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Abstract

As the development of Generation IV lead-cooled fast reactors (LFRs) progresses,

ensuring the mechanical integrity of structural materials in harsh core environments

is essential, especially under accident scenarios involving fission product release.

One such concern is Liquid Metal Embrittlement (LME), a phenomenon where

a liquid metal causes a transition from ductile to brittle behavior in structural

alloys. This thesis examines the susceptibility of the ferritic alumina-forming alloy

Fe10Cr4Al (10-4) to LME when exposed to molten lead contaminated with tellurium

(Te), a fission product of particular relevance. Slow Strain Rate Testing (SSRT) is

conducted on 10-4 specimens across a range of temperatures, strain rates, and Te

concentrations, using both unnotched and notched samples. For reference, 316L

stainless steel is tested under similar conditions. Topographic and chemical analysis

(SEM/EDS) on 10-4 specimens show that LME is most evident in notched samples,

where stress concentration damages the oxide layer that forms on the steel surface,

promoting liquid-solid contact. The strongest embrittlement occurs at intermediate

Te concentrations ( 0.3 wt%), where brittle fracture features dominate. Ductility fully

recovers at the highest Te content (1.2 wt%), due to the supersaturated solution that

leads to the formation of Te-rich precipitates that limit wetting or reduce effective

phase interaction. Moreover, LME effects are not observed in unnotched specimens at

lower strain rates, suggesting that slower deformation helps preserve oxide integrity

and enables the formation of protective precipitates that hinder penetration.

Keywords

Liquid metal embrittlement (LME), Lead, Tellurium, FeCrAl, Slow Strain Rate

Test
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Sommario

Con l’avanzare dello sviluppo dei reattori veloci raffreddati a piombo di Generazione

IV (LFR), garantire l’integrità meccanica dei materiali strutturali in ambienti severi

è essenziale, soprattutto in scenari incidentali con rilascio di prodotti di fissione.

Una problematica rilevante è l’infragilimento da metallo liquido (Liquid Metal

Embrittlement (LME)), fenomeno in cui un metallo liquido induce una transizione

da comportamento duttile a fragile nelle leghe strutturali. Questa tesi analizza la

suscettibilità della lega ferritica formante allumina Fe10Cr4Al (10-4) all’infragilimento

da metallo liquido, esposta a piombo fuso contaminato con tellurio (Te), un prodotto

di fissione critico. Sono stati condotti test a bassa velocità di deformazione (SSRT) su

provini 10-4 in un intervallo di temperature, velocità e concentrazioni di Te, utilizzando

campioni intagliati e non. A scopo comparativo, anche l’acciaio inossidabile 316L è

stato testato in condizioni simili. Le analisi SEM/EDS sui campioni 10-4mostrano che

l’infragilimento è piùmarcato nei provini intagliati, dove la concentrazione di tensione

danneggia l’ossido protettivo superficiale, favorendo il contatto tra fase liquida e solida.

L’infragilimentomaggiore si osserva a concentrazioni intermedie di Te (circa 0.3wt%),

dove prevalgono fratture fragili. La duttilità si recupera alla concentrazione più alta

(1.2 wt%) grazie alla formazione di una soluzione sovrasatura e di composti ricchi in

Te, che riducono la bagnabilità o l’interazione tra le fasi. Inoltre, non si osservano

effetti di infragilimento nei provini non intagliati a basse velocità, suggerendo che

una deformazione più lenta preservi l’integrità dell’ossido e favorisca la formazione

di precipitati protettivi contro la penetrazione del metallo liquido.

Parole chiave

LME (Infragilimento da metallo liquido), Piombo, Tellurio, FeCrAl, SSRT (Prova a

deformazione lenta)
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Chapter 1

Introduction

1.1 Background and Motivation

The pressing challenge of increasing global temperatures and climate change

necessitates a rapid transition towards energy sources that produce low or zero

greenhouse gas emissions. Currently, a large portion of theworld’s energy supply relies

on fossil fuels, which significantly contribute to carbon emissions. As global energy

demand is projected to increase substantially, particularly in developing countries,

finding clean, safe, and cost-effective energy solutions is crucial for ensuring the

sustainability of [1].

Nuclear energy is presented as a competitive and mature low-carbon technology that

currently operates at very high levels of safety. It provides a significant portion of the

world’s electricity, offering a non greenhouse-gas emitting source and contributing to

a more stable and secure energy mix through diversification [2][1][3]. The renewed

interest in nuclear energy, sometimes referred to as a ”nuclear renaissance,” is driven

mainly by concerns over climate change, security, independence of supply, and energy

costs [4].

Most of the nuclear power plants currently in operation are Light Water Reactors

(LWR) [5]. While LWRs provide a secure and cost competitive electricity supply in

manymarkets [6], concerns exist regarding the long-term availability of fuel resources

for a massive expansion of nuclear power using existing technology. The current

technology primarily relies on the fission of U-235, which constitutes only about

0.7% of natural uranium. Estimates suggest that readily available uranium resources,

1



CHAPTER 1. INTRODUCTION

based on current consumption rates and operating reactors, could be exhausted by the

middle of this century, emphasizing the need for more sustainable technologies [3].

Expanding nuclear capacity significantly would require a large increase in uranium

mining capacity, which is noted to face challenges in keeping up with demand, and

the overall economically feasible uranium resources are considered insufficient for a

massive, long-term expansion with current reactor types[7][2].

To address fuel shortages and other limitations, and to broaden the opportunities

for nuclear energy’s future role, next-generation systems known as ”Generation IV”

are being developed through international collaborative efforts. The Generation IV

International Forum (GIF), established in 2001, aims to establish the viability of

new nuclear energy system concepts to meet future needs for clean and reliable

energy, including non-traditional applications beyond electricity generation. The

ambitious goals for Generation IV nuclear energy systems are defined in four broad

areas: sustainability, economics, safety and reliability, and proliferation resistance and

physical protection. The generaiton-IV systems are intended to provide sustainable

energy generation that meets clean air objectives and provides long-term availability

of systems and effective fuel utilization for worldwide energy production. They also

aim to minimize waste and the long-term stewardship burden, offer competitive

life-cycle costs with comparable financial risk to other energy projects, excel in

safety and reliability, potentially eliminating severe accidents, and meet stringent

standards for proliferation resistance and physical protection. The development effort

involves selecting themost promising concepts and conducting extensive research and

development [3].

The Lead-cooled Fast Reactor (LFR) is one of these six Generation IV concepts and

its scheme is shown in Figure 1.1. It features a fast neutron spectrum, operates at

high temperatures, and uses molten lead or Lead-Bismuth Eutectic (LBE) as coolant.

Lead/LBE are described as a low-pressure, chemically inert liquids with very good

thermodynamic properties as well as the ability to act as a neutron shield. LFRs

are expected to have multiple applications, including the production of electricity,

hydrogen, and process heat. A key advantage of the LFR operating in a fast-neutron

spectrum is its excellent materials management capabilities and the use of a closed

fuel cycle for efficient conversion of fertile uranium. Fast reactors, in general, play a

unique role in actinide management as their high-energy neutrons are more effective

at fissioning actinides. The LFR can be used to consume actinides from spent LWR

2



CHAPTER 1. INTRODUCTION

fuel and can also function as a burner/breeder with thorium matrices. This capability

to utilize fissile material more efficiently and manage waste effectively contributes

significantly to the sustainability goals of Generation IV systems, potentially increasing

the available fuel resources by a factor of 100 and extending the viability of nuclear

energy for thousands of years, even with increased capacity [3].

Figure 1.1: LFR scheme [8].

However, there are different perspectives on the timeline and feasibility of

commercially deploying advanced reactor types like LFRs. Widely accepted

predictions indicate that fast reactorsmay not be available for commercial deployment

before 2030 [8], and it is even doubtful if a commercially deployable version will be

ready by then, given the research effort needed. Past experimental or demonstration

LFRs have shown challenges, such as low load factors and issues with sodium coolant

leaks and fires in sodium-cooled designs [3][9]. The development of LFR, as for

the other Gen IV reactors concepts, presents significant engineering challenges,

particularly in the selection of structural materials capable of withstanding extreme

operating conditions.

In this study, the ferritic alumina-forming Fe10Cr4Al steel (10-4) is investigated as

a promising candidate for coating previously tested cladding materials. The steel

behavior under conditions where the lead coolant is contaminated by the fission

product tellurium (Te) has been studied, since the release of Te from the fuel cladding

during accident scenarios may threaten the integrity of cladding materials. Tellurium
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is of particular concern because, if released into the liquid lead coolant, it could

interact with the coatings on adjacent fuel rods’ cladding, potentially compromising

their mechanical integrity. A well-known phenomenon linked to such interactions is

LME, where certain liquid metals cause structural steels to become brittle and fail

prematurely under mechanical stress. This phenomenon has been observed across

variousmetal–liquidmetal systems. Although several previous studies have examined

tellurium effects in different steel alloys [10]–[15], these have largely focused on

general corrosion mechanisms rather than LME specifically. Moreover, there remains

a significant lack of data regarding the effects of tellurium on FeCrAl alloys, which are

among the candidate materials for next-generation reactor systems.

1.2 Problem Statement

The presence of tellurium in liquid lead environments poses significant concerns about

the reliability of 10-4 steel as a potential cladding coating for Lead-cooled Fast Reactors

(LFRs). Specifically, it is unclear:

• At what concentrations tellurium becomes detrimental to steel performance.

• How tellurium influences embrittlement mechanisms.

• Whether the embrittlement effect significantly deviates steel properties from

their intended operational conditions.

Understanding these aspects is essential to assess the suitability of 10-4 for LFR

environment and to establish acceptable limits for tellurium contamination in lead

coolants.

1.3 Research Objectives

This study aims to:

1. Investigate the occurrence of LME in 10-4 steel under the studied

conditions.

2. Determine the critical telluriumconcentration threshold beyondwhich

the steel properties are significantly affected.
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To achieve these objectives, a series of Slow Strain Rate Testing (SSRT) will be

conducted on steel specimens immersed in liquid lead containing varying amounts

of dissolved tellurium. The mechanical response of the material will be correlated

with the tellurium concentration to assess its influence on embrittlement behavior and

identify possible LME phenomena.

1.4 Research Significance

This investigation contributes to thematerials science and nuclear engineering fields

by providing new insights into the behavior of 10-4 steel in tellurium-contaminated

liquid lead environments. The findings will:

• Support the design and selection of advanced materials for lead-cooled

Generation IV reactors.

• Enhance the understanding of failure mechanisms in nuclear structural

components.

• Provide experimental data to refine safety assessments for accident

scenarios in lead-cooled reactors.

1.5 Outline

This thesis is structured as follows:

• Chapter 2 provides both the general engineering background required to

address the proposed topic, focusing on LME mechanisms, steel–liquid metal

interactions, and a review of the most relevant literature. This helps the reader

grasp the specific issues addressed in this work, highlighting key studies and

outlining prior research that this thesis builds upon.

• Chapter 3 describes the experimental methodology, including SSRT

conditions, sample preparation, and analysis techniques.

• Chapter 4 discusses the experimental results, focusing on specimens

mechanical behavior and fracture analysis.

• Chapter 5 provides the discussion and conclusions, summarizing key findings,

identifying limitations, and suggesting future research directions.
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Chapter 2

Background

2.1 Alumina Forming Steels

In environment suchmolten lead or lead-bismuth eutectic materials have to withstand

very harsh and challenging conditions [3]. Specifically, a high corrosion resistance is

required, along with good mechanical properties and workability for the production

and joining of components. Available materials including ferritic–martensitic

steels (T91, HT9) and austenitic stainless steels (Grade 316L) has proven excellent

capabilities in such situations. However, austenitic stainless steels are susceptible to a

severe corrosion attack by the LBE at temperatures above 500°C due to the presence of

a high content of Ni that has a wide solubility in liquid lead alloys. On the other hand,

ferritic-martensitic steels develop thick oxide layers under similar conditions, which

limits their use to lower-temperature environments (below 500°C) due to the reduced

thermal conductivity caused by the oxide layer thickness [16], [17].

Alumina-forming ferritic alloys are well known for their interesting corrosion

resistance in liquid lead at high temperatures, creating a stable, thin and slow growing

protective alumina scale. One of the most important features of aluminium is that this

element sits very low in the Ellingham diagram, as shown in Figure 2.1, which plots the

standard Gibbs free energy of formation of oxides as a function of temperature. This

position indicates that the formation of its oxide (i.e., alumina) is thermodynamically

muchmore favourable and stable compared to the oxides of themain alloying elements

in steels. The typical content of chromium in commercial FeCrAl alloys is typically

high, around 15–22 wt% specifically, as well as high content of aluminium (4.5–5.5
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wt%), together they contribute to excellent oxidation resistance of the steel. The

drawback of such high chromium content is the susceptibility of ferritic structure to

spinodal decomposition at approximately 475°C. At this temperature, the material

undergoes rapid phase separation into an iron-rich phase (α) and a chromium-rich

phase (α′), leading to significant embrittlement [18][19][20]. Additionally, their high

level of aluminium leads to poor workability and weldability [21]. Nevertheless,

previous studies have shown that these drawbacks can be mitigated by reducing the

chromium and aluminium contents to 10 wt% and 4 wt%, respectively, while still

maintaining good corrosion resistance. In such a case, they have been shown to form

a protective oxide layer in liquid Pb environments up to 750 °C [22].

Figure 2.1: Ellingham diagram showing the Gibbs free energy of oxide formation
as a function of temperature for various metal oxides. The red areas indicates the
temperature and oxygen partial pressure range where the SSRT tests on 10-4 and 316L
were conducted. Adapted from [23].
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2.2 Material Science Basic

2.2.1 Surface Energy

The surface energy of solids can be thought of as being similar to the surface tension in

liquids. It represents the reversible work needed to create a unit area of surface while

maintaining constant temperature and pressure. In a solid, forming a new surface

involves breaking the bonds between atomic layers, which is why surface energy is

always a positive value [24].

When a surface is cut, the energy used in the process is stored in the newly created

surfaces. As a result, the particles on the surface store more energy than those in the

bulk [25]. This can be explained by the fact that, without this energy difference, there

would be nothing preventing bulk particles from becoming surface particles. In other

words, without this energy step, there would be no reason for the material to maintain

its shape, nor for the bulkmaterial to separate, sublime, and create additional surfaces.

Therefore, an energy threshold must be overcome for a bulk particle to transition into

a surface particle.

2.2.2 Brittle Fracture

Brittle fracture is the process by which certain materials fail in service, exhibiting

very limited deformation and consequently storing significantly less energy compared

to ductile materials. There is no advance warning, and the consequences can

be catastrophic. Once crack propagation begins, the minimal plastic deformation

available does not significantly reduce the load acting on the component. As a result,

the stress continues to increase due to the progressively reduced cross-sectional area

supporting the load. Materials can be intrinsically brittle or may become temporarily

or permanently brittle after exposure to specific environments. Factors contributing

to this behavior include hydrogen embrittlement, radiation damage, and the presence

of liquid or solid metals.

In a generic brittle fracture, distinctive river lines can often be observed. These

formations indicate the direction of crack propagation, helping to identify the fracture

initiation site, whether it originates from a defect, a stress concentration, or another

contributing factor.
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The fracture mechanism can follow two primary modes: intergranular and

transgranular. In the former, the crack propagates along the grain boundaries, while

in the latter, it cuts through the grains themselves. Often, brittle fracture results from

a combination of both mechanisms rather than being purely one or the other.

Intergranular fracture propagation was more common in old steels since the average

grain size was bigger and bonds between grains themselves weaker because of

higher sulfur levels. At high magnification, brittle fractures exhibiting intergranular

propagation reveal the flat facets of individual grain crystals, oriented at various angles.

The blocky appearance of these grains is distinctly visible, facilitating the identification

of their shapes and sizes along the fracture path.

Transgranular fracture propagation is the most common way; when brittle fracture

occurs in this way, the fracture surface appears faceted under a microscope, with the

fracture facets typically cutting through the grains. On these microscopic fracture

planes,microscopic river lines can be observed in addition to themacroscopic ones that

can be observed in any generic brittle fracture, they point toward the fracture initiation

site. If the initiating defect is not immediately apparent through visual inspection,

microscopic analysis can often reveal it. The appearance of the fracture is mostly dull,

especially when compared to the shinier look of intergranular fractures [26].

2.2.3 Ductile Fracture

Ductile fracture describes the process where a material fails after undergoing

significant plastic deformation beyond its yield limit. This stands in contrast to brittle

failure, which exhibits little to no plastic deformation or reduction in cross-sectional

area before fracture. The process of ductile failure is multi-staged, particularly under

tensile loading. Initially, the applied tensile stress exceeds the material’s elastic limit,

leading to plastic deformation. This deformation is often accompanied by ”necking,”

a localized reduction in the cross-sectional area of the part. Subsequently, internal

defects, pre-existing pores, voids, or inclusions within the material act as nucleation

sites for microvoids. These microvoids then grow and coalesce, meaning they join

with nearby voids to form larger discontinuities. Finally, a crack propagates from

these larger discontinuities until the material separates. Under a Scanning Electron

Microscope (SEM), the surface of a ductile fracture exhibits a distinctive appearance

characterized by numerous ”dimples”. These dimples are small, hemispherical or
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elongated cavities, which are themorphological signature of themicrovoid coalescence

mechanism. A higher degree of ductility in the material is often correlated with more

pronounced necking, leading to a sharper point in the fracture area [27][28].

2.2.4 Adsorption

Adsorption is a surface phenomenon in which atoms, ions, or molecules (collectively

called the adsorbate) from a gas, liquid, or dissolved solid adhere to the surface of

another substance, known as the adsorbent. This process involves the accumulation

of the adsorbate on the surface without it diffusing into the bulk of the adsorbent;

this is the key difference between adsorption and absorption. Moreover, adsorption

may involve chemical interactions such as Van der Waals forces or covalent bonds

[29].

Physisorption

Physisorption, or physical adsorption, refers to the buildup of adsorbate molecules on

a solid surface due to weak Van der Waals forces. The process generally diminishes

with increasing temperature, and the adsorbedmolecules are not dissociated. It is non-

selective, as VanderWaals forces are universal, and reversible, with adsorption varying

by pressure. The extent of adsorption increases with the surface area [29].

Chemisorption

Chemisorption, or chemical adsorption, occurs when adsorbate atoms or molecules

are bound to a solid surface by covalent or ionic bonds. Unlike physisorption, it

can involve dissociation of the adsorbed molecules. It is highly specific and only

occurs when chemical bonding is feasible. While it also increases with surface area,

chemisorption is characterized by a significant enthalpy due to bond formation and is

usually irreversible. It modifies the electronic structure of the adsorbate [29].
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2.3 Liquid Metal Embrittlement (LME)

LME is a phenomenon where a ductile material shows brittle fracture modes and loss

of tensile ductility when exposed to specific liquid metals. However, liquid-metal

environments generally do not affect yield stresses or strain-hardening rates [30]. One

of themost interesting aspects of liquidmetal embrittlement is its selectivity. It is often

said that only certain liquid metals can embrittle specific solid metals [31].

Ideally, an experimental technique that aims to understand the atomic reasons of LME

should be capable of detecting any variation in electron distribution in the surface

bonds, which may lead to weakening without applying a stress. However, since such

an effect would be confined to the immediate surface layer of atoms, it would not be

easily observed in studies involving changes in the physical properties of the specimen

as a whole. Therefore, it is advisable to adopt experimental techniques that aim to

determine the bond strength at the crack tip of the solid and the general behaviour in

the presence of adsorbed liquid metal species [31].

In general, the appearing of a fracture induced by LME look the same as a general

brittle fracture. After the component failure, the metal responsible for LME can

sometimes be visually identified on the crack tip. It is characterized by the presence

of either a solidified film on the fracture surface or globules deposited in the same

area. However, it is important to consider all potential reactions or the formation

of intermetallic compounds that may have occurred during or prior to the fracture

[32].

2.3.1 Phases Contact

The embrittlement can occur either during the fabrication of the component or during

service, provided that close contact between the material and the liquid metal is

established, with no oxide filmpreventing this interaction [32]. Low solubility between

twometals promotes better wetting. However, embrittlement only occurs occasionally

when the metals exhibit such low mutual solubility that they form immiscible phases

uponmelting. However, it remainswell-established that the liquidmust closely adhere

to the solid surface to trigger embrittlement and must also be present at the crack tip

to propagate failure. Despite this high intimacy, in most cases of LME, poor or no

penetration of liquid metal into the solid metal has been observed [31].
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Embrittlement by liquid metals can also occur by corrosion, or by diffusion-

controlled intergranular penetration processes. Such time- and temperature-

dependent processes, however, are not considered either responsible or necessare for

the occurrence of liquid metal embrittlement in most cases [30][31]. As consequence,

if the specimen is pre-exposed to ensure complete wetting, but is then removed and

cleaned of the liquid metal, LME does not occur, even if diffusion has taken place [32],

in other words ”LME does not cause a permanent change in the solidmetal” [23].

2.3.2 Factors Affecting Susceptibility to LME

Is well established that LME is likely a special case of brittle fracture and that

prerequisites for its occurrence are the same as those for brittle fracture. The factors

that control and influence the phenomenon can be broadly divided into two categories.

The first includes all aspects related to the chemical interaction between the liquid and

solid phases, which determine whether a given metal pair is theoretically susceptible

to LME. The second category covers the physical and metallurgical conditions that, if

LME is possible, govern how and where brittle cracking initiates and propagates under

different stress and environmental conditions [31].

Microstructure

Regarding the second category factor, several microstructural effects influencing

susceptibility to LME are commonly observed across various materials. These effects

include: (1) an increase in LME susceptibility with larger grain sizes, (2) a greater

tendency for LME in materials exhibiting planar slip rather than wavy slip, and (3)

a reduction in LME susceptibility with increasing levels of cold work [31][32].

Temperature and Oxygen Level

Susceptibility to embrittlement is generally highest when the temperature is near the

melting point of the embrittling metal, and it tends to decrease as the temperature

moves either above or below that point [30]. The decrease in embrittlement with

rising temperature in many cases could be linked to the accelerated surface reactions

of the adsorbate, such as desorption, compound formation, or dissolution, which may

shorten the adsorbate’s residence time on the surface [30].
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The amount of oxygen in the molten metal influences the extent and occurrence of

LME, as it regulates the potential formation of a protective oxide layer. The presence

of this layer prevents direct contact between the two metals, inhibiting wetting, which

is a fundamental prerequisite for LME to occur, as mentioned in 2.3.1.

2.3.3 Fundamental Theories Explaining LME

Reduction in Surface Energy Model (RSE)

Several work have suggested that LME is connected with a reduction of the surface-

free energy of the solid metal by the adsorbing liquid metal species or with the surface

tension at the interface between the solid and the liquidmetal. Effects of embrittlement

have to be initiated at the interface between the solid and the liquid metal and

therefore interface energy considerations have to play a crucial role. However, the

experimentally measured values of total energy involved in crack growth are often

several orders of magnitude larger than the surface energy of the solid. The above

hypothesis fails to suggest any mechanism by which the plastic part of the surface

energy can be minimized so that brittle crack growth will be made possible in a ductile

solid in a liquid metal medium. In other words, such a thermodynamic treatment

is not very illuminating on the mechanism of LME at an atomic or an electronic

level[31].

Adsorption-Induced Reduction in Cohesion Model (AICRM)

This model is based on the effect that the adsorption of molten metal at the fracture

tip reduces the cohesion of the material’s atoms [31], as schematized in Figure 2.2.

The effect of adsorption in metals is at maximum limited to just one or two atomic

distances because the high electron density inmetals prevents any significant influence

at greater depths [32]. The liquid metal weakens the bonds, lowering the maximum

load, and it may happen spontaneously or during loading of the material. In the

latter case, the crack propagation will preferentially occur at points where there are

stress concentrations, both microscopic and macroscopic, caused by the component’s

processing. However, the process depends on how the molten metal reaches the

fracture tip, and that is happening by capillary flow [33]. It can be hypothesized that

the molten metal keeps up with the propagating crack tip [31].
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Figure 2.2: Illustration (schematic) of atomic displacements near the crack tip. The
bond between atoms A andA0 represents the crack front, while atomB denotes a liquid
metal atom interacting with the tip [31].

Enhanced Dislocation Emission model (EDE)

In accordance with the previous model, this theory also attributes the cause to the

adsorption of the liquid metal at the crack tip; however, the effects are different.

This model was proposed by Lynch [32][30], who, based on numerous in-depth

metallographic and fractographic analyses of LME, suggests that the reduction in

strain is due to a decrease in shear strength. The decrease is caused by chemisorption,

which promotes the injection of dislocations at the crack tip, leading to crack growth

through a more localized microvoid coalescence process compared to what occurs

in inert environments. In other words, adsorption facilitates the nucleation of

dislocations at crack tips, crack growth in liquid metal environments occurs then by

slip rather than tensile decohesion at crack tips.

The adsorptive effect upon the nucleation of dislocations at crack tips is to be expected

on theory: the atomic arrangement in the outermost layer of clean metal surfaces

is usually like that of adjacent parallel planes within the interior of the crystal, but

in some crystal faces there tends to occur a slight contraction in the atoms’ radial

distance between them. This non-uniformity of the surface lattice would prevent

the nucleation of dislocations since dislocations within the outermost few layers

would be accompanied by extra-normal distortions of the lattice. In this case, the

effects of adsorption upon such surface features will be a function of the mode of

adsorption:
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• Physical adsorption should not significantly affect the surface characteristics

since there is no electronic interaction between adsorbate and adsorbent.

• Strong chemisorption tends to cause environmental atoms to become included

in the outermost layer of the metal atoms. Such surface lattice disruption and

the development of strong directional bonds between the atoms of the adsorbate

and adsorbent should prevent rather than promote dislocation nucleation.

Furthermore, this effect tends to cause incipient compound or other immiscible

phases to be formed that could have the above-mentioned effect; this would be

consistent with that expressed in 2.3.1 concerning metals couples compatibility.

• Weak chemisorption is able to frame the surface atoms in a manner to decrease

the ’surface-lattice distortion’ and to promote the nucleation of dislocations. That

is, donation of electrons by weak chemisorbed environmental atoms to metal

atoms at the surfacemay raise the density of electrons in a localized area, enhance

the mutual repulsive force of surface atoms and weaken the shear strength of

interatomic bonds at surfaces.

2.4 Tellurium

Inside a nuclear reactor, the quality of a claddingmaterial is also evaluated based on its

resistance to corrosion by fission products. In fact, reactions between fission products

and the cladding represent one of the key phenomena that can limit the cladding’s

service life in a power plant. Among the various fission products released from the

fuel, tellurium and cesium are considered the most detrimental.

Tellurium melts at 450 °C and can exist in liquid form at the operating temperatures

typically found at the cladding surface. Among all fission products, cesium, iodine,

and tellurium are known to cause significant and potentially hazardous interactions

with the fuel pin cladding. The remaining fission products are either non-reactive or

generated in quantities too small to have anymeaningful impact on the cladding.

2.4.1 Related Work

In [12], it was shown that volatile fission products such as tellurium, iodine, and cesium

can significantly contribute to the oxide-cladding reaction in fast reactor fuel, primarily

through their dechroming effect on 316L stainless steel. Key influencing factors include
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fuel stoichiometry deviation, internal cladding temperature, and radiation-enhanced

diffusion.

However, in [15], it was demonstrated that the reaction of Te with steels is relatively

independent of the oxygen content. This study focused on the effects of fission

products on 316L. At low oxygen levels, Te attacks the steel directly; at higher oxygen

potential, since chromium has the greatest affinity to oxygen among the three main

components of austenitic steels, a chromiumoxide scale forms first. This scale protects

the cladding from Te attack. However, this protective role can be compromised when

Cs and I interact with the cladding, initiating a simultaneous corrosion attack by all

fission products. The study showed that at low temperatures, corrosion tends to be

homogeneous, while at high temperatures, intergranular corrosion is preferred. The

main depleted element due to Te interaction is chromium, as chromium tellurides

exhibit the highest stability among the constituent elements.

In [13], the interaction between a 25% Ni, Nb stainless steel and Te vapour was

analyzed. The reaction began above 450 °C, with a rate dependent on temperature. The

corrosion occurred in three stages, ultimately forming a growing chromium telluride

scale. Prolonged exposure to Te vapour at 650 °C and above led to intergranular

attack and significant chromium depletion in the underlying matrix. At elevated

temperatures, the extent of reaction product formation and intergranular penetration

was constrained only by the initial tellurium concentration.

In [14], it was shown that in pure Te, ODS ferritic steels exhibited two corrosion layers

at high temperature: an outer layer rich in Te and an inner layer rich in both Te and Cr.

A chromiumdepletion zonewas observed at the reaction front at 973K after 100 hours.

When the available Te was depleted, the system began converting all tellurides into the

most stable forms, primarily chromium tellurides. During this process, Te diffused

to the grain boundaries, reacting with chromium from the matrix and leading to

intergranular attack. The formation of the two layers and the intergranular penetration

is shown in Figure 2.3.
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Figure 2.3: Cross section of austenitic PNC 316 stainless steel and ferritic ODS 130
cladding specimens after reaction with liquid Te at 973 K. a) PNC316 SEM image after
10 h exposure, b) ODS 13Cr SEM image after 100 h exposure, c) Te EPMA image for
area b), d) Fe EPMA image for area b), e) Cr EPMA image for area b) [14].

2.5 Solute control

In a controlled environment formed by a liquid phase and a gas phase, solute

concentration as oxygen in the liquid phase, can be retrieved from the partial pressure

of the solute itself in the gas phase. This process requires knowledge of the relation

between the solute partial pressure in the gas phase and the solute concentration in

the liquid phase or metal alloy. The theory is the same used in other research as [22]

and [23], explained in detail in [35]. This section presents fundamental concepts of

physical chemistry, concluding with a brief explanation of how they are applied to

ensure solute control.
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Figure 2.4: Pb-Rich Region of the Pb-Te Phase Diagram [34].

A metal oxidation can be represented by the following reaction:

xM +
y

2
O2 ↔ MxOy

where M and O denote the metal and oxygen species, respectively. The tendency for

oxide formation depends on both the temperature and the activity of oxygen. From

the previous expression, it is evident that the oxide can revert to metal depending on

these two factors (temperature and oxygen concentration). The Gibbs free energy for

a system at constant temperature and pressure is given by:

G = H − T · S

where G is the Gibbs free energy,H is the enthalpy, T is the temperature, and S is the

entropy. For a reaction to occur spontaneously, the Gibbs free energymust be less than

zero. By utilizing this relationship, the oxygen activity aO required for the formation of

the metal oxideMxOy can be determined.

Considering a generic reaction where reactants turn into products, the non-standard

change in free energy ∆G is the instantaneous difference in free energy between

reactants and products. This value is equal to:

∆G = ∆G◦ +RT lnQ
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The first value refers to the difference in free energy between reactants and products

in their standard states at a specified temperature, R is the ideal gas constant, T is the

absolute temperature in Kelvin, and Q is the reaction quotient. At equilibrium, the

instantaneous difference in free energy between reactants and products is zero, which

means there’s no more driving force for the reaction. By definition, at equilibrium,

the reaction quotient Q is equal to the equilibrium constant K. The upper equation

becomes:

∆G◦ = −RT lnK

When it comes to formation of compunds from pure elements a f pedice is considered

in the equation, and all the quantities mentioned beffore include la dicitura ”of

formation”. Then, ∆G◦
f is the standard gibbs free energy change of formation, and

it is computed at different temperatures thanks to tabulated coefficents.

2.5.1 Activity

In thermodynamics, activity is the the measure of ”effective concentration”. It is

useful to think of the activity for real mixtures as the concentration for ideal mixtures;

chemical potential of a species in a mixture depends on its concentration in an ideal

case, while depends on activity in a real case.

In other words, the activity is the concentration of solute in real condition that would

be needed to exert the same vapor pressure if the solution possessed the properties

of an ideal dilute solution. By definition, the activity of pure substances in condensed

phases (solids and liquids) is taken equal to unity.

When it comes to non ionic solutions, it is possible to express the activity as:

ac,i = γc,i ci

Let’s consider the general reaction:

αA+ βB ⇌ ρR + σS

Using activities, the equilibrium constant K for real (non-ideal) solutions can be

expressed as:

K =
aρR aσS

aαA aβB
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In a metal oxidation reaction, considering the activities equal to one for the solid oxide

and the liquid/solid metal, and the relationship between the activity of a gas and its

partial pressure in a gas mixture as function of the oxygen partial pressure:

∆G◦ = −RT lnK(pO2)

So, once the partial pressure of oxygen in the gas phase and the temperature are

known, it is possible to retrieve the variation of Gibbs free energy for the oxidation

of a metal.

2.5.2 Oxygen Concentration in Liquid Phase

In the frame of a liquid metal case. considering the oxidation reaction and the H2O

dissociation, computing ∆G◦ and considering the relationship between the activity of

a gas and its partial pressure in a gas mixture, it is possible to retrieve the final formula

that links the partial oxygen pressure at the outlet with the oxygen concentration in the

liquid phase:
c0
c0,s

=
pH2O

pH2

1
√
pO2,s

exp
(
∆fG

◦
H2O

RT

)
where:

• c0: is the desired value,

• c0,s: is the oxygen concentration in the metal at saturation, can be computed

thanks from numerous measurements,

• pH2O

pH2
: is measured by the sensor,

• ∆fG
0
H2O: is computed thanks to tabulated coefficients with respect to

temperature,

• pO2,s: this value is obtained from the oxide that is either desired or undesired

for formation. In the case where the metal can no longer accommodate diluted

oxygen, oxidation and precipitation will occur. Thus, the oxygen partial pressure

at saturation will be the value derived from the equation for the change of Gibbs

free energy in the formation reaction of that specific oxide.
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2.6 Related Work

Studies have recorded LME in molten Pb for ferritic steels such as [36]. This

study investigated the behavior of a ferritic-martensitic steel in a pure molten lead

environment. In this study, despite the surface treatment applied before testing

to facilitate contact between the liquid metal and the steel, it was not possible to

completely prevent the formation of a protective oxide layer.

Unnotched specimens exhibited no evidence of LME across the entire temperature

range considered (350–450°C). At 350°C, oxide formation was minimal, making

a detailed investigation challenging. This can be attributed to the lower oxygen

concentration at lower temperatures, as well as the reduced oxidation kinetics.

In contrast, at 450°C, the presence of a well-developed oxide layer was clearly

observed. Although minimal, this oxide layer remained sufficiently intact under

loading conditions, preventing the propagation of a brittle fracture due to LME.

For notched specimens, LME was detected. It is hypothesized that this occurred

because the notch acted as a stress concentrator, generating sufficiently high local

stresses to damage the protective oxide layer. This disruption allowed direct contact

between lead and steel, ultimately leading to embrittlement.

In both cases, conclusions were supported by fractographic analysis. In summary, the

T91 steel examined in this study is chemically susceptible to LME.However, as dictated

by the fundamental condition for LME, embrittlement occurs only when direct contact

between Pb and steel is ensured—meaning that the oxide layer must either be absent

or compromised.

2.7 Basis for the Present Work

This study builds upon the work presented in [23], utilizing the same experimental

setup and methodologies while expanding the investigation to assess the effects of

tellurium in liquid lead. Although the focus of this research is on the influence of

tellurium, it is crucial to first summarize the findings obtained in the previous study,

which analyzed the behavior of 10-4 steel in pure liquid lead.

The results from [23] demonstrated that unnotched specimens exhibited no evidence

of LME throughout the entire temperature range considered (340–480°C). This was
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observed despite ensuring good wettability between the liquid lead and the steel

surface, suggesting that 10-4 is inherently resistant to LME in pure lead environments.

However, amore probable explanation is the presence of a protective oxide layer, which

naturally forms on the steel surface and prevents direct contact between the liquid

metal and the underlying material. This oxide layer appears to be difficult to avoid

under the experimental conditions used.

The absence of LME in pure lead is a significant finding, as it indicates that 10-4

steel could be a promising candidate for structural applications in lead-cooled nuclear

systems.
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Materials and Methods

3.1 Materials

3.1.1 Lead

The lead used for the experimental campaign was sourced from Aldrich Chemistry

(product code 296177-2KG). The material consists of lead shot with a maximum

diameter of less than 2 mm and a purity of 99.9% on a trace metal basis. This

high-purity lead was selected to minimize the presence of contaminant elements that

could interfere with the results, particularly in corrosion and embrittlement studies.

The physical form of the lead (small spherical shots) allowed for an efficient melting

procedure.

3.1.2 Tellurium

The tellurium used in the tests was supplied by Thermo Scientific (product number

315991000). The material is in powdered form with a mesh size of 200 and a

purity of 99.8% on a trace metal basis, ensuring suitability for sensitive metallurgical

experiments.

3.1.3 FeCrAl

The main material analyzed in this study is a Fe10Cr4Al alloy, developed by Alleima,

supplied by Kanthal (owned by Alleima); this same alloy was employed in [23], making

it suitable for direct comparison with the referenced study. This steel incorporates
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Reactive Elements (RE), which enhance both its corrosion resistance and mechanical

performance [37]. The detailed chemical composition is provided in Table 3.1. The

samples, supplied by Kanthal, were subjected to hot rolling and annealing at 1050°C

for 45 minutes.

3.1.4 Stainless Steel 316L

AISI 316L stainless steel was used as a reference material for comparison, since it has

always been a candidate as a cladding material. Its composition is shown in Table 3.1.

Table 3.1: Chemical composition of 10–4 and 316L alloys in wt%.

Alloy Ni Al Cr Mo Si Mn C RE

10–4 – 4.0 10.0 – 0.15 – <0.05 Ti, Nb, Zr
316L 10.1 – 16.9 2.0 0.52 0.95 0.02 –

3.2 Slow Strain Rate Testing Rig

The rig allows tensile tests while the specimen is held in a controlled atmosphere. In

particular, the specimen is placed inside a chamber where the inlet purge gas and

outlet oxygen content are monitored to ensure the desired oxygen concentration in

the molten metal. The chamber can be partially filled with molten metal thanks to

an external heater. All components not in direct contact with the molten metal are

made of 316L, while those in contact are manufactured from 10-4, as this alloy has

demonstrated high corrosion resistance [37]. The data are then transmitted to an

external computer. The scheme of the rig is shown in Figure 3.1

All the samples were manufactured to fit the specification shown in Figure 3.2.
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Figure 3.1: Scheme of the SSRT rig [23]. The figure shows, at the bottom, the chamber
where the specimen is immersed in the molten metal and subjected to tensile loading.
At the top are the traction system, the hermetic sealing for the controlled atmosphere,
and the load cell, which records and outputs the force signal.

Figure 3.2: Specifications of the SSRT sample, given in mm varies by ±0.1 mm [23].
Part of the specimens used do not feature the central notch.
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3.3 Methodologies and Experimental Parameters

In the following section, the general procedure regarding the test is explained, then

every intermediate stage and aspect is more deeply described. Finally, all the tests

performed following the previous procedure are presented.

3.3.1 Experimental Procedure

The rig purpose is to test stress-strain specimens in a controlled environment,

specifically controlling molten metal temperature and oxygen concentration within.

When the test involved a molten metal enviroment, the specimen was pre-exposed

to oxygen-free molten metal at 450 °C for the range of 22-24 h to enhance surface

wettability and establish closemetal-to-specimen surface contacts, as done in [23][38].

Following the pre-exposure process, the temperature was then switched to the target

tensile testing temperature. The oxygen concentration in dissolved molten metal was

reduced flushing Ar + 5% H2 gas from the inlet pipe into the atmosphere right above

the molten metal. The equilibrium between the gas phase and the liquid phase of the

chamber ensure the oxygen concentration control in the metal. After the test, the two

broken specimen parts were removed and cleaned using a solution composed of acetic

acid (C2H4O2), hydrogen peroxide (H2O2), and deionized water in a 1:1:1 ratio. The

samples were submerged in this solution for 45 minutes to 1 hour. Afterwards, they

were rinsed with deionized water and dried with paper.

3.3.2 Experimental Parameters and Variable Control

The tests involved temperature ranging from room temperature to 550°C. The

enviromentswereArH2 atmosphere condition, pure lead and lead dopedwith changing

tellurium concentration. The wanted weight-concentration of the tellurium in the

mixture has been accomplished first by adding solid tellurium to the molten lead.

Later, the process has been modified, adding the solid tellurium after the molten

lead has cooled down to solid form. This because of the thermal shock between the

room-temperature tellurium and the molten lead causing their contact to result in an

exotermic reaction that caused a partial loss of the tellurium and a deviation in the

wanted concentration of the tellurium.
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The low oxygen environmentwas achieved by flushing the systemwith a gasmixture of

Ar + 5% H2, the outled of the chamber is then routed through a Zirox SGM5 oxygen

analyzer; here the gas is heated to 750°C, and the resulting electrical potential in the

yttria-stabilized zirconia (YSZ) oxygen probe is measured to determine the oxygen

concentration [39]. It is calibrated by “ZIROX – sensoren und Elektronik GmbH,”

Germany. Pre-exposure was done by flushing the system using the same gas to

decrease oxygen partial pressure and to allow it to equilibrate at a pressure less than

CO < 10 − 10wt%, see Figure 2.1, dissolved oxygen in the liquid metal. The oxygen

levels of the SSRT equilibrated after a time of 3 hours. The variations of the oxygen

levels during actual SSRT run were negligible. The crosshead speed, i.e., the speed at

which the testing machine’s drawbar travels during the test, can be set using the rig’s

software.

The values shown in the graphs within the chapter 4 are expressed in terms of

engineering stress and strain, meaning that the reduction of the cross-sectional area

during deformation has not been taken into account. Engineering strain refers to the

amount of deformation in the direction of the applied load, divided by the original

gauge length of the specimen. Only the permanent elongation (plastic deformation)

is considered. This quantity can also be expressed as the fracture elongation A, i.e.,

the relative displacement between two reference points after fracture, expressed as a

percentage. The engineering strain is calculated as:

ε =
∆L

L0

where ∆L is the change in length and L0 is the initial length of the specimen.

Engineering stress is defined as the applied force F divided by the original cross-

sectional area A0 of the specimen:

σ =
F

A0
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3.3.3 Overview of Performed Tests and Rationale

The red regions in Figure 2.1 indicates the oxygen concentrations for the experiments.

These concentrations enable the growth of Fe3O4 at reduced temperatures but also

support the formation of FeAl2O4, FeCr2O4, Cr2O4, and Al2O3 on the steel specimens.

These oxide formation lines occur at an even lower ∆G than those depicted in

Figure 2.1. In Figure 3.3 the tests oxygen condition is shown compared to the reference

temperature of the test itself.

Figure 3.3: The graph plots oxygen concentration in lead (logarithmic scale) against
temperature. It shows stability lines for lead oxyde and iron magnetite oxyde.
Experimental conditions are represented, they are located between these lines,
tracking closer to the ”Magnetite instability” line [40].

The first batch of tests involved unnotched specimens, so the following discussion will

refer to them. Reference tests with 10-4 and 316L were carried out in a pure ArH2

atmosphere at ambient temperature and at 375 °C, which is the experimental target

temperature since it is near the melting point of lead and hence in the range where

LME would become more prominent. Then, 10-4 and 316L steels were tested in pure

liquid lead at 375 °C, 450 °C, 500 °C, and 550 °C as reference tests. Subsequently, 10-

4 specimens were tested in environments with increasing tellurium concentration,

gradually up to an amount of 1.2 wt%. Precipitation around the specimen and
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apparatus showed that the solubility point of tellurium in lead had been reached, as

indicated in the referenced Figure 2.4. For this purpose, further tests were performed

maintaining the 1.2 wt% concentration but raising the temperature to 550 °C for

both 10-4 and 316L. The concentration of tellurium was not increased further since,

even in the worst possible scenarios, the highest expected value is roughly an order

of magnitude lower; furthermore, dissolving higher percentages of tellurium would

require higher temperatures, thus reducing the potential for LME and introducing

other kinds of issues. Tests at 375 °C in pure lead and in lead with variable tellurium

concentration were also carried out by changing the crosshead speed. The latter

was decreased to observe any effects that the crack opening speed may have on the

interaction between the two phases and on the fracture mode. Although the tensile

testingmachine is consistently set to predefined crosshead speeds (e.g., 2×10−3mm/s

and 1× 10−4mm/s), the actual strain rate may slightly differ from one test to another.

This is due to minor variations in the displacement control system and transient

mechanical responses, which introduce small inconsistencies in the applied speed.

Therefore, the strain rate is calculated individually for each test based on the actual

displacement data. On average, the nominal speeds correspond to strain rates of

approximately R1 = 5.6× 10−5 s−1 and R2 = 2.86× 10−6 s−1, respectively.

The second batch of tests was carried out with 10-4 specimens featuring a notch in the

middle, to examine the effect of stress concentration on the LME phenomenon. Initial

reference tests were conducted in an ArH2 atmosphere at both room temperature

and 375 °C. These were followed by reference tests in pure molten lead at 375 °C.

Subsequently, tests were performed in molten lead environments doped with varying

concentrations of tellurium. It is important to note that all notched specimens were

tested using the strain rate R1.

A complete overview of all the performed tests, including specifications, is provided in

Table 3.2.

3.4 Analysis and Characterization

Following cleaning, the samples were characterized and analyzed using a Hitachi

S-3700N SEM equipped with an Energy Dispersive Spectroscopy (EDS) system for

elemental analysis.
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Table 3.2: Comprehensive list of all tests performed, including experimental
conditions. The columns include the test identification code, the presence or absence
of a notch, the test environment conditions (i.e., presence or absence of lead and
tellurium), the reference test temperature, and finally the strain rate used.

Code Steel Notch Pb Te [wt%] Temp. [°C] Strain Rate
1

10-4 no

no 0 23

R1

2 no 0 23
3 no 0 375
4 no 0 375
5 yes 0 375
6 yes 0 375
7 yes 0.01 375
8 yes 0.01 375
9 yes 0.1 375
10 yes 0.1 375
11 yes 0.2 375
12 yes 0.2 375
13 yes 0.3 375
43 yes 0.3 375
14 yes 0.6 375
15 yes 0.8 375
16 yes 1.2 375
50 yes 1.2 375
24

316L no

no 0 24

R1

23 no 0 375
29 no 0 450
52 no 0 450
30 no 0 500
31 no 0 550
28 yes 1.2 375
22 yes 1.2 450
21 yes 1.2 500
20 yes 1.2 550
25

10-4 no

no 0 450

R1

26 no 0 500
27 no 0 550
19 yes 1.2 450
18 yes 1.2 500
17 yes 1.2 550
37

10-4 no
yes 0 375

R245 yes 0.6 375
47 yes 1.2 375
32

10-4 yes

no 0 26

R1

33 no 0 26
34 no 0 375
35 no 0 375
36 yes 0 375
38 yes 0.01 375
39 yes 0.01 375
40 yes 0.1 375
41 yes 0.1 375
42 yes 0.3 375
44 yes 0.6 375
46 yes 0.8 375
48 yes 1.2 375
49 yes 1.2 375
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Results

4.1 Unnotched Samples

4.1.1 316L Samples

Here, 316L tests in pure ArH2 atmosphere at increasing temperatures are presented.

The stress-strain curves are shown in Figure 4.1. All curves at higher temperatures

exhibit comparable fracture strains. A significant reduction in Ultimate Tensile

Strength (UTS) and fracture strain compared to the room temperature test is

observable.

316L steel has been tested in pure ArH2 atmosphere and in lead with 1.2 wt% tellurium

at 375°C, 450°C, 500°C and 550°C. The corresponding stress-strain curves are shown

in Figure 4.2. Comparing each pair of graphs, no systematic behavior related to the

presence of lead and tellurium is observed. Even when considering the temperature

variation, no clear effect can be identified. In Figure 4.3, SEM images of some of the

aforementioned specimens are presented. The images showing a specific area rather

than the entire fracture surface were selected because they are representative of the

overall fracture morphology. Overall, the behavior is ductile, and dimples of various

shapes and sizes are clearly visible. No evidence of brittle fracture is observed.
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Figure 4.1: Stress-strain curves of reference 316L specimens in pure Ar2. R1 strain rate.

Figure 4.2: Engineering stress-strain curves of 316L specimens tested at various
temperatures in two environments: pure ArH2 and Pb with 1.2 wt% Te. R1 strain rate.
Each pair of curves at the same temperature allows a direct comparison of mechanical
behavior under different environmental conditions.
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Figure 4.3: Fracture surfaces show necking formation in the different unnotched 316L
samples a) ArH2 450°C, b) Pb+1.2 wt% Te 450°C, c) ArH2 500°C , d) Pb+1.2 wt% Te
500°C, e) ArH2 550°C and f) Pb+1.2 wt% Te 550°C. R1 strain rate.
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Figure 4.4: Stress-strain curves of reference unnotched 10-4 specimens in different
enviroments. R1 strain rate.

4.1.2 10-4 Samples

Considering 10-4 tests in pure ArH2 atmosphere and pure lead, stress-strain curves are

shown in Figure 4.4. The curves of samples in ArH2 atmosphere at 375°C show lower

UTS andmaximum elongation compared to the ones in same atmosphere but ambient

temperature (26°C). The curves of the specimens in lead are comparable to the ones at

same temperature in simple ArH2 atmosphere.

The examination of fracture surfaces in specimens tested under an ArH2 atmosphere

revealed no significant changes in appearance with increasing test temperature. The

fracture mode remained ductile across the entire surface, characterized by typical

dimpled ductile fracture at the specimen’s center, transitioning into shear fracture near

the surface. This is still true when it comes to samples pulled at same temperature in

pure lead. The SEM pictures of the fracture surface of the upper mentioned specimens

are shown in Figure 4.5.
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Figure 4.5: Fracture surfaces show necking formation in different unnotched 10-4
samples, R1 strain rate in: a) ArH2 room temperature (23°C), b) ArH2 atmosphere
at 375°C, c) pure Pb at 375°C, and d) pure Pb at 375°C (replicate test).

Tests on 10-4 steel performed in pure lead are compared to those with increasing

reference Te concentration; their stress-strain curves are shown in Figure 4.6. The

red curves, representing the results for two specimens in pure lead, show how final

total elongation varies by around 5% for the same test. The dark blue curves describe

tests with increasing Te concentrations. Finally, the green curve refers to the test with

the highest Te concentration used in this study; their total final elongation falls within

the same range as the others while the UTS is higher compared to the rest. The total

final elongations of tests in which the Te concentration in lead was increased do not

show a clear underlying trend or phenomenon. This can be seen from Figure 4.7,

where fracture strain is plotted with respect to reference Te concentration. From the

curves, the total final elongation of tests inwhich the reference Te concentration in lead

was increased does not show a clearly unfolding phenomenon related to the tellurium.

However, Figure 4.7 suggests a trend with a minimum at 0.3 wt% Te, indicating that

this concentration might have a bigger effect on ductility.
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Figure 4.6: Stress-strain curves of unnotched 10-4 specimens tested at 375°C in pure
lead and in lead with added tellurium. R1 strain rate.

In Figure 4.9, SEM pictures of some relevant specimens from Figure 4.6 are shown.

As observed previously, the test on pure lead exhibits clear dimples and a ductile

fracture. With the smallest tellurium concentration used in these tests (i.e., 0.01 wt%),

the fracture surface already shows a cleavage-like appearance. This trend persists as

the concentration increases to 0.1 wt%, 0.3 wt%, and 0.6 wt%. Finally, at 1.2 wt%,

the fracture surface returns to being mainly characterized by dimples, with some

traces of brittle fracture behavior still observable in both specimens tested under those

conditions.

For different temperatures, 10-4 tests in pure ArH2 atmosphere are compared to those

performed in lead with 1.2 wt% tellurium. The corresponding stress-strain curves

are shown in Figure 4.8. By comparing each pair of tests, the effect of temperature

is evident, with a reduction in both the UTS and the fracture strain as temperature

increases. However, when comparing each test in pure ArH2 with its counterpart in Pb

+ 1.2 wt% Te, no significant effect on ductility is observed.
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Figure 4.7: Total final elongation of unnotched 10-4 specimens tested in lead at 375°C
with increasing tellurium concentration. R1 strain rate.

Figure 4.8: Engineering stress-strain curves of unnotched 10-4 specimens tested at
various temperatures, R1 strain rate, in two environments: pure ArH2 and Pb with 1.2
wt% Te. Each pair of curves at the same temperature allows a direct comparison of
mechanical behavior under different environmental conditions.
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Figure 4.9: Fracture surfaces show necking formation in the different unnotched 10-4
samples, R1 strain rate tested in: a) pure Pb, b) Pb+0.01 wt% Te, c) Pb+0.1 wt% Te , d)
Pb+0.3 wt% Te, e) Pb+0.6 wt% Te and f) Pb+1.2 wt% Te.
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Figure 4.10: Fracture surfaces show necking formation in different unnotched 10-4
samples, R1 strain rate in: a) Pb+1.2 wt% Te 450°C, b) same as a) but zoomed on
the red box, c) Pb+1.2 wt% Te 500°C , d) same as c) but zoomed on the red box, e)
Pb+1.2 wt% Te 500°C and f) same as e) but zoomed on the red box. Letters ”B” and
”D” respectively mean ”brittle” and ”ductile” fracture appearance.
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Figure 4.11: SEM picture of fracture surface of unnotched 10-4 specimen in ArH2 at
500°C. R1 strain rate.

In Figure 4.10 some SEM images from 10-4 specimens tested at different temperature

in Pb+1.2wt% Te are shown. These fracture surfaces do not show any variation in the

fracture mode, which remains entirely ductile. However, regions where the fracture

appears brittle are visible in the Pb+Te samples within the intermediate temperature

range (450°C / 500°C). The corresponding specimens tested in ArH2 all exhibit a

clearly ductile fracture, withno signs of brittle fracture. Figure 4.11 provides a reference

showing how all the surfaces appear.

Tests on 10-4 steel performed in pure lead are compared to those carried out with

increasing reference Te concentrations. The strain rate was kept constant at R2, and

the corresponding stress-strain curves are shown in Figure 4.12. The three curves,

red for pure lead, blue with 0.6 wt% Te, and green for 1.2 wt% Te, exhibit a similar

fracture strain, indicating that tellurium does not have a significant effect at these

concentrations. However, the curve corresponding to 0.6 wt%Te shows a considerably

lower UTS. In Figure 4.13, the fracture surfaces of the aforementioned specimens are

shown. The presence of dimples and necking is clearly visible, indicating a fully ductile

fracture. In the specimen with 0.6 wt% Te, some small featuresmay be associated with

brittle fracture.
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Figure 4.12: Stress-strain curves of unnotched 10-4 specimens in different
environments at 375°C. R2 strain rate.

Figure 4.13: SEM picture of fracture surface of unnotched 10-4 specimens in Pb+Te at
concentration a) 0.6%Te and b) 1.2 %Te. Both have been pulled at R2 and 375°C. ”B”
and ”D” respectively mean ”brittle” and ”ductile” fracture appearance.
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4.2 Notched Samples

As mentioned in chapter 3, only 10-4 steel has been tested with notched specimens.

Tests of 10-4 steel conducted in a pure ArH2 atmosphere, room temperature and

375°C, and in pure lead are compared; their corresponding stress-strain curves are

shown in Figure 4.14. The samples tested in ArH2 at 375°C exhibit both lower UTS

and reduced elongation at fracture compared to those tested at room temperature

in the same environment. The behavior of the specimen tested in lead closely

resembles that of samples tested in ArH2 at 375°C. The analysis of the fracture

surfaces of specimens tested in an ArH2 atmosphere showed no clear differences as

test temperature increased. All samples displayed a fully ductile fracture, with clear

dimples and strong necking. The same ductile behavior was also observed in samples

tested at the same temperature in pure lead.

Tests on 10-4 steel performed in pure lead are compared to those with increasing

reference Te concentrations. Their stress-strain curves are shown in Figure 4.15.

The red curve represents the test conducted in pure lead. The dark blue curves

correspond to tests with various Te concentrations and are plotted in the same

color, as their relative differences do not stand out in this graph. The green and

cyan curves refer to the tests at the lowest and highest Te concentrations used in

this study, respectively. Both show almost identical behavior compared to the pure

lead reference: similar UTS values and comparable fracture strain within typical

experimental variation. In contrast, a completely different behavior is observed for

the intermediate concentrations. These samples exhibit a sudden and premature drop

in stress, as long as a relevant reduction in fracture strain. The total final elongation of

the tests as a function of Te concentration is shown in Figure 4.16. The trend shows a

decrease in fracture strain, reaching its minimum at 0.3 wt% Te, after which the value

rises again, approaching the reference level at the highest concentration.
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Figure 4.14: Stress-strain curves of reference notched 10-4 specimens. R1 strain rate.

Figure 4.15: Stress-strain curves of notched 10-4 specimens at different Te
concentrations. R1 strain rate.

43



CHAPTER 4. RESULTS

Figure 4.16: Total final elongation of notched 10-4 specimens tested in lead at 375°C
with increasing tellurium concentration. R1 strain rate.

In Figure 4.17, SEM images of selected specimens from this batch are presented. The

sample in pure lead exhibits clear features of ductile fracture. A similar behavior

is observed in the sample with the lowest tellurium concentration, although a small

area displays characteristics that differ from the main fracture surface. Specimens

with intermediate tellurium concentrations show evident signs of brittle fracture

propagation. The fracture initiation points are clearly identifiable: at the top side for

the specimenwith0.3wt%Te andon the left side for the onewith0.8wt%. Propagation

lines are distinctly visible, radiating from the initiation zones. The 0.8 wt% specimen

also shows a localized region with ductile dimples. Finally, one of the specimens with

1.2 wt% Te displays the onset of a brittle fracture, with the initiation point highlighted

in the magnified view. However, the crack propagation halts, and the remainder of the

fracture surface presents typical ductile dimple features. The other specimen under

the same conditions exhibits fully ductile-like fracture features.
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Figure 4.17: Fracture surfaces show necking formation in the different notched 10-4
samples, R1 strain rate in: a) pure Pb, b) Pb+0.01wt%Te, the red box shows a probable
brittle fracture feature, c) Pb+0.3 wt% Te , d) Pb+0.8 wt% Te, e) Pb+1.2 wt% Te and
f) same as e) but zoomed on the red box. ”B” and ”D” respectively mean ”brittle” and
”ductile” fracture appearance.
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4.3 Precipitates

In the samples with higher tellurium concentration, and generally in the tests

conducted at higher temperatures, a significant amount of precipitates is visible in

the SEM images. Their presence can be clearly seen, for instance, in Figure 4.3.

However, to better observe and characterize these features, it is essential to analyze

the images acquired using Backscattered Electrons (BSE), as these are sensitive to the

elemental composition of the sample. An example is shown in Figure 4.18, where both

an overview of the fracture surface of an unnotched sample tested in Pb + 1.2 wt% Te

and a close-up detail are presented.

Figure 4.18: BSE-SEM images of an unnotched specimen tested in Pb + 1.2 wt% Te at
375°C, R1 strain rate. In a), the overall fracture surface is shown, while b) presents a
close-up view.

The composition of the observed precipitates was analyzed using energy-dispersive

X-ray spectroscopy (EDS). In Figure 4.19, selected points on a zoomed-in area of the

fracture surface of a 316L specimen tested in Pb + 1.2 wt% Te at 550°C are analyzed.

The atomic concentrations of the elements at each point are reported. The points

located on the precipitates show comparable concentrations of tellurium and lead,

which is consistent with the presence of lead telluride (PbTe). Additional analyses

performed on similar precipitates in other samples yielded comparable results.

An EDS elemental map was acquired from a close-up of the fracture surface of sample

10-4, tested in Pb + 1.2 wt% Te at 375°C. The precipitates, which appear light gray in

the SEM image, are composed of tellurium and lead, as shown by the corresponding

elemental maps in Figure 4.20.
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(a)

Element #1 #2 #3 #4

Cr 5.35 20.56 5.90 15.73

Fe 13.39 70.93 13.73 77.47

Ni 1.34 7.36 3.18 4.63

Te 40.92 0.22 39.30 0.72

Pb 39.01 0.93 37.89 1.45

(b)

Figure 4.19: EDS analysis of 316L tested in Pb + 1.2 wt% Te at 550°C. (a) SEM close-up
of the fracture surface showing a high concentration of precipitates. (b) Corresponding
atomic% composition at the labeled points.
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Figure 4.20: EDS map of close up on lead-tellurium precipitates of 10-4 unnotched
sample tested in Pb+1.2 wt% Te at 375°C.
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Figure 4.21: Solution precipitates observed in the area surrounding the specimen after
opening the rig following the test of the notched sample in Pb+1.2wt% Te.

Starting from the lower concentrations and increasing in intensity, a significant

amount of precipitates was observed around the specimen, the U-bracket, and the

drawbar when the rig was opened. As an example, Figure 4.21 shows the notched

specimen tested in Pb + 1.2 wt% Te.
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Discussions and Conclusions

5.1 Discussions

Based on the obtained results, it can be concluded that the 10-4 steel is susceptible

to LME in the presence of lead and tellurium. Stress concentrations, represented in

this study by the presence of a notch, appear to intensify the embrittlement effect.

This is likely due to the increased contact between the liquid and solid phases, which

may reduce the stability and cohesion of the protective oxide layer. As the tellurium

concentration increases, the embrittlement reaches its maximum severity at 0.3 wt%

Te. Interestingly, full ductility is recovered at 1.2 wt% Te. This behaviormay be related

to a protective effect exerted by precipitates formed around the sample due to the

supersaturated solution, which could act as a barrier, preventing direct interaction

between the liquid metal and the solid material. A slower strain rate was found to

mitigate the LME effect, suggesting a protective role. However, it remains unclear

whether this improvement is due to the oxide layer having more time to adapt to the

slower deformation, or to the increased time available for the formation of protective

precipitates around the sample. It is important to highlight the general variability

observed in the results. Two tests conducted under identical conditions may exhibit

a final elongation difference of up to 5%. This strain variation is evident, for example,

in the pure lead test curves shown in Figure 4.4 and Figure 4.6.

The following section provides a detailed analysis and discussion of each of these

observations and hypotheses.
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5.1.1 LME on Notched and Unnotched 10-4

The specimens tested at 375 °C in pure lead did not show any significant variation in

fracture strain compared to those tested in ArH2 atmosphere. This result is consistent

with the findings reported in [23].

Dependence of LME Occurrence on Specimen Geometry

By analyzing only the unnotched specimens, it would seem premature to conclude that

tellurium-induced embrittlement is present, as the reduction in fracture strain appears

too small, as shown in Figure 4.7. However, comparing this with the corresponding

plot for notched samples in Figure 4.16, it is evident that the trend is similar,

showing a decrease that reaches a minimum at 0.3 wt% Te, followed by a recovery

of ductility at 1.2 wt% Te. The aforementioned similarity can be observed in Figure 5.1,

where the corresponding graphs are compared after normalization with respect to the

engineering strain values measured in the reference lead condition for both cases.

Additional specimens would be needed to improve the statistical significance of the

observations, particularly for the unnotched samples, as the observed trend may be

obscured by statistical dispersion. Nonetheless, it can be inferred that the presence

of a notch amplifies the phenomenon. A plausible explanation is that the alumina

scale, which forms around the sample due to sufficient oxygen concentration, is able

to accommodate the imposed strain in unnotched specimens, thereby maintaining

effective separation between the liquid metal and the bulk steel. In the case of

notched samples, however, the stress concentration at the notch may be sufficient to

overstress the oxide scale, preventing it from adapting to the deformation and thus

from protecting the underlying steel effectively. The same is stated in [36], where

unnotched T91 specimens did not undergo LME in pure lead, while the notched ones

did.

Magnitude of LME

Assuming both specimen types exhibit the same trend in effects induced by LME,

it is reasonable to jointly analyze the dependence of embrittlement magnitude on

tellurium concentration. Starting from low tellurium concentrations up to 0.8 wt%,

a clear reduction in maximum elongation is observed. One possible explanation lies

in the fact that during pre-exposure, the maximum solubility of tellurium in lead is
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Figure 5.1: Engineering strain at fracture, normalized to the pure lead reference value,
as a function of Te concentration for notched and unnotched specimens.

around 0.45 wt%. Therefore, when tests were conducted at similar concentrations

(i.e., 0.6%, 0.8%), nucleation of precipitates was likely a slow and difficult process,

in accordance with general kinetic principles. Thus, the 24-hour pre-exposure may

not have been sufficient to saturate this process. As temperature was later reduced

to 375 °C for testing, growth of precipitate crystals occurred simultaneously with

additional nucleation points. This hindered the amount of precipitates formed in the

chamber. Consequently, the solution remained oversaturated during testing compared

to theoretical equilibrium, as tellurium did not have sufficient time to precipitate

during cooling and testing phases. The limited presence of precipitates may have

facilitated contact between liquid and solid phases. In contrast, for tests at 1.2 wt%

Te, the solution was already supersaturated during the 24-hour pre-exposure. It can

be assumed that all precipitates had sufficient time to form, and nucleation points

developed throughout the chamber. As a result, when temperature was lowered

for mechanical testing, nucleation had both time and favorable conditions to occur,

making their growth much more likely. This probable presence of a greater amount

of PbTe may have acted as a barrier, limiting direct contact between the liquid phase

and the steel surface, as schematically shown in Figure 5.2. This behavior is consistent

in both unnotched and notched specimens, as confirmed by SEM images in Figure 4.9

and Figure 4.17, respectively.
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Figure 5.2: Schematic close-up of the SSRT rig and the formation of a precipitate
barrier around the specimens, represented by the yellow area. Original picture from
[23].

5.1.2 LME on Unnotched 10-4 at Slowest Strain Rate R2

Considering tests performed at R2, the only relevant and different behaviour is about

the test conducted with 0.6 wt% Te. Its SEM image does not show any change in

the fracture mode compared to the Pb reference test, as evidenced by the presence

of dimples, as shown in Figure 4.13. When compared to the same specimen tested

in the same environment but at strain rate R1, the difference is substantial, in that

case the fracture brittle nature was clear. There are might be two explanations to

such discrepancy: 1) this observation aligns with the discussion reported for the R1

tests, since the R2 test duration of 24 hours allowed the solution sufficient time to

guarantee much higher amount of nucleation points at 375 °C and for all the tellurium

that was supposed to precipitate to do so. Therefore, it is likely that the amount of

precipitate formed was sufficient to prevent direct contact between the liquid phase

and the steel; 2) the slower strain rate allowed the oxide to adapt and heal during

specimen deformation, avoid close contact between the phases.

The following explains how to determinewhich of the two factors 1) or 2) played amore

significant role in protecting the specimen. Considering that the test at R1 with 0.1 wt%

Teprimarily exhibited brittle fracture, as shown in Figure 4.9c), an additional test at R2

with 0.1 wt% Te should be performed. In such a case, the formation of precipitates can
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not occur because the conditions are under saturation, so if no brittle features appear

on the fracture surface, it would suggest that at lower strain rate the oxide performs

better avoiding contact between solution and steel.

Moreover, tests at the R2 strain rate should be carried out across the entire range of

tellurium concentrations using notched specimens. This is important to determine

whether the slower strain rate can eliminate the reduction in fracture strain observed in

notched specimens. This discrepancy for the very same test but at different strain rates

can not be linked to the uncertainty in the tellurium concentration, as tests conducted

at R1 show that brittle fracture occurs across a wide range of concentrations.

5.1.3 LME on 316L

Just like the 10-4 steel, the 316L alloy shows no signs of embrittlement in a molten

lead environment containing 1.2 wt% tellurium. Additional tests should be carried out

at intermediate concentrations, as was done for the 10-4 steel, to assess whether this

alloy is also susceptible to LME.

5.1.4 Limitations of the Study

The main limitation of this study lies in the control of tellurium concentration. As

discussed in chapter 3, the concentration was regulated with greater precision for

notched samples compared to unnotched ones. Although it is not possible to define

an exact error interval for the tellurium content, the formation of crystals on the rig

was observed in both cases when the solubility limit was reached, providing an indirect

confirmation of the concentration level.

Nevertheless, more precise control over the tellurium concentration should be pursued

in future studies to improve reproducibility and accuracy. Despite this limitation, the

outcomes and conclusions of this work are not compromised. This is because the core

findings are based on observable trends and, most importantly, on the presence or

absence of LME, which was clearly identified in this study.
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5.2 Conclusions

The goal of this thesis was to investigate the occurrence of embrittlement and

determine whether LME takes place under the studied conditions, as well as to identify

the critical tellurium concentration threshold beyond which the mechanical

properties of steel are significantly affected.

Based on both qualitative and quantitative analysis, it can be stated that a molten

lead environment doped with tellurium at 375°C can embrittle ferritic 10-4 steel. In

particular:

• Both unnotched and notched specimens show embrittlement behavior. At

375 °C, the strongest effect is observed at 0.3 wt% in both cases.

• The notch enhances the embrittlement, which is clearly visible from both the

magnitude of fracture strain reduction and the SEM images.

• At concentrations far from the solubility limit at the pre-exposure temperature,

embrittlement disappears—likely due to precipitate interaction and their kinetic

formation.

• At lower strain rates (R2), the brittle fracture observed in the unnotched 10-

4 sample tested at 0.6 wt% Te under higher strain rate conditions (R1) is no

longer present. This may indicate a correlation with the timescale required

for precipitate nucleation and growth, or with a more effective oxide protection

mechanism under slower deformation.

5.2.1 Future Work

An interesting direction for future work is to investigate whether embrittlement also

occurs at higher tellurium concentrations when testing at elevated temperatures—

conditions under which the solubility of tellurium in lead is greater. In such cases, it

would be possible to isolate the effect of the pure liquid solution, free from interference

by solid precipitates, and assess whether LME (liquid metal embrittlement) still takes

place. This approach would help clarify the role of precipitate formation in the

apparent suppression of embrittlement observed at lower temperatures. However, it

is also known that higher temperatures can mitigate or even eliminate the embrittling

effect. Therefore, it would be equally valuable to investigate the extent to which
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increasing temperature can suppress tellurium-induced embrittlement.

Another promising research direction would be to perform slow strain-rate tensile

tests on notched specimens. Testing at lower strain rates may provide more insight

into the mechanisms involved, potentially enhancing the visibility of embrittlement

effects. These tests should be conducted at various tellurium concentrations—both

below and above the solubility limit—to differentiate between effects caused by

dissolved tellurium in the liquid phase and those influenced by the presence of solid

precipitates.

Finally, it would be of interest to assess whether prolonged exposure of the alloy

to a tellurium-containing environment results in a measurable reduction in total

elongation. This would allow for the investigation of potential long-term corrosive

effects of tellurium on the alloy, as suggested by previous studies such as [14], [12],

[15], and [13].

5.2.2 Final Words

This research has highlighted the importance of studying the interaction between

fission products and this promising steel, providing meaningful insight into the

broader understanding of liquid metal embrittlement phenomena in next-generation

reactor environments. Further in-depth investigation is necessary to better

characterize the phenomenon under different conditions; however, the effect of

tellurium dissolved in molten lead has now been clearly established.
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Appendix A

Calculation of Engineering Strain and
Uncertainty

This appendix describes the method used to calculate the engineering strain and its

associated uncertainty.

To compute the engineering strain, the following equation was used:

ε = 100 · Lx

Lxend

· Lend − Lini

lini
(A.1)

where:

• Lx is the vector of positions occupied minute by minute by the drawbar,

• Lxend is the final position of the drawbar,

• Lend is the final total length of the specimen,

• Lini is the initial total length of the specimen,

• lini is the initial gauge length of the specimen.

The first fraction uses data acquired from the software to weight the manually

calculated fracture strain, represented by the second fraction. Each step of the strain

evolution is therefore proportional to the final one, so the final reading from the

software corresponds to the manually measured fracture strain.
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Figure A.1: Close-up of the specimen halves reassembled after the test, ready for
measurement.

In this formulation, the uncertainty of the engineering strain is only related to the

measurements of the initial and final specimen lengths, both taken using a digital

caliper.

It was observed through repeated measurements that the error in the initial

length measurement does not exceed ±0.02mm, while the error in the final length

measurement never exceeds ±0.05mm. The greater uncertainty in the final length

arises from the need to realign the two broken halves of the specimen after testing,

as illustrated in Figure A.1.

Assuming normally distributed measurement errors and a 99% confidence interval,

the corresponding standard deviations are:

σLini
=

0.02mm
2.576

= 0.00776mm (A.2)

σLend
=

0.05mm
2.576

= 0.01940mm (A.3)

The relative strain uncertainty (expressed in percent) was computed by propagating

the independent uncertainties associated with Lini and Lend using the following
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equation:

εerr = 2.576 · 100 ·

»
σ2
Lini

+ σ2
Lend

lini
(A.4)

This expression represents the propagation of uncertainties assuming independent

variables and provides the 99% confidence interval error in the engineering strain at

the final measured point of the test.

This method ensures that the reported fracture strain values are accompanied by a

realistic estimation of experimental uncertainty, in accordance with standard practice

in mechanical testing.
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