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Abstract

High-Entropy Alloys (HEAs), formed by mixing multiple elements in near-equimolar
ratios, exhibit remarkable mechanical and chemical properties. Because of their
single-phase structure, high strength-to-weight ratio, resistance to corrosion, thermal
stability, and remarkable performance under irradiation, alloys like CrMnFeCoNi,
also referred to as the Cantor alloy, have attracted a lot of attention. The main rea-
son for their increased resistance to radiation damage is their chemical complexity,
which influences several characteristics, such as the mobility of radiation-induced
defects, which is thought to be lower than in pure metals and traditional alloys.
However, point defects in HEAs have not yet been directly studied experimentally.

This study presents the first direct experimental investigation of the properties of
primary radiation defects in HEAs. A set of CrMnFeCoNi specimens was irradiated
by 5 MeV protons at the NCSR “Demokritos” TANDEM accelerator. To reduce
defect mobility, radiation was applied at a cryogenic temperature of 8 K. By mea-
suring the electrical resistivity (ER), which is very sensitive to the existence of lattice
defects, the creation and evolution of radiation-induced defects were tracked in-situ.

Due to the buildup of radiation defects, a progressive increase in resistivity was seen
as the irradiation dose increased. At higher dose, this increase did not stay linear,
indicating the start of saturation effects or defect recombination mechanisms that
prevent the resistivity from rising further. Compared to basic metals, the calculated
specific resistivity per Frenkel pair (FP) was found to be much larger.

The specimens were isochronally annealed up to 300 K after irradiation. The pro-
duced defects appear to be quite stable below room temperature, since there was no
significant change in the radiation-induced resistivity during annealing. This behav-
ior is in stark contrast to that of most simple metals and alloys, where significant
resistivity recovery occurs already below room temperature due to the high mobility
of irradiation defects. Thus, this work offers direct evidence of the reduced mobility
of radiation defects in high-entropy alloys — a phenomenon that, until now, had
only been hypothesized.

iii



Σύνοψη

Τα κράματα υψηλής εντροπίας (ΚΥΕ), που δημιουργούνται με την ανάμειξη πολλαπλών

στοιχείων σε σχεδόν ίσες αναλογίες, παρουσιάζουν αξιοσημείωτες μηχανικές και χη-

μικές ιδιότητες. Λόγω της μονοφασικής δομής τους, της υψηλής σχέσης αντοχής προς

βάρος, της αντοχής στη διάβρωση, της θερμικής σταθερότητας και της αξιοσημείωτης

αντοχής τους σε ακτινοβόληση, κράματα όπως το CrMnFeCoNi, γνωστό ως κράμα
Cantor, έχουν προσελκύσει το επιστημονικό ενδιαφέρον. Ο κύριος λόγος για την αυ-
ξημένη αντοχή τους στις βλάβες από ακτινοβόληση είναι η χημική τους πολυπλοκότητα,

η οποία επηρεάζει διάφορα χαρακτηριστικά, μεταξύ των οποίων η κινητικότητα των α-

τελειών που προκαλούνται από την ακτινοβολία, η οποία θεωρείται ότι είναι χαμηλότερη

σε σχέση με τα καθαρά μέταλλα και τα παραδοσιακά κράματα. Ωστόσο, οι σημειακές

ατέλειες στα ΚΥΕ δεν έχουν ακόμη μελετηθεί άμεσα πειραματικά.

Η παρούσα μελέτη παρουσιάζει την πρώτη άμεση πειραματική διερεύνηση των ιδιο-

τήτων των σημειακών ατελειών στα ΚΥΕ. Τα δείγματα ακτινοβολήθηκαν με πρωτόνια

ενέργειας 5 MeV, στον επιταχυντή TANDEM του ΕΚΕΦΕ ‘Δημόκριτος’. Για να μειω-
θεί η κινητικότητα των σημειακών ατελειών, η ακτινοβόληση έγινε σε κρυογονικές

θερμοκρασίες (8 K). Η δημιουργία και η εξέλιξη των ατελειών από την ακτινοβόλη-
ση μελετήθηκαν ιν-σιτυ με μετρήσεις της ηλεκτρικής αντίστασης, η οποία είναι πολύ

ευαίσθητη στην ύπαρξη ατελειών του πλέγματος.

Η συσσώρευση ατελειών λόγω ακτινοβόληση, επέφερε αύξηση της ηλ. αντίστασης κα-

θώς αυξάνονταν η δόση. Σε υψηλότερες δόσεις, η αύξηση αυτή δεν παρέμεινε γραμμική,

υποδεικνύοντας την έναρξη κορεσμού ή μηχανισμών επανασύνδεσης των ατελειών που

εμποδίζουν την ειδική αντίσταση να αυξηθεί περαιτέρω. Σε σύγκριση με τα κλασικά

μέταλλα, η υπολογιζόμενη ειδική αντίσταση ανά ζεύγος Frenkel είναι πολύ μεγαλύτερη.

Τα δείγματα θερμάνθηκαν ισόχρονα έως τους 300 K μετά την ακτινοβόληση. Οι παρα-
γόμενες ατέλειες φαίνεται να είναι αρκετά σταθερές κάτω από τη θερμοκρασία δωματίου,

όπως αποδεικνύεται από την έλλειψη σημαντικής αλλαγής στην ηλεκτρική αντίσταση

κατά τη διάρκεια της ανόπτησης. Αυτή η συμπεριφορά είναι σε πλήρη αντίθεση με αυ-

τή των απλών μετάλλων και κραμάτων, τα οποία παρουσιάζουν σημαντική επαναφορά

της ηλεκτρικής τους αντίστασης σε θερμοκρασίες πολύ κάτω των 300 Κ, λόγω της

υψηλής κινητικότητας των ατελειών από ακτινοβόληση. Επομένως, τα αποτελέσματα

της παρούσας εργασίας αποτελούν μια άμεση πειραματική επιβεβαίωση για τη μειωμένη

κινητικότητα των ατελειών στα κράματα υψηλής εντροπίας – μια ιδιότητα που μέχρι

τώρα είχε διατυπωθεί μόνο ως υπόθεση.
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Chapter 1

Introduction

1.1 Structure of the Thesis

This thesis is divided into three major chapters. In the �rst Chapter, the introduction

and the required theoretical background are given. High-Entropy Alloys (HEAs)

are introduced, emphasizing their unique properties, potential applications, and the

underlying mechanisms of radiation damage. A review of the materials examined, the

state-of-the-art literature, and the particular goals of the current work is included

at the end of the discussion.

The experimental techniques and procedures used in the study are presented in

Chapter 2. The �rst step is HEA sample preparation, which includes sectioning,

polishing and furnace annealing. The characterization methods, including optical

microscopy, X-ray di�raction (XRD), and electrical resistivity measurements, are

described in the following sections. The chapter then moves on to the theoretical

and technical aspects of the irradiation process. Speci�cally, it provides a detailed

description of the TANDEM accelerator at NCSRD and the procedures followed for

the irradiation of the samples.

Finally, the �ndings and interpretation of the experimental study are the main

topics of Chapter 3. It starts with a thorough examination of the characterization

and irradiation phases, focusing on resistivity measurements and defect recovery.

By comparing the results with previous research predictions, the discussion section

sheds light on the consequences of the �ndings. A synopsis of the study's key �ndings

and an outlook on future research in the area of radiation e�ects in HEAs, as well

as their potential applications, concludes the third chapter.

1



1.2 High-Entropy Alloys (HEAs)

Humans have been adding alloying elements to materials since the Bronze Age to

change their qualities. For instance, pure silver was too soft for coinage a thousand

years ago, therefore, a little percentage of Cu was added to Ag to create sterling

silver. Examples from the present age include Si doped with parts per million levels of

P or B to make n-type or p-type semiconductors, and steels that are predominantly

composed of Fe to which elements like C and Cr are added for strength and corrosion

resistance, respectively. Adding relatively modest amounts of secondary elements to

a parent element to give materials the desired qualities has been the fundamental

alloying approach for millennia, with very few exceptions. The number of element

combinations and, thus, alloys that may be created is severely limited by such a

�primary-element� method. The majority of these have been recognized, and the

bene�cial ones have been utilized.

High-Entropy Alloys (HEAs) represent a paradigm shift in alloy design. Instead

of small additions to a base element, HEAs are formed by mixing four or more

metallic elements in equimolar or near-equimolar ratios. This approach o�ers vastly

increased compositional freedom and opens up a previously inaccessible design space

for structural materials. The investigation of such alloys was constrained by the

presumption that a high concentration of several alloying elements would embrittle

the material by creating intermetallic compounds. Instead of brittle intermetallic

compounds, HEAs have been shown to produce ductile solid solution structures,

such as face-centered cubic (FCC) or body-centered cubic (BCC) phases. One of the

earliest and most studied HEAs is the equiatomic CrMnFeCoNi alloy, also known

as the Cantor alloy [1]. It adopts a stable face-centered cubic (FCC) structure and

has demonstrated good ductility and resistance to phase instability under moderate

conditions. Its unique combination of mechanical and radiation-related properties

makes it also a strong candidate for nuclear structural applications.

The emergence of HEAs raises basic questions that call into question the theories,

models, and procedures that have been developed for ordinary alloys. Even though

the fundamental issues have not been completely addressed, since their introduc-

tion, researchers have explored various compositions and it has been shown that

HEAs exhibit exceptional properties, such as excellent speci�c strength, superior

mechanical performance at high temperatures, exceptional ductility, fracture tough-

ness at cryogenic temperatures, superparamagnetism, and superconductivity, which

can make them promising candidates for new applications [2, 3].
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Figure 1.1 � Rising trend of alloy chemical complexity versus time [4]

The concept of HEAs was �rst proposed as a way to maximize the con�gurational

entropy of mixing, which stabilizes simple solid-solution phases over more complex

intermetallic phases. The con�gurational entropy of mixing per mole is:

� Sconf = R � ln n; (1.1)

where R is the gas constant andn represents the total number of constituent ele-

ments in the alloy. Based on composition, HEAs were de�ned as alloys containing

at least 5 principal elements, each with an atomic percentage between 5% and 35%.

nmajor � 5; 5% � ci � 35%

nminor � 0; cj < 5%;

wherenmajor and nminor are the numbers of major elements and minor elements,ci

and cj are the atomic percentages of the major element, i, and the minor element,

j, respectively.

3



The remarkable properties of HEAs are attributed to several key e�ects. These in-

clude the high-entropy e�ect, which provides thermodynamic stability for the forma-

tion of single-phase solid solutions, the severe lattice distortion e�ect, which increases

the material's strength and contributes to its slow kinetics, the sluggish di�usion ef-

fect, which slows the growth of second-phase nuclei and facilitates the formation

of nanoprecipitates and the cocktail e�ect, in which the combination of multiple

elements improves the overall properties. These e�ects provide important insights

into investigating structure-property correlations in these materials, in addition to

explaining the complex phenomena seen in HEAs [5].

Several studies have suggested that HEAs may exhibit unique resistance to irradiation-

induced damage, attributed to mechanisms such as lattice distortion, sluggish di�u-

sion, and high con�gurational entropy. These e�ects are thought to in�uence defect

recombination, solute di�usion, and phase stability. Although many studies have

indicated that HEAs have unique resistance to irradiation damage, several of the

postulated mechanisms, such as those based on lattice distortion and sluggish di�u-

sion, remain somewhat implausible.

The signi�cant con�gurational entropy of HEAs is believed to impact the recombi-

nation of point defects by altering the di�usion of solutes, the distances at which va-

cancies and interstitials interact in recombination, or other mechanisms. This could

result in a radiation stability di�erent from that of conventional single-phase alloys.

Although there are no thorough assessments of microstructural alterations and solute

segregation, particularly at grain boundaries, prior research indicates strong resis-

tance to amorphization and phase stability at room temperature irradiation. How-

ever, radiation degradation mechanisms such as void swelling, irradiation-assisted

stress corrosion cracking, lower fracture toughness, and radiation-induced segrega-

tion make them insu�ciently e�ective at high temperatures in next-generation nu-

clear systems.

Because HEAs are unlikely to compete on price and certain qualities with steels,

aluminum alloys, or magnesium alloys, they will probably be challenging to econom-

ically exploit in the majority of engineering structural applications. For example,

HEAs made for automotive use have to contend with alloys made of aluminum and

magnesium that provide better qualities per kilogram at a�ordable prices, or steels

that generally have low concentrations of pricey components. The research for HEAs

is more appealing for certain structural applications, nevertheless, particularly those

where the use of more costly or dense alloys becomes economically feasible due to

the inability of ordinary engineering alloys to function well in demanding conditions.
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Advanced nuclear power systems are linked to several of these applications, with par-

ticular attention paid to their application as accident-tolerant fuel (ATF) cladding

for both Gen-III and Gen-IV �ssion reactors and designing structural alloys for

fusion and Gen-IV �ssion power plants.

Next-generation �ssion and fusion reactors may experience extremes in temperature,

corrosion, stress, and heat �ow, albeit these conditions may di�er greatly based on

reactor design and the particular component. Other applications of modern engi-

neering also face the same conditions. However, irradiation damage presents another

signi�cant obstacle for nuclear uses. The energy of the incident particle�whether an

electron, neutron, proton, or heavy ion�as well as the material's properties�such

as atomic weight, bond strength, crystal structure, stacking fault energy, composi-

tion, and microstructure, as well as the irradiation temperature, all a�ect how much

irradiation damage an alloy sustains.

HEAs are demonstrated to have promising irradiation resistance that, in many cases,

is better than more conventional dilute alloys of the same elements. This is demon-

strated by using irradiation analogues (electrons, heavy ions, and He) to neutron

bombardment and taking into account simulations, sophisticated microstructural

analysis, and property measurement. More details on the behavior of HEAs under

irradiation are given in 1.6.
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1.3 Nuclear Fusion

1.3.1 The Fusion Environment

Thermonuclear fusion is the primary energy production process in the sun and stars,

mainly by converting hydrogen to helium. Speci�cally, hydrogen under very high

temperatures and high pressure is converted from gas to plasma, in which negatively

charged electrons are separated from positively charged nuclei. Thus, the nuclei come

very close together, causing the attractive nuclear force to overcome the Coulomb

barrier of the repulsive electrostatic force and the nuclei to fuse, releasing signi�cant

amounts of energy. In essence, it is the opposite of nuclear �ssion, in which a heavy

atomic nucleus splits into two fragments of roughly equal mass, accompanied by a

release of energy.

These two nuclear processes, shown schematically in Fig. 1.2, are aimed at producing

nuclei that exhibit maximum stability in the region around the mass number A=60,

as shown in Fig. 1.3. Following opposite paths in the graph, in �ssion a heavy nucleus

splits, creating fragments with mass numbers around A=60, whereas in fusion lighter

nuclei combine to form a heavier nucleus. Both the �ssion and fusion processes aim to

create nuclei with maximum stability, contributing to more energy-friendly reactions

and higher energy e�ciencies [6].

Figure 1.2 � Fission vs Fusion [7]
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Figure 1.3 � Binding energy per nucleon as a function of the Mass Number [8]

Achieving fusion conditions on Earth is a di�cult task. The lack of huge gravita-

tional forces that create the right fusion conditions in stars must be replaced by

temperatures in the millions of degrees Celsius. At these temperatures and under

constant pressure, the isotopes of hydrogen convert into a plasma state, also called

the 'fourth state of matter', that is a mixture of positively and negatively charged

particles.

In nuclear fusion experiments and devices, the creation and containment of plasma

play an important role. Based on the Lawson criterion, to achieve a net energy gain

in a fusion reactor, the following relationship should be satis�ed:

n � � � 1020s=m3 (1.2)

Figure 1.4 � The four states of matter [9]
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Eq. 1.2 is the minimum necessary product of the ion density (n) and the plasma

restriction time (� ). The higher the density of a plasma or the longer it can be kept

at a su�ciently high temperature without large energy losses, the more likely it is

that fusion reactions between the fuel particles will occur. The Lawson criterion

serves as a guideline for researchers and fusion engineers to create e�cient reactors

capable of producing a net surplus of energy. The two main methods of con�ning

plasma in a nuclear reactor are magnetic and inertial con�nement [6].

1.3.2 Advantages and challenges of fusion energy

Nuclear fusion can have many advantages as a potential energy source. First, on the

energy e�ciency side, fusion reactions release signi�cantly more energy than other

sources, such as fossil fuels or nuclear �ssion. In addition, a fusion reactor would not

cause additional environmental pollution, since no greenhouse gases are emitted, and

radioactive waste, mainly tritium, has a much shorter half-life than nuclear �ssion,

making it easier to manage.

The fuels used in fusion are practically abundant on Earth, since deuterium is found

in seawater, while tritium can be produced from lithium, which is abundant in the

soil. Also, a fusion reactor has a reduced risk of producing a catastrophic nuclear

accident due to uncontrolled reactions, since fusion reactions require precise condi-

tions for their operation, and if the conditions are disturbed, the reaction stops and

the reactor shuts down.

Despite the signi�cant technical challenges to be overcome to achieve practical fusion

energy, these advantages make it a highly desirable and promising energy source for

the future, which could revolutionize the energy sector.

Creating materials resistant to intense heat and neutron bombardment is essential

for fusion reactor components that come into contact with plasma. The development

of low-activation materials during the last three decades has been a signi�cant ac-

complishment. Thermal conductivity, strength, ductility, resistance to thermal shock

and fatigue, minimal activation after extended exposure to 14.1 MeV neutrons, are

critical requirements for these materials, as are radiation resistance and structural

stability at high temperatures. Finding a material that combines these qualities is

still challenging, given that heat-induced damage may shorten the divertor armor's

lifespan [10].
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1.4 Radiation Damage

Materials used in nuclear systems are exposed to intense bombardment by high-

energy particles. In particular, fusion reactors generate plasma that emits a high

�ux of energetic neutrons, along with electrons, ions, and gamma radiation. As

these energetic particles traverse the material, several types of interactions may

occur, such as elastic collisions, inelastic collisions and electronic excitation.

In elastic collisions, energy is transferred directly from the impacting particles to

the target atoms. When the transferred energy exceeds a certain threshold, atoms

are displaced from their lattice sites, resulting in the formation of point defects.

At su�ciently high energies, this process leads to displacement cascades, creating a

high density of lattice defects.

Inelastic collisions can trigger nuclear reactions, leading to material activation, trans-

mutations, and the emission of secondary particles. In fusion environments, high-

energy neutrons are especially signi�cant, as they produce large quantities of H and

He impurities. These secondary particles may themselves cause further collisions and

atomic displacements.

Finally, electronic excitation occurs due to interactions with electrons, which are

more frequent because of their abundance and larger cross-sections. However, due

to the electrons' small mass, they have little e�ect on the trajectory of the incident

ion and typically do not result in atomic displacements. These interactions are con-

sidered continuous processes that primarily result in the gradual energy loss of the

incoming particles.

These microscopic interactions occur on timescales of just a few picoseconds. As illus-

trated in Fig. 1.5, they initiate a series of subsequent processes. Mobile defects may

recombine, migrate to sinks such as dislocations, interact with solute atoms, or form

defect clusters. This leads to the formation of dislocation loops, voids, solute-defect

complexes and precipitates, all of which signi�cantly alter the material's microstruc-

ture. Additionally, H and He atoms can di�use and interact with defects and solute

atoms, forming clusters and gas bubbles. These processes unfold over timescales

ranging from microseconds to seconds.
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Figure 1.5 � Schematic diagram of the radiation damage consequent e�ects [11]

Over prolonged exposure to irradiation, the cumulative e�ect of these interactions

results in macroscopic changes in material properties. Some of the most critical

radiation-induced e�ects include:

ˆ Signi�cant degradation of thermal and electrical conductivity.

ˆ Dimensional changes.

ˆ Increase in hardness accompanied by loss of ductility.

ˆ Enhanced embrittlement and increased susceptibility to environmentally in-

duced cracking.

These changes can have a profound impact on the performance and reliability of

both structural and functional materials.
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Figure 1.6 � Correlation between irradiation e�ect evolution and time [12]

Radiation damage is inherently a multiscale phenomenon, spanning vast ranges in

time and length. As illustrated in Fig. 1.6, the relevant spatial scales range from

atomic dimensions (� 1 Å) to macroscopic structural components, covering over 12

orders of magnitude. Similarly, the relevant timescales span more than 22 orders of

magnitude�from picoseconds to several years. In the context of future fusion reac-

tors such as DEMO, understanding radiation damage across these scales is essential

for predicting the long-term behavior and failure mechanisms of structural materials

under irradiation.
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1.4.1 Atomic Displacement

The crystal structure determines the atom locations in crystalline solids, such as

metals. Under neutron irradiation, a primary knock-on atom (PKA) is generated

when a neutron collides with an atom, causing it to recoil. This interaction, which can

be either elastic or inelastic, leads to displacement cascades that signi�cantly a�ect

the structural integrity of materials by transferring some of the neutron's energy to

an excited state of the impacted atom, leaving both the neutron and the PKA with

reduced kinetic energy. The PKA is displaced from its lattice location, turning into a

self-interstitial atom (SIA) and leaving behind a vacancy (V) ifT is over a threshold

energyEd that is particular to the material. This vacancy�interstitial pair is called a

Frenkel pair (FP). If no excited state is produced, the PKA recoils quasi-elastically

and gradually dissipates its energy through electron excitation and elastic collisions

with surrounding atoms in the material.

Figure 1.7 � Schematic illustration of irradiation damage [12]
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After the PKA is produced, it radiates its energy to neighboring atoms, causing

displacement cascades. With relatively minor losses from electron excitation, the

total kinetic energy of the recoiling atoms is almost entirely conserved. The sum of

the energies of the colliding and collided atoms remains close to that of the incident

PKA, which can displace a signi�cant number of secondary atoms, depending on the

energy needed. If enough energy is transferred, a cascade of successive collisions can

occur. Many atoms are �rst moved from their original lattice locations, but as the

cascade cools, the majority of them return. Many atoms do not return to their initial

positions, resulting in a signi�cantly higher number of atom replacements than the

original defects produced. The remaining defects tend to cluster together, resulting

in segregation, alloy dissolution, and grain-boundary embrittlement.

A Frenkel defect is a speci�c kind of point defect found in crystalline solids. The

defect occurs when an atom or a smaller ion moves from its original position within

the structure, leaving a void, and transforms into an interstitial by settling in a

nearby position. The deterioration of the material may be further accelerated by the

large concentration of Frenkel defects, which regularly travel across great distances.

Furthermore, many defects create persistent interstitial or vacancy clusters, which

lead to ductility reduction, lower fracture toughness, and irradiation hardening. The

material's microstructure, temperature and the ratio of high-energy cascades to

Frenkel defects ultimately dictate how radiation will change the material over time.

The PKA may also displace other atoms in subsequent encounters ifT is high

enough, creating a displacement cascade and more structural defects. Displacements

per atom (dpa) are used to measure displacement damage. A value of 1 dpa means

that, on average, each atom in the material has undergone one displacement. It

should be noted that dpa does not include thermally activated processes such as

defect di�usion, annihilation, and clustering, which tend to return the atoms to their

lattice sites, and only takes into account primary atomic displacements brought on

by collision cascades [12].
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1.4.2 Point Defects

Materials' mechanical and electrical characteristics can be changed by several kinds

of defects that might occur in the crystal lattice. To comprehend how radiation

a�ects materials' macroscopic characteristics, it is essential to investigate its e�ects

at the atomic level. Atomic displacement due to high-energy particle bombardment

results in the formation of both vacancies and self-interstitial atoms (SIAs), which

are displaced atoms jammed within the lattice's interstices. These are the main

point defects that radiation causes. In the study of radiation damage, it is crucial

to comprehend the mechanisms by which these defects interact with each other and

with other defects.

Atomic lattice vacancies occur in all crystals at temperatures higher than absolute

zero. These vacancies, known as equilibrium defects, are produced by thermody-

namic requirements due to the disorder caused in the crystal as the absolute peri-

odicity of the arrangement of the atoms is disturbed. Heating the materials to high

temperatures is required in order to produce vacancy concentrations high enough for

quantitative research. On the other hand, the creation of interstitial defects in con-

ditions of thermodynamic equilibrium is not feasible due to their higher formation

energy. Exposing materials to intense particle radiation results in the creation of an

equal number of interstitial atoms and lattice vacancies, i.e., Frenkel pairs (FP).

Figure 1.8 � Vacancies and Interstitials in crystal structure [13]

14



The mobile primary defects play a vital role in the evolution of radiation dam-

age through several key processes. One such process is the annihilation of defects,

which occurs via mechanisms like mutual recombination of an SIA with a vacancy

or through the migration of defects to the surfaces, grain boundaries or extended

defects like dislocations. These mechanisms are highly e�ective, ultimately removing

approximately 99% of the primary radiation-induced defects from the system.

Another important phenomenon is defect clustering. When defects occupy adjacent

lattice sites, the system often experiences an associated reduction in energy, pro-

moting the formation of stable con�gurations. Clusters consisting of three, four, or

even more SIAs or vacancies can form under these conditions. These clusters can

grow by capturing additional defects during thermally activated migration and may

eventually evolve into larger line or volume defects such as dislocations or voids.

Finally, interactions between defects and solute atoms are particularly signi�cant in

alloys. In these materials, defects can trap solute atoms, thereby in�uencing critical

processes such as precipitation reactions. These interactions can alter the behav-

ior and distribution of solute atoms, a�ecting the material's microstructural and

mechanical properties under irradiation [11].
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1.5 Cantor Alloy

The Cantor alloy, or face-centered cubic CrMnFeCoNi, was one of the �rst HEAs

to be proposed. The Cantor alloy and its derivatives are demonstrated to have

promising irradiation resistance that, in many cases, is better than more conven-

tional dilute alloys of the same elements. This is demonstrated by using irradiation

analogues (electrons, heavy ions, and He) to neutron bombardment and taking into

account simulations, sophisticated microstructural analysis, and property measure-

ment. High phase stability, resistance to radiation-induced segregation, a smaller size

but higher number density of dislocation loops, a greatly reduced degree of swelling,

and enhanced resistance to the formation of He bubbles are some of the positive

features.

HEAs based on less easily activated but typically more refractory elements have so

far tended to have microstructural complexity, fast oxidation, and very low tough-

ness. As a result, the Cantor alloy is appealing at this early stage of development

because it is microstructurally simple, making it possible to identify any inherent

advantages of a multi-component, equiatomic alloying approach to irradiation resis-

tance, and it is reasonably simple to process into multi-kg amounts using standard

metallurgical methods. However, it may be challenging to apply �ndings to HEAs

because computational studies, including defect energies, have primarily been re-

stricted to binary alloys. Nonetheless, a large portion of the estimations of defect

migration and formation energies agree with the results of experiments [14].
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1.6 Radiation Damage of HEAs - State of the Art

High-Entropy Alloys have emerged as a promising class of materials with unique

mechanical, thermal, and radiation-resistant properties. The remarkable mechani-

cal and thermal resilience of High-Entropy Alloys in harsh conditions has been the

main focus of recent developments in the �eld. Unlike traditional alloys that derive

their behavior from one primary component, HEAs exploit the synergistic inter-

actions among several major elements to achieve enhanced performance. However,

no prior research has been done on their behavior under irradiation at cryogenic

temperatures. This section presents the state of the art for these materials.

The exceptional mechanical and thermal properties of HEAs�including high strength,

ductility, thermal stability, corrosion resistance, and resistance to radiation-induced

degradation�are attributed to several mechanisms, such as:

ˆ High con�gurational entropy suppresses the formation of intermetallic com-

pounds [3, 5, 14].

ˆ Severe lattice distortion increases strength and hinders defect mobility [5, 15].

ˆ Sluggish di�usion slows phase transformation and radiation-induced segrega-

tion (RIS) [2, 3, 5, 16].

Multiple studies have demonstrated that HEAs exhibit superior microstructural sta-

bility under ion and neutron irradiation. By lowering void swelling, defect clustering,

and point defect mobility, these characteristics work together to improve irradiation

tolerance:

ˆ The cocktail e�ect�unpredictable combinations of elements�yields improved

overall physical and chemical properties [5].

ˆ CrFeMnNi-based HEAs, especially in their Co-free form, retain a stable FCC

phase up to 10 displacements per atom (dpa) and 700� C without void forma-

tion [3].

ˆ NiCoFeCr HEAs show reduced damage accumulation due to decreased thermal

conductivity and electron mean free path, which modify energy dissipation

during irradiation [12].

ˆ HEAs like Cr18Fe27Mn27Ni28 and Cr15Fe35Mn15Ni35 exhibit no swelling after

heavy ion irradiation up to 2 dpa, suggesting their resistance stems from sup-

pressed point defect clustering and dislocation loop formation [17].
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These e�ects make HEAs intrinsically di�erent from conventional alloys, o�ering the

potential for superior radiation tolerance and phase stability under extreme environ-

ments. Under ion and neutron irradiation, traditional alloys su�er from signi�cant

defect formation, void swelling, hardening, and phase instability. In contrast, HEAs

exhibit reduced damage accumulation due to multiple synergistic factors [14, 16�19].

In experiments involving FeMnNiCr and CrFeMnNi systems, irradiation with Xe

ions at elevated temperatures (300�500� C) resulted in reduced swelling and �ner

dislocation loop formation. Interstitial elements such as carbon played a vital role

by pinning dislocation loops and reducing their mobility, especially at lower tem-

peratures. At higher irradiation temperatures, mobility increased, but carbon still

contributed to the recombination of point defects and reduced swelling [20].

Because of their exceptional radiation performance, HEAs are excellent choices for

next-generation nuclear reactors, such as fusion systems, in which materials must

withstand extremely high temperatures and neutron �uxes:

ˆ Their void swelling resistance, phase stability, and suppression of RIS outper-

form traditional alloys under similar dpa and thermal conditions [17, 21].

ˆ Co-free HEAs speci�cally o�er an advantage by avoiding activation of radioac-

tive isotopes like Co-60, making them more suitable for reactor environments

[3, 18, 22].

ˆ In fusion environments, where materials must survive huge temperatures and

up to 150-200 dpa in 5 years, HEAs are one of the few materials exhibiting

self-healing characteristics and persistent structural integrity [12].

Molecular dynamics research and atomistic simulations have provided crucial infor-

mation about how HEAs dislocate under stress and radiation:

ˆ HEAs like Cr15Fe46Mn17Ni22 exhibit higher critical resolved shear stresses for

dislocation motion due to a wide distribution of local stacking fault energies

(SFE), resulting in enhanced radiation hardening resistance [3, 5, 18, 19, 23].

ˆ The equilibrium dissociation width and dislocation mobility are sensitive to

local compositional �uctuations, with HEAs displaying slower dislocation ve-

locities than comparable austenitic stainless steels [18].

ˆ Constitutive models incorporating both phonon drag and dislocation pinning

due to chemical disorder accurately predict dislocation dynamics across strain

rates and temperatures [16, 18].
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Molecular dynamics simulations have revealed that in Co-free HEAs such as FeMn-

NiCr, defects form as smaller, stable clusters with reduced mobility. This behavior

results in higher recombination rates and fewer residual defects. Moreover, chemi-

cal complexity introduces a three-dimensional character to defect migration paths,

impeding long-range defect transport [12, 18, 20].

Notable electrical property changes after irradiation have also been found in recent

studies of Co-free High-Entropy Alloys. Speci�cally, after being exposed to neutrons

at modest doses (0.1�1 dpa), the NiFeMnCr alloy showed a notable increase in

electrical resistivity. This rise continued even after isochronal annealing up to 700°C.

Rather than just defect clusters, this behavior is ascribed to modi�cations in the

short-range chemical ordering surrounding defects. These results demonstrate how

local chemical environments in�uence the changes in transport properties brought

on by radiation in HEAs [3, 17, 21, 22].

The mechanisms for energy dissipation under irradiation are substantially altered

by the chemical disorder present in HEAs. Increasing compositional complexity

results in decreased thermal conductivity, shorter electron mean free pathways,

and improved defect recombination, according to studies comparing Ni, NiFe, and

NiCoFeCr alloys. This prevents deterioration from building up and enables HEAs to

preserve structural integrity over extended periods of time. Furthermore, chemical

complexity can alter migration barriers, stacking fault energies (SFE), and defect

formation energies, according to �rst-principles calculations andin-situ ion channel-

ing experiments [12, 16, 22, 24, 25].

Recent research has demonstrated that short-range order (SRO) can exist and a�ect

radiation sensitivity, even though HEAs are frequently thought of as entirely ran-

dom solid solutions. For example, experimental evidence has shown enhanced Ni�Cr

correlations and decreased Cr�Cr pairings, which impact SFE and dislocation be-

havior. Additionally, SRO reduces radiation-induced segregation, a typical problem

in austenitic stainless steels, and increases the energy barrier for defect development.

Ion irradiation studies showed that Cantor-like HEAs do not exhibit signi�cant void

formation even at temperatures as high as 700� C and dosages as high as 10 dpa.

In contrast to Fe�Cr�Ni alloys, swelling and solute segregation are inhibited, and

defect clusters stay small and isolated [25].
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Even when exposed to high levels of radiation, HEAs retain their mechanical in-

tegrity. For instance, following electron beam irradiation, the Cantor alloy displayed

little alteration in fracture behavior. Mechanical testing validated ductile fracture

modes, and dislocation pinning e�ects were noted. Additionally, even after high-dose

ion irradiation, the alloys showed high hardness with little embrittlement [26].

When exposed to radiation, certain HEAs exhibit exceptional phase stability. Due

to the negative binding energies of tiny vacancy clusters, CoCrFeMnNi showed a

notable absence of vacancy clustering and the production of stacking fault tetra-

hedra (SFTs), which are prevalent in FCC metals. This behavior suggests that the

landscape of defect interactions in HEAs is essentially di�erent [19, 27].

According to atomistic simulations, HEAs have suppressed defect clustering and

delayed dislocation motion. Alloys like NiCoFeCr have greater resistance to defect

accumulation, smaller loop creation, and slower defect growth than Ni and NiFe. This

is explained by chemical disorder and signi�cant lattice distortion, which provide a

complicated defect energy landscape with several local minima [12, 24, 25].

Furthermore, research indicates that source hardening mechanisms brought on by

defect pinning are the main cause of irradiation hardening in HEAs. A supplemen-

tary role is played by friction hardening, which is linked to greater resistance to

plastic deformation. The relationship between irradiation-induced hardness, defect

density, and defect size suggests that compositional complexity reduces radiation-

induced mechanical deterioration [25].

In HEAs, temperature has a major impact on damage recovery and defect mobility.

HEAs exhibit exceptional self-healing properties that are independent of thermal

activation at lower temperatures (16�300 K). While defect mobility rises at high

temperatures (500 - 700 K), swelling and segregation are still controlled in compar-

ison to ordinary alloys [28].

HEAs represent an important development in the creation of radiation-resistant

materials. Their inherent qualities, which result from chemical complexity, lattice

distortion, and entropy stabilization, produce exceptional performance in harsh con-

ditions. Future nuclear, aerospace, and energy applications are anticipated to heavily

rely on HEAs as computational and experimental methods advance. With the vast

compositional space of HEAs, traditional trial-and-error design is insu�cient. Re-

cent advancements include the application of machine learning and active learning

frameworks for HEA discovery.

20



1.7 Purpose of this Thesis

By reviewing the literature, it can be seen that the enhanced radiation resistance

of HEAs is particularly signi�cant for applications in nuclear energy systems, where

materials are constantly exposed to high levels of irradiation. It is commonly be-

lieved that the high levels of chemical disorder in HEAs provide advantages over

traditional alloys and pure metals by slowing down defect movement and preventing

damage accumulation. However, despite a large number of theoretical and computa-

tional investigations, there is still a lack of direct experimental data about the basic

characteristics of radiation-induced defects in HEAs.

The purpose of this study is to provide the �rst direct experimental analysis of

primary radiation defects in the CrMnFeCoNi alloy, a representative HEA. The

study aims to evaluate the thermal stability of the defects created by irradiation and

clarify their nature, creation, and evolution. Irradiation by high-energy protons at

cryogenic temperatures is employed in order to create point defects in the material.

These are initially immobile, due to the very low temperature. The material is

then annealed to higher temperatures, where the defects start to migrate and either

annihilate at defect sinks or interact with other defects to form clusters. Defect

evolution is monitored in-situ during irradiation and post-irradiation annealing by

measurements of the electrical resistivity (ER), a highly sensitive property to lattice

disorder and point defects. These experiments will provide direct information on the

migration properties of point defects in CrMnFeCoNi.
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Chapter 2

Experimental

This chapter o�ers an extensive overview of the experimental methods used in this

study, including sample preparation, material characterization and procedures for

irradiation. Section 2.1 describes the procedures for sectioning, polishing, anneal-

ing, cold-rolling, and making electrical connections in order to prepare the metallic

specimens. The characterization methods used to evaluate the materials' electrical

and microstructural characteristics, including optical microscopy, X-ray di�raction

(XRD), and electrical resistivity measurements, are detailed in Section 2.2. Sec-

tion 2.3 concludes by discussing the irradiations conducted at the TANDEM accel-

erator and IR2 facility, as well as the post-irradiation annealing techniques used.

2.1 Materials & Specimen Preparation

The materials used in this work were High-Entropy Alloys (HEAs), speci�cally the

Cantor alloy with an equimolar composition of CrMnFeCoNi, where each element

was present at approximately 20 at. %. The alloys were synthesized at the Depart-

ment of Materials Science and Engineering, University of Ioannina, Greece.

The alloys were produced by mixing the constituent elements, which were in the

form of powders with more than 99.5% purity. The mixtures were formed in the

shape of cylindrical pellets (14 mm diameter) using a hydraulic press (200 bar ap-

plied pressure). The pellets were melted in a non-consumable electrode arc melting

furnace, under a W non-consumable electrode and 120 A current, which established

a temperature at the core of the arc around 2500� C. The melting process was per-

formed on a water-cooled copper mold under argon atmosphere with Ti getter in

order to prevent oxidation.
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The samples were �ipped and re-melted �ve times under the same conditions to en-

sure homogeneity in the elements' distribution. This re-melting process is a common

practice in HEA research [29]. The samples produced after the melting process were

in cylindrical form with a diameter of around 10 mm. They were subsequently sliced

into thin disks. Imperfections were eliminated by mechanical and chemical polishing,

producing smooth surfaces. In a vacuum furnace, the samples were recrystallized,

as optical microscopy (OM) veri�ed. The creation of a single-phase structure was

con�rmed by X-ray di�raction (XRD). The samples were cold-rolled and cut to the

appropriate dimensions for the sample holder before being irradiated.

2.1.1 Sectioning into thin disks

The initial as-received alloy (Fig. 2.1a) was in the form of a cylinder, with a diameter

of 10 mm and about 25 mm long. Thin disk specimens were sectioned from the

central region of the cylinder (Fig. 2.1b).

A Buehler IsoMet Low Speed cutting machine equipped with a CBN (Cubic Boron

Nitride) blade was used to section the alloy. The cutting blade had 0.4mm thickness

and 127mm diameter. Three thin disks were produced with an approximate diameter

of 10mm and a thickness of 0.5mm. One of the disks and the remaining alloy ingot

are shown in Fig. 2.2a.

Figure 2.1 � Sectioning the as-received alloy ingot: (a) As-received HEA alloy ingot,
(b) The alloy ingot in the cutting machine
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Figure 2.2 � Thin disks cut from the as-received alloy: (a) A thin disk cut from the
as-received alloy ingot, (b) HEA disk specimen after polishing

2.1.2 Polishing

A two-step polishing process was employed to produce a �at polished surface and

remove any remnants from the sectioning procedure.

The samples were �rst mechanically polished on each side using silicon carbide (SiC)

paper. This surface re�nement technique uses mechanical forces to remove material

and produce a smooth surface. After polishing, the samples were rinsed using de-

ionized water in an ultrasonic bath, followed by acetone.

Subsequently, the samples were chemically polished by dipping for 10 s in an aqueous

solution containing 50% hydrochloric acid (HCl). Once the chemical treatment was

completed, the samples were again rinsed in de-ionized water using an ultrasonic

bath and �nally cleaned with acetone and dried. The chemical treatment revealed

the presence of several sub-mm voids in the alloy, which were visible under the

optical microscope. A polished sample is shown in Fig. 2.2b.

2.1.3 Annealing

Annealing is a heat treatment technique that can change the material's characteris-

tics. It involves heating the substance to a predetermined temperature, maintaining

it there for a speci�c amount of time, and then cooling it down gradually or abruptly.

It is used to provide grain re�nement, increase softness and enhance electrical and

magnetic characteristics.
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Figure 2.3 � Grain recrystallization after annealing [30]

In this work, the HEA alloys were annealed at 900� C after cold-rolling (see be-

low) to relieve residual stresses and promote grain recrystallization. The process is

schematically shown in Fig. 2.3.

Annealing was performed in a Carbolite STF 16/180 single-zone tube furnace. The

experimental setup included

ˆ The STF 16/180 tube furnace.

ˆ A cylindrical quartz tube where the samples were placed

ˆ A Pfei�er HiCube 80 Eco turbo pumping station achieving a vacuum level

around 10� 7 mbar.

ˆ A Pfei�er Vacuum DPG 101 digital pressure gauge.

ˆ A PC connected to the furnace controller for con�guring and monitoring the

annealing program.

The furnace was calibrated with a calibrated thermocouple placed at the center of

the furnace, inside the quartz tube. It was found that, at the temperature region of

interest, the temperature within the quartz tube was 50 degrees lower than the read-

ing of the furnace controller. Thus, the temperature setting was adjusted accordingly

in order to achieve the required temperature inside the quartz tube.

The furnace during annealing of HEA specimens is shown in Fig. 2.4a. Fig. 2.4b

shows the alumina ceramic crucible containing the annealed specimens just as it was

removed from the furnace, still under vacuum inside the quartz tube. After cooling

for about 30 min (�g, 2.4c) the specimens are removed for further processing.
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Figure 2.4 � (a) Furnace during annealing, (b) Ceramic crucible with HEA specimens
as it is removed from the furnace, (c) Crucible with HEA specimens after cooling

2.1.4 Cold-rolling

Cold-rolling is a metalworking technique that reduces a metal's thickness while in-

creasing its strength and hardness by passing it through rollers at a temperature

lower than its recrystallization temperature. This technique alters the material's

surface �nish and mechanical characteristics. In the present work, a laboratory scale

manual rolling machine (Fig. 2.5a) was used to produce thin foil specimens.

From the 0.5 mm thick cylindrical disks cut from the starting alloy, a central part

about 6 mm wide was taken by cutting o� the left and right edges with a heavy-duty

metal cutter. The shape of the resulting piece is shown in Fig. 2.6a. The sample was

then passed several times through the rolling machine, each time reducing the gap

between the rollers until the required �nal thickness was attained (typically between

0.05 to 0.1 mm). In the process, the length of the specimen increased substantially.

The width also increased but to a much lesser extent. The typical shape of the

specimens after cold-rolling is shown in Fig. 2.6b.

Figure 2.5 � (a) Rolling machine (b) Schematic representation of grains before and
after cold-rolling [31]
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Figure 2.6 � (a) Specimen with initial thickness 0.5 mm, (b) Specimen after cold-
rolling to 0.1 mm, (c) Rectangular specimens cut from a rolled foil, (d) Thin stripe
specimens for irradiation (� 10 mm � 1 mm)
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After cold-rolling, the specimen was cut into smaller rectangular pieces, typically 10

mm by 5 mm. These were taken from the central region of the rolled foil to avoid

thickness inhomogeneities at the edges. Fig. 2.6c shows some typical specimens.

After further processing, e.g., annealing, the rectangular pieces were again cut into

thin stripes of dimensions 10 mm by 1 mm, which were the typical specimen shape

used for the irradiation. Fig. 2.6 depicts some of the stripe specimens.

2.1.5 Electrical contacts

For the in-situ resistivity measurements, four electrical contacts must be attached

to the specimen before it is placed in the irradiation chamber. For measuring the

ohmic potential, two 0.2 mm diameter Ni wires are spot-welded on one side of the

specimen, with a distance of 6 mm between them. Spot welding is performed with

an Orion 150s micro-welder in resistance mode (Fig. 2.7a). Light pressure is used to

clamp the materials to be welded between the device electrodes. Heat is produced as

a result of contact resistance when a strong current pulse is transmitted through the

electrodes, thus raising the temperature at the contact point and producing a weld.

The Orion 150s micro-welder provides peak currents up to 4000 A with a duration

ranging from 5 to 60 ms.

Additionally, two rectangular 50 � m Ni foil pads are spot-welded at the two ends of

the specimen to serve as current contacts. The �nal form of the specimen with the

four electrical contacts is shown in Fig. 2.7b. As seen in the �gure, the2 � 6 mm2

rectangular area between the two potential contacts is the sample's active irradiated

area, where the irradiation-induced changes to the electrical resistivity are measured.

Figure 2.7 � (a) Orion 150s micro-welder, (b) Schematic representation of the spec-
imen con�gurations used for irradiation experiments. It shows the positions of the
electrical voltage (V1, V2) and current (C1, C2) contacts, as well as the footprint
of the ion beam on the sample
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2.2 Characterization Techniques

The samples were examined throughout each stage of the process using three primary

characterization techniques: optical microscopy to observe microstructural features,

X-ray di�raction (XRD) analysis to determine phase composition, and four-point

probe measurements to evaluate electrical resistivity.

2.2.1 Optical Microscopy

Optical microscopy was conducted using a motorized ZEISS Axio Imager.Z2m,

equipped with automatic focusing and supporting advanced contrasting techniques,

with objective magni�cation up to � 100. For a variety of materials, such as metals,

composites, and liquid crystals, this high-performance technology is made to provide

exceptional contrast and resolution. Both transmitted and re�ected light modalities

are supported. Bright�eld, dark�eld, di�erential interference contrast (DIC), circu-

lar DIC (C-DIC), polarization or �uorescence can all be used to view materials in

re�ected light. Bright�eld, dark�eld, DIC, polarization, and circular polarization

are among the observation modes for transmitted light. Repeated measurements are

more accurate because of the integrated contrast management, which guarantees

constant and repeatable lighting conditions [32].

Figure 2.8 � The Optical Microscope
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2.2.2 X-ray Di�raction

The X-ray scattering laboratory at NCSR �Demokritos� is equipped with a Bruker

D8 DISCOVERY X-ray di�ractometer/re�ectometer featuring a one-dimensional

(1D) position-sensitive VANTEC detector. This versatile system supports various

measurement modes, including conventional di�raction, grazing incidence di�rac-

tion (GID), and re�ectivity studies. It also includes a wide temperature range cell,

allowing measurements from 80 K up to 1873 K for di�raction experiments, and up

to 1100 K for re�ectivity. The facility enables comprehensive structural investiga-

tions such as crystalline structure analysis of bulk, powder, or thin-�lm materials,

phase formation studies,in-situ kinetic analysis of phase transformations, micro-

stress and grain size determination in nanostructured materials (with grain sizes

below 500µm), as well as characterization of layered structures in thin �lms and

multilayers, including measurements of density, thickness, and roughness [33].

Figure 2.9 � The D8 X-ray di�ractometer/re�ectometer
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2.2.3 Face-Centered Cubic Crystal Structure

To better understand the properties of the Cantor alloy, it is essential to brie�y re-

view its underlying crystal structure, namely, the face-centered cubic (FCC) struc-

ture. Figure 2.10 illustrates the FCC conventional unit cell. As the name implies,

the FCC unit cell is cube-shaped, with each edge having a length equal to the lattice

parameter a. In addition to the corner atoms, which are also present in the simple

cubic structure, an atom is located at the center of each face of the cube, marking

the position of additional lattice points and enhancing the packing density of the

crystal. With a packing e�ciency of roughly 74% and a coordination number of 12,

FCC is among the most densely packed and mechanically stable crystal formations.

Many ductile metals, including copper, nickel, and aluminum, have the FCC struc-

ture, which is characterized by its capacity to support plastic deformation through

slip along several closely spaced axes. This structure maximizes packing e�ciency

and provides the highest number of nearest neighbors, thereby increasing structural

stability. For this reason, the FCC structure is also commonly referred to as the

cubic close-packed (CCP) structure [34].

The FCC structure contains 4 atoms per unit cell. This is computed by taking into

account that each face atom contributes1=2 of an atom per unit cell and each corner

atom contributes 1=8 of an atom per unit cell among eight adjacent unit cells:

8 �
1
8

+ 6 �
1
2

= 1 + 3 = 4 atoms/unit cell (2.1)

Figure 2.10 � Schematic illustration of Face-Centered Cubic Unit Cell (FCC) [35]
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Using the hard sphere model, atoms in an FCC lattice touch along the face diagonals.

When r is the atomic radius, the face diagonal's length is4r . A cube's face diagonal

is
p

2a, wherea is the lattice constant. Consequently:

p
2a = 4r ) a = 2

p
2r (2.2)

The FCC structure has a coordination number (CN) of 12, which indicates that

every atom has direct contact with 12 neighbors. Its ductility and good packing

e�ciency are a result of this.

The atomic packing factor (APF) is de�ned as the fraction of space occupied by

atoms in a unit cell. Each atom is modeled as a sphere with volumeVatom = 4
3 �r 3.

So the total atomic volume in the FCC unit cell isVunit = 16
3 �r 3.

The volume of the unit cell isVcell = a3 = (2
p

2r )3 = 16
p

2r 3. Thus, the APF for

the FCC structure becomes:

APFFCC =
16
3 �r 3

16
p

2r 3
=

�
3
p

2
� 0:74 � 74% (2.3)

With a packing e�ciency of around 74%, face-centered cubic (FCC) crystals have

the highest possible packing for spheres of the same size [36].

The most accurate value of the lattice parameter of a cubic substance is found by

plotting the value of a calculated for each re�ection against a particular function

that depends on the experimental setup and extrapolating to the valuea0 at the

intercept. In this way, the systematic errors are eliminated by selecting the proper ex-

trapolation function and random errors are reduced using the least-squares method

devised by Jerome Cohen. Eq. (2.4) de�nes one possible extrapolation function:

� d
d

=
� a
a

= K � cos2 � (2.4)
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Instead of �tting a straight line to a plot of a versuscos2 � using a standard least-

squares method, Cohen applied the method directly to the observed values. Starting

from Bragg's law, squaring both sides and taking logarithms gives:

sin2 � =
n � � 2

4d2
) ln(sin2 � ) = ln

 
n � � 2

4d2

!

; (2.5)

where � (Bragg angle) is the angle between the incident rays and the di�racting

planes,n is the di�raction order ( n = 1, as the �rst order of di�raction), � is the

x-ray wavelength andd = ap
h2+ k2+ l2

is the spacing of the di�racting planes,a is the

lattice constant of the cubic crystal, andh, k, and l are the Miller indices of the

Bragg plane. Bragg's law describes the condition on� for constructive interference.

By di�erentiating, Eq. 2.5 becomes:

�(sin 2 � )
sin2 �

= �
2� d

d
(2.6)

In addition, in the cubic system:

� d
d

= K cos2 � (2.7)

By combining the last three equations:

�(sin 2 � ) = 2 K sin2 � � cos2 � = D � sin2 2�; D = const (2.8)

This equation is only valid when the correct extrapolation function is applied. If

another function is used, this relationship must be modi�ed accordingly.

The �nal form of Eq. 2.8 is:

sin2 � = C� + A�; (2.9)

whereC = � 2

4a2
0
, � = ( h2 + k2 + l2), A = D

10 and � = 10 sin2 2� .

A factor 10 is added to the de�nitions of the valuesA and � , to make the coe�cients

of the various terms in the normal equations of the same order of magnitude [37].
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2.2.4 Electrical Resistivity

One of the main characteristics of metallic materials is their ability to conduct

electric current. This is because there are a lot of electrons in the metal, which can

move through it when an electric �eld is applied. Drude believed that electrons were

responsible for the transmission of charge. He was the �rst to quantify the electrical

resistivity, � [38]:

� =
m

ne2�
; (2.10)

wherem, e, and n are the mass, charge, and volume density of electrons, respectively,

and � is the relaxation time, i.e., the time interval between electron collisions.

The Drude formula is still applicable in the quantum theory of metals, provided

that the Fermi surface is spherical and the scattering rate is uniform. However, in

general cases, more complex expressions must be used.

In an ideal crystal lattice at zero temperature, very little scattering takes place and

the electrical resistance tends to zero. But in nature, a perfectly periodic structure

cannot be achieved. The existence of impurity atoms, point defects, dislocations, and

grain boundaries, or the movement of atoms due to their thermal motion (phonons),

are the causes of the observed resistivity. These are shown schematically in Fig. 2.11.

Figure 2.11 � Scattering conduction electrons from impurities and from thermal
vibrations [39]
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