
DEGREE PROJECT IN PHYSICS,
SECOND CYCLE, 30 CREDITS
STOCKHOLM, SWEDEN 2023

Effect of Proton
Irradiation on the
Mechanical
Properties of
Fe-10Cr-4Al in Liquid
Lead

SH204X Master Thesis Report

Gabriela Lapinska

KTH ROYAL INSTITUTE OF TECHNOLOGY
NUCLEAR ENERGY ENGINEERING
TRITA-SCI-GRU 2023:038



Authors
Gabriela Lapinska <lapinska@kth.se>
Nuclear Energy Engineering
KTH Royal Institute of Technology

Place for Project
Stockholm, Sweden
Nuclear Engineering
Department of Physics
KTH Royal Institute of Technology

Examiner
Janne Wallenius
Nuclear Engineering
KTH Royal Institute of Technology

Supervisors

Pär Olsson and Faris Sweidan

Nuclear Engineering

KTH Royal Institute of Technology

ii



Abstract

Among the structural materials under consideration for future lead-cooled fast

reactors, special attention is paid to ferritic Fe-10Cr-4Al due to its superior corrosion

and erosion protective properties, as well as its insensitivity to liquid metal

embrittlement in liquid lead. This thesis gives an inside look into the radiation damage

properties of the alloy and the possible embrittlement scenarios. The samples were

irradiated with 5.5 MeV protons and then tested with a slow strain rate testing rig at

375oC and 450oC. The results showed that for Fe-10Cr-4Al irradiated to a peak dose

of 0.14 dpa, the total elongation to failure was reduced by 3-5%, compared to the

unirradiated samples. Moreover, the mechanical properties (yield strength, ultimate

tensile strength, and fracture elongation) of the irradiated samples depend strongly

on temperature. The scanning electron microscopy images show no signs of liquid

metal embrittlement. However, the brittle structures at the edges of the samples could

indicate the existence of hydrogen embrittlement.
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Abstract

Bland de strukturmaterial som övervägs för framtida blykylda snabba reaktorer (LFR)

ägnas särskild uppmärksamhet åt ferritiska Fe-10Cr-4Al-legeringar på grund av deras

överlägsna korrosionsbeständighet och deras avsaknad av försprödning i den flytande

blymiljön. Denna avhandling ger en inblick i legeringens strålskador och möjliga

försprödningsscenarier. Proverna bestrålades med 5.5 MeV protoner och testades

sedan med SSRT-testriggen vid 375oC och 450oC. Resultaten visade att för prover

av Fe-10Cr-4Al bestrålat till en dos av 0.14 dpa, minskade den totala förlängningen

till brott med 3-5%, jämfört med de obestrålade proverna. Dessutom uppvisar de

mekaniska egenskaperna (YS, UTS och brottförlängning) hos de bestrålade proverna

en större temperaturinverkan. Bilder tagna med svepelektronmikroskopi (SEM)

visade inga tecken på flytande metallförsprödning (LME). De spröda strukturerna vid

kanterna av proverna, där protonerna implanterades, kan dock indikera förekomsten

av väteförsprödning.
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Chapter 1

Introduction

1.1 Aim

With a new generation of nuclear reactors anticipated to operate at elevated

temperatures and radiation doses, the challenge of selecting reliable structural

materials arises. The superior corrosion resistance in comparison to numerous other

commonly used materials and good ductility properties of FeCrAl alloys in liquid lead

(Pb)make them very promisingmaterials to be used in lead-cooled fast reactors (LFR).

The main aim of this thesis is to investigate and characterize the surface irradiation

effects on Fe-10Cr-4Al after irradiation with 5.5 MeV protons. The Fe-10Cr-4Al alloy

has recently been shown to not be susceptible to liquid metal embrittlement (LME)

in liquid lead, all the while it shows typical ferritic susceptibility to LME in lead-

bismuth eutectic (LBE). The alloy is proposed as a corrosion and erosion protective

overlay material that can be added to e.g. cladding tubes in LFR designs, and it is

thus of importance to determine if the good mechanical and chemical properties are

maintained under irradiation as well. Radiation can cause hardening and a decrease

in ductility in itself, but may also make the material susceptible to LME due to the

build up of radiation damage. Susceptibility to LME can be determined using tensile

experiments performedwith a slow strain rate testing (SSRT) rig. Further investigation

using scanning electron microscopy (SEM) should give more insight into the origin of

the ductility decrease. The possible scenarios include embrittlement caused by the

radiation damage buildup, liquid metal embrittlement, or the high concentration of

hydrogen implanted into the samples.
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CHAPTER 1. INTRODUCTION

1.2 Environmental aspects

The increasing demand for electricity due to the growing world population and drive

towards prosperity has created a need for reliable access to energy supply. Generating

electricity through the utilization of fossil fuels has a negative impact on both humans

and the environment, resulting in substantial amounts of greenhouse gas emissions

that contribute to climate change and further pollution of the air, water, and soil. Thus,

it is crucial to transition to clean technologies to address the issue. If the current rate

of increase in global warming continues, it is expected that the temperature will rise

to 1.5°C sometime between 2030 and 2052 [1]. According to the Intergovernmental

Panel on Climate Change (IPCC’s) estimations, in order to mitigate the most severe

consequences of climate change, it is necessary to decrease emissions by approximately

45% before the year 2030 and achieve a state of net-zero emissions by the year 2050.

Figure 1.2.1: Global energy consumption by source [2].

Figure 1.2.1 shows the energy mix with a diverse range of sources – coal, oil, natural

gas, nuclear, hydropower, wind, solar, and biofuels. Globally, the largest amount of

energy comes from oil, followed by coal and gas. Thus, the energy mix is dominated

by fossil fuels accounting for over 80% of the energy consumption. It was not until the

1960s that nuclear energy was added to the mix.
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CHAPTER 1. INTRODUCTION

Nuclear energy offers significant amounts of reliable and reasonably priced energy

that is much more environmentally friendly than fossil sources, as the nuclear power

plants can function uninterrupted for an extended period of time, regardless ofweather

conditions. The governments reaffirmed their commitments to reducing greenhouse

gas emissions at the 26th United Nations Climate Change Conference (COP26) in

Glasgow, where 65 countries declared to accelerate the phase-out of coal. However,

the economic recovery from COVID-19 has led to an increase in energy demand that

exceeds the growth of clean energy production and involves a greater reliance on

fossil fuels. Energy prices are rising and the conflict in Ukraine also highlights the

vulnerability of the fossil fuel supply chain evenmore due to issues with gas import. In

order to follow the energy demand, unsustainable solutions have been applied such

as restoring coal-fired power plants. Thus, many governments recognise the need

for more long-term and secure solutions with nuclear energy being considered as an

important player on the way to net-zero emissions.

1.3 Nuclear energy

In 2021, nuclear reactors produced 2653 TWh in total with electricity-generating

reactors marking the highest total capacity (370 GWe) in a single year thus far [3].

This shows the upward trend since a drop in 2012 after the Fukushima accident which

influenced negatively the public confidence in nuclear energy. However, the nuclear

reactor fleet decreased from 441 to 436, compared to the year 2020. Pressurized water

reactors (PWRs)make up around 70% of all operational reactors and they are themost

favoured type of reactors being built in the last 5 years. The number of units under

construction increased by four in comparison with 2020 and it was 53 at the end of

2021.

The increasing interest in nuclear power plants shows that countries, experts, and

members of society recognise the crucial role of nuclear energy in combating climate

change. Public acceptance continues to rise, with a record-high percentage of the

public favouring nuclear energy. In 2022, the National Nuclear Energy Public Opinion

Survey found that 77% of respondents are strongly or somewhat in favour of using

nuclear energy as the source of electricity in the United States, compared to around

60% in the previous decade [4]. In Sweden, an opinion poll by Novus showed a similar

uprising trend for respondents in favour of building new reactors if necessary, from

3



CHAPTER 1. INTRODUCTION

46% in November 2021 to 56% at the end of March 2022. The willingness to continue

with nuclear energy is at 84% and only 10% of respondents want to close reactors

through political decisions [5].

The accidents that caused distrust in nuclear power, such asUnit 2 of ThreeMile Island

NPP (1979), Chernobyl (1986), and Fukushima (2011), lead to extensive research

to enhance the safe operation of reactors. Currently, the industry is continuously

enhancing safety analysis and adopting a defense-in-depth approach, which entails

the integration of independent layers of protection. Careful design with multiple

physical barriers, such as the fuel matrix, the fuel cladding, the boundary of the reactor

coolant system and the containment system, aims at preventing accidents and ensures

protection in the event that accident prevention fails. Any potential detrimental effects

on society or the environment can take place only after all the protective measures

undergo failure. The design of new-generation reactors utilizes passive safety systems

that are inherently safer than the old systems used in, for example, Fukushima, where

the accident could have been prevented with the use of passive safety.

Despite being perceived as a high risk industry, nuclear power causes much fewer

deaths when compared to other energy sources. The most deaths are assigned to

the Chernobyl accident where estimated 4000 people lost their lives due to radiation

exposure [6]. However, the death rates that aremeasured based on the casualties from

the accidents and air pollution are significantly higher for coal, oil, biomass, gas and

hydropower. Figure 1.3.1 shows the difference of a few orders of magnitude between

the most dangerous brown coal (32.72) and nuclear energy (0.03).

1.4 Generation-IV reactors

In 2001, the Generation IV International Forum (GIF) was established to discuss

collaboration in the development of new nuclear systems that could be commercially

deployable by 2030. They also defined a number of goals that Generation-IV

(Gen-IV) systems should meet. In terms of sustainability, clean air and long-term

system availability, the objectives have been satisfied by effectively utilizing fuel and

minimizing nuclear waste leading to a significantly lesser impact on the environment.

It means that there should be at least breeder reactors that increase fuel resources

by nearly a factor of 100 by breeding fissile fuel from 238U or 232Th [8]. Designs of

Gen-IV fast reactors, that use fast neutrons instead of the slow neutrons produced

4



CHAPTER 1. INTRODUCTION

Figure 1.3.1: Death rates per unit of electricity production [7].

by conventional reactors, aim to recycle not only bred 239Pu but also minor actinides

created in the fuel by nuclear transmutation. The process reduces the radiotoxic

inventory for the final waste disposal. New reactors are expected to enhance safety and

reliability byminimizing the likelihood of core damage and eliminating the need for off-

site emergency response. For the economical part, the aim is a financially favourable

life-cycle as compared to other energy sources, as well as an investment risk that is

not higher than the alternatives. The last objective is the proliferation resistance and

protection against diversion or weapon-usable materials [9].

The six reactor technologies that were chosen for further research include the Sodium-

cooled Fast Reactor (SFR), Lead-cooled Fast Reactor (LFR), Gas-cooled Fast Reactor

(GFR), Very High Temperature Reactor (VHTR), Molten Salt Reactor (MSR), and

Supercritical Water-cooled Reactor (SCWR). There is a total of 390 reactor-years of

operational experience with NaK and 23 Na-cooled reactors over five decades in eight

countries with two reactors producing power on a commercial basis (BN-600 and BN-

800, Russia) [10]. Furthermore, there is a broad range of experience in the operation

of He-cooled HTRs and some with molten salt reactors, which have been successfully

implemented in various locations worldwide. However, the upcoming years will bring

more expertise with new reactors under construction, such as BREST-300 the first new

5



CHAPTER 1. INTRODUCTION

generation LFR, and new designs being constantly studied.

1.5 Lead-cooled fast reactors

The LFR is an advanced Gen-IV reactor that meets the objectives set by GIF and is

one of the most promising among the six types of reactors. By operating with a fast

neutron spectrum and employing a closed fuel cycle, this system demonstrates the

capacity to efficiently utilize depleted uranium fuel matrices and burn the actinides

from spent LWR fuel. Thus, it offers substantial potential in proliferation resistance

and economic performance. Taking into consideration the abundance of lead as

a material, its availability does not present any significant challenges, even when

considering the construction of a substantial number of LFRs. Thus, molten lead

is considered a sustainable coolant. The safety has been improved by using molten

lead or lead-bismuth eutectic coolant at atmospheric pressure. The loss-of-coolant

accidents can be eliminated by using a guard vessel that is properly designed [11].

Moreover, it adds simplicity to plant design as there is no need to simultaneously

control temperature, pressure, and coolant level. The very high boiling temperature

of lead (1749 oC) eliminates the coolant boiling concerns and enhances the inherent

safety. Lead coolants are relatively inert, thus there are no rapid chemical reactions

between lead coolants and water/air. It reduces the risk of energy release in accident

conditions, such as the hydrogen explosions at the Fukushima reactors. The LFRs are

designed with enhanced passive safety by enabling fuel cooling by natural circulation.

The thermodynamic characteristics of lead, along with its simple coolant flow paths

and minimal core pressure loss, enable the primary decay heat removal system to

achieve an exceptionally high degree of natural circulation cooling. It does not require

backup power and is resilient to blackout conditions if appropriately designed, the

situation that was a primary problem in the Fukushima accident.

The challenges that LFRs face are associated with the high melting point (327 oC)

of lead, its opacity, and its susceptibility to drive corrosion of structural materials.

The former requires the primary coolant system to be maintained at high enough

temperatures to avoid the solidification of lead or, at the very least, support a

recirculation at the core level [11]. However, the high-temperature requirement for

cold shutdown during maintenance poses challenges for inspections and fuel handling

due to the opacity of lead. This issue could be addressed by performing remote

6



CHAPTER 1. INTRODUCTION

maintenance operations or ultrasonic inspections [12].

Since LFRs operate in new conditions with liquid lead coolant, the problem of

selecting structural materials arises, since the materials used in currently operating

conventional reactors are not suitable for use in such severe operation conditions.

Thus, this work primarily focused on investigating one of the proposed structural

materials for future LFRs. Testing under irradiation and high temperatures is

necessary in search of reliable materials for reactor use.

7



Chapter 2

Theoretical Background

2.1 Alumina-forming steels

It is widely recognized that steels are susceptible to corrosion from liquid lead (Pb)

when exposed to high temperatures [13], thereby restricting the maximum operating

temperature of lead-cooled fast reactors (LFRs). The ferritic stainless steels possess

several advantages, including cost-effectiveness and high availability. These steels

are commonly alloyed with a significant amount of chromium, which facilitates

the formation of a protective chromia (Cr2O3) scale. However, chromia scale is

less effective compared to the superior corrosion-resistance properties of alumina

(Al2O3) forming steels [14]. To address problems with oxidation and corrosion, the

implementation of FeCrAl alloys with self-healing alumina-forming properties has

been suggested.

2.1.1 FeCrAl

The benefits arising from the use of FeCrAl alloys go beyond the high-temperature

oxidation resistance that extends the coping time (the time during which mitigation

actions are taken to ensure that the temperature of the cladding remains below its

creep rupture or melting point) and limits the hydrogen generation under design

basis and severe accident conditions. They also involve stress corrosion cracking and

inherent corrosion resistance, as well as a reduction in radiation-induced swelling,

when compared to nuclear-grade zirconium-based alloys or austenitic stainless steels

[15].

8



CHAPTER 2. THEORETICAL BACKGROUND

Commonly used chromia forming austenitic stainless steels, such as 316L, show poor

corrosion resistance in liquid lead at temperatures above 500oC as it experiences

difficulties in forming protective oxides [13]. Chromia forming 316L showed lead

penetration at a depth of roughly 100–300 μm, while alumina (Al2O3) forming 14Ni

AFA was the only alloy in the test that was not affected from any dissolution attack by

the liquid lead.

Above 550oC lead becomes severely corrosive, thus alumina-forming alloys, such

as ferritic FeCrAl steels, with superior oxidation behaviour are investigated for use

in significantly higher temperatures to improve the normal operation corrosion

performance.

The comparative study at KTH showed the corrosion effect on different commercially

used FeCrAl steels with varying chemical compositions. In conclusion, Fe-10Cr-4Al-

RE alloy (also denoted as 10-4, now sold as Kanthal 100 EF) performed considerably

better in liquid lead at 800oC and 900oC, compared to Kanthal APMTM and Kanthal

APMTTM steels [16]. A protective alumina scale was formed on the surface of 10-4 with

no sign of corrosion attacks at 800oC. At 900oC, there were no signs of dissolution or

lead penetration. However, 10-4 suffered from internal oxidation up to 500 µm depth.

The other FeCrAl steels showed internal oxidation already at 800oC and little to no

protective oxide scale visible on the surface at 900oC [16].

The composition in wt%, as well as different Reactive Elements (RE) additions, affect

the properties of FeCrAl steels. The superior oxidation performance of FeCrAl alloys is

related to the preferential oxidation ofAl inside the alloy, which results in the formation

of a protective alumina layer on the exposed surface. Moreover, if enough Cr and Al

are present in the alloy, alumina production is promoted [15]. The focus on creating

alloys that display the usual oxidation resistance of the higher Cr FeCrAl alloys but

have much lower Cr concentration is a result of the radiation embrittlement process

for FeCrAl alloys. It is projected that more Al will be required in order to compensate

for the shortage of Cr [15]. However, higher Al content lowers the fabricability of the

alloy as it has a detrimental effect on ductility. The alloy’s capability to be hot- or cold-

worked into its final shape decreases as the Cr and/or Al content increases[15].

FeCrAl alloys typically contain a portion of RE additives (less than 1 wt%), such as Ti,

Nb, Zr, Y, and Hf. Using a precipitate hardening mechanism, FeCrAl alloys become

stronger and less ductile with the addition of Nb and Ti [15]. The long-term oxidation

9



CHAPTER 2. THEORETICAL BACKGROUND

studies show that the RE are essential for the growth of thin and even protective oxides

that increase the lifetime of structural components [17].

2.2 Radiation Damage

Radiation damage has significant importance in the studies of structural components

within or near the core of the nuclear reactor. The materials must sustain extreme

conditions of high temperature, high pressure, and corrosive environment as well as

irradiation that induces specific forms of damage [18]. It disturbs the microstructure

of the material by forming defects, including dislocation loops, precipitates, grain

boundary segregation, cavities, and bubbles. In consequence, the radiation damage

gives rise to phenomena such as radiation hardening and embrittlement.

Radiation damage occurs when the incident radiation possesses sufficient energy to

displace atoms from their equilibrium positions within the crystal structure. This

displacement results in the formation of vacancies (atoms missing in the lattice site)

and self-interstitials (crystal atoms crowded or in spaces that should be not normally

be occupied in the lattice). The atom that is initially struck and displaced is commonly

referred to as the primary knock-on atom (PKA). If the energy of a PKA is sufficiently

high, it has the potential to create additional knock-on atoms. These secondary

knock-on atoms, also known as recoils, initiate a cascade of displacements throughout

the material. This cascade continues until the energy of the atoms involved is no

longer sufficient to generate further knock-on atoms. At that point, the damage

event comes to a halt. Notably, this phenomenon can be observed not only under

neutron irradiation but also when electrons and ions are incident upon thematerial. In

fact, studies simulating neutron-induced radiation damage have frequently employed

electrons and ions as surrogate species.

2.2.1 Proton irradiation to simulate the neutron damage

Neutron irradiation experiments require specialized facilities and special sample

handling procedures since they always activate the samples to some extent. Moreover,

the long cycle length (exposure time) impacts the high cost of such irradiation. In

contrast, ion irradiation offers several advantages in terms of prolonged irradiation

time, activation, and cost. It generates minimal or negligible residual radioactivity,

10



CHAPTER 2. THEORETICAL BACKGROUND

enabling handling of samples without extensive precautions. For a few MeV, the

penetration depth typically extends beyond 40 µm, offering sufficient depth of

penetration to allow for the assessment of properties such as irradiation hardening

[19].

Due to their inherent electrical neutrality, neutrons can penetrate extensive distances,

resulting in a damage profile that remains spatially flat over several millimeters of

material. The importance of protons in emulation of neutron irradiation effect relates

to the relatively flat damage profile, resulting in a dose rate variation of less than a

factor of 2 across several tens of m. However, at the end of the proton path, it deposits

most of the energy, that takes a form of a Bragg peak (depicted on the Fe-10Cr-4Al

damage profile in Figure 3.3.3).

While the mechanism of damage may differ between neutron and proton irradiation,

numerous studies have demonstrated that high-energy proton beams can effectively

emulate the effects of neutron irradiation under certain conditions [20–22]. There is

a growing amount of evidence supporting the use of proton irradiation. The studies

consistently demonstrate that resulting microstructural features (such as dislocation

loops, precipitates, voids and radiation-induced segregation) align well with those

observed in materials subjected to reactor radiation [21]. In proton-irradiated

Zircaloy-4, the observed microstructures were in agreement with neutron-irradiated

samples [22]. Moreover, the properties assessed, including hardness, exhibit excellent

agreement with their reactor-irradiated counterparts. The magnitude of hardening

and the dose dependence were very similar for neutron and proton irradiation [20].

Both irradiation methods exhibited nearly identical increases in yield strength, as

determined through hardness measurements and microstructure analysis. However,

there can be a substantial chemical effect from proton irradiation due to the hydrogen

implantation. Therefore self-ion irradiation is often the preferred method, but at the

cost of very limited penetration depth.

2.2.2 Radiation Hardening

When metals and alloys are exposed to energetic irradiation, Frenkel pairs are

generated, consisting of self-interstitials and vacancies. The interstitial atoms are

very mobile relative to the vacancies, enabling them to combine and form dislocation

loops. Given sufficient time and a high enough temperature, the vacancies that do

11



CHAPTER 2. THEORETICAL BACKGROUND

not recombine with interstitials form into voids. The process of irradiation hardening

occurs due to the formation of a high density of dislocation loops and/or voids and

tangles caused by displacement damage, sometimes coupled with precipitate changes

induced by irradiation. These phenomena lead to a noticeable enhancement in the

yield stress andultimate tensile strength, often connected to a corresponding reduction

in ductility. While this hardening effect is observed in all metals and alloys, it holds

particular significance for body-centered-cubicmaterials like ferritic steels andFeCrAl.

Apart from the decrease in ductility accompanying the increase in strength in these

steels, the hardening process also impacts their toughness.

The impact of irradiation on the tensile behaviour is temperature-dependent. Below

temperatures of 425-450oC, irradiation results in the hardening of the steels. On

the other hand, when irradiation occurs above this temperature range, the properties

generally remain unchanged, although there might be some enhanced softening

depending on the fluence [23]. The increased rate of softening is the consequence of

the enhanceddiffusion and redistribution of precipitates, which accelerate the recovery

and coarsening mechanisms. This is due to the elevated temperatures causing gradual

changes in the microstructure through dislocation recovery processes and precipitate

coarsening.

At temperatures below 400oC, irradiation hardening demonstrates an upward trend

with an increasing dose for ferritic–martensitic steels. The yield stress or hardness

of irradiated materials typically shows an increase with the irradiation dose until the

density of irradiation-induced defects reaches a saturation point when compared to

their unirradiated counterparts. No saturation of yield strength has been observed up

to a dose of 10 dpa [24].

2.3 Embrittlement

The Fe-10Cr-4Al samples are expected to experience a reduction in ductile behaviour

and there are several possible phenomena that can account for premature fracture. The

proposed explanations for the irradiated sample behaviour after tensile testing involve

radiation damage, hydrogen effect, and liquid metal embrittlement (LME).

12



CHAPTER 2. THEORETICAL BACKGROUND

2.3.1 Radiation Embrittlement

In metals, exposure to radiation can lead to radiation hardening, as described

above. This generally strengthens the material but also makes it more susceptible to

embrittlement, which is characterised by reduced toughness and ductility, as well as an

increased likelihood of brittle fracture. This occurs due to the displacement of atoms

from their lattice sites through the initial interactionwith radiation and the subsequent

cascade of damage (refer to Section 2.2 for more details).

The occurrence of irradiation embrittlement is driven by similar factors to those

that cause radiation hardening, such as the formation of defect clusters, dislocations,

voids, and precipitates. Throughout the plastic deformation process, the continuous

interaction between dislocations and these radiation-induced defects leads to

the formation of additional irradiation-induced defects and dislocations that are

accountable for the occurrence of irradiation embrittlement [25]. Due to variations

in these parameters, accurately predicting the extent of embrittlement becomes

challenging.

2.3.2 Hydrogen Embrittlement

Hydrogen embrittlement (HE) is a process resulting in degradation and premature

failure of thematerial by a decrease of ductility due to the presence of atomic hydrogen.

According to current knowledge, the hydrogen embrittlement mechanism suggests

that hydrogen from the environment infiltrates the steel, dissolving into its structure.

These hydrogen atoms then navigate within the steel towards the regions of internal

stress concentration, such as crack tips. Thismigration process facilitates the initiation

and propagation of cracks within the steel, ultimately leading to failure. In the case of

ferritic steels, excessive hydrogen tends to become trapped within structural defects,

which are grain boundaries, dislocation or microvoids [26]. Over time, these trapped

hydrogen atoms combine, forming hydrogen gas molecules, which further contribute

to the acceleration of fracture through various hydrogen embrittlement mechanisms.

For proton-irradiated materials, the hydrogen comes not from the environment but

from the irradiation itself.

The extent of embrittlement in ferritic steels is influenced by various factors, including

the test conditions and the interaction between hydrogen and the material. The

structural composition of ferritic steels plays a crucial role in determining their
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mechanical response to hydrogen. Generally, body-centered cubic (bcc) structured

ferrite exhibits lower resistance to hydrogen embrittlement compared to face-centered

cubic (fcc) structured austenite. This results in a lower solubility of hydrogen in

ferritic steels and significantly faster diffusion of hydrogen through the material,

by several orders of magnitude [27]. The reduced solubility makes ferritic steels

more susceptible to even small amounts of hydrogen in the environment, while the

rapid hydrogen motion within the material increases the sensitivity to the effects of

microstructural features. Since ferritic steels can have a wide range ofmicrostructures,

their susceptibility to hydrogen embrittlement varies significantly.

While it is widely accepted that hydrogen embrittlement occurs

due to the accumulation of atomic hydrogen at internal stress centers, the precise

micromechanism of failure is not yet fully understood. Different research groups

have proposed various mechanisms to explain hydrogen embrittlement. Despite

the significant research conducted on the topic, one of the major challenges in

addressing hydrogen embrittlement is the lack of complete understanding regarding

the underlying mechanism. Two major mechanisms proposed involve hydrogen-

enhanced decohesion (HEDE) and hydrogen-enhanced localized plasticity (HELP).

However, the phenomenon of hydrogen embrittlement cannot be fully explained

by a single micromechanism that applies universally to all materials and operating

conditions. The HELP is based on experimental observations that reveal increased

dislocationmobility and the presence of well-developed dislocation structures beneath

the fracture surface [28]. However, there remains a significant gap in understanding

how this locally ductile behaviour eventually transitions to brittle fracture. The

HEDE theory postulates that the localized accumulation of hydrogen at crack tips

can contribute to the weakening of metal bonds, ultimately leading to fracture [29].

However, it does not provide an explanation for the observed enhancement of plasticity

in the material.

The existing literature indicates that in the presence of hydrogen, the fracture of ferritic

steels predominantly takes place perpendicular to the direction of the maximum

principal tensile stress [30]. A significant characteristic of hydrogen embrittlement

is the shift from ductile to brittle fracture behaviour in the presence of hydrogen.

In the case of polycrystalline materials, this transition is typically associated with

hydrogen-induced fracture occurring at the microscopic level, involving a shift from

transgranular fracture to intergranular fracture. Moreover, the fracture surfaces
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exhibit distinctive flat surfaces, intergranular facets, voids, and ”quasi-cleavage”

features, which resemble cleavage-like patterns but do not align with any established

cleavage plane or grain boundaries [31].

2.3.3 Liquid Metal Embrittlement

A significant limitation that is challenging for the deployment of LFRs is the

incompatibility between the steels and LBE/liquid Pb at relatively low temperatures.

Liquid metal embrittlement (LME) is a phenomenon that can result in premature

failure of ferritic steels subject to stress in the LBE/liquid Pb environment. It occurs

when molten metals come into contact with a susceptible material that exhibits

ductility in ambient conditions. However, the material becomes brittle when exposed

to a specific liquid. Heavy liquid metals, such as LBE and Pb, typically induce LME

in steels [32]. Consequently, addressing LME becomes crucial to ensure the safety of

future liquid metal-cooled reactors.

The complexity of the phenomenon makes it difficult to fully understand and develop

models to predict and avoid LME in the design. In order to prevent any significant

detrimental impact, numerous variables need to be controlled, such as temperature,

grain size or wettability. The grain size is significant as materials with larger grains

generally experience more severe embrittlement [33]. Additionally, increased grain

size increases the brittle to ductile transition temperature.

The LME is characterised by a reduction in the strain to fracture, when the material

is examined in the presence of liquid metal, compared to results obtained in air. This

reduction is typically influenced by temperature with LME starting to occur slightly

above the melting point of the liquid. When the temperature of the test increases

sufficiently, the LME effect disappears, showing a “ductility trough” [32].

The existence of any intervening oxide layer on the solid metal surface prevents LME

[33]. Thus, wetting is required to ensure close contact between the twometals. Another

prerequisite is plastic deformation, even though LME appears as macroscopically

brittle [32]. It significantly reduces ductility. LME impacts the performance of solid

material only when it is in direct contact with liquid metal, which means that the

alterations to the properties, such as yield strength or ultimate tensile strength (UTS),

are not permanent. If the solid sample is removed from the liquid metal environment,

the behaviour reverts to the original ductile nature as it performs in the air.
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LME transpires through the initiation of a crack at the wetted surface of a solid,

followed by propagation into the bulk until the failure occurs. For the comprehensive

analysis of the phenomenon, a few issues have to be addressed, such as i) the

mechanism of transportation between the atoms of the liquid and solid metal, ii) the

transition from ductile to brittle fracture [32, 34]. The differences in approaching

these two issues contribute to the variety of models being developed to enhance the

understanding of LME.

2.4 Related Work

As FeCrAl is considered to be a candidate structural material in lead-cooled reactors,

its compatibility with liquid lead-bismuth eutectic (LBE) and liquid lead (Pb) needs to

be studied. The degradation mechanism primarily considered in this work is LME and

it has been investigated that steels, especially ferritic steels, are susceptible to LME in

LBE and liquid Pb environments [35–37].

More attention was brought to testing Fe-10Cr-4Al in LBE, where it experiences a

strong LME effect [36, 38]. The samples tested at 350oC show a substantial reduction

in the total elongation to failure, 21.6% in oxygen-saturated and 17.4% in an oxygen-

depleted environment. Stronger ductility degradation in the latter indicates theweaker

effect of the protective oxide layer on the surface of the sample. It delays LME, while

tested in oxygen-saturated conditions.

As mentioned in Section 2.3.3, LME is more important around the melting point and

the effect decreases with increasing temperature. There is strong evidence for the

existence of ductility trough for Fe-10Cr-4Al tested in LBE [37–39]. The LME effect is

most severe at around 350-375 oC. The sample can experience LME between around

150 oC up to 450 oC, after which, it recovers its original ductility. Yield strength and

ultimate tensile strength of Fe-10Cr-4Al are not affected by LBE, in comparison to the

total elongation to failurewhich is significantly reduced by LME. LMEprimarily affects

the plasticity at a crack tip, rather than influencing the overall plasticity of the bulk

alloy.

For Fe-10Cr-4Al samples tested in lead, the strain at rupture is not influenced by the

change in the test temperature [37]. To understand the Fe-10Cr-4Al susceptibility to

LME in LBE and liquid Pb, it is important to compare the properties of liquid metals
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and their interactions with the alloy. According to the AICRM (Section ??), together

with the requirement for intimate contact between the liquid and solidmetal, it implies

the existence of some chemical affinity for LME to occur. It is contrary to the statement

that embrittlement is typically absent in systems that involve stable intermetallic

compounds. It is plausible that this chemical affinity is related to the differences

in electronegativity between the metals [40]. However, the observed correlation of

electronegativity shows an inverse relationship to its difference between the metals.

For simplicity, Fe-10Cr-4Al can be represented by Fe with the electronegativity of 1.83,

whereas the values for Pb and Bi are 2.33 and 2.02, respectively. The greater difference

in electronegativity occurs between Fe and Pb, which could imply lower susceptibility

to LME.

In LBE, oxygen exhibits a higher preference for binding with lead atoms rather than

bismuth atoms. Consequently, Pb-O couple tends to be more attracted to the oxide

layer on the surface of FeCrAl, compared to bismuth. Promoting absorption of Pb into

the oxide layer and subsequently into the alloy allows for LME [41]. Thus, the addition

of bismuth to lead increases the sensitivity to LME. In the study conducted on T91

steel, no LMEwas observed with lead, while the sample was tested in Bi, Pb and LBE at

300oC and 400oC [41]. Among the three liquid metals, LBE showed the highest degree

of embrittlement, followed by bismuth and then the least embrittling liquid lead. The

former showed a fully brittle fracture surface at 300oC slow strain rate test.

The grain size effect on LME, as mentioned in Section 2.3.3, has been studied with

three different FeCrAl alloys, which had chromium-aluminium content of 10-4, 15-

4 and 10-6 [42]. The increased susceptibility of Fe-10Cr-6Al alloy to LME can be

attributed, in part, to its larger grain size. A structure inherently possesses fewer

grain boundaries, which may result in reduced resistance to crack propagation and,

consequently, stronger LME susceptibility. It is also recommended to reduce Al

content in order to reduce the LME effect of the alloy, as the observations imply that

the presence of Al in FeCrAl alloys can increase their susceptibility to LME compared

to Cr.

The results of Fe-10Cr-4Al tests show no signs of embrittlement when exposed to

liquid lead. This indicates that Fe-10Cr-4Al steel has the potential to be utilized as

a construction material in LFRs. However, the effect of the surface irradiation has not

been studied.
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On materials susceptible to LME, the embrittlement is intensified by irradiation. The

T91 samples irradiatedwith 72MeVprotons up to 0.2 dpa doses and then tensile tested

in LBE showed embrittlement, by a significant reduction in the total elongations [43].

Even with such small doses, slight hardening was observed. In another study, the T91

samples irradiated to a slightly higher dose of 0.48 dpa also show an embrittlement

effect and was hardened by the irradiation [44].

The slow strain rate tensile testingwas conducted in argon and LBEwith T91 and F82H

steels after irradiation to higher doses [44]. The F82H specimens demonstrate notable

irradiation-induced hardening within the temperature range of 150-350oC. The effect

of embrittlement is not observed at 150oC, however, it becomes significant at 250oC

and 300oC. Interestingly, in the test conducted at 350oC, the samplewith an irradiation

dose of 19.5 dpa exhibited significant brittleness when tested in LBE and argon.

Furthermore in the study, the stress-strain curve of the 10.9 dpa T91 specimen tested

in LBE at 500 °C closely resembles that of the specimen tested in Ar at the same

temperature. This indicates that there is no additional embrittlement caused by LBE at

temperatures exceeding 450 °C. For lower temperatures of 250oC, 400oC and 450oC,

the tests in LBE show a reduced total elongation of up to around 5% compared to tests

in argon. The ductility trough is said to be more pronounced and wider compared to

the unirradiated T91 samples tested in LBE [44]. Overall, the fracture strain of the

irradiated samples can drop to as low as 2-3 %.

The interesting finding regarding irradiated T91 specimens revolves around the

consistency in irradiation hardening observed at similar doses, that is comparable

for irradiation with solely neutrons and the combination of protons and neutrons

[45]. Furthermore, the total elongation shows an increasing linear correlation with

increased dose. Thus the irradiation-induced damage is directly related to the

detrimental effect of embrittlement.

The presented irradiation studies focus mainly on different ferritic/martensitic steels

such as T91. However, there is no evidence for Fe-10Cr-4Al irradiation damage

properties. Moreover, LBE is the most often chosen environment for tensile tests with

only recent studies showing evidence for no sign of LME in liquid lead. This thesis is

designed in a way to fill the gaps and test Fe-10Cr-4Al samples in the liquid lead after

proton irradiation.
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Method

3.1 Fe-10Cr-4Al samples

The Fe-10Cr-4Al samples were developed by KTH together with Kanthal [37]. The

composition in weight percentage is shown in Table 3.1.1. The mix of titanium,

niobium, and zirconium, as reactive elements (RE), was added to provide better

oxidation properties by improving the formation of a thin and even more protective

oxide layer. The percentages of aluminiumand chromiumare balanced to provide high

corrosion resistance without compromising the ductile behaviour and fabricability of

the material.

The samples have M4 threads on both sides and a notch of 0.05 mm depth and 0.3

mm width in the middle (Figure 3.1.1). The notch increases the local stress, thus the

purpose of the notch is to force the deformation and subsequent fracture in the notch

area where irradiation has been performed. The notch effect is said to influence the

behaviour of the ferritic steel T91 (9% Cr) under loading in liquid lead [35], where

clear evidence of LME occurred. In comparison, the smooth samples in the same study

showed no LME. Thus, in this thesis, the Fe-10Cr-4Al samples tested have a sharp

notch, where it is expected to observe embrittlement effects.

Table 3.1.1: Chemical composition of the sample in weight percentage (wt%).

Alloy Al Cr C RE Fe

10-4 4 10 <0.03 Ti, Nb, Zr Bal.
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Figure 3.1.1: Fe-10Cr-4Al sample

3.2 Irradiation

3.2.1 Tandem Laboratory at Uppsala University

The samples were irradiated in the TandemLaboratory at Uppsala University. Protons

were delivered by a 5-MVNECpelletron tandemaccelerator that stands out as themost

widely applied for standard Ion Beam Analysis (IBA) measurements. The samples are

placed in the dedicated chamber where the point of interaction with primary ions can

be precisely controlled by moving the sample up along a vertical axis until the beam

is focused on the notch. Furthermore, the sample has the freedom of rotation around

the vertical axis with a rotation device attached at the bottom to ensure homogeneous

exposure on the entire notch surface.

3.2.2 Implantation

For implantation, there were three conditions taken into consideration: maximum

possible fluence and energy, homogeneous irradiation, and reasonable irradiation

time. For safety purposes, the maximum possible energy was 5.5 MeV and that also

provided a reasonably stable current. Due to the high neutron detector readings and

the limits that should not be exceeded, the choice of the higher energy of 6 MeV was

not possible.

The macrobeam is used for the irradiation to achieve maximal current. The notch

lateral area is 1.885 mm2. However the area irradiated with macrobeam is larger and
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it reaches 11 mm2. The use of the available microbeam was not preferential as the

low current would lead to a significant increase in irradiation time. The rest of the

irradiation parameters are shown in Table 3.2.1.

Table 3.2.1: Irradiation parameters.

Fluence [ions/cm2] 3E+17

Area irradiated [mm2] 11

Dose [nC/mm2] 4.8E+5

Charge [nC] 5.3E+6

Current [nA] 150 (first sample)

110 (second sample)

92 (third sample)

153 (fourth sample)

For homogeneous irradiation, the rotation device was used that consist of a simple DC

motor with a gear. The sample was rotating approximately one revolution per second.

In Figure 3.2.1, the wires used for measuring the current are visible. The red spot is

the point where the beam went and it was lowered in the chamber to the level of the

sample’s notch.

The irradiation time varied according to the current, as

t[s] =
fluence[ions/cm2] · charge[C] · area[cm2]

current[A]
. (3.1)

In order to reach the same dose for all samples, the time was set to 7h for the first

sample and 10h for the second and third sample. The beam was very stable during the

irradiation of the last sample and the irradiation time was the shortest (approximately

6h).

3.3 Stopping and Range of Ions in Matter (SRIM)

The most commonly used unit for measuring primary radiation damage is the

displacements per atom (dpa) parameter. The current internationally recognized

standard definition for dpa is derived from the Norgett-Robinson-Torrens (NRT)

modification of the Kinchin-Pease model, which was initially proposed to describe

defect production [46]. The primary model aimed at calculating the dpa through the
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Figure 3.2.1: Sample holder with a rotation device.

analysis of kinetic energy transfers above a material-specific threshold displacement

energy. The NRT displacement model became the most successful and widely

recognised modification, where the total number of displaced atoms is expressed

as

Nd =
0.8Tdam

2Ed

, (3.2)

with Tdam denoting the damage energy and Ed being the threshold displacement

energy. While undergoing irradiation, the kinetic energy of the incident ion is

transferred to stationary target atoms through atomic collisions. As a consequence

of these collisions, the target atom recoils, and is referred to as a primary knock-on

atom (PKA). Thus, Tdam is the portion of the PKA energy lost by elastic collisions with

target atoms. More recent developments and corrections to the NRT dpa have been

developed (Nordlund papers on arc-dpa, Yang and Olsson PRM) but for the purpose

of this study these modifications are not of great importance to apply here.

For the calculations of dpa and the interactions of energetic ions with a target, the
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Monte Carlo simulation-based software The Stopping and Range of Ions in Matter

(SRIM) was developed. The Transport of Ions in Matter (TRIM) stands as the most

comprehensive program included and it can accommodate complex targets composed

of different materials. It calculates the ultimate 3D distribution of ions and a wide

range of kinetic phenomena associatedwith the energy loss of ions including ionization

and target damage, all under the assumption of amorphous target materials, thus

missing aspects of crystallinity in the damage and ion implantation profiles.

3.3.1 Damage profile

SRIM-2008 code was used to calculate the total number of vacancies for proton

irradiation damage with an energy of 5.5 MeV. The energy was chosen based on the

safety parameters of the facility, aiming to achieve the maximum energy possible

for a stable current. Neutron detection and the precise measurement of ambient

dose equivalent play a crucial role in guaranteeing radiation safety in the neutron

environments found in neutron-generating facilities, such as particle accelerators.

Inside the TandemLaboratory, the neutron detectors aremounted tomonitor the dose

to staff and the general public. The higher energy would not be possible due to high

neutron readings detected at 6 MeV.

The ‘Ion Distribution and Quick Calculation of Damage’ is chosen as the type of TRIM

calculations. Then, the damage is calculated with the aid of quick statistical estimates

according to the Kinchin-Pease (K-P) formalism used in the NRT standardmodel [47].

Even though the Full Cascade (F-C) option is implied to be more accurate, studies

raised some issues such as amismatch between the damage energy computed using the

two options and the number of displacements read out from the code. The difference

is more than a factor of two, yet the damage energies derived from the K-P and F-C

are comparable. Although both displacement models should predict the same number

of displacements for a given damage energy [48]. The calculations were carried out

for H ion implantation into the 86wt%Fe-10wt%Cr-4wt%Al layer. The displacement

threshold energies for Fe, Cr and Al targets are 40, 40 and 25 eV, respectively [49]. The

surface binding energy is set to zero, as the sputtering (removal of surface atoms) is not

addressed in this work. The lattice binding energy is the minimum energy required for

a recoiling target atom to leave its lattice site. It is set to zero, thus the damage energy

is the energy assumed to go into phonons and it is a difference between target atom
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energy lost to phonons and the beam energy lost to phonons [48]. SRIM simulations

of approximately 105 5.5 MeV protons in Fe-10Cr-4Al are shown in Figure 3.3.1.

Figure 3.3.1: SRIM calculation of approximately 105 ion trajectories for 5.5MeVproton
implanted into Fe-10Cr-4Al

After running TRIM simulations, the damage levels are given in the output file

as the sum of the number of vacancies generated by the recoils and by the ions

themselves.

3.3.2 Displacements per atom

The energy of the ions is an input parameter and the depth of ion implantation (also

referred to as the depth of the peak concentration) into a target can also be found in

’Stopping and Range Tables’ in SRIM. Using the same simplified composition of iron,

chromium, and aluminum as in Section 3.3.1, the predicted range of protons in the

Fe-10Cr-4Al layer is at 88.78 µm.

The radiation-induced damage in units of displacements per atom is shown in Figure

3.3.3. The dpa refers to the number of times that an atom is displaced for a given

fluence and can be expressed as:

DPA =
fluence[ions/cm2] ·Nv/[Angstrom− ion] · 108

ρA[atoms/cm3]
, (3.3)
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Figure 3.3.2: Predicted implantation depth of H into Fe-10Cr-4Al.

where Nv is the number of generated vacancies and ρA is the atomic density which for

Fe-10Cr-4Al is 3.685E+22. Fluence is known from the implantation parameters and

it is 3E+17 ions/cm2. The dpa with respect to the depth is shown in Figure 3.3.3. The

peak is located at 90 µmwhere the dpa level is 0.139.

Figure 3.3.3: Displacements per atom for 5.5 MeV proton implantation into Fe-10Cr-
4Al.

3.4 Implantation profile with macrobeam

The rotating cylindrical sample leads to a special case of the implantation profile.

Implantation with the microbeam would allow for a small implanted area, thus more

precise irradiation in the notch. However, it would give a smaller current (1.5 nA), two

orders of magnitude lower than with the macrobeam (110-150 nA). The lower current
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Figure 3.4.1: Schematic of the implantation of a circular rotational sample with
macrobeam. Black arrows indicate the trajectory of protons and blue lines are the
implantation depth from the surface.

leads to substantial increases in the irradiation time. Thus, the macrobeam with the

irradiation area of 11 mm2 is used, compared to the lateral area of the notch of 1.885

mm2.

The proton beam trajectory with a penetration depth of around 90 µm does not match

the implantation depth from the surface of the cylinder. The latter is in the radial

direction, thus depends on the position across the cross-section (Figure 3.4.1). For

the continuously rotating sample, the fluence will be sinusoidal between the surface

and around 90 µm. The implantation depth profile comes from a function of a circle

with the penetration depth taken into consideration,

y =
√
r2 − x2 − PD, (3.4)

where x is the lateral position, r is the radius of the sample and PD is the penetration

depth. Then, the relation between the implanted depth and displacements per atom

is shown in Figure 3.4.2. It indicates that the real dpa achieved is around 60% of the

planned dpa at the peak. The maximum is reached at the Bragg peak as expected but

the shape is more parabolic.

Figure 3.4.2 shows the implantation profile for higher energy, 6MeV that was planned

at the beginning. Then, the energy was lowered due to too high neutron reading
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Figure 3.4.2: Implantation profile for real and planned implantation depth with
respect to dpa.

detected at the facility at the start of the irradiation, asmentioned in Section 3.3.1.

3.5 Slow Strain Rate Testing (SSRT) rig

The SSRT rig was developed at KTH to test the mechanical properties of various

steels. The most important parts of the set-up are the precision linear actuator, load

cell, drawbar, gas-tight expansion joint, U-shaped bracket, and the vessel, shown in

Figure 3.5.1. The components that are in direct contact with liquid lead, such as

the drawbar and U-bracket, are made of Fe-10Cr-4Al to avoid the corrosion of those

crucial parts and to extend the lifetime of the rig. The precision linear actuator used

to control the strain rate is a model PC40 made by Thomson. It has the maximum

possible load of 6000 N and a stroke length of 1200 mm [50]. The electrical actuator

provides higher accuracy, easier maintenance, and is more compact than the hydraulic

alternatives. The gas-tight expansion joint allows the up-and-down movement of the

drawbar without any gas leakage. The drawbar is divided into two parts with the

bottompart being submerged in the liquid lead and the holes drilled to place the sample

at the end. Made of Fe-10Cr-4Al, the U-shaped bracket holds the sample in place

while the load is applied. The sample is screwed by a bolt to the U-bracket and then

submerged in the liquid lead. The gas-tight environment is ensured by using copper

and Inconel seals. The load cell is connected to the computer and used to measure the

forces.

27



CHAPTER 3. METHOD

Figure 3.5.1: The SSRT rig set-up.

3.5.1 Experiment parameters

Changing the strain rate from 5 · 10−5 s−1 to 5 · 10−4 s−1 or 5 · 10−6 s−1 has no evident

effect on the tensile behaviour and fracture mode, thus the slight changes do not

influence the results of the tensile mechanical properties [36]. The 10−5 s−1 strain rate

was deliberately chosen based on prior studies that demonstrated its effectiveness in

revealing LME in LBE at temperatures tested earlier [37].

The choice of temperature for this study was based on the ductility trough of the

same sample tested in LBE by C. Petersson et al. (2023) [37]. The worst fracture

elongation was observed at 375oC. The second test is conducted at 450oC, as the safe

choice for temperature where the sample in LBE was shown to recover the normal

level of ductility. The irradiated reference samples were tested in the air at 382oC and

455oC.

Before testing in the liquid lead, the samples were wetted in the metal at 450oC for 24h

to ensure close contact between the solid sample and the liquid metal. The test until a

fracture took 57 min for both samples. Then, the samples were removed and cleaned

in the solution of acetic acid (C2H4O2), hydrogen peroxide (H2O2), and deionized water

28



CHAPTER 3. METHOD

in a ratio of 1:1:7. They were left in the solution for 45 min up to 1 h and then rinsed in

deionized water.
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Result

4.1 Tensile tests

The SSRT data are plotted in the graph in terms of stress and strain. The engineering

stress is the applied load on the original cross-section area of the sample,

σ =
F

A0

, (4.1)

where F is the force applied and A0 is the original cross-sectional area of the sample.

The engineering strain refers to the amount that a material deforms in the direction of

applied force per unit length and is expressed as

ϵ =
∆L

L0

, (4.2)

whereL0 is the original value of the gauge length and∆L represents a change in length.

The engineering stress-strain curve shows three points of interest, marked in Figure

4.1.1. Point A is the yield strength (YS) that refers to the stress at which a material

ceases its elastic deformation and transitions into plastic deformation. After passing

the yield point, the sample becomes permanently deformed and eventually reaches

Point B, which is the ultimate tensile strength (UTS). Then, UTS is the maximum

stress that the sample canwithstandwhile being stretched before breaking. For ductile

materials, this is where necking starts as the type of plastic deformation characterized

by a localized reduction in the cross-sectional area. The necking zone continues until

Point C, which denotes the sample fracture.
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Figure 4.1.1: Engineering stress-strain curve for Fe-10Cr-4Al sample tested at 375oC.

The results of the SSRT are presented on the engineering stress-strain curves and

the characteristics of irradiated Fe-10Cr-4Al, such as yield strength, ultimate tensile

strength and total elongation to failure, are shown in Table 4.1.1. Figure 4.1.2 shows

both irradiated samples tested in the liquid lead at 375oC and 450oC.

Table 4.1.1: SSRT data for yield strength, ultimate tensile strength, and fracture
elongation for the samples tested in liquid lead and the air.

T[oC] Condition YS [MPa] UTS [MPa]
Total elongation
to failure [%]

Ref.

375 Pb 358 472 24.99 [37]

375 Irradiation + Pb 362 500 19.88

382 Irradiation + Air 361 502 19.83

450 Pb 361 476 25.11 [37]

450 Irradiation + Pb 348 461 21.77

455 Irradiation + Air 354 470 21
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Figure 4.1.2: Engineering stress-strain curve for samples tested in the liquid lead at
two different temperatures.

The data can be compared with Fe-10Cr-4Al tested in liquid lead without prior

irradiation found in the literature [37](Table 4.1.1). For 375oC, the yield strength and

ultimate tensile strength increase for the irradiated sample, as expected. This indicates

that radiation hardens the sample slightly, leading to an increase in its strength, which

consequently results in a reduction of the fracture toughness. The total elongation to

failure decreases 5.11% compared to the unirradiated sample.

The general trend of decreasing UTS and YS with temperature is expected as it

indicates the higher internal energy of atoms that vibratemore vigorously. The thermal

activation of dislocation motion leads to easier plastic deformation due to less stress

required to move the dislocation from their equilibrium positions. It explains a

reduction of YS and UTS for the tests at 450oC. The same sample experienced a loss

of tensile elongation by 3.34% compared to the reported unirradiated sample [37].

Compared to the unirradiated samples, there is a larger effect of temperature on YS

and UTS. The irradiated samples tested at 450oC show a decrease of approximately

4% in YS and 8% in UTS, while unirradiated samples vary by 1%, compared to the Fe-

10Cr-4Al tested at 375oC. This could be an effect of irradiation softening of the alloy at

higher temperatures, as mentioned in Section 2.2.2.

The reference samples tested in air at similar temperatures, 385oC and 455oC, are

shown in Figure 4.1.3. The effect of increasing temperature is again more prominent
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Figure 4.1.3: Engineering stress-strain curve for irradiated samples tested in air.

for YS andUTS, compared to the unirradiated samples tested in lead. The SSRT results

demonstrate nearly identical mechanical properties for irradiated samples tested at a

lower temperature in air and in lead. Thismight be an indication of absence of LME, as

the sample in lead is not additionally affected. The specimen tested at 455oC fractured

far away from the notch, approximately 3mmaway. The radiation spot size was around

1.5mm, thus the breakage is far outside of the irradiation area. This could the be reason

for the slightly lower total elongation to failure compared to a sample tested in lead.

However, as the sample did not break in the notch, an exact comparison is not possible.

The un-notched fracture ismost probably the result of themanufacturing process of the

sample and the issue arose due to the pre-existing defects. According to our experience,

it is not that unusual to happen and the same Fe-10Cr-4Al samples fractured outside

of the notch in the past.

4.2 Fracture surface analysis

The fracture surface features were studied using Scanning ElectronMicroscopy (SEM).

The images of the samples tested in air at 382oC are shown in Figure 4.2.1. The

overview shows a fracture in the process of cup-cone breakage, which is a type of

failure commonly observed in ductilemetals when they are subjected to a uniaxial force
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[51]. The fracture surface exhibits a distinctive dimpled surface morphology, which is

a characteristic feature of a ductile fracture (Figure 4.2.1B) and includes microvoid

nucleation, growth, and coalescence. As the penetration depth of protons is around

90µm, thus it is important to have a closer look at the edges of the notched fracture.

In some regions at the edge, the failure is ductile with dimple formations (Figure

4.2.1C), whereas in other spots the fracture seems more brittle (Figure 4.2.1D). In the

latter, grains appear larger, and more placed in sections. The cleavage steps were also

observed and marked. There is a mix of intergranular (a crack propagates along the

grain boundaries) and transgranular (the crack grows through the material grains)

cracking.

Figure 4.2.1: The SEM images of the fracture surfaces of the sample tested in air at
382oC A) the overview, B) surface view in the centre, C-D) on the edges.

All the samples show a ductile dimpled behaviour in the centre. The LME appears as

a brittle fracture mode in the centre, which is not the case for the tested samples. This

could indicate absence of LME, however, other scenarios such as hydrogen or radiation

embrittlement are still possible. Moreover, the SEM images indicate similar brittle
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structures at the edges for all irradiated samples. In Figure 4.2.2B, the clear transition

from ductile to brittle is visible. The ductile behaviour with dimples on the left and

more granular structures for a brittle break towards the right side of the image. It is

common to see a mix of ductile and brittle fracture structures. There are many factors,

such as strain rate, local composition and grain orientation, affecting the breakage and

making it not fully ductile nor brittle.

The edge is unclear, thus the brittle behaviour appears a little further away from the

implantation depth of protons. However, Figure 4.2.2C clearly indicates the flat brittle

structures close to the edge, also found in Figure 4.2.1D. Those facets, which are flat

surfaces on the fracture surface, are seen on the edges of all samples that broke in the

notch.

Figure 4.2.2: The SEM images of the fracture surface of the sample tested in lead at
375oC A) the overview, B-C) on the edges.

The sample at 450oC gives similar results with ductile fracture mode at the centre.

Figure 4.2.3B shows the close-up to the middle section. There are some Pb leftovers,
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which is quite usual as the sample was tested in Pb and the cleaning solution did not

remove all Pb from the surface. The oxides and carbides are present as well in other

spots. The dimpled structure is seen where the grains were pulled away, Figure 4.2.3C.

Figure 4.2.3D shows again similar brittle formation as previously seen in Pb 375oC and

air 382oC.

Figure 4.2.3: The SEM images of the fracture surface of the sample tested in lead at
450oC A) the overview, B) surface view in the centre, C) the edge area, D) magnified
view of the brittle structure.
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Discussion

5.1 Irradiation effect on fracture elongation

The choice of temperatures for tensile testing of the irradiated sample was based on

the features of the ductility trough of Fe-10Cr-4Al in LBE environment [37]. The

samples in liquid lead show no reduction in elongation [37]. However, the irradiated

samples exhibit a significant decrease in the total elongation to failure compared to

unirradiated samples (Figure 5.1.1). Moreover, there is a slight increase in fracture

elongation (1.89%) with respect to the increasing temperature.

The reduced elongation can result from different phenomena, such as radiation

damage, hydrogen, and liquid metal embrittlement, mentioned in Section 2.3. The

occurrence of LME is very unlikely as the SEM images do not show the brittle crack

initiation structures that would be expected in that scenario. Moreover, there seems to

be very little effect of the environment during the tensile test on the loss of elongation.

The irradiation and proton implantation is the common factor. The reference fracture

surface with a brittle crack propagation that proved LME in LBE can be seen in

Figure 5.1.2. The structure is different compared to the edge surface brittle regions

in irradiated samples (Figure 4.2.1D and Figure 4.2.2C). Moreover, in LME the brittle

structures are shown in the centre of the sample, whereas all irradiated samples in this

work exhibit ductile behaviour inside.
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Figure 5.1.1: The fracture elongation as a function of temperature for irradiated
samples and the reference from the literature for unirradiated samples tested in LBE
and Pb [37].

Figure 5.1.2: Brittle fracture surface of Fe-10Cr-4Al tested in LBE at 400oC. Extracted
from [37].
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Chromium in the alloy composition promotes the diffusion of aluminium towards the

surface, as the faster formation of chromia makes the surface slightly Cr-depleted.

Chromium facilitates the formation of alumina oxide by providing protection and

allowing sufficient time for its development. The diffusion of chromium from the

bulk is considerably slower than that of aluminium, which causes the latter to diffuse

towards the surface and thus restore the relative Al concentration beneath the oxide

layer [52]. Thus, Cr oxide forms first, followed by the subsequent formation of Al oxide

underneath.

It can be assumed that there might still be the presence of an oxide layer after the

wetting process. The fast diffusion of aluminium to the surface makes it possible to

restore the oxide layer preventing close contact between the sample and liquid lead,

thus restraining the LME. The regions with substantial amount of oxides can be seen

in Figure 4.2.1A, where white areas on the edge (clearly visible on the right side of the

sample) indicate the oxygen presence.

The embrittlement phenomena still considered for the irradiated Fe-10Cr-4Al tested

in the lead environment at elevated temperatures are radiation and hydrogen

embrittlement. The latter might be caused by the large amount of hydrogen implanted

during the irradiation. In the nuclear reactor, this would not be an issue as the main

source of the irradiation are neutrons. Protons were only used in the experiment as

they are less expensive, compared to neutron irradiation. However, the SEM images

indicate the existence of features common for a brittle fracture mode on the edges (in

the irradiation area). As mentioned in Section 2.3.2, flat surfaces like intergranular

facets and voids are frequent characteristics of hydrogen embrittlement.

5.2 Future Work

Further investigation of the brittle regions with a higher-resolution SEM would be

beneficial. In Figure 4.2.1D, the structure shows an example of a path in the middle

of the SEM image that could be examined closer. Moreover, due to the un-notched

fracture of the sample tested at 455oC in air, there is a possibility of examining the

unaffected irradiation area. Nano-indentation to measure radiation induced hardness

would be one such examination. The sample could also be cut in the notch and then

polished. Considering the beam spot size being larger than a notch, thus careful

polishing is possible without losing the irradiated region. Later, the sample can be
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examined with electron backscatter diffraction (EBSD) to investigate grain boundaries

and local orientation.

To improve the understanding of irradiated FeCrAl in reactor conditions, neutron

irradiation tests would be beneficial. Neutrons would go through the sample, in

comparison to protons that induce surface phenomena and stop inside the sample

as they have limited penetration depth. However, the sample used in this study is

too thick to mimic the neutron behaviour. Thus, it would be beneficial to develop

thin enough samples to investigate the effect of neutron irradiation. Micro-sizing the

sample and using a microbeam for the irradiation of a very small area, would give a

more homogeneous implantation and could avoid the hydrogen implantation, if the

sample is thin enough.
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Conclusions

The Fe-10Cr-4Al samples irradiated with protons up to 0.14 dpa show a reduction

in ductility after testing in liquid lead and air at elevated temperatures. The total

elongation to failure for irradiated Fe-10Cr-4Al decreases by 5.11% and3.34% for liquid

lead temperatures of 375oC and 450oC, respectively. The air tests show quite similar

behaviour for samples tested at similar temperatures, 382oC and 455oC.Moreover, the

results indicate that the changes in temperature have a larger effect on the irradiated

samples, compared to the literature unirradiated data. The tests in lead showed an

increase in fracture elongation by 1.89%, in comparison to 0.12% for the reference

unirradiated samples. The reason could be a slight ductility recovery at the higher

temperature for the more affected irradiated samples.

The samples were irradiated at the notch with a hydrogen penetration depth of 90µm,

which is also an area of interestwhile examining sampleswith SEM. The embrittlement

phenomena considered were LME, radiation induced embrittlement and hydrogen

embrittlement. The theory of LME was rejected as all Fe-10Cr-4Al samples show

ductile breaking mode in the centre, which is unusual for this type of embrittlement.

The common feature of the results indicate that the radiation is the driving force for the

loss of elongation. The SEM images showed brittle fracture mode at the edges of the

samples that broke in the irradiated zone around the notch. Features such as flat facets

or voids are common for hydrogen embrittlement, thus it is possible that there are signs

of implanted hydrogen effect on the edges of the samples. Further investigation with

higher-resolution SEM would be beneficial to confirm the conclusion.
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