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ABSTRACT

The development of accident tolerant fuel has the aim of providing nuclear fuels able to endure
severe accident conditions. Research in this field has also sparked a wave of material renewal
in the nuclear industry that had been delayed for the last few decades. Climate change is an
ever-growing public concern, and policies about greenhouse gas emissions are becoming more
stringent both at the national and international level. Nuclear energy produces very low carbon
emissions and the successful development of new accident tolerant materials might play a role
in making this technology a viable solution to this global issue. Coated zirconium claddings are
one of the most promising candidates as a near-term response to the need for accident
tolerant materials. These coatings can be produced via a range of different technologies, but
two main techniques are being currently employed for the development of such coatings: cold
spray deposition and physical vapour deposition (PVD). In cold spray, high pressure gas is fed
through a nozzle together with a powder. Powder particles are accelerated up to 1200 m/s and
directed to the substrate, in this case cladding tubes made of zirconium alloy. In PVD, the
coating material is evaporated from a target and sputtered onto the substrate as atoms or ions.
The resulting coated zirconium claddings are the subject of this work.

As-fabricated samples, autoclave tested material, and specimens tested under simulated
accident conditions are characterized with atom probe tomography and a range of electron
microscopy technigues. The scope of the investigation is to evaluate the performance of the
coated claddings under operating conditions and in simulated accident conditions. Metallic Cr
has emerged as the best candidate for accident tolerant coatings for pressurised water
reactors. In this work, the focus was on Cr-coatings deposited with cold spray, which
performed well in both tested environments. A passivating layer of chromia formed during
autoclave exposure, and a protective scale of chromia prevented any oxidation of the Zr-
substrate for up to 40 min in 1200 °C steam. The nature of the adhesion in cold spray coatings
and the effects of this deposition method on the substrate were studied. The formation of a
CryZr phase at the Cr/Zr interface was observed both under autoclave and simulated accident
conditions. The search for an effective accident tolerant coating for boiling water reactors is
more challenging and many coatings have been tested in autoclave, where PVD (Cr,Nb)N
coatings showed the best performance under operating conditions. A 200 nm thick passivating
oxide film composed of an outer Cr, Nb, Ni phase and an inner layer of oxidised coating was
found after exposure.

Keywords: accident tolerant fuel, cold spray, PVD, Cr coating, nitride coatings, oxidation.
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CHAPTER 1

INTRODUCTION

Nuclear energy represented approximately 10 % of the total world electricity production in
2021 and it is characterized by extremely low carbon emissions [1]. The effects of greenhouse
gases are now becoming a global concern, and national and international regulatory bodies
are issuing policies to drive change in the way electricity is produced. Nuclear power is one
technology that can help in this transition. New reactor concepts, such as small modular
reactors and fast neutron reactors, are being developed to improve two of the most
problematic aspects of nuclear energy: the extremely high upfront costs of building new power
plants and the production of nuclear waste [2]. However, the deployment of these new designs
in commercial reactors will require several more years. Of the 438 nuclear power plants
currently operable or in commercial operation, 368 are light water reactors (LWRs) — 307
pressurized water reactors (PWRs) and 61 boiling water reactors (BWRs). LWRs produce
approximately 90 % of the total nuclear energy output. Beyond the existing plants, 57
additional nuclear power plants are currently being constructed around the world, particularly
in China, India, Russia and the United Arab Emirates; of these, 51 are LWRs — 49 PWRs and 2
BWRs [1,3,4].

Since the Fukushima Daiichi accident in 2011, the concept of accident tolerant fuels (ATFs) has
emerged in the nuclear industry with the intent of developing safer and more functional
nuclear fuel designs for LWRs. ATFs should be able to better survive severe accident conditions
while modernizing the nuclear industry. Coated claddings can provide improved corrosion
resistance (both in normal operation and during an accident), and better abrasion resistance,
without requiring extensive design changes to the current reactors. As such, coated claddings
represent an effective short-term solution to the need for ATFs. Some of the materials studied
in this work could become commercially available in the coming few years, and understanding
how these materials behave is ever more relevant. Cr-coatings have attracted attention for
their exceptional performance under PWR operating conditions and under simulated accident
conditions. Cold spray (CS) is a novel technology used for additive manufacturing and coating
deposition, and it is one method currently being used to deposit Cr-coatings for ATF
applications. CS does not require vacuum or heating of the substrate, and it can be used to
quickly grow dense coatings in a large range of thicknesses, making it a well-suited technique
for large-scale production. The basics of LWRs and an introduction to ATFs are presented in
Chapter 2. More details about the CS technology are reported in Chapter 3. An alternative
coating deposition method is physical vapour deposition (PVD). PVD can also be used to
deposit Cr-coatings for ATFs, but in this work, the incredible flexibility that PVD offers in terms
of coating composition has been facilitated to test a wide range of coatings and to find a
suitable ATF coating design for BWRs. More about PVD can be found in Chapter 4. In Chapter
8, the differences between PWR and BWR are analysed and the challenges associated to BWRs
are highlighted. The search for an effective coating for BWR is a crucial part of the development
of ATFs, and having the possibility to test a multitude of coating compositions was instrumental
in the identification of (Cr,Nb)N coatings as an effective candidate.



In this work, CS Cr-coated zirconium cladding tubes, plus a multitude of cladding tubes coated
with various PVD nitride coatings, including (Cr,Nb)N, are extensively studied through the
employment of numerous characterisation techniques. As-fabricated samples, samples
exposed to simulated operating PWR and BWR conditions, and samples tested under simulated
accident conditions are examined with the main intent of collecting relevant data for the
performance assessment of the different coating/substrate systems. The possibility of studying
the same materials before and after exposure allowed to determine trends in the
microstructural and chemical evolution of coatings and substrate. Analysing coated claddings
tested in simulated accident environment was central to the development of ATFs. The
materials and characterization techniques used are reported and explained in Chapter 7. A
summary of the main results is given in Chapter 8.

1.1 AiM OF THE STUDY

During fuel rod operation, most of the evaluation of the rod conditions is performed combining
models with the reading of certain external parameters. Building the models needed for this
scope requires profound comprehension of all the phenomena that can occur on the coated
cladding rod once it is in operation, for example, microstructural or chemical changes, and the
rates at which these changes happen. Although the primary reason behind the potential
adoption of coatings in nuclear fuels is to act as protection in case of a severe accident, these
coatings need to perform at least as good as traditional materials in normal operation,
especially in regard of oxidation. Determining rates and mechanisms by which the coating
oxidises and is eventually consumed is another very important aspect needed to calculate fuel
life.

Research questions:

Question 1: Do ATF coatings offer improved high-temperature steam oxidation resistance
under accident conditions?

The principal design objective of coatings for accident tolerant fuels is protecting the Zr
substrate from high temperature steam oxidation. The first step in the development of a
coating is to test if it works. Many tests have been conducted for example on Cr-coatings where
they have shown excellent ability to protect the substrate. The second step, often deemed less
impactful but very important nonetheless, is to investigate all the transformation mechanisms
and interaction between the environment and the coating. The oxidation rate, and the oxide
scale microstructure, morphology, adhesion, and properties are all important parameters that
are needed to be able to estimate for how long a coating can effectively protect the cladding
and how much additional buffer time is offered by the coating in a severe accident scenario.

In Paper Il we investigate the performance of CS-Cr coated Zr-claddings under simulated
accident conditions.



Question 2: Is chromia stable in LWR operating environments?

Generally, chromia is one of the most commonly used oxides for corrosion protection of
metallic materials. It is stable in most environments, dense and an effective barrier to oxygen
diffusion, and it has a single possible crystalline structure. It is perfect for passivating the
surface of any metallic industrial component, such chromia scale is usually obtained by adding
Cr as an alloying element in steels and Ni-alloys. Pure metallic Cr is very brittle and is rarely
used as bulk material, and as a consequence there are few studies about its corrosion
behaviour in water at reactor temperature. Additionally, the other elements in the steel or Ni-
alloy usually interact among themselves and with Cr in forming complex, layered, oxide scales
composed of chromia and spinel-oxides. Chromia is considered the main diffusion barrier for
oxidation, but, depending on the environment, the role of the other oxides cannot always be
neglected. Pure Cr or CrN can only form Cr-oxides or Cr-oxynitrides. The question whether
chromia, grown in the absence of other oxides is stable or not in LWRs needs to be investigated
and understood. In order to protect the Zr-cladding from severe oxidation during an accident
scenario, the Cr coating has to survive years of in-reactor nominal conditions. If chromia were
to be unprotective in such environments, the chromia-forming coatings could dissolve or
degrade, and would not be there in the event of an accident. If chromia would not work in LWR
environment, it would be important to find a way of stabilizing the formation of a passivating
chromia-like oxide scale.

In Paper Il we study the performance of pure Cr in PWR water chemistry, while Paper IV deals
with the difference between PWR and BWR water chemistry and its effects on corrosion. Paper
V focuses on corrosion behaviour of (Cr,Nb)N PVD coatings in BWR reactor conditions.

Question 3: To what degree do coating and cladding interact during coating deposition, in
reactor operation and under accident conditions?

Zr-claddings must have specific mechanical properties in order to work well in a reactor. The
application of the coating could modify or change these properties. Additionally, any diffusion
phenomena between coating and substrate could produce slow and continuous
transformations during the fuel-rod life cycle. If these new materials are going to be used in
commercial applications, their properties need to be fully understood and all active
phenomena need to be studied. Under accident conditions, the coatings must provide
additional protection against oxidation and other deterioration mechanism, but it is pointless
to have a great coating if it reacts with the substrate and loses its properties or disappears.
Hence, it is very important to focus on the cladding-coating interaction during an accident
scenario as well.

Paper | focuses on the effects of CS deposition on the microstructure of the Zr-cladding. In
Paper Il and Paper Il we study the coating-cladding interaction for CS-Cr coated claddings
under reactor conditions and in an accident scenario, respectively. Paper V investigates the
interaction between PVD (Cr,Nb)N and Zr-cladding in simulated BWR environment.






CHAPTER 2

ACCIDENT TOLERANT MATERIALS FOR LIGHT
WATER REACTOR FUELS

2.1 LIGHT WATER NUCLEAR REACTORS

2.1.1 BASIC CONCEPTS

In a nuclear reactor, the heat produced by a controlled fission reaction is transferred to a
coolant, the hot coolant is subsequently used to heat water so to produce steam, the steam is
used to power a steam turbine that drives an electric generator and produces electricity. Some
of the main elements of a nuclear reactor are: fuel, moderator, coolant, control rods, steam
generator and containment. Uranium oxide (UO; or urania) is the basic fuel. Small pellets of
UO; are arranged inside cladding tubes to form fuel rods. Many fuel rods assembled together
form a fuel assembly. The coolant and the neutron moderator used in the core can vary, but it
is most often water. Water in a nuclear reactor not only acts as a coolant transporting heat
away from the core, but also acts as moderator. The role of the moderator is to slow down fast
neutrons produced during fission and to reduce their mean free path so to cause more fission.
In some reactors, deuterium-enriched water (heavy water) is used as coolant and moderator.
These reactors are called heavy water reactors (HWRs). The reactors where normal water is
used as coolant and moderator are instead referred to as light water reactors (LWRs). Inside
the core of a LWR, fission is initiated and sustained by a neutron flux. To control the neutron
flux, control rods are inserted into the core. Additionally, neutron adsorbers can be added to
the cooling water. The coolant coming from the core is then directed to a steam generator
where the heat from the fission reaction is used to produce high pressure steam fundamental
for operating the steam turbine that ultimately generates power.

Table 2-1: Nuclear power in the world: number of reactors by type (2022) [1].

REACTORS IN REACTORS UNDER
REACTOR TYPE OPERATION CONSTRUCTION
PWR Pressurized Light-Water Moderated and Cooled Reactor 307 49
BWR Boiling Light-Water Moderated and Cooled Reactor 61 2
PHWR Pressurized Heavy-Water Moderated and Cooled Reactor 47 3
LWGR Light-Water Cooled, Graphite Moderated Reactor 11 -
GCR Gas Cooled, Graphite Moderated Reactor 8 -
FBR Fast Breeder Reactor 3 3
HTGR High Temperature Gas Cooled Reactor 1 -
TOTAL 438 57




LWRs can be further divided into pressurized water reactors (PWRs) and boiling water reactors
(BWRs). PWR is the most common type of reactor (307 out of 438 of the total operable nuclear
reactors in the world are PWRs), see Table 2-1. In this design, water acts both as moderator
and coolant and it is circulated in two separate loops. In the primary cooling circuit, water flows
through the core at high pressure and temperature (around 150 bar and 325 °C), while the
secondary circuit is kept at lower pressures and used to generate steam. In BWRs, instead, a
single water circuit is used. Water is let to flow in the core at 75 bar and 285 °C, and these
conditions are designed to have about 12-15 % of the water in the top part of the core as
steam. The same steam is used to drive the steam turbine. A schematic representation of PWR
and BWR designs is presented in Figure 2-1.
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Figure 2-1: Schematics of light water reactor designs: PWR (a), and BWR (b). (Source NRC)

2.2 ZIRCONIUM ALLOYS IN THE NUCLEAR INDUSTRY

2.2.1 FUEL ASSEMBLIES

As anticipated in the previous section, the fuel of choice for LWRs is UO,. UO; is used in the
form of pellets, the pellets are piled vertically inside 4 m long cladding tubes made of zirconium
alloys. Typically, Zircaloy-2 or HiFi are used for BWRs, and Zircaloy-4, M5 or ZIRLO are used for
PWRs, see Table 2-2 for the alloy compositions. The cladding tube diameter is approximately
10 mm, while the cladding wall thickness can vary between 0.6 and 0.8 mm. Multiple tubes are
stacked together using spacer grids, guide tubes and end plugs in arrays of 10x10 for BWRs
and 14x14 or 17x17 in PWRs, forming a fuel assembly. An example of a fuel assembly is
displayed in Figure 2-2. Up to 800 assemblies can be found in a BWR core and 150-300
assemblies for a PWR, amounting to 25—40 tonnes of zirconium in a LWR core [5,6]. The fuel
assembly is designed to let water or steam flow through the fuel without the insurgence of
turbulences, allowing the cooling of the core and extracting effectively the heat from the
fission reaction to drive the steam turbine. The cladding is fundamental in keeping the UO, and
the water apart, while containing fission products and avoiding the possibility of radioactive
species ending up in the coolant. Efficient heat transmission across the cladding wall is



necessary for the heat generated inside the pellet to escape into the water. The cladding tube
needs to withstand its own rod weight, it has to contract inwards at the beginning of its fuel
cycle to accommodate the in-reactor pressure, and to expand in later stages to follow the
swelling of the fuel pellets. All these requirements dictate minimum mechanical strength and
good ductile creep behaviour. Additionally, to maintain a sustained fission reaction, any
cladding material needs to have very low adsorption of thermal neutrons.

Endplugs
Nuclear fuel pellets
Fuel cladding tubes

Spacer grids

Figure 2-2: Schematic representation of a BWR fuel assembly and its components (courtesy of
Westinghouse Electric Sweden)

2.2.2  ADVANTAGES OF ZIRCONIUM

During the first deployment of commercial nuclear power plants in the 1950s, steel was
selected as cladding material, while zirconium was deemed too expensive and its use was
limited to submarine reactors. By the mid-1960s though, the price of zirconium decreased
enough to allow its use for civil power generation, and most commercial reactors switched
from austenitic steels to zirconium alloys. The main reason for this change was the very low
thermal neutron cross-section of Zr, which is of fundamental importance for the neutron
efficiency and overall neutron economy inside the core. Zirconium is virtually transparent to
thermal neutrons (which are the most likely ones to produce a fission event in the fuel) allowing
them to travel through the cladding, which is a key factor in maintaining the fission reaction.
Pure zirconium, though, has poor mechanical properties and low resistance to corrosion. For
this reason, the aforementioned Zr-alloys were developed. Their mechanical properties were
improved through solid solution hardening induced by Sn and O, and by the precipitation of
second phase particles, SPPs. Corrosion resistance was greatly improved by the addition of Fe,
Cr and Ni [7]. Heat treatments and careful forming are also important in providing optimal
properties. For example, Optimized ZIRLO™ claddings are produced with a fabrication process
that involves forging of a billet, homogenization quenching of the billet, extrusion of the billet



into an extruded tube, followed by an annealing. The extruded tube is then reduced to the final
thickness and diameter by alternating pilgering and annealing steps. Finally, a PRXA (partial
recrystallization annealing) heat treatment is used to produce the desired equiaxed partially
recrystallized microstructure [8]. This microstructure is characterized by the presence of larger
grains (3=5 um in size) surrounded by smaller sub-micron grains.

As a result of the finely tuned chemistry and microstructure of the claddings, the materials
currently used perform well under normal operating conditions and most of the degradation
mechanisms that affect zirconium alloys inside the core of a LWR are reasonably understood
and controlled. One degradation mechanism that still occurs in operating reactors is debris
fretting of the cladding tubes. In debris fretting, a foreign debris carried by the water gets
trapped between the cladding tube and the spacer grid. When in this position, the water flow
keeps moving the debris against the cladding tube resulting in wear and abrasion of the
cladding. This phenomenon can even result in cladding perforation and it is the most common
cause of rod failure [5,9].

Table 2-2: Chemical composition of some of the mostly used zirconium alloys [10].

Composition (wt.%)
Alloy
Sn Fe Ni Nb Cr 0 Zr
(typical)

Zircaloy-2 | 1.2-1.7 0.07-0.20 0.03-0.08 - 0.05-0.15 0.125 balance
HiFi 1.2-1.7 0.25-0.50 0.03-0.08 - 0.05-0.15 0.125 balance
Zircaloy-4 | 1.2-1.7 0.18-0.24 - - 0.07-0.13 0.125 balance
M5 - <500 ppm - 0.8-1.2 - 0.125 balance
ZIRLO 1.0-1.1 0.09-0.10 - 1.0-1.2 - 0.125 balance

2.3 CHALLENGES AND REQUIREMENTS FOR CLADDING MATERIALS

2.3.1 AQUEOUS OXIDATION AND HYDROGEN PICK-UP

Water side oxidation of the cladding tube is one of the main factors limiting fuel burnup and
consequently of fuel efficiency. During oxidation, hydrogen is produced, and some of this
hydrogen enters the Zr-cladding and induces embrittlement. This link between oxidation,
hydrogen pick-up and embrittlement is at the core of the oxidation limits imposed by
regulatory bodies. A certain amount of residual ductility in the cladding is always required to
withstand transients, loss of coolant accidents (LOCA) and other accident scenarios. Hence, a
maximum limit to the oxidation of the cladding wall is set to avoid having embrittled material
inside the core [11-13]. The alloys M5, ZIRLO and HiFi have been developed to improve
corrosion performance and lower hydrogen pick-up, allowing for higher burnup [14]. Still,
aqueous corrosion represents an important challenge for cladding materials, even during



normal operation. Any improvement on this front is welcomed and would allow for better fuel
efficiency and longer fuel cycles.

2.3.2  MECHANICAL PROPERTIES AND CREEP

The cladding tube has to separate the cooling water from the fuel pellets, but it is also the main
structural material for the fuel assembly. As a result, certain mechanical properties are
required for the cladding to sustain the weight of the fuel and to be geometrically stable while
manufacturing and loading the fuel assembly. On top of these minimum requirements, the
cladding has to present some ductility and good creep properties. During the fuel cycle, the
cladding starts by shrinking down under reactor pressure until it gets in contact with the fuel
pellets, and subsequently the cladding has to follow the increasing swelling of the pellet due
to the growing burnup. Zirconium is a relatively ductile material and its alloys are well suited
to meet these requirements. Any change in the cladding material needs to keep ductility and
creep behaviour into consideration [6].

2.3.3 DEBRIS FRETTING AND HARDNESS

Debris fretting is currently the main cause of cladding failure in commercial reactors [9]. This
phenomenon occurs when debris transported by the cooling water remain stuck between the
cladding tube and the spacer grids. Once stuck, the flow of cooling water constantly moves the
debris against the cladding tube. When the debris is composed of materials with higher
hardness than Zr and ZrO,, this continuous movement result in abrasion of the oxide scale and
eventually of the cladding itself. In the most severe cases, this process can produce cladding
perforation, which then needs to be attended by stopping the reactor and changing the
damaged fuel assembly. Any interruption of the production of electric power is very costly, and
reducing the occurrence of such undesired events is very important. Grids filtering the cooling
water that enters the reactor have been installed in most power plants but, ultimately, only
the use of harder cladding materials can remove the risk of cladding perforation to happen. Zr
is a relatively soft metal, and alloying and thermal treatments can increase hardness to a
certain extent. Switching to ATF materials that come with higher hardness could solve the
problem, and it is deemed one of the biggest secondary advantages that can be drawn from
material renewal associated with ATFs.

2.3.4  EFFECTS OF IRRADIATION ON MATERIALS

The main effect of neutron irradiation on crystalline materials is the creation of point defects
as vacancies and self-interstitial atoms. On the macroscopic scale, accumulation and motion of
these defects can induce irradiation growth (volume conserved, no load), irradiation creep
(volume conserved, little load) and irradiation swelling (volume increase induced by formation
of microscopic voids or gas bubbles — not seen in Zr claddings) [15]. Different amount of
irradiation damage will translate to distinct degrees of deformation, which means that the
same type of component placed in regions of the core with different neutron fluences will
experience different degrees of deformation. When a single component is exposed to a
gradient of fluence, it will undergo different degrees of irradiation induced deformation from
point to point, causing buckling and bending of the component itself. On top of this, materials
can be affected in different ways depending on their properties. The hexagonal crystalline



structure of Zr, for example, reacts to irradiation in an anisotropic way — self-interstitial atoms
will diffuse preferentially along the basal plane, while vacancies move more randomly. As a
result, the direction of irradiation growth in Zr claddings depends mostly on the grain
orientation and consequently on the texture of the cladding. Cubic crystals, on the other hand,
tend to be more isotropic [15]. Irradiation can also enhance diffusive processes, it can dissolve
secondary phase particles, and cause embrittlement. For example, pure chromium appears to
undergo significant irradiation embrittlement [16] which could deteriorate the mechanical
properties of any applied coating. All considered, the effects of irradiation on materials can
produce unexpected behaviour and represent an additional challenge to the employment of
any ATF coating design.

2.4 ACCIDENT TOLERANT FUELS

2.4.1 AN OPPORTUNITY FOR NEW MATERIALS

The concept of ATFs has emerged in response to the Fukushima Daiichi accident in 2011. In
this unfortunate accident, the inability to pump cooling water into some of the reactors in the
plant triggered an increase in the core temperature beyond the design conditions. This type of
accident is generally referred to as a loss of coolant accident (LOCA). Under these conditions
the temperature in the core can rapidly rise to 700900 °C. At these temperatures the
oxidation rate of zirconium in contact with hot steam can drastically increase. As the reaction
is exothermic, it can cause further temperature rise and it can trigger an autocatalytic
exothermic oxidation reaction. This chemical reaction, expressed in Equation 2.1, results in the
transformation of the cladding tubes into ZrO, and in the production of ignitable H, gas.

Zr(s) + 2H,0(l,v) & Zr0,(s) + 2H,(g) + Heat of reaction (2.1)

The oxidized claddings lose most of their integrity and mechanical strength, the fuel pellets
and fission products are let into the water, the large amount of generated hydrogen builds up
pressure in the core and any leak of this gas can result in large explosions. Considering that
there are between 25 and 40 tons of zirconium in a LWR core and that this runaway reaction
can take place in a relatively short amount of time (~2h [17]), the severity of this accident
scenario becomes immediately clear.

The accident at the Fukushima Daiichi power plants shook the nuclear industry. Nuclear
electricity production had stagnated from the 1990s to the 2010s, especially in western
countries, and this accident represented an additional obstacle to any further growth for this
technology. In the years following the accident, many nuclear power plants were shut down,
especially in Europe, and it was clear that the nuclear industry had to invest in innovation and
safety if nuclear was to be considered again a viable technology for the decades to come.
Parallel to this, governments and international energy agencies started to pay more attention
to other fossil-free energy sources, with the green revolution acquiring momentum. Nuclear
energy is not a renewable source of energy, but it has the advantage of having an extremely
low carbon footprint and of being independent from weather conditions. These two features
make nuclear energy a valuable technology to be coupled with wind, solar and hydro in the
attempt to move away from fossil fuels. The possibility of nuclear energy being part of the
solution to climate change and the unfortunate Fukushima accident created the perfect
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conditions for a wave of technology renewal, driving a great amount of research focused on
improving current designs and creating new ones.

Accident tolerant fuels aim at creating a better technology for nuclear energy production
through the improvement of existing LWR based designs. The research on ATFs is divided into
two main groups, improvements of the fuel pellets and improvements of the cladding tubes.
When dealing with the cladding tubes, the main objectives are to avoid the repetition of a
Fukushima-like accident by delaying (or by making impossible) the runaway oxidation of the
Zr, and to improve the cladding performance under normal operation providing more flexibility
and increased fuel lifetime. In order to achieve these objectives, both near-term and long-term
solutions are being investigated. For the near term, the application of a thin, corrosion resistant
coating on the outer surface of the currently used zirconium cladding is the mainstream of
work. The solutions for the long-term aim at the integral substitution of the Zr cladding from
the core, and the two main designs that are being considered are FeCrAl alloys and SiC/SiC
composite materials. Since changing any parameter inside a LWR core would inevitably change
the neutron economy and the reactor physics, it is important to consider the research on the
fuel pellets and on the claddings as complementary. A schematic of the research organization
around the concept of ATFs is presented in Figure 2-3 [6,18].

Fuels
Chromia forming coatings
. . (e.g Cr metal, CrAl, CrN)
ATFs j Coated zirconium alloys

Slieys iz Alumina or Silica forming coatings

Claddings (e.g MAX-phases, FeCrAl)
FeCrAl alloys
Long term

SiC/SiC composites

Figure 2-3: Organization of the global research on accident tolerant fuels.

2.4.2 COATED ZIRCONIUM CLADDINGS

The main reason why the application of a thin coating is compelling is that it would have little
or no effect on the properties of a standard Zr-based cladding, and it would not influence
excessively the core neutron economy. Thin coatings would not change the core physics too
much and might even result in better overall performance while providing longer coping times
in case of a severe accident. Beyond the improved safety under accident conditions, increased
debris fretting resistance and better corrosion resistance are the main expected advantages
that a coating could provide. Adding a step in the production process of the cladding tubes is
expensive and it would result in a higher fuel cost. Improved debris fretting resistance would
reduce the number of times the production of electricity in the plant needs to be stopped to
perform rod maintenance, while better corrosion resistance could lead to higher burnup and
fuel efficiency, partly compensating for the higher production cost of the fuel. The main
drawback of this approach is that Zr is still kept inside the core. It is true that the outer diameter
of the cladding would be protected from oxidation, but under LOCA conditions the rapid
increase in temperature can simultaneously cause build-up of pressure in the tube and
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deterioration of the mechanical properties of the cladding, often resulting in ballooning and
bursting. Once a cladding has burst, the steam has a path to get to the inner surface causing
Zr oxidation and making the coating partly ineffective. Nevertheless, the oxidation of the outer
wall of an uncoated Zr cladding is one of the co-causes of cladding ballooning and bursting:
since severe Zr oxidation causes strong impoverishment of its mechanical properties, the more
oxidized the cladding becomes the weaker and more likely to burst it gets. In conclusion, the
application of a thin coating would not be an infallible solution but it is generally deemed to be
able to significantly delay the complete failure of a traditional Zr cladding under severe
accident conditions. [19]

As shown in Figure 2-3, two main families of coatings are being investigated: chromia forming
coatings, and alumina or silica forming coatings. Among the chromia forming coatings, metallic
Cr has been studied profusely as ATF solution for PWRs. Metallic Cr is selected because it forms
a passivating and dense scale of chromia when exposed to water corrosion. This oxide scale
has low permeability to oxygen and it inhibits or slows down significantly the oxidation process.
In simulated PWR environment, Cr-coatings on Zr-claddings have resulted in lower oxidation
rates, reduced hydrogen pickup, enhanced resistance to debris fretting and improved
mechanical properties of the cladding [20-26]. Under simulated accident conditions, Cr coated
claddings have exhibited smaller ballooning sizes and significantly improved high temperature
steam oxidation resistance [27—29]. The properties possessed by metallic Cr make it one of the
best candidates as near-term ATF for PWRs. Cr coatings can be deposited with different
deposition technologies, and the most important coatings currently under development are
deposited with PVD or CS deposition. On the other hand, no definitive candidate coating has
been identified yet for BWRs. Dissolution of chromia in water is possible and its rate depends
on temperature and chemical environment. Overall, chromia growth and dissolution are the
main factors determining if the coating is going to be consumed or if the system stabilizes once
aninitial protective scale has formed [30—32]. Chromia was found to dissolve in BWR simulated
water chemistry, making the use of metallic Cr in this system impossible. Many ceramic PVD
coatings have been tested in this work and, among them, (Cr,Nb)N coatings have been
identified as a potential prospect thanks to its very good oxidation performance demonstrated
in simulated BWR environments.
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CHAPTER 3

COLD SPRAY DEPOSITION TECHNOLOGY

Cold spray is a process employed for coating deposition, additive manufacturing, and in-situ
component restoration. This technique was initially developed in the mid-1980s at the Russian
Academy of Science in Novosibirsk [33]. It is part of a wider group of thermal spray techniques
and it is characterized by low particle temperatures and high particle velocities as displayed in
Figure 3-1. Unless specified otherwise, references to this chapter are [34,35].
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Figure 3-1: Comparison of particle speed and gas temperature in cold spray and other thermal spray
processes (Reproduced from [35]).

3.1 WORKING PRINCIPLES OF COLD SPRAY DEPOSITION

In CS deposition, particles from a feedstock powder are the building blocks. The deposition
process is based on accelerating the particles up to supersonic velocity and directing this jet
onto the substrate. The coating is built particle by particle via ballistic collision between the
particle and the substrate and/or other previously deposited particles. The particle size is
usually ranging from a few micrometres up to 100 um, the achieved particle velocity can reach
1500 m/s, but is more typically varying between 300 and 1200 m/s. Each powder-substrate
system is characterized by a critical particle velocity, the minimum velocity at which particle
adhesion and coating formation occurs. Below this velocity the particles are going to bounce
off producing a shot peening effect, above this velocity the particles are going to consume the
substrate with no deposition occurring, as for grit blasting. The critical velocity is mainly
influenced by the hardness and ductility of the powder and the substrate. A schematic
description of a CS deposition setup is displayed in Figure 3-2. High-pressure gas is supplied to
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a gas heater where the gas temperature is increased to 100-800 °C. Then the gas stream is let
through the nozzle where it expands and accelerates to form the supersonic gas jet. The same
high pressure gas supply is used to create a separate gas stream that transports the feedstock
powder to the main gas jet. The powder is typically fed to the main gas jet before the nozzle,
but there are systems where the powder is injected in the nozzle, after the nozzle throat. The
mix of hot, high-pressure gas and the powder accelerates through the nozzle, and the particles
are sprayed onto the substrate at high velocities. Particle adhesion and coating formation is
achieved by high velocity collision with the substrate. During the collision, particles and
substrate are subjected to high rate, high strain plastic deformation that is at the origin of
particle adhesion. Because of this, a certain ductility in the particles and the substrate is
needed. This requirement on ductility makes the use of ceramic powder as feedstock material
challenging. Composite ceramic coatings where one ductile material is coupled to a hard
material are possible. However, metals remain the most commonly employed materials as
feedstock powder for CS deposition. Thermoplastic polymers are also a feasible powder option
for polymeric coatings [36]. The name cold spray technique comes from the fact that the
temperature of the final powder/gas supersonic jet is usually below a few hundred degrees
Celsius.
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Figure 3-2: Schematic representation and basic working principle of a cold spray setup.

3.2 ADVANTAGES AND DISADVANTAGES OF COLD SPRAY DEPOSITION

As shown in Figure 3-1, the main differences between CS and other thermal spray techniques
are the lower temperature of the gas jet and the higher particle velocity. The low temperatures
involved in this deposition method, plus the use of an inert gas, lead to a strong advantage of
CS: no significant phase transformation or oxidation processes occur on the particles or
substrate during the deposition. Additionally, the thermal input on the substrate is minimal,
making CS deposition suitable for temperature sensitive materials with little effect on the
substrate microstructure. Each particle has a thin native oxide layer, as the particle impacts
with the substrate the oxide shatters and detaches from the particle and gets flushed away by
the gas jet [37,38]. Then, the exposed bare metallic surface of the particle bonds with the
surrounding particles or substrate. As a secondary effect of this intimate interparticle contact,
the electric conductivity of CS metallic coatings is typically extremely high. In addition, CS
coatings retain the chemical purity of the base material and this can be advantageous in
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preserving the good corrosion resistance of certain metals. The other fundamental
characteristic of CS is the high particle velocities involved in the deposition process. High
particle velocities together with the velocity distribution (which results in some particles
moving below the critical particle velocity) produces a triple effect of grit blasting, spray coating
and shot peening, where the substrate surface is prepared, loosely attached particles are
removed and the coating is made denser. Summing up all effects, including the high degree of
plastic deformation involved in the coating formation process, the result is a dense coating,
with significant compressive residual stresses, a small grain size, high hardness, high strength,
and with no grain growth induced in the substrate or in the coating. Anyhow, there are some
disadvantages. As-sprayed coatings have almost no ductility left. Due to the nature of CS, the
adhesion is strongly linked to plastic deformation. Some degree of plastic deformation of the
substrate is expected in order to have good adhesion, and as a consequence, CS coatings on
ceramic substrates have limited bonding strength. To achieve a high particle velocity, light
molecular weight gases are used. Helium is commonly used but it is a limited resource and the
application of this technique on a large scale using this gas is problematic. Moreover, it can be
challenging to coat complex shapes or large areas because the spray beam is usually relatively
small (10 mm in diameter) and must be kept at a short, fixed distance from the substrate for
optimal coating formation [39].

3.3 COLD SPRAY PROCESS PARAMETERS

The working principle and the schematic of the CS setup are quite simple. Nevertheless, to
achieve particle adhesion and to obtain the desired coating properties, many different
parameters need to be optimized. Particle velocity is the most important factor for the
successful formation of a cold sprayed coating. The adhesion of the particles to the substrate
involves high strain and high-rate plastic deformation in both particle and substrate. Below a
certain particle velocity, the impact energy can be insufficient to produce such deformation
and to achieve good adhesion. Powder size, shape, microstructure and material properties all
have important consequences on the CS process. These properties can be controlled to a
certain degree but are also strongly affected by the powder manufacturing process and by the
material selected for the coating. Common powder manufacturing processes are gas
atomisation and ball milling, and these methods provide spherical particles and flake-like
powders, respectively. The particle size is particularly important for the achieved particle
velocity, since smaller particles will be accelerated faster by the gas jet but will slow down
earlier than bigger/heavier particles once they leave the nozzle. Hence, it is easier to achieve
high particle velocities with finer particles, but the use of finer particles will require shorter
spray distances [40]. The shape of the particles can also have an effect on the final particle
velocity: irregularly shaped particles achieve higher velocities than spherical particles [41].
Particle microstructure can influence particle hardness and final properties of the obtained
coating. Powders obtained by atomization are often characterised by very small sub-particle
grains, and a fine grain size leads to higher hardness and reduced ductility. For this reason,
annealing the feedstock powder before use in CS can be an effective way of increasing the
ductility of the powder. Scanning electron microscopy (SEM) images of the feedstock powder
used to deposit the CS-Cr coatings used in this study are presented in Figure 3-3.
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Figure 3-3: SEM images of pure Cr powder employed in the deposition of cold spray Cr-coatings.

Once all other parameters have been fixed and the characteristics of the jet of particles are
determined, deposition strategies and parameters can affect the resulting CS coating. The
nozzle traverse velocity influences the deposited coating thickness for each passage. The spray
distance influences the velocity of impact of the particles: the particles are accelerated while
in the gas jet but start decelerating when interacting with the ambient air resistance. For longer
spray distances the deceleration in air increases in importance. The scanning step distance
affects the overlap between different sprayed tracks and can result in different coating profiles.
Finally, the substrate surface preparation can greatly influence the interaction between the
sprayed particles and the substrate, affecting deposition efficiency and rate.
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CHAPTER 4

PHYSICAL VAPOUR DEPOSITION

Physical vapour deposition (PVD) is an umbrella term that covers a relatively wide group of
deposition techniques. In all PVD techniques, the surface of a target is evaporated, and the
target atoms are sputtered onto a substrate to form a solid and dense coating. The coating is
going to be made of the same material as the target, and the coating composition can be
changed by changing the composition of the target. PVD is generally a vacuum technique, but
small amounts of gasses can be let into the deposition chamber as process gas or in order to
have the target atoms mix with the gas to produce coating chemistries that include the gas
atoms (e.g. nitrides and oxides). PVD is distinguished from chemical vapour deposition (CVD)
mainly by the deposition process mechanics and by the process temperature. In CVD a
precursor gas (or gases) reacts onto the hot surface of the substrate, decomposes into a solid
product and forms the desired coating. In PVD no chemical reaction occurs on the substrate,
and the deposition occurs atom by atom or ion by ion. When sputtered onto the substrate
surface, the atom/ion will find a local environment represented by atoms arranged into a solid
surface and it will bind to the neighbouring atoms, condensing and promoting coating
formation. Since no chemical reaction has to occur, the temperature of the substrate is
theoretically not a critical parameter of the process. In practice though, temperatures ranging
between 250 and 600 °C are generally used in order to optimize the deposition process and
the coating quality. Lower process temperatures are advantageous when the properties of the
substrate are important for the final application and elevated temperatures would modify
them, for example in the case of steels or other metallic materials where the microstructure
can be changed by heat treatment. Another advantage of PVD is the high deposition rate.
Because there is no chemical reaction limiting the coating growth rate, the main factor limiting
coating development is the amount of target material that is possible to evaporate and direct
onto the substrate without affecting the quality of the coating. PVD deposition is widely
employed to produce high hardness coatings for drilling, turning, or cutting tools. The coating
chemistry can include metallic alloys, nitrides, carbides, and oxides. The deposited coatings can
be monolithic or layered. The thickness of PVD coatings is usually around a few microns, but
thicknesses up to a few tens of microns can be achieved. Multi-layered coatings can be
obtained with relative ease, by alternating between different targets made of different
materials, and layer thickness can vary from 1-2 um down to a few nanometres. One of the
main drawbacks of PVD is that the evaporated atoms/ions generally fly on a straight path away
from the target surface into the process chamber. In order to obtain deposition, the substrate
surface has to be preferably situated inside the conical region in front of the evaporated target,
normal to the flight direction of the atoms/ions. This means, for example, that a tube can be
coated only on the outer wall and no coating can be obtained on the inner wall with PVD [42].

4.1 CATHODIC ARC EVAPORATION PVD

In cathodic arc evaporation PVD (arc-PVD), a low voltage, high current plasma discharge
between the target (cathode) and the reactor chamber (anode) is the energy source for
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evaporating the target. The high energy density of this discharge at the arc spot leads to the
transition from a solid to a metal vapour plasma that evaporates from the target material,
together with a significant amount of metal droplets. These metal droplets can condense on
the surface of the substrate creating a rough surface that can reduce the coating performance.
The target material needs to be conductive (due to the high current associated with the arc
discharge) and can have neither too low nor too high melting temperature, as the droplets
then become too many or the evaporation rate becomes too low. Even though these factors
can limit its range of application, thanks to the high deposition rate and the high target
ionization ratio, arc-PVD is the most widely used technology for the deposition of thin coatings
for industrial use. A schematic of an arc-PVD system is displayed in Figure 4-1. [43—-46]
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Figure 4-1: Schematic drawing of a cathodic arc evaporation PVD system

4.1.1 CATHODE CONFIGURATION AND MACROPARTICLE FILTERING

Metallic droplets are the main issue associated with arc-PVD and optimizing the configuration
of the cathodes and of the arcs is one way of drastically reduce the amount of droplets. As
shown in Figure 4-2 (a), the power supply for arc-PVD is a low-voltage DC power. If run
continuously, droplets have the time to nucleate and grow. One way to reduce their size is to
pulse the current instead of running it continuously. If the pulse duration is kept below the
time required for a droplet to form, no large particles will be allowed to form. Pulsing the arc
inevitably reduces the deposition rate but by increasing the peak current it is still possible to
achieve industrially viable deposition rates [47]. An interesting consequence of pulsing the
current is the generation of a significant magnetic field that is able to affect the arc plasma,
moving around the spot where the arc hits the target material and further reducing the
formation of droplets [44,48]. This phenomenon opened the door for the introduction of
magnetic fields on the target, coupled with pulsed current, to move the arc plasma spot
uniformly around the target surface. An example of this method is the “steered arc” [48,49].
Furthermore, playing with intensity and axial/transverse components of the magnetic field it
is possible to transform the arc-plasma from a single large spot to a series of thin, linear arcs
that move across the target distributing the current more uniformly and consuming the target
material more homogeneously [50-53]. Targets currently used for commercial applications
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come in many different shapes, ranging from a simple circular planar target to rectangular or
cylindrical targets. The combination of the shape of the targets, the pulse frequency, current
and voltage, and the intensity and direction of the applied magnetic field, provides a specific
cathode configuration that every company tunes for its system in order to minimize the
number of droplets while maintaining a high deposition rate. The optimal cathode
configuration will drastically reduce the number of particles generated during the deposition,
but it will never reduce their number to zero. One additional way to tackle their presence is by
introducing a macroparticle filtering system [54], potentially achieving a perfectly smooth
coating with no droplets. These filtering systems can consist of mechanical shields, the use of
a pulsed bias, or magnetic filters. Mechanical shields work because the metallic plasma
produced by the arc can move around physical obstacles and reach the substrate, while
macroparticles will have a specific trajectory that, if intercepted by the shield, will stop the
particle from reaching the substrate. This method is very easy to implement but it does reduce
the deposition rate as well. The droplets formed during arc-PVD usually display a negative
charge [55], and it is hence possible to apply a negative bias on the substrate that will repel
the macroparticles while attracting the metallic plasma (metallic ions are generally positively
charged). In this way, the amount of droplets that reaches the substrate can be reduced (but
not eliminated) [56]. Finally, it is possible to separate the plasma from the particle with the
implementation of a magnetic filter. A magnetic field is used to transport the plasma through
a filter tube while the heavier particles are mostly unaffected [55]. Particle free, plasma
deposition of coatings can be achieved, but during the time spent in the filter tube, some
recombination of the ions and electrons occurs, and the deposition rate is drastically reduced
[47].

4.2 MAAGNETRON SPUTTERING TECHNOLOGY

In magnetron sputtering PVD (MS-PVD), the target material is evaporated by a glow discharge
plasma. In a glow discharge plasma, electric current passing through a gas (usually Ar in MS-
PVD) creates a cascade of electron collisions with gas ions that generates free moving electrons
and positively charged gas ions. In MS-PVD, a magnetic field is used to force electrons to move
along spiral trajectories. This has two main effects: prolonging the stability of the discharge
plasma, and knocking electrons off gas atoms, ionizing the gas even further. The magnetic field
does not affect the gas ions, as their mass is orders of magnitude higher than that of the
electrons. A negative bias is applied to the evaporation target, and this bias attracts the gas
ions which are accelerated toward the target surface. The accelerated gas ions collide with the
target material and knock the target atoms off the target. Thus, sputtered atoms are created
that can fly to the substrate surface and condense. A schematic of this process is presented in
Figure 4-2 (a). No droplets are formed in this process since the coating deposition occurs only
through low temperature sputtering and the target material is not restricted to a metal (or
other electric conductor). However, the sputtered target atoms are mostly neutral (very low
ionization ratio), which makes this technique mostly a line-of-sight deposition process, as
neutral particles cannot be directed with electromagnetic fields.
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Figure 4-2: Schematic drawing of a magnetron sputtering PVD system (a). Schematic of the different
possible magnetron configurations: balanced magnetron (b), unbalanced magnetron (c), closed-field
unbalanced magnetron (d).

4.2.1 TARGET POWER SUPPLY, REACTIVE GAS AND MAGNETRON CONFIGURATION

Magnetron sputtering techniques can be differentiated by the power supply used to sputter
the target. The simplest power supply is direct current. Direct current MS-PVD produces nice
and smooth coatings with deposition rates comparable to arc-PVD. As anticipated before,
though, the plasma is going to be composed of gas ions and neutral metal atoms, which means
that the plasma cannot be steered and the deposition of the sputtered metal atoms is going
to happen only when the substrate is in line-of-sight with the target. Additionally, the coating
becomes relatively loose with little control over the characteristic columnar microstructure. In
order to achieve a higher ionisation ratio, which would allow to collimate the plasma, to attract
ions in trenches or other high aspect ratio features of the substrate, and to control the ion
bombardment energy onto the substrate, pulsed MS-PVD was introduced [57]. In pulsed MS-
PVD, a rectangular or sinusoidal wave is used instead of a DC power supply. The duration, peak
intensity, and frequency of the pulsed power supply can be controlled and optimized to
achieve a high-energy plasma with a high ionisation ratio (up to 90 %) [58-61]. Once the high
ionisation plasma is generated, applying a bias to the substrate can modify the energy of the
sputtered ions, and this can be used to control the microstructure and morphology of the
obtained coating [62-66]. To expand the range of coatings to ceramic materials and other
dielectrics, a reaction gas can be included in the deposition chamber. In this way, the gas ions
sputtered onto the target surface will not only be Ar ions but can include other elements as N
or O that are going to react with the target surface and finally end up in the final coating as
well. Another extremely important parameter in MS-PVD is the magnetron configuration. The
main possible configurations are balanced magnetron, unbalanced magnetron and unbalanced
closed-field magnetron, as shown in Figure 4-2 (b), (c) and (d) [58]. In a balanced magnetron,
all the field lines from one of the target poles ends in the opposite pole. In an unbalanced
magnetron, the poles in the periphery of the target are set to be more intense as compared
with the poles in the inner part of the target and a few field lines manage to escape from the
target and are directed toward the substrate. This system allows the plasma to travel to the
substrate producing an ionic current density onto it. Unbalanced magnetrons allow for higher
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deposition rates. The most commonly used magnetron configuration, though, is the closed
field unbalanced magnetron (CFUBMS-PVD). In CFUBMS-PVD, multiple unbalanced
magnetrons are put together and the field lines from each one close on the other magnetron.
This makes it possible to increase the density of the plasma improving coating deposition rates
and quality [67—-69]. The possibility to use multiple targets in CFUBMS-PVD makes it possible
to use multiple materials in the same deposition process, achieving alloyed coatings or
alternating layers of different compositions [42,64].

4.3 MICROSTRUCTURE AND MORPHOLOGY OF PVD COATINGS

PVD coatings are generally characterized by columnar grains. These grains or domains nucleate
at the substrate surface and grow along the deposition direction [63,65,70]. By changing the
substrate bias and temperature, it is possible to affect the size of these columnar domains
(from amorphous, to fibre-like, to large columnar grains), and to favour one crystalline
direction over the other, producing textured coatings. Each coating system reacts differently
to different combinations of these parameters, and it is difficult to extract a general rule. Still,
higher bias voltages and higher substrate temperatures both promote coating density and
produce coarser columnar grains. The densification of the coating is often attributed to the
higher kinetic energy of the ions that embed into the growing coating. The substrate bias has
also another important effect on the properties of the deposited coating: higher biases
produce higher acceleration of the depositing ions and consequently a stronger bombardment
of the forming coating. Bombarding the coating with ions during its formation causes a cascade
of events that produces lattice defects and increases hardness. Higher biases can partially
compensate for lower deposition temperatures while still granting a high coating density.
Another crucial parameter in the deposition of PVD coatings is the choice of reactive gas.
Clearly, depositing a pure metallic coating is different from depositing a nitride coating. Beyond
that, controlling the partial pressure of the reactive gas, the final content of N or O in the
coating can be tuned. Through this mean, one specific stoichiometry can be promoted above
others, and it is possible to favour specific phases or crystalline structures. When depositing
coatings using multiple targets, multi-layered coatings can be obtained by alternating the
deposition from the different targets. This is usually achieved by rotating the substrate towards
one target and then towards the second target. The rotation velocity determines the thickness
of the layers, and nanolayered structures are possible and often show extremely high values
of hardness [64]. ATEM image and an APT reconstruction of a nanolayered coating is displayed
in Figure 4-3 (a) and (b), respectively.
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Figure 4-3: Nanostructured nitride coating deposited with closed field unbalanced magnetron PVD:

BF-TEM image (a), APT 3D reconstruction (b).
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CHAPTER 5

FUNDAMENTALS OF CORROSION

Corrosion refers to a series of deterioration processes that can occur when a material interacts
with a certain environment. Corrosion affects all classes of materials but, generally speaking,
metallic materials are the most susceptible to this phenomenon, and finding ways to protect
metals from it has allowed the use of metallic components in ever more challenging
environments. A metal in contact with the environment can react in three main ways: active
corrosion, immunity to corrosion, and passivation. Active corrosion is a continuous process
that progressively consumes or deteriorates the metallic component until the component
becomes unfit for the application. If properly controlled and modelled, this process does not
hinder the function of the component, as maintenance and substitution can be scheduled to
avoid any failure. Noble metals, such as gold, are thermodynamically stable in a wide range of
environments and are immune to corrosion. Passivation of a metal, instead, involves an initial
interaction with the environment to form a layer of (hydr-)oxide, which, being less permeable
to oxygen or other reagents present in the corroding environment, slows down or prevents
further corrosion. Depending on the environment and on the temperature, different
mechanisms are activated. Oxidation (through redox chemical reactions) and electrochemical
interaction with the environment are the two main phenomena, and their effects can overlap
but they tend to follow different dynamics and are usually handled in different ways. In an
aqueous media (or other ionic liquids) at temperatures below the critical temperature of
water, electrochemistry is the main tool used to describe corrosion processes. Oxidation can
and does occur in aqueous corrosion, but it is usually expressed through electrochemical half
reactions occurring at an anode and a cathode. Depending on the chemistry of the corrosive
media, other electrochemical reactions can occur, and the presence of acids, bases and ionic
species dissolved in the water can have significant effects on the overall corrosion process.
Electrochemical corrosion can be used to describe the water corrosion undergone by cladding
tubes in autoclave and under operating conditions. When higher temperatures are involved,
for example during a LOCA scenario, corrosion is often described through redox chemical
reactions where oxygen, water (if steam is present) and other chemical elements found in the
oxidizing gas react with the metal forming more stable phases (e.g., oxides). Thermodynamics
is the main theoretical framework used to describe these kinds of material-environment
interactions. Unless otherwise specified, references to this chapter are [71-75].

5.1 ELECTROCHEMICAL CORROSION

5.1.1 BAsICS

Electrochemical corrosion occurs in water or when surface moisture is allowed to form on the
surface of the metal, and it describes the corrosion process through electrochemical
thermodynamics. Corrosion generally occurs at the anode through the ionization and
dissolution of the metal, while at the cathode, either the oxygen or the hydrogen reaction takes
place.
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These reactions can be described as follow:

Anode: M —» M?* + 2e~ (5.1)

. 1 _ -
Cathode (Option 1): EOZ + H,0 + 2e~ - 20H (5.2)
Cathode (Option 2): 2H* + 2e~ - H, (5.3)

Where M stands for a generic metal.

Passivation, instead, involves the adsorption of oxygen or the formation of an oxide layer on
the surface of the metal (anode):

Anode (Adsorption): M + H,0 - MOguq + 2H* + 2e~ (5.4)
Anode (Oxidation): M + H,0 - MO,, + 2H* + 2e~ (5.5)
Cathode: 2H* + 2e~ - H, (5.6)

Passivation is the most desired situation, as a passivation layer stops the oxidation process and
can self-heal if breached. The most commonly used oxide for passivation in water environment
is chromia, but metallic chromium, being very brittle, is rarely used as structural material. The
way chromia is obtained on the surface of steels or Ni-alloys is by adding Cr as an alloying
element (at least 10 at.% is usually needed to form a passivation chromia layer on steels).

The electrochemical equilibrium of thermodynamically stable species can be affected by
temperature, pH, electrochemical potential and concentration of dissolved species in the
water. By calculating these equilibria in all conditions, it is possible to determine which species
will be stable and hence be favoured under specific conditions. The results of these calculations
are often displayed in Pourbaix diagrams (electrochemical potential vs pH diagrams). Pourbaix
diagrams are plotted at a specific temperature and concentration of solute species in the
water, and are valid only for the set conditions. Once obtained, these diagrams can be used to
identify regions of immunity, corrosion or passivation. An example of a generic Pourbaix
diagram is displayed in Figure 5-1. Here it is possible to see that immunity represents a region
where the metal is thermodynamically stable in the solid state, corrosion is represented by a
region where the metallic ion in water solution is stable, and passivation is represented by a
region of stability of a solid oxide of the metal. It is important to mention that, in order to
achieve passivation, the formed oxide needs to be dense and to stop or slow down
water/oxygen ingress. A flaky oxide, for example, does not represent a barrier for the water,
so the corrosive environment can still reach the metal surface and further oxidise the metal
(no passivation). Other important lines usually present on these diagrams are the water lines
(blue) indicating the range of stable water. Outside this range, water becomes unstable in
favour of O, gas or H; gas, respectively, for the top and bottom blue line. A line along the
neutral pH value for water at that specific temperature and pressure (red) is also often added.
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Figure 5-1: Example of Pourbaix diagram showing regions of corrosion, passivity and immunity.

5.1.2 CHROMIUM IN AQUEOUS ENVIRONMENT

Chromium is one of the most widely used alloying element for corrosion protection in aqueous
environments. When oxidised, Cr can form Cr,03, also known as chromia. This oxide is one of
the solid reaction products of Cr oxidation, and it is a barrier to water and oxygen. This oxide
generally grows through the diffusion of Cr-cations from the metal to the oxide surface where
they react with O and promote oxide growth [76]. The diffusion of Cr-cations is very slow and
the scale grows at a steady low rate, granting long-lived passivation of the metallic object —
passivation in a system containing Cr is often strictly associated with the formation of stable
Cr,0s. Pourbaix diagrams for Cr in water for a range of temperatures are shown in Figure 5-2.
From these plots it is possible to see that temperature has an effect on the stability of the
species. Chromia is stable in presence of pH neutral water, within the stability region of water
at 25 °C and 100 °C, but no chromia can be found at 200 °C and 300 °C. At these higher
temperatures chromia dissolves into the water in the form of water-soluble Cr-hydroxides.
These diagrams can provide information about the stability of a phase, but no information can
be drawn about the kinetics of dissolution, hence, the resulting corrosion rate could be
extremely slow. The selected diagrams were chosen at a concentration of 10® mol/kg of
dissolved species in water. Concentrations between 10— 10® mol/kg well represent the purity
of the water utilized in LWRs [76—78]. Higher concentrations of solute species can generally
increase the stability range of the solid oxidation products.
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Figure 5-2: Pourbaix diagrams for chromium and [Cr(aq)]we= 108 mol/kg at 25°C, 100°C, 200°C and
300°C (Reproduced from [76] with permission from Elsevier). Regions of chromia stability high-lighted
in light blue.

The effect of the concentration of dissolved Cr in the water is displayed in Figure 5-3. In these
Pourbaix diagrams calculated at 300 °C and 10 MPa of pressure (close to LWR water
temperature and pressure), chromia is stable for [Cr(ag)]wr= 10°® mol, but no range of stable
chromia is found at [Cr(aq)]wt= 10 mol. This means that the solubility of chromia in this system
at this temperature and pressure is somewhere between the two values. One additional
consideration that can be made, is that passivation films consist often of a layered structure.
In the case of pure Cr, an outer layer of Cr(OH)s can form on the surface, reduce the oxygen
potential underneath while creating a protected environment where Cr,03 can develop and be
stable as inner oxide [78—83]. All considered, drawing definite conclusions from Pourbaix
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diagram without running corrosion experiments is somehow challenging and many factors can
come into play, but these thermodynamic calculations can still be used to identify problematic
regions of the pH, electrochemical potential, temperature, pressure, or solute concentration
where it is unclear if Cr would help passivate the alloy or surface.

(a) (b)

HCrO(aq) 1,CrO(ug)

-------

E(V) vs. SHE
o
=

pHe, pH,

Figure 5-3: Pourbaix diagrams for chromium at 300 °C and 10 MPa pressure. (a) [Cr(aq)]iot= 10°¢
mol/kg; (b) [Cr(aq)]ior= 108 mol (Reproduced from [77] with permission from Elsevier). Regions of
chromia stability high-lighted in light blue.

From Figure 5-3, it is possible to identify some of the reactions that can cause dissolution of
chromium or chromia. The most relevant equation for the dissolution of chromia is the
following:

2Cr,03 ) + 4H;0(aq) + 3025 = 4H2Cr0, ™ o (5.7)

Metallic chromium has displayed very good corrosion resistance in PWR simulated operating
conditions in autoclave [20,23,25,84,85]. This success is mostly attributed to the formation of
chromia on the exposed surface. An example of this oxidation process can be seen in Figure
5-4. Pure metallic chromium in the form of coins (1 inch in diameter) were exposed to PWR
operating environment in autoclave and a progressively thicker oxide layer can be found on
the surface (this oxide layer was measured to be 100 — 150 nm thick after 90 days).

AS-FAB 30 days 60 days 90 days

Figure 5-4: Coins made of pure metallic Cr exposed to PWR autoclave for 30, 60 and 90 days.
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5.2 HIGH-TEMPERATURE CORROSION

High-temperature corrosion refers to a series of deterioration mechanisms that occur when
the metallic object reacts with a hot gas. Water cannot be in liquid form and humidity is
generally expressed as partial pressure of steam in the gas mixture. The environment most
commonly studied is air (dry or humid), where the oxygen present in air is the main oxidating
reagent. In high-temperature corrosion the oxidation process can be described as the oxidation
of the metal at the oxide-metal interface, plus the reduction of oxygen at the oxide-gas
interface. The two reactions can be described as follow:

At metal — oxide interface xM — xM@Y/X)* 4 2ye~ (5.8)
At oxide — gas interface %02 + 2ye” - y0?~ (5.9)
Overall metal oxidation reaction  xM + % 0, » M, 0, (5.10)

Where M stands for a generic metal.

Considering Eqg. 5.10, it is possible to calculate the change in Gibbs free energy (AG) associated
with this reaction as shown below:

AG = RTIn(po,) (5.11)
R is the gas constant, T is temperature in K, and po; is the partial pressure of oxygen.

Which can be rewritten as:

AG
In(po,) =—= (5.12)

RT

As can be seen rearranging Eqg. 5.11 into Eq. 5.12, the relationship between temperature and
Gibbs free energy for a given oxygen partial pressure is a straight lineina AG vs T plot. Plotting
these formulae for multiple oxide-metal reactions, it is possible to obtain an Ellingham diagram
(oxide reaction at the standard state and pp, = 1 atm) as shown in Figure 5-5. Once the
energies for each reaction are plotted, a scale indicating the partial pressure of oxygen is
generally added outside the main plot. These values are used to easily read the oxygen partial
pressure in equilibrium with a specific oxide. In order to obtain this information, one needs to
draw a line from the origin of the AG axis (point O) to the intersection of the oxidation reaction
line at the temperature of interest and then extend that line until the oxygen partial pressure
scale is met. Using this method (green lines), the equilibrium oxygen partial pressure for Cr at
1200 °C is measured to be around 107 atm. For higher O concentrations Cr will oxidise. The
axis labelled H,/H,0 and CO/CO, can be used in the same way to obtain the equilibrium ratio
of Hy and H,0 (or CO and CO,) in a gas mixture containing those species. In this case, point H
and point C are going to be used as origin of the lines.

When dealing with high-temperature corrosion, melting point and partial pressure of the oxide
are also important factors. During oxidation at these temperatures, the transport of vacancies
through the oxide scale is often the limiting factor for the oxidation kinetics. For this reason,
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thicker scales will slow down the oxidation. If the oxide starts evaporating, the scale can be
consumed, and oxidation can proceed faster. If the oxide melts, protectiveness will be lost.
Another issue worth keeping in mind is the thermal stability of oxides. Cr,0s, for example, at
temperatures higher than 1000 — 1200 °C starts forming CrOs. CrOs is volatile, has a
significantly higher partial pressure than Cr,0s, and can have an important role in the loss of
protection from oxidation [86,87].
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Figure 5-5: Example of Ellingham diagram (Image source DolTPoMS, Plotted data from [88]).

5.3 CORROSION PROTECTION

Material selection is often bound to specific minimum requirements. These parameters can be
mechanical properties, manufacturing technology, electrical properties, thermal stability,
neutron cross-section and corrosion resistance. When possible, an alloy is selected to meet all
the requirements in a single material. For example, in stainless steels, Cr is added to the alloy
in order to provide great corrosion resistance at the cost of slightly inferior mechanical
properties. In certain applications, though, this compromise cannot be reached (or the
development of new material is still ongoing) and the available material of choice does not
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meet the corrosion resistance requirements. In these cases, there are alternative ways to
protect the component from corrosion. As the dissolution of a metal into water due to
electrochemical corrosion occurs through the ionization of the metallic atoms into positively
charged ions, the application of a negative electric bias onto the metal surface can help
preventing this dissolution. This can be achieved either by using an electric power supply or by
coupling the component to a sacrificial anode. The sacrificial anode will be consumed over time
and will need to be replaced periodically. In both cases, the effect of this electric bias will
translate into lower effective electrochemical potentials (see Figure 5-1), which can stabilize
the metal in the solid phase or favour the formation of one of the solid oxide phases. This
method is referred to as cathodic protection. Another method is the employment of inhibitors:
chemicals that can slow down certain reactions occurring at the cathode or anode, or that can
capture oxygen reducing the effective O-potential. Finally, the application of coatings is
another way of protecting a component from the environment. Coatings can include paint,
ceramic or metal coatings that stop the oxygen from reaching the bare surface of the
component or oxidise themselves to form passivating oxide layers.

As mentioned in Chapter 2, coated claddings are one proposed short-term solution to accident
tolerance. An example of a Cr coated cladding after oxidation at high temperature is displayed
in Figure 5-6. A homogeneous scale of chromia (green) appears to have formed after 5 min
exposure at 1200 °C in air.

Cr coated cladding
1200°C, 5 min, air

Figure 5-6: Cr coated Zr-cladding oxidised at 1200 °C for 5 min in air.
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CHAPTER 6

PHYSICAL METALLURGY

6.1 THERMODYNAMICS AND DIFFUSIVE PHENOMENA

Thermodynamics makes it possible to calculate the stability of a phase or a mix of phases, and
can be used to predict if a system is going to evolve towards a specific phase (or combination
of phases) or if it is stable and no change is expected. At constant pressure and temperature,
the energy of a system can be calculated through its Gibbs free energy: G = H — TS. Where H
is the enthalpy, T is temperature, and S the entropy. Enthalpy can be calculated as: H = E +
PV . E is the internal energy of the system, P is pressure, and V is volume. Gibbs free energy is
not commonly used as an absolute value, but the difference in G (AG = G4, — Gg) between
two phases or between the initial and final state of a phase transformation is used to represent
the driving force of such reaction or transformation. The phase with the lowest G at a specific
temperature and composition is going to be the thermodynamically stable phase. If
temperature and time allow for it, a system will always tend to reach the thermodynamic
equilibrium and form the most stable phases. Unless specified otherwise, the reference for this
section is [89].

The thermodynamic calculations can be performed across a range of temperatures and
compositions and the stable phase or combination of phases can be plotted in a diagram. These
plots are called phase diagrams and one example of a simple binary phase diagram for the Cr-
Zr system is presented in Figure 6-1. This diagram is relevant to the case of Cr-coated Zr-
claddings. Without any other information, it is possible to see that there is not much solubility
of Cr and Zr in HCP-Zr (also referred to as a-Zr) and BCC-Cr, respectively, that an intermetallic
phase (C15-Laves) with Cr,Zr stoichiometry exists, and that any mixture of Cr and Zr will most
likely tend to evolve towards an equilibrium between HCP-Zr and C15-Laves or BCC-Cr and C15-
Laves. In a coated system, Zr and Cr are not mixed, but high temperature can promote
diffusion, intermixing and the formation of a region characterized by a Cr-Zr mixture. Laves
phases are generally brittle and the presence of a brittle layer at the coating-substrate
interface could create some issues and affect the performance of the coating (i.e., spallation
of the coating). Other relevant information that can be extracted from Figure 6-1, is that Zr has
two different stable crystal structures, HCP at low temperature and BCC at high temperature.
Zr is hence expected to undergo a phase transformation when the temperature of the system
is changed through the transition temperature. BCC-Zr (or B-Zr) has a significantly higher
solubility of Cr (up to around 5-6 at.% of Cr can dissolve in Zr without formation of new phases
at a temperature of 1200 °C). Lowering the temperature from 1200 °C to below the transition
temperature, will promote the formation of HCP-Zr and C15-Laves mixtures. Looking at even
higher temperatures, the melting points of the system at different composition can be read.
As often happens, the pure element has higher melting temperatures than the mixed system.
The presence of a eutectic point found around 23 at.% Cr and ~1300 °C implies that liquid will
form above this temperature for any mixture of Cr and Zr that falls between 0 and 66 at.% Cr.
Because Cr-coatings are intended to work as accident tolerant fuels, and temperatures can in
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the worst case reach above 1300 °C, it is important to keep in mind that the intermixing of Cr
and Zr could lead to partial melting of the coating-substrate interface in case of a severe
nuclear accident.
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Figure 6-1: Zr-Cr binary phase diagram calculated using ThermoCalc.

A second family of ATF coatings studied in this work are PVD CrN coatings. A phase diagram for
the Cr-N binary system is presented in Figure 6-2. This diagram shows that two different stable
phases exist with stoichiometry Cr,N and CrN, respectively. The two phases have different
crystal structure, HCP and FCC. CrN coatings deposited with PVD can have a wide range of
average chemical compositions, but as these two phases are the most stable ones, the
deposited coating is expected to be composed of a mixture of Cr,N and CrN. When adding
additional elements to the system, for example Nb, the phase diagram becomes more
complicated. One example of a ternary phase diagram calculated for the Cr-Nb-N system is
plotted in Figure 6-3. Because this phase diagram has to include three elements, it becomes
challenging to visualize it on paper, for this reason a cross-section at a specific temperature is
often plotted instead, and Figure 6-3 is a cross-section at 400 °C. In this phase diagram there
are various possible phases close to the 50 at.% N line: FCC-(Cr,Nb)N, HCP-Cr;N, and Zeta-
phase CrNbN. In particular, at the composition of 50 at.% N, 33.3 at.% Cr, and 16.6 at.% Nb,
FCC-(Cr,Nb)N should be the only stable phase. The PVD process is usually performed at
relatively low temperatures, and it is difficult to tell if the thermodynamic equilibrium will be
reached. Metastable phases, or large amount of crystal defects can be present, and it is
possible to have phases existing outside of their thermodynamic stability range. High
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temperatures and irradiation can induce phase transformations, or nucleation of precipitate
phases, changing the properties of the coating.
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Figure 6-2: Cr-N binary phase diagram calculated using ThermoCalc.
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Figure 6-3:Cr-Nb-N ternary phase diagram calculated using ThermoCalc.

33



6.1.1 DIFFUSION COUPLES, PHASE NUCLEATION AND KIRKENDALL EFFECT

Thermodynamics provide information about stable arrangements at equilibrium, but to enable
a transformation from a phase with higher G to a phase with low G, atoms have to move.
Movement of atoms for phase transformation can be as short-range as a rearrangement inside
the unit cell, or it can require long range diffusion from a region with a certain composition to
another region with different composition. For this reason, phase transformations are divided
between diffusionless transformations (rearrangement of atoms), and diffusional
transformations (with atom migration). Most of the phase transformations occurring in the
materials studied in this work are diffusional transformations. Diffusion is a transport
phenomenon that is used to describe the movement of atoms in a crystal lattice. Atoms can
either diffuse as substitutional atoms (moving from one atomic position to another), or as
interstitial atoms (moving in the space between atomic positions). Interstitial diffusion is typical
of atoms that are much smaller than the atoms making up the crystal lattice, and it is very fast
when compared to substitutional diffusion. Substitutional diffusion is slower as it requires an
atom occupying a position in the lattice to swap with another atom occupying a position in the
lattice. The presence of vacancies in the crystal can assist this type of diffusion, as exchanging
position with another atom in the lattice requires much more energy for an atom than it is for
the same atom to simply move into an empty position in the crystal lattice. This description of
diffusion is attributed to volume diffusion, and implies a continuous lattice in all directions.
Single crystals are not very common in materials science. Real materials are composed of
crystal domains arranged with different orientation which are called grains. Where grains meet
(at grain boundaries) the lattice is more loose and atoms have more space to diffuse. In
addition, interphase interfaces and free surfaces can also be found in materials. Grain
boundaries, phase boundaries, and surfaces are considered high diffusivity paths and can
become the predominant transport mechanism at lower temperatures, where volume
substitutional diffusion tends to have very low rates. Diffusion is modelled as a flux of atoms
per unit of surface. Diffusion of Sn (alloying element) in a Zr crystal can, for example, be written
as in the Fick’s Law reported in Equation 6.1 below:

aCs
]STL = - SZ‘II‘ axn (61)

Jsn is the flux of Sn per unit surface per unit of time, DZ! is the diffusion coefficient of Sn in
. dCsp . ) . o . e
the Zr lattice, and a—i” is the concentration gradient along the x direction. Even if the diffusion

process is stochastic at the atomic level, at the macroscopic scale, atoms will tend to diffuse
from regions of high concentration to regions of low concentration. Once the concentration of
Sn is uniform everywhere, the net flux of Sn atoms diffusing will become zero. Sn atoms will
still move around randomly, but being equally distributed, the flux in the various directions will
cancel out. In the very simplified case of a diffusion couple (two pure materials welded adjacent
to each other), the gradient is the maximum at the interface where the two pure materials face
each other. Figure 6-4 displays a Cr-Zr diffusion couple. Diffusion of Cr in Zr is much faster than
the diffusion of Zr in Cr [90-92], this means that the flux of Cr atoms leaving the Cr side will be
much higher than the flux of Zr atom entering the Cr. This unbalance can be represented by a
net flux of vacancies into the Cr lattice. This injection of vacancies has two effects, the vacancies
can coalesce into pores on the Cr side, and the Cr-Zr interface will slowly move toward the Cr
(as Cr gets slowly consumed). These two effects were first discovered in the 40s and are now
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referred to as Kirkendall porosity and Kirkendall effect, respectively [93]. In addition to these
effects, Cr and Zr can also form CryZr Laves phase, a stable intermetallic that, as mentioned
earlier, is expected to develop at the Cr-Zr interface when diffusion starts mixing the two
elements together. The formation of most new phases requires the creation of a new phase
interface, which comes at an energy cost associated with surface tension.

Kirkendall Cr-Zr interface
porosity moving

Cr Zrin Cr

Vacancies

Figure 6-4:Schematic representation of Kirkendall porosity and Kirkendall effect for a Cr-Zr diffusion
couple.

For this reason, before a phase can actually be stable and start growing, it has to go through
an energy barrier linked to its nucleation. Nucleating a new phase inside a pre-existing crystal
(homogeneous nucleation) requires a high energy, while nucleating at a defect, or interface
(heterogeneous nucleation) can require less energy. In the case of a Cr-Zr diffusion couple, the
Cr-Zr interface represents a great nucleation site, in particular grain boundary triple points
where multiple Cr or Zr grains meet. CroZr is hence expected to nucleate at the interface in
certain energetically advantageous places, and then grow along the Cr-Zr interface before
starting to grow in thickness (see Figure 6-5). Once the Cr-Zr interface is fully coated with Cr,Zr
Laves phase, any diffusion flux from one material to the other will have to diffuse through the
Laves phase as well, and the diffusion dynamics become more complex. The Cr side will see an
interface with the Laves phase, the concentration gradients will hence be fixed at 33 at.% Zr
and 66 at.% Cr, and the same will be for the Zr side. This will behave as two diffusion couples
in series, with the important difference that if the flux of atoms leaving the Laves phase is
higher, lower or equal to the flux of atoms entering the Laves, the intermetallic layer will
respectively dissolve, grow, or stay constant while moving towards the Cr side as for the
Kirkendall effect. Another complication is that diffusion in the Laves phase can be slower than
in the other lattices, so in a sense this band of intermetallic can behave as a diffusion barrier
and slow down diffusive intermixing in both directions. The system is overall relatively complex
and various transformations are expected, in particular at elevated temperatures.
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Figure 6-5: Nucleation and growth of the Crz2Zr intermetallic Laves phase at the Cr-Zr interface.

Other factors worth keeping in mind are the interface characteristics. The presence or absence
of a native oxide scale at the Cr-Zr interface can slow down the initial stages of interdiffusion,
and the presence of defects, particles or intermixing of Cr-Zr can promote early nucleation of
Laves phase.

6.1.2  GRAIN BOUNDARY MIGRATION, OSTWALD RIPENING AND THERMAL RECRYSTALLIZATION

Free surfaces, interphase interfaces and grain boundaries are the main types of features
important for the description of properties and behaviour of metallic materials. Depending on
the system, different phenomena can affect the movement of such structures, but all of these
interfaces have a surface tension, and this surface tension is often the principal cause
governing their evolution. In the simple case of grain boundaries in a single-phase metal, the
surface tension is the same for all grain boundaries. Imagining a triple point on a plane, where
three boundaries meet, and assuming the triple point is somehow able to move, there will be
no distinguishable difference among the three boundaries. The only possible equilibrium
angles between each couple of boundaries is 120°. As each boundary pulls with the same
strength, if the angles are different, the triple point will be pulled in the direction opposite to
the largest angle until the stable arrangement of three 120° angles is reached. Assuming this
is the stable configuration of a triple point, grains of different sizes and configurations will have
different tendencies to grow, migrate or rearrange. An example of this is presented in Figure
6-6. As the angles at a triple point are somehow fixed, different arrangements of grains will
produce boundaries with a curvature, curved boundaries will have a tendency to move in the
direction of their concavity. This is a very simplified case, but it is helpful in understanding the
dynamic nature of grain boundaries and consequently of grain microstructures. At the atomic
level, the movement of a grain boundary implies short range diffusion (or rearrangement) of
the atoms near the grain boundary. For this reason, the movement of a grain boundary is
thermally activated and will reach the equilibrium configuration only if atomic movement is
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allowed. At room temperature, the microstructure of most metals will be frozen in place and
metastable configurations can exist.

120°

/ /N

Figure 6-6: Schematic drawing representing different grain configurations and the consequent
movement of grain boundaries (Reproduced from [89]).

One interesting phenomenon linked to surface tension is Ostwald ripening: large grains
growing at the expense of smaller grains. Because the grain boundaries of small grains will
have, on average, higher curvature than the grain boundaries of a larger grains, there is a
tendency for small grains to become progressively smaller while larger grains grow. This
phenomenon is used to explain and describe the formation of inhomogeneous grain size
distributions and it is often seen in recrystallized materials.

This 2D model for grain boundary migration is based on capillary forces produced by surface
tension and implies that the grain boundaries are free to move and are not constrained by
their surroundings. In reality, surface tension is not the only driving force for grain growth (i.e.
surface tension cannot explain stress driven movement of grain boundaries), and in a 3D
polycrystalline material, grains and grain boundaries are constrained by surrounding grains. A
better model for grain boundary kinetics is offered by disconnection-based models.
Disconnections are line defects that exist at crystal interfaces characterized by a step hight
combined with a dislocation (with its Burgers vector), which can be used as fundamental
building block to model grain boundaries. Using disconnections it is possible to implement
dislocation theory, crystallographic directions, and grain misorientation of each grain boundary
to the description of grain boundary kinetics [94—-97]. These models can explain the pinning
effect of triple junctions (while still accounting for their potential movement), the emission and
absorption of dislocation and other defects by grain boundaries, the effect of stresses onto the
movement of grain boundaries, the formation of steps in the grain boundary, and many other
phenomena. One limitation of this approach is the inability to model changes of grain boundary
composition (i.e. when dealing with segregation of dopants at the grain boundary) or changes
in the grain boundary structure at the atomic level. Molecular dynamics can be used to include
these mechanisms but the large requirements of computing power limit its application to
relatively small volume, or short simulated times [94].

Another important mechanism responsible for the rearrangement of grains and
recrystallization is the relaxation of accumulated stresses or deformation in the material.
Undeformed and stress-free grains have lower Gibbs free energy than deformed grains, hence
it is possible to treat stress-free volumes as a thermodynamically stable phase that will
nucleate and grow if allowed by temperature and time. In this sense, a highly work-hardened
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material characterized by small grains and high dislocation density can transform into a
relieved fully recrystallized microstructure if annealed for a certain amount of time.

Electron image EBSD - Band contrast map

Map Data 5

Figure 6-7: Cross-section SEM image (a), and EBSD band contrast map (b) of uncoated cladding. The
cladding, made of Optimized ZIRLO alloy, is annealed to a partially recrystallized microstructure.

Optimized ZIRLO claddings are produced by extrusion and pilgering, and the high degree of
plastic deformation induced by this manufacturing process is cyclically relieved by annealing
steps that recrystallize the microstructure and allow for more plastic deformation to occur. At
the end of the manufacturing, the cladding undergoes a heat treatment with the objective of
obtaining a partially recrystallized microstructure characterized by the co-presence of larger
grains in the 5 um size range and smaller grains with a size of 1 um or less. An example of such
a microstructure is presented in Figure 6-7.

6.2 DEFORMATION AT LOW TEMPERATURES

Metals can undergo significant degrees of plastic strain when deformed under load. Once
plastically deformed, metals are able to oppose stronger resistance to any further deformation.
This ability is commonly associated with the concept of work-hardening.

Plastic deformation of metals is crucially correlated to dislocation movement. Deformation
occurs when a number of crystalline planes shift in respect of the whole crystal to
accommodate the macroscopic change in shape. In a theoretical defect-free crystal, this glide
would have to be accomplished by moving an entire lattice plane in a single step, making this
process requires extremely high energy. A certain density of dislocations, though, can always
be found in metals as statistical defects and their presence allows the relative slide of different
planes to be gradual and localized around the dislocation line, greatly reducing the energy
barrier for deformation. For these reasons, dislocation movement, dislocation generation, and
any mechanism that can influence either of these two phenomena, are at the basis for
understanding plastic deformation and work-hardening in metals. The reference material for
this section is [98—100].

6.2.1 STAGES OF STRAIN HARDENING

As anticipated above, metals tend to increase their resistance to shear deformation along with
the increase of strain undergone. This phenomenon of strain hardening is traditionally divided
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into five stages and each stage is characterized by a predominant hardening mechanism. It is
important to understand that not all stages realize themselves in every stress/strain curve and
that this division in stages is more theoretical than practical (in most cases only one or two of
these stages can be seen for a specific material). The description of these stages focuses on
the dislocation aspect of deformation, nevertheless other mechanisms could be also active
(localized shear, twinning and grain boundary sliding).

Stage | (Easy glide or laminar slip): Only a single slip system is active and the only strain
hardening mechanism involved is inter-plane dislocation resistance that results in very little
hardening. The stress/strain curve increases slowly and linearly. Stage | can be seen only in
single crystals and cannot happen in a polycrystalline material where there will always be some
grains oriented so that more than one slip system are active. This behaviour is typical of HCP
single crystals where the only slip systems available are parallel to each other and cannot
create intra-plane dislocation resistance. FCC metal single crystals can also present this
behaviour when loaded along a crystal direction that creates high resolved shear stresses on a
single slip system (no intra-plane dislocation resistance).

Stage Il (Forest cutting and dislocation generation): Multiple slip systems are active, intra-plane
dislocation resistance comes into play, many dislocations are generated and there is a rapid
linear hardening. The differences compared with Stage | consist in the more intense resistance
that dislocations moving on intersecting slip system face, in the large number of generated
dislocations (dislocations as Franck-Read sources) and their subsequent accumulation around
the slip obstacles. Altogether, this creates an increasing number of obstacles for dislocation
movement. Polycrystalline high-melting-temperature FCC metals can show this specific
behaviour when deformed at room temperature.

Stage llI: Both inter-plane and intra-plane dislocation resistance are in play, multiple slip
systems are active, many dislocations are generated and stored around slip obstacles, but the
density of dislocations has reached a point where recombination and mutual annihilation of
dislocations becomes consistent. Because a portion of the created dislocations are now
annihilating each other, the stress/strain curve is now parabolic with a rapid decrease in work-
hardening rate with increased strains. Additionally, being at higher loads, cross-slip is now
active allowing screw dislocations to get free from obstacles by changing glide system/plane.
Most metals exhibit only this behaviour followed by a short Stage IV, at this stage the
differences between single crystals and polycrystals are very small.

Stage IV: The hardening rate is now low and constant (of the same order as for Stage 1), during
this phase the system is saturating with dislocations and their density grows very slowly. This
stage is typical of very large strains and at the limit of maximum strain it can result in a flat
stress/strain curve which corresponds to Stage V.

Stage V: The system is now saturated with dislocations, every additional dislocation created by
the glide of moving dislocations balances out with another dislocation being adsorbed by a
grain boundary or annihilated by an encounter with another dislocation. The material can
accommodate some deformation but the hardening rate is zero.

A model stress-strain curve for each of these stages is reported in Figure 6-8.
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Figure 6-8: Schematic representation of model stress-strain curves associated with each stage of strain
hardening.

6.2.2 MICROSTRUCTURE DEVELOPMENT

During plastic deformation, dislocations can rearrange in distinctive 2D or 3D structures able
to influence the mechanical properties of the material. In order to get a 3D structure, intra-
planar interactions and multiple active slip systems are fundamental. Dislocation climbing,
dislocation cross slip and movement on intersecting glide planes are all necessary for the
formation of these structures. Every specific alloy will develop a characteristic microstructure
depending also on the way it is loaded. Nevertheless, materials can be generally divided
between wavy glide materials able to produce 3D cell block structures and planar glide
materials in which dislocations form 2D Taylor Lattice structures. The formation of these
structures has to be associated with an overall decrease in the energy stored in the
dislocations. This approach presumes the low energy dislocation structures hypothesis, which
is used to explain why the dislocations should change their disposition and form the articulated
structures mentioned before. In this model, uniformly distributed dislocations have an overall
higher strain energy than a system where dislocation-rich walls separate regions of largely
dislocation-free matrix. As a consequence, the system tends towards these structures in order
to minimize the stored strain energy.

The cell block structures are the most common for polycrystalline materials and involve intra-
planar dislocation interactions and multiple active slip systems. The dislocation boundaries
emerge first as dislocation braids, then they grow by mutual trapping of gliding dislocations.
The idea is that every single cell block has access to four or less active slips systems. Since five
slip systems are necessary to get homologous deformation (Taylor model), each cell block will
accumulate a certain degree of “rotation” or “tilt” along with the increased strain. This rotation
and tilt can be either distributed uniformly in the matrix as single dislocations (high energy) or
being accommodated by the formation of cell-block boundaries (low energy). In this way the
overall ensemble of cell block structures will fulfil a homologous deformation even if every
single cell block has less than the minimum amount of active slip systems required to do so.
When a cell block boundary is accommodating rotation or tilt, it is called a geometrically
necessary boundary. Other dislocation wall-like structures can form alongside the cell-block
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boundaries but are mostly associated with the trapping of moving dislocations. The final result
is a hierarchical organization with thick cell-block boundaries enclosing the cell blocks and
thinner dislocation boundaries further subdividing each block. The cell-block boundaries are
orientated in correlation with the strain and are accommodating the rotation/tilt necessary for
the overall homologous deformation. The thinner dislocation boundaries form by incidental
trapping of moving dislocations, and hence they are called incidental dislocation boundaries.
This behaviour is typical of FCC and BCC metals (including iron and potentially chromium). For
very high degrees of deformation, the cell boundaries can accumulate enough rotation/tilt to
become low-angle grain boundaries and subsequently high-angle grain boundaries, resulting
in continuous dynamic recrystallization.

6.2.3  MICROSTRUCTURE AND ADHESION OF COLD SPRAY COATINGS

The basic principle for CS coating formation is the transformation of the particle kinetic energy
into extensive plastic deformation upon collision with the substrate. The extreme plastic
deformation disrupts the thin native oxide layer present on the particle surface and exposes
new bare surfaces to the elevated contact pressure that results into an intimate contact
between clean surfaces. Plastic deformation is central in achieving good coating consolidation
during CS deposition [101].

Former.particle bulk
(deformed grains)

Inter-particle regions
Zr-substrate (dynamic recrystallization)

Figure 6-9: EBSD map of CS-Cr coated Zr-cladding (cross-section). Band contrast map is used for the
Zr-substrate, IPF colours are plotted for the Cr coating.

The resulting microstructure of the coating is hence characterized by highly deformed grains
and regions where dynamic recrystallization has taken place. Generally, the bulk of the former
powder particles will be recognizable by the presence of larger, severely deformed grains
elongated in the direction perpendicular to the coating growth direction, while the regions of
particle-particle adhesion usually present smaller dynamically recrystallized grains. An example
of such a microstructure is presented in Figure 6-9.

The main phenomena that are believed to affect adhesion in CS are plastic-flow localization
and adiabatic shear instability. Plastic deformation always results in heat production, under
normal conditions. The heat production rate is not high enough to generate a significant
increase in temperature, so heat can dissipate, and the material deforms under isothermal
conditions. In the case of CS, the duration of a particle collision event is usually shorter than a
few hundred nanoseconds [102,103], and the heat generated by the plastic deformation has
no time to dissipate. The temperature increases locally causing softening and annealing of the
work-hardened material, resulting in a decrease of the stress needed to produce further plastic
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deformation. As a consequence, if some regions end up being subjected to more plastic
deformation than others, these regions will be softened more and will become more prone to
accommodate further deformation, giving rise to plastic-flow localization. When plastic-flow
localization occurs, shear and heat production become strongly localized in some regions while
other parts of the material are subjected to little or no deformation. In CS deposition, the
periphery of each particle is subjected to the highest degree of plastic deformation and
heating. Here the temperature can rise significantly, and dynamic recrystallization is allowed
to occur [104], while the bulk of the particle experiences little deformation [104,105], usually
accommodated by the original grains of the sprayed particle. Figure 6-10a displays the
different stress-strain curves for materials subjected to isothermal deformation, adiabatic
deformation, and localized-adiabatic deformation. Additionally, a schematic of the different
deformations resulting from adiabatic and localized-adiabatic conditions are shown in Figure
6-10 (b) and (c).

Isothermal deformation

b) Adiabatic shear deformation

Adiabatic deformation

Equivalent flow stress

Localized-adiabatic deformation

c) Adiabatic-localized shear deformation

a) Equivalent plastic strain

Figure 6-10: (a) Schematic stress-strain curves for isothermal, adiabatic and adiabatic-localized plastic
deformation. (b) and (c) Comparison between adiabatic shear deformation and adiabatic-localized
shear deformation, respectively. (Reproduced from [101]).

On top of the metallurgical bonding that forms when the bare metal surface of particle and
substrate come into contact, two additional processes, one acting at the particle-size length-
scale and the other at the nanometre length-scale, are commonly assumed to contribute to
strong adhesion. At the particle-size length-scale, the substrate is commonly reported to
significantly deform wrapping around the incoming particles, resulting in mechanical
interlocking between particles and substrate (See Figure 6-11). In this topological
arrangement, the particles are geometrically locked into place. At the nanometre scale,
instead, the concept of interfacial instability is often used. Interfacial instabilities can arise
when two fluids flow at different velocities parallel to their shared interface and can result in
the formation of interfacial nano-scale roll-ups and vortices. Overall, these mechanisms seem
to play a role in the adhesion of CS coatings and depending on the properties of the different
coating/substrate systems, one mechanism can be predominant over the other.
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Figure 6-11: Cross-sectional SEM image of cold spray Cr-coating on a Zr-alloy substrate.
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CHAPTER 7

EXPERIMENTAL PROCEDURES

7.1 MATERIALS

The focus of this work is on coated cladding tubes for accident tolerant fuels. A list of the
analysed coated claddings can be found in Table 7-1. Two main groups of coatings can be
identified: CS Cr coatings and PVD nitride coatings. CS Cr coatings were identified as a
promising candidate for PWRs, and a first prototype of the coating 50 um thick was employed
to study the effects of CS on the microstructure of the substrate. A thinner version of the same
coating was then selected for corrosion studies in autoclave and for simulated accident
conditions. In parallel to the work conducted on the CS Cr, a range of PVD nitride coatings were
subjected to preliminary autoclave corrosion tests in both PWR and BWR conditions. Among
these, CrN and TiN were selected as model materials to show the different challenges offered
by PWR and BWR water chemistries. On a second round of autoclave corrosion testing in BWR
water chemistry, CrN/NbN superlattice (SL) coatings demonstrated exceptionally good
performance. To follow up on this finding and investigate the role of the superlattice structure,
a nanolayered (NL) CrN/NbN coating having the same average composition but thicker
alternating layers was developed and tested in a third round of BWR autoclave corrosion
testing. An image of a portion of as-fabricated CS-Cr coated cladding is presented in Figure 7-1.
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Figure 7-1: Photo of as-fabricated Cr-coated Optimized ZIRLO™ cladding sample (200 mm in length, 9
mm in diameter, wall thickness 0.6 mm).

The CS Cr coatings were obtained by deposition of pure Cr feedstock powder sieved to a size
smaller than 44 um. The cladding tubes used as substrate for the coating were made of
Optimized ZIRLO® (OPZ) alloy (nominal composition 0.8-1.2 wt.% Nb, 0.6-0.79 wt.% Sn, 0.09-
0.13 wt.% Fe, 0.09-0.16 wt.% O, balance Zr). The achieved particle velocity during deposition
was 1200 m/s (+/- 50 m/s). The PVD coatings were obtained by arc-PVD and MS-PVD onto HiFi®
alloy cladding tubes (1.50 wt.% Sn, 0.40 wt.% Fe, 0.10 wt.% Cr, 0.08 wt.% Ni, and balance Zr).
The PWR exposure was performed at Sandvik Materials Technology (now Alleima) in a static,
closed loop, steam autoclave at 415 °C and 220 bar for a total of 90 days in PWR water
chemistry. Pictures of the static autoclave setup are presented in Figure 7-2. The test
temperature for static steam autoclave according to ASTM is 400 °C [27], but a temperature of
415 °C was chosen to exert more intense corrosion to the specimens. The first round of BWR
autoclave exposure was performed at Studsvik in a once-through circuit, water autoclave at
360 °Cand 220 bar for a total of 60 days in BWR water chemistry. The second and third rounds
of BWR autoclave corrosion testing were performed by Toshiba Energy Systems & Solutions
Corporation Japan in a once-through circuit, water autoclave at 300 °C and 100 bar for a total
of 10 days and 60 days.
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Table 7-1: List of analysed samples.

Coating  Details  Thickness*™ Conditions Exposure details
Cr CS, OPZ 50 um As-fabricated - Paper |
cr Cs, OPZ 20 um As-fabricated - Paper |,
Paper Il
Autoclave 220 bar, 415°C, 90 Paper I,
cr C5, OPz 20 um exposed (PWR) days, <45 ppb O Paper Il
Cr CS, OPZ 20 um Simulated Loca ~ 1200°C Lbarflowing p
steam, up to 40 min
CrN ArE:DF\i/D’ 5um As-fabricated - Paper IV
Arc-PVD Autoclave 220 bar, 415°C, 90
CrN ’ 5 ’ ’ P v
' HiFi Hm exposed (PWR) days, <45 ppb O aper
Arc-PVD Autoclave 220 bar, 360°C, 60
CrN ’ 5 ’ ’ P v
' HiFi km exposed (BWR) days, 8 ppm O aper
TiN ArE:DF\i/D’ 5um As-fabricated - Paper IV
Arc-PVD Autoclave 220 bar, 415°C, 90
TiN ’ 5 ’ ’ P v
' HiFi km exposed (PWR) days, <45 ppb O aper
Arc-PVD Autoclave 220 bar, 360°C, 60
TiN ’ 5 ’ ’ P v
! HiFi Hm exposed (BWR) days, 8 ppm O aper
CrN/NbN MS-PVD, .

SL HiFi 5um As-fabricated - Paper V
CrN/NbN MS-PVD, 5 um Autoclave 100 bar, 300°C, 10 and Paper V/
SL HiFi K exposed (BWR) 60 days, 8 ppm O P

CrN/NbN MS-PVD, .
NL HiFi 5um As-fabricated - Paper V
CrN/NbN MS-PVD, 5 um Autoclave 100 bar, 300°C, 10 and Paper V/
NL HiFi K exposed (BWR) 60 days, 8 ppm O P

*Coating thickness refers to the as-fabricated coating, after exposure the thickness of the
residual coating could be different.
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Table 7-2: List of samples tested by Westinghouse in BWR autoclave

Cr CS Cr,03 X Dissolution
Cr arc-PVD Cry,03 X Dissolution
CrN arc-PVD Cr,03 X Dissolution
CrN-Cr arc-PVD Cry03 X Dissolution
Cr2N arc-PVD Cr,03 X Dissolution
CrWN arc-PVD Cry,03 X Dissolution
CrAIN arc-PVD Cr,03/Al,03 X Dissolution
CrN/NbN SL MS-PVD Cr205" Passivation
CrN/TiN SL MS-PVD Cr,03/TiO, X Spallation
TiN arc-PVD TiO, X Spallation
TiAIN arc-PVD TiO, /AL O3 X Spallation
(-;”I\;/y((:errl;l) arc-PVD Cr,05/TiO> X Spallation
Ié'\:gl:‘rlsl\; arc-PVD TiO, /AlLO3 X Spallation

*Nb is also expected to contribute to the oxide composition

Beside durations and temperatures, the main difference between the two water chemistries
is that in the BWR autoclave exposure the oxygen content was monitored and kept constant
at 8 ppm, while in PWR autoclave the oxygen content was kept below 45 ppb.

Figure 7-2: The PWR autoclave setup at Sandvik: the autoclave (left), the top without cover (centre),
the inside (right).

Beyond the coatings listed in Table 7-1 which were the subject of detailed analysis and were
the main object of the studies presented in the Appended Papers, a wide range of coatings was
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tested by Westinghouse Sweden in PWR autoclave and BWR autoclave in association with this
work. A summary of the screening correlated to BWR design is presented in Table 7-2. No data
is presented for most of these samples, as most of the coatings listed failed to protect the Zr-
substrate. It is nonetheless relevant to show that what is presented in this work results from a
larger effort aimed at identifying possible candidate materials for ATF in BWR power plants.
Additional information regarding the failure mode characteristic of the chromia-forming
coatings will be presented in Chapter 8.

7.2 CHARACTERIZATION TECHNIQUES

7.2.1 CHOICE OF ADVANCED MATERIALS ANALYSIS METHODS

The objective of this work is to identify, track, and understand chemical and microstructural
changes occurring at the nano- and microscale. In the study of corrosion, for example, visual
inspection and weight gain measurements can provide some insights on what is happening to
the material, but it is very difficult to extract precise information about the corrosion
mechanisms or failure dynamics. It might be evident that one coating works very well and
another does not, but, to understand the reasons behind this, high resolution microscopy and
chemical analysis are often required. Electron microscopy makes it possible to record high-
resolution images, coupled with chemical and crystallographic information. All this information
together is a powerful tool for phase identification, and it is crucial in studying corrosion.
Knowing what oxide phase is growing on the oxidised surface can allow for better prediction
of the oxidation dynamics and mechanisms. Grain structure, recrystallization, grain growth and
plastic deformation in metallic materials can be studied through etching of polished cross-
sections and hardness measurements, but these methods are somehow limited. Electron
backscattered diffraction techniques make an entirely new world of crystallographic
information readily available and visually accessible. Many properties of materials are
modelled on physics- or chemistry-based theories that often invoke mechanisms occurring
only at the atomic scale. It is possible to set up experiments that can verify such models and
hypotheses, but sometimes a material does not behave as it is supposed to and finding the
reasons behind these deviations is often difficult. It is well known, for example, that the
segregation of certain alloying elements or impurities in precipitates, at grain boundaries or at
phase interfaces can drastically change the mechanical, chemical, and electrical properties of
materials. Atom probe tomography has been instrumental in this work to explain the adhesion
properties of coatings and the nature of the chemical reactions occurring in autoclave, where
the relatively low temperature does not allow for long range diffusion and the consequent
formation of large features that could be accessible with other techniques.

7.2.2  SCANNING ELECTRON MICROSCOPY

Scanning electron microscopy is one of the most widely used imaging techniques in science.
SEM can be used on almost any material. It allows to obtain both topographic and chemical
information from the samples and modern instruments have achieved nanometre resolution.
It is flexible and can be used on bulk sample surface, cross-sections, particles, films, etc., with
very little or no sample preparation. References for this section are [106,107].
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The generic functioning of an SEM is schematically shown in Figure 7-3. In an SEM, electrons
are extracted from an electron source by the use of strong electric fields (and heat in the case
of thermionic guns). The two main types of electron guns are thermionic guns (not used in
modern SEMs) and field emission guns (FEGs). The extracted electrons are accelerated towards
the anode by an electric field, the achieved energy of the obtained electron beam ranges
usually between 2 keV and 30 keV, although voltages as low as 0.1 kV can be used.
Electromagnetic lenses are used to converge the beam into a fine probe, in this sense the SEM
is a demagnifying instrument and the electron probe is the projection of the electron source
reduced in size. The e-beam is then let through the condenser aperture which determines the
convergence angle of the probe. Scanning coils are used to deflect the beam path allowing to
scan the probe on the surface of the sample. When the electron probe hits the sample surface,
different interaction phenomena between electrons and matter will take place and different
types of signals will be emitted from the sample surface. The typical signals produced in the
electron-matter interaction volumes are Auger electrons (AEs), secondary electrons (SEs), back
scattered electrons (BSEs) and characteristic X-rays. The signals will be collected by different
detectors and associated with the position of the e-beam. The e-beam will then be moved to
the next region by the scanning coils and the process will be repeated. As displayed in Figure
7-3, each signal can originate from a pear-shaped region called the interaction volume. The
primary factors determining size and shape of the interaction volume are the probe size and
the beam energy. Larger probes will shower a wider portion of the sample surface, and the
higher the energy of the electrons in the e-beam the deeper the electrons will be able to
penetrate into the material. Additionally, different signals travel different distances through
the sample before being reabsorbed, hence any signal produced at a distance from the surface
longer than its mean free path will not be able to leave the sample and will not be detected,
this determines the escape depth of each type of signal. All these effects are also influenced
by material composition which can greatly affect the escape depth and the size of the
interaction volume.

SEs, generated when the incident beam excites outer shell electrons of the specimen atoms,
have energies below 50 eV and can be easily reabsorbed by the sample. They have a shallow
escape depth, which makes this signal very localized around the area immediately underneath
the electron probe (a few nanometres under the surface). SEs are usually detected by an
Everhart-Thornley detector, and more recent instruments are also equipped with an InLens
detector. This signal provides important topographic information, has a high spatial resolution
and can be used to produce images based on morphological contrast. BSEs are electrons from
the primary beam that have been scattered by the interaction with the atomic cores of the
sample and have been deflected backwards. These electrons have significantly higher energies
than SEs and have larger escape depth. For this reason, this signal has lower spatial resolution.
BSEs are collected by a BSE detector and can provide elemental information in the form of Z-
contrast (atomic number contrast). The local average atomic number is the main factor
determining the likelihood of elastic scattering interaction that results in the emission of BSEs.
Elements with higher Z will result in brighter BSE images. When the electron beam interacts
with the sample atoms, an electron from an atom core shell can be ejected from the atom.
When this happens, an electron from a higher energy level will quickly make the transition
downwards to fill the vacancy. In most cases, this transition will be accompanied by an emitted
photon (X-ray) whose energy matches the energy gap between the upper and lower level. In
other cases, the energy released by the downward transition is given to one of the outer
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electrons instead of to a photon. This electron (i.e, AE) is then ejected from the atom with an
energy equal to the energy lost by the electron which made the downward transition minus
the binding energy of the electron that is ejected from the atom. AEs have very low energy and
can travel only a few atomic layers, they need ultra-high vacuum to travel undisturbed, and
they cannot be collected in a standard SEM. X-rays can typically travel very far into materials,
so they can reach the surface even when produced deep underneath the sample surface
causing lower spatial resolution than any electron signal. These characteristic X-rays are
collected by an energy dispersive spectroscopy (EDS) detector and they are used to extract
qualitative and quantitative chemical and compositional information about the specimen.
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Experimental details:

In this work, SEM based techniques were used on all analysed samples to get an overview of
the surface and cross-sections of coated claddings with the objective of identify potential
features to investigate further with more advanced techniques. The microstructure and
coating-substrate interface morphology could be preliminary appreciated with SEM imaging.
This family of instruments was also widely employed to verify the overall quality and density of
coatings, and the absence of porosities or cracks. EDS is a very powerful elemental analysis
technique and it was instrumental in obtaining chemical information about the progression of
oxidation early on. Micron-scale chemical segregation or phase formation can be easily
captured with SEM-EDS and allows to build an idea of what phenomena that are occurring
during coating deposition, autoclave exposure or under simulated accident conditions. A low-
speed saw was used to cut the received cladding tubes into rings 5 mm in height. For cross-
section imaging, the rings were embedded in conductive bakelite, ground and polished with
SiC-paper and diamond particle suspensions. To image the outer surface of the claddings, the
obtained ring was cut into two halves along the radial direction and glued onto a stub with
silver paint so the outer surface faces upwards. For SEM imaging the selected accelerating
voltage ranged generally between 5 kV and 15 kV. The accelerating voltage used to optimize
the EDS signal was often ranging between 12 kV and 15 kV. Lower acceleration voltages would
not excite properly K-lines from Cr, Fe or Ni. The main problem for EDS quantification is the
overlap between Cr L-lines and O K-lines. It is possible to map O and see a qualitative
distribution of it, but precise quantification of O in Cr rich phases would always come with an
overestimation of the O content. In this work, an FEI Quanta 200 FEG Environmental SEM
(ESEM) and a JEOL 7800F Prime SEM were used to capture images of the coated claddings and
to perform EDS mapping of the same areas.

7.2.3  ELECTRON BACKSCATTERED DIFFRACTION AND TRANSMISSION KIKUCHI DIFFRACTION

Electron backscattered diffraction (EBSD) and transmission Kikuchi diffraction (TKD) are both
SEM based techniques where the scattered electrons emitted by the sample are used to
investigate the type and orientation of the specimen crystal structure. These techniques
provide a powerful way to read the microstructure of the material. The main limitation of EBSD
and TKD is the sample preparation: in order to be able to collect the signal, the surface quality
needs to be extremely high, which can be challenging to achieve for some materials.
References for this section are [108].

When an electron beam interacts with matter, some of the electrons originated from the
primary beam will be scattered. Scattering occurs through elastic and inelastic events and a
single electron can be scattered many times. Under the flux of primary electrons, scattered
electrons are constantly generated in the interaction volume and are emitted in all directions.
To leave the sample, these electrons have to move through the crystal lattice, being originated
from the entirety of the interaction volume and emitted in all directions, some of them will be
travelling at an angle to a lattice plane that meets Bragg’s law and will be scattered following
this law. If the last scattering event of an electron before leaving the sample fulfils the Bragg
condition, this scattering event will create a deficient region (where the electron should have
gone otherwise) and an excess region (where the electron has been scattered towards) in the
incoherently scattered electron distribution (originally uniform). When many of these events
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are added together an excess line and a deficient line will appear in the incoherently scattered
electron distribution; these lines are called Kikuchi lines and a pair of Kikuchi lines produces a
Kikuchi band. Being produced by Bragg diffraction, the position of these bands is strictly
associated with the orientation of the crystal lattice and influenced by the crystalline structure
and the lattice plane distance. When this signal is collected from a bulk sample the technique
is called EBSD, and when these patterns are obtained in transmission from a thin sample the
technique is referred to as TKD. A schematic for EBSD and TKD setups is reported in Figure 7-4.
In EBSD the sample is typically tilted to 70° to maximise the amount of signal hitting the
detector. On the other hand, but for the same reason, in TKD the sample is usually tilted to -20°.
The Kikuchi patterns from each scanned point are collected by an EBSD detector and
automatically indexed by a computer system via comparison with a database. The
crystallographic data can then be analysed and used to produce band contrast maps,
orientation maps, pole figures and more advanced analysis of grain deformation, strain, etc.
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Figure 7-4: Schematic of EBSD sample/detector geometry (left). Schematic of TKD sample/detector
geometry (right).

Experimental details:

EBSD and TKD were employed to study the grain structure of coatings and substrates before
and after autoclave corrosion testing or exposure to LOCA conditions. To access this
information, EBSD was performed on polished cross-sections and TKD was utilized on TEM
lamellas. The EBSD polished cross-sections were obtained with a broad ion beam (BIB) milling
system. A portion of a ring had to be cut and mounted with the axial direction perpendicular
to the BIB beam, a silicon mask was applied on the cross-section to reduce curtaining and
achieve the best surface quality. Once mounted, the samples were milled for 10 h at 6 kV beam
acceleration voltage, and the obtained samples were then analysed directly with EBSD without
further surface preparation. TKD lamellae were prepared with FIB/SEM, see Section 7.3. EBSD
and TKD mapping were performed on a TESCAN GAIA3 equipped with an Oxford-NordlysNano
detector. Post processing of the obtained data was conducted with AZtek 5.0 and HKL Channel
5 software from Oxford Instruments.

52



7.2.4  TRANSMISSION ELECTRON MICROSCOPY

Transmission electron microscopy is an extremely powerful microstructural characterization
technique. TEM can be used to perform high spatial resolution imaging and to obtain
crystallographic and chemical information from the sample. The technique works in
transmission, which means the specimen needs to be electron transparent, typically a lamella
between 20 nm and 200 nm in thickness. TEM can achieve atomic resolution, which makes this
technique well suited for all advanced materials characterization needs. The main limitations
of this technique lie in the need of a thin sample, which requires long and delicate sample
preparation, and in the beam sensitivity of some materials, that makes it challenging to analyse
certain samples without damaging them. In addition, there are some intrinsic limitations
associated with the 2D representation of 3D objects. For example, any TEM based chemical
measurement of small particles is prone to have contribution from the matrix. References for
this section are [109,110].

Overview

A schematic of the instrument setup is presented in Figure 7-5. Different TEM instruments can
have different setups but a TEM column can generally be divided into three sections: the
illuminating system, the image forming system, and the projection and image recording
system. In the illuminating system electrons are extracted from the electron gun and
subsequently accelerated through the application of high voltage (typically 100-300 kV)
between the gun and an anode to form the primary e-beam. A first strong condenser lens (C1)
collects the emitted electrons from a large solid angle down to a demagnified image of the
source. By controlling the strength of C1 and the C1 aperture it is possible to control the
electron beam current. One or two additional condenser lenses (C2 and C3) follow C1. C2
projects the beam onto the specimen and controls the illumination area. The C2 aperture is
used to tune the convergence angle of the beam. With only C2 and the C2 aperture it would
not be possible to control the illumination area and the convergence angle independently, to
solve this, modern instruments have a third set of condenser lens and condenser aperture (C3
and C3 aperture). The image system is made out of objective lenses and the objective aperture.
The objective lens determines the final resolution of the instrument, and it is responsible for
creating both the image of the sample (in the image plane) and the diffraction pattern (in the
back focal plane). The specimen is usually inserted between a first and a second part of the
objective lens. The selected area diffraction aperture (SAD aperture) is used to select a specific
region of the sample from which to get electron diffraction. The projection lens magnifies the
image or the diffraction pattern onto a fluorescent screen or a CCD camera, part of the
projection and image recording system. If the instrument has the possibility to work in scanning
transmission electron microscopy (STEM) mode, scanning coils will be placed between the
illumination system and the image forming system. In this case, an annular dark field (ADF)
detector and a high angle annular dark field (HAADF) detector will be present in the image
recording system. For elemental analysis, an XEDS detector can be present in close proximity
of the specimen and a set of filters, electron prisms and energy selecting slits can be used to
perform electron energy loss spectroscopy (EELS) and energy filtered TEM (EFTEM).
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Figure 7-5: Schematic of a TEM column. The illumination system, the image forming system, and the
projection and image recording system are schematically shown.

TEM mode and STEM mode

In TEM mode the electron beam is parallel and illuminates the specimen uniformly. The
electrons move through the specimen and can be un-scattered, elastically scattered or
inelastically scattered. Selecting only the un-scattered electrons a bright field (BF) image of the
sample is obtained, and this imaging mode provides thickness and diffraction contrast. When
the elastically scattered electrons are selected to form the image, the result is a dark field (DF)
image of the sample. DF imaging provides diffraction contrast. In order to select the un-
scattered or elastically scattered electrons, the objective aperture is inserted in the back focal
plane and only a specific region of the diffraction pattern is let pass. Conventional TEM imaging
can be performed using either signal. By contrast, high resolution TEM (HRTEM) imaging is
achieved using a large objective aperture (or no objective aperture) and provides phase
contrast at atomic resolution. In HRTEM the contrast is produced by the interference of the
direct beam and the diffracted beams. The inelastically scattered electrons can be used for
EELS or EFTEM. Characteristic X-rays can be collected with an XEDS detector to obtain chemical
information from the illuminated region of the specimen. In STEM mode the beam is converged
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into the smallest probe possible for the instrument and this probe is scanned on the sample
surface. The signal is collected from each point and is integrated in a process conceptually
similar to SEM. A smaller probe, and a thin sample, leads to a smaller interaction volume, and
this significantly increases the XEDS signal resolution. STEM imaging is achieved by collecting
the transmitted electrons for each pixel. The BF-STEM collects the un-scattered transmitted
electrons and gives mass-thickness contrast and diffraction contrast. ADF imaging collects
electrons scattered between 10 and 50 mrad angle, these electrons include Bragg diffracted
electrons and inelastically scattered electrons. HAADF imaging is performed by collecting the
electrons scattered at angles higher than 50 mrad. At these high angles electrons diffracted at
the Bragg condition are excluded from the signal and only inelastically scattered electrons
remain. Figure 7-6 is used to graphically explain the differences between TEM and STEM modes
of operation.
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Figure 7-6: Schematic representation of the origin of the different signals used respectively in TEM
mode and STEM mode.

Experimental details:

TEM imaging was a crucial technique employed to link the micron scale phenomena to the
atomic scale studied with HRTEM and APT. TEM allowed to identify and characterize portions
of very thin oxide scales found on autoclave tested materials where the oxide thickness usually
ranged between 50 and 300 nm. In SEM, such a thin oxide scale is visible but very little detail
can be extracted about its morphology, chemistry or grain structure. With BF-TEM it was
possible to image these smaller details while keeping a sense of scale and position on the
sample. STEM-EDS was widely used to study the chemistry of very small features that would
not be resolved with SEM-EDS. HRTEM was employed to study the crystallinity of the
intermixed bonding region found at the Cr-Zr interface of as-fabricated CS-Cr coated Zr-
cladding. Sample preparation for TEM based techniques was performed on a FIB/SEM, see
Section 7.3. An FEI Tecnai T20 equipped with a LaBg electron gun was used in this work to
collect BF-TEM images, SADPs and some DF-images. An FEI Titan 80-300 equipped with a FEG
electron gun and a Cs corrector on the condenser lens was used to perform HRTEM, STEM and
STEM-EDS.
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7.2.5 ATOM PROBE TOMOGRAPHY

Overview

Atom probe tomography is the technique that provides the highest resolution for chemical
analysis, allowing to study chemical changes down to nearly atomic scale. It allows to
reconstruct the data in 3D making it possible to study small details from all perspectives
without having to deal with any of the artefacts induced by projecting a 3D object onto a 2D
image.

In APT, atoms from needle-shaped specimen are field evaporated in form of positive ions.
These ions are then detected and their mass and position in the sample are identified. The
collected data is finally rebuilt into a 3D reconstruction that provides extremely detailed
information of chemical variations in the investigated sample. In order to create the condition
for field evaporation to happen, the needle-shaped specimen is kept in an ultra-high vacuum
chamber at cryogenic temperatures (30—70 K) while a high positive direct current (DC) voltage
is applied between the specimen and a counter electrode. At this point, a voltage pulse or laser
pulse is used to ionize the atoms at the surface of the sample. The ions are then accelerated
by the electric field and detected by a 2D position sensitive detector. The time-of-flight for the
jons is obtained by measuring how much time passes between the voltage/laser pulse and the
detection-event; this time-of-flight allows to extract the mass-to-charge ratio of the ion. As
only the atoms at the very surface of the tip are evaporating, one by one, models for calculating
the ion trajectory are used to trace backward the ion path to its point of origin. In this way, it
is possible to reconstruct the specimen, atom by atom, inside a 3D virtual space. A crude
schematic illustration of the instrument setup is shown in Figure 7-7. This technique has been
historically utilized predominantly for studies of metallic materials, but the development of
laser-APT has opened up the possibility to analyse many non-conductive materials. APT is a
powerful characterization technique especially for the study of atom clustering in a matrix,
solute segregation at grain boundaries or phase interfaces, phase transformations, and
nanoscale materials chemistry in general. The main limitations of APT are the small size of the
analysed volumes per specimen, the high mechanical stresses applied on the specimen by the
electrical field during the analysis, and the significant role of the operator in handling the data
reconstruction process. References for this section are [111-113].

2D position sensitive

[Tt

Specimen P

(@)
O .
1 Voltage pulse I L

DC voltage or

Laser pulse
Time of flight measurement
ALt

Figure 7-7: Schematic of APT working principle.
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Field evaporation

The field evaporation process is at the core of APT. To bring the specimen atoms close to the
evaporation energy barrier a strong DC voltage is applied. The sharp needle-shape of the
specimen further increases the electric field locally experienced by the atoms at the tip of the
needle. Assuming the edge of the sample to be a hemisphere with a radius R, a voltage V and
field factor ky, the electric field at the tip of the sample can be calculated using the following
equation:

F=—o (4.1)

This field, together with the temperature at which the specimen is kept, determines the
coordinates of the atoms onto the field axis and temperature axis of the diagram presented in
Figure 7-8. From Equation 4.1 it is clear that the smaller the radius, the higher the field strength
will be locally. During the analysis, the specimen will be slowly consumed, the radius R will
grow, and the DC voltage V will be increased to compensate for this. The penetration depth of
the electric field in the sample is extremely shallow (less than a single atomic layer for metals).
This ensures that only the atoms at the very surface of the needle will be exposed to high
enough electric fields to be brought close to their evaporation barrier. To push the surface
atoms beyond the energy barrier and get them to ionize, extra energy is provided to the system
either with a field pulse or a thermal pulse in the form of a DC voltage pulse or a laser pulse,
respectively, as shown in Figure 7-8. Field evaporation is a thermally activated process and the
most important experimental parameters that affect this phenomenon are: specimen
temperature, voltage or laser pulse frequency, voltage pulse fraction or laser pulse energy, and
evaporation rate (the fraction of the pulses resulting in a detection event).
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Data analysis and reconstruction

During the analysis, the x-y position on the detector, the time-of-flight, the voltage applied to
the specimen at the time of the event and the other run parameters are saved as data for each
single ion. A common analysis can consist of millions of ions and this data needs to be
reconstructed before the information about the microchemistry of the sample can be
accessed. The atoms that get ionized at the surface of the needle have velocity equal to zero,
they are charged and surrounded by a strong electric field, hence they accelerate towards the
detector. The distance (l) between the specimen and the detector is known and together with
the time-of-flight (taignt) it is possible to deduce the mass-to-charge ratio (m/n) of the ion (see
Equation 4-2).

m tflight>2
—=2eV|——— 4.2
n € ( l (42)

The mass-to-charge ratio is used for the identification of the ions, and two examples of mass
spectra are shown in Figure 7-9. The peaks are then ranged and assigned to a specific element
or molecule (in the case of complex ions). This chemical information is then going to be
associated with the positional data in order to create the final 3D reconstruction.
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Figure 7-9: Example of mass spectra resulting from analysis of a Zr-alloy (a) and pure Cr (b).

The hit coordinates of each ion are used to determine the original position of the atom on the
sample surface. The trajectory of the ions is determined by the geometry of the electric field
in which they travel and by which they are accelerated. There are different models to
determine the ion trajectory and the accuracy of this process can be affected by the material,
phases involved in the evaporation process, shape of the tip, etc. Hence, the reconstruction
parameters are extremely important for the final geometry of the reconstructed data. Once
the final reconstruction is obtained, important information can be extracted using different
visualization and quantification tools. One of the most common ways used to display
concentration profiles in 3D involves the use of isosurfaces and proxigrams. An isosurface is
any surface where the concentration of a selected element (or group of elements) remains
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constant at a set value. By tuning the selected concentration value, it is possible to identify and
isolate microstructural features such as precipitates, grain boundaries or phase boundaries.
When the desired isosurface/feature is identified, a proxigram (proximity histogram) can be
used to analyse the local atomic neighbourhood adjacent to the isosurface. Each ion is
associated with its shortest distance from the isosurface. Using this proxigram algorithm, which
is independent of the surface geometry, it is possible to generate histograms displaying the
concentration of atoms in a series of shells increasingly further away from the selected
isosurface. What is obtained in practice is a plot of the chemical composition across and away
from the isosurface [114,115]. An example of how isosurfaces work is displayed in Figure 7-10.
In order to construct a proxigram, the software divides the dataset into a 3D grid, then it
calculates the composition of each voxel, using a delocalization algorithm to smooth the
concentration field.

Zrisosurface at 10 at.%  Zrisosurface at 15 at.% Zrisosurface at 20 at.% Zrisosurface at 25 at.%  Zrisosurface at 30 at.%

Zrisosurface at 35 at.% Zrisosurface at 40 at.% Zrisosurface at 45 at.% Zrisosurface at 50 at.%  Zr isosurface at 55 at.%

Figure 7-10: Example of isosurfaces calculated at different concentration of Zr at the Cr-Zr interface
of an as-fabricated CS-Cr coated Zr-cladding.

Experimental details

Proxigrams were generally calculated starting from an iso-surface, using 0.5 nm steps, 1 nm?
voxel size and 3x3x1.5 nm? delocalization distance.

A LEAP 3000X HR from Imago Scientific Instruments was used to collect the APT data presented
in this work about CS-Cr coated material. All samples were run in laser mode with 200 kHz laser
pulse frequency, at 50-70 K specimen temperature, 0.3 nJ laser pulse energy and 0.20 %
evaporation rate. A LEAP 4000X HR from CAMECA was instead employed for the analysis
performed on CrN/NbN SL coated claddings. For these runs, a temperature of 40 K, a laser
pulse energy of 70 pJ, and an evaporation rate of 0.50 % were selected. CAMECA IVAS 3.6.14
software was used for data reconstruction and data evaluation. APT was used to study the
chemistry of the Cr/Zr interface in the as-fabricated CS-Cr coated OPZ claddings, to investigate
the evolution of the Cr/Zr interface after autoclave exposure and to characterize the oxide
formed on the surface of the CS-Cr coating during the autoclave corrosion test. In the case of
CrN/NbN coatings, APT was used to study the nanolayered structure of the coating and the
interface with the substrate before and after autoclave testing.
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7.3 SITE SPECIFIC SPECIMEN PREPARATION IN FIB/SEM

A focused ion beam (FIB) instrument is conceptually similar to an SEM with the important
difference of using an ion instead of an electron beam. FIB can be used for imaging but in this
work the main application of this technique was as milling tool for in situ sample preparation.
The FIB/SEM setup used to prepare all the samples analysed with APT and TEM is displayed in
Figure 7-11. This instrument is equipped with an electron column mounted vertically and a Ga-
ion column mounted at an angle of 52° with respect to the vertical axis (see Figure 7-11a). A
gas injection system (GIS) and a micromanipulator (OmniProbe) are also available and can be
used together with the two columns to do in situ work. The SEM is mainly used for imaging,
but together with the GIS, the SEM can be also used to deposit metallic Pt on the surface of
the sample (electron-deposition).
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Figure 7-11: Schematic explanation of the FIB/SEM geometry and how the sample is tilted at the
different stages of the specimen preparation procedure.

The FIB has imaging capabilities, but it is mainly used to deposit metallic Pt together with the
GIS or as a milling tool to create wedges, trenches and other structures at the surface of the
sample. The OmniProbe is used to extract a small portion of material from the sample to make
it possible to prepare TEM lamellae and APT tips. The stage can be tilted at different angles to
orient the sample normal towards the electron or the ion beam, and different angles allow to
do different type of milling and Pt deposition as shown in Figure 7-11b and c. In this work, well-
known procedures for FIB/SEM in situ sample preparation were implemented to lift-out
portions of material to be analysed in APT and TEM [116-119].

Site specific specimen preparation with FIB/SEM for APT

The steps involved in the standard lift-out procedure for APT are presented in Figure 7-12. A
thin layer of Pt is deposited on the region of interest with electron-deposition (0° tilt), this step
ensures that the desired region is visible and recognisable when using the FIB imaging. The
sample is tilted to 52° and additional Pt is deposited with ion-deposition on top of the Pt
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obtained with electron-deposition, since ion-deposition provides better yield and allows to
deposit thicknesses up to one micron. At this point the sample is tilted at 22°, which creates
an angle of 30° between the sample surface normal and the ion beam. The FIB is used to mill
a trench on one side of the platinum strip, the sample is rotated 180° and a second trench is
milled on the other side of the strip. The resulting wedge is then set free at one of the two
ends. The sample is moved back to 0° tilt, the OmniProbe is inserted inside the analysis
chamber and is put into contact with the wedge. lon-deposition of Pt is used to weld the
OmniProbe onto the free end of the wedge, ion milling is used to free the other end of the
sample and the volume of interest is extracted from the sample. Once the lift-out is obtained,
the far end of the wedge is put in proximity of a pre-made Si-post (on a wafer with multiple
posts). It is then welded onto the Si-post with some Pt and then the wedge is cut with the Ga-
beam to separate the welded portion from the rest of the lift-out (see Figure 7-12d and e). This
last sequence is repeated until the entire lift-out is made into small portions welded onto Si-
posts. The final step of sample preparation for APT is the sharpening. At this stage, the sample
is tilted to 52° and annular FIB milling is used to reduce the size of the sample down to a sharp
needle, as can be seen in Figure 7-12f (i-v).

Omniprobe

SR N e

TR TR

1

Figure 7-12: In situ lift out procedure for APT: example of steps involved ((a) to (e)). Sharpening of a
tip for APT ((f) from | to v).

Site specific specimen preparation with FIB/SEM for TEM and TKD

The procedure for TEM sample preparation has many similarities with the one adopted for APT
and it is displayed in Figure 7-13. The region of interest is marked with Pt. The sample is tilted
to 52° and this time the milling is done perpendicularly to the surface normal in order to create
a lift-out with parallel faces in the shape of a thick lamella. The sample is then tilted to a small
angle (between 0° and 7°) and the lift-out is set free with an undercut that leaves only a small
portion of material joining the lift-out to the bulk sample. The sample is tilted back to 0°, the
OmniProbe is inserted and welded on the lift-out, the thick lamella is set free from the bulk
sample, then extracted and mounted onto a Cu half-grid. At this point the sample is tilted to
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52° (plus/minus a few degrees), the lamella is thinned and polished down to a thickness of
around 50-200 nm using FIB milling.

Figure 7-13: In situ lift out procedure for TEM: example of steps involved ((a) to (e)).
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CHAPTER 8

SUMMARY OF THE RESULTS

In this section, highlights of the work contained in the appended papers are presented. The
experimental results are divided between PWR and BWR application and linked to the research
guestions presented in Chapter 1.

Question 1
Do ATF coatings offer improved high-temperature steam oxidation under accident conditions?

Question 2
Is chromia stable in LWR operating environments?

Question 3
To what degree do coating and cladding interact during coating deposition, in reactor
operation and under accident conditions?

8.1 COoLD SPRAY CR PERFORMANCE FOR PWR

8.1.1 AS-FABRICATED CS CR COATINGS ON ZR CLADDINGS

This section deals with results contained in Paper |. The effects of cold spray deposition on the
Zr-substrate are relevant for answering Question 3, while understanding the adhesion of CS
coatings can be relevant in answering Question 1.

Understanding adhesion of cold spray coatings

Cold spray coatings have shown very good adhesion properties. Shedding light on the nature
of the strong bond between CS-Cr coatings and the Optimized ZIRLO substrate will help to
model the behaviour of this system in operation and under accident conditions. Additionally,
it could provide important insights into the phenomena that take place during formation of CS
coatings. In Figure 8-1a, an SEM overview of the coated cladding cross-section is presented.
From this image it is possible to appreciate the significant roughness of the Cr/Zr interface. The
interface is much rougher than the original ZIRLO surface. As shown in Figure 8-2b, both the
substrate and the coating particles have experienced heavy plastic deformation. The Zr in
particular, being the softer of the two metals, has accommodated the Cr particles by wrapping
around them and filling all gaps. The result is an interface with a complex shape, where coating
and substrate are mechanically interlocked to each other. The convoluted interface represents
both a strong advantage and a disadvantage of CS. To the benefits belongs the fact that such
a complex geometry makes it difficult for an external load to pull directly onto the interface.
This means that even for a weak interfacial bond, the coating would still be stuck, and its
spallation would not be easy. The drawback, though, is that such a high degree of roughness
inevitably reduces the control over the coating thickness. Although a few micrometres of
coating would provide the desired protection, because of the roughness of the interface, more
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material is needed to cover the entire surface. In applications where material costs are a
limiting factor, this drawback can be significant. It can also influence the neutron economy, as
Cr has a higher cross-section for thermal neutrons than Zr.

During coating deposition, both the coating particles and the substrate are subjected to
deformation that causes fracturing of the native oxide scale, then the gas jet flushes away the
oxide debris. The result is an intimate contact between two bare metallic surfaces, as displayed
in Figure 8-2c and Figure 8-2d. This type of interface is very common for CS coatings and is
often referred to as metallurgical bonding. The challenge of studying the metallurgical bonding
lies in its very small size (nanometre range). Due to the extremely localized heating and shear
deformation that produces the bonding, there is no evidence of diffusion or chemical
intermixing in the ranges of magnification that can be explored with techniques such as SEM.
Even with conventional TEM imaging, the Cr/Zr interface appears to be a sharp and plain line
dividing the coating from the substrate. To access this information, near atomic resolution is
needed and HR-TEM or APT are required.

Figure 8-2 contains the 3D reconstruction of data obtained from an APT analysis of the very
interface between Cr and Zr. From this data, a 20 nm thick intermixed bonding region (IBR)
emerges and knowledge about the kinetic and thermal history of this region is obtained. From
Figure 8-2a and Figure 8-2b it is clear that between a region of pure Cr and a region of pure Zr
there is a layer where Cr and Zr are mixed.

CS-Cr (20pum)

a) Optimized ZIRLO

Optimized ZIRLO Optimized ZIRLO

b) 100 nm

Figure 8-1: Electron microscopy of as-fabricated CS-Cr coated Optimized ZIRLO claddings. (a) Low and
(b) high magnification cross-section SEM images. (c) and (d) BF-TEM of Cr/Zr interface.

The average composition of the IBR is approximately 60 at.% Zr, 30 at.% Cr and 10 at.% O as
can be extracted from Figure 8-2. The Cr/Zr ratio and the presence of oxygen suggest that the
zirconium former surface is the main component of the IBR. The layer contains also traces of
Sn, Nb, Fe and C (see Figure 8-2e). Sn, Nb and Fe are alloying elements coming from the
Optimized ZIRLO substrate while the carbon could be an impurity potentially originating from
grease residues on the former zirconium cladding surface. To have a better view over this layer,
arectangular region of interest is extracted, Figure 8-2c. Here, two things can be observed: the
composition of the layer is not uniform and C atoms are mostly concentrated inside Zr-carbide
particles. The inhomogeneity of the IBR can be interpreted both as the initial stages of phase
separation or as the result of interfacial fluid instabilities. In fact, the composition of the layer
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falls into a two-phase region where a-Zr and Cr,Zr (Laves phase) are the thermodynamically
stable phases. The system, if given the chance, would separate these two phases and the
differentiation in Zr-rich regions and Cr-rich regions could be interpreted as the first stage of
phase separation. On the other hand, as mentioned in Chapter 3, the highly localized plastic
deformation that can affect the particle peripheries and substrate surface, can cause the
materials to behave locally like a fluid. When two fluids move at different velocities parallel to
their interface, surface instabilities can emerge and develop into whirls at the interface. These
whirls could then be quenched in place potentially resulting in the inhomogeneities visible in
Figure 8-2c.

d) Concentration profile across IBR (Zr, Cr, O)

50 nm
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Figure 8-2: 3D reconstruction of APT data from the CS Cr-coating/Optimized ZIRLO™ interface and the
area around. In (a) the distribution of Cr atoms (pink, 30 % of the atoms are shown) is displayed, in (b)
the distribution of Zr atoms (blue, 30 % of the atoms are shown) can be seen. (c) An image of a 15 nm
thick slice containing the intermixed bonding region (rotated 90°) is presented, here the Cr atoms are
in pink and the light-blue particles (isosurfaces at 4 at.% C) represent high concentration of C. (d)
Concentration profiles across the intermixed bonding region found at the CS Cr-coating/Optimized
ZIRLO™ interface.

High-Strain deformation induced microstructures

The properties of the zirconium cladding tubes are strictly regulated. The main advantage of
coated zirconium as ATF solution is that very little modification of the existing material and
design is required. Nevertheless, the deposition process can have some effects on the
substrate and it is important to verify the extent of such modifications. CS coating formation is
based on plastic deformation. The EBSD map presented in Figure 8-3a, and the TEM images
shown in Figure 8-1c and Figure 8-2d, allow us to investigate the resulting microstructure of
the substrate. The EBSD map shows that the grain structure of the substrate is mostly
unaffected by the coating, but some effects start to become visible 10 um or less form the
interface with the coating. The microstructure of unaffected Optimized ZIRLO claddings is
characterized by a mixture of fine, sub-micron grains and larger grains (see bottom region of
Figure 8-3a) while 10 um from the coating, only the sub-micron grains are visible. Moving even
closer to the coating interface, down to 1-2 um distance from the coating, the signal from the
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band contrast map almost disappears. This thin, dark band represents a nanocrystalline layer
formed in the Zr-substrate near the interface with the coating. In Figure 8-2c, the
nanocrystalline structure of the Zr can be appreciated more clearly. The size of the Zr grains in
the region adjacent to the interface is around 50-100 nm. Interestingly, the grains around the
interface appear to be coarser in the Cr than in the Zr. This can probably be explained by the
difference in hardness between the two metals and the different degrees of strain the two
materials consequently were subjected to. The formation of this layer has to be attributed to
a dynamic recrystallization phenomenon. At high strains, the large number of dislocations
created during plastic deformation start accumulating in dislocation arrays and dislocation
walls, evolving eventually into grain boundaries. Through this process, the rotation and tilt
introduced into the crystalline lattice by the deformation are accommodated in low energy
dislocation structures. With further deformation, these structures can evolve into grain
boundaries, finally resulting in fine grains. The same process takes place on the Cr-side, but
due to the lower degree of accumulated plastic deformation, the final microstructure of the Cr
seems closer to a cell-block structure. In these microstructures, larger regions of material are
delimited by thick cell-block boundaries and then further subdivided into cells by thinner
dislocation boundaries. The rotation and tilt are usually stored in the cell-block boundaries that
work as geometrically necessary boundaries, while the thinner dislocation boundaries emerge
mostly as low energy dislocation structures.

8.1.2 CS-CR COATING IN PWR AUTOCLAVE

This section contains a summary of the results and conclusions gathered in Paper Il. The results
obtained from the autoclave corrosion test performed in PWR water chemistry are used to
answer Question 2. Coating-cladding interaction during autoclave is also studied to answer
Question 3.

Evolution of the coating-substrate system under operating conditions

To study the behaviour of the coated cladding and the evolution of the coating/substrate
system during operation, the material was exposed to PWR water chemistry in an autoclave at
415 °C for 90 days. The temperature was chosen to be higher than the normal operation
temperature in order to speed up all the thermally activated processes and simulate the
equivalence of much longer times at reactor temperature. Given the presence of a
nanocrystalline layer at the Cr/Zr interface, if anywhere, thermal recrystallization was expected
to occur in such a layer. The microstructure of coating and substrate, before and after
autoclave exposure, are compared in Figure 8-3. The first thing that can be noticed is that the
Zr-substrate has experienced significant recrystallization, especially further away from the
coating. However, recrystallization in Optimized ZIRLO is not expected for the operating
temperature. The partially recrystallized microstructure typical of this alloy is prone to
recrystallization but the threshold temperature for this to happen is usually not reached during
operation. The use of a higher temperature for the autoclave testing has activated the
recrystallization process, but this result should not be deemed too relevant for the actual
performance of the alloy in the reactor. Still, this information can be used for comparison with
what happens near the interface with the Cr. In the region close to the coating, almost no
recrystallization takes place: the nanocrystalline layer seems to have disappeared, but the
existing grains are still far below the micron-size range. One possible explanation is that the
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initial absence of large grains in this region does not create the condition necessary to activate
Ostwald ripening. In Ostwald ripening, large grains grow at the expense of smaller grains, but
without large grains in the 10 um region from the coating, there is more competition between
grains of similar size possibly resulting in less overall recrystallization. Another explanation
could be pinning of the grain boundaries by secondary phases. Their presence could slow down
grain growth and recrystallization.

AS-FABRICATED EXPOSED

uodauIp [elpey

Figure 8-3: EBSD maps of as-fabricated (a) and autoclave exposed (b) CS-Cr coated Optimized ZIRLO
cladding cross-sections (map size 50x50 um?2).

Assuming the proximity to the coating to be a factor, diffusion of Cr from the coating into the
substrate grain boundaries with subsequent nucleation of Cr-rich phases between grains could
result in less recrystallization in the region close to the coating. With this scope, APT was used
to explore the interfacial region. Figure 8-4 displays two examples of the main findings. In
Figure 8-4 a, a 50x40 nm? particle of Cr,Zr Laves phase is found at the Cr/Zr interface. The
chemical composition of this region is around 60 at.% Cr and 30 at.% Zr, the opposite of the
IBR composition measured in the as-fabricated sample. The O content in the Cr,Zr Laves phase
is close to zero, and the oxygen previously contained in the IBR has now migrated to the Zr-
substrate. Overall, the IBR seems to evolve under autoclave exposure and the system appears
to move toward thermodynamic equilibrium. The composition and thickness of the IBR after
autoclave varies substantially from place to place. Generally, it can be said that there is some
degree of chemical evolution happening and that the presence of CroZr nuclei distributed along
the interface is the most relevant phenomenon. In fact, the nucleation step of a new phase is
the main limiting factor in the precipitation of secondary phases from a solid solution. Hence,
if the Laves phase can nucleate already under operating conditions, when given the chance at
higher temperature, the Cr,Zr will start to grow right away. It is still important to underline that
the autoclave temperature was higher than the operating temperature. This difference might
have triggered phenomena that would not have happened under normal conditions. Only in-
reactor testing over long periods can provide definitive results. The second interesting
information provided by the APT investigation is the presence of a Zr-Cr-Fe phase found
precipitating at Zr grain boundaries in the substrate adjacent to the Cr/Zr interface in a band a
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few hundred nanometres thick. The composition of this phase (48 at.% Cr, 44 at.% Zr and 8
at.% Fe), despite small fluctuations, is quite consistent across different regions of the same APT
run and across different runs obtained from different regions of the interface. This would
suggest that such a phase is nucleating consistently where the right conditions are created. Cr
was already found diffusing into the substrate along grain boundaries for similar distances in
the as-fabricated material. Hence, it is not too surprising to find it in this phase. Optimized
ZIRLO contains small amounts of Fe as alloying element but most of it is usually contained in
SPPs. Nevertheless, Fe is a fast diffusor in Zr, and it is reasonable to imagine it diffusing and
forming energetically favourable phases. The presence of this phase could be one of the factors
preventing thermal recrystallization of the substrate region near the interface with Cr.

a) b)

Cr-Zr region -
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100
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Figure 8-4: (a) 3D reconstruction of APT data from the Cr/Zr interface of CS Cr-coated Optimized ZIRLO
claddings exposed to autoclave (top). Cr atoms in pink, Zr atoms in blue. The blue surface represents
the Zr-substrate, the pink surface represents the Cr-coating. 1D composition profile across Cr/Zr
interface of autoclave exposed material (bottom). (b) 3D reconstruction of APT data from the Zr-
substrate exposed to autoclave, 100—200 nm distance from the Cr/Zr interface (top). Zr atoms in blue
(only 1 % shown). Light blue surface encloses a Zr-Cr-Fe phase (isosurface set at Fe+Cr content of 35
at.%). Proxigram across Zr-Cr-Fe phase isosurface (bottom).

Corrosion protection under operating conditions

The main aim of the ATF concept is to provide better performance than that of traditional
materials when exposed to accident conditions. Yet, it is crucial for the accident tolerant
material to be able to perform as well, if not better, as the traditional Zr claddings when
subjected to normal operating conditions. As introduced in Chapter 2, oxidation of Zr cladding
is one of the factors limiting fuel rod life and any improvement on this front is considered an
additional advantage of the application of CS-Cr coatings. To examine the oxidation protection
offered by the Cr coating, cross-sectional TEM imaging and APT were employed (see Figure
8-5). From the TEM imaging it is possible to measure the thickness of the oxide scale formed
on the surface of the coating during autoclave exposure. This oxide appears to be 50-100 nm
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thick and compact. The presence of small voids along the oxide/coating interface seems to
suggest an outward growth of the oxide. The APT data provides information about the chemical
composition of this oxide scale (close to 60 at.% O, 40 at.% Cr) which suggests that the oxide
is chromia (Cr,0s), as oxygen is often slightly underestimated using APT. In the TEM images,
small particles can be found further away from the surface of the coating. In APT data, these
particles appear to be chromia particles. However, the occurrence of internal oxidation seems
unlikely and these oxide particles have probably been embedded in the material during the
process of surface grinding and polishing that is performed after the coating deposition.
Overall, considering that 1 um thick oxide can be found on ZIRLO after only 10 days of autoclave
exposure at 360 °C [120], the development of a 100 nm thick chromia scale after 90 days at
415 °C can be definitively considered a significant improvement.
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Figure 8-5: (a) 3D reconstruction of APT data from the CS Cr-coating outer surface after autoclave
exposure. Cr atoms in pink (30% of the atoms are shown), the light-blue surfaces represent chromium
oxide (isosurfaces at 20 at.% O). (b) Proxigram displaying the composition profile across the Cr/Cr;03
interface. (c) BF-TEM image of Cr,0s3/Cr interface at the cladding outer surface after autoclave
exposure.

8.1.3 CS-CR COATED CLADDING UNDER SIMULATED LOSS-OF-COOLANT ACCIDENT CONDITIONS

The following section summarizes the results presented in Paper Ill. Studying the performance
of CS-Cr coatings in simulated accident environment is crucial in answering Question 1.
Question 3 is also answered, and the interaction between the coating and the substrate during
exposure at high temperature is studied in depth.

Oxidation protection and accident tolerance

As anticipated multiple times in this work, the main improvement that ATF coatings must
provide is better performance under accident conditions. The main undesired reaction when
accident strikes is the exothermal oxidation of Zr provoked by the interaction with steam at
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very high temperature. When this happens, Zr starts its transformation into ZrO,, H, is
produced, the cladding mechanical properties are compromised, and cladding failure becomes
almost inevitable with the potential risk of losing the coolable geometry of fuel assemblies and
the core. Delaying the reaction between hot steam and Zr-claddings is crucial, and this is the
main objective of the Cr-coating. In order to test the ability of CS-Cr coatings to protect the
substrate cladding, steam corrosion tests performed at 1200 °C, at 1 atm in flowing steam, for
3 min, 20 min, and 40 min were conducted on small portions of coated cladding tubes. The
overall results of this set of tests are shown in Figure 8-6. The most important takeaway is that
the CS-Cr coating is able to withstand the oxidation testing conditions with little signs of early
failure for up to 40 min. A compact and stable scale of chromia grows progressively following
a parabolic growth rate as displayed in Figure 8-6 a. In the early stages of oxide formation, the
scale seems to follow an outward growth mechanism, while between 3 min and 20 min the
mechanism transitions to a mixed inward-outward growth. Once this second stage is reached,
the growth rate starts decreasing with the thickness of the oxide layer and a slower oxidation
rate is achieved. When compared with the oxidation of the uncoated inner wall of the cladding
tube presented in Figure 8-6 b, the difference between the oxidation of the coating and the
oxidation of the base material becomes obvious: after 40 min the Cr has developed a 8 um
thick, dense scale of chromia, while the inner wall presents 80 — 100 um of ZrO, plus 100 — 120
um of oxygen saturated o-Zr.
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Figure 8-6: SEM cross-section imaging of cold spray Cr-coated Optimized ZIRLO cladding tubes exposed
to loss-of-coolant-accident condition (1200 °C in steam) for 3 min, 20 min and 40 min, respectively.
(a) Detail of the outer cladding wall, Cr-coated, after exposure. Due to the different electronic
properties, n-type and p-type chromia present different contrast in electron microscopy. Box 1 offers
a magnified view of the oxide scale and the oxide/metal interface after 3 min of exposure. (b) Overview
of the full cladding cross-section: the uncoated inner wall of the cladding is shown and the degree of
oxidation suffered by the bare Zr-alloy is visible.
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Beyond the oxidation of the outer surface of the coating, a few additional phenomena can be
observed in the CS-Cr after the high-temperature oxidation test: full recrystallization of the
coating, development of some porosities, and the reaction/interdiffusion with the Zr-
substrate. The recrystallization of the Cr coating can be appreciated by comparing Figure 8-1
b and Figure 8-6 a, but a better representation of this phenomenon is shown in Figure 8-7.
Here, EBSD maps (inverse pole figures - IPF) for the Cr coating and the Laves phase found at
the Cr-Zr interface are plotted for as-fabricated samples and for samples exposed to autoclave
testing and high-temperature corrosion testing. Looking at the IPFs for Cr, the severely
deformed microstructure of the as-fabricated coating appears immediately, some small signs
of recrystallization can be seen already after autoclave exposure, but the most significant
changes can be observed after 3 min at 1200 °C. The coating undergoes full recrystallization
after 3 min at 1200 °C, large grains (5—10 um in size) appear, no strain or rotation of the crystal
can be observed inside these grains in the bulk, and basically no further grain growth can be
observed for samples exposed for 20 min and 40 min. The coating thickness decreases
significantly after 20 min and 40 min. This has to do with the progressive oxidation of the
coating plus the dissolution of Cr into the Laves phase and the Zr-substrate. For the samples
exposed to high temperature, the higher thickness of the Laves phase layer developed at the
Cr-Zr interface allowed it to be mapped with EBSD. This phase presents grains in the 1 um
range that generally stretch across the entire thickness of the Laves layer. No significant
evolution of the microstructure of this phase is observed over the different exposure times.
The coating interaction with the substrate deserves its own section and it is discussed next.
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Figure 8-7: EBSD cross-section maps of cold spray Cr-coated Optimized ZIRLO cladding tubes as-
fabricated, exposed to PWR autoclave, and exposed to loss-of-coolant-accident condition (1200 °C in
steam) for 3 min, 20 min and 40 min (Cr-coating is on top and Zr-substrate at the bottom). Left column:
Band contrast map + IPFz maps for BCC Cr. Right column: Band contrast masp + IPFz maps for cubic
C15 Laves phase (Cr,Fe),Zr. Box A, B and C show a higher magnification portion of the cubic C15 Laves
phase (Cr,Fe).Zr IPFz maps presented in the right column.
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Coating-cladding interaction during exposure to high-temperature

The Cr-Zr interface of a coated cladding behaves as a diffusion couple with the formation of an
intermetallic component at the interface and reciprocal interdiffusion. As visible in Figure 8-6,
Figure 8-7, and Figure 8-8, the (Cr,Fe),Zr Laves phase starts growing immediately after 3
minutes exposure and reaches a thickness of around 1-2 um after 40 min. Its thickness is
homogeneous across the cross-section and its microstructure is characterized by gains 1 um
in size that can stretch across the entire layer. Through the collection and identification of DPs,
this phase was identified as a cubic, C15-type Laves phase. Using STEM EDS it was possible to
measure the chemical composition as 64 at.% Cr, 1-2 at.% Fe and around 33 at.% Zr. Some
impurity Fe can be found in the coating, but the vast majority of the Fe is most likely coming
from the Zr-substrate. Optimized ZIRLO contains small amounts of Fe (0.09 — 0.13 wt.%)
contained mostly inside Fe-rich SPPs distributed in the Zr matrix. The Fe enrichment of the
intermetallic layer at the Cr-Zr interface must be linked to a loss of Fe from the SPPs. Beyond
the interface, Cr is found diffusing into the substrate for up to 300 um (at 1200 °C after 40
min). At this temperature the solubility of Cr in Zr is around 5 at.%, this value is measured
adjacent to the Laves-Zr interface, but the Cr content progressively decreases further away
from the coating, following a diffusion profile. This Cr alloying is responsible for the formation
of the Cr-rich precipitates visible in Figure 8-8 a; when the samples are cooled, the Cr solubility
in the Zr drops and Cr-rich particles will form. On the other side of the Cr-Zr interface, no Zris
present in the Cr bulk, but Zr-rich particles can be found nucleating and growing quite
consistently along the grain boundaries of the recrystallized Cr coating. These particles are
shown in Figure 8-8 b and both the chemical analysis and the electron diffraction have
confirmed this phase to be ZrO,. The presence of ZrO; particles along the Cr grain boundaries
implies that Zr manages to diffuse along these paths of high diffusivity and meet O atoms
diffusing all the way from the outer surface of the oxidized coating. These ZrO, particles are
expected to grow for longer exposure times, until a continuous network of ZrO; is formed
across the remaining unoxidized Cr coating. Once this network has formed, the coating is no
longer protective and O is allowed to diffuse from the outer oxide to the Zr substrate, as
reported in literature [27].
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Figure 8-8: Cold spray Cr-coated Optimized ZIRLO cladding tubes exposed to loss-of-coolant-accident
condition (1200 °C in steam) for 40 min. a) SEM image of FIB cross-section of the interface region
between Cr-coating and Zr-substrate. (The white dashed line indicates the grain boundaries of the
recrystallized Cr.) b) BF-TEM image of the interface between (Cr,Fe),Zr and the Cr-coating after 40 min
in LOCA conditions. Box 1: Detail of monoclinic ZrO; particle found at a Cr grain boundary. Selected
area diffraction Pattern A and Pattern B are, respectively, collected from a ZrO, particle and a
(Cr,Fe),Zr grain. (The white dashed line indicates the phase interface between Cr and (Cr,Fe),Zr.)
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8.2 PWR vs BWR: STABILITY OF CHROMIA

The most salient results and conclusions drawn from Paper IV are presented in this section.
The experiments presented here focus mostly on answering Question 2, and show that pure
chromia is suited for PWR operating environment but is dissolved in BWR water chemistry.

An ATF coating has to improve the resistance to accident conditions, but it must survive
operating conditions as well. Assuming an accident can strike at any random moment in the
lifetime of a coated fuel assembly, the coating has to be able to perform as intended
throughout the entire life cycle of the tube. Additionally, as the industry tries to employ new
materials, combining enhanced accident tolerance and superior performance during normal
operation seems to be a better commercial case. In order to improve performance under
nominal operating conditions, the coating needs to survive such conditions. As anticipated in
Chapter 5, depending on oxygen concentration, temperature, pressure and concentration of
dissolved ionic species in the water, chromia can become thermodynamically unstable and
favour formation of soluble phases. This process is highly undesired, as the progressive
dissolution of Cr-containing species into the coolant implies the continuous depletion of a
chromia-forming coating. In PWRs, the oxygen concentration in the cooling water is very low
(usually modelled as <45 ppb of O, in autoclave water), which protects the chromia from
further oxidation. But the same cannot be said about BWRs. In BWRs the activity of oxygen is
much higher and can reach values equivalent to 8 ppm of dissolved oxygen. Looking at Figure
5-3a (Pourbaix diagram calculated at 300 °C, 10 MPa, 10® mol/kg of dissolved species), it is
clear how increasing the concentration of oxygen in the water (hence moving towards the top
water line), one exits the field of Cr,0s-stability and enters a region of HCrO4-stability. HCrO4
is soluble, which means that any chromia forming coating will progressively oxidise and
dissolve into the corroding environment. One experimental example of the different
challenges offered by PWR and BWR to materials is presented in Figure 8-9. CrN is a potentially
interesting coating, it is a chromia former and it has very high hardness. Elevated hardness is
considered important for BWRs as the issue of debris fretting during operation is much more
prevalent for this reactor design and represent an important issue that could benefit from
material renewal [121].

In PWR autoclaves, CrN seems to be protective, some oxidation occurs on the outer surface,
with some additional penetration of O into the nitride coating. When exposed to BWR
autoclave conditions instead, no coating is left to be found after the test, and a 2 um thick layer
of ZrO; has grown on the surface of the Zr-substrate. From this simple experiment it is difficult
to know the precise sequence of phase formation and dissolution that brings the coating to
behave differently in the two tested environments, but it is reasonable to assume that the
stability of chromia would be necessary for this coating to effectively passivate. A proposed
mechanism for the oxidation of CrN in PWR and BWR is presented in Figure 8-10. In PWR,
oxygen starts entering the CrN coating forming Cr(O, N), the degree of substitution of N by O
is expected to be higher close to the outer surface and progressively decrease moving inwards,
towards the bulk of the coating. Beyond a certain level of O substitution in the Cr(O, N) lattice,
Cr,05 is expected to nucleate and start to grow into a passivating layer. As Cr,0s is stable in
PWR water chemistry, this layer will build up to the point where diffusion through the oxide
will be limiting for further oxidation to occur.
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Figure 8-9: SEM cross-section imaging and EDS mapping. CrN coating on HiFi® cladding: as fabricated,
after PWR autoclave exposure, and after BWR autoclave exposure (left). SEM and STEM cross-sectional
images of the outer surface of the coated claddings after auto-clave exposure. SEM image of CrN-
coated cladding after PWR autoclave exposure (top-right); STEM image of CrN-coated cladding after
BWR autoclave exposure (bottom-right).

In BWR, Cr;03 is not thermodynamically stable. Oxygen will penetrate into the CrN lattice
forming Cr(O, N), but any further oxidation of the oxynitride will ultimately result in soluble
products, which will dissolve in the autoclave water. Ultimately, the entire coating will have
gone through this process and the bare surface of the Zr-cladding will become unprotected,
allowing for the formation of ZrO,. Because this mechanism is driven by the absence of any
solid product of the oxidation reaction of Cr, it is reasonable to expect any other chromia-
forming coatings to behave in a comparable way.

As can be appreciated in Table 7-2, most of the coatings that were expected to form chromia
dissolved during BWR exposure. The other large family of coatings presented in Table 7-2 is
represented by coatings based on TiN or TiAIN. These coatings managed to form a stable TiO,
scale in BWR autoclave but failed to protect the Zr-substrate. Spallation was often observed
and oxidation of the coating/substrate interface was widely present across most of the
analysed cross-sections.
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Figure 8-10: Schematic of the proposed corrosion mechanisms for CrN in PWR autoclave and BWR
autoclave environments.
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8.3 PVD NITRIDES IN BWR

Some of the results contained in Paper V are presented in the following section. The results
presented here are linked to Question 2, and explore the effects of Nb in the formation of a
stable Cr-rich oxide in BWR simulated environment.

The dissolution of chromia-forming coatings in BWR environment made it challenging to find
a suitable coating for this reactor type. As displayed in Table 7-2, a wide range of coatings were
tested and all but the CrN/NbN superlattice coating failed either by dissolving into the water
or by forming unprotective oxide scales and spalling away. Another superlattice coating
composed of CrN and TiN was tested but spallation of the formed oxide was observed. The
concept of superlattice describes a solid where two different crystal structures are repeated in
alternating layers to achieve an artificial periodicity. A superlattice is usually described by the
forming phases and by the thickness of the layers (in nm or number of unit cells) [122]. The
superlattice coating studied in this work is a nanolayered structure where alternating layers of
CrN and NbN are stacked on top of each other along the deposition direction. This layered
structure is surely relevant for the performance of the coating, but it is important to keep in
mind that the CrN/TiN superlattice did not survive the BWR simulated environment, which
suggests that Nb is playing the most important role in the overall behaviour of the CrN/NbN
superlattice coating.

8.3.1 EFFECT OF NB ON THE STABILITY OF CR-RICH OXIDES IN BWR OPERATING CONDITIONS

An overview of the CrN/NbN SL coated cladding before and after BWR autoclave exposure is
presented in Figure 8-11. From the SEM cross-section of the as-fabricated coating it is
impossible to discern the layered structure of the SL and the coating appears as a single
homogeneous phase. The average composition of the as-fabricated coating measured with
SEM-EDS is around 33 at.% Cr, 17 at.% Nb, and 50 at.% N, representing a (Cr, Nb)N with a Cr:Nb
ratio of 2:1. After 60 days in autoclave, it is possible to distinguish that a thin layer of oxide has
developed on the outer surface of the coating, but no other difference can be noticed in the
bulk of the coating. BF-TEM images allow us to access the superlattice structure and the
alternating layers of the as-fabricated sample are clearly visible in Figure 8-11. The coating is
characterized by columnar grains elongated in the coating deposition direction, typical of MS-
PVD coatings. The layers are clearly defined in most of the visible cross-section, but darker
regions, possibly linked to an accumulation of defects, present less defined layers. Looking at
the oxide in BF-TEM, it is possible to see two structures, a denser oxide band close to the outer
surface, and a less dense oxide characterised by a layered morphology that extends towards
the interface with the unoxidized coating. The outer band is probably the main protective
oxide, and it appears to be outward growing or re-precipitation from the water, but it does not
maintain the morphology of the original coating. The inner band seems instead to be an
oxidation front moving towards the bulk of the coating and oxidizing the material layer by layer.
The characteristics of this oxide are further confirmed by the STEM image shown in Figure
8-12, and here the larger grains found at the outer surface are more clearly visible. The layered
inner oxide seems to present alternating regions where the nanolayers are clearly visible and
denser domains where the layers cannot be seen.
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Figure 8-11: SEM images of as-fabricated and autoclaved (BWR) CrN/NbN superlattice coating on
HiFi cladding substrate (left). BF-TEM images of the same samples from the region of interest close
to the outer surface of the coated cladding (right).

The larger oxide grains at the outer part of the oxide appear to be rich in Nb and Ni, as shown
by the STEM-EDS map collected for the same region (see Figure 8-12), and some Cr is still
measured in these crystallites. The layered oxide underneath shows a similar composition, but
Cris the predominant metallic element, while Nb and Ni are measured in lower concentrations.
Small portions of oxide where some residual N is still present can be found. Overall, the oxygen
content measured from SEM-EDS is around 55-60 at.%, with 25—30 at.% Cr, 8-15 at.% Nb, and
4-8 at.% Ni. Traces of Al are also present.

It appears that a Nb-rich oxide phase, potentially less soluble in the BWR water environment,
is protecting a Cr-rich oxide below. The formation of a stable Nb-rich oxide (NbCrO4 or a
CrNby0O4 spinel) decreases the oxygen potential that reaches the inner oxide layer, making the
inner chromia-like oxide thermodynamically stable. This mechanism is very common in steels
and Ni-alloys and allows one to benefit from the chromia as a diffusion barrier to slow down
oxidation even in environments where the chromia would not be able to survive. Once these
two bands have formed, the oxidation will slowly progress through the layers of the
superlattice coating. The importance of the superlattice is difficult to quantify properly, but
looking accurately at the oxide-coating interface visible in Figure 8-12, one could conclude that
the nanolayers are forcing the oxidation to progress downwards through defects and grain
boundaries in the form of oxide protrusions growing into the coating. Once the oxidation front
manages to gain ground, it starts oxidising the superlattice layers from the sides, along the
CrN-NbN interfaces. One additional hint at the effects of the superlattice layers on the
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oxidation mechanics, is the presence of small regions of the oxide scale where N is still present,
meaning that O did not fully oxidize these regions and had to travel around them. Niand Al are
not present in the as-fabricated coating and originate from the autoclave water (possibly from
the sample holder used to hang the specimens inside the autoclave). The presence of these
contaminations represents relatively well the chemical environment found in a real reactor.
Most of the tubing and the core vessel are made of stainless steel and dissolution of Fe, Ni, Al
and other elements from the steel into the water occurs constantly. These species can
redeposit onto the fuel rod as so-called crud and it is very common to observe this
phenomenon in LWRs.

Figure 8-12: STEM-EDS mapping of the oxide scale formed on the surface of the CrN/NbN superlattice
coating after 60 days exposure to BWR simulated environment in autoclave.

The superlattice layered structure is not affected by the exposure. As it is shown in the bottom
part of the STEM image presented in Figure 8-12, the nanolayers are still visible after exposure.
The nanometric thickness of the layers produces certain challenges in capturing the actual
chemical composition of each layer using electron microscopy. When working with a lamella it
is always possible that the thin layers are slightly tilted with respect to the electron beam, and
therefore the signal collected from one of the layers has contributions from material in the
other layers. APT can to some extent help to solve this problem, and a 3D reconstruction of
the layers measured in the bulk of the as-fabricated coating is displayed in Figure 8-13. Once
the reconstruction is obtained, it is possible to select cylindrical volumes perpendicular to the
layers and calculate 1D concentration profiles to determine the composition of the different
phases. One such composition profile is presented in the lower section of Figure 8-13. From
this profile it appears like Layer A (Nb-rich) has a composition of 34 at.% Nb, 16 at.% Cr and 50
at.% N, while Layer B (Cr-rich) has a composition of 60 at.% Cr, 10 at.% Nb, and 30 at.% N. Layer
A'is compatible with a (Nb, Cr)N chemistry, while Layer B seems closer to a (Cr, Nb),N structure.
The thickness of the different layers is very similar and uniform across the APT run, but it could
be argued that Layer A (Nb-rich) tends to be slightly thicker. As it is visible in the BF-TEM image
of the as-fabricated coating reported in Figure 8-11, there are darker areas that could have a
different composition and account for this discrepancy.
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Figure 8-13: APT reconstruction of as-fabricated CrN/NbN superlattice coating material (top, pink is
CrN ions, green is NbN ions). 1D concentration profile along a direction perpendicular to the layers
(bottom).
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CHAPTER 9

CONCLUSIONS

The general conclusion that can be drawn for this work is that coated claddings is a very
promising concept and it could allow the nuclear industry to develop and deploy safer and
better performing materials without the need to drastically change the design of the fuel
assemblies. This will potentially make LWRs safer and more competitive, helping to reduce the
emissions of greenhouse gasses and close the gap between a fossil fuel society and one based
on renewable sources. More testing and research are needed before these materials can be
used in commercial power plants, but the prospects of this technology are bright, and it is
reasonable to see coated cladding entering commercial use in the next few years. Extensive in-
reactor tests and integral LOCA testing are currently being performed in many facilities around
the world, which represent the last steps before the licensing of new nuclear components can
be accomplished.

CS-Cr coatings offer clear improvements to the resistance to high-temperature steam
corrosion of uncoated Zr-claddings, answering Question 1. As an answer to Question 2, chromia
appears to be stable and effective at passivating the surface of the CS-Cr coating in PWR
simulated operating conditions and it is expected to allow CS-Cr coatings to survive under
operating conditions for the entire duration of the fuel rod lifetime. However, chromia did not
have the required stability in BWR simulated operating conditions. In regards to Question 3,
the effects of cold spray deposition on the substrate are limited and little interaction occurs
between the coating and the substrate during deposition or while at operating temperature.
More significant mixing and dissolution of the Cr into the Zr can be seen at 1200 °C, but these
processes do not hinder the effectiveness of the coating at this temperature. More specific
results and conclusions regarding PWRs and the studies performed on CS-Cr coated claddings
are listed below.

CS-Cr coatings offer effective protection under simulated LOCA conditions:

e After 40 min at 1200 °C in flowing steam, an 8 um thick chromia scale had formed on
the outer surface of the Cr-coating. No significant spallation of the oxide scale could
be observed. The substrate was effectively protected from oxidation.

e During exposure to high temperatures, Cr and Zr react forming a (Cr, Fe),Zr Laves
phase layer at the Cr-Zr interface. This layer reaches a maximum of 1.5-1.7 um in
thickness and seems to have a role in slowing down the dissolution of the Cr coating
into the Zr alloy.

e The microstructure of the coating, initially severely deformed, is fully recrystallized
after the first 3 min of exposure. The obtained microstructure is characterized by large
equiaxed grains 5—15 um in size.

e 7rO; particles are found at the grain boundaries of the recrystallized Cr.
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CS-Cr coatings offer good oxidation protection in PWR autoclave corrosion test:

e Apassivating, 100 nm thick chromia scale forms on the surface of the coated cladding,
representing a significant improvement compared to traditional (uncoated) materials.

e Small changes in chemistry and microstructure of the interfacial region take place
during autoclave exposure, but neither the nucleation of Laves phase nor the
formation of the Zr-Cr-Fe phase can be considered detrimental to the performance.

Cold spray deposition does not modify the substrate properties:

e The formation of a 1-2 um thick nanocrystalline layer on the Zr side of the Cr-Zr
interface is reported, but deemed too thin to modify the properties of the Zr cladding.

e The strong adhesion of the coating seems to originate from mechanical interlocking
and from the presence of a 10—20 nm thick intermixed bonding region.

CS-Cr coated cladding performs better than the traditional Optimized ZIRLO cladding and the
outlook of this ATF material is very promising.

Finding a coating able to withstand the more oxidizing environment of a BWR during operation
has been challenging. In the attempt to answer Question 2, it was demonstrated that coatings
oxidizing into pure chromia are not suitable for BWR application. After extensive screening,
nanolayered CrN/NbN MS-PVD coatings have emerged as potential candidates. The MS-PVD
technique does not produce any modification of the substrate, and little interaction between
the CrN-NbN coatings and the substrate could be observed, answering Question 3. Testing CrN-
NbN coatings under simulated accident conditions will be necessary to address Question 1
regarding this coating design. A detailed description of the most relevant conclusions obtained
on this regard are presented as follows:

BWR environment is significantly more oxidizing than PWR environment:

e CrN and TiN performed well in the simulated PWR environment, offering improved
oxidation resistance of the cladding under simulated PWR operating conditions.

e |n the BWR autoclave corrosion test, CrN was fully dissolved during the 60 days of
exposure, and a 2 um thick layer of ZrO, was found on the surface of the cladding.

e The TiN coating oxidized entirely into TiO,. The formed oxide film was porous, and
oxygen managed to reach the substrate, causing oxidation of the substrate.

CrN/NbN superlattice coatings offer good corrosion protection in BWR autoclave:

e After 60 days of BWR autoclave exposure, a 150—200 nm thick, passivating oxide scale
has formed on the outer surface of the CrN/NbN coating.

e This oxide is rich in Cr and Nb. Nb seems to be concentrated in the outer layer of the
oxide while Cr is more prevalent in the inner oxide.

e No oxidation of the substrate was observed, but 30-50 nm of ZrN were measured at
the coating-substrate interface after autoclave exposure.

e The superlattice morphology may play a role in slowing down the oxidation kinetics.

Most of the research questions posed in this work were answered. A summary of the research
steps needed to close the gap between research and industrial application is proposed in the
next chapter.
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CHAPTER 10

FUTURE WORK

The development in ATF is progressing fast, and many universities and companies are currently
working on different solutions ranging from the complete substitution of Zr alloys to a variety
of coated Zr-claddings. In regard to the coated cladding ATF concept, the main areas where
further investigation is needed are:

e (Cr-coated Zr-claddings for PWRs
o In-reactor studies, to understand the effect of irradiation
o Integral and semi-integral LOCA tests with pre-oxidation
e Coated Zr-claddings for BWRs
o ldentification of a suitable coating
= CrN/NbN SL works well but there is room for optimization
o Study of material performance under accident conditions
o In-reactors studies, to study the effect of irradiation

Cr-coated Zr-claddings for PWRs

In the case of PWRs, Cr-coated Zr-claddings is the main design being considered. The natural
steps forward for this material are irradiation studies and in-reactor testing. To further examine
the interaction of Cr-coatings with the core environment, cladding tubes need to be tested in
running reactors. Many additional effects come into play in a real nuclear reactor, such as
irradiation or chemical changes in the water, that no simulated environment can reproduce.
Irradiation creep, and thermal creep are both important phenomena which can affect the
adhesion and the performance of coatings. Hence it will be relevant to test these stresses as
well as to guarantee that Cr-coatings will be able to perform throughout the whole life-cycle
of a cladding. Obtaining and handling irradiated materials is very challenging due to the added
complication of radioactivity and rarity of active test reactors. During an accidental scenario,
temperature and steam atmosphere are not the only important parameters. For example, the
pre-oxidation of the coating during the operation prior to the accident could play a role in the
protection offered to the Zr cladding. For the long-term use of Cr-coatings, studies of the
irradiation effects on metallic Cr are crucial. Progressive irradiation induced embrittlement or
swelling of the Cr could cause spallation of the coating or modify the way the coating responds
to thermal shocks or creep and deformation. These phenomena need to be understood and
tested before CS-Cr coatings (or Cr coatings in general) can be used in commercial applications
in nuclear reactors.

Coated Zr-claddings for BWRs

When coming to BWRs, the pursuit of a suitable coating is still ongoing, but CrN/NbN coatings
are very promising. BWRs have a much higher oxygen content in the cooling water than PWRs,
which makes it more challenging for materials to endure. Several versions of CrN/NbN
coatings, including advanced superlattice coatings, have been tested, but more
characterization is needed to fully understand the role of Nb and of the nanolayered
morphology in this system. Once an optimized version of these coatings is identified, the
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selected material will need to cover all the steps Cr-coatings have been going through. Samples
exposed to simulated accident environment, irradiation and in-reactor conditions will be
characterized and compared to the as-fabricated samples in search of interdiffusion between
coating and substrate, nucleation and growth of new phases, insights into the oxidation
mechanism, and the effects of irradiation. Of great importance are high-temperature studies,
since nitride coatings exposed to temperatures above 1000 °C can start decomposing into
metal and Nj-gas, threatening the effectiveness of this family of material under accident
conditions. Moreover, understanding the effects of N-ingress into the Zr-substrate at operating
temperature and, if it is detrimental in any way, how to slow down or stop this phenomenon
are necessary steps before these new materials can be considered for a real in-reactor
application.
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