and other equipment from premature wear [133],

80 HPX
Abrasive
3 High
Pressure
Pump Water
Abrasive
Mixing Unit
v WAS cutting basin ~ |—— Water
High-pressure mixture of containing water and
abrasive and water is passed steel block
through a nozzle to the cutting —>
basin Abrasive/

steel mixture
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Figure 2.4: Schematic of the components of the WAS cutting process at ANT Lubeck.

Typical operational parameters during cutting included:

e Water pressure: 500-1500 bar
o Water flow rate: 3-10 I/min

e Abrasive feed rate: 0.2-1 kg/min

The WAS cutting process generated a secondary waste stream consisting of steel and abrasive
particles. These were collected after the cut, along with liquid samples including the untreated
tap water, inhibitor-dosed tap water, and the cutting suspension (WAS). Surface
characterization of the sampledsteel-abrasive mixture was performed over an 18-month period
to observe the corrosion inhibitor performance. This integrated experimental approach allowed
for both the segmentation of the RPV steel and the evaluation of corrosion inhibition under
near-process conditions.

2.2.4 Surface Analyses of Studied Steel Samples

2.2.4.1 X-ray Photoelectron Spectroscopy and Scanning Electron Microscopy

XPS and SEM with Energy Dispersive X-ray Spectroscopy (SEM-EDX) were performed in
the controlled area of the KIT-INE to characterize the exposed surfaces of the steel coupons
post-potentiometric experiments and to monitor the corrosion of the steel particles post-WAS

cut with the selected inhibitor over some time.

Chemical composition and surface morphology of the coupons and steel particles were
obtained by scanning electron microscopy using a FEI QUANTA 650 FEG, with a field
emission electron gun allowinga 1 nm resolution at 30 kV with secondary electrons. Scanning
electron microscopy involves focusing a tiny electron probe on the surface of a sample in a
two-dimensional raster. Images created by secondary electrons (SE) provide information on
surface morphology at lateral resolution down to a few nanometers. Backscattered electron
(BSE) images provide a material contrast because of different electron backscatter efficiencies
of the elements. Moreover, the detection of X-ray emissions enabled the quantification of
atomic concentrations on a micrometer scale, a capability offered by energy-dispersive X-ray

spectroscopy (EDX). Data analysis was performed using the Pathfinder software (Thermo
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Fisher Scientific Inc.) for the QUANTA 650 FEG Instrument. Elemental compositions are
reported with associated uncertainties expressed as £3c (three standard deviations). This
statistical notation indicates a 99.73% confidence interval for the measurement, reflecting the

precision and detection limits of the quantitative EDX analysis.

XPS analysis providesavery surface-sensitive techniquefor the characterization of the surface
chemistry of solid phases without the need for elaborate sample preparation. It was used to
obtain a detailed elemental composition of the exposed surface of the steel surfaces used
throughout this study with and without the corrosion inhibitor. XPS measurements were
performed on a VersaProbe Il ULVAC-PHI spectrometer with an Al Ka (1486.7¢V)
monochromatic X-ray source (see Figure 2.5). XPS measurements were performed in an ultra-
high vacuum chamber within the device allowing measurements under vacuumand in strictly
anoxic conditions. The PHI MultiPak program v9.9 was used for data analysis and spectra

fitting.

Figure 2.5: X-ray photoelectron spectrometer at KIT-INE (ULVAC-PHI, model VersaProbe I1).
Courtesy of Dr. Dieter Schild.

To calibrate the binding energy scale of the spectrometer, established binding energies of
elemental lines from pure metals were utilized (Cu 2ps, at 932.62 eV, Au 4f;, at 83.96 eV).
The binding energies of elemental lines of samples are charge-referenced to O 1s of hydroxide

at 531.4 eV as an internal binding energy reference, comparable to referencingto C 1s of
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hydrocarbon at 284.8 eV. Molar fractions of oxygen species were determined through curve
fitting of the O 1s spectra using a Shirley background and Gaussian functions. Using soft X-
rays from Al means that the information depth (95% of signal) of the Fe 2p spectrum for e.g.
magnetite is ~2.7 nm (angle sample surface — analyzer: 45°), determined from the inelastic
mean free path (IMFP) of photoelectrons [136.137], The estimated relative error of molar fractions
fallswithin £ 10%, while the error of elemental lines’ bindingenergies is estimated to be within
+ 0.2 eV. In this study, relevant reference binding energies for O 1s are specified as follows:
529.6 eV (Fe,03), 530.0 eV (Fe30y), 530.1 eV (FeO*0OH), 531.2 eV (FeOO*1H). Reference
binding energies for the S 2ps,elemental lines are 169 eV (sulphate), 167 eV (sulfite), 167.6

eV (sulfone), and 400.4 eV (organic matrix amine) for the N 1s.

The XPS spectra presented in this study are plots of electron intensity given as counts versus
the binding energy, E,[138] from which information regarding the chemical states of the steel
surfaces with and without corrosion inhibition and in the presence and absence of ionizing

radiation were obtained.

2.2.4.2 Quartz Crystal Microbalance

QCM experiments were performed to study the adsorption/desorption behavior of the
components of the selected corrosion inhibitor (C.Inh#4) oniron as surrogate for 1.6310 steel,
and to determine the thicknessand other properties of adsorbed films. The QCM measurement
principle is based on the Sauerbrey equation that establishes a linear relationship between
frequency shift and mass change for the detection of molecule-surface interactions especially
for rigid, thin and evenly distributed films. The Sauerbrey equation may no longer hold for
thick, viscoelastic films. As hydrated inhibitor molecules are adsorbed on the Fe-coated quartz
crystal surface and ordered, the mass gain causes a drop in its fundamental frequency change
while the change in energy dissipation (energy loss due to internal friction and deformation

within the layer) could increase (139, A typical measurement result is illustrated in Figure 2.6.

The Sauerbrey equation is given as [140l;

_ . 2fF,
Af, = nA—mAm (2.8)
Af = —n%Am (2.9)

1 * Denotes the oxygen of the corresponding binding energy.
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Where:

fo is Resonantfrequency ofthe fundamental mode (Hz), Af isthe normalized frequency change
(Hz), Am is the mass change (@), n is the harmonics of the fundamental frequency, Af,, is the
change in the frequency harmonics, A is the Piezoelectrically active crystal area (area between
electrodes, cm?), pqis the density of quartz (py = 2.648 g cm3), g is the shear modulus of
quartz for AT-cut crystal (ug = 2.947+10% g cm-s~2) and C is the mass sensitivity constant,
related to the properties of the oscillating quartz QCM substrate. For a5 MHz crystal, C equals
17.7 ng/(cm?- Hz).

The change in energy dissipation (AD) quantifies the energy lost per oscillation cycle due to
internal friction and deformation within the adsorbed layer and the coupled solvent. The
Sauerbrey equation is a simplified model that assumes the adsorbed inhibitor layer is perfectly
rigid and elastic. Under these ideal conditions, the energy dissipated by the oscillating crystal

remains constant, or the changes are negligible.
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Figure 2.6: Effect of mass deposition and arrangement on the fundamental frequency and energy
dissipation changes of a quartz crystal. Af and AD represent measured fundamental frequency and
energy dissipation changes respectively. When inhibitor molecules are added, Af starts to decrease &
AD increases. A stable Af & AD is reached when full surface coverage is attained.

The QCM setup (Fig. 2.7 and 2.8) used in the present study included the following: a two-
channel QCM-1device (SEMILAB, Budapest, Hungary) with temperature control (4°C-80°C
+ 0.02°C), AT-cut Fe-coated QCM sensors (Quantum Design GmbH) with nominal frequency


https://en.wikipedia.org/wiki/Resonant_frequency
https://en.wikipedia.org/wiki/Piezoelectric_effect
https://en.wikipedia.org/wiki/Density
https://en.wikipedia.org/wiki/Shear_modulus

5.000 MHz + 20 kHz, a peristaltic pump for flowrate controland a selection valve for solutions
when runningparallel experiments. Figure 2.7 shows the setup of the devices usedfor the QCM
experiments for defined inlet of solutions. The QCM device is connected to a Gamry 1010E
potentiostat for data acquisition and program control. Figure 2.8 shows the connection of the
flow cell assembly and gives the dimensions of an AT-cut Fe-sensor. AT-cut quartz are cut at
a specific crystallographic angle (35.25° from z-axis), vibrate in the thickness shear-mode,

optimized for temperature stability and have a frequency sensing range of 0.5— 300 MHz [141],

Gamrv Potentiosta

Figure 2.7: QCM-1 setup at the KIT-INE. (a) A peristaltic pump, selection valve and the QCM device
(Left). (b) A Gamry potentiostat and PC serving as interface with the QCM device (Right).

(a) (b)

Fe-QCM Sensor

) 4
N
e A

Fe coatingon QCM sensor surface, @12 mm

Connector
Figure 2.8: (a) Standard flow cell assembly showing QCM sensor and electrode connections (b) Left
— Fe-coated QCM sensor: central region represents quartz areas with Fe coating. Right — backside of
the quartz with golden contact areas.

Experimental Procedure: Inhibitor adsorption on Fe-QCM

Initially, the Fe-QCM sensor was cleaned with ethanol and dried with Argon. Concurrently,
the inhibitor solutions were prepared at the required concentrations (300 ppm TACT and 5000
ppm TEA, both identified components of the selected inhibitor — C.Inh #4). To establish a
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stable baseline, ultrapure water was introduced into the system at a flow rate of 0.1 ml/min,
and the QCM sensor was allowed to stabilize until a steady baseline reading was achieved.
Once stability was confirmed, the selection valve was switched to the inhibitor solution, and
the frequency shift (Hz) on the QCM sensor was continuously monitored. A decrease in
frequency indicatedthe adsorption of the inhibitor onto the Fe-QCM sensor surface. Following
the observation of adsorption, the flow was switched back to ultrapure water for a rinsing
period. This cycle (water — inhibitor solution — water) was subsequently repeated twice to

verify the consistency and reproducibility of the adsorption and desorption processes.

Furthermore, effects of flow rate variation were investigated. A schematic diagram showing
sample injection into the flow cell viathe peristaltic pump and selection valveis given in Figure
2.9. Samples were pumped at a known flowrate from the “Running buffer” into the flow cell
containing the QCM sensor. Prior to this, the connection lines were purged by selecting the
“Sample load/prime” viathe selection valve to remove trapped air bubbles from the line, which

could affect measurements and prime the line for sample injection.

QCM experiments were performed in ‘static mode’ and in ‘dynamic mode’. In static mode, the
Fe-coated QCM sensor was immersed in the inhibitor solution, allowing adsorption under
equilibrium conditions. In ‘dynamic mode,’ the sensor was placed in the flow cell, with an

inhibitor solution pumped through it while frequency changes were monitored

Sample T
Injection
Valve

\ [ /]
On/off wj’

valve

S L
Z

Peristaltic
Pump

Running
Sample buffer
load/prime %

Figure 2.9: Schematic diagram for 10-port valve with sample sucked up from a sample vial.
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2.2.4.3 Ellipsometry

To further characterize the thickness of the adsorbed inhibitor films, spectroscopic ellipsometry
measurements were performed at the KIT Institute of Functional Interfaces (IFG) usingan in-
house ellipsometer. The samples analyzed were the Fe-coated QCM sensors that had previously
been exposed to TEA and TACT solutions, as described in the QCM methodology.

Ellipsometry quantifies the change in the polarization state of light upon reflection from a
surface, which is expressed by two fundamental parameters which are highly sensitive to the

refractive index and absorptive properties of films on the surface [142.143];

(@) Psi (¥): Representing the change in the ratio of the amplitudes of the p-polarized
(parallel to the plane of incidence) and s-polarized (perpendicular to the plane of
incidence) components of the electric field.

(b) Delta (A): Representing the change in the phase difference between the p-polarized and

s-polarized components upon reflection.

This approach allowed for a complementary analysis of the inhibitor film thickness, providing
insights into the optical properties and physical dimensions of the adsorbed layers. Film
thickness was determined by fitting the measured W and A to an appropriate optical model of
the film-substrate system.

2.2.5 Characterization of the Selected Inhibitor

A composition analysis of the selected inhibitor, C. Inh #4, was performed via a series of

experiments to determine the active components of the formulation.

The XPS spectra of the pure inhibitor and that of a steel surface treated with the inhibitor were
analyzed. In addition, Electron lonization Mass spectrometry (EI-MS), column
chromatography and NMR spectroscopy - including proton (tH), Carbon (33C), and 2D NMR
(Homonuclear Correlation Spectroscopy - COSY) were all performed to qualitatively

characterize the composition of the inhibitor formulation.

2.2.5.1 Column/Paper Chromatography

The corrosion inhibitor (C.Inh #4) was stripped in a column using a Water — Isopropanol

(Fischer Scientific, Darmstadt, Germany) mixture in a 1:20 ratio. Different fractions of the
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eluent were collected in 10 ml glass vials and numbered accordingly. For each of the collected
fractions, paper chromatography was used to determine the number of distinct components
present. Fractions with single/similar species were collected and further purified in a Schlenk
Line, removing trace amounts of the stripping solvent mixture present. The purified fractions
were furtheranalyzedwith NMR spectroscopy in order to identify distinct compounds isolated.

2.2.5.2 NMR Spectroscopy

Deuterated water (D,0) was purchased from VWR International and used as purchased. 50 pl
of the tested sample was pipetted into a high-resolution NMR tube followed by the addition of
550 pl of D,O. All NMR spectra were measured using a Bruker Avance Il 400 MHz
spectrometer at 300 K. 1H spectrawere recorded at a transmitter frequency of 400.13 MHz and
13C spectraat 100.63 MHz. A BBFOr!us sample head with z-gradientand direct x-detection was
used. The chemical shifts (5) were internally referenced to TMS (3(TMS) = 0 ppm). tH and
13C spectrawere recorded with 32,000 datapoints forimproved resolution. Signal multiplicities
are typically given as follows: s (singlet), d (doublet), t (triplet), q (quartet), quin (quintet), sex
(sextet), sept (septet), m (multiplet) and br. s (broad signal).

2.2.5.3 Mass Spectrometry

The electron ionization mass spectra (EI-MS) were measured using a JEOL AccuTOF GC-
Alpha coupled to an AGILENT 7890B Gas Chromatography (GC) (Santa Clara, CA, United
States) system. All mass spectra were recorded in the mass spectrometry department of the
Organic Chemistry Institute of the Ruprecht-Karls-University Heidelberg [144],

2.2.6 Irradiation Experiments:

To investigate the effectof ionizing radiation on the effectiveness of TEAand TACT inhibitors,
irradiation experiments were conducted in the KIT-INE shielded boxline (INE-ABL). Given
the absence of a dedicated gamma-irradiation source as a surrogate for activated RPV steel
within the institute, initial experiments were performed to identify and characterize suitable
alternative radiation sources for sample irradiation. Two primary candidates were considered:
an activated stainless steel spring section from the plenum of the spent nuclear fuel rod — SBS
1108-N0204 irradiated atPWR Gdsgen, and aspentMOX fuel segmentfroma fuelrod (KWU
14.28 5813) irradiated at Obrigheim NPP. To accurately determine the expected dose rates
from these sources and to select an optimal irradiation configuration for the inhibitor solutions,
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a series of preliminary experiments were conducted. These involved irradiating deionized
water samples, deploying Thermoluminescent Dosimeters (TLDs) in both autoclaves and
specialized irradiation vials, and utilizing Fricke dosimetry. The data from these preliminary
experiments were essential for ensuring controlled and quantifiable radiation exposure for the
subsequent inhibitor irradiation studies.

In the first setup, the solution-filled autoclave was wrapped in a nylon bag and placed in the
INE ABL. This was a precaution against sample contamination and to guarantee safe handling
post-irradiation. The activated steel sample was placed underneath the nylon-wrapped
autoclave at the exact position for each experiment. In the second setup, a carousel made from
polyethene was constructed to handle 16 glass vials radially positioned around a central hole

containing the source as shown in Figure 2.10.

2.2.6.1 Sample Preparation

50ml of deionized water was used as a blank solution before the irradiation of the inhibitor
solutions. Fricke solution with composition 1 mM Fe(NH,4)2(SO4),, 1 mM NacCl, and 0.4 M
H,SO, was prepared for use as a chemical dosimeter according to the E61 Committee ASTM
Standard 1451, 5000 ppm TEA and 300 ppm TACT solutions were prepared by dissolving
weighed quantities of high-purity TEA and TACT in deionized water to prepare the needed
concentrations. 10ml of each solution was loaded into borosilicate irradiation glass vials. Each
solution was prepared in an argon-saturated glovebox and degassed with argon before

irradiation to reduce the presence of dissolved oxygen.

2.2.6.2 Irradiation of Inhibitors

For the first experiment irradiating the blank solution, 50ml of deionized water was loaded into
the autoclave in an argon-saturated glovebox. Gamma irradiation was performed using a piece
of the activated stainless-steel spring as shown in Figure 2.10 (steel spring itself) and within

the setup in Figure 2.11. Source properties include:

1. Main gamma contributor: Co-60

2. Source specific activity: 8.4 « 107 Bg/g [146]
3. Mass of steel spring: 10 g
4

Gamma dose rate at contact: 1.6 Gy/h at contact (measured at the European
Commission Joint Research Center, Karlsruhe, JRC-KA)

Higher dose irradiation was performed with a spent MOX fuel segment (Figure 2.12) as a

radiation source. Source properties are highlighted below [146l:
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Fuel type: Mixed Oxide fuel (MOX) with 3.2% Pusss

Pellet length and diameter: 11 mm/9.08 mm

Mass of fuel: 49.1 gum
Contact dose: ~ 6 Gy/h

e

100mm N - 4

Figure 2.10: Radiation sources for irradiation experiments in the INE-ABL: (a) Activated stainless
steel spring from the plenum of irradiated UOy fuel rod segment (SRS 1108-N0204) (b) Cladded spent
MOX fuel rod (KWU 14.28 5813). Images courtesy of Dr. Tobias Kdnig.
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N

Figure 2.11: Carousel with samples and activated spring source at the center in the INE-ABL. Image
courtesy of Dr. Tobias Kénig (left). Schematic of the sample holder showing dimensions, not drawn to
scale (right)
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2.2.6.3 Dosimetric experiments

Absorbed dose to the samples and the irradiation dose rate from the available sources in the
INE-ABL were experimentally determined utilizing solid-state dosimetry with TLDs and
chemical dosimetry using Fricke solution. The absorbed dose from the activated spring was
measured using TLDs and Fricke solution while the absorbed dose from the spent MOX fuel
segmentwas measured exclusivelyusingFricke solution due to the relatively high contact dose

rate from the source.
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Solid-State Dosimetry:

Twenty pre-annealed TLDs of size 3 x 3 X 0.9 mm made from LiF crystals, were positioned
inside the autoclave (atthe bottom, cylindrical surface, andatthe top), up to the expected water
level in the autoclave to measure absorbed dose to the blank solution in the autoclave. For the
second setup, eleven TLDs were put inside the glass vials as shown in Figure 2.12, to measure
the absorbed dose in the inhibitor solutions in the low-dose irradiation experiment. An extra
unirradiated TLD was included in each case to measure and account for background dose
during handling and transport. Irradiation of TLDs was for a period of 4 hours to prevent
saturation after which evaluation was performed to determine the absorbed dose and dose rate.
After irradiation, the TLDs were evaluated at the KIT-SUM laboratory using a Toledo 654
TLD reader. The TLDs were heated up to 300 °C at a heating rate of 10 °C/s to anneal
irradiation-induced defects. Photons are emitted in the process yielding a glow curve which
shows glow impulses per channel. The total number of impulses correlates with the absorbed
dose per detector. Two reference TLDs irradiated with defined doses, were used for drift
correction in the photomultiplier. Two TLDs were also evaluated to correct for background

radiation during the transport of the detectors between the irradiation and read-out.

11 mm

TLDs arranged

TLDs arranged L
inside autoclave

inside irradiationvial

Figure 2.12: TLDs arranged in irradiation vial and in autoclave (left and middle images). Schematic
of TLD arrangement inside an irradiation vial (right).

Fricke Dosimetry:

To determine experimentally the absorbed dose to the inhibitor solutions and the blanks in the
experiments, as well as the validation of the numerical computation of radiation field around

the solutions using Monte Carlo simulation, Fricke dosimetry was performed.
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Dosimeter Readout:

A Fricke dosimeter is a chemical dosimeter that measures ionizing radiation by detecting
changes in the absorption of light caused by the oxidation of ferrous ions (Fe?*) to ferric ions
(Fe*). The extentof thischange is proportional to the radiation dosereceived. When evaluation
is done with a spectrophotometer, the absorbed dose to the Fricke solution is calculated

following the procedure outlined by ASTM E61 Committee (145, with Eqn. 2.10

AA

D= ——
F pelece(

(2.10)

where AA is the difference in absorbance value of the Fricke solution before and after
irradiation, p is the density of the Fricke solution which is approximately 1.024 g/cm3 [144] [ is
the path length through the photometric celli.e. the cuvette used for the UV-Vis measurements.
The molar extinction coefficient, &, measured at the wavelength of 304 nm is 217.4 m? /mol.
G is the radiation chemical yield (G-value) of Fe3+.G-values for Fe3+ were taken from the
literature (1471 with the assurance that the G-value was unaffected by photon dose rates for
instantaneous dose rates below 107 Gy/min [148]. The absorbed dose of water, Dy, can be

calculated from AA and Dg by using the relation:
Dy = 1.004 Dy = 278 AA (2.12)
Dosimeter preparation:

The Fricke solution was prepared using ultrapure water from a Milli-Q system. The Fricke
solution was prepared beforethe start of the experiments andstored away in a borosilicate glass
bottle covered with aluminum foil in a dark cupboard to protect the solution from light and
minimize self-oxidation processes [149. Before each experiment and readout, a sample was
placed near the UV-spectrophotometer and measured as a control to verify the stability of the

Fricke solution.

Irradiation and Calibration:

The Fricke solutions were irradiated over the same period as the irradiated samples to measure
to total absorbed dose during irradiation. For calibration, a 10 ml Fricke solution sample was
also irradiated with Cs-137 at the KIT-SUM calibration facility with 30 and 50 Gy nominal
dose values, and readout was performed afterwards. The irradiation setup is shown in Figure
2.14 wherethevialsare placed onanirradiation stand. Cs-137 sourcesare shielded and located
underneath the irradiation stand. The rotating source holder brings the desired source into the

irradiation position. Collimators define the irradiation cone.
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Sample onirradiation stand Collimator for the Cs-137 source

Figure 2.13: I~ricke solution irradiation set up at the KIT-SUM irradiation facility: (a) sample on
irradiation stand (b) opening aperture for Cs-137 source underneath the irradiation stand.

The Suprasil Quartz (QS) cuvette used for the UV-Vis measurements hada path length of 10.00
+ 0.01mm as described by the manufacturer. Given that the measurements were made with the
same solution, cuvette and spectrophotometer, the denominator (p el ec o G) was a

constant.

Absorbance measurements were performed using an Agilent Cary 6000i UV-Vis NIR
Spectrophotometer with measurements made between 600 nm and 190 nm. The cuvette
compartment was maintained at 25.00 + 0.01°C during measurement. Baseline correction was
implemented by measuring the spectra of the matrix solution and subtracting from that of the

Fricke solution in each case.

The temperature during each irradiation was recorded and temperature corrections to the
reference temperature of 25°C were applied in line with the ISO/ASTM 51026-23E1 standard.

The absorbed dose of water (Dy,) was obtained from Dy by applying the correction factors
described in the standard. The corrections involve a dose conversion from Fricke solution to
water, accounting for non-uniformity over the Fricke solution volume, the difference in
radiation absorption properties of the Fricke solution and water and the sample holder wall

effects. The experiments were made in duplicates to ensure reproducibility.
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2.4 Numerical Simulations

Numerical simulations were performed using the PENELOPE/penEasy ("PENetration and

Energy LOss of Positrons and Electrons™) Monte Carlo particle transport code [150.151],

The objectives of the numerical simulations in this study were (a) to make estimates of dose
rates from the radiation sources in the KIT-INE, complementing experimental dosimetry
values and (b) to establish a reference case of radioactive steel-abrasive-water mixture, for

estimating the expected absorbed dose range for inhibitor radiolysis.

For the simulations, a reference case was established and conservative estimates were made

for RPV specific activity values.

Given that RPV steels are activated by neutron irradiation during their service life, the steel
composition, neutron flux and the position of the steel relative to the core determine the type
and quantities of activation products to be foundin the steel. In the context of decommissioning
RPVs, Cobalt-60 (Co-60, ty, = 5.27 yrs) and Nickel-63 (Ni-63, t;, = 100 yrs) are major
concerns due to their long-term radiological hazard 61521, Specifically, Ni-63 is the most
abundant activation product expected in a Light Water Reactor (LWR) on the timescale of
deferred dismantlement [152], Its century-long half-life makes its production optimal for this
long-term perspective. While it is produced by direct neutron capture on the relatively low
abundance natural isotope Ni-62 (3.6%), this is offset by the substantial amounts of nickel
present in stainless steel components within the reactor. Ni-63 decays by emission of a
relatively low-energy beta particle with a 66 keV endpoint energy, resulting in negligible
Bremsstrahlung production for this isotope [1521. Co-60 on the other hand decays by emitting a
medium-energy beta particle (0.32 MeV, 99%) to the 2.51 MeV level of excited Ni-60 which
further decays to the ground state by emitting gamma rays (1.17 MeV & 1.33 MeV, 100%)
(153, Co-60 is thus crucial for assessing immediate dose rates and gamma shielding
requirements, while Ni-63 dominates the long-term radiological inventory. Co-60 is therefore

the radionuclide of interest in the present study.

A survey of specific Co-60 activity values for some decommissioned RPVs are outlined in
Table 2.4.
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Table 2.4: Estimated specific activity of Co-60activity in the RPV from different PWR Nuclear
Power Plants (NPP) after shutdown. The numbers are quoted from the references given.

NPP RPV section Specific Co-60 activity Reference

range (Bg/q)

Stade RPV - Flange: (Loeb etal, 2011)
Base body 9.90E+02 — 4.38E+03  [154]
Plating 2.02E+03 - 9.12E+03
RPV Core:
Base body 1.43E+05 - 2.09E+05
Plating 4.74E+05 - 6.15E+05
RPV Calotte:
Base body 4.96E+01 — 1.36E+02
Plating 1.21E+01 — 1.19E+02
Forsmark RPV Body 1.12E+03 (Anunti et al, 2013)
(1.6 yr decay Core shroud 2.01E+07 [155]
time)
Oskarshamn 3 RPV 2.28E+03 (Larsson et al, 2013)
(4yrs decay time) Core shroud 5.5E+07 [156]
Trino RPV - Flange: (Rossini et al, 2018)
(30 years decay Base body 2.08E+01 [157]
time) Plating 6.62E00
*C0-60 had 10.3%
Vessel wall (core 2.86E+04 total radioactivity
height) contribution 30 years
Inner cladding 8.69E+06 after shutdown.

(core height)

Prior to RPV segmentation, the reactor primary system undergoes decontamination. This
operation removes surface contamination as well as oxide layers, which could contain
significantactivity levels. The specific activity of RPV activation products is determined based
on factors including years of operation, total burnup and decay time after reactor shutdown.
For the Kori-1 reactor (607 MW PWR) in South Korea, RPV Co-60 activities of 2.23 ¢ 102 Bq
in the coreregionand5.25¢108Bq in the lower region were reported after 40 years of operation
[158], Moreover, the stainless-steel cladding of the RPV (core region), as seen in Table 2.4, is
generally more activated than other regions. In addition, the specific activity of activation

products in RPV materials are two orders of magnitude higher in BWRs than in PWRs [152],

2.4.1 Reference Case of Steel-Abrasive-Water Mixture

The PENELOPE Monte Carlo code was employed to simulate radiation transport from a Co-
60 source with an activity of 10° Bg. A total activity of 109Bq (1GBq) was chosen for the Co-
60 source inthe SAM reference case simulation, based on specific activity figuresin Table 2.4,
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as a conservative estimate to encompass a relevant range of radiological conditions expected
in real WAS cutting scenarios and the reference case under consideration. The specific system
to be simulated consists of a cylindrical water drum with a total volume of 1 m3. The primary
volume (97.5% of the total, i.e., 0.975m3) is occupied by liquid water. The bottom 2.5% of the
drumvolume (0.025m?) contains asteel-abrasive mixture (SAM) layer. This layer iscomposed
of garnet abrasive and activated steel particles (see Figure 2.14). The steel particles constitute
1.29% of the mass of the steel-abrasive mixture and have a characteristic size of 106 um. The
characteristics of the steel-abrasive mixture are taken from the extensive characterization
experiments performed in the thesis of Heneka [271. These activated steel particles are assumed

to be the sole source of radiation, behaving as Cobalt-60 (Co-60).

The simulation tracked photon and electron transport through the medium, accounting for all
relevant physical interactions including photoelectric absorption, Compton scattering, pair
production, and bremsstrahlung radiation. The energy cutoffswere set at 1 keV for photons
and 10 keV for electrons to balance computational efficiency with limits for energy deposition

in the range of molecular bonding energies.

i - >
N— R

Water

142 cm
@ 95 cm

—>  Steel-Abrasive Mixture (SAM) layer

Figure 2.14: Sketch of reference case of steel-abrasive mixture in 1m?water volume for PENELOPE
simulation. SAM layer is assumed to be a homogenous body with water directly above.

In addition, simulations were made for the setup described in Figure 2.11 which estimates the
dose rate from an activated stainless steel spring section from a spent nuclear fuel plenum,
around which are vials containing the inhibitor solutions. The source is modeled as a hollow
cylinder of Co-60 while the solutions and irradiation vials are modelled as shown with
materials defined as glass and water respectively. The dimensions of the irradiation vial and
autoclave are also described in the code and modeled as quadrics. The absorbed dose of water

was e estimated by utilizing the "Energy Deposition" tally. This tally records the total energy
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deposited by all particles (photons, electrons,and positrons) within specifiedvolumes (e.g., the
water regions of the vials or the 1 m3 water phantom). The output of this tally is typically
presented in units of energy per history (e.g., keV/history). A “history” refers to the complete
life of a single particle (an electron, positron or a photon) from its generation at the source until
it is either absorbed, escapesthe simulated geometry, or reaches a predefined cutoff energy.
The simulation tracks each particle's path, including all its interactions (e.g., scattering, energy
loss, new particle creation), as an individual “history”. To convert the energy deposition into
absorbed dose (Gy or MeV/qg), the total energy deposited is then divided by the mass of the
scored volume and multiplied by appropriate conversion factors, as detailed in Section 3.5.1

on Radiation Transport Simulations.

2.4.2 PENELOPE Code

The Monte Carlo simulations in this work were performed using the PenEasy code version
2019-09-21 which operates with PENELOPE code (Version 2018). The main features,
characteristics and physics behind the code are extensively discussed in the manual of the code
(1501, The code is implemented in FORTRAN 77 with its structure based on a set of subroutines
that are invoked from a main program written by the user. It applies to energies ranging from
103 eV to 10°eV for photons and from 0.1 keV to 10°eV for electrons. The code simulates
different interaction mechanisms for charged particles and photons such as elastic scattering,
inelastic scattering, pair production and Bremsstrahlung X-ray production. The electron
binding effects and Doppler broadening are taken into account for incoherent scattering in
addition to the characteristic k-shell X-rays and Auger electrons emission following
photoelectric absorption. Electron and positron histories are generated based on a mixed
algorithm that combines the detailed simulation of hard events (e.g., strong elastic scattering,
inelastic collisions resulting in characteristic X-rays or Auger electrons, or bremsstrahlung
emission above a certain energy threshold) with the condensed simulation of soft events (e.g,
distant inelastic collisions or weak elastic scattering). In this mixed algorithm, hard and soft
interactions are classified by defining suitable cutoff values for energy loss and angular

deflection.

Both condensedand mixed simulation schemes reduce computingtime by reducingthe number
of events to be simulated (9. PenEasy is a general-purpose main program for PENELOPE,
which includes a set of source models, tallies and variance-reduction techniques invoked from

a structured code 1511, All the Monte Carlo simulations performed throughout this work were
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conducted onaPC-type computerof 1.9 GHz Intel Core i7 vPro 8t Gen processor witha RAM
size of 16 GB.

2.4.2.1 Materials and Geometry

To construct the material files, the PENGEOM subroutines package was used. This package is
included in PENELOPE for designing material systems. In the package, quadric surfaces
delineate homogenous bodies. The different materials used in the simulation were created with
their specified compositions, using the executable binary material.exe found in the

accompanying Pendbase database.

In the geometry file, bodies are defined by surfaces which are defined by quadrics. The
materials of the different bodies were also numbered accordingly and would be defined in the
PenEasy code. The origin was taken to be the center of the water phantom or irradiation vial in
each case. Their lower and upper ends were defined as planes, with z-shift equidistant from the
center on both z+ and z-axes, corresponding to their overall length. Their sides were defined
with cylindrical quadrics, with dimensions on the x and y axes correspondingto their radii. The
material and body corresponding to each of the modelled materials are numbered accordingly.
The geometry file in each simulation case was modified to specify the quadrics and dimensions
of all the surfaces and bodies involved in the simulation. In the case of irradiation vials, a
visualization of the modeled geometry can be visualized using PENGEOM’s geometry 2D and

3D viewers as seen in Figure 2.15.
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Figure 2.15: Glass vial for sample irradiation. (a) Picture of glass vial (b) Schematic of glass vial
with dimensions and content. (c¢) x-y cross-section and (d) z cross-section of the geometry model of
water in the glass irradiation vial created with PENGEOM Geometry viewer.

2.4.2.2 Simulation

The PENELOPE/penEasy input file was modified for source transport physics and spatial
position, the geometry file for bodies and materials created with PENGEOM, and tallies for
scoring physical quantities (energy deposition, particle track structure, photon/electronfluence,
cylindrical dose distribution). Source particle was defined using Co-60.nuc file which
inherently accounts for the full decay scheme, including all gamma and beta emissions as pre-
processed from evaluated nuclear data libraries and integrated into PENELOPE's internal
radionuclide database [1501, Absorption energies for transported particles (EABS e*, y and e)
define the kinetic energy thresholds below which electrons, photons and positrons are
considered locally absorbed, were modified to account for more interactions. Additionally, a
Maximum Step Length (DSMAX) was applied, imposing an upper limit on the geometric
length of any single transport step within a specific material body. The geometry input file and
sections of the PENELOPE/penEAsy input file for simulating particle transport in the SAM

reference case are provided in Appendix C.
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CHAPTER THREE: RESULTS AND DISCUSSION
3.1: Evaluation and Selection of an Appropriate Corrosion Inhibitor

3.1.1 Immersion Test Results

Images of immersion tests of 1.6310 steel coupons (produced as described in Section 2.1.1) in
inhibitor solutions are shown in Figure 3.1 and Figure 3.2. The steel coupons were exposed to
1000 ppm of aminobenzimidazole, 3,4-dihydroxybenzoic acid, L-tryptophan, 5-
methylbenzotriazole (Figure 3.1) and commercial inhibitors denoted as C.Inh #1, C.Inh #2,
C.Inh #3 and C.Inh #4 (Figure 3.2).

Steel couponsimmersedin 1000 ppm solutions of each four pure compounds (Fig. 3.1) showed
discoloration of the solutionsand visible formation of corrosion products on the steel coupons
after 24 hours of immersion (Figure 3.1). These organic compounds have been reported in the
literature to be effective in the inhibition of mild steel corrosion in different media [89.120.160-
164] |CP-OES analysis of the discoloration observed in the 3,4-Dihydroxybenzoic acid solution

revealed the presence of elevated concentration of iron from the dissolution of the steel coupon.

Figure 3.1: Steel coupons immersed in 4 different inhibitor solutions after 17 hours (top row: la-4a)
and 24 hours (bottom row: 1b-4b). (1) Aminobenzimidazole; (2) 3,4-Dihydroxybenzoic acid; (3) L-
Tryptophan; (4) 5-Methylbenzotriazole
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The immersion test results for 1 vol.% of the four commercial inhibitor formulations denoted
as C.Inh #1, C.Inh #2, C.Inh #3 and C.Inh #4, are presented in Figure 3.2. Iron corrosion was
observed in all solutions except C.Inh #4 after a 7-day immersion period. Over the 7-day
immersion period, C.Inh #3, an octadecylamine-based formulation, provided only partial
inhibition of steel corrosion, failing to prevent visible corrosion over the full duration.
Observation after 24 hours revealed localized pitting corrosion on the steel surface. Further
literature review suggested that the application of this inhibitor is best suited for reactor
secondary circuit operating conditions of high temperature (250- 350 °C), high pH, and high

pressure [165-168],

C. Inh #4 showed excellent corrosion inhibition after the 7-day immersion period via optical
inspection, with no visible signs of corrosion product formation. This qualitative observation
is significant, as it indicates that C.Inh #4 possesses superior inhibitory properties under the
experimental conditions compared to the other seven candidates. Based on this initial
screening, C.Inh #4 was selected for more detailed quantitative analysis using electrochemical
techniques. The aim of these subsequent experiments was to determine the optimal
concentration for effective inhibition and to gain mechanistic insights into how C.Inh #4
protects the 1.6310 steel surface.

Figure 3.2: Steel coupons immersed in 4 different commercial inhibitor solutions after a 7-day
immersion. (a) C.Inh #1; (b) C.Inh #2; (c) C.Inh #3; (d) C.Inh #4.

3.1.2 Electrochemical Measurements with C.Inh #4 Inhibitor

Electrochemical techniques were applied to systematically study the effect of varying
concentrations (0.5 vol.%, 1.0 vol.%, 1.5 vol.%, 2.0 vol.%, and 2.5 vol.% solutions) of the best

performing inhibitor from the immersion tests, C.Inh#4, onthe corrosion inhibition of 1.6310
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steel in 0.004 mol/dm3 NaCl solution. The evolution of the Open Circuit Potential (OCP) at
room temperature (r.t), measured relative to a Ag/AgCl reference electrode over a period of 4
hours, is shown in Figure 3.3, while Figure 3.4 illustrates the potentiodynamic polarization

curves of the electrode.

3.1.2.1 Open Circuit Potential

The evolution of the OCP for 1.6310 steel in solutions with the studied five concentrations of
C.Inh#4is presented in Figure 3.3. The measured values were reported relative to the Ag/AgCI
reference electrode. The measured OCP values vs RE primarily depend on the nature of the
electrolyte/solution (redox couple, pH, etc.) and are also influenced by the impedance of the
potentiostat [169],

The OCP for all the WE in each of the concentrations of c.Inh #4 starts at a relatively negative
potential (approximately -0.95V vs. Ag/AgCl, as shown in Figure 3.3) and rapidly shifted
towards more positive values within the initial few minutes. This initial negative potential
reflects the -1 V applied potential used for surface pre-treatment to ensure measurement
reproducibility (asdescribed in Section 2.2.2). The subsequent positive shiftindicates the rapid
formation of a surface film, which kinetically hindered both anodic metal dissolution and
cathodic oxygen reduction reactions. This film formation led to a partial passivation of the steel
surface, establishing a new, more noble mixed potential and significantly reducing the overall

susceptibility to corrosion.

The OCP for the blank solution shifts positively, primarily attributed to the spontaneous
formation of a native oxide/hydroxide layer on the freshly depassivated steel surface upon
exposure to the aerated blank solution. This initial oxidation partially passivates the steel,
hinderingfurtheranodic dissolutionand shiftingthe electrochemical equilibrium towards a less
active state. The OCP however stabilizes at a relatively negative value (around -0.7 V vs.
Ag/AgCl), indicating that the steel surface remains to some extent susceptible to corrosion in

the blank chloride solution over the experimental duration.

For 0.5 vol.% - 2.5 vol% concentrations of C.Inh #4, the initial OCP values are considerably
more positive compared to the blank solution. The steady-state OCP values generally become
more positive with increasing inhibitor concentration. Figure 3.3 strongly suggests that C.Inh
#4 effectively inhibits the corrosion of 1.6310 steel in the 0.004 mol/dm3 NaCl solution. The

positive shift in OCP with increasing inhibitor concentration indicates a reduction in the
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thermodynamic driving force for corrosion. The formation of a more stable and noble potential

plateau at higher inhibitor concentrations implies the development of a protective surface film.
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Figure 3.3: Open Circuit Potential (OCP) measurements at different C.Inh #4 concentrations in 0.004
mol/dm® NaCl solution, at r.t.

This steeper and larger initial potential increase in the presence of the inhibitor strongly
suggests a fast interaction kinetics between the inhibitor molecules and the metal electrode.
This rapid interaction likely involves the swiftadsorption of inhibitor molecules onto the active
sites of the steel surface and/or the rapid formation of a protective film. The subsequent
stabilization at more noble potentials (e.g., around -0.15 V to -0.05 V vs. Ag/AgClI for higher
inhibitor concentrations) indicates the development of a more persistent and effective
protective layer, which could involve strong adsorption of inhibitor molecules, or promotion

of a more stable passivation layer compared to the blank.

3.1.2.2 Potentiodynamic Polarization

The potentiodynamic polarization curves in Figure 3.4 reveal the electrochemical kinetics of
the 1.6310 steel in 0.004 mol/dm3 NaCl solution used as blank and as background electrolyte
with the inhibitor solutions. The blank solution exhibits a typical active corrosion behavior,
characterized by a well-defined Tafel region indicating charge-transfer control of the anodic
and cathodic reactions. The corrosion potential (read off at the intercept of the two arms of the

curve on the electrode potential axis) is relatively negative, and the corrosion current density,
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estimated by extrapolating the Tafel slopes, is comparatively high, signifying a significant

corrosion rate in the absence of the inhibitor.

It can be observed from Figure 3.4 that with increasing inhibitor concentration, a notable shift
in the polarization curves towards more positive potentials (as observed in the OCP plot) and
lower current densities is observed across all concentrations. This indicates that the inhibitor
effectively suppresses both the anodic (metal dissolution) and cathodic (oxygen reduction)
reactions. The current density is lowered with increasing inhibitor concentration with observed
alterations to both the cathodic and anodic branches compared to the blank, suggesting that the
inhibitor is a Mixed-type Inhibitor — which forms a highly resistive surface layer,
simultaneously restricting access of corrosive species to the steel’s anodic sites and impeding
the diffusion of dissolved oxygen from the bulk solution to the cathodic sites, effectively

reducing the overall corrosion current (rate).

The polarization curves for 1.0 vol.%, 1.5 vol.%, and 2.0 vol.% inhibitor concentrations were
similar. It is likely that the surface coverage of the inhibitor on the steel electrode approaches
a saturation limit within this concentration range. Asthe inhibitor concentration increases from
1.0 vol.% to 2.0 vol.%, most of the available active corrosion sites on the metal surface are
already occupied by inhibitor molecules. The mechanism of protection is assumed to involve
the formation of a monolayer or a thin multi-layer adsorbed film of the inhibitor, and once this
layer is substantially formed, additional inhibitor in the bulk solution has a limited impact on
further improving its effectiveness. This observation could indicate that the optimal
performance ofthe inhibitor under the experimental conditions isachievedwithin the 1.0 vol.%
to 2.0 vol.% range. Beyond this concentration, a significant shift is observed at 2.5 vol.%,
which could result from an improved packing density of the inhibitor, multilayer adsorption
forminga robust diffusion barrier for oxidative species, or enhanced cathodic inhibition (as
observed in the slope of the cathodic branch), all contributing to further improvements in

corrosion protection.

The anodic curves show the presence of two distinct sections; a near-linear region close to the
Eocp Where the slope is near-zero and a breakaway region towards higher current densities
with a steeper slope. The flat region indicates the passivation of the surface or the formation of
a protective layer over a potential range. The breakaway region suggests passivation
breakdown with increasing polarization. Tafel extrapolation around the linear region close to

the Eycp is used for the estimation of Tafel constants and corrosion kinetics.
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Figure 3.4: Potentiodynamic polarization curves of blank and different C.Inh #4 inhibitor

concentrations in 0.004 mol/dm® NaCl at 25°C.

The electrochemical parametersobtained from the polarization curves; 8, and g, Tafel slopes,
corrosion current, corrosion potential, corrosion rate, and inhibition efficiency are given in
Table 3.1.

Table 3.1: Electrochemical parameters for C.Inh #4 at different concentrations.

SOIn. Ba Bc icorr Ecorr CR IE 9
(mV/dec)  (mV/dec) (LA) (mV) (mmpy) (%)

Blank 171.7+35 206.6+4.7 11.3+13 667.6+32.2 0.16+0.02 - -

0.5% 2244+ 52 123.2+3.7 139+05 3322+235 0.11+0.04 87.7+47 0.88
1% 2148+17 978+40 10+0.1 2526+155 0.08+0.01 90.8+15 0.91
1.5% 66.2+1.2 828+20 07+x01 259.2+189 0.05+0.01 93.8+x11 0.94
2% 916+23 86.1+19 07+x01 2528+20.2 0.05+0.01 94.0%+13 0.94
2.5% 80.4+21 738+21 06+01 129.0+11.2 0.05+0.01 944+09 0.94

The degree of surface coverage(6) has been reported in the literature [77.160.170.90] 35 equivalent
to the measure of inhibition provided by the corrosion inhibitor and calculated as the ratio of

the corrosion current density of the inhibited solution and the blank.

icorr(blank) —icorr(inhibitor) _ IE(%)
icorr(blank) ~ 100

Surface coverage (6) = (3.1)
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It is assumed that inhibitor molecules stack onto the metal surface to form a continuous layer
of protection correspondingto the extentof corrosion inhibition. A plotof inhibition efficiency

as a function of inhibitor concentration is given in Figure 3.5.
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Figure 3.5: Plot of corrosion inhibition efficiency as a function of C.Inh #4 concentration.

A threshold in inhibition efficiency is observed at an inhibitor concentration of 1.5 vol.%.
Above this concentration, the introduction of additional inhibitor molecules provides only a
marginal increase in inhibition efficiency. Specifically, a 0.2% increment in inhibition
efficiency using 2.0 vol.% and a 0.7% increment using 2.5 vol.% inhibitor concentration. The
data suggest that >90% inhibition efficiency and thus corrosion mitigation is already achieved
withinthe 1.0% to 2.0% range, and addingmore inhibitor molecules beyond this point provides
very little additional protective benefit, making it less optimal from a practical cost-benefit
standpoint. For practical applications therefore, the optimal concentration of this inhibitor for

protecting the steel in similar environments would be between 1.0% and 2.0%.

3.1.2.3 Electrochemical Impedance Spectroscopy

EIS spectrawere acquired atopen-circuitpotential (Eqcp), with afrequency range from 1 MHz

to 1 mHz. The sinusoidal input voltage amplitude was set at 5 mV with measurements of 6
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points per frequency decade. Measurements with the 1.5 vol.% of C.Inh #4 were made after a
3-hour immersion period, ensuring a stable open-circuit potential. The selection of the voltage
amplitude was aimed at enhancing the signal/noise ratio, particularly at lower frequencies,

without substantial influence on the system’s overall state.

Nyquist and Bode plots were generated from the obtained EIS experimental data. EEC
modelingof the EIS data was fitted with the Randles Circuit, consisting of asolution resistance,
charge transfer resistance and a double-layer capacitance representing the film capacitance.
The modified Randles circuit has been applied in modeling inhibitor systems with mild steel
and other low-alloy steels [77.171.172] Based on the behavior observed in the Nyquist and Bode
plots in the present study (depressed and sometimes incomplete semicircles), modifications to
the Randles circuit were necessary to accurately represent the impedance response. This
involved replacing the ideal double-layer capacitance with a Constant Phase Element (CPE/Q)
to account for non-ideal capacitive behavior arising from factors such as surface roughness,
non-uniform current distribution, or a distribution of time constants. A schematic of the
equivalentelectrical circuit model with physical features for the electrochemical system under

review is represented in Figure 3.6.
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Figure 3.6: Typical equivalent circuit model of a metal in an inhibited electrolyte solution.

Figure 3.7 presents the Nyquist plots (Complex-plane plots) for the 1.6310 steel electrode in
the blank 0.004 mol/dm?3 NacCl solution (Figure 3.7a) and in the presence of 1.5 vol.% C.Inh
#4 inhibitor (Figure 3.7b). These plots, which display the negative imaginary impedance (-Z")
versus the real impedance (Z'), visualize the electrochemical impedance response and identify

time constants associated with corrosion processes.
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For the blank solution, Figure 3.7(a) shows adepressed semicircle whenthe realand imaginary
impedance axes are plotted with the same scale. The intercept of this semicircle with the real
axis at high frequencies (the leftmost point) represents the solution resistance (Rs). The
diameter of the semicircle, extending from Rs to its intercept with the real axis at low
frequencies, corresponds to the charge transfer resistance (R). This resistance is inversely
proportional to the corrosion rate. The relatively small diameter of the semicircle for the blank

solution indicates a low R, consistent with a high corrosion rate in the absence of an inhibitor
[123]
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Figure 3.7: Nyquist plots of (a) left plot - blank solution and (b) right plot - 1.5 vol.% C.Inh #4
solution.

In contrast, the Nyquist plot for the 1.5 vol.% inhibitor solution shows an enlarged and
developing semicircle. The solution resistance (Rs) remains similar to that of the blank, as
expected, since the inhibitor primarily affects the electrode-electrolyte interface, not the bulk
solution conductivity. The diameter of the semicircle is significantly larger than that of the
blank solution. This directly indicates a substantial increase in the charge transfer resistance
(Re). A larger Ry signifies a much slower electron transfer rate at the interface, demonstrating

a significant reduction in the corrosion rate due to the inhibitor's protective action.

The Nyquist plot for the 1.5 vol.% inhibitor solution shows an apparent incompleteness of the
semicircle at the low frequency end, suggesting that the full relaxation processes, potentially
involving very slow charge transfer reactions or the onset of mass transport limitations (e.g.,
diffusion of oxygen or inhibitor molecules to/from the surface), were not entirely captured
within the measured frequency range. Had the frequency range been extended to even lower
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frequencies, these processes might manifest as additional capacitive loops or a Warburg
impedance (a straight line with a 45-degree slope), but their partial manifestation within the
experimental window resulted in the incomplete semicircle. Constraints with experimental

time and instrumentation made it difficult to measure at even lower frequencies.

At the steel-electrolyte interface, there is the formation of an electrical double layer (EDL) due
to the interaction between the steel surface and the ions from the solution (1731741, At the
interface between the steel and the aqueous solution, two layers develop: a Stern Layer (Inner
Helmholtz Plane), which consists of ions strongly adsorbed onto the steel surface due to
electrostatic attraction, forminga compactlayer in direct contact with the steel surface. Beyond
the Stern layer lies the Diffuse Layer (Outer Helmholtz Plane), where ions from the electrolyte
solution are loosely associated with the steel surface [175.1761, This layer extends into the solution
and is characterized by a gradient in ion concentration. With the adsorption of inhibitor
molecules, water molecules are displaced from the steel surface, decreasing the dielectric
constant of the EDL and directly leads to a decrease in the Cq_ In addition, a higher R value,
suggests slower electron transfer kinetics, due to the reduction in the active surface area and

increase in thickness of the EDL.

The Bode plots in Figure 3.8, comprising impedance magnitude (IZ|) and phase angle (¢) as
functions of frequency, provide a comprehensive representation of the electrochemical
response of the 1.6310 steel electrode in the blank 0.004 mol/dm2 NaCl solution and in the
presence of 1.5 vol.% C.Inh #4 inhibitor.
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Figure 3.8: Magnitude (black trace) and phase angle (red trace) Bode plots of blank solution (left)
and 1.5 vol.% C.Inh #4 inhibitor solution (right).
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For the blank solution, the following features are observed:

o High-Frequency Region (log f > 2): In the magnitude plot (black trace), |1Z] is relatively
constantatapproximately 1027 Q (around500Qto 600 Q), and the phase angle approaches
0°. This behavior is characteristic of the solution resistance (Rs), representing the ohmic

resistance of the electrolyte.

o Mid-Frequency Region (log f between -1 and 1): The magnitude of |Z| decreases with
increasing frequency, anda distinct phase angle peak is observed around—38°. This region
correspondsto the time constantassociated with the charge transfer process (R¢) in parallel
with the double-layer capacitance (Cgy) at the bare or partially corroding metal-electrolyte
interface. The peak indicates the frequency range where capacitive and resistive elements

contribute significantly.

e Low-Frequency Region (log f < -1): The magnitude of |Z| tends to level off at
approximately 1036 Q (around 4 kQ), and the phase angle approaches 0°. This low-
frequency impedance value primarily represents the sum of the solution resistance and the

charge transfer resistance (Rs+R(), indicating the overall resistance to corrosion.

The presence of 1.5% C.Inh #4 inhibitor significantly alters the electrochemical response of

the steel, demonstrating its effective corrosion inhibition.
For the 1.5 vol.% C.Inh #4 inhibitor solution, the following features are observed:

o High-Frequency Region (log f > 2): Similar to the blank, the impedance magnitude
remains around 1027 Q and the phase angle is near 0°. This indicates that the solution

resistance (Rs) is largely unaffected by the addition of the inhibitor, as expected.

e Mid-Frequency Region (log f between -2 and 2): A profound change is observed in this
region. The impedance magnitude (|Z[) is significantly higher across this range compared
to the blank, and the phase angle exhibits a much broader and more intense peak, reaching
approximately —75°. This dramatic shift towards a phase angle closer to —90° is indicative
of a highly capacitive and protective film forming on the steel surface. The broader peak
suggests a wider distribution of time constants, likely due to the inherent heterogeneity of
the adsorbed inhibitor layer (e.g., surface roughness, varying film thickness, or different

adsorption sites).

e Low-Frequency Region (log f < -2): The impedance magnitude at low frequencies is

drastically increased, reaching approximately 1058 Q (around 630 kQ). This represents a
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~157-fold increase in the total impedance (Rs + R) compared to the blank solution (4 k).
This substantial increase in low-frequency impedance is a direct quantitative measure of
the significantly enhanced corrosion resistance provided by the inhibitor, primarily due to

a large increase in the charge transfer resistance (Ry).

3.1.3 Effect of Immersion Time

With a 1.5 vol.% concentration of C.Inh #4, the effect of immersion time was tested. The
impedance data of the working electrode was measured after 3 hours, 24 hours, 48 hours and

72 hours and is shown in Figure 3.9.

It is observed that the diameters of the semi-circles increased with immersion time suggesting
an increase in charge transfer resistance. This increase can be attributed to the adsorption of
the inhibitor molecules onto the metal surface, forming a protective film. As the inhibitor
molecules adsorb onto the metal surface, they hinder the exchange of electrons between the
metal and the electrolyte, thereby increasing the resistance to charge transfer. At longer
immersion times, the adsorption process would approach equilibrium and the inhibitor reaches

maximum coverage.
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Figure 3.9: Nyquist plot showing the influence of 1.6310 steel electrode immersion time in 1.5%
concentration of C.Inh #4 inhibitor.
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The Bode plot showing the influence of immersion time on the frequency response of the

system is shown in Figure 3.10.

Athigher frequencies(typically above 102Hz or 102 Hz), the magnitude plots for all immersion
times are observed to be similar or to merge, in the area annotated (a). This behavior is
primarily governed by the solution resistance (Rs), which represents the ohmic resistance of
the electrolyte between the WE and the RE tip. Since the bulk composition and conductivity
of the electrolyte solution (1.5 vol.% inhibitor in 0.004 mol/dm?3 NacCl) are expected to remain
relatively constant over the 72-hour immersion period, the Rs values, which dominate the
impedance response at high frequencies, do not change significantly. Therefore, the merging
of the magnitude plots at high frequencies indicates the consistent and stable ohmic resistance

of the solution throughout the immersion experiment.

The phase plots in Figure 3.10 also exhibit a similar trend at higher frequencies. While the
phase angles at high frequencies remain close to 0° (annotated (b) and dominated by solution
resistance), significant variations are observed at lower frequencies. The maximum phase
angle, which is indicative of the capacitive behavior of the interface, generally shifts towards
lower frequencies and becomes broader/more negative with increasing immersion time as
observed in the area annotated (c). This suggests an increase in the overall time constant of the
system. Furthermore, by observing the mid-frequency region of the magnitude plots (d), where
the impedance is primarily governed by the combination of the charge transfer resistance and
double-layer capacitance, it is evident that the impedance magnitude at lower frequencies
increases substantially with immersion time. This directly indicates a significant increase in
the charge transfer resistance (R) as the inhibitor film develops and becomes more protective.
Concurrently, the slope of the magnitude plot in the capacitive region (where it approaches log
f = -1) remains relatively constant across different immersion times. This consistency in the
capacitive slope, along with the values of the Constant Phase Element (CPE) parameter o
(Table 3.2), suggests that the double-layer capacitance (Cq) values may remain relatively
similar or undergo only minor changes over time, while the dominant effect is the increasing
resistance to charge transfer. This implies that the primary mechanism of improved inhibition
48 hours after immersion is the formation of a more resistive barrier layer, rather than a

substantial change in the dielectric properties or thickness of the double layer itself.
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Figure 3.10: Bode plot showing the effect of immersion time in 1.5% inhibitor solution

A summary of the equivalent circuit modeling parameters for the blank solution and the 1.5
vol.% inhibitor solution overvarious immersion times, alongwith the effectof immersiontime
on Ry, are shown in Table 3.2 and Figure 3.11. Q represents the impedance of the Constant
Phase Element (CPE). a values, indicative of double-layer behavior and describing surface
inhomogeneities and non-ideality, were reported to vary between 0.80 and 0.95.

The inhibition efficiencies at different immersion times were evaluated from EIS data using
the values of the polarization resistance, and reported in Table 3.2. The polarization resistance
Ry is the sum of the charge transfer resistance and the resistance of all other circuit elements
used in the circuit modelling. In the simple Randles Circuit with CPE model used in this study,
Rp ~ Rg

Therefore, 1E(%) = 2etinh=Rethiank o 1000, (3.2)

Rct,inh

67



Table 3.2: Equivalent circuit parameters for blank and 1.5% C.Inh #4 showing effect of

immersion time on impedance and inhibitor layer parameters.

Time Rg Ret Car Q o IE
(h) (©) (MQ) (HF) (HFeSD) (%)

Blank 538.8+9.5 0.004+1E-4 110.2#55 106.1+5.5 0.839 -

3 464.3+£45 0.86+0.02 40.8+15 28.9+15 0.902 995+0.1

24 427.3+52 1.02+0.01 440+14 321+14 0916 99.6+0.1

48 428.6+7.3 1.73+0.04 40.8+09 30.3+£0.9 0.930 99.8+0.1

72 385.6+2.7 295+0.82 37.2+05 276+05 0936 99904

The time-dependent increase in the charge transfer resistance in the system is reflected in

Figure 3.11.

L
L]
1

2.5

2.0

1.5

1.0 H

Charge transfer resistance (MQ)

0.5

—&— Immersion time in 1.5% Inh soln. vs Rct]

Immersion time (h)

Figure 3.11: Charge transfer resistance vs immersion time for 1.5 vol.% C.Inh #4 inhibitor solution.

It can therefore be concluded that while the inhibitor exhibited rapid kinetics in its interaction

with the metal surface, corrosion inhibition significantly improved with increasing immersion

time, as evidenced by the increase in charge transfer resistance shown in Figure 3.11. This has

been attributed in literature to the progressive enhancement in adsorption and increased

uniformity and density of the inhibitor layer over extended immersion time [89.177.178],
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3.2 Characterization of Samples Obtained Post-WAS Cutting

In this section, evaluation of the performance of the selected inhibitor (C.Inh #4) under
conditions more closely representative of the actual WAS cutting process is described. This
evaluation was based on insights derived from initial immersion tests (Section 3.1.1), which
established C.Inh #4 as the most effective among the tested inhibitors for preventing corrosion,
as visual checks confirmed. Additionally, information obtained from the comprehensive
electrochemical investigations with the inhibitor (Section 3.1.2), quantified its inhibition
efficiency and determinedan optimal concentrationrange. The primary objective of these post-
WAS cutting experiments was to provide a validation of the laboratory-scale findings (Section
3.1.2) by assessing the inhibitor's ability to protect the steel particles produced in a real WAS

cutting scenario.

Following a controlled WAS cutting of a non-radioactive RPV steel block, using a water-
abrasive suspension mixed with 1.5 vol.% of the selected inhibitor (C.Inh #4) and 60 mg/l of
the additive, Liquitech 227P, further electrochemical and surfaceanalytical investigations were
conducted. In the electrochemical experiments, freshly polished 1.6310 steel coupons serving
as WE were immersed in solutions (Tap water, tap water + 1.5 vol.% Inhibitor, and the WAS,
after separation of solids) obtained directly from the WAS cutting operation at ANT Libeck.

The results are presented in the following subsections.

3.2.1 Electrochemical Measurements with WAS Cutting Solutions
3.2.1.1 Open Circuit Potential Measurements

The evolution of the OCP of 1.6310 steel coupons measured in the different solutions

sampled from the WAS cutting experiment is shown in Figure 3.12.

The OCP measurements showed steady electrode potentials over a 2.5-hour measurement
period after a 10-minute depassivation of the steel electrode at -1 V. The blank solution (tap
water) showed a steady OCP around -680 mV vs RE over the measurement period, in contrast
to the OCP measured in the WAS and tap water + 1.5 vol.% inhibitor solutions. The OCP
measurement in the WAS, showed similar evolution to tap water + 1.5 % Inhibitor solution.
For both samples, the electrode potential stabilized after 105 minutes (1.75 hours) at around -
200 mV vs RE. The observed increase in OCP suggests a significant slowing down of the

corrosion rate in the samples containing the inhibitor.
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Figure 3.12: OCP measurements for 1.6310 steel in tap water, Tap water with 1.5 vol.% C.Inh #4,
and the WAS sampled from the cutting vessel at ANT Lubeck.

3.2.1.2 Potentiodynamic Polarization Measurements

The PDP curvesof the 1.6310coupons measured in the blank (tap water), tap water + 1.5 vol.%
C.Inh #4 and WAS are shown in Figure 3.13.

It is observed from Figure 3.13 that in the absence of the inhibitor, the corrosion of the steel
progressed faster in the blank solution, evidenced by the high current densities for both the
cathodic and anodic reactions. For the 1.6310 couponsin the tap water and WAS containing
1.5vol.% C.Inh#4, the corrosion potentials were significantly increased comparedto the blank.
The cathodic polarization curves for both inhibited samples exhibited similar slopes and
properties, suggesting a significant repression of oxygen reduction, consistent with the neutral
to alkaline pH values of these solutions. The mechanism of the cathodic reaction in this pH
range is oxygen reduction and the cathodic current is limited by oxygen diffusion. In the
presence of the inhibitor adsorbing onto the steel surface, the diffusion rate of oxygen to the
cathodic sites is severely limited, consequently slowing down the cathodic reaction ['3l.  The
anodic reaction can also be seen to have been impeded significantly by the presence of the
inhibitor. Two distinct regions can be observed in the anodic curves measured in both WAS
and tap water containing 1.5 vol.% C.Inh #4: (1) an initial region (a) with a slight increase in
current density, followed by (2) a region (b) characterized by a near-zero slope, indicative of
passivation. The first region (a) of the anodic polarization curve is associated with active
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dissolution from Fe — Fe2* oxidation 179, This is followed by the second region (b) attributed
to diffusion—controlledbehavior of the inhibitor film. The presence ofthe inhibitor ensures that
the current density is as low as possible suggesting that electron transfer as a result of metal

ion dissolution is significantly minimized.

In the passivation region, the metal is almost completely protected by the inhibitor layer and
nearly no oxidation of the metal ion can occur. Metal passivation, either by the presence of
inhibitors or a passive oxide layer, begins at a certain potential known as the passivation
potential, E,,. From Figure 3.13, E,, isaround 0.05 V. Beyond this potential, the anodic current
associated with metal dissolution decreases drastically to a minimal value. The passivation

potential is influenced by the acidity of the solution, shifting to more positive values as the
solution pH decreases [180-182],
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Figure 3.13: Potentiodynamic polarization curves for the blank, WAS and tap water + 1.5% Inhibitor.
The annotated sections denote different passivation phenomena.

For the WAS + 1.5 vol.% C.Inh #4, an additional region (c) is observed starting after an anodic
polarization potential of 0.2 V vs RE. At this point, there is a breakdown in the passivation
produced by the inhibitor layer, with a sudden increase in the anodic current density. The
protective layer provided by the inhibitor might deteriorate in the presence of aggressive ions

in the solution, leading to localized corrosion initiation on the underlying metals. The onset of
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passivation breakdown in region (c) could be due to deleterious action of phosphonates from
the additive, the lowering of the WAS pH making the steel susceptible to corrosion, and the
action of aggressive Cl- in the tap water. The dissolution of passive films due to attack of
aggressive anions (e.g Cl-) typically occurs above a specific potential known as the film

breakdown potential, denoted as E, [183.184],

The pH of the WAS was measured to be 5.6 £ 0.2 comparedto 7.4 £0.2 for Tap water and 7.8
+ 0.2 for Tapwater + 1.5% Inhibitor solutions respectively. This lowered pH in the WAS is
directly attributable to the presence of the proprietary additive, Liquitech 227P, with pH
measured to be 4.8 = 0.1. As detailed in Section 2.2.3, Liquitech 227P is a dimethyl
phosphonate-based sequestering agent. Phosphonates, particularly polyphosphonates, are
known to be inherently acidic due to the presence of multiple phosphonic acid (P-OH) groups,

which can deprotonate in solution and thus lower the pH of the cutting fluid.

PDP curvesillustratingthe polarization behavior of the steel in tap water with the additive only
are provided in Figure A2 (appendix), indicating that the additive alone did not significantly

inhibit corrosion.

In Table 3.3, the electrochemical parameters for the samples obtained from the WAS cutting

experiment are listed.

Table 3.3: Electrochemical parameters from PDP analysis of 1.6310 steel in WAS cutting
samples

Solution B. B icorr Ecorr CR IE
(mV/dec) (mV/dec) (MA) (mV) (mmpy) (%)
Tap water  122.7+25 262.7+35 574+0.21 712.7+30.0 0.36 + 0.01 -
Tap water 350.2 £ 97.6 £ 051+ 231.2 (2.94+0.30) E-2 91.1+ 0.9
+ Inh 3.1 3.1 0.05 +15.2

WAS +Inh  2629+4.2 106.2+19 0.78+0.01 270.1+13.5 (4.90+0.06) E-2 86.4+ 0.5

The corrosion rate significantly decreased in both the WAS and the Tap water with inhibitor.

Inhibition efficiencies greater than 85% were calculated from the corrosion currents (icorr)-

3.2.2 Surface Characterization of the Steel Swarf after the WAS cut
3.2.2.1 Scanning Electron Microscopy (SEM-EDX)

The suspension of steel-abrasive mixture (containing steel particles, abrasive particles, C.Inh

#4 inhibitor, and cutting additive) collected after the WAS cut was stored in borosilicate glass
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containers prior to analysis. Samples of the steel-abrasive mixture were collected, dried with
argon, and then analyzed using Scanning Electron Microscopy (SEM-EDX) to determine
changes in the morphology and composition of the steel/abrasive particles at 48 hours, 216
hours, 456 hours, and 18 months after the WAS cutting process. Figure 3.14 shows some SEM
images of the steel and abrasive mixture 48 hours after the cut.

Table 3.4 gives the elemental composition (in at. %) of the marked areas on the surfaces in the
SEM image (Figure 3.14b) of the mixture, 48 hours after the cut. Point 1 (blue square)
represents a steel particle while Point 2 (orange square) represents an abrasive particle in the
mixture. The elemental analysis of Point 1 shows the absence of significant oxygen counts
(below detection limits) on the steel surface 48 hours after the cut. While XPS measurements
(discussed in Section 3.2.2.2) observed a thin, intrinsic oxide layer, the EDX results combined
with the visual integrity of the surface by SEM (Figure 3.14, 3.15) indicates that extensive
macroscopic oxidation of the steel particles has not occurred in the presence of the inhibitor.
The composition of point 2 in Table 3.4 on the abrasive particle showed a significant presence
of oxygen, magnesium, aluminum, silicon and iron, predominant in the mineral components of
the abrasive (See Table 2.2).

©)

Abrasive particle
Steel swarf F=

Figure 3.14: Backscattered electron (BSE) images showing steel swarf and abrasive particles, 48
hours after the WAS cut. Points 1 and 2 in (b) represent a steel swarf and an abrasive particle.
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Table 3.4: Composition (atom %) of steel and abrasive particles 48 hours after the WAS cut

C @) Mg Al Si Ca Mn Fe

Steel particle (Point 1) 5.2 nd. 0.6 1.0 1.8 nd. 21 893
+1.9 0.8 0.6 0.6 +1.1 #45
Abrasive particle (Point2) 1.7 65.0 3.9 88 135 20 - 5.1
1.2 +3.0 0.7 +0.8 0.9 05 +0.2

*Errors are reported as £3¢ (three standard deviations), representing a 99.73% confidence interval for the
elemental quantification by EDX.
n.d — not detected

Figure 3.15 presents additional SEM images of the steel-abrasive mixture after longer
immersion periods of 216 hours and 456 hours, respectively. Visually, these images do not
reveal the widespread formation of distinct iron corrosion products or significant
morphological changes indicative of severe general corrosionon the steel particle surfaces. The
surfaces of the micrometer-size steel particles largely retain their metallic appearance and
roughness from the impact of the high-pressure WAS.

While SEM imaging primarily provided morphological information and may not definitively
confirmthe absolute absence of verythin, amorphous, or sub-microscopic corrosion layers, the
consistent visual integrity of the steel surfaces across the extended immersion times strongly
suggests that the C.Inh #4 inhibitor effectively prevented extensive macroscopic corrosion,
ensuring that the steel particles would be separable by magnetic filtration. This observation is
further supportedby the quantitative elemental analysis from EDX (Table 3.4 for48h, and later
XPS data in Section 3.2.2.2), which showed a very low or undetectable oxygen content on the
steel particles in the presence of the inhibitor. The lack of visible corrosion products by SEM,
coupled with the electrochemical data (Section 3.2.1) demonstrating high inhibition
efficiencies, indicates that the inhibitor maintained the surface integrity against aggressive
corrosion over these periods. More detailed chemical state analysis by XPS (Section 3.2.2.2)

provided further insights into the composition of any passive or adsorbed layers.
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Figure 3.15: SEM images showing steel and abrasive particles in suspension after the WAS cut (a)
and (b) 216 hours, (c) and (d) 456 hours.

3.2.2.2 X-ray Photoelectron Spectroscopy

To gain insights on the inhibitor composition and the nature of the film it forms on the steel
surface, a comparative XPS analysis of the bulk C.Inh #4 inhibitor and a 1.6310 steel coupon
treated with the inhibitor was performed and shown in Figure 3.16. The XP survey spectra of
C.Inh #4 shows the presence of oxygen, nitrogen and sulphur in the inhibitor formulation. The
binding energies of the N 1s and S 2p elemental lines (400.4 eV and 169 eV, respectively)
suggest the presence of amine and sulfur-containing groups (e.g., sulfates/sulfonates) in C.Inh
#4. As observed in Figure 3.16, the steel coupon treated with C.Inh #4 inhibitor shows the
presence of oxygen, nitrogen and a carbon-rich layer on the steel surface. In contrast, the
spectrum of the immersed steel coupon is devoid of any peak contributions from sulphur
suggesting that sulphur is not bound to the steel surface. Given that a native iron
oxide/hydroxide layer spontaneously forms on steel surfaces upon exposure to ambient
conditions, the interaction of C.Inh #4 predominantly occurs with this pre-existing surface
oxide rather than a pristine metallic iron surface. The most probable mechanism for the
formation of the protective layer, therefore, involves the interaction of carbon and nitrogen-
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containing functional groups from the inhibitor molecules (amines) with the steel's oxidized
surface. The observed O 1s peak at ~530 eV and the detected oxidized iron species (Fe 2p)
confirm the presence of surface oxides and hydroxides, further supporting that the interaction
of the inhibitor with these charged surface species is a key inhibition mechanism. This
interaction likely modifies the properties of the native oxide layer or forms a stable adsorbed

film on top of it, hindering further corrosion.
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Figure 3.16: Top — combined XP survey spectra of C.Inh #4 and 1.6310 steel surface treated with the
inhibitor. Bottom left - High-resolution S 2p XP spectrum of the pure C.Inh #4 inhibitor, with
deconvolution. The experimental data (black dots) are fitted with a Shirley background and Gaussian-
Lorentzian functions (red line). The spectrum reveals the presence of multiple sulfur species: sulfate
(SO4%7) and sulfite (SO3°") - blue shaded peak, and sulfur in an organic matrix - cyan shaded peak).
Bottom right— Combined N 1s spectra of C.Inh #4 and of 1.6310 steel surface treated with the inhibitor.
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Furthermore, the chemical composition of the film formed on a 1.6310 steel coupon immersed
in the WAS cutting solution during the cutting experiment was also analyzed by angle-
dependent XPS with the spectra for C 1s, N1s, Fe 2p and O 1s shown in Figure 3.17.

By varying the angle between the normal of the sample surface and the analyzer axis, the
information depth is varied. Spectra recorded at 20° between the normal of the sample surface
and the analyzer axis have a larger information depth than at higher angles. At 20° metallic
iron is pronounced at Fe 2p, whereasat 70° the Fe (hydr)oxide dominates. Spectra of C 1s and
N 1sare similar at all recorded angles indicating that the inhibitor film is located on the top of
the iron oxide, native to the steel surface. When exposed to ambient conditions, a native iron
oxide layer typically forms on steel surfaces after preparation. This could account for some of
the oxidation observed in the sample. At 70°, the hydroxide and hydrate portion at the O 1s
spectrum is enhanced compared to the oxidic portion. The WAS used for the cut consisted of
Tap water with 1.5 vol.% C.Inh#4 and 60 mg/l concentration of the additive (Liquitech 227P).

The survey XP spectrum characterizing the additive is provided in Figure A3 (appendix).

The XP spectra contained in Figure 3.17 provide information about the surface chemistry and
composition of the steel particles after WAS cutting with 1.5 vol.% C.Inh #4 inhibitor. In the
C 1s spectra, the COO peak at 288.2 eV corresponds to carboxylate groups, indicating the
presence of organicacids or their derivatives on the surface, likely fromthe corrosion inhibitor.
The prominent peak at a binding energy of 285 eV marked C;H, suggests the presence of
hydrocarbons, possibly from organic contaminants or dried residual inhibitor on the surface. In
the N 1s spectra, a nitrogen-containing species with a binding energy of 400.3 eV strongly
suggests the presence of an amine group on the steel surface. These groups identified to be
present on the surface give a clue as to the composition of the corrosion inhibitor. In the Fe 2p
spectra, peaks at 710 eV, and 707 eV binding energies correspond to different oxidation states
of iron — Fe-(111) and Fe-(0) respectively. The elemental line of Fe-(Il) between those of Fe-
(11) and Fe-(0) is not resolved but is expected to be present. The detection of Fe-(0) indicates
the presence of elemental iron within the information depth of XPS (~ 2.7 nm range for Fe-
oxide, Fe 2p spectrum) [183], In the O1s spectra, the observed peaks between 530eV and 532
eV suggest the presence of various oxygen-containing species, including iron oxides (Fe,O3),
and functional groups like hydroxyl (-OH), alcohol (-CO) or carboxyl (-COQ) groups. The
presence of carboxyl groups (-COO) and nitrogen-containing species indicates the possibility
of adsorption of the organic corrosion inhibitor on the steel surface, resulting in a detectable

layer that has minimized the corrosion rate.
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Figure 3.17: Angle-dependent XP spectra of a polished steel coupon immersed in the WAS basin 48
hours after the cut. The angle between the surface normal and analyzer axis: 20° (blue curves), 45°
(red curves) and 70° (green curves). The acceptance angle of the analyzer was +20°.

3.2.2.3 Long-Term Corrosion Monitoring after the WAS Cutting Process.

This section examines the long-term corrosion behavior of steel particles generated during the
WAS cutting process, after 18 months of immersion in the cutting suspension. The SEM
images, EDX and XP spectra of the steel are reported in Figures 3.18 — 3.26 and Tables 3.5 -
3.7 to provide a comprehensive understanding of the surface morphology and chemical
composition of the 1.6310 steel surface following prolonged exposure to the WAS

environment.

Figure 3.18 and Table 3.5 give a wide-area surface morphology and elemental composition of
the surface of a 1.6310 steel coupon, immersed in the WAS cutting basin during the WAS

cutting process, after 18 months in solution.
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2500m

Figure 3.18: BSE image of the surface of a 1.6310 steel coupon immersed in the WAS after 18 months
in solution. The marked area '1' indicates the region subjected to EDX analysis, with its elemental
composition detailed in Table 3.5.

Table 3.5: Composition in at.% of the surface area “1” (Fig. 3.18) of a 1.6310 steel coupon
immersed in the WAS for 18 months.

C 0 Al Si Cr Mn Fe Mo
Composition 6.1 2.0 0.8 1.2 0.2 1.1 88.4 0.2
(wt. %) +0.5 +0.2 +0.2 +0.3 +0.2 0.7 £1.7 0.1

The BSE image in Figure 3.18 reveals a surface exhibiting minimal evidence of widespread
general corrosion. While the 1.6310 steel itself contains a small percentage of silicon (0.28
wt.%), darker, localized features are observed across the SEM images in Figure 3.18, and
magnified in Figure 3.19). These features may represent the onset of localized corrosion or
could indicate the presence of co-deposited particulate matter from the cutting fluid, such as
aluminosilicate (clay) particles. Such particleswould appear darker in BSE images due to their
lower average atomic number compared to iron, and their presence could also offer nucleation
sites for further depositionor localized reactions. This possibility is supported by later localized
EDX analyses (Figure 3.19 and Table 3.6), which show significant concentrations of Al, Si,

and O in some of these darker regions, consistent with inorganic contaminants.

Despite these localized features, the overall elemental composition of the larger surface area
(“1”) shown in Table 3.5 shows a relatively low oxygen content and a high iron-to-oxygen
atomic ratio, suggesting that a significant, widespread corrosion layer had not formed over the
extended immersion period. This indicates that the inhibitor, C.Inh #4, maintained a degree of
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protective efficacy against general corrosion long-term. However, when comparing this to the
steel surface after 48 hours (where oxygen was below EDX detection limits, Table 3.4), the
observed 2.0 at.% oxygen after 18 months does indicate a degree of surface oxidation on the
over time. This suggests a gradual diminishing or alteration of the inhibitor layer's protective
ability in prolonged contact with the solution. Considering that the inhibitor was labeled
biodegradable by the manufacturer would support the observation. A higher magnification
image (10 um field width) was subjected to EDX analysis at three points (1, 2 and 3), for

localized corrosion investigation.

Figure 3.19: BSE image of the 1.6310 steel coupon surface after 18 months of immersion in the WAS,
displaying three marked regions (1, 2, and 3) for localized EDX analysis, with their elemental
composition detailed in Table 3.6.

Table 3.6 presentsthe elemental composition of three distinct points on the steel surface shown
in Figure 3.19. Points 1 and 2, which correspond to these darker features, exhibit high
concentrations of oxygen, aluminum, and silicon, consistent with the presence of inorganic
particulate contaminants. In contrast, Point 3 represents an areamore characteristic of the bulk
steel surface, showinga high iron content (93.9 at.%) and a very low oxygen content (below
detection limits). The composition of Point 3, with its high metallic iron signal and minimal
oxygen, indicates the absence of significantlocalized general oxidation atthis specific location
after long-term immersion in the WAS.

Considering the information depth of SEM-EDX analysis, very thin oxide layersare typically
not detected if the underlying metallic signal is dominant. While EDX indicated absence of
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bulk corrosion products on the steel surface, XPS (as discussed in Section 3.2.2.2) could still
detect the presence of a thin native oxide layer on the steel surface, even if macroscopically
insignificant.

Table 3.6: Composition of three sample points (1,2,3) in at. % on the surface of the steel
shown in Figure. 3.19 by SEM-EDX.

C O F Mg Al Si Ca Mn Fe Ni

Point 1 4.1 48.6 1.2 3.7 9.3 137 2.9 0.4 16.1 -
+ + + + + + + + +
0.6 1.2 1.4 0.3 0.3 0.3 0.2 0.2 0.6

Point 2 3.4 599 - 5.4 89 131 1.8 - 7.5 -
+ + - + + + + +
0.7 1.5 0.3 0.4 0.4 0.2 0.6

Point 3 3.1 - - - - 0.7 - 1.5 939 0.8

+0.6 + + + +

0.2 0.4 1.8 0.5

The XP spectrum of the steel surface is shown in Figure 3.20 and 3.21. The broad-scan XPS
spectrum (Figure 3.20) confirms the presence of carbon, nitrogen, oxygen, calciumand iron on
the surface. The presence of nitrogen suggests that some components of the inhibitor film

persist on the surface even after long-term immersion.

The N 1s spectrum of the steel after 18 months (Figure 3.21) shows a new peak at a higher
binding energy of 401.6 eV in addition to the 400.4 eV binding energy peak typical of nitrogen
from an amine group. The Fe 2p spectrum shows a Fe 2py/; peak at ~725 eV, a Fe 2p3, peak at
~711 eV and a satellite of Fe 2ps, indicating iron at the +3-oxidation state. Present in the
spectrum are also peaks showing the presence of Fe (11) and Fe (0) at lower binding energies
and lower intensitiescompared to Fe (111). The presence of Fe (0) signal confirmsthatthe oxide
layer remains relatively thin, allowing photoelectrons from the underlying metallic iron to be
detected. The presence of a high concentration of oxygen in the XPS analysis (from the O 1s
signal) is in agreement with the SEM analysis suggesting the onset of localized corrosion all

over the steel surface as residence time in solution reached 18 months.

It is worth noting that the performance of C.Inh #4 inhibitor, far exceeds the initially estimated
corrosion inhibition time needed (2 weeks) for processing the steel-abrasive mixture obtained
from the WAS cutting of the RPV steel.
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Figure 3.20: XP survey spectrum of a polished 1.6310 steel coupon surface after 18 months of
immersion in the WAS, rinsed with Milli-Q water prior to measurement.
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Figure 3.21: N 1sand Fe 2p XP spectra of a 1.6310 steel coupon surface after 18 months of immersion
in the WAS. The N 1s spectrum (left) reveals two nitrogen species, including a prominent amine group
peak at ~400.4 eV and an additional peak at 401.6 eV. The Fe 2p spectrum (right) shows peaks
corresponding to various iron oxidation states: metallic iron Fe (0), Fe-(11), and Fe-(l11).

Figures 3.22 and 3.23 provide further insights into the long-term surface state of the 1.6310
steelcoupon after 18 months ofimmersionin the WAS cuttingsuspension. Figure 3.22 displays
SEM images, which reveal the presence of numerous darker, localized features scattered across

the steel surface. These features exhibit distinctive morphologies, including irregular,
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filamentous, or clustered structures, which are visually characteristic of microbial colonization
and biofilm formation [186.187] Further EDX analysis of these localized features was conducted,
as presented in Figure 3.23 for points 1 and 2, with their atomic compositions detailed in Table
3.7. The EDX spectra from these darker areas show significantly higher atomic concentrations
of carbon, nitrogen and oxygen compared to the surrounding steel matrix (e.g., Point 1: 35.4%
C, 7.8% O; Point 2: 2.6% C, 3.7% O). This elemental composition is characteristic of organic
matter and biological structures 18] suggesting the presence of microorganisms forming a
biofilm on the steel surface.

Figure 3.22: SEM imagesof 1.6310 steel surface at different magnifications showing bacterial presence
(darker features) after immersion in WAS for 18 months. Points 1 and 2 EDX spectra are found in
Figure 3.23.

[
2500
2000
2
(@) = 1500 e
2
‘@
£ 1000
8
C 0
500 "
0 T T T T T T T T
0.2 0.4 0.6 0.8 L0 12 14 16
2500-]
—. 2000-]
74}
5
b —
( ) P 1500
‘@
=]
E 1000-|
500 0
c
o T T T T T T T T
0.2 0.4 0.6 0.8 1.0 12 14 1.6

Energy (keV)

Figure 3.23: EDX analysis of pointsa and b in Fig. 3.22 on the 1.6310 steel surface after 18 months
in WAS. (a) EDX spectrum for point 1; (b) EDX spectrum for point 2. Electron beam energy: 2.5 kV.



Table 3.7: Elemental composition (in at. %) of points 1 and 2 in Fig. 3.23.

C 0] N Fe
Point 1 29.0+0.9 124 +25 9.2+0.9 49.4+25
Point 2 25+0.3 73+14 - 90.2 +2.7

The possible presence of microorganisms suggests that the tap water, despite the addition of a
corrosion inhibitor, was not sterile and contained viable microbial species. While some
microorganisms are known to be tolerant to or even metabolize certain corrosion inhibitors,
their presence could lead to the formation of a biofilm on the steel surface [18¢l, This biofilm
can trap moisture, nutrients, and even corrosion products and creates microenvironments at the
metal surface that differ significantly from the bulk solution chemistry, potentially altering the
effectiveness of the inhibitor. This phenomenon could lead to localized corrosion processes
beneath the biofilm, otherwise known as microbiologically influenced corrosion (MIC) [187],

3.3 Separation and Characterization of C.Inh #4 Inhibitor Composition

To explain fully the corrosion inhibition mechanism of C.Inh #4 and to provide a foundation
for understanding its behavior in the presence of ionizing radiation, a comprehensive
characterization of its chemical composition was necessary. Since C.Inh #4 is a commercial
formulation, the precise molecular structures of its active components were initially unknown.
In this section, details of the analytical approach combining results from XPS, NMR and El-
MS, to identify the key constituents of C.Inh #4 are presented. Resolving the structures of the
constituent compounds of the inhibitor enabled the correlation of its overall performance with

specific molecular properties and interactions.

3.3.1 Chemical Composition of Adsorbed Inhibitor

Information from the safety datasheet of C.Inh #4 indicated thatitisan “amine-based” inhibitor
formulation. The XP spectra of the pure inhibitorand of the surface of 1.6310 steel treated with
the inhibitor were presented in Figure 3.20. Comparison of the pure inhibitor's XP spectrum
(red trace) with that of the steel surface after immersion in the inhibitor solution (blue trace)
provided initial insights into the elemental composition and surface interactions. The pure
inhibitor spectrum exhibited prominent peaks corresponding to carbon (C 1s), oxygen (O 1s),
and nitrogen (N 1s), confirming these elements as key components of the organic compounds

within the formulation. Additionally, distinct sulfur peaks (S 2s and S 2p) were observed in the
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pure inhibitor spectrum, with the S 2p binding energy (typically 168-169 eV) consistent with

sulphate and sulfone core levels [189.190],

As already highlighted in the previous section, the XP spectrum of the steel surface after
inhibitor treatment showed significant peaks for C 1s, O 1s,and N 1s, indicating the successful
adsorption or interaction of carbon-, oxygen-, and nitrogen-containing species from the
inhibitor onto the steel surface. The N 1s binding energy at approximately 400.3 eV confirmed
the presence of amine groups on the adsorbed layer, consistent with the "amine-based" nature
of the formulation. However,the S 2s and S 2p peaks, clearly presentin the pure inhibitor,
were absent from the steel surface spectrum. This strongly suggests that the sulfur-containing
compound(s) present in the bulk inhibitor formulation either did not adsorb onto the steel
surface, or adsorbed in negligible quantities that were below the XPS detection limit, and

therefore likely do not contribute directly to the formation of the protective layer.

3.3.2 Nuclear Magnetic Resonance (NMR) Spectroscopy

To elucidate the molecular composition of C.Inh #4, a series of NMR experiments were
performed. The 'H NMR spectrum for C.Inh #4 in DO (Figure 3.27) revealed distinct proton
environments, indicative of a multi-component mixture. Multiplets (m) observed between 0.8
to 1.5 ppm were characteristic of aliphatic protons (-CH3 or -CH,-) within hydrocarbon chains.
The observed splitting patterns suggest the presence of multiple adjacent protons, consistent
with relatively long alkyl chains [192, A triplet (t) at approximately 2.3 ppm suggested a -CHy-
group adjacent to an electron-withdrawing group, such as a carbonyl or carboxyl moiety 192,
Doublet peaks in the aromatic region (7.0 to 8.0 ppm) indicated the presence of aromatic
protons, with splitting patterns suggesting substitution on the aromatic ring 1911, Highly intense
triplet signals at 2.8 and 3.7 ppm were particularly notable, suggesting a -CH,-CH,-

substructure where each -CH,- group is bonded to different electronegative functional groups
[192]
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Figure 3.24: *H NMR spectrum (chemical shift (in ppm) vs signal intensity) of C.Inh #4. Insets and
annotations show aliphatic and aromatic regions and possible groups present in the constituent
molecules of the inhibitor.

The *H,'H COSY NMR spectrum (Figure 3.25) provided crucial connectivity information
between protons, allowingfor the identificationofdistinctmolecular specieswithin the mixture
(193], Based on the observed cross-couplings, three distinct, uncoupled spin systems were
identified, providingcompellingevidence for the presence of atleast three different compounds
within C.Inh #4:

e Spin System 1 (Aromatic Component): This system is evidenced by the cross-
couplings observed solely within the aromatic region (around 7.5 ppm), and a distinct
cross-coupling between these aromatic signals and a singlet (methyl group) at 2.4 ppm
(as indicated in Figure 3.25). The absence of cross-peaks between this system and other
regions of the spectrum confirms it as a self-contained molecular entity.

e Spin System 2 (Ethanolamine Derivative): The highly intense signals at 2.8 and 3.7
ppm showed strong cross-couplings isolated from other spin systems, unequivocally
confirming the x-CH,-CHz-y substructure. Given their high intensity, this compound
represents a major constituent of C.Inh #4 and is consistent with ethanolamine,

diethanolamine, or triethanolamine.

86



e Compound 3 (Aliphatic Component): Multiple cross-peaks are observed only within
the broad aliphatic region (0.8-2.0 ppm), with no cross-couplings to either the aromatic
system or the 2.8/3.7 ppm system. This indicates a third, independent spin system,

corresponding to a compound dominated by aliphatic chains.

|

Figure 3.25: Two-dimensional Homonuclear Correlation Spectroscopy (*H, *H COSY) NMR spectrum
of the C.Inh #4 formulation in D20. Cross-peaks, such as those highlighted by the red and green
ellipses, indicate scalar (spin-spin) coupling between protons on adjacent or nearby atoms within the
same molecule, thereby revealing direct through-bond connectivities. The prominent signal around
4.7 ppm, labeled "Water Signal,” corresponds to residual H20O protons present in the deuterated
solvent (D20).

The 13C NMR spectrum (Figure 3.26) indicates the nature of carbon atoms present in the
inhibitor, providing further support for the interpretations [191.192], A peak correspondingto a -
CHs group was observed, consistent with the aromatic component (Spin System 1). Multiple -

CH,- peaks were identified, some with high intensity, reinforcing the presence of
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ethanolamine-like structures (Spin System 2) and other alkyl chains (Spin System 3).
Importantly, the presence ofasignalaround 183.75ppm indicateda carboxylic acid (-RCOOH)
or ester (-RCOOR’) moiety. For the aromatic component identified in Spin System 1, the
combination of *H and 13C shifts, along with the absence of a carbonyl functionality directly
attached to the aromatic ring, suggested an oxygen-based substituent (likely a hydroxyl group)

attached to the toluene ring.
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Figure 3.26: **C-NMR spectrum of C.Inh #4 formulation in D,O. Key assignments include
characteristic peaks for carboxylic acid/ester carbons (RCOOR, ~183.75 ppm), aromatic carbons (4x
C-Aromatic, ~126-145 ppm), methylene carbons (2x CH: , ~55-58 ppm; 4x CH.,~25-42 ppm), and a
methyl carbon (1x CHs, ~20.65 ppm).

Following column chromatography of C.Inh#4, four fractions were collected (vis Fraction 1 —
4) and their *H NMR spectra were compared to the original C.Inh #4 mixture (Figure 3.27).
Fraction 1 showed distinct peaks consistentwith an ethanolamine derivative, further supporting

the presence of the compound identified in Spin System 2.

Overall, the NMR data established C.Inh #4 as a complex mixture containing at least three
main components: a major ethanolamine derivative, an aromatic compound resembling a

substituted toluene, and a largely unresolved component containing long aliphatic chains.
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Figure 3.27: Comparison of *H NMR spectra for the original C.Inh #4 formulation (purple trace) and
four distinct fractions (Fraction 1: black, Fraction 2: red, Fraction 3: blue, Fraction 4: green)
obtained through column chromatography of C.Inh #4.
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3.3.3 Electron lonization Mass Spectrometry and Definitive Identification

To complementthe NMR analyses and provide definitive molecular identification, particularly
for components less resolved by NMR, Electron lonization Mass Spectrometry (EI-MS) was
performed. As described in Section 2.2.5, the analysis was conducted using a Gas
Chromatography-Mass Spectrometry (GC-MS) system. The GC-MS data (Figure 3.28)
presented two distinct chromatographic peaks, observed within retention time windows of
0.99-1.26 min and 2.47-2.91 min. These distinct peaks indicate the presence of at least two
major eluting species that were subsequently characterized by their mass spectra. The notation
"MS: 0.99-1.26 min" refers to the mass spectrum (or integrated mass spectral data) acquired
for the compound(s) eluting from the gas chromatograph within that specific retention time

range [194],

The upper spectrum (corresponding to the earlier eluting species, likely from the NMR Spin
System 2) showed a prominent signal at m/z 118.0966, which can be assigned to a fragment of
triethanolamine (TEA). The protonated molecule peak of TEA (CsH1sNO3) is expected at m/z
150.1130, and a signal at m/z 150.1242 was observed, strongly supporting the presence TEA.
The fragmentation pattern, including the loss of CH3OH and further ethanol chains, was
consistent with TEA's known fragmentation pathways [195],
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Figure 3:28: Electron lonization Mass Spectra (EI-MS) of the C.Inh #4 Formulation.

The lower spectrum (corresponding to the later eluting species, initially assigned as aromatic
compound identified in the NMR Spin System 1) exhibited a more complex fragmentation
pattern. This spectrumdisplayedsignificantfragments containingsulfur such asm/z 155.0218,
assigned to [C;H;SO,] *, and m/z 184.0488, assigned to [C;H;SO,NHCH,] *. These sulfur-
containing fragments, coupled with the presence of the tolylion (m/z 91.0585), provided strong

evidence forasulfur-containingaromatic compound with an aliphatic chain in the formulation.

Following the comprehensive preliminary analytical findings, the manufacturer of C.Inh #4
was contacted to confirm the identity of the major constituents. This communication
definitively identified three primary active compounds in the formulation: 2,4,6-Tri (6-
aminohexanoic acid)-1,3,5 triazine (TACT), 6-(4-Methylphenylsulfonamido) hexanoic acid,
and Triethanolamine (TEA), with TEA and TACT being themselves corrosion inhibitors [81.84,
To provide confirmation of these identities, pure samples of TEA and TACT were acquired,
and their*H NMR spectrawere directly compared with thatof the C.Inh #4 formulation. Figure
3.29 presents the comparative NMR data: the green spectrum represents pure TEA, the red
spectrum corresponds to pure TACT, and the black spectrum is that of the C.Inh #4
formulation.
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Figure 3.29: Comparative *H NMR spectra of pure Triethanolamine (TEA, green), pure 2,4,6-Tri (6-
aminohexanoic acid)-1,3,5 triazine (TACT, red), and the C.Inh #4 formulation (black).

It can be observed from Figure 3.29 that the black spectrum of C.Inh #4 is clearly a

superposition of the characteristic signals from both pure TEA and pure TACT.

The prominent triplets in the black spectrum at approximately 2.8 ppm and 3.7 ppm precisely
match the characteristic signals observed in the pure TEA spectrum (green), confirming the
presence of TEA's -CH,-CH,- substructures adjacentto nitrogen and oxygen, respectively. This

aligns with the initial NMR interpretation of Compound 2.

Similarly, the aromatic signals in the black spectrum (around 7.5 ppm) and the triplet at
approximately 3.2 ppm, along with other aliphatic signals (e.g., around 0.8-1.7 ppm and 2.2
ppm), are in direct correspondence with the peaks observed in the pure TACT spectrum (red).

With the additional information supplied by the manufacturer, a comprehensive reconciliation

of analytical findings for the three compounds was as follows:

Triethanolamine: Its presence is strongly supported by the characteristic triplet signals in the
C.Inh #4 NMR spectrum (matching pure TEA) and the molecular ion fragment in the EI-MS
(m/z 150.1242). This corresponds to the previously identified compound in Spin System 2.
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2,4,6-Tri (6-aminohexanoic acid)-1,3,5 triazine: Its presence is confirmed by the specific
aromatic and aliphatic signals in the C.Inh #4 NMR spectrum that perfectly match pure TACT
(Figure 3.31). TACT contributes significantly to the nitrogen contentdetected by XPS (Section
3.3.1).

6-(4-Methylphenylsulfonamido) hexanoic acid: This compound directly accounts for the
sulfur-containing fragments (m/z 155.0218,184.0488) observed in the EI-MS (Figure 3.31)
and the sulfur peaks detected in the bulk inhibitor's XPS (Section 3.3.1). Its structure,
containing a methylphenyl (tolyl) group and a hexanoic acid chain, also aligns with the initial
NMR observations of “aromatic with tolyl group” and contributes to the broader aliphatic

signals initially grouped under Spin System 3.

The absence of sulfur peaks in the XPS spectrum of the adsorbed layer on the steel surface
(Section 3.3.1), despite the confirmed presence of 6-(4-Methylphenylsulfonamido) hexanoic
acid in the bulk formulation, suggests that this sulfur-containing component either does not
adsorb significantly onto the steel surface, or its adsorption is too weak or sparse to be detected
by XPS. This implies that its contribution to the direct formation of the protective surface film
may be negligible, with the primary surface-adsorbing species being TEA and TACT. In
addition, based on the “CHON” principle described in Chapter 2 as an inhibitor selection
criterion, further study on 6-(4 Methylphenylsulfonamido)-hexanoic acid was discontinued
because of the presence of sulfurin the compound. The findings in this section aligns with
common commercial formulations where TACT is typically dissolved in triethanolamine and

used asa biodegradable corrosioninhibitor for water-based lubricants and metal working fluids
[58-60]

In conclusion, the formulation of C.Inh #4 has been identified using complementary methods.
The structures of TEA and TACT are given in Figure 3.33
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Figure 3.30: Chemical structures of the key components of C.Inh #4: (a) Triethanolamine — CsH1sNOs

(TEA), (b) 2,4,6-Tri (6-aminohexanoic acid)-1,3,5 triazine - C21H3sNsOs (TACT), and (c) 6-(4-
Methylphenylsulfonamido) hexanoic acid.
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3.4: Corrosion Inhibition of RPV Steel with Unirradiated TEA and TACT
Inhibitors

Following the definitive identification of Triethanolamine, and 2,4,6-Tri (6-aminohexanoic
acid)-1,3,5 triazine as primary active constituents of C.Inh #4 (Section 3.3), further
investigation into their individual corrosion inhibition properties on 1.6310 ferritic steel are
presented. Understanding their unirradiated behavior and mechanisms is crucial, establishing

a baseline for interpreting ionizing radiation effects (Section 3.5).

In this section, the electrochemical performance, adsorption characteristics, and film properties
of TEA and TACT in a near-neutral bicarbonate medium, mirroring WAS cutting conditions

are covered.

3.4.1 Electrochemical Measurements of 1.6310 Steel in TEA and TACT Solutions

3.4.1.1 Open Circuit Potential Measurements of 1.6310 Steel in TEA and TACT Solutions

OCP measurements for 1.6310steel (with an exposedsurfacearea of 0.84 cm?2) in 0.06 mol/dm3
NaHCOj3 solution containing TEA and TACT inhibitors, performed at room temperature in
aerated conditions, are presented in Figure 3.31. As discussed in Chapter 2.2 (Electrochemical
Measurements), 0.06 mol/dm3 NaHCO3 was utilized as electrolyte for these further studies, a
selection informed by an industrial partner involved in the project. These experiments with
TEA and TACT were performed to simulate representative industrial application conditions.

For all tested TACT concentrations (100 ppm, 200 ppm, 300 ppm, and 400 ppm), the OCP
exhibited a rapid and significant positive shift from the initial negative potential due to the pre-
measurement depassivation step, similar to observations in Section 3.1.2.1. This swift
ennoblement of the potential suggests a rapid interaction of TACT molecules with the steel
surface. The OCP values for all TACT concentrations stabilized quickly, typically within the
first 0.5 hours, at significantly more noble potentials, ranging from approximately -240 mV to
-190 mV vs. Ag/AgCI. This represents a substantial positive shift of approximately 440-490
mV compared to the blank solution. Notably, increasing TACT concentration from 100 ppm
to 400 ppm leads to a progressive, albeit slight, shift towards more noble potentials and
potentially faster stabilization,suggestingan enhanced protective effectwith increasing surface
coverage. However, a slight deviation is observed where the OCP at 300 ppm (-212.4 mV) is
marginally lower (less noble) than at 400 ppm (-197.9 mV). This minor deviation from the
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otherwise consistenttrend lies within the expected variability of electrochemical measurements
and can be attributed to a number of factors such as instrument noise, local fluctuations in
electrode kinetics from variations in surface preparation, or transient changes in solution
conditions. In addition, at concentrations of 300 ppm and above, TACT's high inhibition
efficiency (over 98%, Table 3.9) suggests that the steel surface is already approaching
saturation coverage. Small differences in OCP within this saturation regime could arise from
subtle, localized film heterogeneity, or the dynamic equilibrium of adsorption/desorption. The
consistently high and stable OCP values across this concentration range indicate that TACT

effectively passivates the steel surface, significantly reducing its susceptibility to corrosion.

The OCP behavior at different TEA concentrations showed a varied, concentration-dependent

trend as shown in Figure 3.31.

At 1000 ppm, the OCP initially shifts positive but then stabilizes at approximately -600 mV vs.
Ag/AgCI. While this is slightly more noble than the blank (-680 mV), it remains a relatively
negative potential, indicating only partial corrosion inhibition at this low concentration,
consistent with the lower inhibition efficiency observed in Table 3.10. At 3000 ppm, the OCP
exhibits a rapid initial positive shift, similar to higher concentrations. However, it then
undergoesapronounced transientdrop in potential (between approximately 0.2 and 0.5 hours),
before slowly recovering and stabilizing around -400 mV vs. Ag/AgCI. This transient dip
suggests an initial, perhaps incomplete, film formation followed by a temporary breakdown or
rearrangement of the protective layer, before a more stable, albeit less noble than optimal, state
is achieved. This behavior correlates directly with the "jump™ in inhibition efficiency observed
in the potentiodynamic polarization curves (Figure 3.36 Table 3.10), where 3000 ppm marks a
critical concentration for effective inhibition. When the concentration was increased to 5000
ppm, 8000 ppm, and 10000 ppm, the OCP curves showed rapid and substantial positive shifts,
stabilizing quickly at nearly similar noble potentials (ranging from approximately -220 mV to
-190 mV vs. Ag/AgCl). These potentials are comparable to, or even slightly more noble than,
those achieved with TACT, indicating highly effective corrosioninhibitionatthese higher TEA
concentrations. The similarity in the stabilized OCP values across these high concentrations
suggests that the steel surface reaches a saturation point for TEA adsorption, beyond which

further concentration increases have a negligible effect on the open-circuit potential.
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Figure 3.31: OCP measurement of 1.6310 steel coupons immersed in 100 ppm — 400 ppm
concentrations of TACT in 0.06 mol/dm® NaHCOj3 solution (left) and in 1000 ppm — 10,000 ppm
concentrations of TEA in 0.06 mol/dm*® NaHCOj3 solution (right) both at r.t. and in aerated conditions.

3.4.1.2 Electrochemical Impedance Spectroscopy Measurements of 1.6310 Steel in TEA and TACT
solutions.

The results of EIS measurements performed after OCP stabilization are presented in Figures
3.32 — 3.34 representing the Nyquist (Complex Plane) and Bode plots. In addition, an
equivalentcircuitmodel— Randles with CPE was used to fitthe EIS dataand extract parameters

given in Table 3.8.

The Nyquist plots in Figures 3.32, show single, depressed semicircles for all the measured
concentrationsof TEAand TACT. This characteristic shapeindicatesthatthe corrosionprocess
occurring in these systems is primarily charge transfer-controlled, and the depression is
attributed to surface inhomogeneities, roughness, or a distribution of relaxation times at the
steel-electrolyte interface [92.1%I, The diameter of the semicircle, corresponding to the charge
transfer resistance (Ry), increases with increase in inhibitor concentration for both TEA and
TACT. At 1000 ppm TEA concentration, the semicircle diameter is relatively small (R, ~ 14.3
kQ), indicating partial inhibition. A dramatic increase in diameter is observed as the
concentration rises to 3000 ppm (R, ~145.0+ 4.5 kQ), and further to 5000 ppm (R, = 357.0+
9.7 kQ). This confirms that a critical concentration is required for TEA to form a highly

resistive film.

Interestingly, the R, value then shows a decrease at 8000 ppm (Rp =~ 215.1+6.5 kQ) before
increasing again at 10000 ppm (R, ~483.2 kQ), reaching the highest observed resistance. This
deviation from the trend at very high concentrations can be attributed to several factors in
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addition to those suggested in the OCP results (Section 3.4.1.1). The decrease at 8000 ppm
might be due to over-concentration effects, where a less ordered or more porous multilayer
forms, or a change in the adsorption mode that is less efficient for barrier protection. However,
at the extremely high concentration of 10,000 ppm, a re-ordering or compaction of the
multilayered film might occur, leading to a more effective barrier. Alternatively, at such high
concentrations, the increased bulk viscosity of the solution could significantly impede the
diffusion of corrosive species to the electrode surface, leading to a diffusion-limited corrosion
rate that manifests as a higher apparent R,. This suggests that beyond a certain optimal
concentration, the inhibition mechanism mightinvolve acombination of surface film properties

and bulk solution effects.

TACT, in contrast, exhibited a much larger semicircle diameter even at significantly lower
concentrations. At 100 ppm, Rp = 69.0 kQ, which is already substantially higher than TEA at
1000 ppm. The diameter continues to increase with concentration, reaching Rp =220.0 £6.6
kQat300 ppmand Rp=252.0£7.6kQ at 400 ppm. These resultsindicate that TACT provides
protective resistance at comparatively high efficiency at much lower concentrations (e.g., 100
— 300 ppm) compared to TEA (which requires > 3000 ppm). This difference in efficiency can
be attributed to their distinct adsorption mechanisms, as further explored in Section 3.4.2.

Table 3.8: EIS parameters extracted from the Randles with CPE EEC model fittings for
1.6310 steel in TEA and TACT solutions. 2 values were ~10-# for the model fittings.

Conc. Rs Rt Q o CPEg IE
(ppm) Q) (kQ) (HFsC) (HF) (%)
Blank 98.6+52 28+0.5 168.0+5.2 0.70 180.5+4.3 -
1000 90.3+3.8 143+04 130.3+3.3 0.85 112.7+85 804
3000 155.7+31 1450+45 50.0+15 080 82740 98.1
TEA 5000 82.0+16 357.0+£9.7 435+13 082 795+32 99.2
8000 107.9+22 2151+65 46.6+1.7 091 67.8+£27 987
10,000 55.1+1.1 483.2+155 41.4+29 093 515+27 994
100 128.0+26 69.0+3.1 61.1+18 0.69 1169+9.5 959
TACT 200 138.1+28 84.3+25 405+12 0.88 473+25 96.7
300 120.2+24 220.0+6.6 28.3+0.9 082 425+19 987
400 1325+26 2520+76 186+0.6 0.65 129+27 98.8
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Figure 3.32: Nyquist plots of 1.6310 steel in 0.06 mol/dm*® NaHCO; with varying TEA inhibitor
concentrations.

The Bode plots in Figures 3.33 and 3.34, the phase angles shiftto more negative values (~—70°
to —80°) at high concentrations for both TEA and TACT indicating an increase in capacitive
behavior. A single well-defined time-constant (single peak) is observed for both inhibitors at
all measured concentrations indicating that the corrosion process is primarily controlled by the
kinetics of electron transfer reactions at the interface, rather than by mass transport (diffusion)
limitations or multiple, distinct layers with different electrochemical properties. Also, this
implies that inhibition from both TEA and TACT is from a single, uniform protective layer
(e.g., a monolayer or a compact, homogeneous multilayer) that acts as the main barrier to
corrosion. For all concentrations of both inhibitors, the impedance magnitude at high
frequencies remains relatively constant and similar to the blank solution's resistance (R, in
Table 3.11, typically around 100€2). This confirms that the inhibitors primarily affect the
electrode-electrolyte interface. The consistentincrease in R, and the shift of the phase angle
peaks towards lower frequencies and higher values with increasing concentration confirm the
formation of a more compact and protective barrier layer for both inhibitors.
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Figure 3.33: Bode plots of 1.6310 steel in 0.06 mol/dm® NaHCO3 with varying TEA inhibitor
concentrations.
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Figure 3.34: Bode plots of 1.6310 steel in 0.06 mol/dm® NaHCOs with varying TACT inhibitor
concentrations

3.4.1.3 Potentiodynamic Polarization Measurements of 1.6310 Steel in TEA and TACT solutions.

Figures 3.35 and 3.36 show the potentiodynamic polarization curves for solutions with
different concentrations of TACT and TEA respectively, from experiments performed
immediately after EIS experiments with the same electrode in each case. Tables 3.9 and 3.10
give the extracted Tafel Extrapolation parameters and corrosion rates. The potentiodynamic
polarization curves for TEA and TACT demonstrate their effectiveness as mixed-type
inhibitors, significantly suppressing both anodic (metal dissolution) and cathodic (oxygen
reduction) reactions on the 1.6310 steel surface. In addition, the corrosion current (igrr),
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reflectingthe rate of electrochemical reactions (charge transfer) on the metal surface, decreased
with higher inhibitor concentrations possibly due to higher surface coverage of the inhibitors

on the metal electrode.

For TACT, even at a low concentration of 100 ppm, the anodic and cathodic branches were
remarkably shifted to low current densities comparedto the blank. A very low igy (0.18+0.01
nA) is recorded in Table 3.9. A distinct passivation region is evident on the anodic branch,
signifying the formation of a protective film. With further increase in concentration to 200
ppm, 300 ppm, and 400 ppm, only marginal additional shifts towards lower current densities
and more noble potentials are observed. The ic vValues remain very similar (e.g., 0.14+0.01
nA at 200 ppm and 300 ppm, 0.11+0.01 pA at 400 ppm), with inhibition efficiencies
consistently >98%. This indicates that TACT reaches its saturation coverage and maximum
protective effect at or below 100 ppm, with additional concentration providing negligible
further benefit. The anodic branches for these concentrations show wide passivation plateaus

with consistently steep cathodic slopes confirming sustained mixed-type inhibition.

Similar results have been reported in literature by Yoo etal 841, In their work, 200 ppm TACT
inhibited the corrosion of mild steel in 1 mol/dm3HCI up to 98%, with Eqr around -399 mV
vs Ag/AgCI.
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_8 I i I M I i I v I 4 I ' I i
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Figure 3.35: Potentiodynamic polarization curves of 1.6310 steel immersed in solutions with 100 —
400 ppm TACT concentrations. Measurements were at r.t, in aerated conditions.
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At 1000 ppm TEA, partial inhibition is provided by the inhibitor molecules. The cathodic and
anodic branches are shifted to lower current densities compared to the uninhibited blank, but
the iy remains relatively high (4.62+0.01 pA, Table 3.10). The curve indicates that the
protective film is incomplete or less effective, allowing significant corrosion to proceed. A
slightimprovementininhibitionisobserved at2000 ppm, with i¢yr at 4.26+0.02 pA. The shape
of the curve remainssimilarto 1000 ppm, indicatingthatthe critical concentration for effective
passivation has not yet been reached. 3000 ppm concentration marks a critical threshold for
TEA's effectiveness as an obvious shiftis observed, with both anodic and cathodic branches
moving significantly towards much lower current densities. The icr dropsto 0.26+0.01 pA,
yielding a high inhibition efficiency. A clear and broad passivation region emerges on the
anodic branch, where the current density remains very low over a wide potential range (~-0.1

V to +0.3 V vs. Ag/AgCl), indicating the formation of a stable and highly protective film.

At much higher concentrations (>5000 ppm), the PDP curves become remarkably similar,
indicating that a state of saturation coverage of the steel surface has been reached by the
inhibitor. The i values remain very low (e.g., 0.08+£0.01 pA for 5000 ppm) with Ecor Values
> 200 mV. The anodic branches show robust passivation regions, and the cathodic slopes are
steep, confirming strong suppression of both reactions. The slight non-monotonic behavior in
R, values between 5000 ppm and 8000 ppm (as discussed in the EIS section) is a subtle effect

not overtly visible in the overall shape of these PDP curves, which remain highly protective.
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Figure 3.36: Potentiodynamic polarization curves of 1.6310 steel in solutions with 1000 — 10,000 ppm
TEA concentrations. Measurements were at r.t, in aerated conditions.
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It is clear from Tables 3.9 and 3.10 that an increase in concentration led to a decrease in
corrosion rate and an increase in inhibition efficiency correlated with an increase in effective
inhibitor surface coverage. This suggests that both inhibitors effectively reduce corrosion by

interacting with the steel surface.

TEA (5000 ppm) shows excellent inhibition, reducing CR from 0.11 + 0.01 mm/y to 0.0005
mm/y. With 100 — 400 ppm TACT, over 90% inhibition efficiency is achieved. In comparison,
10 times less concentration of TACT is required to achieve the same level of corrosion
inhibition as with TEA.

Table 3.9: Tafel Extrapolation parameters for 1.6310 Steel in Blank and TACT solutions

Conc. Ecorr icorr Ba Be CR IE 0
(ppm) (mV) (HA) (mV/dec) (mV/dec) (mmly) (%)
blank -733.5+9.0 8.12+0.03 109.1+15 301.2+3.0 0.11+0.01 - -
100 -242.2+7.2 0.18+0.01 1321+15 93.2+15 (2.56+0.08)E-3 97.7 0.98
200 -234.3+8.0 0.14+0.01 210.7+15 83.6+15 (2.00+0.06)E-3 98.3 0.98
300 -212.4+3.0 0.14+0.01 1046+15 526+10 (2.01+0.06)E-3 98.2  0.98
400 -1979+25 0.11+0.01 1384+15 550+10 (1.57+0.05E-3 98.6 0.99
Table 3.10: Tafel Extrapolation parameters for 1.6310 Steel in TEA solutions
Conc. Ecorr corr Ba Be CR IE 0
(ppm) (mV) (HA) (mV/dec) (mV/dec) (mmly) (%)
1000 -540.0+23.0 4.62+0.01 123.9+1.5 289.5+150 0.07+0.01 43.1 0.43
2000 -393.6+13.0 4.26+0.02 995+1.0 155.7+12.0 0.06 £0.001 475 0.48
3000 -217.8+22.1 0.26+0.01 86.4+1.0 62.9+10.0 (3.64+£0.10)E-3 96.8 0.97
4000 -222.0+£21.0 0.07+£0.01 678+1.0 520x8.2 (1.58+0.05)E-3 99.1 0.99
5000 -214.1+9.0 0.08+0.01 81.8+10 459+35 (0.50+0.02)E-3 99.0 0.99

The requirement for a relatively high concentration of TEA to achieve effective inhibition,
particularly when compared to TACT which chemisorbed and had long hydrocarbon chains
providing more coverage (Section 3.4.1), can be attributed to its primary physisorption
mechanism (Section 3.4.2). Physisorption relies on weaker interactions and typically
necessitates a higher bulk concentration to achieve and maintain a significant degree of surface
coverage compared to inhibitors that utilize stronger chemisorption. Thus, a higher

concentration of TEA is needed to establish a sufficiently dense protective layer capable of
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effectively impeding the corrosion process. Similar results have been obtained in literature
using TEA and its derivatives as corrosion inhibitors for steels in different media. Tocharat et
al [197 reported that even at a concentration of 2.4% (~24,000 ppm), pure TEA had an
inhibition efficiency of 77% and still showed rust spots with cast iron chipsin 0.1 M NaCl. Li
et al 9] reported TEA used synergistically with sodium silicate (SS) for inhibiting the
corrosion of 45 Steel in 3.5% NacCl solution. Their results indicate that the inhibition effect of
the composite inhibitor (TEA + SS) improved as the TEA concentration increased up to 3 g/L
(3000 ppm), beyond which it started to decrease due to competitive adsorption. Furthermore,
Kim et al [1991 used TEA synergistically with NaNOjs for inhibiting the corrosion of ductile cast
iron in tap water. Their findings indicate that at least 2.5% TEA was needed for synergistic

inhibition with 1000 ppm of the nitrite.

These findings support the observation in Figure 3.36 that a concentration around 3000 ppm
(0.3 vol.%) is a significant threshold for TEA's effectiveness, even when potentially acting

synergistically.

3.4.1.4 Comparative Electrochemical Analysis of C.Inh #4, TEA, and TACT

A comparative analysis of the electrochemical results obtained for the commercial inhibitor
formulation C.Inh #4 (discussed in Section 3.1.2) and its two primary active components, TEA
and TACT, discussed in Section 3.4.1 is provided. Thiscomparisonis crucial for understanding
how the individual components contribute to the overall performance of the commercial

formulation and for validating the insights gained from the compositional analysis.

All three systems (1.6310 steel immersed in electrolytes with C.Inh #4, TEA at high conc,
TACT at low conc.) effectively shifted the OCP to more noble values, indicating a reduced
thermodynamic driving force for corrosion. TACT achieved this at significantly lower
concentrations, while TEA required a higher threshold. The behavior of C.Inh #4 appeared to
be a combined effect, with its overall inhibition effect likely influenced by the efficient

passivation provided by its components.

Furthermore, all three systems effectively reduced corrosion rates by acting as mixed-type
inhibitors. TACT consistently outperformed TEA in terms of concentration required for
comparable inhibition. Forinstance, TACT achieved >97% IEat 100 ppm, while TEA required
3000 ppmtoreach96.8% IE. The 1.5vol.% C.Inh #4 (equivalentto approximately 15000 ppm)
achieved 93.8% IE, whichis lower than the peak efficiency of pure TEA (99.0% at 5000 ppm)
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and TACT (>98% at 100 ppm). This is attributable to the lack of precise information regarding
the concentrations of TEA and TACT in the formulation, as well as differences in the

electrolyte used for the study in both cases.

From the EIS data, the three systems demonstratedsignificantincreases in Ry/R¢and improved
capacitive behavior, confirming the formation of protective films. Quantitatively, TACT
achieved comparable R values at significantly lower concentrations than TEA. For example,
300 ppm TACT (Rp = 220 k) provided similar protection to 8000 ppm TEA (R, = 215 kQ),
which represents 27 times less concentration requirement. The C.Inh #4 formulation, at its
optimal concentration (1.5 vol.% or 15000 ppm), achieved an R of 2.95 MQ after 72 hours,
which is higher than the maximum Rp observed for individual TEA or TACT at their tested
concentrations. This suggests that the formulation, possibly due to positive synergistic effects

can achieve a very high level of surface protection, particularly over longer immersion times.

3.4.2 Adsorption Modelling of TEA and TACT on 1.6310 Steel Surface

To gain deeper insight into the nature of the interaction between the inhibitor molecules (TEA
and TACT) and the 1.6310 steel surface, and to understand the mechanism governing the
formation of the protective layer, the experimental data relating inhibitor concentration to
surface coverage were subjected to adsorption isotherm analysis. Modeling the adsorption
process using established isotherms, such as the Langmuir, Freundlich, or Temkin models,
allowed for the quantitative determination of adsorption parameters such as AGS,.. These
parameters provide crucial information regarding the type of adsorption (e.g., physisorption or
chemisorption), the strength of the inhibitor-surface interaction, and the thermodynamics of the
adsorption process, thereby contributingto a comprehensive understanding of the corrosion

inhibition mechanism for both TEA and TACT in the tested environments.

Table 3.11 presents the concentration and surface coverage values for TEA and TACT at
various studied concentrations, from which model fitting was performed. Figure 3.37 shows
the plot of C/0 vs C for TACT, and Figure 3.38 shows the plot for TEA, both with their

corresponding fitting equations.
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Table 3.11: Concentration and surface coverage valuesfor electrochemical measurements in
TEA and TACT solutions at room temperature.

Inhibitor Conc Conc IE 0 C/o
(ppm) (mol dm-3) (%) (mol dm?-3)
1000 6.70E-3 43.1+0.2  0.43£0.02 (1.56+0.01) E-02
2000 1.34E-2 47.5+0.3 0.484+0.03 (2.87+0.01) E-02
TEA 3000 2.01E-2 96.8+0.1 0.97+0.01 (2.0840.01) E-02
4000 2.68E-2 99.1+0.1  0.99+0.01 (2.7240.01) E-02
5000 3.35E-2 99.0+0.1  0.99+0.01 (3.39%0.01) E-02
100 2.0E-4 97.740.1 0.98+0.01 (2.04+0.10) E-04
TACT 200 4.0E-4 98.3+0.1  0.98+0.01 (4.08+0.10) E-04
300 6.0E-4 98.2+0.1 0.98+0.01 (6.12+0.11) E-04
400 9.0E-4 98.6+0.1  0.99+0.01 (9.09+0.10) E-04

The linearity of the plots in Figures 3.37 and 3.38, with slope values close to unity, indicates
that Langmuir-type adsorptionisa suitable model for both TEAand TACT adsorption over the
investigated concentration ranges. The goodness of fit is quantitatively supported by the high
coefficient of determination (R?) values: R? =0.998 for TACT and a relatively high value for
TEA (approaching 1 if only values > threshold concentration of 3000 ppm is considered). It is
importantto note that the R2 value, while indicating the proportion of variance in the dependent
variable predictable from the independent variable, is a measure of model fit and does not
typically carry an uncertainty value in the same way as a directly measured or derived
parameter. The adsorption equilibrium constant, K, is obtained from the inverse of the
intercept of these linear plots (1/Ke, = intercept). Subsequently, AGS, . is obtained using Eqn.
1.17.

From the plots in Figure 3.37 and 3.38, the intercepts for TEA and TACT are 1.47E-02 and
1.28E-06 moldm-2respectively, and the adsorption equilibrium constants, Keg, are (6.80+2.27)
E+01 and (7.78+2.42) E+05 dm3mol-respectively. Calculation of the AGS,; values for TEA
and TACT gives -20.4 £ 0.8 kJ/mol and -43.5 £ 0.8 kJ/mol respectively.
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Figure 3.37: Plots of C/0 vs C for TACT at 25°C, over a concentration range. Keq and AGS, . values

are estimated from the intercept and slope of the plot.
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Figure 3.38: Plots of C/0 vs C for TEA at 25°C, over a concentration range. Keq and AGS; values
are estimated from the intercept and slope of the plot.

The type of adsorption mechanism can be inferred from the calculated values of AGZ,,

according to the “20/40 criteria” 732001 which defines physisorption as AGZ,, >—20 kJ/mol,
mixed physisorption/chemisorption as AG2,, €[-20,-40] kJ/mol, and chemisorption as
AGS,.< —40 kJ/mol. This criteria has formed the basis of mechanistic description of inhibitor

adsorption in corrosion literature [79.121,172],

From the results obtained in this study, it can be inferred that TEA adsorbs by means of

physisorption while TACT combines physisorptionand chemisorption to form a monolayer
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protection on the steel surface. This is in agreement with the results of Yoo and coworkers &4

who calculated -35.8 kJ/mol as the AG?, . for the adsorption of TACT in 1 mol/dm3 HCI.

ads

Recently, Walczak et al (2011, Latour et al [9] and Kokalj [8 have argued that the premise of
equating inhibition efficiency to the surface coverage (IE = 0) for the determination of AGZ,
and thereafter the strength of adsorption of an inhibitor, is not necessarily valid. The reasons
for this argument are that the assumptions for Langmuir-type adsorption are rarely perfectly
met under experimental conditions, leading them to suggest treating Keqas a “semi-quantitative
descriptor of the isotherm shape rather than as input for determining AGZ,,” [201, However,
this formalism for determining AGde is used in this study as a complementary approach to

fully unraveling the adsorption mechanism of the inhibitors under investigation.

From the obtained results in the present study, a more negative AGS, value for TACT
compared to TEA means TACT adsorbed more strongly by combining physisorption and
chemisorption, making it more effective at preventing corrosion. In addition, TEA required

higher concentrations for effective inhibition compared to TACT.

3.4.3 Characterization of TEA and TACT treated Steel Surfaces
3.4.3.1 Surface Morphology

Characterization of the surface morphology of the steel coupons after immersion in the blank
solution (0.06 mol dm- NaHCO3) and blank solutions with 5000 ppm TEA and 300 ppm
TACT, were performed with SEM-EDX. A comparison of the SEM images is given in Figure
3.39

Figure 3.39(a) and (c) clearly show uniform corrosion across the surface of the steel after
exposure to the blank solution without the addition of any inhibitor, characterized by
generalized roughness across the surface. In contrast, the steel surfaces after exposure to TEA
and TACT-containing solutions (Figure 3.39(b) and (d)) show no visible signs of surface
oxidation or extensive corrosion products. For blank solutions, corrosion rate of 1.6310 steel
in 0.06 moldm-3NaHCOj3solutionwas measuredtobe0.11+0.01 mm/y (Table 3.9) compared
to 0.16 £ 0.02 mm/y in 0.004 mol dm- NaCl solution (Table 3.1). This confirms that the
addition of NaHCO3; to the WAS (cutting suspension) provides a minor decrease in the
corrosion rate of the steel without any additional inhibitor, even though the observed corrosion

rate is still too high for the intended practical application. This is in agreement with the results
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of Zhu et al [202] Thomas et al [118], Gilroy and Mayne [203] Rangel et al 204 who have studied

the impact of NaHCO3 on iron/carbon steel/mild steel corrosion.

Figure 3.39: SEM images of the steel coupons after 2 weeks contact time in (a) and (c) blank 0.06 mol
dm™ NaHCO; soln., (b) 5000 ppm TEA-inhibited soln., and (d) 300 ppm TACT-inhibited soln.

The EDX spectra of the steel coupons surfaces in the blank, blank + 5000 ppm TEA, and blank
+ 300 ppm TACT are also in Figure 3.45.

The EDX spectrum of the steel surface in the blank 0.06 mol/dm3 NaHCO:s solution reveals a
significant presence of oxygen (50.5 at. %) and carbon (15.9 at. %), alongside iron (31.0 at
%). The high oxygen content, coupled with the visible corrosion products in the corresponding
SEM image (Figure 3.40), strongly indicates the formation of an iron oxide/hydroxide layer.
Innear-neutral bicarbonate solutions, the initial corrosion of iron often leads to the precipitation
of ferrous hydroxide (Fe(OH),), which can then oxidize to ferric hydroxides (Fe(OH)3 or
FeOOH) and ultimately iron oxides (Fe;Os, Fe30,) [205208] The substantial carbon content,
together with oxygen, suggests the incorporation of iron carbonates or ferrous bicarbonate
species within this corrosion product layer [204], This mixed oxide/carbonate layer provides a
degree of inherent passivation, as reflected by the lower corrosion rate compared to NaCl

solutions, but it is not fully protective, leading to corrosion. The nature of the passive oxide
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film formed on mild and ferritic steels like 1.6310 would be similar to those of pure iron in
similar corrosive environments. Bockris et al 2071 proposed one layer of y-Fe,O3 Nagayama
and Cohen [206.208] proposed a two-layer model containing an inner Fe3O,4 and an outer y-Fe;0j,
while Sato et al 209 proposed a two-layer model with inner anhydrous y-Fe,O3 and outer
hydrated y-Fe,0s.
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Figure 3.40: SEM images and EDX spectra showing the surface composition of steel coupons
immersed in blank 0.06 mol/dm® NaHCOs solution (top row), blank + 5000 ppm TEA solution (middle
row), and blank + 300 ppm TACT solution (bottom row).

The SEM image and EDX spectrum of the steel surface immersed in 5000 ppm TEA solution
(Figure 3.40, middle row) shows a different composition. The iron content is significantly

higher (82.1 at.%), while the oxygen content s drastically reduced (1.4 at.%). The very low
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oXygen content, in contrast to the blank, indicates that TEA effectively inhibits the extensive
formation of iron oxides and hydroxides. A similar observation is seen in the TACT-treated
steel coupon. The TACT-treated surface also exhibits a high iron content (82.3 at.%), a very

low oxygen content (1.5 at.%) and a relatively high carbon content (12.9 at.%).

3.4.3.2 Surface Chemical Composition

The chemical composition of the steel surface immersed in each of the inhibitors was

investigated with XPS and reported in the spectra in Figure 3.41.

Fe oxide peaks in the Fe 2p spectra for both TEA and TACT are significantly shifted to higher
binding energies compared to metallic iron at ~707 eV. The peak at around 710 eV has been

shown to be consistent with the presence of both Fe,O3 and Fe3z0, [209

The N 1s and Fe 2p XPS spectra for the steel coupons immersed in TEA and TACT show the
presence of nitrogen at binding energy of ~400.3 eV typical of amine-groups on the surface of
the steel. The N 1speak in both cases correspondswell to what might be expected foranitrogen
atom donatingelectron density to the iron surface viaits lone pair (Willenbruch etal.[211] report
a value of 399.8 eV for ammonia on an iron surface). Since amines are basic with lone pair of
electrons on nitrogen in addition to w-electron clouds on aromatic rings (in the case of TACT),
they easily interact with positively charged surface of iron oxides and hydroxides developed as
a result of the solution pH relative to the point-of-zero charge (PZC) of the oxide. Thus, it can

be expected thatthe inhibitors adsorbed to the partially oxidized metal surfacevia coordination.
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Figure 3.41: N1s spectra with curve fit: Blue curve — Gaussian-Lorentzian function, dotted black —
measured spectrum, green — Shirley background, and Fe 2p XPS spectra (red) of 1.6310 steel
immersed in 300 ppm TACT (top row) and in 5000 ppm TEA (bottom row) solutions.

TEA is known to form stable complexeswith iron in neutral and alkaline pH ranges, and these
complexes significantly influence the electrochemical processes of iron in these solutions as
demonstrated in the work of Bechtold and Mohr 212, This ability to form stable complexes
with iron ions in aqueous solution hassignificant implications for TEA as a corrosion inhibitor
for steel surfaces. In near-neutral environments where the steel surface is covered by a layer of
iron oxides and hydroxides, TEA molecules in the electrolyte can interact with the iron species
within this surface layer. This interaction can occur through the coordination capabilities of
TEA, which acts as a polydentate ligand capable of binding to metal ions via its nitrogen atom
and/or the oxygen atoms of its hydroxyl groups [213], Electrostatic interactions could also occur
between the negatively charged surface oxide/hydroxides and some protonated TEA molecules
(TEA pKa ~8.0 and the aqueous solution pH ~ 8.7). The adsorption of TEA molecules and the

formation of insoluble TEA-Fe surface complexes can create a physical barrier layer that
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impedes mass transport on the steel surface; the diffusion of aggressive species (e.g. oxygen
and chloride ions) to the metal surface and the outward migration of metal ions. This barrier
effect, further enhanced by the inherent corrosion-reducing tendency of HCOj- in the system,
contributed to the observed significant reduction in corrosion current densities and the shift
towards more noble potentials seen in the electrochemical measurements (Section 3.4.1).

While there is limited information on the complexation of TACT with iron/iron oxides, 1,35
triazine derivatives have been reported to inhibit steel corrosion by coordinating with the metal
surface through electron donation to the empty d-orbital of Fe atom or with surface Fe2* ions
from the N atoms in the organic molecule. Also, electrostatic attractions could occur between
the largely unprotonated inhibitor molecules (given the near-neutral electrolyte solution) and
the charged steel surface via dipole-dipole interactions between the electric field of the double-
layer or with charged sites on the metal oxide surface (e.g., interaction with surface Fe2* or
Fe3* ions) and the polar bonds and dipole moments of the inhibitor molecules [88.97], Thus,
electrostatic interactions contribute to the overall adsorption of TACT on the steel surface
[214.215] Once adsorbed, the planar triazine ring of TACT lies against the steel surface. With its
large molecular structure, a 2D geometric coverage is created, which blocks active corrosion
sites and provides physical impedance to charge transfer processes. In addition, the hexanoic
acid chains form outward-oriented hydrophobic layer which further reduces penetration of

waterand dissolved oxygen and creates a concentrationgradientthatslows diffusion processes.

3.4.4 Adsorption Quantification with QCM
3.4.4.1 TEA Adsorption

After achieving a stable baseline with water, 5000 ppm TEA solution was injected into the Fe-
coated QCM sensor at a flow rate of 0.1 ml/min for 5-minute intervals, alternating with 5-
minute injections of water. This cycle was repeated multiple times to observe the adsorption
and desorption behavior. The fundamental frequency varies with injection time as observed in
Figure 3.42.
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Figure 3.42: Fundamental frequency variation during alternating injections of water and 5000 ppm
TEA solution at 0.1 ml/min flow rate, with 300-second (5-minute) intervals for each injection step.

The effect of a longer injection time (to monitor adsorption kinetics and equilibrium
adsorption) was investigated by injecting the TEA solution for about 60 minutes at the same

flow rate. The variation in fundamental frequency with time can be observed in Figure 3.48.

From Figures 3.42 and 3.43, the surface mass loading increased with prolonged TEA injection
time, evidenced by an observed increase in Af from 7.7 Hz to 10.5 Hz. This suggests that
equilibrium adsorption required more than 5 minutes to fully develop or achieve maximum

coverage on the Fe-QCM sensor surface under the given experimental conditions.

Using the Sauerbrey equation, the mass loading on the sensor corresponding to the observed
variations in fundamental frequency increased from 136 ng/cm2to 186.5ng/cm2+26.0 ng/cm?,

likely due to surface rearrangement or multilayer adsorption over time.

Even for prolonged exposure, the interaction of TEA with the sensor surface remained
reversible. This suggests a weak interaction between TEA molecules and the steel surface.
Consistent with a predominantly physisorption mechanism (Section 3.4.2), the QCM
measurements reveal a weak and reversible binding of TEA to the Fe-coated QCM surface.
This characteristic interaction helps explain why relatively high concentrations were necessary
to achieve the significant inhibition efficiencies observed electrochemically.
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Figure 3.43: Fundamental frequency variation during prolonged injection (3600 seconds) of 5000 ppm
TEA solution at 0.1 ml/min flow rate, for monitoring adsorption kinetics and equilibrium.

Effect of flow rate on the adsorption of TEA on Fe-coated QCM:

By increasing the flowrate from 0.1 ml/min to 0.4 ml/min, the effect of hydrodynamic forces
on the interaction between TEA and the Fe-QCM sensor was observed and reported in Figure
3.44.

Across all three tested flow rates (0.1, 0.2, and 0.4 ml/min), the initial frequency drop was
consistent, typically around 8-10 Hz. Fast and similar adsorption kinetics was observed during
the initial phase. At flow rates of 0.2 ml/min and 0.4 ml/min, a positive Af shift was observed
afterthe initial adsorption. Thissuggests that TEA moleculeswere beingdisplaced or removed
from the sensor surface. The increased hydrodynamic forces may have exceeded the binding
strength of the weak interactions between TEA and the Fe on the surface of the sensor, leading

to desorption of TEA molecules.

The steeper slope of the positive shiftat 0.4 ml/min indicates a more pronounced desorption or
displacementeffect. The observed desorptionathigher flow rates suggests that TEA is unlikely
to provide robust or long-lasting protection in environments with high fluid dynamics, as it
may not maintain a stable protective layer. At 0.1 ml/min, the steady and stable frequency after
adsorption indicates that the flow rate provides sufficient time for TEA molecules to uniformly

adsorb and form a homogeneous layer.
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Figure 3.44: Fundamental frequency variation during the injection of 5000 ppm TEA solution at (a)
0.1, (b) 0.2 and (c) 0.4 ml/min flow rate flowrates respectively (from left to right).

3.4.4.2 TACT Adsorption

After achieving a stable baseline, 300 ppm TACT solution was injected at a flow rate of 0.1
ml/min for 5 minutes, followed by water reinjection. The resulting variation of fundamental

frequency is reported in Figure 3.45.

The equivalent mass loading of TACT on the Fe-QCM surface was calculated using the
Sauerbrey equation (Table 3.12). In contrast to TEA, when the flow was switched back to
water, the frequency did not return to the baseline. This indicates that some TACT molecules
remained irreversibly adsorbed on the sensor surface. This observation could infer that TACT
forms stronger bonds with the Fe coating of the sensor, likely through coordination bonds,

hydrogen bonding, or other chemical interactions.

TACT remained strongly attached to the surface even after rinsing with water, demonstrating

its potential to form a durable, protective layer.
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Figure 3.45: Fundamental frequency variation with the injection of 300 ppm TACT solution at 0.1
ml/min flow rate.

3.4.4.3 Film thickness from QCM data and comparison with Ellipsometry data

To calculate the thickness of the adsorbed organic films fromthe QCM data, a few assumptions
were made with regards to the behavior of the films.

» The film behaves like a rigid body and does not exhibit significant viscoelastic
properties.

* The energy dissipation shift (AD) is small.

e The adsorbed organic film is uniformly distributed across the sensor surface.

e The film is non-porous and has a uniform density.
If the film is dense and rigid, its behavior will closely approximate that of a solid material, and
thus the bulk densities of the pure materials (TACT or TEA) are used forthe calculation instead
of modeling the effective film density in solution.

X 1072 (3.8)

Where Am is the mass loading in ng/cm?, calculated from the Sauerbrey equation and p is the

density of the molecule with pr4cr = 1.28 g/cm3and prgs = 1.13 g/cms.
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Table 3.12: Estimation of inhibitor adsorbed layer thickness from mass change values.

S/IN  Sample ID Af (Hz) Am (ng/cm?) h (nm)

1 TACT (Dynamic) 41.00+1.45  (4.1+0.3)E+02 3.10+0.20
2 TACT (Static) 23.10+£1.45 (7.3+0.3) E+02 5.50+£0.20
3 TEA (Dynamic) - - -

4 TEA (Static) 8.50 £ 1.50 (1.5+£0.3)E+02 1.33+£0.24

Ellipsometry measurements were also performed to complement the QCM results in validating
the estimated thickness values of adsorbed inhibitor layers.

In 'static mode," the sensorwas immersed in an unstirred inhibitor solution, allowingadsorption
under equilibrium conditions. while in ‘dynamic mode,' the sensor was exposed to a flowing
inhibitor solution, simulating real-world conditions and highlighting flow effects on
adsorption. Based on reported values of Tsengand Thompson [216], the refractive indices of the
samples were taken as TACT, n =1.604 and TEA, n = 1.485.

Table 3.13: Comparison of inhibitor adsorbed layer thickness using QCM & Ellipsometry.

S/N Sample Ellipsometry QCM

1 TACT (Dynamic) 1.80 £0.12 nm 3.10 £0.20 nm
2 TACT (Static) 4.44 +£0.25 nm 5.50 £0.20 nm
3 TEA (Dynamic) - -

4 TEA (Static) 1.96 £0.20 nm 1.33+0.24 nm

The combined results from QCM and Ellipsometry, as presented in Tables 3.13, offer
complementary insights into the physical characteristics and formation mechanisms of the
adsorbed inhibitor films of TEA and TACT on the steel surface. These techniques, while both
measuring film thickness, do so based on different physical principles, allowing for a better

interpretation of the film properties.

Under both static and dynamic conditions, TACT films formed thicker adsorbed layers
compared to TEA films. For instance, in static conditions, TACT yielded thicknesses of 4.4
nm (Ellipsometry) and 5.5 nm (QCM), whereas TEA formed films of ~2 nm (Ellipsometry)
and 1.3 nm (QCM). These results support the findings that TACT provides better inhibition
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efficiency at lower concentrations via a stronger adsorption mechanism (chemisorption

combined with physisorption) as discussed in Section 3.4.2.

For TACT, the film thickness measured under dynamic (flow) conditions was notably thinner
than under static conditions (3.1 nm QCM dynamic vs. 5.5 nm QCM static; 1.8 nm
Ellipsometry dynamicvs. 4.4 nm Ellipsometry static). This indicates that hydrodynamic forces
can remove loosely bound molecules or alter the conformation of the adsorbed layer, leading
to a more compact or less extensive film under flow. For TEA, while a direct dynamic
Ellipsometry measurement was not performed, the QCM data (Figures 3.42-3.44) clearly
showed that TEA's adsorption is reversible and susceptible to desorption under increased flow

rates, resulting in thinner layers.

A notable observation is the difference in measured thickness between QCM and Ellipsometry
for the same sample, particularly for TACT. QCM measurements generally yielded slightly
larger thicknesses than Ellipsometry. This discrepancy is significant and can be attributed to
the fundamental differences in the operating principle of both measurement techniques. The
Sauerbrey equation, while a good approximation for rigid films, relates frequency change to
the total coupled mass on the sensor surface. This includes not only the dry mass of the
adsorbed inhibitor molecules but also any trapped solvent (water) or associated hydration
layers, as well as contributions from the viscoelastic properties of the film 1392171 |If the
adsorbed layerissoft, porous, or highly hydrated,the QCM will register a larger effective mass,

leading to a larger calculated thickness (assuming a rigid film model and bulk density).

In contrast, Ellipsometry determines film thickness based on changes in the polarization state
of light reflected from the surface, which is primarily sensitive to the dry film thicknessand its
refractive index [142143], The refractive indices of adsorbed layers could deviate from the
assumed values. Itis also less sensitive to loosely bound water or the viscoelastic properties of
the film. The observed discrepancy for TACT (QCM thickness significantly greater than
Ellipsometry thickness) suggests thatthe TACT film is likely more hydrated, less rigid, or more
porous than the TEA film. This aligns with the complex molecular structure of TACT, which
possesses multiple flexible hexanoic acid chains and hydrophilic functional groups that can
trap or associate with water molecules within the adsorbed layer. In contrast, the closer
agreementbetween QCMand Ellipsometry for TEA suggests a relatively less hydrated or more

compact film, consistent with its weaker physisorption and smaller molecular size.
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The measured thicknesses for TACT (up to 5.5 nm) are significantly larger than the estimated
length of a single TACT molecule chain (~1.3 nm) or the dimensions expected for a flat-lying
monolayer. This strongly supports the conceptual model of TACT forming a multilayered
structure or adsorbing in a more extended, upright conformation on the steel surface [76.79.177],
The strongchemisorption componentof TACT adsorptionlikely providesastable anchor layer,
onto which further molecules can adsorb or entangle, leading to a thicker, potentially hydrated,
and robust physical barrier. This thick, stable, and persistent layer, even under dynamic
conditions (albeit thinner), directly contributes to TACT's better and more durable corrosion

inhibition performance.

The thinner films observed for TEA (around 1.7-2.0 nm) are consistent with a densely packed
monolayer, multilayer adsorption, or from the formation of a slightly hydrated monolayer by
physisorption 81, The high reversibility and susceptibility to desorptionfromflow rate increase
observed by QCM (Figures 3.42-3.44) further emphasize that TEA forms a less robust, more
transient protective layer under flow conditions, as a continuous supply is needed to maintain
adequate surface coverage against desorption. While some literature reports chemisorption of
TEA on other metal substrates (e.g., magnesium by Shang et al.[218]), its interaction with steel
in our system is consistent with a predominantly physisorptive character or weak, reversible
chemisorption. This also suggests that TEA, on its own, may form a less stable and thinner
protective layer, which could potentially limit its long-term surface protection, especially in

dynamic environments [97],

3.4.5 Conceptual Adsorption/Inhibition Model for TEA and TACT on Steel Surfaces

The corrosion inhibition of ferritic steel (1.6310) in near-neutral aqueous media by TEA and
TACT has been explained by their distinct adsorption mechanisms and the characteristics of
the protective films they form on the steel surface. The steel surface, when exposed to aerated
near-neutral solutions, is typically covered by a thin, native iron oxide/hydroxide layer. The
proposed conceptual models for TEA and TACT adsorption and inhibition are derived from a

synthesis of the results obtained in previous sections of this chapter.
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3.4.5.1 TEA Inhibition Model

From the AGys values and QCM observations, TEA primarily adsorbs onto the steel surface
via physisorption or weak, reversible chemisorption, acting as a mixed type inhibitor. This

mechanism is conceptually illustrated in Figure 3.46
The possible interactions between TEA and the steel surface are:

(1) The lone pair on the nitrogen atom of TEA can interact with positively charged sites on
the iron oxide/hydroxide surface. In near-neutral solutions, some TEA molecules may
be protonated, leading to electrostatic attraction with negatively charged surface sites.

(2) The hydroxyl (-OH) groups of TEA can form hydrogen bonds with surface hydroxyl
groups on the iron oxide/hydroxide layer.

(3) The nitrogen and oxygen atoms, possessing lone pair electrons, may formweak dative
bonds or coordinate interactions with surface iron atoms or iron ions within the oxide
layer [219],

(4) TEA is known to form stable complexes with Fe2* and Fe3* ions in aqueous solution
[212.213], The formation of these complexes in the near-surface region can provide a
barrier preventing the diffusion of corrosive species to the metal surface. TEA-Fe3*
complexes are known to be highly soluble,and TEA-Fe2* less soluble. This could also

explain the desorption at high flow rates observed from QCM measurements.

HO HO HO HO
N \ \ TEA layer
HO/\/‘ o HO OH H.O/\" o Ho ok Native (hydr)-oxide
e . <« |ayer
Fe Fe |<«— 1.6310 Steel Surface

Figure 3.46: Conceptual adsorption model of TEA on the 1.6310 steel surface

3.4.5.2 TACT Inhibition Model

Results from this study support the conclusion that TACT is a mixed-type inhibitor, adsorbing
through a combination of physisorption and strong chemisorption, as seen in Figure 3.47.

The possible interactions between TACT and the steel surface are:
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(1) The lone pairs on the nitrogen atoms within the central triazine ring and the terminal
amine groups of the hexanoic acid chains can form strong coordinate (dative) bonds
with vacant d-orbitals of surface iron atoms or Fe2*/Fe3* ions in the native oxide layer

[214.220] The n-electron system of the triazine ring can also participate in back-donation
with the metal surface, further strengthening the chemisorption.

(2) Electrostatic attractions can occur between inhibitor molecules and the charged steel
surface via dipole-dipole interactions between the electric field of the double-layer or
with charged sites on the metal oxide surface.

(3) Carboxyl (-COOH) groups at the experimental pH range are partly deprotonated (-
COO) and can coordinate with Fe ions on the metal surface. Carboxyl and amine (-
NH,) groups can also form hydrogen bonds with surface hydroxyls.

(4) The triazine ring of the adsorbed inhibitor provides geometric coverage of the steel
surface and a physical barrier to charge transfer and mass transport.

(5) The long aliphatic hexanoic acid chains contribute significantly to the hydrophobicity

of the adsorbed layer, creatinga more effective physical barrier that repels water and
aggressive ions.
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Figure 3.47: Conceptual adsorption model of TACT on the 1.6310 steel surface
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3.5: Corrosion Inhibition with Irradiated TEA and TACT

The corrosion inhibitors (5000 ppm TEA and 300 ppm TACT) were irradiated to mimic real
conditions encountered in the WAS cutting of activated RPV steels. Radiation transport
simulation using the PENELOPE code enabled the estimation of expected dose rates from a
reference radioactive steel-abrasive mixture. A dosimetry system was established to validate
absorbed dose rates from radioactive sources in the KIT-INE controlled area. Ex-situ
electrochemical experiments with aqueous phases of the irradiated solutions and freshly
polished 1.6310 steel coupons were conducted and compared with results for the unirradiated
inhibitors. NMR spectroscopic measurements aimed at uncovering radiation-induced changes
to the molecular structures were performed after each irradiationdose. Surfaceanalyses of steel
coupons immersed in inhibitor solutions and irradiated, were conducted to observe the

influence of ionizing radiation on the steel surface morphology of corrosion-inhibited steel.

3.5.1 Radiation Transport Simulations

Radiation transport simulations obtained using PENELOPE are summarized in Table 3.14 for
three cases: irradiation of water sample in vials with an activated spring section, irradiation of
water sample in vials with a spent MOX fuel segment, and the reference case of steel-abrasive
mixture (SAM) in 1 m3 of water.

Table 3.14: Summary of key simulation results for the different source/material
configurations. All uncertainties are statistical uncertainties from Monte Carlo simulations.

Quantity Irradiation of vial Irradiation of vial Reference case of
with activated spring with MOX fuel SAM in water
(A =8.42 E+08BqQ) (A =6.4 E+10Bq) (A=1.0 E+09Bq)

Average Energy 1.16 £ 0.01 0.180 = 0.001 968.24 £ 1.55
Deposition per Decay
in Water (keV/history)

Average Absorbed (1.16 £ 0.01) E-04 (1.80 £ 0.01) E-05 (9.98 + 1.60) E-07
Dose per Decay in

Water (MeV/g /

history)

Average Absorbed 56.30 £ 0.34 664.00 + 2.32 0.558 + 0.001
Dose Rate in Water
(mGy/h)
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The average absorbed dose rate in water estimated from the simulations enabled the planning
of inhibitor irradiation experiments. With the MOX fuel, 664 = 2 mGy/h is expected as dose
rate to the irradiation vial containing the inhibitor solution, as described in Section 2.2.6 and in
Figure 2.11. With the activated spring, an average absorbed dose of 56.30 + 0.34 mGy/h is
expected in the sample to be irradiated. For the SAM in water reference case, an average

absorbed dose rate of 0.558 £ 0.001 mGy/h is expected in the water.

Cylindrical Dose Distribution in SAM Reference Case:

The simulation results show a non-uniform dose rate distribution throughout the water volume.
Figure 3.48 illustrates the half-cylindrical dose distribution as a function of height from the
bottom of half (from center to one radius dimension) of the cylindrical water phantom with the
SAM at the base.

With a source activity of 1E+09 Bq the maximum dose rate of 0.014 keV/g/history
corresponding to 8.07 + 0.08 mGy/h was observed at the interface between the steel-abrasive
layer and the water. This high dose region extends approximately 3 cm into the water and
decreases with distance from the source. At a distance of 123.4 cm from the source layer, the
dose rate decreases to 1E-06 keV/g/history (corresponding to 5.77 + 0.10 E-04 mGy/h),

representing the dose at the top layer of the water phantom.

The expected average dose rate in the simulation’s reference case would amount to
approximately 4.89£0.01 Gy (i.e. 0.558 mGy/h- 24 h - 365) for one year of exposureassuming
no changes in the source activity. This means that the inhibitor would be exposed to this
absorbed dose in the solution containing the SAM. This dose value would scale in the real

scenario with respect to actual source activities and exposure time.

The SAM simulation results therefore provide an estimation of expected dose rates from a
steel-abrasive mixture after WAS cutting and before separation in the NaMaSK system under
investigation. It also provides a baseline for quantifying radiation effects on the organic
corrosion inhibitors required for this study. Simplifications in the simulation model, such as
notfully accountingforthe complexgeometry of the real distributed source or the contributions
of other radionuclides present in the activated steel, could lead to greater dose rates in actual

radioactive steel-abrasive mixtures.
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Figure 3.48: Half-cylindrical dose distribution for the Steel-Abrasive Mixture (SAM) in a 1m* water
volume during radiation transport simulations.

3.5.2 Dosimetry and Dose Validation

3.5.2.1 Solid State Dosimetry

The results of the evaluation of the 20 TLDs after 4 hours of irradiation in the autoclaves with
the activated spring source are presented in Figure 3.49, showing the dose distribution by
position of the TLDs in the autoclave (Fig 2.12). Table B1 (Appendix) provides a tabular
description of each TLD’s absorbed dose and the mean absorbed dose rate after 4 hours of
irradiation. For the irradiation experiment with samples arranged in a carousel having the
irradiation source at the center (described in detail in Section 2.2.6, Fig. 2.11), the absorbed
dose and dose rate for each TLD are evaluated in Table B2 (Appendix) and summarized in
Figure 3.50.
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Figures 3.52 and 3.53, along with the detailed data in Tables B1 and B2, clearly demonstrate
that the absorbed dose to the TLDs was dependent on their position relative to the source,

exhibiting statistically significant differences across the measurement locations.

TLD absorbed dose by position in autoclave
1000

800

Absorbed dose (mGy)

Bottom Surface Top
TLD position in autoclave

Figure 3.49: Dose distribution by position of TLDs arranged in an autoclave and irradiated with an
activated stainless-steel spring. Error bars represent statistical uncertainties from the TLD
measurements.
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Figure 3.50: Dose distribution by position of TLDs arranged and irradiated in the polyethylene
carousel setup with an activated stainless-steel spring at the center. Error bars represent statistical
uncertainties from the TLD measurements.
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For the autoclave setup (Figure 3.49, Table B1), the TLDs positioned at the bottom of the
autoclave, closest to the activated stainless steel spring source, received the highest mean
absorbed dose. TLDs on the cylindrical surface received an intermediate mean dose, while
TLDs placed at the top of the autoclave, furthest from the source, received the lowest mean
dose.

For the TLDs in the irradiation vial (carousel setup, Figure 3.50, Table B2), a similar position-

dependent dose distribution was observed, though with a different geometry.

These measured dose ranges across TLD positions do not overlap, quantitatively confirming
that significant differences in absorbed dose exist between the different positions. This
position-dependent dose is physically expected due to the inverse square law of radiation
intensity with distance from the source,and the specific geometry of the setup where the source
was placed at the base of the autoclave. An average absorbed dose of 5.3+1.8 E+02 mGy was
calculated for this setup. For a 4-hour irradiation period, the average dose rate measured with
the TLDs was 132.9 + 44.2 mGy/h. The large uncertainty reflects the spatial dose variation
based on source and TLD arrangement. For the TLDs in the irradiation vial, the average dose
rate was estimated to be 55.4 £ 8.0 mGy/h.

3.5.2.2 Fricke Dosimetry

Fricke dosimetry was employed as a chemical dosimetry method to experimentally determine
the absorbed dose to the inhibitor solutions and blanks during irradiation experiments. This
technique also served as a crucial validation tool for the solid-state dosimetry (TLDs) and the

numerical computation of radiation fields around the sources using Monte Carlo simulations.

Figure 3.51 presents the UV-Vis spectra of the Fricke solutions, illustrating the increase in
absorbance at 304 nm following irradiation from various sources in the INE-ABL. The clear
increase in the absorption band for irradiated samples compared to the unirradiated (blank)
Fricke solution qualitatively confirms the radiation-induced formation of Fe3*, serving as the
basis for quantitative dosimetry. Calibration samples irradiated to nominal doses of 30 Gy and
50 Gy also show progressively higher absorbance values, establishing the linearity and

responsiveness of the dosimetry system.
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Figure 3.51: UV-visspectra of Fricke-blank solution (unirradiated), a 50 Gy calibration sample, Fricke
solution irradiated with the activated stainless-steel spring for 3 weeks, and Fricke solution irradiated
with MOX fuel segment for one week in the INE-ABL.

A summary of the quantitative results from the Fricke dosimetry, including the measured

absorbance changes and the calculated absorbed doses, is presented in Table 3.15.

Table 3.15: Absorbance values from UV-Vis measurements and absorbed dose calculation
for Fricke dosimetry with different sources.

Radiation Source Change in absorbance Absorbed dose  Absorbed dose to
(AAbs £ 0.004) at 25°C  to Fricke, Dg (Gy)  water, Dy (Gy)

Fricke - Blank - - -

30 Gy Calibration 0.097 27.0+3.5 27.1 £3.5
50 Gy Calibration 0.163 453+5.0 455+5.0
Activated spring 0.114 32.0x4.1 32.1+4.1
MOX fuel 0.452 126.9+2.5 127.4+2.5

The calibration results demonstrate the reliability of the Fricke dosimetry system. The
measured dosesof 27.1+ 3.5 Gy and 45.5 +5.0 Gy for nominal 30 Gy and 50 Gy irradiations,

respectively, are in good agreement with the expected values, falling within the stated
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uncertainties. This confirmsthe accuracy and precision of the Fricke solution preparation and

spectrophotometric analysis procedure.

For the experimental irradiation sources, the Fricke dosimetry yielded specific absorbed dose
to water values. The 3-week irradiation with the activated springsource resulted in an absorbed
dose of 32.1 £4.1 Gy. This translates to an average dose rate of 63.7 + 8.1 mGy/h (calculated
from 32.1 Gy/ (3 weeks x 7 days/week x 24 h/day) ~0.0637 Gy/h =63.7 mGy/h). This value
exhibits good comparability with the dose rate of 55.41 + 8.03 mGy/h determined
independently using TLDs for the same setup (Section 3.5.2.1), providing strong cross-
validation for the dose estimations. For the MOX fuel segment, a significantly higher absorbed
doseof 127.4£2.5 Gy was measured aftera 1-week irradiation period, correspondingto a dose
rate of approximately 7.60 £ 0.15 E+02 mGy/h. This value shows a discrepancy when
compared with the dose rate of 6.64 £ 0.02 E+02 mGy/h obtained from the Monte Carlo
simulation of the same setup. The difference of approximately 94.3 mGy/h (representing about
a 14% deviation) is statistically significant given the combined uncertainties of both methods.
This discrepancy suggests that the simplified geometry, materials and source definitions

employed in the simulation may not fully capture all the complexities of the experimental setup.

The dosimetric results confirmed that for high dose irradiation up to 2.5 kGy, the second setup
using MOX fuel as radiation source was preferred. High doses up to 2.5 kGy were required to
obtain discernible results from the radiolysis of the inhibitors and to provide a conservative

figure for justifying the performance of the inhibitors in real scenarios.

3.5.3 Post-Irradiation Analyses:

The corrosion inhibitors (5000 ppm TEA and 300 ppm TACT) were irradiated up to absorbed
dose values of 35 Gy, 0.35 kGy, 2.00 kGy and 2.50 kGy by exposing the samples to the
radiation sources in the experimental setup described in Section 2.2.6. The pH of the solutions
before and after irradiation were measured. Ex-situ electrochemical experiments with aqueous
phases of the irradiated solutions and freshly polished 1.6310 steel coupons were conducted
and compared with results for the unirradiated inhibitors. NMR spectroscopic measurements
aimed at uncovering radiation-induced changes to the molecular structures were performed
after each irradiation dose. Surface analyses of steel coupons irradiated in-situ in the inhibitor
solutions at the different absorbed dose values, were conducted to observe the influence of

ionizing radiation on the steel surface chemistry in the presence of the inhibitors.
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3.5.3.1 pH Measurements:

A comparison of the pH values of the samples measured immediately after irradiation, are
provided in Table 3.16. It is observed that absorbed dose affected the pH of the inhibitor

solutions.

Decrease in pH values of demineralized water when exposed to y-irradiation has been reported
in literature 2211, From Table 3.16, the pH of TEA (in Milli-Q water) decreases with increase
in absorbed dose, while pH variationsin TACT are minorand within measurementuncertainty.
While no explicit study on the dependence of TEA’s pH on dose could be found in literature,
the results observed in the present study could be attributed to the generation of H* ions from
the radiolysis of water and the possible formation of organic acids from TEA breakdown. With
TEA (in 0.06 mol/dm3 NaHCO3) a buffering effect can be observed even after 2.5 kGy

irradiation.

Table 3.16: Measured pH values (x0.2) of blank and irradiated inhibitors with respect to
absorbed dose.

Solutions Absorbed dose
Unirradiated 35 Gy 0.35kGy 2.00kGy 2.50kGy

Blank 1 (Milli-Q) 7.1 7.0 6.8 6.4 6.2
Blank 2 (0.06 mol/dm3 NaHCO3) 8.5 - - - 8.2
5000 ppm TEA (in Blank 1) 9.7 9.0 8.5 8.0 8.0
5000 ppm TEA (in Blank 2) 8.7 - - - 8.6
300 ppm TACT (in Blank 1) 7.0 7.1 7.2 7.2 7.4
300 ppm TACT (in Blank 2) 7.6 - - - 8.0

3.5.3.2 Ex-situ Electrochemical Measurements:

The PDP curvescomparingthe unirradiated and irradiated 5000 ppm TEA and 300 ppm TACT
solutions at different dose values are shown in Figure 3.52 and Figure 3.53 respectively. An
additional curve illustrates the influence of bicarbonate ions on the corrosion behavior of the
metal electrode in the presence of the inhibitors and ionizing radiation. A summary of Tafel
Extrapolation parameters from the potentiodynamic experiments of TEA and TACT are

presented in Table 3.17.
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Table 3.17: Tafel Extrapolation and corrosion rate values for 1.6310 steel in irradiated TEA
(5000 ppm) and TACT (300 ppm) solutions. TACT/TEA-BC indicate inhibitors in 0.06

mol/dm3 NaHCO3;

Dose Sample Ba Be Icorr Ecor CR
(kGy) (mV/dec) (mV/dec) (LA) (mV) (mmly)
TACT 282.2+3.0 704+25 0.17£0.01 -230.20#6.0 3.58+0.20 E-03
0.35 TEA 103.5+2.0 120.3+3.0 0.09+0.01 -240.2+5.0 1.90+0.02 E-03
TACT 262.1+3.0 180.30+4.0 0.29+0.02 -300.05+8.0 6.11+0.40 E-03
2.0 TEA 311.3+4.0 170.4+4.5 0.15+0.01 -418.9+10.0 3.17+0.02 E-03
TACT 340.2+4.0 160.6+4.0 0.35+0.02 -385.5+15.0 7.38+0.42 E-03
2.5 TEA 330.0+4.0 205.2+4.0 0.25+0.02 -420.1+12.0 5.28+0.42 E-03
TEA- 350.2+44.0  108.7#9.0 0.224+0.02 -400.3+10.0 4.64+0.42 E-03
BC
TACT- 159.742.0 150.246.0 0.40+0.05 -480.5+20.0 8.44+1.01 E-03
BC

As shown in Table 3.17, both inhibitors showed a degradation in performance with increasing
radiation dose, leading to higher corrosion rates. The corrosion potentials for both inhibitors
exhibited a consistent negative shift with increasing dose, as annotated in Figures 3.52 and
3.53. This suggests that the tendency for the steel corrosion increased with absorbed dose, as
both inhibitors were affected by radiation-induced species. The specific interactions with the

steel surface and the electrochemical reactions might differ, however, for both inhibitors.

The Tafel plots for the TEA-inhibited system shown in Figure 3.52 and summarized in Table
3.17 reveal the influence of ionizing radiation and bicarbonate ions on the corrosion inhibition
of low alloy ferritic steel. In the unirradiated state, TEA provides a degree of corrosion
inhibition, characterized by an Eqr of approximately -214.1 mV and a CR of 0.5E-3 mmpy,
correspondingto ~99% inhibition efficiency relative to the uninhibited system(see Table 3.10).
Upon exposure to ionizing radiation, the corrosion kinetics are significantly altered. Increasing
radiation doses generally lead to a decrease in the corrosion potential (as illustrated in Figure
3.55) and increase in the corrosion current density, indicating a reduction in the inhibitor's
effectiveness and an acceleration of the corrosion process. The Egr Shows no significant shift
at 0.35 kGy; however, it decreases to -420 mV at higher doses (2.0 kGy and 2.5 kGy. This
suggests that radiation-induced species likely influence both anodic and cathodic reaction rates
in a dose-dependent manner. The cathodic Tafel slopes appear to decrease at higher radiation

doses, potentially indicating changes in the rate-determining step of the cathodic reaction or

129



the involvement of new cathodic processes driven by radiolysis products. The addition of 0.06
mol/dm3 NaHCO:s to the 2.5 kGy irradiated TEA system results in a slight positive shift in Ecor
(to approximately -400 mV) with a slight decrease in the corrosion current.
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Figure 3.52: Potentiodynamic polarization curves (Tafel plots) for 1.6310 low alloy ferritic steel in
5000 ppm TEA solution. Samples were exposed to ionizing radiation doses of 0.35 kGy, 2 kGy, and
2.5 kGy, as well as a sample irradiated to 2.5 kGy in the presence of 0.06 mol/dm*® NaHCO:s solution.

For the unirradiated sample, TACT provides inhibition with an E¢,r around -0.25V and an
estimated igr Of approximately 0.14 pA. Similar to TEA, increasing radiation doses lead to a
progressive increase in the corrosion current, signifying a decrease in TACT's inhibitory
capacity (Figure 3.60). The Eg for TACT generally shifts towards more negative potentials
with increasing radiation dose, reaching approximately -400 mV at 2.5 kGy. The Tafel slopes
also change with radiation dose, reflecting altered reaction kinetics. The introduction of 0.06
mol/dm3 NaHCO3 to the 2.5 kGy irradiated TACT system caused a substantial increase in the
corrosion current (markedly higher than for the TEA system) and a significant negative shift
in Eqr (to approximately -500 mV). This negative shift, coupled with the high corrosion
current, indicates a strong influence of carbonates on accelerating the anodic dissolution of

steel in the presence of TACT under the experimental condition.
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Figure 3.53: Potentiodynamic polarization curves (Tafel plots) for 1.6310 low alloy ferritic steel in
300 ppm TACT solution. Samples were exposed to ionizing radiation doses of 0.35 kGy, 2 kGy, and
2.5 kGy, as well as a sample of 300 ppm TACT in 0.06 mol/dm® NaHCO:s solution irradiated to
2.5kGy.

Comparison of TEA and TACT Inhibition Behavior:

To comprehensively assess the impact of ionizing radiation on the protective capabilities of
TEA and TACT, the corrosion rates of 1.6310 steel in both unirradiated and irradiated inhibitor
solutions were compared. The relevant CR values, extracted from Tafel extrapolation
parameters (Tables 3.9, 3.10, and 3.17), are summarized in Table 3.18. For this comparison,
optimal unirradiated concentrations (5000 ppm for TEA and 300 ppm for TACT) were
selected, as these concentrations demonstrated high inhibition efficiencies prior to irradiation.

131



Table 3.18: Comparative Corrosion Rates (CR) of 1.6310 Steel in Unirradiated and Irradiated
TEA (5000 ppm) and TACT (300 ppm) Solutions.

nhibitor Absorbed Corrosion Rate Relative factor of increase in
Dose (kGy) CR (mmly) CR (vs. Unirradiated)
TEA Unirradiated (0)  (0.50%0.02) E-03 1
0.35 (1.90+0.02) E-03 3.8
2.0 (3.17%£0.02) E-03 6.3
2.5 (5.28+0.42) E-03 10.6
TACT  Unirradiated (0)  (2.01%0.06) E-03 1
0.35 (6.11+0.02) E-03 3.0
2.0 (7.3840.42) E-03 3.7
2.5 (8.44+0.63) E-03 4.2

The data in Table 3.18 demonstrate a dose-dependent decrease in the inhibition efficiency for
both TEA and TACT, as evidenced by a progressive increase in the corrosion rate with
increasing absorbed radiation dose. This indicates that the radiolytic products of water and/or

the degradation of the inhibitors themselves compromised their protective capabilities.

In the unirradiated state, 500ppm TEA provided a lower corrosion rate ((0.50+0.02) E-03
mm/y) compared to TACT at 300 ppm ((2.01+0.06) E-03 mm/y). This confirms TEA's
excellent performance at its optimal high concentration, while TACT achieved strong

inhibition at a significantly lower concentration.

Both inhibitors showed an increase in CR even at relatively low doses. For TEA, the CR
increases by a factor of 3.8, while for TACT, itincreases by a factor of 3.0. This suggests that
even relatively minor radiolytic changes affected the inhibitors' performance.

At 2.5 kGy, TEA's corrosion rate increased significantly by a factor of 10.6 compared to its
unirradiated state, reaching (5.28+0.42) E-03 mm/y. This substantial increase aligns with the
more pronounced molecular degradation observed in the TEA NMR spectra (Figure 3.54,

where peak broadening and new product formation indicate a loss of structural integrity.

For TACT, corrosion rate also increased with dose, but to a lesser extent relative to its
unirradiated performance, with a 4.2-fold increase at 2.5 kGy, reaching (8.44+0.63) E-03
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mm/y. This comparatively smallerincrease in CR (relative to its unirradiated state) is consistent
with the greater molecular stability of TACT observed inits NMR spectra (Figure 3.62), where

the core triazine structure appears more resistant to radiolytic breakdown.

Despite TACT's higher relative radiation stability (smaller factor of increase in CR), TEA
ultimately maintains a lower absolute corrosion rate at the highest absorbed dose in the present
study (2.5 kGy) compared to TACT ((5.28+0.42) E-03 mm/y for TEA vs. (8.44+0.63) E-
03mm/y for TACT). This could be attributed to TEA's higher initial concentration providing a
larger reservoir of inhibitor, or the nature of its degradation products still offeringsome residual
protection, even if the parent molecule is compromised. Also, both inhibitors maintained high
inhibition efficiencies (above 95% compared to the unirradiated) even at the highest absorbed

dose of 2.5 kGy, demonstrating notable radiation resistance in the experimental condition.

TEA and TACT differ in their behavior when exposed to radiation in the presence of
NaHCOsq). The presence of 0.06 mol/dm3 NaHCO: at 2.5 kGy irradiation led to a significant
acceleration of corrosion for the TACT system, whereas for the TEA system, a decrease in
corrosion was observed with the presence of NaHCOs. This indicates that hydrogen carbonate
ions likely interfered with the formation or stability of the protective inhibitor layer. In the
presence of TEA, bicarbonate ions effectively maintained the alkaline pH of the system (Table
3.16), even as radiolytic species were formed. This stable alkaline environmentis known to
favor the stability of iron oxide/hydroxide passive films thereby indirectly contributing to

preserving the integrity and protective capacity of the inhibitor layer.

In the absence of corrosion inhibitors, ferritic steels in aqueous media exposed to gamma
radiation can experience increased corrosion rates due to the radiolysis of water, which
generates redox active species ranging from highly oxidizing (*OH, H,0,, O,) to highly
reducing (e, He, Hy) species that react with the steel surface [193.222], |n contrast to oxidizing
radiolysis products, the main reducing radiolysis species, Hy, is gaseous hence the dominant
species in solution are *OH, H,0,(aq) and other oxidizing radiolysis species. The change in
Ecorr Observed with irradiation has been attributed mainly to the build-up radiolytically
generated H,0, H,0, acts as either a reductant or oxidant for the corrosion reaction depending
on the nature of the oxide on the steel surface [223.224], To observe the influence of y-irradiation
on metal electrodes, Fujita et al [225.226] jrradiated a platinum electrode in solutions purged with
Ar, CO,, N,O and O, and measured the potential difference against a non-irradiated electrode
and reported less noble potential difference at the irradiated electrode, lower by 100-400 mV.
Daub and coworkers [2241observed that the E.,, 0f carbon steelsin 0.01 mol/dm3sodium borate
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solution at a pH of 10.6 increased upon vy-irradiation. This trend was corroborated by other
researchers for stainless steels [106.227.228] |n the presence of inhibitors, Migahed and coworkers
[105] observed a decrease in OCP and inhibition efficiency after some organic corrosion
inhibitors (pH 5.4 and 6.4) were pre-irradiated up to 100 kGy by gamma irradiation and applied
to 304 stainless steel in a 2 mol/dm3 HCI solution. Dey and coworkers 194 concluded that the
nature of the species formed by the reaction of the inhibitor and the radiolytic species— eg,/H-
atom dictate the effectiveness of such inhibitor in the presence of ionising radiation. Inhibitors
that produce strong reducing radicals after reacting with e,~ / H- may still be effective
corrosion inhibitors, provided they form insoluble complexes with the metal. Schwarz [229]
performed a pulse radiolysis of triethanolamine usinga Co-60 source and an electron beam.
Amongthe radicals formed fromthe attack of ez, on TEA, two main products were stable from
the propagation till the termination steps: Diethanolamine HN(CH,CH,OH) and Acetaldehyde
(CH3CHO).

3.5.3.3 NMR Measurements

NMR spectra of tH NMR measurements performed after absorbed doses of 35 Gy, 0.35 kGy,
2 kGy and 2.5 kGy are compared with the spectra of the unirradiated inhibitors. These are
shown in Figure 3.54 for 5000 ppm TEA and Figure 3.55 for 300 ppm TACT.

From Figure 3.54, unirradiated TEA, with the structure N(CH,CH,OH)s, exhibits two
prominent signals in its 1TH NMR spectrum. The triplet in the chemical shift region of 2.6 — 2.8
ppm and the broader triplet at 3.6-3.8 correspond to the -CH,- groups adjacent to the nitrogen
(N-CH,) and the -CH,- groups adjacent to the hydroxyl group (O-CHy), respectively.
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Figure 3.54: Comparison of *H-NMR spectra (400.18 MHz, 300 K) of unirradiated and irradiated 5000
ppm TEA solutions. Blue, red and green signals are newly identified compared to other spectra. Relative
intensities are scaled independently to aid comparison.

Irradiated TEA 0.5% - .5 kGy

The spectrum of the TEA sample irradiated at 35 Gy is almost identical to that of the
unirradiated inhibitor. This suggests that at this very low dose, TEA experiences minimal, if

any, radiolytic degradation detectable by 1H NMR.

As the irradiation dose increases to 0.35 kGy and beyond, some changes are observed in the

spectra relative to the unirradiated spectra:

1. Broadening of Existing Peaks: The two main TEA peaks (N-CH, and O-CH,) at~2.65 and
3.6 ppm become broader with increasing dose. This broadening indicates a loss of chemical
homogeneity. The chemical environment of each type of proton becomes a distribution of
slightly differentenvironments. This is consistent with the formation of a range of radiolytic

products, each with slightly altered chemical shifts.

2. New, Small Peaks: At higher doses (2 kGy and 2.5 kGy), new peaks with small intensities
become visible around 3.4 ppm, and as a less intense shoulder around ~3.65 ppm. The region
between 3.0to 4.0 ppm contains the signals from protonsfrom-CH,- groups adjacentto oxygen
or nitrogen. This suggests that the products formed are likely to have protons in similar

chemical environments to those in the original TEA molecule, consistent with the formation of
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degradation products such as diethanolamine, monoethanolamine, or fragments containing -
CH,-O- and -CH2-N- linkages.

3. Dose-Dependent Degradation: The intensity of the new peaks, coupled with the broadening

of the original TEA peaks, shows a dose-dependent degradation of TEA. Increasing absorbed

dose results in greater radiolysis of the inhibitor solution.

The possible radiolysis mechanisms for the TEA solution include:

C-N Bond Cleavage: Radiation can cause homolytic cleavage of the C-N bondsin TEA
via OH attack. This would generate radicals, leading to the formation of smaller amine
radicals (e.g., diethanolamine, monoethanolamine), aldehydes or alcohols [229],

C-O Bond Cleavage: The cleavage of C-O bonds, leading to the formation of alcohols
and imines, is a likely but less favored mechanism dueto the higher bond dissociation

energy of C-O compared to C-N [230.231],

Hydrogen Abstraction: Studies reveal that OH radicals (and H atoms) can abstracta
hydrogen atom from the protonated aliphatic amines usually at a position distant from
the amino group (-NHs* group). While for unprotonated amines, the OH (or Oyy)
radicals can attack at every other position, leading to the formation of transients but the
hydrogen abstraction by the radicals preferentially occurs on the amine group (-
NH,*group) and on the alpha-position [232-234 These radicals are highly reactive and
can participate in various reactions, including radical-radical coupling leading to the
formation of dimers or larger oligomers. This could contribute to the observed
broadening of the NMR signals at higher doses. In oxygenated solutions, (like in the
present study) these carbon-centered radicals can form peroxyl radicals (R-O-O¢),
which subsequently decompose to form aldehydes, ketones, and carboxylic acids. This
was the conclusion from the works of Clay & Rashid 2321, Garrison etal [235], Fessenden
& Neta [234. The absence of significant down-field chemical shifts (> 7 ppm) suggests
that aldehyde formation is not a dominant pathway under the experimental conditions,

but the broadening and new small-intensity peaks could indicate minor contributions
[236]

The NMR spectrum forthe unirradiated TACT solution in Figure 3.55 indicates a tripletaround

~3.2 ppm for the -CH,- group adjacent to the triazine ring, a triplet around 2.2 ppm for the -
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CH,- adjacentto the carbonyl group (O=C-CH,-). Multiplet signals at ~1.3 — 1.7 ppm from

internal -CHy- groups in the triazine ring.

TACT 0.03% irradialed - 2.5 kGy

TACT 0.03% irradiated - 2 kGy

TACT 0.03% irradiated - 0.35 kGy
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Figure 3.55: Comparison of *H-NMR spectra (400.18 MHz, 300 K) of unirradiated and irradiated 300
ppm TACT solutions. Blue and red bars denote possible new peaks from radiolysis. Relative intensities
are scaled independently to aid comparison.

The key changesupon irradiationare peak broadening (at>0.35 kGy dose), decreased intensity
reflecting the radiolytic consumption of the parent TACT molecules, and the appearance of
small new peaks at 2.5 kGy. Below 0.35 kGy absorbed dose, the molecule is relatively stable
due to the stable triazine ring. The 2.5 kGy spectrum reveals very small, new, broad signals at
1.8 ppm and around ~2.3 ppm (red and blue bar in Fig. 3.55). These peaks, despite low
intensity, signify the onset of molecular degradation and new chemical species formation from
radiolysis, likely involving aliphatic side chains or amide bond cleavages, and resulting in
minor degradation products with distinct proton environments. The increased apparent "noise"
in the spectra at 2.0 kGy and 2.5 kGy, despite identical acquisition parameters as the rest, can
be attributed to several factors stemming from the radiolytic degradation at these higher doses.
This includes a reduced overall concentration of intact TACT molecules (leading to lower
signal-to-noise ratio), the formation of a complex mixture of degradation products with
overlapping and potentially very broad signals that distort the baseline, and the possible
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generation of paramagnetic species (e.g., stable radicals or trace metal impurities undergoing
redox changes) which cansignificantly broadenand suppress NMR signals, thus increasingthe

effective baseline noise [193],

The radiolytic degradation of TACT ismore complex thanthatof TEA dueto its more intricate
structure. There is also a dearth of literature on the radiolysis mechanism specific to this

molecule. The possible radiolysis mechanisms for the TACT solution include:

e Amide Bond Cleavage: Since amide bonds (R-CO-NH-R') are highly susceptible to
cleavage by ionizing radiation, occurring primarily by hydrogen abstraction and OH radical
attack [237-239] the cleavage of the amide bond would be a primary degradation pathway for
TACT, leading to the formation of fragments containing the triazine ring and fragments of

the aminocaproic acid side chains. E.g.
TACT + hv — Triazine-NH; + HOOC-(CH;)s-NH-Triazine (and other fragments).

The broadeningand slightshifts of the existing TACT peaks (e.g., the triplet at 3.25 ppmand
the tripletat 2.1 ppm) are consistent with the formation of a distribution of fragments where
these bonds have beenaltered. New, unresolved signals contributing to the overall spectral

envelope would also be expected in these regions.

e Hydrogen Abstraction: Similar to TEA, hydrogen abstraction from the methylene groups (-
CH-) in the aminohexanoic acid chains can occur, leading to radical formation. These
radicals can then undergo radical-radical coupling resulting in dimers and oligomers and
oxidation to aldehydes/carboxylic acids. The increased broadening of the multiplets
between 1.2 — 1.7 ppm and the appearance of minor new, broad signals in the 1.8 ppm and
2.3 ppm regions are consistent with the formation of various aliphatic and oxygenated
aliphatic degradation products. These new signals represent the protons in these newly

formed chemical environments.

The above mechanism is supported by the work of Cataldo and co-investigators [2401 who
performed radiolysis of 1,3,5 triazine, with y-radiation between 50 and 350 kGy, and post-
mortem studies using electronic absorption spectroscopy, liquid chromatography, FT-IR
spectroscopy and differential scanning calorimetry (DSC). The results showed a low radiation
stability of the molecule in the reported dose range. The observed radiolysis products include
formamidine, triazine dimers and oligomers as well as gaseous products such as H,, CH, and
HCN. While the dose range in the present study are 20 times less than the above, the reported

mechanisms are instructive.
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The presence of characteristic peak positions across dose values in Figure 3.55, even with
broadening and reduced intensity, indicates that the triazine ring exhibits greater stability to
radiolysis compared to the more labile amide linkages and aliphatic chains. While TACT's
NMR spectra indicated some radiolytic degradation, this persistence of the core functional
groups suggests that its overall corrosion inhibition ability is largely retained. This conclusion

is corroborated by the high IE (%) from electrochemical measurement after elevated doses.
G-values and Product Yields:

Schwarz performed pulse radiolysis of TEA and identified diethanolamine and acetaldehyde
as main stable products from the propagation steps, and reported a G-value of 930
molecules/100 eV absorbed in the solution [229], For the absorbed dose in the present study, a

significant yield of diethanolamine and acetaldehyde is expected.

A G-value for TACT was not found in literature at the time of this report, however for triazine
derivatives, Cataldo et al.[0] reported G-values for gamma-radiolysis products of 1,3,5-
triazine such as H, (G=0.04 molecules/100 eV) and CH,4 (G=0.03 molecules/100 eV), with a
total gaseous products yield, Ggss, =0.22. This indicates that while simple gas products may
have low yields, the overall degradation process is more complex, potentially involving other
non-gaseous products, though their specific G-values were not quantified in that study. Other
studies on triazine herbicides (e.g., atrazine) in aqueous solutions irradiated with electron
beams or gamma rays indicate their degradation is driven by -OH and e, reactions, leading to
significant consumption of the parent molecule within kGy dose ranges [241.242] suggesting

substantial overall degradation G-values.

In the present study, the qualitative observations from the NMR spectra provided direct
evidence of these radiolytic transformations. The increasing peak broadening and the
appearance of new, albeit small, signals at higher absorbed doses for both inhibitors signify a
dose-dependent increase in the concentration of degradation products. The more pronounced
changes observed for TEA (Figure 3.61) compared to TACT (Figure 3.62) qualitatively
indicate a higher overall G-value for TEA degradation in this system, suggesting it is more

susceptible to radiolytic breakdown.

3.5.3.4 Surface Composition of Irradiated Steel Coupons

Post-irradiation XPS measurements performed with the steel couponsimmersed in the inhibitor

solutions are reported in Figures 3.56 and 3.57 for different absorbed dose values. The N 1s
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and Fe 2p spectra are compared with those of steel in contact with unirradiated inhibitor

solutions.
XPS Spectra of Unirradiated and Irradiated 300 ppm TACT:

Figure 3.56 provides information about the chemical states of nitrogen (N 1s) and iron (Fe 2p)
on the steel surface immersed in 300 ppm TACT before and after irradiation at different dose
values (0.35 kGy and 2.5 kGy). The N 1s spectra (left column of Figure 3.56) show a weak N
1speakat~400.3 eV inthe unirradiated sample, suggestingthe presence of nitrogen-containing
species, likely from TACT adsorption. Theweak intensity of this N 1s signal, particularly when
observed concurrently with prominent Fe 2p signals from the underlying steel substrate, is a
direct indicator of a relatively thin inhibitor overlayer. After 0.35 kGy irradiation, the N 1s
spectrum becomes more structured, with the binding energy of the main line at ~ 400.2 eV.
The deconvolution of the N peak gives additional peaks at around 398.9 eV. The additional
peaks suggest the presence of a fragment(s) with different nitrogen environments from the
radiolysis of TACT. Organic compounds such as Aminoacetic acid (H,NCH,COOH) and
Nitrilotriacetic acid (N(CH,COOH)3) have similar binding energies [2431 and are possible
products of TACT radiolysis. After 2.5 kGy, the N 1s peak ataround 400.4 eV and 398.8 eV
remains well defined, indicating the stability of -NH; and -CN groups even at higher radiation
doses. This suggests that, despite some radiolytic degradation, TACT's key functional moieties
(presumably the triazine core) persist. This ensured that the inhibitor could contribute to
providinga protective layer on the steel surface, and thusits overall corrosion protection ability
was not significantly compromised.

In the Fe 2p spectra (right column of Figure 3.56), the unirradiated sample clearly displays
characteristic peaks for metallic iron (Fe(0) at ~707 eV) and ferrous iron (Fe(ll) at ~710 eV),
alongside a less intense peak for ferric iron (Fe(l11)) at higher binding energies ~711 eV). This
distribution of oxidation states indicates the presence of a thin, intrinsic iron oxide/hydroxide
layer on the steel surface, with the underlying metallic iron still readily detectable. This
confirms minimal initial oxidation and effective protection by the initial TACT adsorption, as
highlighted in Section 3.4.3.2. For the 0.35 kGy irradiated sample, the Fe 2p spectrum shows
a slight increase in the relative intensity of the Fe(lll) peak compared to the unirradiated
sample, suggesting a minor increase in surface oxidation. Nevertheless, the Fe(0) and Fe(ll)
components remain prominent, confirmingthatthe TACT layer largely maintains its protective

function against significant oxidation despite the exposure to radiation.
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Figure 3.56: Comparison of Nitrogen (N 1s) and Iron (Fe 2p) spectra for steel in unirradiated and
irradiated 300 ppm TACT solution at 0.35 kGy and 2.5 kGy absorbed dose values. N1s fitting indicate

presence of other N species at higher doses.

After 2.5 kGy irradiation, a more noticeable change is observed. The Fe 2p3/, peak assigned to
Fe(lll) becomes more intense, becoming the dominant iron species on the surface, while the
Fe(0) peak is diminished and broadened. The Fe(Il) component is still present but less intense
compared to Fe(lll). This shift towards higher oxidation states and the reduction in metallic

iron content indicate a more significant degree of surface oxidation occurring at higher
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radiation doses. This increased oxidation might be attributed to a partial breakdown of some
inhibitor molecules or a reduction in the protective efficiency of the TACT layer under
prolonged exposure to ionizing radiation, allowing corrosive species and radiolytic oxidants
access to the steel surface. Despite this increased oxidation, the persistent presence of nitrogen
(as discussed above) suggests that a substantial portion of the TACT layer, or its strongly
adsorbed degradation products, remains on the surface, still providing some degree of

protection against the complete oxidation of the steel surface.

XPS Spectra of Unirradiated and Irradiated 5000 ppm TEA:

Figure 3.57 showsacomparison of the N 1sand Fe 2p XPS spectrafor steel couponsimmersed

in 5000 ppm TEA solution before and after exposure to ionizing radiation.

From the N 1s XPS spectra for the unirradiated sample in Figure 3.57, a strong peak at 400.3
eV suggests that TEA forms a well-adsorbed layer on the steel surface, likely through Fe-N
interactions. A higher intensity is observed compared to TACT, possibly due to the higher
relative concentration of the TEA (5000 vs 300 ppm). After 0.35 kGy irradiation, the binding
energy remains at ~400.3 eV, suggesting that the chemical nature of TEA did not significantly
change under irradiation up to this absorbed dose value. TEA therefore maintains its structural
integrity at lower radiation doses (<0.35 kGy). With further increase in absorbed dose to 2.5
kGy, the peak at ~ 400.3 eV binding energy persists. The N 1s signal decreases in intensity,

suggesting some desorption or breakdown of the inhibitor layer at higher radiation doses.

The Fe 2p spectrum for the unirradiated sample shows the presence of Fe(0) and Fe(l11) peaks,
with only a minor Fe(ll) contribution, indicating low oxidation. This result is similar to that
observed in TACT. At low dose value of 0.35 kGy, the Fe 2p spectrum still shows Fe(0) and
Fe(l11) as the main states. This suggests minor oxidation, but the TEA layer remains effective
at preventingcorrosion. Afterirradiationup to 2.5 kGy, amore intense Fe(l11) peak is observed,
with a decrease in Fe(0), indicatingmore advanced oxidation compared to 0.35 kGy. The Fe(0)
peak is still visible, indicating that even with the presence of an oxide layer, metallic Fe can be
detected at nanometer depth suggesting that the oxide layer is thin and that the inhibitor still
protects the steel surface by a physical adsorption mechanism already discussed in the Section
3.4 with the unirradiated inhibitors.

The N 1s spectrum for TEAin 0.06 mol/dm3NaHCOg3solution (purple spectrum in the 2.5 kGy

N 1s) shows a lower intensity signal at the binding energy of the amine group (~400.3 eV)
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compared to the solution in deionized water (blue trace). It can be inferred that the stability of
TEA and its adsorption is strongly affected by the surrounding environment. COz%and HCOz
ions, present in the NaHCOg solution, are known to interact with iron and steel surfaces,
contributingto passivation and formingsurface complexes [204.205], This interaction implies that
carbonate/bicarbonate species could create a more effective barrier together with TEA than
either species alone. The carbonate/bicarbonate ions may help stabilize TEA adsorption
through electrostatic interactions or by forming bridging structures that enhance surface

coverage and lower corrosion rate [244],
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Figure 3.57: Nitrogen (N 1s) and Iron (Fe 2p) spectra for steel in unirradiated and irradiated 5000
ppm TEA solution. Effect of absorbed dose values of 350 Gy and 2.5 kGy are compared with
unirradiated sample.

3.5.3.5 Surface Morphology of Irradiated Steel

A comparison of the surface morphology and elemental composition of the surfaces of 1.6310
steel coupons immersed in unirradiated TACT-inhibited and TEA-inhibited solutions, those
immersed in the inhibitor solutions and further irradiated up to 2.5 kGy and coupons in blank
solutions under the same conditions are presented in this section. Figures 3.58 and 3.59, along
with the quantitative elemental compositions in Table 3.19, provide information on the surface
morphology and elemental composition of the surfaces. The results complement the
electrochemical data (Section 3.5.3.2) and NMR investigations (Section 3.5.3.3), to explain the

observed effect of ionizing radiation on the corrosion inhibition of TEA and TACT.

The steel surface in the unirradiated blank solution (Figure 3.58: top, left) although initially
prepared to a mirror finish, developed a visible homogeneous layer of precipitates/corrosion
products afterimmersionin the blank solution. The corresponding EDX spectrum (Figure 3.59,
top left) confirms a surface primarily composed of iron (42.2 £ 1.8 at. %) and nearly equal
amount of oxygen (47.0 £ 1.7 at. %), along with carbon (9.8 £ 0.9 at. %) likely from
adventitious contamination. The atomic ratio of Fe:O, approximately 1:1.11 (42.2:47.0)
strongly indicates that the steel surface is covered by a significant layer of iron oxides and/or
hydroxides. This corrosion product layer could provide some initial passivation in aerated
conditions. In contrast, a heterogeneous and porous microstructure, consisting of nodular,
cauliflower-like crystalline aggregates and high surface roughness is observed on the surface
of the irradiated blank steel. This is characteristic of substantial corrosion product formation.
The observed microstructural porosity and flake-like corrosion products suggest localized
attack and potentially unstable passive film formation. The corresponding EDX spectrum
(Figure 3.59, top right) shows a significant increase in oxygen content (61.1+ 0.2 at. %) and a
decrease in iron content (29.8 + 1.6 at. %) compared to the unirradiated blank. This change in
elemental ratio (1:2.05), coupled with the visual evidence, confirms extensive oxidation and
the possible formation of a thick layer of hydrated iron oxides/hydroxides (likely Fe;O3). This
observation is consistent with radiation-enhanced corrosion, where the radiolytic products of
water (-OH, H,0,, etc.), acting as oxidants, significantly accelerate the corrosion process in the

absence of effective inhibition [221,224],
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Table 3.19: Composition in at. % of the surfaces shown in Figure 3.58. The elemental
composition of 1.6310 steel surface in unirradiated solutions (Unir) of blank, 5000 ppm TEA
and 300 ppm TACT, compared after irradiation up to 2.5 kGy.

C 0] Al Si Mn Mo Fe Ni
Blank 9.8 47.0 - 0.7 - 0.3 42.2 -
(Unir) +0.9 +1.7 +0.3 +0.1 +1.8
Blank 5.8 61.1 0.3 3.0 - 29.8 -
(2.5 kGy) +0.2 +0.2 0.2 0.2 +1.6
TACT 1.9 n.d. 0.5 1.0 1.8 94.8 -
(Unir) +0.7 +03 05 0.6 +2.9
TACT 3.0 n.d. - 0.7 1.4 94.9 -
(2.5 kGy) +0.6 +0.3 +0.7 +1.8
TEA 4.1 n.d. 0.4 0.7 1.6 0.3 92.0 0.9
(Unir) +0.6 +0.2 0.2 +0.5 +0.2 +24 £0.6
TEA 1.9 n.d. - 0.7 1.4 0.2 95.8 -
(2.5 kGy) +0.6 +0.2 +0.7 +0.1 +1.9

n.d. - not detected

The surface of the steel immersed in unirradiated TACT solution (Figure 3.58, middle left)
appears notably clean and smooth, similar to the freshly polished state, with minimal visible
corrosion or deposits. A high iron content (94.9+ 2.9 at.%) and a very low carbon content (1.9
at.%), with no detectable oxygen signal is seen in the EDX spectrum (Figure 3.59, middle left).
The absence of oxygen, or its presence below the EDX detection limit (typically 0.1 — 1 at%),
is remarkable, providing some evidence that TACT prevented the formation of a substantial
iron oxide layer, thus maintaining the metallic character of the surface necessary for magnetic
separation. Post irradiation, the surface of the steel immersed in irradiated TACT solution
(Figure 3.61, middle right) remains largely intact and smooth, visually indistinguishable from
the unirradiated TACT-treated surface. No visible evidence of widespread corrosion or the
rough, pitted morphology seen in the irradiated blank is observed. The corresponding EDX
spectrum (Figure 3.59, middle right) continues to show a high iron content (94.9 + 2.9 at.%)
and no detectable oxygen signal. A slight increase in carbon content (3.0 + 0.6 at.%) compared
to the unirradiated TACT may be due to the accumulation of TACT degradation products or
more extensive organic coverage. This visual and compositional stability of the TACT-treated
surface under high-doseirradiation supports the electrochemical results (Section 3.5.3.2) where

TACT maintained a relatively lower corrosion rate compared to the blank under irradiation.
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This also aligns with the NMR findings (Section 3.5.3.3) which demonstrated TACT's
molecular stability against radiolytic degradation even after 2.5 kGy irradiation.

The unirradiated TEA-treated surface (Figure 3.59, bottom left) also appears smooth and
largely free of visible corrosion, similar to the TACT-treated surface. The EDX spectrum
(Figure 3.59, bottom left) shows a high iron content (92.0+ 2.4 at.%) and a moderate carbon
content (4.1 at.%), with no detectable oxygen signal. This confirms TEA's effective corrosion
inhibition in unirradiated conditions, consistent with electrochemical measurements showing
high inhibition efficiency at 5000 ppm (Section 3.4.1). After irradiation, the irradiated TEA-
treated surface (Figure 3.59, bottom right) visually remains largely smooth and unaffected by
irradiation, showing no signs of widespread corrosion products, similar to that of TACT. The
corresponding EDX spectrum (Figure 3.59, bottom right) reveals a high iron content (95.8 £
1.9at.%) and, notably, no detectableoxygen signal. The carboncontent(1.9+0.6 at.%) remains
stable even after irradiation.

The surface analyses strongly correlate with the observations from NMR (Section 3.5.3.3) and
electrochemical studies (Section 3.5.3.2), that while the inhibitors undergo slight performance
reduction in the presence of ionizing radiation, they largely maintain their ability to suppress
the formation of extensive corrosion products across the steel surface. TACT, in particular,
exhibited greater radiation resistance compared to TEA, due to the triazine core ring-structure
even though TEA, due to its ten-fold higher concentration usage, resulted in less absolute CR
after 2.5 kGy irradiation. The pH changes observed (TEA pH decrease, TACT pH increase)
further highlight the distinct radiolysis mechanisms for both inhibitors, influencing the long-

term stability of adsorbed films and interaction with the steel surface.
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Unirradiated Irradiated (2.5 kGy)

Blank

300 ppm TACT

5000 ppm TEA

Figure 3.58: Comparison of surface morphology of 1.6310 steel immersed in unirradiated and 2.5
kGy irradiated blank (top row), 300 ppm TACT (middle row), and 5k ppm TEA (bottom row).
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Figure 3.59: Comparison of EDX spectra of steel coupon surfaces in unirradiated (blue spectra) and
2.5 kGy irradiated blank and inhibitor solutions (red spectra). First row shows steel in blank solution,
second row shows steel in 300 ppm TACT solution, and bottom row shows steel in 5000 ppm TEA

solution.
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CHAPTER FOUR: SUMMARY AND CONCLUSIONS

This dissertation presents a comprehensive investigation into the challenges associated with
ferritic steel corrosion duringand after Water Abrasive Suspension (WAS) cutting, a technique
employed in nuclear decommissioning for the segmentation of reactor pressure vessels and
internals. The effective management of corrosion in real dismantling scenarios is essential for
efficient separation of the activated steel swarf from the abrasive particles by means of wet-
sieving and magnetic filtration. Achieving efficient separation of the steel particles minimizes
secondary radioactive waste volumes and enhances abrasive recyclability. The overarching
goal was to identify effective corrosion inhibitionstrategies for Reactor Pressure Vessel (RPV)
steel (1.6310) under conditions relevant to WAS cutting and subsequent separation processes,
and to thoroughly understand the influence of ionizing radiation on inhibitor performance and
steel corrosion. This chapter summarizes the key findings derived from the multi-technique
experimental and computational approach, draws definitive conclusions in response to the
stated aims, and discusses the broader implications of this research for nuclear

decommissioning and future scientific endeavors.
4.1 Key Findings

4.1.1 Corrosion Inhibitor Selection and Characterization

The initial phase of this study focused on identifying and characterizing a suitable corrosion

inhibitor for 1.6310 ferritic steel under conditions mimicking the WAS cutting environment.

e Initial Screening and Optimal Concentration of C.Inh #4: Immersion tests served
as a qualitative initial screening, revealing that the commercial inhibitor formulation,
C.Inh #4, significantly outperformed other tested candidates. Unlike other inhibitors,
C.Inh#4 effectivelyprevented visible corrosion products on steel coupons aftera 7-day
immersion period (Section 3.1.1, Figure 3.2). Subsequent detailed electrochemical
measurements (OCP, PDP, EIS) quantitatively confirmed C.Inh #4's potent inhibitory
action. Potentiodynamic polarization studies (Section 3.1.2.2, Figure 3.4, Table 3.1)
demonstrated that C.Inh #4 acts as a mixed-type inhibitor, effectively suppressing both
anodic (metal dissolution) and cathodic (oxygen reduction) reactions. An optimal
concentration of 1.5 vol.% was identified, achieving a high inhibition efficiency (IE%)

of 93.8 + 1.1 %. Electrochemical Impedance Spectroscopy (EIS) further corroborated
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these findings, showing a substantial increase in charge transfer resistance (Ry) from
0.004 MQ (blank) to 0.86 + 0.02 MQ (at 3h) and up to 2.95 + 0.82 MQ after 72 hours
of immersion (Section 3.1.2.3, Table 3.2), indicating the formation and continuous
improvement of a robust protective film over time.

Performance in WAS Cutting Suspension: Steel particles obtained from the WAS
cutting experimentand leftin the solution with the C.Inh #4 were reported to experience
minimal surface oxidation even after 1 week. Validation experiments conducted with
actual WAS cutting suspension, dosed with 1.5 vol.% C.Inh #4, confirmed its
effectiveness under near-process conditions. OCP measurements showed a significant
ennoblement of the potential compared to tap water, indicating reduced corrosion
propensity (Section 3.2.1, Figure 3.12). PDP curves further revealed high inhibition
efficiencies (e.g., 91.1+ 0.9 % for Tapwater + Inhibitor), despite the complexity of the
cutting fluid. Long-term immersion tests (up to 18 months) of 1.6310 steel couponsin
the WAS cutting suspension, analyzed by SEM-EDX, revealed a remarkable absence
of widespread macroscopic corrosion products (Section 3.2.2.1, Figures 3.14, 3.15),
visually confirming the sustained protective action of C.Inh #4.

Compositional Elucidation of C.Inh #4: To understand the mechanistic basis of C.Inh
#4's performance, its chemical composition was thoroughly investigated using a
combination of XPS, NMR spectroscopy (*H, 13C, COSY), and Mass Spectrometry (El-
MS). This multi-technique approach, complemented by direct confirmation from the
manufacturer, definitively identified three major components: Triethanolamine (TEA),
2,4,6-Tri(6-aminohexanoic  acid)-1,3,5  triazine (TACT), and 6-(4-
Methylphenylsulfonamido) hexanoic acid (Section 3.3). The presence of sulfur in the
third component led to its exclusion from further detailed study, adhering to the CHON
principle for nuclear waste management.

Comparative Performance of Pure TEA and TACT: Dedicated electrochemical
studies on pure TEA and TACT in 0.06 mol/dm3NaHCO:s solution provided critical
insights into their individual contributions. TACT emerged as the more efficient
inhibitor, achieving high inhibition efficiencies (>97% IE%) and robust passivation
(e.9., Rp=220.0 kQ at 300 ppm) at significantly lower concentrations (100 — 300 ppm)
(Section 3.4.1, Table 3.9). In contrast, TEA required a much higher critical
concentration (>3000ppm) to achieve comparable high inhibition (e.g., 99.0% IE at
5000 ppm, R, = 357.0 kQ) (Section 3.4.1, Table 3.10).
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Adsorption Mechanisms and Film Characteristics: Adsorption modeling using the

Langmuir isotherm revealed that TEA primarily adsorbs via physisorption (AngS:

—20.4 + 0.8 kJ/mol), consistent with its requirement for higher concentrations. TACT,
conversely, utilizes a combination of physisorption and stronger chemisorption (AG(fds
= —44.5 + 0.8 kJ/mol), explaining its remarkable efficiency at lower concentrations
(Section 3.4.2). Quantitative adsorption measurements by Quartz Crystal Microbalance
(QCM) and Ellipsometry further supported these findings (Section 3.4.4, Tables 3.13,
3.14). TACT formed thicker (up to 5.5 £ 0.2 nm by QCM) and more stable adsorbed
layers that were less susceptible to desorption under flow, indicative of its robust
binding. TEA formed thinner films (around 1.3-2.0 £ 0.2 nm) that were reversible and

prone to desorption under increased flow rates.

4.1.2 Effects of lonizing Radiation on Inhibitor Performance and Steel Corrosion

A major focus of this research was to quantify and understand the impact of ionizing radiation

on the selected inhibitors and steel corrosion.

Radiation Field Characterization: Monte Carlo radiation transport simulations using
PENELOPE provided estimations of dose rates from a reference radioactive steel-
abrasive mixture (SAM) in water, indicating a non-uniform dose distribution with the
highest dose at the SAM-water interface (Section 3.5.1, Figure 3.55). Experimental
dosimetry using Thermoluminescent Dosimeters (TLDs) and Fricke dosimetry
validated these simulations and provided absorbed dose rates for the irradiation
experiments (Section 3.5.2). TLD results unequivocally demonstrated position-
dependent dose distributions within the experimental setups, confirming the need for
careful dosimetric characterization.

Impact on Solution Chemistry (pH): lonizing radiation induced changes in the pH of
the inhibitor solutions (Section 3.5.3.1, Table 3.16). TEA solutions showed a dose-
dependent decrease in pH, likely due to the generation of H* ions from water radiolysis
and the possible formation of organic acids from TEA breakdown. On the other hand,
TACT solutions exhibited near-constant pH values with increasing dose.
Electrochemical Performance under Irradiation: Ex-situ electrochemical
measurements with irradiated inhibitor solutions revealed a dose-dependentdecreasein
the corrosion inhibition efficiency for both TEA and TACT (Section 3.5.3.2, Figures
3.52, 3.53, Table 3.17). For TEA, the corrosion rate increased by a factor of 10.6 at 2.5
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kGy compared to its unirradiated state. For TACT, the increase was less pronounced,
by a factorof4.2at2.5kGy. Therefore, the effectofionizingradiation had more impact
on the inhibition property of TEA than TACT.

Molecular Degradation (NMR): tH NMR spectroscopy provided molecular-level
evidence forradiolytic degradation (Section 3.5.3.3, Figures 3.54, 3.55). TEA exhibited
more pronounced changes, including significant peak broadening and the appearance
of new peaks with relatively smaller intensities, indicating molecular fragmentation
(e.g., C-N and C-O bond cleavage, hydrogen abstraction, leading to smaller amines,
aldehydes, and carboxylic acids). TACT, while also showing some broadening and
minor new signals at high doses, demonstrated greater molecular integrity, with its core
triazine ring remaining largely stable. This difference in molecular stability directly
correlates with their relative electrochemical performance under irradiation.
Surface Composition and Morphology under Irradiation: XPS and SEM-EDX
analyses of steel coupons irradiated in the inhibitor solutions provided surface-specific
insights (Section 3.5.3.4, 3.5.3.5, Figures 3.56, 3.57, 3.58, 3.59, Table 3.19). The
irradiated blank sample showed severe oxidation and extensive corrosion products. In
contrast, both TACT and TEA effectively prevented general macroscopic oxidation of
the steel surfaces even after 2.5 kGy irradiation, largely preserving the metallic iron
content (from EDX). XPS, with its higher surface sensitivity, revealed a dose-
dependent increase in Fe(lll) on both inhibited surfaces, indicating some radiation-
induced oxidation, but the persistent presence of nitrogen (from the inhibitors)
confirmed that protective layers remained. TACT-treated surfaces showed no
detectable oxygen by EDX even after irradiation, highlighting its remarkable ability to
maintain the metallic state.

Role of HCOs lons: The presence of HCOg3  ions in irradiated solutions had a complex
and differing impact. For TEA, HCOg3 ions appeared to have a synergistic effect,
leading to a slight improvementin corrosion parameters at 2.5 kGy (Section 3.5.3.2,
Table 3.17). For TACT, HCOgs did not have a significant effect on the corrosion
parameters.

Microbiologically Influenced Corrosion (MIC): Long-term immersion tests (18
months) of 1.6310 steel coupons in the WAS cutting suspension revealed the suspected
presence of microorganisms andbiofilm formation on the steel surface (Section 3.2.2.3,
Figures 3.22,3.23). Thiscould attest to the biodegradable nature of C.Inh#4. While the
inhibitor provided effective protection against general corrosion, the potential for
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localized MIC due to possible biofilm formation highlights a long-term challenge that

might require further consideration in real-world applications.

4.2 Conclusions

This research successfully addressed its dual objectives, providing critical insights into
managing ferritic steel corrosion in WAS cutting environments relevant to nuclear

decommissioning:

1. Effective Inhibitor Identification: C.Inh #4, a commercial formulation containing
TEA and TACT, was definitively identified as a highly effective mixed-type corrosion
inhibitor for 1.6310 ferritic steel in near-neutral aqueous media. It forms a robust
protective film that significantly reduces corrosion rates and prevents macroscopic
oxidation.

2. TACT Inhibitor: Comparative studies revealed that TACT is significantly more
efficientthan TEA, achieving comparable high inhibition efficiencies at concentrations
approximately 10to 27 times lower. This superior performance is attributed to TACT's
stronger adsorption mechanism, combining physisorption and chemisorption, leading
to the formation of thicker and more stable protective layers.

3. Impact of lonizing Radiation: lonizing radiation consistently reduced the inhibition
efficiency of both TEA and TACT. However, TACT demonstrated greater molecular
stability and a smaller relative increase in corrosion rate under irradiation compared to
TEA. Despite this, TEA, at its higher effective concentration, maintained a lower
absolute corrosionrate than TACT at the highest radiation doses, potentially as a result
of the higher initial concentration and nature of its degradation products.

4. Preservation of Steel Integrity: Crucially, both inhibitors effectively prevented
widespread macroscopic oxidation of the steel surface even after exposure to high
radiation doses (up to 2.5 kGy), thus preserving the metallic integrity of the steel. This
is vital for the efficiency of the downstream magnetic separation process proposed for
secondary radioactive waste management of WAS suspensions.

4.3 Implications and Future Work

The findings of this dissertation have significant implications for optimizing WAS cutting
procedures, enhancingsteel-abrasive separation processes, and ensuringthe long-term integrity

of materials during nuclear decommissioning:
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e Guide for Inhibitor Selection: The detailed mechanistic insights from this research
provide a clear guide for the selection and design of effective inhibitors for WAS
cutting of RPVs. An ideal inhibitor for this application should meet the following
criteria:

» It must exhibit a high binding affinity to the steel surface to resist removal by
hydrodynamic shear forces in flow systems. This characteristic was demonstrated
by TACT's strong chemisorption mechanism, which proved advantageous over
TEA's weaker physisorption.

= |t should possess functional groups and/or long hydrocarbon chains to form a
densely packed, robust, and water-repellent film that acts as an effective physical
barrier to corrosive species.

» |t must have sufficient radiolytic stability to maintain its molecular structure and
functional efficacy under the influence of ionizing radiation. This quality was
shown to be superior in TACT compared to TEA.

e Optimized Inhibition Strategy: The identification of TEA and TACT as key active
components provides a basis for developing tailored inhibitor formulations that
combine their strengths, potentially leading to even more efficient and cost-effective
solutions for WAS cutting.

» Radioactive Waste Minimization: The demonstrated ability of the inhibitors to prevent
significant corrosion of steel particles, even under irradiation, directly contributes to
minimizing the volume of radioactive secondary waste by preserving the magnetic
properties of the steel for efficient separation.

» Radiation Effects Mitigation: The detailed understanding of radiolytic degradation
pathways and their impact on inhibition efficiency provides a foundation for designing
more radiation-resistant inhibitors or for optimizing inhibitor concentrations to account

for radiation-induced losses in performance.

Further research could focus on:

 Detailed Radiolytic Product Identification: Employingadvancedanalytical techniques
(e.g., LC-MS/MS, GC-MS) to definitively identify and quantify the specific
degradation productsof TEAand TACT under various irradiation conditions, including

the presence of hydrogen-carbonate ions. This would allow for a more precise
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understanding of their G-values and their individual contributions to corrosion or
inhibition.

e Mechanism of hydrogen-carbonate Interaction: A deeper investigation into the
complex and differinginteractions of hydrogen-carbonate ions with irradiated TEA and
TACT is warranted, potentially using in-situ spectroelectrochemical methods to probe
surface film changes.

e Synergistic Effects: Further studies on the synergistic effects between TEA and TACT
within the C.Inh #4 formulation, and with the phosphonate additive, could lead to

optimized multi-component inhibitor blends.

This research has successfully addressed the dual objectives of optimizing corrosion inhibition
during WAS cutting of RPV ferritic steel and understanding the influence of ionizing radiation
on ferritic steel corrosion inhibition. The comprehensive experimental and analytical approach
has led to the identification of a robust inhibitor formulation (C.Inh #4), which combines the
benefits of TEA and TACT. The inhibitors not only form stable, protective films on the steel
surface during the mechanical cutting process but also demonstrate resilience to the additional
challenges posed by ionizing radiation. However, the commercial inhibitor formulation could
be adapted to the needs in nuclear decommissioning by replacing the sulphur containing

component.
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Figure Al: Inspection certificate for the determination of the chemical composition of 1.6310 Steel

174




fee Tap Water

0+ fTap Water+Liquitech227P
f=Tap Water+1.5%Inh

[~ Tap Water+1.5%Inh+Liquitech227P

log Current density (uA/cm?)
&
1

T T T T T T T T T T T T
-1.0 -0.8 -0.6 -0.4 -0.2 0.0 0.2
Potential (V vs. Ag/AgCl/ in sat'd NaCl)

Figure A2: Potentiodynamic polarisation curves for Tapwater (pH 7.2) and Tapwater dosed with

1.5% inhibitor (pH 8.5), 60 ppm Liquitech 227P (pH 6.8), and a mixture of both (pH 7.1).
Measurements were performed at room temperature.
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Figure A3: XPS survey of pure Liquitech 227P identified as a dimethyl phosphonate-based water
treatment agent.
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Appendix B

Table B1: TLD absorbed dose evaluation (activated stainless steel spring and autoclave,
Figure 2.12)

Position TLD Absorbed dose Mean _a_bsorbed dose
No. (£ 2% mGy) by position (mGy)
S-1 806
S-2 868
Bottom S-3 591 7.5+ 1.9 E+02
S-4 516
S-5 985
S-6 452
S-7 447
S-8 431
S-9 410
Cylindrical S-10 430 5.1+ 0.9 E+02
Surface S-11 476
S-12 576
S-13 633
S-14 652
S-15 559
S-16 368
S-17 385
Top S-18 351 3.6 £0.2 E+02
S-19 328
S-20 368

Mean dose rate:

Mean 53+ 18 E+02 mGy /oo, 44 mGy/h

Table B2: TLD absorbed dose evaluation (activated stainless steel spring and carousel setup)

- Absorbed dose Mean absorbed dose b
Position TLDNo. (4296 may) position (MGy) ’
1.8 E+02 + 0.5 E-01
Bottom S-1 181 (single TLD)
S-2 193
S-3 213
S-4 181
- S-5 256
Cylindrical S-6 253 2.3+ 0.3 E+02
Surface
S-7 204
S-8 222
S-9 283
S-10 209

2.5E+02+0.4E+01
(single TLD)

Mean Dose Rate:
55.4 + 8.0 mGy/h

Top S-11 248

Mean 2.22+ 0.3 E+02 mGy
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Appendix C

Geometry input file for modeling SAM simulation (SAM.geo)
#Cylinderical drum of water representing WAS cutting suspension in a vessel
#Volume of drum 1m3
0000000000000000000000000000000000000000000000000000000000000000
SURFACE ( 1) water in cylindrical tank bottom

INDICES=(0, 0, 0, 1, 0)

Z-SHIFT=( 0.000000000000000E+00, 0) (DEFAULT=0.0)
0000000000000000000000000000000000000000000000000000000000000000
SURFACE ( 2) water in cylindrical tank top

INDICES=(0, 0, 0, 1, 0)

Z-SHIFT=(+1.241700000000000E+02, 0) (DEFAULT=0.0)
0000000000000000000000000000000000000000000000000000000000000000
SURFACE ( 3) outer shape of water in the cylindrical vial

INDICES=(1, 1, 0, 0,-1)

X-SCALE=(+0.504600000000000E+02, 0) (DEFAULT=1.0)
Y-SCALE=(+0.504600000000000E+02, 0) (DEFAULT=1.0)
0000000000000000000000000000000000000000000000000000000000000000
BODY ( 1) Water

MATERIAL( 1) Water

SURFACE (1), SIDE POINTER=(+1)

SURFACE ( 2), SIDE POINTER=(-1)

SURFACE ( 3), SIDE POINTER=(-1)
0000000000000000000000000000000000000000000000000000000000000000
SURFACE ( 4) outer shape of Steel/abrasive mixture in the drum
INDICES=(1, 1, 0, 0,-1)

X-SCALE=(+0.504600000000000E+02, 0) (DEFAULT=1.0)
Y-SCALE=(+0.504600000000000E+02, 0) (DEFAULT=1.0)
0000000000000000000000000000000000000000000000000000000000000000
SURFACE ( 5) top of Steel/abrasive mixture in the drum

INDICES=(0, 0, 0, 1, 0)

Z-SHIFT=(+3.104000000000000E+00, 0) (DEFAULT=0.0)
0000000000000000000000000000000000000000000000000000000000000000
BODY ( 2) Steel/abrasive mixture

MATERIAL( 2) Steel/abrasive mixture (SAM)

SURFACE (1), SIDE POINTER=(+1)

SURFACE ( 4), SIDE POINTER=(-1)

SURFACE ( 5), SIDE POINTER=(-1)

BODY ( 1) Water
0000000000000000000000000000000000000000000000000000000000000000
END 00000000000000000000000000000000000000000000000000000

177



Sections of the PENELOPE input file for SAM simulation
[SECTION SOURCE BOX ISOTROPIC GAUSS SPECTRUM v.2014-12-21]

ON

Co-60.nuc
60.nuc)

STATUS (ON or OFF)

PARTICLE TYPE (1=ELECTRON, 2=PHOTON, 3=POSITRON) OR RADIONUCLIDE FILENAME (e.g., Co-

SUBSECTION FOR PHOTON POLARIZATION:

0
0.00.00.0

ACTIVATE PHOTON POLARIZATION PHYSICS (0=NO, 1=YES)

STOKES PARAMETERS (USED ONLY IF ACTIVATE POLARIZATION=1)

SUBSECTION FOR PARTICLE POSITION:

0.0 0.0 1.55
50.46 50.46 3.10
0.0 0.0

0.0 0.0 0.0

0.0 0.0 0.0

2

COORDINATES (cm) OF BOX CENTER
BOX SIDES (cm)
FWHMs (cm) OF GAUSSIAN X,Y DISTRIBUTIONS
EULER ANGLES [OMEGA, THETA,PHI](deg) FOR BOX ROTATION Rz(PHI).Ry(THETA).RZ(OMEGA).r
TRANSLATION [DX,DY,DZ](cm) OF BOX CENTER POSITION

SOURCE MATERIAL (0=DON'T CARE, >0 FOR LOCAL SOURCE, <0 FOR IN-FIELD BEAM)

SUBSECTION FOR PARTICLE DIRECTION:

1.0 1.0 1.0
0.0 180.0
0.0 360.0
1

DIRECTION VECTOR; NO NEED TO NORMALIZE
DIRECTION POLAR ANGLE INTERVAL [THETAO,THETA1], BOTH VALUES IN [0,180]deg
DIRECTION AZIMUTHAL ANGLE INTERVAL PHIO IN [0,360)deg AND DeltaPHI IN [0,360]deg

APPLY ALSO TO DIRECTION THE ROTATION USED FOR BOX POSITION (0=NO, 1=YES)

[END OF BIGS SECTION]

[SECTION SOURCE PHASE SPACE FILE v.2009-06-15]

OFF

0
particles.psf
1

0.0 0.0 0.0
0.0 0.0 0.0
1

0.000e0

STATUS (ON or OFF)

PSF FORMAT (0=STANDARD penEasy ASCII, 1=1AEA BINARY)

PSF FILENAME, REMOVE EXTENSION IF PSF FORMAT=1

SPLITTING FACTOR

EULER ANGLES [Rz,Ry,RZ](deg) TO ROTATE POSITION AND DIRECTION
TRANSLATION [DX,DY,DZ](cm) OF POSITION

VALIDATE BEFORE SIMULATION (1=YES, MAY TAKE A WHILE; 0=NO)

MAX PSF ENERGY (eV) (UNUSED IF VALIDATE=1 OR IAEA FORMAT. ADD 1023 keV FOR e+)

[END OF SPSF SECTION]

# >>>> PENGEOM+PENVOX >>>>>>>>>>>>555>>>5555>>5 5555555555555 5555>>>>

[SECTION PENGEOM+PENVOX v.2009-06-15]

SAM.geo

1
10

QUADRICS FILE NAME, USE '-' IF NONE

VOXELS FILE NAME, USE '-' IF NONE
TRANSPARENT QUADRIC MAT (USED ONLY IF QUAD&VOX)

GRANULARITY TO SCAN VOXELS (USED ONLY IF QUAD&VOX)

[END OF GEO SECTION]

[SECTION PENELOPE v.2019-08-06]

MAT# FILE__ (max 20 char) EABS(e-) EABS(ph) EABS(e+) C1 C2 WCC WCR  DSMAX COMMENTS

1 Water.mat
2 SAM.mat

1.0e2 0.5¢2 1.0e2 0.05 0.05 1.0e2 1.0e2 1.0 water in vessel

1.0e2 0.5e2 1.0e2 0.05 0.05 1.0e2 1.0e2 0.5 water in vessel

-1 (SET MAT=-1 TO END THE LIST)
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