Department of Chemistry — Angstrdm Laboratory; Inorganic Chemistry

Sagar Bhaurao Jathar

Tailoring Microstructure and Properties
of Cr-Nb-N Coatings for Harsh Environments

UPPSALA
UNIVERSITET



Dissertation presented at Uppsala University to be publicly examined in room TBA,
Wednesday, 8 October 2025, time TBA, for the degree of Licentiate of Philosophy. The
examination will be conducted in English. Chairman of the grading committee: Professor
Jones Alami (Mohammed VI Polytechnic University, Morocco).

Abstract
Jathar, S. 2025. Tailoring Microstructure and Properties of Cr-Nb-N Coatings for Harsh
Environments. 58 pp. Uppsala: Uppsala University.

Zirconium-based alloys have been widely used in the nuclear industry for several decades
as the primary material for fuel claddings, and other structural components in pressurized
and boiling water reactors (PWRs and BWRs). However, following the severe accident at
Fukushima Daiichi, significant attention has been paid to the concept of “Accident Tolerant
Fuel” (ATF). This strategy aims to mitigate the interaction between cladding material and water
steam, hydrogen embrittlement, and reduce heat generation during oxidation and increase the
processing time under accident conditions. One of the key ATF approaches involves developing
protective coatings on the surface of the Zr-alloy fuel claddings to improve the corrosion,
oxidation, and wear properties.

Chromium (Cr) coatings are widely used for nuclear fuel cladding applications, in which the
coating properties, performance, and reliability strongly depend on the detailed characteristics
of their microstructure. For instance, distribution of grains, orientation, formation of phases,
and morphology determines the strength and durability characteristics of the coatings. However,
Cr coatings deposited by physical vapor deposition (PVD), the growth of columnar structure
often restricts the performance. Columnar growth reduces the long-term stability of Cr coatings
due to the introduction of porous structure, which will affect the corrosion and oxidation
resistance, especially in harsh environments like BWR conditions. Additionally, the natural
oxide of Cr, Cr203, unstable in BWR conditions, further compromising the protective properties
of the coating. Therefore, achieving nanocrystalline, dense, and column-free coatings is crucial
for enhancing their durability and performance in such extreme environments. One effective
approach to improving the stability of the Cr coatings is through alloying it with different
elements. Previous studies have observed that the incorporation of nitrogen (N) and niobium
(ND) into Cr enhances the stability of fuel claddings, offering improved resistance to degradation
under extreme conditions.

In this thesis, I systematically varied the N concentration into the Cr coating to demonstrate
its effect on the formation of phases, microstructure, and mechanical properties (hardness).
Additionally, shown the incorporation of Nb into the Cr and CrNx coatings has potential to
further tune the microstructure and mechanical properties. I also highlight the significance of
solid solution strengthening, formation of fine grains and phases while varying the N and Nb
content. As a result, properties such as morphology, composition, density, and hardness of
the coatings were affected. The work in this thesis shows the ability to tailor the mechanical,
microstructural, and corrosion resistance properties of the coatings by simply varying a N and
Nb concentration in Cr.

Sagar Jathar, Department of Chemistry - Angstrém, Inorganic Chemistry, Box 538, Uppsala
University, SE-751 21 Uppsala, Sweden.

© Sagar Jathar 2025

URN urn:nbn:se:uu:diva-564957 (http://urn.kb.se/resolve?urn=urn:nbn:se:uu:diva-564957)



Preface

This Licentiate thesis is the part of my Ph.D. studies conducted at the Inorganic Chemistry Programme,
Angstrém Laboratory, Uppsala University, and the Thin Film Physics Division, Department of Physics,
Link6ping University.

The primary objective of this work is to tailor the microstructure — particularly to achieve fine-grained,
columnar free morphology — and enhance the mechanical properties of Cri..NbNy coatings. This has
been pursued through systematic variation of both nitrogen and niobium concentrations in the
chromium matrix, using a magnetron sputtering as the deposition technique.

The thesis is divided into two main parts. The first one provides an overview of the relevant research
field along with scientific concepts and methodologies used. The second part presents the research
outcomes in the form of scientific papers.

The work was supported financially by the VINNOVA Competence Centre FunMat-11I (grant no. 2022-
03071), the Swedish Government Strategic Research Area in Materials Science on Functional Materials
at Linkdping University (Faculty Grant SFO-Mat-LiU No. 2009 00971), the Knut and Alice Wallenberg
foundation through the Wallenberg Academy Fellows program (KAW-2020.0196), the Swedish
Research Council (VR) under project number 2021-03826, and the Swedish Energy Agency under
project number 52740-1.

I initially wrote the Popular Science Summary in English and used ChatGPT to translate it into Swedish.

The translated version was then further refined and polished with the help of my supervisor.

Sagar Bhaurao Jathar
Uppsala, 2025
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Populérvetenskaplig Sammanfattning

Material som anvénds i tillimpningar i extrema miljder, som till exempel kérnreaktorer, maste kunna
motstd hoga temperaturer, intensiv stralning, oxidation, korrosion och mekaniskt slitage. For att
uppfylla dessa krav beldggs skyddande skikt ofta pa kritiska komponenter for att forbattra livslangd och
prestanda. En sddan klass av ytbeldggningar dr baserad pa krom (Cr), som anvénds i stor utstrdckning
tack vare sin hardhet samt motstdndskraft mot oxidation och korrosion.

Dock utvecklar Cr-beldggningar ofta kolumnéra mikrostrukturer, vilka kinnetecknas av avldnga korn
med tomrum mellan kolumnerna. Dessa egenskaper begrinsar ofta beldggningens prestanda och gor
den mer séarbar for oxidation och korrosion under svéra férhallanden. Dessutom &r den naturligt bildade
kromoxiden (Cr20s) inte stabilt under forhdllandena i en kokvattenreaktor (BWR), vilket ytterligare
forsamrar beldggningens skyddsformaga. Darfor dr det avgorande att uppna stabila, tita och kolumnfria
beldggningar for att forbéttra deras prestanda i extrema miljoer.

Ett lovande tillvigagangssitt for att Overvinna dessa begransningar dr att legera Cr med olika
grunddmnen. Tidigare studier har visat att inforlivandet av kvdve (N) och niob (Nb) i Cr forbéttrar
stabiliteten hos brénslestavar, vilket ger 6kat motstand mot nedbrytning under extrema forhallanden.
Min forskning undersdker metoden att uppna nanokristallina och kolumnfria Cr-belidggningar genom
kontrollerad tillsats av varierande méngder kvdve (N) och niob (Nb). De resulterande Cr;.NbxNy-
beldggningarna syntetiseras med en typ av fysisk angbeldggning (PVD) som kallas magnetronsputtring.
Genom att justera koncentrationerna av N och Nb under deponeringen &r det mdjligt att styra
mikrostrukturen hos beldggningarna, eliminera kolumnér tillvdxt och producera en tétare, finkornig
struktur.

Den skridddarsydda mikrostrukturen hos Cri.NbiNy -beldggningar leder till forbéttrade mekaniska
egenskaper, sdsom 0kad hardhet. Dessutom lyfter detta arbete fram betydelsen av fastldsningshiardning,
korntillvéixtbegrénsning och bildandet av utspridda faser som uppstar till foljd av variationer i N- och
Nb-innehall i Cr. Dessa mekanismer spelar en avgérande roll for att kontrollera mikrostrukturen och
péaverkar 1 hog grad de mekaniska egenskaperna hos Cri..Nb.Ny -beldggningarna. Arbetet visar pa
mojligheten att skrdddarsy de mekaniska och mikrostrukturella egenskaperna hos Cr-baserade
beldggningar enbart genom legering och variation av N- och Nb-koncentrationer. Detta
tillvigagangssitt erbjuder en enkel och effektiv vig for att utveckla beldggningar for tillimpningar i

kréavande miljoer.
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“It’s not just what you do, but how you do it that truly counts”
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1. Introduction

Coating technologies have improved significantly since the industrialization of our society. A coating
is a covering or layer applied to the surface of an object, initially used to enhance its appearance. Over
time, coatings have evolved to serve broader purposes, including improving material performance.
Advancement in coating technology have enabled the development of materials that perform well in
harsh environments, expanding their applications across various industries [1]. High temperature
applications, in particular, pose significant challenges, as conventional materials often fail under
extreme conditions. Under such conditions, coatings help materials withstand high temperatures,
oxidation, and intense mechanical stresses and prevent failure.

In this thesis Cr-Nb-N coatings are of interest for harsh environment applications and are deposited
using the physical vapor deposition (PVD) technique, particularly magnetron sputtering. Cr and CrN
coatings have been widely studied and used for harsh conditions applications. Additionally, the
incorporation of Nb into Cr/CrN coatings [2, 3] and CrN-NbN multilayer structures [4] has attracted
interest due to its potential to enhance the mechanical properties, and oxidation and corrosion resistance.
By combining N and Nb, these coatings appear to be well-suited for extreme condition applications.
However, the development of such coatings requires a complete understanding of phase formation,
microstructural changes, and property correlation to optimize performance for demanding industrial
environments, such as nuclear reactors.

The main objective of my thesis work is to design, synthesize, characterize, and understand the
fundamentals of Cr-Nb-N-based coatings as a solution for protecting components in harsh
environments. This work aims to systematically explore the effects of varying nitrogen and niobium
concentrations in chromium coatings, investigating their influence on the formation of phases,
microstructure, mechanical properties (hardness), and with the goal of advancing their potential for
industrial applications. The study is divided in three sections: (1) investigating the effects of nitrogen
(N) incorporation in chromium (Cr) while retaining its bce structure (CrNy), (2) exploring the metallic
CrixNby alloy system, and (3) studying the combined effects of both N and Nb incorporation i.e., Cri-
«NbxNy.
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2. Accident Tolerant Fuel (ATF) Claddings

2.1 Challenges of Existing Zr-alloy Claddings

The challenges posed by the harsh conditions in nuclear reactors have led to a growing focus on the
accident tolerant fuel (ATF) concept, especially following the Fukushima Daiichi nuclear power plant
disaster in 2011 [5, 6]. ATF research covers both the uranium fuel pellets and the cladding tubes, and
primarily aims to prevent or limit the interaction of cladding material with water steam, reduce hydrogen
embrittlement, enhance the thermal stability, and provide additional processing time for accident
mitigation [7, 8]. The increased attention to ATF is attributed to the zirconium (Zr)-based alloy cladding
tubes, which are slender metal tubes serves as the outer jacket for nuclear fuel rods ( see Fig. 1), [9, 10].
These cladding tubes ensure safe operation under normal reactor conditions but becomes susceptible to
oxidation, especially under high-temperature steam conditions.

The key role of Zr-alloy claddings is to protect the nuclear fuel rod from corrosion by the coolant and
prevent the contamination of fission product into the coolant. Zr alloy have been chosen as fuel cladding
material due to their low cross-section for neutron absorption, good mechanical properties, and
corrosion resistance [11]. However, corrosion and hydrogen uptake are of concerns for normal reactor
operation, as they results in wall thinning, embrittlement and cracking, respectively [12, 13]. In
addition, the most challenging conditions for fuel claddings occur in the case of loss of cooling accident
condition (LOCA) [14, 15]. Such an event can be caused by a breakup of the primary cooling system
that results in the loss of pressure in the nuclear core and vaporization of the coolant. Under these
accident conditions, the fuel temperature rises, thereby increasing the porosity of the fuel and resulting
in its fragmentation. When the fuel cladding temperature increases abruptly to above ~ 800 °C, an
exothermic oxidation reaction is triggered on the fuel rods. The reaction becomes violent and causes a
release of substantial amount of hydrogen [12, 16, 17]. Consequently, the mechanical properties of the
cladding deteriorate significantly, increasing the risk of rupture [7, 12]. The assembly of fuel rods in
reactor shown in schematic 1.

Zr + 2H0 = ZrO, + 2H,, (g) AH = -584.5 KJ/mol at 1200 °C.................. 1)

Therefore, extensive research and development of ATF cladding material is needed to improve the

robustness of fuel claddings in normal and possible accidental conditions.
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Figure 1 Assembly of nuclear fuel rods in reactor.

2.2 Coated Zr-alloy claddings

ATF aims to mitigate hydrogen release through two main approaches shown in schematic 2. One
approach involves the development of new cladding materials to replace the Zr-alloys, which will take
extended period to develop and be effectively employed in nuclear reactors. Another approach involves
the deposition of protective coatings on the outer surface of Zr-alloy cladding tubes, which is a more
viable short-to-medium-term solution to enhance the accident tolerance of cladding tubes [16, 18, 19].
However, the thickness of the coatings plays crucial role in maintaining the Zr-alloy substrate properties
and increase a fuel cycle cost and economics. For instance, coatings below ~ 20 um, have a minimal
impact on neutron absorption, which can be compensated by slight design modifications [20, 21]. This
consideration is particularly important because coating materials usually have the higher neutron cross-
section absorption than the Zr-alloy [22, 23]. The goal of thin coated claddings is to improve the overall

performance in terms of oxidation, and corrosion resistance of claddings.
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Figure 2 Global Research strategies on accident tolerant fuels.

Another advantage of coated cladding is to improve the wear resistance of claddings from debris and
grid to rod fretting [24]. Fretting wear is one of the main fuel failure mechanisms in PWR and boiling
BWR. Such fuel rod failures have occurred in Oskarshamn O3, in 2023, in Sweden, causing costly
standstills and disruption of energy production. Also, according to 2010 report by the nuclear news,
most failed fuel rods caused in the U.S. was related to the wear problem [25]. Fretting wear is a process
that occurs when two materials vibrate relative to each other under load, subject to minute relative
motions caused by vibration. Fretting decreases fatigue strength of materials operating under cyclic
stresses. Fretting of claddings occurs due to the two main reasons: 1) Debris fretting, in which small
particles usually of foreign materials which are metallic, ranging from 0.3 to 10 mm in sizes, (e.g., steel
brush used for cleaning purposes), enters the reactor coolant or the fuel bundle and become lodged
between the spacer grids and fuel rods. These debris particles vibrate under the influence of coolant
flow, so called flow induced vibration (FIV), leads to rapid fretting of cladding wall [24, 26]. 2) Grid-
to-rod fretting which can also be attributed to the FIV phenomenon [27-29]. During rector operation,
the high coolant velocity can cause the rod to rub against the part of spacer grid, which stands as a
primary factor contributing to the fretting damage of the fuel rods. The debris impact onto the fuel rods
are limited by installing anti-debris filters at the bottom of the nozzles. This, although ineffective in the
case of the object of less than 1 mm and less than 10 mm in length, e.g., metal wires coming from the
maintenance of the power plant [30]. Hence, it is essential to improve the wear resistance of claddings
by applying suitable protective coating.

Overall, apart from enhancing the safety under accident conditions, increased debris fretting resistance
and better corrosion resistance are the main expected advantages coating could provide. The coated
ATF claddings should meet the following requirements: i) good adhesion to the Zr-alloy substrate ii)

good irradiation stability in neutron irradiation environment iii) enhanced resistance to high temperature
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steam oxidation iv) good resistance to corrosion in PWR and BWR conditions v) good mechanical

properties.

2.3 Evolution of Coating Materials, Challenges, and Current Potential
Candidate

So far, a wide variety of coating materials have been explored including, pure metal coatings, ceramic
coatings, alloys, and multicomponent coatings to improve the performance and accident tolerance of
cladding tubes, which are shown in table 1 [7, 31]. Among them, metallic chromium (Cr), CrN, and
TiN are the most utilized and extensively investigated nitride coatings [31-34]. TiN has excellent
mechanical properties, but it tends to oxidize quickly when exposed to temperatures above 500 °C. On
the other hand, Cr and CrN coatings deposited using cold spray and physical vapor deposition technique
have emerged as promising candidates for PWR by virtue of their elevated temperature oxidation
resistance, low thermal neutron absorption cross section, good mechanical properties, and corrosion
resistance [35-37].

Table 1 Key performance characteristics of the most proposed candidate materials for ATF coatings
[8]. © 2018 Elsevier, Reproduced with permission.

The main reason for improved oxidation resistance of Cr and CrN coated claddings is the formation of
a dense and stable oxide layer (Chromia: Cr,O3) [31]. The formation of an oxide layer at certain scale
provide protection since the diffusion rate of oxygen molecules through the oxide layers is low. As a
result, the material does not undergo rapid oxidation, instead, the oxide layer grows slowly, eventually
it creates a continuous protective shield. However, it has been observed that Cr and CrN coatings do
not give an adequate protection during normal operation in BWR conditions, which is a more oxidizing
environment where chromia is not stable and instead dissolves in water [38-40]. Furthermore, a eutectic
reaction in the Cr-Zr system may result in local melting and formation of a liquid layer, along with
interdiffusion of Cr into Zr at higher temperatures causing the formation of a brittle ZrCr; phase, posing
significant challenges for Cr and CrN-based coatings [41]. To address the issue and enhance the
properties of the Cr-N system, the incorporation of other elements offers a promising route for

improving overall stability and the performance [42].
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It has been observed that alloying Cr/CrN and CrN-NbN multilayer structures with niobium (Nb) yields
enhanced hardness, and oxidation and corrosion resistance [2-4, 43, 44]. The high melting temperature
of Nb (~ 2477 °C), along with the eutectic temperatures of the Cr-Nb (~ 1620°C) and Zr-Nb (~ 1740°C)
binary systems, indicate excellent thermal stability [41]. Nb also exhibits a relatively low neutron
absorption cross section (~ 1.16 barns), which is higher than that of Zr (~ 0.18 barns) but significantly
lower than Cr (~ 3.1 barns). A low neutron absorption cross section is particularly important, as it helps
to minimize the neutron loss and used to sustain further fission reactions. Furthermore, the formation
of CrNb intermetallic phase contributes to higher melting temperature, further reinforcing the
material’s potential for applications in harsh environments. Hence, this work is mainly focused on the
systematic tuning of Nb and N content in Cr coatings to understand their influence on microstructure,

morphology, and mechanical properties.
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3. Cr-Nb-N

In my work, I have studied the three different types of material system: CrNy, Cr;<Nby and Cr;<NbxNy,
deposited by direct current magnetron sputtering (DCMS). Each element in my material system has its
own characteristics features, for example: different atomic sizes, atomic number, and the chemical
interaction of N with Cr and Nb is different as well. Thus, it is interesting to discover the properties of
nitrogen and niobium when incorporated in Cr and to examine their effects on the microstructure,

mechanical, and corrosion resistance properties, as I have discussed in my work.

3.1 Chromium (Cr), Niobium (Nb) and Nitrogen (N)

Cr is the first element in group 6 in the periodic table with an atomic number 24. It crystallizes in the in
body-centred cubic (BCC) structure, with a lattice parameter of 2.97 A [45]. The density of Cr is 7.14
g/cm’. It has metallic radius of 1.28 A and electronegativity, 1.66, on Pauling scale [46]. The N is non-
metal located in the first row in the p-block of periodic table. The radius and electronegativity of N is
0.70 A and 3.04, respectively. The stoichiometric CrN has a NACI Rock Salt structure and crystallizes
in the cubic Fm3m space group. Cr*" is bonded to six equivalent N> atoms to form a stoichiometric CrN
with a bond length of 2.10 A. Due to the larger electronegativity difference between Cr-N implies that
bond between Cr and N will be more ionic. The Hagg's rule states, if the radius ratio (r = ry/rume) is lower
than 0.59 transition metal nitrides, borides, and carbides are form a simple structure, while more
complex structure with larger unit cell will form if the ratio is larger than 0.59 [47]. N/Cr ratio is 0.547
forms two stable structures i.e., h-Cro2N and NaCl CrN. However, depending on the N content, the
different phases are observed from N doped bcce-Cr, to bee-Cr/h-CraN, to NaCl CrN [48]. These phase

formation and its impact on microstructure and mechanical properties were studied in Paper 1.
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Figure 3 Binary phase diagram of CrN by G. Wei [53]. © 2001 Elsevier (Reprinted with the permission.

Second transition element chosen in this work was Nb, located in group 5 of the periodic table with an
atomic number 41. Nb is bonded in a distorted BCC structure to eight equivalent Nb atoms, with Nb-
Nb bond lengths are 2.87 A. It has metallic radius of 1.46 A, with an atomic mass of 92.91 amu (atomic
mass unit). Cr and Nb are exceptions to the Aufbau principle, with an electronic configuration of Cr =
[Ar] 3d°4s' and Nb = [Ar] 4d*5s!, respectively [45]. This adjustment occurs because half-filled and fully
filled sublevels are more stable, leading Cr and Nb atoms to modify their electronic configuration to
achieve more stability. Both Cr and Nb has multiple charge states: i) Cr = +2, +3, +6 ii) Nb = +2, +3,
+4 +5. They have similar BCC crystal structure, and comparable electronegativity. However, they do
not follow the Hume-Rothery rules of solid solubility due to the difference in Cr and Nb atomic radii
[45]. As indicated by the Cr-Nb phase diagram, the intermetallic phase Cr.Nb forms at a certain Nb

concentration.
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Figure 4 Ternary phase diagram of CrNbN from Materials Project [48].
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4. Thin Film Deposition

Thin film deposition is a process in which a thin layer of the material (from one atomic layer up to a
few micrometres) is deposited onto the surface of a substrate. Common substrates include silicon wafers
(thickness of 300 — 700 pwm), metallic substrates such as steel and Zr-4 alloy sheet/rod, and ceramic
substrates like tungsten carbide or sapphire. This process enables modification of surface properties of
engineering components and significantly impacting material characteristics like conductivity,

oxidation, corrosion, wear, fatigue, and hardness etc, tailored to specific application needs [49].

The thin film industry has undergone some remarkable advancement, leading to deposition techniques
that are fast, scalable, and efficient. These deposition techniques are classified into two categories based
on how the source of material (target) is deposited on to the substrates: 1) chemical and 2) physical
methods [50-52]. Chemical deposition involves chemical reactions between the hot substrate and gas
in the chamber. Depending on the phase of precursors the chemical deposition technique is classified
into following categories: 1) chemical vapor deposition (CVD), 2) atomic layer deposition (ALD) which
is a form of CVD that allows for the deposition of thin films with atomic level precision, and 3) spin
coating, a technique in which a liquid precursor deposited onto a substrate and then spun to spread the
liquid evenly, without the need for high temperature and vacuum chamber [53]. In physical deposition,
the atoms from the target material (solid) are ejected and physically move towards the substrate surface,
e.g., thermal or electron beam evaporation, cathodic arc deposition, ion beam sputtering, magnetron
sputtering, and pulsed laser deposition [54-57]. Among various physical vapor deposition (PVD)
techniques, magnetron sputtering is used in this study due to its several advantages including ease of
process control, scalability, high deposition rate, and ability to operate at lower pressure and
temperature [42, 58]. This chapter focuses on the fundamentals of the magnetron sputtering technique,

detailing how it works, and key process parameter essential for its operation.

4.1 Sputtering

4.1.1 Plasma and Sputter Deposition

Sputtering is a PVD technique, used in this work to grow thin films. In this technique, a solid target,
i.e., a source of the desired material is placed in a vacuum chamber act as a cathode, while the rest of
the chamber including substrate functions as an anode, as shown in Fig. 5. The chamber is then filled

with an inert gas, typically Ar. When a sufficient high voltage is applied between electrode in a confined
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area with reduced pressure, then Ar gas can be ionized into Ar’ and a plasma can ignite. The plasma
used in sputtering technique are often called glow discharges [59]. A plasma is a collection of free
charged particles containing electrons, ions, neutral atoms, and molecules moving in random directions
as depicted in Fig. 5. In principle, all possible collisions between these particles should be considered.
However, certain types of collisions play a crucial role in glow discharge process and are therefore
particularly important to discuss. Namely, collisions involving electrons are dominant in glow discharge
process and are divided into two categories: elastic and inelastic collisions, depending on whether the
initial kinetic energies of the colliding bodies are maintained or not.

The elastic collision is the simplest form of interaction and occurs when charged particles or neutrals
interact without any loss of kinetic energy, exchanging only momentum and direction. In the inelastic
collision, a preliminary electron with high energy collides with an Ar atom, leading to the ejection of
one or more electrons and a positive ion (Ar"), as shown in eq. (2) and process 1 in Fig. 5. This process
is so-called electron impact ionization, which is important in sustaining glow discharge [60, 61].
Subsequently, two electrons produced by ionization can then be accelerated by an electric field until
they collide with another Ar atom and produce ionization. This multiplication process helps to maintain
a glow discharge. The discharge turns into a luminous glow due to electron impact excitation and de-
excitation, resulting in radiation emission, which is shown by the light blue colour in Fig. 5. The
minimum energy required for the ionization process to occur or the removal of a weakly bound electron
from an atom, known as ionization potential. For Ar it is 15.7 eV [62], below this threshold energy
ionization cross section is zero.

e€+Ar D2 +Ar Eq. (2)

Later, ionized gas ions (Ar") are accelerated towards the target which is maintained at a negative
potential, and bombard on the target surface. This bombardment leads to two key phenomena: 1)
ejection of atoms from the target surface by momentum transfer, known as a “sputtering” or diode
sputtering, and 2) “secondary electron emission”, which are depicted as a process 2 and 3, respectively
in Fig. 5. The secondary electron yield is defined as the number of secondary electrons emitted per
incoming ion. Since sputter targets are maintained at a high negative potential, the secondary electrons
are accelerated away from the surface with initial energy equal to the target potential. To sustain the
discharge, it is also important to release enough secondary electrons, as they are responsible for ionizing
the neutral working gas (process 4). Finally, sputter atoms from the target surface are transported
through low pressure gaseous environment and condense onto the substrate to grow a film (process 5).
The targets used for the deposition can either be elemental or compound, depending on the type of film
one intends to grow on the substrate. Additionally, the design of the deposition chamber can
accommodate two or more targets, and allows the deposition of the films with varying composition. For

instance, in this study metallic Cr and Nb separate targets were used to achieve desired composition.
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Figure 5 Schematic of sputter deposition process.

4.1.2 Plasma, Floating, and Bias Potentials

As discussed earlier, plasma consists of ions, electrons, and neutrals and is overall quasineutral, which
means that the average electron density (n.) and ion density (n;) are equal. However, the total number
of neutrals in the system is typically much higher than the charged species, and the sum of these charged
particle densities is called as a plasma density. When an electrically isolated material body or substrate
is introduced into a plasma, it will immediately be struck by electrons because the average speed of
electrons is higher than those of ions and neutrals due to both high temperature and low mass. As a
result, more electrons reach the surface of the substrate and acquire a slightly negative potential with
respect to the ground. This potential is known as a floating potential (V). Due to the accumulation of
electrons at the substrate surface, the potential of the substrate continues to drop until an equilibrium
state is established, where the electron and ion flux are balanced out. At the floating potential net current
to the surface becomes zero. For the same reason, plasma itself has a positive potential. If the substrate
is negatively biased it simply replaces the floating potential. The negative substrate bias is usually

applied for film densification, surface smoothening, and substrate cleaning.

4.1.3 Sputter Yield

The sputter yield is the average number of atoms ejected or sputtered from the target per bombarding
particle [63]. The sputter yield depends on many factors, mainly the type and energy of incoming ions,
the angle of incoming ions, the relative mass of target atoms and incoming ions, and surface binding
energy[64]. In principle, higher incoming ion energy increases the chance of affecting several atoms in
the bulk material, leading to enhanced cascade collisions and a greater number of sputtered atoms. A

higher sputtering yield is generally desirable, as it contributes to the increased deposition rate of the
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sputtered material. For example, in the case of metallic Cr, the sputtering yield with incoming Ar ions
at 500 eV is ~ 1.3 whereas for Nb, it is ~ 0.5, calculated using the “TU WIEN” sputter yield calculator
[65]. This indicates that the Cr has a higher deposition rate compared to Nb under similar conditions.
However, when it comes to reactive sputtering, where a reactive gas such as nitrogen is introduced,
compound formation changes the surface binding energy of the target material, and causes an overall

reduction in deposition rate.

4.2 Magnetron Sputtering

After understanding the fundamentals of plasma generation and the basic principle of sputtering, the
focus now shifts to magnetron sputtering. This is a widely used technique where magnets are employed
below the target material. However, before exploring magnetron sputtering in detail, it is essential to
first understand the disadvantages of conventional diode sputtering to highlight the need for magnetron
technology.

As discussed earlier, the typical glow discharge is maintained by secondary electron emission (Yse.) and
is usually operated at a high pressure of 2-4 Pascal. This ensures that secondary electrons have a
sufficient probability to ionize gas atoms before being lost to the anode or chamber walls. However,
with high pressure, sputter species undergo increased collision scattering, which reduces the energy and
flux of the sputter species arriving at the substrate. This can even lower the quality of thin films due to
insufficient energy of arrival atoms at the substrate surface. Moreover, the energy of the electrons in a
DC diode sputtering system is typically insufficient to ionize a large fraction of the gas atoms, which
limits the overall ionization. This limitation arises because, at higher pressure, the mean free path of
electrons i.e., the distance they travel before colliding with a working gas atom, becomes shorter due to
frequent scattering and lose energy. The higher the gas pressure, the lower the mean energy of particles
that bombard the target. As a result, the probability of electron impact ionization is reduced, Hence, in
DC diode sputtering, the sputter rate is low, and sputter power efficiency is also limited, as they operate
at high voltages, which, while necessary to sustain the discharge.

To address the above issues, magnetron sputtering was introduced in the 1970s and 1980s, by Penfold
and Thornton [66] and later on by Mattox, Cuthrell, Peeples, and Dreike [67]. They proposed using
magnets with different south and north poles on the backside of the target. The magnetic field lines
generated by these magnets help extend the lifetime of the electrons escaping from the cathode and

confine the secondary electrons near the target regime, as shown in Fig. 6.
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Figure 6 Schematic illustration of a) balanced, and unbalanced type — Il magnets configuration and
the magnetic field lines near the target surface. The shaded region indicates the plasma density
distribution.

Fig. 6 shows the two types of magnetic configuration: a) balanced and b) unbalanced type II. These
configurations are based on magnetic flux. In a balanced configuration, the magnetic flux through the
pole faces of the outer pole and inner pole are the same. When this condition is satisfied, magnetic lines
confine the plasma in front of the target region, minimizing the ion bombardment on the substrate. This
is particularly beneficial for depositing film on heat-sensitive substrates.

Later, in 1986, to increase ion flux, Window, and Savvides introduced the unbalanced magnetron [68,
69]. In an unbalanced magnetic configuration, the magnetic flux of one of the poles is either
strengthened or weakened which leads to extended or reduced field lines towards the substrate vicinity.
There are two types of unbalanced configurations: Type I and Type I1.

In type I, all field lines originate from the central magnet, with some not passing into the annular magnet.
In this configuration, the field lines are directed towards the chamber wall, leading to low plasma
density near to the substrate vicinity. In type II, all field lines are originated from the annular magnet,
with some not passing into central magnet. As a result, the field lines extend into the substrate vicinity,
as shown in Fig. 6 b). Subsequently, some of the secondary electrons follow these magnetic field lines
toward the substrate, allowing plasma flow outward in that direction. This increases the ion current
density near the substrate, providing sufficient energy for ions to bombard the substrate surface during
film growth, thereby enhancing film quality [70].

The reason for why magnetron sputtering confines the plasma is due to the configuration of magnetic
and electric field. When magnetic field (B) is superimposed on the electric field (E) between the target

and substrate, electrons experience a dual field environment and are subject to the Lorentz force:
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F=e(E+vXB) ..coooiiiiiiiii, Eq. (3)
Where e is the electron charge and v is the electron velocity in the presence E and B. Suppose E and B
are parallel and electrons emitted exactly normal to the target and parallel to the field, then vxB vanishes
and electrons are only influenced by the E field which accelerate the electrons towards anode. If the
electrons launched with the certain angle with the presence of both E and B fields, they follow a spiral
trajectory in a clockwise direction. This movement increases their residence time near the target surface,
thereby enhancing the probability of ionization, and increases the ion bombardment at the targets. This
leads to higher deposition rate of the sputtered atoms at lower pressure. However, the spiral motion of
the electron also causes localized erosion of the target [71, 72]. This erosion occurs due to the repeated
impact of energetic ions and secondary electrons on the target surface. The extent and uniformity of
target erosion depend on factors such as ion energy, plasma density, magnetic field strength, and target
material properties. Over time, uneven erosion can lead to the formation of grooves or localized

depletion zones, affecting deposition rates and coating uniformity in sputtering applications.

4.2.1 Direct Current Magnetron Sputtering (DCMS)

I used the direct current (DCMS) magnetron sputtering technique in this thesis work. A schematic of
DC magnetron sputtering is shown in Fig. 7. In DCMS the cathode is maintained at constant negative
voltage, in the range of 200-600 V and the current densities are in the range of 4 - 60 mA/cm?®. The
working gas pressure is usually kept in the range of 0.1 — 1.5 Pa. The electron density in the target
vicinity region is in the range of 10" — 10'” m™, for power densities of tens of W/cm?, resulting in low
ionization degree of sputtered material flux [73]. That means in DCMS most of the sputtered target
species (neutrals) arrive at the substrate side with the kinetic energies in the order of 2 — 20 eV. Films
grown by DCMS shows a high deposition rate. However, films deposited at low temperature in DCMS
are usually porous and have a rough surface (Zone 1) [74]. This is because of the low kinetic energy of

the neutrals, meaning that the adatom mobility of film-forming species is low.
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Figure 7 Schematic of DC magnetron sputtering.

4.2.2 Reactive Sputtering
Reactive sputtering is a deposition technique in which metal target is sputtered using an inert gas while

introducing the reactive gas into the discharge to form compound thin film on the substrate. In this
work, nitrogen is used as a reactive gas to deposit Cr-Nb-N coatings. A wide variety of ceramic
compound films, such oxide, nitrides, and carbides can be deposited by reactive sputtering.

The hysteresis behaviour in reactive sputtering is related to the consumption of the reactive gas. The
consumption could take place on the target surface, reaction with the deposited material and by the
action of vacuum pump (S). A small quantity of gas can be very effective, so that careful partial pressure
control is required in reactive sputtering. Thus, the stoichiometry of deposited compound film is
achieved by adjusting the gas flow rate. Fig. 8 shows the hysteresis curves for reactive sputtering,
providing information regarding the relationship between reactive gas and deposition rate, chamber
pressure and discharge voltage. According to the flow of reactive gas, the process shows characteristic

features [75].

28 |



Figure 8 The hysteresis behavior for reactive magnetron sputtering.

The first feature occurs at a low partial pressure of the reactive gas known as the metallic regime, where
the deposition rate is high. The second feature is the compound mode, referred as a poison regime. The
poisoned mode occurs when the gas flow reaches the first critical point, at which chamber has more
reactive gas for reacting with sputter metals than that in metallic regime. Typically, a lower deposition
rate is observed at higher reactive gas flow due to target poisoning, (compound formation) which has
low sputtering yield. Looking at the hysteresis curves, under stoichiometric films can be grown in
metallic regime and stoichiometric or over stoichiometric (ceramic) films can be form after the first
critical point. When the reactive gas flow is reduced, the deposition rate does not follow the same path;
instead, it exhibits an abrupt increase at a lower gas flow, known as a second critical point. This sudden
rise occurs because there is an insufficient amount of reactive gas to fully react with the sputtered target
surface. Consequently, this facilitates the cleaning of the sputtered target surface and increases the metal
sputtering rate. The region between first and second critical points is referred as the transition region,
where the discharge tends to be unstable. To achieve optimum sputtering performance, it is
advantageous to operate near the first critical point, as this maximizes the sputtering rate while

minimizing the target poisoning.

4.3 High Power Impulse Magnetron Sputtering (HiPIMS)

As discussed earlier, direct current magnetron sputtering (DCMS), provides a continuous constant
current and voltage, mainly generating sputtered neutral species. In contrast, high-power impulse
magnetron sputtering (HiPIMS) operates by delivering short, high-power pulses to the target in the
range of few kW cm™ while keeping the time-average power similar to DCMS. The voltage during the

pulse in HiPIMS processes is around 500-1000 V and peak current density reaches up to 1-5 A/cm?
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[62, 76, 77]. Due to the use of very high instantaneous power densities to the cathode target, there is
significant rise in the charge carrier density in front of the target during the HiPIMS pulse, as depicted

in Fig. 9 (a).

Figure 9 a) Schematic of HiPIMS sputtering b) A typical voltage-current plot on HiPIMS discharge,
where a Nb target was used. The current density is about 1 A cm™.

This means for HiPIMS discharge, electron density close to the target surface region reaches ~ 10'® —
10" m™, which corresponds to an electron impact ionization mean free path for a sputtered metal atoms
on the order of 1 cm or less. This leads to much higher ionization degree of sputtered atoms [78-80]. A
typical voltage-current plot of a Nb target HIiPIMS discharge, operated at 1 A cm™ (peak current 45 A),
shown in Fig. 9. The degree of ionization of sputtered material will be different for different material
because the ionization rate of the material will largely depends on the electron impact cross section in
the HiPIMS regime and the ionization potential varying from material to material [62, 81]. In HiPIMS
process, a significant fraction of sputtered species arrives at the substrate region in the form of ions.
These ionised species contribute to the densification of the films, since the ion flux enhances the surface
mobility of the adatoms and thereby reducing film porosity [74]. The energy and direction of ionized
species can be tailored by varying the substrate bias voltage. This makes HiPIMS a suitable technique
for coating complex shaped surfaces. Another advantage of having large fraction of ionized flux in
HiPIMS is its potential use for pre-deposition surface cleaning of the substrate and enhance the adhesion
[82-84]. Despite the advantage of a higher fraction of ionized sputtered species, HIPIMS suffers from
a back attraction of ions, which lowers the deposition rate. This limitation, along with unwanted gas ion

incorporation, can be addressed using hybrid HIPIMS/DCMS co-sputtering technique [85].
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5. Thin Film Growth

The previous chapter covered thin-film deposition using sputtering. This chapter focuses on the
subsequent stage — how the sputtered species with kinetic energies interact with the substrate surface
upon arrival. The resulting film structure can vary widely, ranging from single-crystal or polycrystalline
films with columnar grains, to amorphous film. These variations depend on the specific materials
system and the deposition parameters employed. Understanding the relationship between processing
conditions and resulting film microstructure is crucial, as it directly influence the properties and

performance of the thin films.

5.1 Nucleation and Growth

Thin-film growth involves a series of interrelated processes, each playing a critical role in determining
the final properties of the film. In sputter deposition, sputter species or atoms impinge on the substrate
surface with kinetic energy in the order of several electron volts (similar to tiny balls being shot at a
wall). Subsequently, they lose most of their momentum and kinetic energy, lowering their potential
energy by adsorbing onto the substrate surface. These adsorbed atoms are referred to as adatoms.

The arrival of adatoms on the flat substrate is the very initial stage of the film growth. During this phase,
adatoms randomly diffuse across the substrate surface to energetically favourable sites.
Thermodynamics considerations play a crucial role in the growth mode of films on substrates together
with kinetics [86]. The growth mode of heteroepitaxial film is decided by the relationship between the
surface energy of the substrate, the film, and the energy of the interface between the film and the
substrate interface. Since all systems naturally tend to minimize their free energy, the balance of these
energies dictates the mode of nucleation and subsequent film growth. Based on these energy
relationships, three primary growth modes are commonly described [87], as shown in Fig. 10.

1) Frank - van der Merve (F-M) growth, also called 2D layer by layer growth. At this stage adatoms
form a complete monolayer before growth is initiated on the second layer. Such growth requires high
adatom mobility.

2) Volmer - Weber growth, is also known as 3D island growth. In which small clusters of adatoms
nucleate on the substrate surface and continue to grow into islands. This growth occurs when kinetic
energy is not sufficient.

3) Stranski - Krastanov (SK) growth; which starts out as layer-by-layer growth followed by island

formation.
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Figure 10 Schematic illustration of the atomic processes leading to film formation on a substrate.

5.2 Microstructural Control of Film Growth

In section 5.1, different modes of film growth were discussed. This section will focus on how film
growth can be controlled, and how this, in turn, influences the resulting microstructure. Thin films
exhibit a variety of microstructures characterized by grain size, crystallographic orientation, lattice
defects, and phase composition.

One effective way to significantly alter the final microstructure of deposited film is through the addition
of alloying elements, or impurities. Barna and Adamik et al., have studied this effect, demonstrating
how even small amount of oxygen contamination can markedly influence the microstructure of the
AL O; films, causing a transition from columnar to a nanocrystalline structure [88]. Impurities segregate
to surfaces and grain boundaries altering the overall crystallization process. In Paper I and Paper 11,
the incorporation of niobium and nitrogen in metallic chromium plays a crucial role in determining the
final structural evolution of films. Depending on the impurity concentration and its interaction with the
growing films, the structure can be tailored across a wide spectrum - from large columnar grains to
nanocrystalline structure. This enables precise control and tunability of film properties, making it
possible to optimize functional characteristics for specific applications.

In addition to composition factor, the microstructure of films deposited by sputtering is also strongly
depend on the energy of the sputtered species arriving at the substrate [74]. This energy can be provided
through thermal energy by heating the substrate, or through energetic particle bombardment. Energetic
particle bombardment is achieved by applying a negative bias to the substrate, which accelerates and
subsequently bombards gas ions from the plasma. The key aspect here is to control the energy of the

adatoms so that their interaction with the substrate and surface changes.
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The correlation between growth kinetics and film structure has been studied extensively and this led to
the development of the structure zone models (SZMs). The first SZM were developed in 1969 by
Movchan and Demchishin [89]. They consider the ratio of substrate temperature (7s) to the melting
point of sputtered species (7m), known as the homologous temperature (7%). They introduced three
zones: zone I where Th < 0.1, zone II with 0.3 < Th < 0.5, and zone III with T/ > 0.5. Later, in 1974
SZM was upgraded by Thornton [90] by adding not just homologous temperature, but also working gas
pressure as the governing parameter. Now, the film structure evolution is sequentially categorized into
four zones: a) Zone I corresponds to a T that is much lower than the 7m, resulting in negligible adatom
diffusion. As a consequence, the final structure is underdense and columnar, with randomly oriented
grains. b) Zone II and III, at higher temperatures, surface diffusion sets in, leading to the formation of
larger and uniform columnar grains. ¢) Zone T, known as the transition zone, in which surface diffusion
is remarkable but grain boundary diffusion is strongly limited. This results in more dense columnar
structure than Zone 1.

Taking more factors into account, i.e., generalized temperature T*, energy flux E*, and net film
thickness t*, the structure zone model was then extended by Anders to include the kinetic energy of the
bombarding species and their effect on the growing film shown in Fig. 11 [91]. Here, T* includes both
homologous temperature and the impact of potential energies from the incident particles. E*, describes
the displacement and heating effects caused mainly by the kinetic energy of the bombarding particles.
Based on the modified axes, the SZM contains four zones, described below:

a) Zone I — Low T* and E* lead to low adatom mobility, resulting in continuous nucleation of grains,
and the film has a porous structure with intercolumnar void.

b) Zone T — It is a transition region between zone I and zone II. As T* increases, adatom mobility also
increases. The grain boundary diffusion is limited, resulting in competitive growth and V- shaped
grains. In this region, if only E* is increased further the film becomes dense.

¢) Zone II — As the T* increases further, the grain size increases due to the increased surface diffusion
of adatoms, leading to uniform columnar grains. If T* is kept constant and E*, is increased the grain
size reduces and the film shows a nanocrystalline structure.

d) Zone III — Further increase in T* cause the grains to recrystallize and grow bigger, resulting in dense

films with larger grain sizes.
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Figure 11 Schematic of structure zone diagram (SZD), applicable to energetic depositions by Anders
[96]. © 2010 Elsevier. (Reprinted with Permission)
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6. Characterization Techniques

This chapter introduces the characterization techniques used in this thesis to analyze the properties of
the deposited films. It also includes a description of the working principles of the techniques and
underlying physical principles. The characterization of the films includes structural analysis,
morphology, chemical analysis, and mechanical characterization. It should be noted that Cu-K, X-rays

are used for all X-ray characterization techniques.

6.1 Structural Characterization by X-ray Techniques

6.1.1 X-ray Diffractometry (XRD)

X-ray diffraction (XRD) is one of the most useful and versatile techniques for the characterization of
thin films. It can determine crystalline phases, and other structural properties such as strain, stress, grain
size, texture, and preferred orientation, depending on the relative position of X-ray source, sample, and
detector. The typical geometry of the X-ray diffractometry, shown in Fig. 12 a), consists of X-ray
source, sample goniometer, and detector.

In a laboratory diffractometer, X-rays are produced in an evacuated X-ray tube, where electrons are
produced by thermionic emission from a heated tungsten cathode. This highly energetic electrons are
accelerated (10s of kV) towards an anode target made from a specific high purity metal, such as copper
(Cu), which is used in this work. When the highly energetic electrons collide with the target anode, they
emit radiations with characteristic wavelengths [Cu Ka1 = 1.54059 A (A)] and [Cu K= 1.39223 A (A)].
The undesired Kgradiation can be removed using the nickel (Ni) filter or a monochromator in the X-
ray path. In Paper I and Paper II, the XRD technique is employed to study phase identification and
crystallinity of the sample.
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Figure 12 a) typical geometry of diffractometer b) illustration of Bragg's law.

X-ray diffraction in crystalline material arises from two key principles [92, 93]. First, elastic scattering
from photons allows the application of specular reflectance laws, treating atomic planes as mirrors, as
shown in Fig. 12 a). Second, the wavelength of the X-rays (0.15 to 0.5 nm) is comparable to the
interatomic distance in crystals, leading to constructive and destructive interference. The diffraction of
X-rays is shown in Fig. 12 b), where monochromatic X-rays with wavelength A are incident at an angle
6 onto atomic planes with spacing d. The beam scatters at the same angle @ relative to the crystalline
planes. The phase shift between X-rays scattered from first and second planes, marked in red colour
(Fig. 12 b), leads to constructive interference for certain angle 65, depending on the interplanar spacing
d. According to Bragg's equation:
nA=2dwsinGp .......c.cccovevveeee ... Eq. (4)

Where, n is an integer and refers to the order of diffraction maxima, i.e., n =1 and n = 2 correspond to
first order and second order, respectively, and so on. 6 refers to the Bragg angle, Akl subscript to the
interplanar spacing d, refers to the Miller indices of the crystallographic plane. The X-ray diffraction
pattern is observed only when Bragg’s law of reflection (Eq. 4) is satisfied. This is the key principle
used for studying the crystal structure in XRD measurements. Additionally, the shape and intensity of

the diffracted peaks give information regarding the grain size and crystallinity of the sample.
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6.1.2 X-ray Reflectivity (XRR)

X-ray reflectivity (XRR) is a surface sensitive analytical technique is used to characterize thin films
and layered materials. This technique provides information about the film thickness, density, surface
roughness, and film-substrate interface quality . In Paper I and Paper II, the XRR technique is used to
evaluate the density and roughness of the films.

This technique involves directing monochromatic X-rays at a sample surface at grazing incident angles
(0.1 to 5°) and measuring the intensity of the reflected beam (specular reflection) as a function of the
incident angle [94]. X-rays experience total external reflection when they strike on the flat sample
surface at a smaller angle less than the critical angle, as shown in Fig. 13 (a - I). The critical angle
mainly depends on the electron density (which depends on the composition of the element) and the
apparent density of the film, see Fig. 13 b) presents the recorded intensity plotted against the incidence

angle, with the critical angle indicated by the dotted line for the blue pattern.
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Figure 13 a) reflection and refraction of X-rays at material surface with the increase in grazing angle
b) XRR measurements performed on films with varying thickness, roughness, and density.

As the incident angle increases beyond the critical angle, the reflected intensity decreases due to the
partial penetration of the X-rays into the sample, producing interference patterns, as shown in Fig. 13
(a-1II and b), respectively. This interference pattern is called Kiessig fringes, named after Heinz Kiessig
[95]. The fringes appear due to the interference of the X-rays reflected from the surface of the film and
the interface between the film and substrate. The film thickness is evaluated by measuring the spacing
of Kiessig fringes. The oscillations depend on the film thickness - thicker films results in shorter
oscillation periods. In Paper I and Paper 11, all deposited films were grown to a thickness greater than
~ 500 nm, resulting in the absence of Kiessig fringes. Therefore, this method was not used for thickness

measurement. Additionally, the surface roughness of the films analysed by examining the X-rays
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intensity decay rate at higher angles. A faster decay rate corresponds to the larger surface roughness of

the films, as shown in Fig. 13 b) (red pattern).

6.2 Morphology and Structural Characterization by Electron Microscopy
Techniques

6.2.1 Scanning Electron Microscopy (SEM)

Scanning electron microscopy is a powerful imaging technique preliminary used to examine surface
morphology, composition, and structural details with good resolution. As the name suggests, SEM
produces images by raster-scanning a high-energy electron beam across the area of interest on the
sample. The electrons interact with the atoms in the sample, generating various signals that contain
information about the surface topography and composition.

This process is achieved by deflecting electrons using the electromagnetic lenses located in the column
between the electron source and the sample. The electron illumination source is a field emission electron
gun, consisting of a very sharp tungsten tip with ~100 nm in size. It operates at an accelerating voltage

between 0.5 to 30 kV, which directly determines the electron energy.

Figure 14 a) Schematic of the interaction between the primary electron beam and the sample b) Cross-
sectional and c) top view images of CrNbN film.

The high energy electron beam interacts with the atoms at various depths within the sample, producing
various types of signals detected by specialized detectors. These include secondary electrons (SE),
reflected or back-scattered electrons (BSE), characteristic X-rays for composition analysis by energy-

dispersive X-ray spectroscopy (EDS), and transmitted electrons, as depicted in Fig.14 a). The total

38|



volume of the specimen material affected by the incident electron beam is called interaction volume,
which mainly depends on the electron energy, atomic number, and density of the specimen [96].

The most common imaging mode collects low-energy secondary electrons (~ 50 eV) ejected from
specimen atoms through inelastic scattering interactions with the electron beam. Due to their low
energy, these electrons escape from just a few nanometres below the sample surface. There are three
main origins of secondary electrons: 1) SE1 — generated by the incident electron when entering the
sample 2) SE2 — generated by a backscatter electron when leaving the sample, and 3) SE3 — generated
when a backscattered electron hit other metal surface in the chamber. SE2 and SE3 lower the resolution
and signal-to-noise ratio, degrading image quality. On the other hand, the signal from SE1 electrons
tends to be highly localized at the point of impact of the primary electron beam, making it possible to
collect images with the highest spatial resolution.

In this work secondary electrons (SE1) are utilized for imaging, using an In-lens detector situated within
the column of the microscope. In addition, the SEM technique was used to see both the top-view and
cross-section morphology of the films, as shown in Fig. 14 b) and c), respectively. The thickness of the

films in Papers I and II are determined by the cross-sectional SEM.

6.2.3 Transmission Electron Microscopy (TEM)

Transmission electron microscopy (TEM) is a technique that utilizes a high energy electron beam to
achieve the atomic scale resolution and obtain compositional information of the sample [97]. Electrons
are emitted from an electron gun, and the characteristics of the beam, such as brightness, spatial
coherence, and beam energy depend on the type of gun used. Common types include tungsten filament,
LaBg, field emission gun (FEG), or cold-FEG. After being extracted from the tip of the gun, the
electrons are accelerated by a significant potential difference, known as the acceleration voltage, which
typically ranges from 60 kV to 300 kV. After leaving from the gun, the electrons are focused by a series
of electromagnetic lenses, as shown in Fig. 15. A first set of lenses encountered by the electron beam
is called condenser lenses, which control the intensity and distribution (illumination) of the beam on
the sample. A series of apertures is used to control beam coherence, convergence angle, current, and

beam centring.
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Figure 15 Simplified electron beam path in TEM.

When a high energy electron beam impinges on the sample, the electrons either transmitted or scattered.
Different scattering mechanism produce different imaging contrasts, which are utilized for different
imaging modes such as: 1) phase contrast, 2) Z contrast, 3) diffraction contrast 4) density/thickness
contrast. After passing through the sample, the electrons are focused again by the objective lens to form
an image in TEM. This image is then transmitted by the projection system, which consists of
intermediate and projection lenses, onto a fluorescent viewing screen or a CCD camera.

For effective transmission, the sample must be thin, less than 100 nm, to get sufficient intensity of
transmitted electrons. Sample thinning can be achieved through the TEM cross-sectional mechanical
polishing method, followed by ion milling to make the sample electron transparent. This method was
used in Paper I for TEM sample preparation. Another commonly used method is Focused Ion Beam
(FIB), which was employed in Paper II for sample preparation. The main advantage of the FIB
technique is its ability to selectivity choose the specific area from which the TEM sample is prepared.

Additionally, FIB is less time consuming compared to the conventional polishing method.

6.3 Compositional Analysis Techniques

6.3.1 Ion Beam Analysis

Ion beam analysis (IBA) is a non-destructive and powerful analytical technique used in Paper I and
Paper II to determine the chemical composition from elemental depth profiles, specifically to identify
lighter elements such as N and other impurities O, and C [98].

In this thesis, the time-of-flight elastic recoil detection analysis (ToF-ERDA) technique was used to

measure the composition of the films. It is based on detecting recoiled target atoms in the sample
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12718 beam was

through collision with heavy mass projectile ion with very high energy. In this case,
used as the projectile, accelerated to a kinetic energy of £, = 36 MeV, incident at an angle of 22.5° with

the sample surface, as shown in Fig. 16 a).
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Figure 16 a) Schematic of the geometry of ToF-ERDA measurements b) ToF-ERDA histogram showing
the element distribution of Cr, Nb, and N along with impurity elements H, C, and O.

Projectile ions collide elastically with the atoms in the target material and transfer energy to the target
atoms. The energy transfer causes the target atom to recoil, similar to a billiard ball collision. The
recoiled atoms with the energy (£>) are detected by a time-of-flight detector situated at an angle 45°,
with a mass separation filter followed by an energy detector. The use of high energy projectile ions
1271*8 ensures effective energy separation of the recoiled atoms, making their detection and separation
more efficient. Finally, the information obtained is plotted as a contour plot with the time-of-flight on
the x-axis and energy channels on the y-axis. (Fig. 16 b). The various branches observed in the plot

corresponds to the individual elements of the recoiled atoms. From this plot elemental depth profile for

each element was generated using Potku software [99].

6.3.2 X-ray Photoelectron Spectroscopy (XPS)

As the name suggests, X-ray photoelectron spectroscopy (XPS) technique is based on the photoelectric
effect. German Physicist Heinrich Rudolf Hertz, in 1887, first discovered the photoelectric effect [100].
He observed the electric spark when ultraviolet (UV) light hits metal electrode. Then in 1899, JJ
Thompson discovered that if UV light hit on a metal surface, it causes ejection of electrons [101].
Following this, in 1902 Philip Lenard build an experimental setup to study the photoelectric effect
[102]. He concluded that the energy of emitted electrons depend on the frequency (or colour) of the

light rather than its intensity. Finally, in 1905 Albert Einstein proposed that light is composed of discrete
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energy packets, called photons, each carrying energy proportional to its frequency [103]. For this
revolutionary work he received Nobel prize in Physics in 1921.

Photoelectric effect is based on the principle that when light of certain frequency falls on a metal
surface, it causes the emission of electrons. These emitted electrons known as a photoelectron while
current produced by the emission of electrons called photocurrent.

Kai Siegbahn a Swedish physicist develop a high-resolution electron spectrometer for analyzing emitted
photoelectrons generated by interaction of X-rays and solid, and received a Nobel prize in Physics in
1981 for his contribution to XPS [104]. In XPS, the sample is irradiated with X-ray photons of known
energy, hv. If this energy is high enough, it can eject electrons from the atomic energy levels of the
sample atom with a specific binding energy Es. The kinetic energy Fiin of photoelectron can be
measured by the analyzer. Thus, the binding energy BE is defined as the Eg = hv+ Eiin, which is very
specific to every element from the Periodic Table and chemical state, making XPS technique powerful
for element identification, chemical state analysis, depth analysis, and quantification. XPS technique is
used in Paper II to study the chemical state of the Cri«Nbx and Cr;.\NbNy, samples before and after

the electrochemical corrosion measurement.

6.4 Mechanical Properties by Nanoindentation Technique

Hardness is a key mechanical property that indicates a material’s resistance to deformation, scratching,
cutting and abrasion [105]. Hard coatings are widely used in industries such as, nuclear, electronics,
automobile, and aerospace to protect surface form corrosion, provide chemical stability at high
temperatures, and prevent the diffusion of foreign atoms. Due to these advantages, hard thin films are
in high demand, leading to the development of various methods for measuring material hardness. The
principle of hardness measurement is to indent the material being tested with another material of known
hardness and geometric shape and measure the resistance to deformation displayed by the tested
material.

Based on this logic, several methods have been developed to measure the hardness [106, 107]: 1) Mohs
tests of hardness — In this method, two materials are scratched on each other to see which one first
leaves a mark on the other. 2) Brinell and Vickers — In these methods, a spherical and pyramidal probe,
respectively, is pushed into a sample with known force and the hardness is measured. 3) Rockwell — In
this method, hardness is determined by measuring the depth of penetration of the indenter under a large
load compared to the penetration made by a smaller preload. The difference between the two penetration
depths is directly converted into a hardness value, thereby avoiding tedious calculations involved in
other hardness measurement techniques.

As coatings are applied to various substrate materials, a key challenge is accurately determining the

hardness of the deposited coating while minimizing the influence of the substrate effect. To exclude the
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effect of the substrate, a commonly used guideline is to limit the indentation depth to no more than 10
% of the coating thickness. In line with this rule, Brinell and Rockwell measurements are inappropriate
for hardness determination because achieving detectable indentation depths demands loads that are too
large. For the Vickers test, there are instrument designed for low loads, called micro-Vickers, which
provide satisfactory results for coatings in the pm thickness range.

In this work, however, the latest technology, called nanoindentation, is used to measure the hardness
and modulus of the coatings. The key components in the nanoindentation measurement are the indenter
tip, sensors, and actuators, which are used to apply and measure the mechanical force and indenter
displacement. It operates at small loads in the range of uN to mN, resulting in an indentation depth of
around 10s - 100s of nm, depending on sample hardness. This approach helps to minimize the substrate
contribution.

The most used indenters made of diamond (tip size 100 nm) and have three sided or four-sided pyramid
shape, referred to as a Berkovich or Vickers tip, respectively. As depicted in Fig. 17 a), during loading
stage, the indenter tip is pressed into the sample surface under a specific load, resulting in plastic
deformation. In the unloading stage, as the indenter is removed, elastic recovery occurs in the volume
where indenter was pressed. Based on the experimental data, the load-displacement relationship is
plotted (Fig. 17 b), and the hardness and elastic modulus of the sample are calculated using Oliver and
Pharr method [108]. The indentation hardness of the material is determined using the equation H =
Prax/Ac. Where A.is the contact area of the indenter tip during indentation and Puax is the applied force
by the indenter. The contact depth depends on the stiffness (S) of the film and can be derived from the
slope of the unloading curve. The reduced elastic modulus of the film can be calculated using following
equation:

1 1-v2 | 1-vf

E_r= E +E—i ................................ Eq(S)

Where E and E; are the elastic modulus of the sample and the indenter, respectively, and v and v; are the
Poisson’s ratio of the sample and indenter, respectively. For the diamond, the £;and v;are 0.07 and 1140

GPa, respectively [109].
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Figure 17 a) schematic shows the working principles of indenting the film via loading and unloading,
b) a typical load displacement curve recorded during nanoindentation.
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7. Summary and Outlook

7.1 Summary of Included Papers

In this section, the main results, and findings of Papers (I) and (II) are summarized.

This thesis explores the interrelated effects of Nb and N incorporation into Cr rich coatings (orange
shaded region in Fig. 18, focusing on how compositional variation influence the phase formation,
microstructure, density, and mechanical properties. By systematically extending the range of Nb and N
contents, the work demonstrates a route to achieve dense and nanocrystalline Cr;«<NbxNy coatings that

are free of columnar structure.

Figure 18 Cr-Nb-N phase diagram: The orange and blue shaded region represents the Cr rich and N
rich compositions, respectively

In this context, Paper I and II presented in this thesis are closely interconnected, as they collectively
investigate the effects of varying Nb and N content in Cr coatings. So, rather than summarizing each
paper individually, the findings are discussed in a unified manner.

A) CrNy coatings - First, to investigate the effect of N content in Cr, I systematically varied the N
concentration from 0 to 35 at. % By increasing the fn2 from 0 to 30% during the deposition process. The
phase composition and microstructure evolutions were investigated using XRD, SEM and TEM,
respectively.

The N content significantly influenced the phase composition of the coatings. At low N concentration,
~ 9 at. %, a nitrogen-doped bce-CrNy phase was observed, indicating the incorporation of N into the
bee-Cr structure as a solid solution. Increasing the N content further (~13-16 at. %) resulted in broad

XRD peaks, suggesting a short coherency length. TEM analysis confirmed that the coating within this
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N range (~ 13-16 at. %) exhibited nanocrystalline grains with the presence of bce-CrNy and h-CraN
phases. For N content (~ 23-35 at. %), the dominant phases transitioned to h-Cr,N and CrN.

Figure 19 SEM cross section micrographs of Cr:N with varying fn2 0 to 30 %

The phase composition evolution was accompanied by significant morphological changes in the
coatings. Initially, at low N content, ~ 9 at. %, a typical columnar structure was observed. As the N
content was increased to ~ 9 to 20 at. %, the microstructure transformed into a nearly columnar-free
morphology composed of fine grains, as shown in Fig. 19. The hardness of the coatings increased

monotonously from ~ 8 to 14 GPa as a function of increasing N concentration.

B) Cri«Nby coatings - Motivated by the improved mechanical properties with N incorporation in bce-
Cr rich coating, I extended my study to include alloying of Cr with Nb, i.e., Cri«Nbx The Nb
concentration was varied from x = 0.0 to 0.73 by adjusting the power applied to the Cr and Nb targets
during the deposition.

A gradual increase in Nb content from x = 0.04 to 0.55, resulted in a gradual shift of the 110 X-ray
diffraction peak to lower angles, which is attributed to the expansion of the Cr unit cell by the
substitution of Cr atoms with larger Nb atoms. For certain Nb contents, x = 0.26 to 0.55, a pronounced
broadening of the 110-diffraction peak with an increase in full width at half maximum (FWHM), was
observed. The broadening of diffraction peaks indicates that the coatings consist short-medium range
ordered structure confirmed by the HRTEM analysis.

The Cri«Nbyx coatings exhibit a distinguishable difference in morphology, with notable variations
observed between composition ranging from x = 0.0 to 0.11 and x = 0.19 to 0.45. At low Nb contents

(x <0.11), the coatings displayed a columnar structure, as shown in Fig. 20.
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Figure 20 Cross section SEM images of the as-deposited Cr..Nbx films

However, for Nb content ranging from x = 0.19 to 0.45 the coating morphology changes to a dense and
columnar-free structure. Despite this morphological transformation and the increase in Nb-content, no

significant hardness changes were observed, as the values remained within the range of ~ 8 to 11 GPa.

C) Cr1«Nb.Ny coatings -To further explore the possibility of tuning the properties of Cr;.Nbx binary
coatings, | varied the N content in specific samples from the Cr;.«Nby series (x =0.19, 0.26, 0.31, 0.45,
and 0.55) to obtain ternary Cr«NbyNy coatings. The N concentration was increased to investigate the
maximum N content that the Cr.\Nby series could accommodate before transitioning to a crystalline
structure or forming another phase. The addition of N was observed to induce more structural disorder,

densification, and grain refinement, as shown in Fig. 21 I).
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Figure 21 1) Cross-sectional SEM images of the as-deposited (Cri.NbyN, films at different N (y)
content II) Graph representing the distribution of crystalline and amorphous regions as a function of
Nb content and fy;

This columnar-free and dense microstructure evolution is most likely attributed to the incorporation of
Nb and N, which induces greater disorder within the Cr unit cell. The lattice arrangement, already
disrupted by the incorporation of Nb into Cr matrix, becomes even more complex after N incorporation,
contributing to more anormal grain growth and fine-grained structure.

Nanoindentation results revealed an ~ 65 % increase in hardness in the Cr;.xNb.Ny coatings compared
to Cri«Nby coatings. However, variation in N content did not lead to significant differences in hardness
values, which remained in the range of ~14 - 16 GPa. The enhancement in hardness values for Cr;.
«NbxNy coatings is mainly attributed to combine effect of high-density grain boundaries, strong metal-

nitrogen bond, and formation of dispersed phases.

7.2 Outlook

Building on the current understanding of the role of N and Nb incorporation in Cr coatings —
particularly within the bee-Cr rich region of the Cr-Nb-N material system deposited through a lab-scale
DCMS system — there is still a need to understand what is happening at the N rich side (Cr:N = 1:1) of
the system. This composition has shown promising results for the intended application in terms of

corrosion and oxidation resistance [4].
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In addition to altering the N and Nb composition, further improvements in the coating quality can be
achieved by modifying the discharge process. The use of high-power impulse magnetron sputtering
(HiPIMS) will be explored to enhance the ionization of metal species during the deposition process.
The preliminary focus will be on depositing a dense and columnar free coating by enabling an energetic
bombardment of metal ion species onto the growing films, which is expected to improve adhesion,
densification, and performance.

In a long-term perspective, this research will transition from lab-scale to an industry-scale deposition
system (CemeCon AG, collaboration with Linkoping University). Doped and N-rich coatings will be
deposited in an industrial-scale system to study the scalability of the optimized process and determine
if the findings observed in the lab scale system can be reproduced at a larger scale. This includes
depositions on the application relevant substrate such as Zr based alloy, with an appropriate thickness
required for application, facilitating further studies such as autoclave corrosion, high temperature steam

oxidation and wear resistance tests.

7.2.1 Microstructural engineering of Cr1.xNbxNy Coatings Using HiPIMS and
DCMS Co-sputtering with synchronized Bias

The limitations of low deposition rate and unwanted gas ion incorporation, as discussed in section 3.3
(HiPIMS), can be effectively addressed using a hybrid HIPIMS/DCMS co-sputtering model proposed
by Greczynski et al., in combination with a more advanced synchronized bias technique [110]. In this
approach, the heavy metal target is operated in HiIPIMS mode, providing energetic metal ion fluxes,
while the light-weight target is used in DCMS mode, providing neutral fluxes (ensuring a high
deposition rate).

Another key advantage of this technique is that the substrate is pulsed and synchronized with the metal-
ion-rich portions of the HIPIMS ion fluxes incident on the growing film surface. This synchronization
prevents gas-ion incorporation, as these ions are not part of the film forming species. The information
about the time evolution of the ion fluxes at the substrate position is obtained from the ion mass
spectrometry analysis [111]. In this way, selective control of metal ion energy and momentum can be
achieved simply by varying substrate amplitude. The substrate is kept at floating potential between
HiPIMS pulses, ensuring that gas ions predominantly arrive at the growing film surface with energies
below or close to the lattice displacement threshold (~ 20 eV, depending on the ion and film species
involved). Hence, the role of the gas ions in inducing unnecessary stress is effectively suppressed.
Greczynski et al., demonstrated improved mechanical and microstructural properties of Ti-Al-W-N

films as a result of the effect of heavy mass W' ion bombardment during film growth [112].
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Figure 20 a) Schematic diagram of HiPIMS/DCMS co-sputtering configuration b) Discharge
waveforms recorded during Nb-HiPIMS/Cr-DCMS depositions with the pulse on time ton = 40 uS and
synchronize substrate bias amplitude Vs =- 75 V.

Following the same approach, the Cr-Nb-N films can be deposited using a hybrid HIPIMS/DCMS co-
sputtering technique. In this configuration, the heavy metal target (Nb = 92.80 amu) is operated in
HiPIMS mode, providing energetic Nb* ion fluxes, while the light-weight target (Cr = 51.99 amu) is
used in DCMS mode, providing neutral fluxes (ensure high deposition rate). This strategy is expected
to enhance the microstructural and mechanical properties of the films through the synergistic effect of
energetic ion bombardment and high deposition efficiency. Fig. 22 b) shows the discharge waveforms
recorded during Nb-HiPIMS/Cr-DCMS depositions with a pulse on time toy = 40 pS and substrate bias
amplitude Vs = - 75 V. It would be interesting to investigate the effect of highly energetic Nb ions

bombardment on microstructure, mechanical, and corrosion resistance properties of Cr-Nb-N coatings.

7.2.2 Coating/Zr-4 alloy Interface Engineering by Metal Ion Irradiation

To move closer to the intended application of Cr.«NbxNy protective coatings in a nuclear environments,
it is important to use more application-relevant substrate materials. In this context, Zr-4, the standard
cladding material has been selected due to its direct relevance to the reactor conditions. Although
depositing the cylindrical geometry of actual fuel rods is not addressed at this stage, developing coatings
on flat Zr-4 substrates serves as a practical and necessary first step. Nevertheless, depositing coatings
on a Zr-4 substrates requires careful surface preparation and interface engineering to ensure good
adhesion and maintain structural integrity.

One effective strategy is the use of pre-deposition sputter etching treatment of the substrates to improve
the interface quality between the coating and the substrate [113]. Sputter etching can be done by two
ways; bombarding substrate surface with the inert gas ions or metal ions [114, 115]. The efficiency of

sputter cleaning is mainly depends on the etching species, their energy, and the density of the ion flux.
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Traditionally, negative substrate bias in the range of 500 - 1500 eV is applied to bombard the substrate
mainly with Ar” ions for effectively removing the surface contaminations of the substrate. However,
current density achieved using Ar" ions are not high enough for effective cleaning and higher energies
can results in Ar" ions implantation in the substrate leading to gas bubble formation [116].

Instead of using traditional Ar* based etching, metal-ion bombardment is more efficient, as it provides
chemical and topographical modifications to the substrate surface, thereby improving coating adhesion.
It has been well demonstrated that interface engineering strategies for adhesion improvement depend
on the mass and energy of incident ions, plasma composition, and the composition of both the film and
substrate [117]. In this context, metal-ion-rich plasma generated during the HiPIMS pulse is well suited
for interface engineering. Synchronized HiPIMS provides an additional advantage to independently
controlling the mass and energy of metal ions, allowing effective substrate etching. Given the benefits,
[ aim to investigate the effects of metal ions mass, Cr (mc:= 51.9 amu) and Nb (mny, = 92.9 amu), and
their kinetic energy on the etching of Zr-4 alloy substrate, as well as on the adhesion performance at the

Cr-Nb-N/Zr-alloy interface.

7.2.3 Closer to Application and Harsh Environment Characterization
Ultimately, the end goal of my Ph.D. work is to evaluate the performance of the most promising Cr-

Nb-N coatings for nuclear fuel cladding applications. The coatings deposited on Zr-4 alloy substrates
will be selected based on their microstructure, specifically dense and columnar-free structure. Since
direct testing of coated samples in an operating nuclear reactor is not feasible due to legal regulation,
safety concerns, and time constraints, representative testing methods will be employed to evaluate the
potential of Cr-Nb-N coatings in nuclear environments.

As a practical alternative, I plan to perform the autoclave corrosion test, in collaboration with academic
and industry partners. The tests can simulate actual reactor conditions by allowing control over key
parameters such as pressure, temperature, and oxygen concentration. In addition, I intend to investigate
the stability of Cr-Nb-N coatings under accident scenarios such as LOCA and high temperature steam
oxidation conditions to analyze the formation, composition, and stability of oxide scales.

To assess the mechanical stability of the coatings, I would also like to study the wear resistance
properties of the selected coatings, as debris-related fuel failures remain a major challenge in the nuclear
reactors industry. Furthermore, aspects such as irradiation effects, coating thickness, and the

incorporation of other alloying elements may be considered in future studies.
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