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Abstract

Development of Titanium Diboride Wettable Cathodes for Aluminium Electrolysis by
Suspension Plasma Spray

Alexandre Bily, PhD

Concordia University, 2023

Aluminium is one of the most widely used materials across the world. Its elaboration process,
based on the Hall-Héroult electrolysis process, has an energetic efficiency too low for such an
important industry. In this research work, we worked upon the elaboration of wettable
cathodes, meaning cathodes with a high molten aluminium wettability, in order to decrease
the energetic cost of the process, as well as its environmental impact. These cathodes are
based on a titanium diboride coating. In our studies, and for the very first time in history,
these coatings were elaborated by suspension plasma spray.

High quality coatings with a very low degree of oxidation were produced by suspension
plasma spraying coupled with a gas shroud to protect the in-flight particles from oxidation.
Such an approach made it possible to significantly improve the deposited coatings as
compared to the coatings from the literature deposited with atmospheric plasma spraying.
Then, parametric studies led progressively to an increase in the percentage of molten particles,
and, consecutively, an increase in the coatings’ density. This increased density came along
with augmented thermomechanical strains, leading to fracture and delamination. A multilayer
approach, as well as a refined control of the cooling of the samples after deposition, allowed
for the mitigation of the stresses and led to dense un-oxidized coatings. These coatings have
shown a very high aluminium wettability, better than the one of the cathodes currently in use
today.
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Chapter 1  Introduction

1.1. Introduction

From our kitchens to the final frontier, aluminium is present at every stage of human
technology. As such, it is one of the most widely used metals in the world. However, it was
not always the case: until 1887, aluminium was a precious metal, used only for jewellery or
high-end technologies. This is due to the stability of alumina and the difficulty to reduce it
into aluminium. Ironically, this passivating alumina layer is one of the reasons why
aluminium is widely used today. In 1887, the American Hall [1] and the French Héroult [2]
independently invented the process that carries their names and is still the backbone of the
production of aluminium today.

After this discovery, aluminium became increasingly used, decade after decade.
Today, aluminium production is still growing rapidly, with China being the top producer and
having the most recent facilities overall. Canada is the fourth-largest producer, with 11
aluminium smelters and one refinery, most of them located in Québec, in the Saguenay-Lac-
Saint-Jean, Montérégie, Cote-Nord, Centre-du-Québec and Capitale-Nationale regions, the
rest in British Columbia [3]. It is one of the main industries in those regions, providing
directly more than 7,500 jobs [4] in Québec, over 9,000 across Canada, and indirectly
supporting more than 30,000 jobs nationwide.

In the past decades, as well as in the future ones, environmental issues are becoming
the core socio-political concern of the planet. If humanity is to survive and thrive, it must
significantly reduce its greenhouse gas emissions. The speeches at international conventions
such as the various United Nations Climate Change conferences, as well as the mass
demonstrations and societal changes unfolding, are signs of this evolution. However, it must
also manifest itself through technological changes, reducing the environmental impact of
industrial processes. Aluminium production was responsible for 1% of worldwide greenhouse
gas emissions at the beginning of the millennium. It may not seem like much, but it represents
hundreds of megatons of CO,. All these environmental concerns should also be linked to the
growth of the industry. Since China’s entry into the aluminium market in 1999, global
aluminium production has been constantly increasing, as shown in Figure 1-1 below.
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Figure 1-1 World aluminium production from 1998 to 2021, in metric kT of aluminium [3].
This global aluminium production mainly consists of four significant steps:
¢ Mining of the bauxite ore

Bauxite is the richest alumina-containing ore and is the primary source for extracting
aluminium worldwide. It typically has an orange shade, as shown in Figure 1-2. Bauxite is
formed through the weathering of soil, caused by heavy precipitation and temperature
changes, resulting in a higher concentration of iron hydroxide and aluminium hydroxide. It is
mostly found in regions with a tropical climate or regions that previously had a tropical
climate. Depending on the original rocks from which it is derived, bauxite can be classified as
lateritic or karstic ore [5]. The main bauxite mines in the world are located in Australia,
China, Brazil, Indonesia, and Guinea. Since Canada does not have any bauxite mines, most of
the bauxite ore is transported to its smelters via cargo ships which are a common sight in
Saguenay, where five smelters and a refinery are located.

Figure 1-2 Bauxite ore (a) and Bauxite mine in Paragominas, Brazil (b) [3].



e The Bayer process

After mining, bauxite ore needs to be crushed and dissolved to extract alumina and
remove other minerals. The ore is typically crushed in two steps, first by a jaw crusher and
then by an impact crusher. It can then be further ground through milling.

Once the ore is prepared, it undergoes the Bayer process to refine the alumina. After grinding
the bauxite, a caustic soda solution is added to dissolve the minerals in a pressure vessel at
200 °C. The other main minerals removed in this step, the secondary minerals of bauxite,
include silica, iron oxide, titania, and calcium oxide. The amount of each mineral depends on
the ore’s environment, with significant differences between karstic and lateritic bauxite
(lateritic bauxite being more suitable for mining). The dissolution reactions involved are as
follows:

AlO3 + 2 NaOH — 2 NaAlO> + H2O and 2 NaOH + SiO2 — NaySiOs + H.O

The mixture then undergoes a desludging process to remove impurities and the leftover
NaOH, resulting in a mixture called red sludge. Proper storage of the red sludge is essential as
it is a chemical waste that can harm the environment, as shown in Figure 1-3. Filtration and
evaporation steps are performed to purify the mixture, followed by a calcination step to
transform the aluminium hydroxides into alumina. Stationary calciners, such as circulating
fluidized beds, gas suspension calciners, or fluid flash calciners, are commonly used for this

purpose.

Figure 1-3 Bauxite residue disposal area in Aughinish, Ireland [3].
¢ The Hall-Héroult Process

Once alumina has been refined, it is crushed and dissolved into a solution of cryolite,
which serves as the electrolyte in an electrolysis cell. As mentioned earlier, alumina is highly
stable, requiring a significant amount of energy for the reaction to occur. The main
mechanism is described in Figure 1-4 below. The main reactions occurring at each electrode
are as follows:



Anode: Cs) +207% (aq) — COxg) + 4e” and C(s) 0% (aq) — COyg) + 2¢°
Cathode: A"y + 3e"— Al

To minimize energy loss through heat dissipation, the cell is surrounded by several layers of
refractory bricks. The choice of the electrolyte is designed to reduce the melting point of
alumina from 2000 °C to 950-980°C, thereby lowering the operation temperature of the cell.
The electrolyte is mostly composed of cryolite (NazAlFs) mixed with various fluorides such
as AlF3;, CaF,, MgF», LiF, KF [6]. This temperature is kept at a minimum to reduce energy
loss through heat dissipation. Additionally, the cryolite solidifies on the edges, sides, and top
of the cell, further aiding in reducing energy loss by acting as an insulating layer.

Secondary reactions occur at both the anode and cathode, leading to the formation of gases
more detrimental to the environment than carbon dioxide, such as carbon monoxide (CO) and
perfluorocarbons (CF4 and C:Fg). The amount of greenhouse gases emitted through these
reactions depends on various factors, including cell voltage, design, alumina content in the
bath and moisture of the alumina.

The core step in refining alumina into aluminium in this entire process is electrolysis, known
as the Hall-Héroult process. The Hall-Héroult process is the electrolysis of alumina into
aluminium. It was discovered in 1887 by the British scientist Hall and the French scientist
Héroult and remains the backbone of aluminium production to this day.
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Figure 1-4 Schematic of a typical Hall-Héroult cell for electrolytic smelting of aluminium [7].

The prepared alumina powder is continuously injected from the top into the cell using a
feeder, and the rate of supply of alumina must be accurately controlled to maintain optimal
reaction conditions. The anode consists of a prebaked consumable graphite rod, while the
cathode is the carbon-lined bottom of the cell. The electrolyte is specifically designed to lower
the operating temperature of the cell by reducing the melting point of aluminum to a range
close to 960 °C. It is composed mainly of cryolite which has a solidifying temperature slightly
above this range, causing the top and edges of the electrolyte to freeze. The cell is surrounded
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by several layers of insulation to reduce heat loss during operation. At the anode, gases such
as CO2 and CO are formed, while molten aluminium is produced at the cathode and then
extracted from the cell. The extraction point is one of the main areas of cathode erosion due to
edge effects. The typical Hall-Héroult reduction pot or cell shown in Figure 1-4 is a
rectangular steel structure measuring 10 meters long, 3.5 meters wide, and 1.5 meters deep

[8].

As the industry grows, greenhouse gas emissions become increasingly impactful, highlighting
the importance of addressing these issues and their economic impacts [9]. Furthermore, the
efficiency of the aluminium fabrication process itself can be improved. It is essential to
differentiate between two types of efficiencies in the Hall-Héroult process. Current efficiency
corresponds to the ratio between the actual amount of metal produced by electrolysis and the
theoretical amount predicted by Faraday’s laws of electrolysis. In modern cells, current
efficiency ranges from 90% to 95%. On the other hand, energy efficiency corresponds to the
ratio between the energy used for metal production and the total energy consumed. In modern
cells, the process requires 13-14 kWh per kilogram of aluminium, as detailed in Figure 2-1 in
the following chapter, with approximately 50% of this energy dissipated as heat, resulting in
an energy efficiency of around 50%.

Due to the extreme stability of alumina, electrolysis requires a high amount of energy.
Additionally, several factors contribute to low energy efficiency, typically ranging from 50%
to 55%. One of these factors is the electronic loss in the electrolyte due to the anode-cathode
distance. The pool of molten aluminium at the bottom of the cell, in the range of 3-25 cm,
represents a significant portion of this cathode-anode distance and is regularly siphoned out of
the cell into external crucibles. One of the main approaches to reduce this distance is the
development of so-called wettable cathodes, which have a high affinity for molten aluminium.
The currently used carbon-lining cathodes do not have good wetting properties with
aluminium, exhibiting a high contact angle above 50°. Higher wetting properties would result
in a more stable state with lower energy for the cathode-molten aluminum system. By using a
cathode with high molten aluminium wettability, the required thickness for the pool of molten
aluminium could be reduced by 50% without increasing degradation mechanisms of the
cathode, such as sodium penetration and aluminium carbide formation.

1.2. Project Motivations

As illustrated in Figure 1-5, based on the process description, the main environmental
impacts [10] [11] [12] [13] can be listed as follows:

1. Transport: This refers to the environmental cost associated with transporting the raw
materials

2. Thermal Energy: The dissipation of thermal energy during the process due to heat



3. Ancillary Materials: The treatment of red sludge to prevent chemical pollution

4. Direct Process: CO> emissions from consumable anodes, which need replacement
every two weeks to a month

5. Electricity: The environmental impact of the electricity source used for the process.
For instance, countries like Australia, mostly relying on coal, have a higher impact
compared to Canada, which uses hydroelectricity. [14]
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Figure 1-5 Carbon footprint of primary aluminium, for various parts of the world and with
attributed causes of CO: production [3].

The first issue can be addressed by establishing smelters and refineries on the site, close to the
bauxite mines. In many cases, this means there is a need to install new facilities and develop
the power grid in concordance, as such factories are highly demanding energy-wise. This plan
would demand a very long-term approach to be put in place.

The second issue, the thermal dissipation, can be dealt with by improvements in the insulation
of the process, as well as in its efficiency. With a more energetically efficient process, there
will be less heat dissipation.

The third issue requires a strict control of the chemical waste, and a significant improvement
in the research associated with the treatment of such wastes, to avoid the criminal act of
dumping those wastes in protected natural reserves, as has been the case in other industries for
similar wastes in the past decades.

The fourth issue can be addressed by replacing the consumable anode by an inert anode. With
the currently used consumable anodes, the production of one ton of aluminium metal
consumes 437 kg of carbon anodes [11]. Furthermore, that would reduce the risks associated
with replacing the anode on a biweekly basis. The replacement of the anodes is a risky
operation for the workers when the old anode is being removed. Indeed, if a drop of water
falls into the cryolite, it leads to an explosive reaction, which won’t damage the cell severely,
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but might wound the workers. As such, reducing the frequency at which those electrodes are
replaced will improve the working conditions of the workers at the smelter. Inert anodes have
been the object of intensive research as discussed in [15] and [16]. For example, it has been
proposed to manufacture inert metallic anodes protected by a CoO-NiO coating, deposited by
an electrochemical process or by thermal spraying, either HVOF or plasma spraying [17] [18].
On this front, a big step is already on its way [19], with the construction by Elysis, a joint
venture of Alcoa and Rio Tinto, of a factory to produce and commercialize inert anodes and
the according cells with a possibility to retrofit them in previous smelters [20], which should
arrive on the market in 2024, leading to a great reduction in greenhouse gas emissions, and
improved productivity.

The fifth issue is intricately connected with the fourth one. Indeed, replacing consumable
anodes with inert ones comes with a requirement to redesign the cell with vertical anodes and
cathodes. However, in the current generation of smelters, there is a need to keep a pool of
molten aluminium of 4cm to 6 cm to increase the life of the cathode, as detailed in

Literature RCViCWChapter 2. Without such a pool, the current passing through the

molten metal creates magnetohydrodynamic currents, which can expose the cathode directly
to the electrolyte. This leads to penetration of fluoride into the graphite-lining cathodes which
leads to deformation and cracks, which is one of the main deterioration mechanisms of the
cathodes. One way to address this issue is to reduce the surface energy between the molten
aluminium and the cathode’s surface, which means to increase the aluminium wettability of
the cathode. By increasing the aluminium wettability of the cathode, one can decrease the
minimum thickness of this aluminium pool, therefore reducing the anode to cathode distance
meaning that the cell can run on a smaller power for the same output of molten aluminium.
This fact is also very interesting as the currently developed inert anodes frequently require
higher voltages compared to the inert ones to produce the same amount of aluminium. By
combining inert anodes and wettable cathodes, these two factors would cancel each other
[21]. Other ways to improve the cells are to redesign it, such as using perforated electrodes or
multi-electrodes approach [22] [23].

The focus of this work is on developing of those wettable cathodes using Suspension Plasma
Spray to deposit Titanium Diboride on graphite and assessing the quality of these coated
wettable cathodes. The choice of materials and techniques is explained in detail in Chapter 2
and Chapter 3.



1.3. Objectives of the work

Stemming from industrial requirements and state-of-the-art technology, the main
objectives of the research described in this thesis are as follows:

The primary objective is the development of mechanically stable unoxidized titanium diboride
coatings with the capability to wet aluminium using suspension plasma spray. These coatings
must be designed to be impermeable to molten aluminium, enabling their testing in an
electrolysis cell.

A secondary objective is to enhance the coating quality in terms of composition by employing
techniques to minimize oxidation to a level that does not adversely affect the application.

Another secondary objective is to investigate the relationship between the microstructure of
the coatings and their wettability properties. This investigation aims to develop a process that
allows for easy control and repair of wettable cathodes.

A third secondary objective is to assess the feasibility of treating the TiB: coatings with a
high-power laser to achieve complete densification. Such post-treatment of coatings is
becoming increasingly available on an industrial scale as high-power lasers are more
commonly used in the growing additive manufacturing industry.

1.4. Thesis structure

This thesis is presented in six chapters. The first chapter provides a general
introduction to the thesis and explains the problem addressed and the project’s objectives.

In the second chapter, an extensive literature review is presented, covering in-depth
knowledge of primary aluminium production and the Hall-Héroult process. It highlights the
current issues with carbon-lining cathodes that are currently used. The chapter then delves
into wettable cathodes, their production methods, material selection, and the challenges
associated with their development. It particularly focuses on the plasma spray process for
creating wettable cathodes, reviews prior work on plasma sprayed TiB: coatings, and
discusses the current limitations of this approach.

Chapter 3 provides a more detailed outline of the experimental setup and methodology used in
the project. It covers the starting materials, experimental parameters, and characterization
tools employed. The chapter explains the planning of the experiments and the procedures
followed to obtain the results represented in the subsequent chapters.

Chapter 4 contains the bulk of the results obtained. It begins with the initial steps of the
feasibility study. As TiB> had never been deposited by Suspension Plasma Spray before, the
first goal was to achieve this and deposit mechanically stable TiB> coatings. The chapter
provides an overview of this process. Additionally, it addresses the issue of oxidation by
using a gas shroud to protect in-flight particles from oxidation. Furthermore, the chapter
explores the influence of plasma composition, power, feed rate and suspension load on the
density of the coatings. Finally, the chapter considers the physical processes during the



elaboration, leading to a study on a porous / dense multilayer approach to address the fracture
issue arising from the densification process.

Chapter 5 covers a post-treatment of the coatings, 2-Step Laser Deposition, using a Laser to
remelt the top layers of the plasma-sprayed TiB: coatings to achieve densification. This
preliminary study sets a precedent for further research, and while the results displayed in the
chapter are promising, they also reveal some mechanical issues and challenges of
repeatability.

In chapter 6, the conclusions of the thesis are drawn and summarized. The main contributions
of this work are detailed, and prospects for further progress are suggested, with the list of
potential research directions.



Chapter 2 Literature Review

2.1. Current Cathodes in the Hall-Héroult Process

Over the past 136 years, the Hall-Héroult process has remained both familiar and
completely new. Its main principles and elements have endured, but through more than a
century of research and development, these components have evolved significantly, resulting
in a more efficient and robust process [24].

2.1.1. History and Development

As depicted in the graph below (Figure 2-1), the average energy consumption of
aluminium smelters has significantly decreased over the past four decades worldwide. One of
the driving factors behind this trend has been the evolution of cathode technology. The lower
consumption in Chinese smelters can be attributed to their more recent installations as well as
improvements correlated to the scale of these new installations and the increases in
publications and research in the field of aluminium.
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Figure 2-1 Evolution of Hall-Héroult industrial cell electrolytic energy intensity 1980-2018
[25].

The generations of cathodes currently in use in the industry are primarily carbon-lining
cathodes. They are produced by mixing dry carbon aggregates such as anthracite, graphite, or
petroleum coke with a binder, typically coal tar pitch. These graphite-based cathodes are
mechanically stable at the high temperatures required for their operation [26]. A significant
technological advancement in recent decades has been the transition from anthracitic cathodes
to semi-graphitic, graphitic, and eventually graphitized cathodes, reducing the electrical
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resistivity of the cathode by five times [27]. The key difference between these generations of
cathodes lies in the high temperature treatment at 3000 °C for graphitized cathodes, compared
to 1000 °C for the previous anthracitic generation. The overall trend in cathode development
has been aimed at decreasing their resistivity, achieved through increasing the graphite-to-
anthracite ratio, enhancing the carbon planes’ order through heat treatments [27], and utilizing
the Joule effect in a graphitizing furnace to heat the cathode blocks. Other techniques are also
being explored to further increase the cathodes’ lifespan, such as introducing lithium into the
surface layer of the graphite lining to form intercalated compounds, which act as a diffusion
barrier [28]. Initially, this led to a loss in wear resistance, but it was eventually overcome.

Combining these technological improvements with automation [29] [30] and increased cell
size and amperage, we arrived at today’s generation of cathodes. As the cathode forms the
bottom of the cell, its replacement requires the disassembly of the entire cell, making the
cathode life a determining factor in the cell’s lifespan, which can be up to 2000 days [31].

2.1.2. Issues with current cathodes and wear mechanisms

Figure 2-2 illustrates the various voltage drops occurring across the cell, highlighting
the areas where most of the energy is wasted and does not directly contribute to the
electrochemical reaction. As shown in the figure below, there is a voltage drop at the cathode
due to its resistivity, which is 0.45 V, accounting for 9.8% of the total cell voltage. It is crucial
to prevent this from increasing, which means maintaining the electrical conductivity of the
cathode. The main components of this energy consumption are the reaction, the bath, and the
polarization. The potential drop corresponding to the reaction is minimal, with a value of
1.2 V at 960 °C. The polarization accounts for the need to overcome energy barriers, such as
the accumulation of gases at the anode, and is around 0.6 V, or 13% of the total voltage.
However, the electrolyte bath is the primary energy consumer, with the molten aluminium pad
and the size of the bath dissipating a significant amount of energy in the form of heat,
resulting in a voltage drop of 1.75 'V, or 38%. This value is directly related to the Anode-
Cathode Distance (ACD), where a shorter ACD means a shorter electronic pathway from the
anode to the cathode. Most of this energy loss is dissipated as heat, resulting in an energy
efficiency of only 50%. Improving the energetic efficiency of the cell involves decreasing the
ACD.
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Figure 2-2 Voltage distribution in a Hall- Héroult cell [32].

The nominal values for the ACD are related to the wear mechanisms of the cathode and
Magneto-Hydrodynamics (MHD) effects. The two current wear mechanisms for the cathode
are:

e The formation of aluminium carbide through this reaction:
4A1+3 C — AlGs
The molten aluminium reacts with the carbon in the cathode lining, leading to
the formation of aluminium carbide, which causes debonding and accelerated
mechanical fractures [33].

¢ The penetration of the electrolyte
Algy + 3NaFin electrolytes) — 3 Nain cathode) T AlF3(in electrolytes)
The electrolyte is generally composed of a ratio of NaF/AlF3, referred to as the
Cryolite Ratio (CR) in reference to Na3AlFs. This CR value typically ranges
between two and three in the industry [6]. The sodium present in the electrolyte
reacts with the molten aluminium on top of the cathode, infiltrating the carbon
cathode, as indicated in the chemical reaction above.

As the penetration of sodium into the carbon cathode increases, it leads to mechanical failures
due to swelling and crack propagation. The area where these phenomena are most severe is
the region where the crust of the cryolite must be broken to remove the aluminium from the
Hall-Héroult cell. This creates sharp roughness and turbulence in the electrolyte, thereby
increasing the number of secondary reactions in the region and building up of stresses. To
limit the penetration of the electrolyte into the cathode, the pool of molten aluminium is kept
between 20 cm and 25 cm. This prevents MHD effects from causing waves that could lead to
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direct contact between the cryolite and the cathode, which would increase the activity of the
reaction. Consequently, the pool of molten aluminium acts as the effective cathode in the
process, and the ACD distance being at this point the distance between the anode and the
aluminium pad.

As a high current runs through the pad of liquid aluminium, magnetic forces induce
movement and waves in the liquid metal [34]. Addressing these MHD effects is crucial to
decrease the ACD [35]. To prevent these waves from causing a shortcut by putting the anode
in contact with metallic aluminium, the ACD is generally maintained at 4-5 cm. Due to this
ACD, an ohmic drop occurs, and the voltage applied to the cell has to be increased
accordingly, as detailed in Figure 2-2.

By replacing the carbon lining cathodes with new materials that have increased aluminium
wettability, the ACD could be halved to 2-2,5 cm, and the thickness of the pool of molten
aluminium could be reduced as well. This would lead to a significant reduction in the voltage
drop in the bath, thereby increasing the energetic efficiency of the process.

2.2. Wettable Cathodes

Along with inert anodes and the redesigning of Hall-Héroult cells, research and
development efforts to further improve the efficiency of aluminium smelting have focused on
developing more robust cathodes and cathodes with improved wettability, with the main goal
of developing a wettable drained cathode cell. The concept of such a cell is to continuously
drain the molten aluminium while maintaining a thin layer on the cathode, which would act as
the real cathode and prevent direct contact between the cathode and the cryolite.

2.2.1. Physics of Wettability

Wettability 1is a  generalization of the more familiar concept of
hydrophilic/hydrophobic behaviours of materials to any liquid. It describes the affinity
between a solid and a specific liquid. In the case of water, it is called hydrophilic if there is a
high affinity and hydrophobic if there is a low affinity. But what does this affinity mean? As
is often the case in physics, it boils down to the state of lower energy.

In Figure 2-3a below, a droplet of liquid is deposited on a solid surface. The contact angle 6,
the parameter of wettability, is related to the surface tensions yra (Liquid/Atmosphere), ysL
YsA~YsL
YLA )
Thereby, for an ideal liquid on a smooth surface, the contact angle of a liquid depends on the

(Solid/Liquid) and 7ysa (Solid/Atmosphere) via Young’s equation [36]: cos@ =

various surface tensions involved and as thus on the surface chemistry of the materials
involved (the solid, the liquid, and the atmosphere considered). But another important factor
that influences wettability is the microstructure and nanostructure of the solid. The
topography of the solid can result in two different wetting regimes. In Figure 2-3b, the
homogeneous regime, or Wenzel regime [37] is represented, where the liquid/solid interface
is continuous, and Young’s equation is simply modified by a rugosity factor r: cos 8, = r -
cos 6. In this regime, the wetting behaviour is enhanced: a wetting liquid will spread even
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more, and a non-wetting liquid will spread even less on the rougher solid. In Figure 2-3c, the
heterogeneous regime, or Cassie-Baxter regime [38], is represented, where the liquid/solid
interface is not continuous: typically, capillary forces maintain pockets of air within the
profile of the solid interface with significant roughness. In this case, the fraction ¢ra of the
total contact area between liquid and atmosphere must be considered, and Young’s equation is
modified as such: cos0, =1 -cos8 — @;, - (1 +r-cos@). In this regime, the pockets of air
will reduce the wettability of the liquid in all cases, for both wettable and non-wettable solids.
In our research, as we are looking for high wettability, we aim to reach a Wenzel regime, not
a Cassie-Baxter one. To conclude, we can say that both the surface chemistry and the surface
morphology are key parameters determining the static and dynamic wettability of a material
by a liquid.
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Figure 2-3 Schematic of (a) a wettable surface, (b) Wenzel wetting regime and (c) Cassie-
Baxter wetting regime.

2.2.2. Criteria for Wettable Cathodes

To develop wettable cathodes, the selection of materials is limited due to the specific
criteria that must be met. In addition to high aluminium wettability, cathode materials must
also possess high electrical conductivity to function effectively in the harsh and corrosive
environment of the Hall-Héroult cell [39]. The ideal cathode material should have low
solubility with molten aluminium at 960 °C, good resistance to penetration by sodium and
corrosion by molten electrolytes, adequate mechanical strength to withstand thermal and
chemically induced cracking, resistance to erosion, and reliable electrical contact with current
collectors.

Considering these stringent requirements, only a few materials meet the criteria including
borides and carbides such as TiB», ZrB», TiC, B4C, SiC, and ZrC [40], as illustrated in Table
2-1 below. Among these options, TiB> emerges as the main candidate due to its favorable
characteristics and compromises. Notably, titanium diboride is relatively cost-effective
compared to other materials in the list, while possessing lower electrical resistivity than TiC
or ZrC and lower solubility in molten aluminium [41] [42]. The lower solubility is
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advantageous as it increases the cathode’s lifespan. Over the past decades, significant research
has been conducted on wettable cathodes based on titanium diboride [43], utilizing various
production techniques such as sintering, electroplating, physical vapor deposition (PVD), and
thermal spray processes [44] [45].

Compound* Melting T°C  Density g.cm™  Electrical Electrical Thermal TECK! Elastic
resistivity resistivity conductivity 103 modulus
25°C pQem  1000°C pQem . Wm'K! 25°C GPa

TiB: 2850-2980 4.52 9-15 60 24-59 4.6 253-550

ZrB: 3000-3040 6.09-6.17 7-16.6 74 24 5.9 343-491

MoB: 2100-2140 7.8-8.1 20-40

B4«C 2450 2.52 2000-70000  High 29 4.5 448

TiC 3067-3250 4.92-4.95 51-250 119 17-21 5.5-7.74  269-462

wC 2600-2780 15.7-15.8 17-22 106-118 29-121 4.5 669-710

SizN4 1870-1885 2.37-3.19 10Y High 2.5

AIN 2400 decomp.  3.25 High High 30 5.6 345

BN 3000 decomp.  2.25-2.27 1.7=10'8 High 15 7.5

TiN 2950 5.39-5.44 21.7-53.9 130 17 9.35

Graphite** 3500 subl. 570-1170 7.8 6.4-13.7

*: Commercial polycrystalline guide
**: Not RHM, but included for comparison

Table 2-1 Physical properties of some Refractory Hard Metals RHM [46].
2.3. Titanium diboride

2.3.1. Properties

Titanium diboride possesses the required properties [47] to be utilized as a material for
a wettable cathode, as indicated in Table 2-2 below.

TiB, demonstrates excellent aluminium wettability, as observed in the literature [48].
Moreover, it exhibits electrical resistivity on par with the currently used cathodes , with a
value of 3.4 pQ.m at 1000K for dense polycrystalline TiB> [49] compared to 15 uQ.m at
1000K for a graphitic cathode [27]. Its crystallographic structure is hexagonal close-packed,
belonging to the space group P6/mmm with the following unit cell parameters: a=b=3.028 A,
c=3.228 A, a=p=90°, y=120°, resulting in a density of 4.52 g.cm™. The atomic structure of
titanium diboride is the reason for its favorable properties, including excellent wear
resistance, making it widely used for such applications [50], and high chemical resistance.
Additionally, the strong covalent bonding between titanium and boron atoms contributes to its
high melting point of 2980 °C. The TiB: phase exists over a stoichiometry range of 65.5- 67.0
at%B at ambient temperature, becoming smaller as the temperature increases, and it melts
congruently, which is essential for the research being conducted here, as the process involves
melting TiB: and re-solidifying it afterwards. For reference, the entire Ti-B binary phase
diagram is shown in Figure 2-4 below.
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Property

20
Bulk modulus (GPa) 240
Compressive strength (GPa) 1.8
Creep rate® (10° s™)
Density® (g/cm?) 4.5
Elastic modulus (GPa) 565
Flexural strength (MPa) 400
Fracture toughness (MPa -m'?) 6.2
Friction coefficient? 0.9
Hardness (GPa)® 25
Lattice parameter® a/A 3.029
Lattice parameter® ¢/ A 3.229
Poisson’s ratio 0.108
Shear modulus (GPa) 255
Sound velocity, longitudinalf (km/s) 11.4
Sound velocity, shear! (km/s) 7.53
Specific heat (J-kg!-K) 617
Thermal conductivity (W-m™-K™) 96
Thermal diffusivity (cm?-s™) 0.30
Thermal expansion®2 a, (10 K1) 6.4
Thermal expansion®® o, (10 K 9.2
Thermal expansion® o, (106 K1) 7.4
Wear coefficient? (10-) 1.7
Weibull modulus® 11

500
234

4.449
550
429

0.9

11
3.039
3.244
0.108
248
11.3
7.47
1073
81
0.17
7.0
9.8
7.9

1000
228

4.389
534
459

0.6
4.6
3.052
3.262
0.108
241
11.2
7.40
1186
78.1
0.149
1.7
10.4
8.6

Temperature (°C)
1200

4.363

471

3.057
3.269

1228
77.8
0.147
7.9
10.6
8.8

2 Relative standard uncertainty (%); ? means insufficient information to determine

® Flexure creep rate at 100 MPa, p=4.29 g/cm?, g=18 um
¢ Single crystal

4 p=4.32 g/cm’, g=2pm, v¢/P=0.2 m-s’!-MPa'!

¢ Vickers hardness, load=5N

" Vehear=(G/ P)"%; Viongituaina=((4/3)G/p+B/p) /2

& Coefficient of thermal expansion ax=(1/x0)(x-X0)/(T-To), x=a or ¢, cumulative from the reference state at 20°C

(corresponding to T¢=293K); am=(20.t0c)/3
" Three reported values, 8, 11, and 29

1500

0.005
4.322

489

3.066
3.281

1291

8.3
11.0
9.2

2000

3.1
4.248

3.082
3.303

1396

8.9
11.6
9.8

Table 2-2 Mutually consistent trend values for properties of polycrystalline TiB:> deduced
from the collection of observed particular values for specimens having mass fraction of TiB>
98%, rho = 4.5+0.1 g.cm™ and g= 9+1 um, except as noted [47].

u®

24

20
0.07

25

15
15

12
0.03
0.04
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Figure 2-4 Binary Ti — B phase diagram [50].
2.3.2. Elaboration

Titanium diboride is produced using several high-temperature methods [51] [52] [53],
and the chosen method determines the size distribution and morphology of the TiB2 powder.
Most of the properties we seek in titanium diboride — such as wear resistance and chemical
stability - arise from the material’s strong covalent bonds. However, it is precisely this strong
covalent bond that makes the material challenging to produce and shape. One of the primary
reaction routes to produce titanium diboride is the borothermic reaction:

2TiO, +B,C+3C—2TiB>+ 4 CO

However, this route does not allow for the development of nanocrystalline powder and
obtaining powder with a size distribution in the 1-10 um range is also challenging. Various
other routes have been researched to obtain such fine powders, including the Self-propagating
High-temperature Synthesis (SHS) process, mechanical alloying [54], and other reactions. In
the specific case of using titanium diboride powder for suspension plasma spraying, the
powder size distribution is in the micrometre to sub-micrometre range [55]. In our case, the
manufacturers who provided the TiB> powder used the mechano-chemical reaction method. In
this method, the powder is placed in a high-energy ball mill, and the powder is broken down
to a smaller size distribution by the impact and shearing of the grinding ball. Compared to the
SHS and carbothermal reduction methods, mechano-chemical reaction has the advantages of
having a lower synthesis temperature and a relatively lower cost [56].

2.4, TiB:-based cathodes

2.4.1. Sintering

Bulk TiB> cathodes were one of the earliest historical approaches [57] to establish
wettable cathodes for aluminium electrolysis. A variety of sintering techniques have been
used, including hot, cold, or pressureless sintering [58] [59] [60] as shown below.
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In the Figure 2-5 below, Tallon et al. used a wet colloidal processing approach combined with
pressureless sintering for densification. However, due to the low self-diffusion of titanium
diboride, it has a poor sintering capability [50]. To overcome this issue, direct hot pressing
followed by pressureless sintering [61], or cold pressing followed by high temperature
sintering, are the preferred approaches. The cold pressing route is preferred because it has a
lower cost and allows for more detailed net-shape fabrication.

Despite these efforts, there are significant challenges associated with using pure TiB»
cathodes. These include the low sintering capability, high fabrication costs, brittle nature,
poor thermal shock resistance, susceptibility to inter-granular corrosion by molten aluminium,
and difficulties in retrofitting bulk TiB: cathodes into existing cells [62] [63].

2100°C/1h

Figure 2-5 Microstructures of samples sintered in 1900 °C, 2000 °C, and 2100 °C [60].

Composite cathodes have also been explored, particularly the TiB>-C composite route in the
1980s and 1990s. However, the results were not as promising as expected due to mechanical
failure between the composite materials [64] [65] [66]. For instance, M.O. Ibrahiem et al. [67]
conducted a deeper study on the impacts of the powder preparation process to create a TiB>-C
composite and showed that 50% of TiB> was enough to have good wetting properties and
electrical conductivity. However, reactions occured through the open pores and grain
boundaries, resulting in the formation of Al4C; and Al,Os3 in a matter of hours.

2.4.2. Additives

As discussed above, titanium diboride is challenging to format, to shape due to its very
strong covalent bonding. In such cases, sintering additives can be used to improve the
mechanical cohesion of sintered TiB> components. Various metallic or ceramic additives have
been investigated for this purpose.

Metallic additives such as Fe, Ni, Cr, or Co enhance the densification of TiB: through liquid
phase sintering, as they have good wetting properties on TiB; and adequate melting points to
withstand the conditions in the Hall-Héroult cell. Eutectic reactions leading to the formation
of borides, such as Fe3B, act as a binding process for the TiB> grains [68]. However, these
binder phases are brittle, which decreases the fracture toughness of the material. Moreover,
they lead to exaggerated grain growth, resulting in spontaneous microcracking during the
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cooling stage due to high thermal stresses building up among the large TiB> grains [69]. To
counter this phenomenon, grain growth inhibitors such as TaB,, WsB, borides, WC or TiC
carbides can be added [70].

Ceramic sinter additives can also be used to improve sinterability without degrading the
mechanical properties of the coating, as some metallic additives do. For instance, MoSi> and
SiC have shown promising results [71], while ZrO> has shown no significant impact on the
densification process. However, the average amount of ceramic additive needed to improve
the density of the coating is in the range of 5-10wt%, whereas it is lower, closer to 0.5-2wt%
for metallic sinter additives [72].

2.4.3. Electrochemistry and other coatings approach

Once we set aside the strategies of creating bulk TiB: cathodes and using additives to
bypass the associated issues, the next approach is to develop a coating instead of a bulk
cathode. Several coating techniques have been attempted over the past decades, as illustrated
in Figure 2-6. In this section, we will mention some results from these studies.

Electrodeposition

Thin TiB, Coating Chemical Vapor

(<1mm) Deposition

Plasma Spraying and

TiB; Coating Technique Glazing
Thick TiB, L~ Carbon-Bonded TiB,
Coating

N

Colloidal Alumina TiB»
Coating

Figure 2-6 Titanium diboride coating techniques classified by thickness [72].

According to a study by A.Becker et J.Blanks [73], chemically vapor-deposited TiB: coatings
showed a short lifetime due to an attack on the grain boundaries, leading to the coating’s
detachment.

Electrodeposition has also been used as a process, with a NaCl-KCI-NaF-K,TiFs-KBF4
electrolyte heated at 700 °C. N. Rybakova [74] found that the homogeneity of the coatings
was greatly affected by the pulse sequences and current density applied during the deposition.
The coatings obtained under these conditions exhibited good wear resistance. However,
Simov et al. [75] revealed in their work that the formation of dendrites led to low mechanical
stability in the electrolytic bath.

A carbon-bonded TiB: coating developed by Comalco, derived from a mixture of TiB> and
carbonaceous cement, demonstrated good properties for Hall-Héroult cell applications.
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However, a reaction occurred between the cement and the aluminium layer forming on the
cathode, creating AlsCs. As the cement dissolved, the TiB; particles were released, making
the lifetime of the coating a significant issue [76], similar to approaches using additives.

Moltech company extensively tested its TiB2-colloidal alumina extensively and found that it
lasted for about three years under real conditions, with a TiB> dissolution rate by aluminium
of 0.3 mm/year. However, this approach involved a multilayer technique, including a
protective layer, an aluminium-wettable layer, and an anchorage layer on top of the substrate.
Increasing the particle size of TiB2 was found to enhance the mechanical properties but also
increased the coating’s electrical resistivity [77]. The coating’s porosity was still about 30%.
While these colloidal alumina coatings and carbon-bonded composite coatings could lead to
thicker coatings of 3 mm to 8 mm with relevant properties, their lifetime suffered
considerably, even worse than in previous techniques like CVD or electrodeposition.

In 2001, the ambient-temperature solidified coating method (ATC) was developed and
adapted to TiB-containing coatings. The coatings obtained exhibited excellent properties for
the desired application, such as high aluminium wettability, low electrical resistivity, strong
bond strength, high compressive strength, and resistance to thermal shock and sodium
expansion, which is one of the main causes of deterioration in Hall-Héroult cell cathodes.

This method underwent an industrial scale test at the Guangxi Branch of Aluminium
Corporation of China, which demonstrated its superiority in terms of lifetime compared to the
non-coated cathode. Figure 2-7 illustrates that the non-coated cathode is more deteriorated
than the coated one. The lifetime of Hall-Héroult cells is usually determined by the
deterioration of the cathode lining until it is broken by sodium penetration. The type of carbon
additives to the TiB; coatings greatly influences its resistance to sodium penetration, along
with the grain size and type of sintering agent, although to a lesser extent [45].

Figure 2-7 Cathode surface in 160 kA prebaked cell after one year of use, without coating
(left) and with TiB> coating (right) [45].

In conclusion, each technique described above either resulted in a coating without sufficient
mechanical stability that delaminated or required a more complex structure to avoid
delamination, which negatively affected electrical properties. Our goal will be to overcome
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these challenges without using additives by employing thermal spraying techniques, aiming to
produce TiB; coatings with good mechanical structure and electrical properties.

2.5. Plasma Spraying

Thermal spray processes are efficient, versatile, and cost-effective methods for
producing micro-structured functional coatings. Among these techniques, plasma spraying
stands out as it uses plasma as a thermal energy source.

2.5.1. Physics of plasma spraying

The family of thermal spraying processes involve spraying a stream of molten, semi-
molten, or solid particles onto a substrate, where the particles are heated and accelerated upon
impact [78]. The techniques can be categorized based on how the jet is generated, such as
electric discharge (DC arc or pulsing arc), RF glow discharge, combustion, or explosion. The
main thermal spray techniques are depicted below in Figure 2-8. These spraying techniques
offer various possibilities, including the development of nanostructured coatings, deposition
in a controlled atmosphere for easily oxidized materials, and achieving high productivity or
high-quality coatings. They can also deposit a wide range of materials, including ceramics,
metals, and alloys.
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Figure 2-8 Schematic representation of the typical flame temperature and particle velocity for
different thermal spray systems [79].

21



Atmospheric Plasma Sprayed (APS) coatings find applications in various sectors, such as
thermal barrier coatings (TBCs), with materials like YSZ [80], corrosion-resistant surfaces, or
biomedical prosthesis with hydroxyapathite [81]. These coatings have been developed
through a deeper understanding of the physical phenomena involved in plasma spraying and
the advancement of online monitoring systems, enabling the industrialization of the processes
during the 1980s and 1990s. In APS, as seen below in Figure 2-9, the plasma gas enters the
torch at the base of the cathode and is heated by the arc between the cathode and the
cylindrical anode nozzle. The resulting plasma jet can reach temperatures and velocities in the
range of 12,000-15,000 K and 500-2500 m.s™!, respectively, depending on operating
parameters and torch design. The plasma jet transports the injected particles to the substrate.
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Figure 2-9 Schematic representation of plasma spray process [78].

The coating formation involves the succession of splats formed upon the impact of the
spray particles, as seen below in Figure 2-10. APS, first invented in 1922 and heavily
developed in the 1960s, utilizes an arc-induced plasma to transfer heat to the powder and
accelerate the particles [82]. The plasma gas composition typically includes argon to stabilize
the arc, along with secondary gases like Hz, N2, or He, which help narrow the spray jet and
enhance heat transfer to in-flight particles. The applied current ranges in the hundreds of
amperes, and the resulting voltage is in the range of 30-70 V, increasing with the anode-
cathode distance in the torch and the amount of secondary gas in the plasma. In the plasma
plume, temperatures can reach as high as 14000K to 28000K. Recent years have seen efforts
to optimize torch geometry to improve electrode durability and coating consistency. Electrode
degradation mechanisms include arc-induced deterioration of the tungsten cathode, leading to
tungsten particles appearing in the coating [83], and anode erosion due to high heat fluxes
causing self-increasing erosion [84].
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Figure 2-10 Formation of the coating in a thermal spray process [85].

One crucial parameter in powder-based thermal spraying techniques is the size distribution of
the powder, which impacts the particle trajectory in the plasma and the resulting coating.
Powders used in APS should have a relatively narrow and unimodal size distribution to ensure
consistent results. Particle size also affects how the particle’s speed correlates with the plasma
velocity, with larger particles having more inertia and slower acceleration compared to
smaller particles, influencing splat flattening. This relative movement of particles and plasma
is quantified by the Reynolds number Re [86].

Thanks to the high temperatures achieved in plasma spraying, a wide range of materials can
be deposited, including metals, ceramics, polymers, and cermets. The high velocities of the
particles upon impact ensure excellent flattening. However, the combination of excellent
particle melting and entrainment of air within the plasma jet leads to enhanced oxidation,
which is why oxide ceramics are the primary materials deposited by APS. Examples include
ALOs, TiO2, ZrO,, ZrSiO4, Cr20s3, and Y203, with Yttria-Stabilized Zirconia being widely
used for thermal barrier coatings. It is the main industrial application of APS. For materials
where oxidation must be avoided, a controlled atmosphere is typically used. Some of the post-
treatments that have been used in the past to increase density were furnace annealing, laser
treatment, or sealing [82].

2.5.2. Plasma Sprayed TiB2

In 2014, P. Ruzhen et al. used Atmospheric Plasma Spray to deposit titanium diboride
[87], obtaining relatively thick coatings, as shown below in Figure 2-11. However, these
coatings were heavily oxidized [88], containing 20wt% of oxygen and the presence of TiO2,
B»03, and Tii 8603, consistent with similar studies [89]. The coatings were found to consist of
fully melted and partially melted particles, evenly distributed throughout the coating. These
oxides are likely to react with cryolite during the Hall-Héroult process, leading to rapid
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cathode damage. Like other transition metal borides such as ZrB, and MoB;, TiB: has a low
oxidation rate at temperatures below 1000 °C, forming a protective B2Os glass layer on the
surface. However, at temperatures above 1100 °C or in more oxidizing conditions, such as a
humid atmosphere, the oxidation rate increases significantly [46].

Figure 2-11 Polished cross-sectional micrograph of the as-sprayed TiB: ceramic coating

[87].

To avoid oxidation, titanium diboride coatings were produced using Vacuum Plasma Spray
(VPS), as depicted in Figure 2-12 [90] [91]. These coatings showed no open porosity, good
mechanical cohesion, and high aluminium wettability. They also exhibited good adherence to
carbon substrate materials. However, the high vacuum required for this technique comes with
a high cost, which increases exponentially with the size of the parts to be coated. Given that
the cathode surface to be coated is in the range of square metres, the cost becomes a barrier
for the industrial application of VPS.

Figure 2-12 Typical microstructure of an interface anthracite carbon substrate and TiB>
coating formed by VPS.

One additional advantage of a TiB» coating is its high hardness. The contact of molten
aluminium with the current carbon-lining cathode results in the formation of aluminium
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carbide, causing chemical erosion. By developing a dense layer of TiB>, this phenomenon can
be significantly reduced, as well as the expansion caused by sodium penetration, as explained
below in Figure 2-13 in the example of the study by F. Hiltmann et K. Seitz [90] [91].
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Figure 2-13 Expansion curve examples from Rapoport tests of anthracitic cathode samples. 1
= dense coating, 2 = porous coating, 3 = uncoated, from [91].

As shown in Figure 2-13 above, the coated samples, especially the dense ones, exhibit much
lower expansion related to sodium penetration compared to anthracitic graphite cathodes.
Semi-graphitized cathodes, to which a portion of the industry has already moved since 2000,
already exhibit an expansion between 0.05 and 0.08%.

2.5.3. Suspension Plasma Spray

In the specific case of Suspension Plasma Spray, the powder is not injected in the
plasma as is, but within a suspension [92]. This allows the use of powders with a finer size
distribution compared to APS [93] [94]. Using powders with a size distribution below 10 pym
would lead to agglomeration on the side of the injecting hoses and clog them if used in
conventional APS [95]. The possibility to use these smaller particles enables the development
of nanostructures with fine pores or even the production of very thin dense coatings [96].
When using a suspension, the particles continue with the flow of the liquid medium carrying
them and do not clog the injection system. Upon atomization into the plasma, the solvent used
- generally water or ethanol - is evaporated, and the particles are then melted by the plasma,
similar to the APS case.

As shown in Figure 2-14, the suspension is atomized by coaxially injecting the atomizing gas,
generally Ar, into the suspension, although some more advanced injection mechanisms have
been the topic of research and development. The injection process significantly influences the
deposition process and its efficiency. In our research, we will use the Axial-III torch, which
has an axial injection, an improvement over the more classical radial injection. With radial
injection, one must carefully control the speed at which the suspension penetrates the plasma
jet to avoid complete penetration throughout the plasma if the speed is too high or complete
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rebound from the plasma if the speed is too low. Axial injection in the middle of the torch
avoids this issue, and all the particles flow with the plasma, increasing their residence time in
the hottest part of the plasma and favoring full melting of the particles in flight. The axial
injection is made possible thanks to the multiple-arc plasma generator geometry of the torch.
The Axial-III has been studied, for instance, in [97], where Zimmermann et al. analyzed the
temperature distribution within the plasma and its inhomogeneity.

Cathode Anode
(3 Cathodes)

Plasma flame and droplets

Suspension —>

Substrate

Figure 2-14 Suspension Plasma Spraying using a Mettech Axial IIl, adapted from [98].

As detailed in Figure 2-15, the droplets, upon entering the plasma, quickly break up into
smaller droplets before the vaporization of the solvent, followed by the melting of the
particles and their impact as splats on the substrate. The use of a suspension brings specific
challenges: to ensure repeatability, they must have a high degree of consistency, which is
difficult to establish as fine particles would naturally agglomerate, leading to inhomogeneity
in the suspension and therefore in the deposited coatings [92]. Additionally, sedimentation
must be avoided. Moreover, the evaporation of the solvent by the plasma cools down the
plasma and wastes energy. Therefore, in general, ethanol is preferred as a solvent compared to
water, as it has a smaller latent heat of vaporization (841 J/g for ethanol compared to 2257 J/g
for water, at 25°C, with a faster decrease in value with increasing temperature for
AvapH[ethanol] compared to AvapHpwater) [99] [100].) Finally, the load, the weight percentage of
powder in the suspension, is generally limited to below 30%, as the higher the load, the higher
the viscosity of the suspension. A higher viscosity lowers the flowability and slows the
sedimentation rate, making it more difficult to feed the suspension into the plasma torch.
Highly viscous suspensions also tend to lead to the formation of bigger droplets. As the
solvent vaporizes, the viscosity of the suspension increases, and the droplet becomes more
resistant to breakups. Therefore, for suspensions starting with a high viscosity, the droplets
are bigger than for those with lower viscosity [101].
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Figure 2-15 Stages undergone by the particles when deposited by Suspension Plasma Spray
[102].

2.5.4. Shrouded Plasma Spray

Oxidation is a frequent phenomenon that significantly decreases the corrosion
properties of materials. Wear resistance properties of materials can also be negatively affected
when spraying composite coatings such as WC-Co or Cr3;C2-NiCr, where the loss of carbide
content through oxidation can reduce its microhardness [103]. Depending on the spraying
parameters, the driving oxidation mechanism can be in-flight oxidation or oxidation during
splat formation and coating build-up. One way to protect in-flight particles is the use of a
shroud [104] [105] [106]. This can be a mechanical shroud [107] as well as a gas shroud [108]
[109]. Using a shroud allows spraying coatings in the air while keeping a low oxide content,
and preserving the composition of the coatings [110].

As detailed below, there are a variety of geometries that have been used. In Figure 2-16, the
shroud types range from pure gas shrouding to solid inert barrier shrouding. The use of gas
shrouding generally decreases the temperature of the plasma downstream due to turbulent
mixing between the plasma and the shrouding gas. This is not the case when using pure solid
barrier shrouding. However, the solid shrouding requires a cooling system due to plasma heat,
which makes the installation more complex. Most shroud designs include both aspects of
shrouding, and they vary in their physical geometry - length, convexity - and their gas
geometry, with either an internal or external injection of the gas shroud, or both. The
commercially available gas shroud from Mettech is the one we will use in this work, and it is
a mix of a mechanical shroud which is 5.3 cm long and a gas shroud with gas influx both
inside the mechanical piece along the inner edge, as well as at the exit of the mechanical
piece, around the plasma flame.
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Figure 2-16 Schematics illustrating the range of shroud devices designed for plasma spraying
[103].

2.5.5. Laser Treatment of Coatings

Laser treatment of coatings, also known as two-step laser deposition, is referred to as
2SLD in contrast to 1SLD, which is part of the additive manufacturing family for rapid
prototyping and involves injecting powder into a melt caused by a focused laser beam. 2SLD
is a treatment applied to coatings developed by thermal spraying, painting, screen printing,
PVD, paste deposition [82]. The microstructure obtained by this laser treatment is typical of
materials that rapidly re-solidify, and these laser-treated coatings have mainly attracted
interest due to their wear resistance. They have been studied for applications such as TBCs
[111], biomedical coatings [112], wear-resistant composite coatings [113], and hot wet
corrosion-resistant coatings [114].

Although some of the 2SLD research shows some alloying or hard-phase dispersion, the main
phenomena involved are cladding and glazing. Using a laser to remelt material is a process
almost as old as the laser itself [115] and is the most widespread use of the laser on thermally
sprayed coatings. Additionally, lasers can be used to sinter and relax stresses in coatings
[111]. Metals and alloys alike can be remelted with a laser. Ayers et al. applied 2SLD to
plasma sprayed coatings and have shown that the laser beam quality influences the depth of
interaction [116], and that the scanning speed and the laser power density are the key
parameters influencing the elimination of porosity by the laser and the amount of residual
stresses that could relax to create cracks. The roughness caused by the 2SLD was analyzed by
Das in [117] where it was shown that by increasing the defocusing of the laser, the
temperature difference within the molten pool was decreased, thereby reducing the local
difference in surface tension, which ultimately led in the end to a less rough surface. One
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thing that is characteristically different between laser remelting of oxide ceramics compared
to laser remelting of metals and alloys is that laser-treated oxide ceramics typically exhibit a
cracked surface, as shown in Figure 2-17 below.

Figure 2-17 BSE SEM of a TBC composed of a MoCrAlY bond coat and an 8YSZ top coat
after laser treatment, a)surface, low magnification, b)surface, high magnification, and
c)cross-section. [118].

As can be observed in Figure 2-17a and b, the surface re-solidifies in a vertically cracked
columnar microstructure. In a study on 2SLD of a mix of Al,03-TiO; [119], it was observed
that the laser treatment led to coating densification, a columnar microstructure, an
improvement in wear and corrosion resistance, as well as in microhardness. These specific
coatings, with a vertically cracked microstructure, have been the subject of intense research as
they are especially convenient for the development of TBCs. The use of a continuous laser, as
opposed to a pulsed laser, has been shown to lead to higher density [120].
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2.6. Objectives and Originality of the Project

In this project, our aim is to use a technology to develop titanium diboride coatings for
wettable cathodes. Despite ongoing research to develop such coatings through a variety of
techniques, none has successfully advanced to the industrial stage as a significant
improvement over the technologies currently in place. From sintering to TiB>-C composites,
from additives to colloidal alumina bonding, from electrolysis to CVD, no technique thus far
has demonstrated the ability to develop titanium diboride coatings with the required properties
for the industrial application considered in this thesis. Although several studies have been
previously reported on plasma-sprayed titanium diboride, Suspension Plasma Spray (SPS) has
not been attempted before. The objective of this research is to develop mechanically and
chemically stable titanium diboride-coated cathodes for aluminium electrolysis using SPS.
After reviewing the literature, we hope to achieve this goal by using suspension plasma spray,
with the addition of a gas shroud. The influence of the processing parameters on the coatings’
microstructure and composition will be detailed in the following chapters. Moreover, the
aluminium wettability of the coatings will be thoroughly investigated, and the possibility of a
Laser post-treatment will also be considered to assess the potential for obtaining fully dense
coatings.
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Chapter 3  Methodology

3.1. Experimental Procedures
3.1.1. Starting materials and sample preparation
For the coatings deposited in this thesis, two types of substrates have been used:

e Steel substrates, of the SS304 variety, for the preliminary coatings, in 2.5 cm
X 2.5 cm squares,

¢ Graphite GR0O08G grade from Graphitestore, USA,
e In 2.5 cm x 2.5 cm squares, cut from an 8-inch square plate,
e In disks with a 2.54 ¢m diameter and 5.5 mm thickness, cut from a 12-
inch-long rod, as detailed in Figure 3-1.

Cutting
blade
Graphite
Rod Wedges
l——T

Figure 3-1 Schematics of the cutting machine used to prepare the graphite substrates from the
rod.

Depositing on graphite substrates by plasma spraying can be challenging, which is why steel
substrates were used in the beginning. However, after these initial experiments, graphite
substrates were used, as they are more suitable for the application.

The powder used for suspension plasma spraying was ordered from Hunan HuaWei
Aerospace Special Materials, China. It was supposed to have a powder size distribution dgo of
1.5 um. The dark grey powder size distribution was evaluated with a Malvern Spraytec
Particle Size Analyzer. It was supposed to have a purity of 98%, with a light oxygen
contamination.

The ethanol was anhydrous ethyl alcohol ordered from Les Alcools de Specialites Greenfield
Inc. The surfactant Polyvinylpyrollidone (C¢HoNO), was ordered from Sigma-Aldrich Life
Science. This amorphous, hygroscopic polymer is commonly used as a binder. The molar
weight of this white powder was 360,000 g/mol.
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The samples were grit-blasted with parameters detailed in Chapter 4, and their roughness was
measured with a roughness meter SJ-210 from Mitutoyo, as shown in Figure 3-2 below. The
characteristic roughness used was the R, - the arithmetic average of a roughness profile.
When studying the roughness of a material, other parameters can also be considered, such as
the kurtosis Riku which measures the tailedness of the profile about the mean line, the
skewness Rg which measures the asymmetry around the mean line of the profile. All these
parameters can also be assessed on a surface basis, measuring, therefore Sa, Sk, Sku, etc. In
general, in the literature, R, is the most mentioned roughness parameter.

Figure 3-2 Roughness meter (a) and zoom on the measuring tip on a graphite substrate (b).
3.1.2. Suspension Preparation

To properly prepare the suspension, the weight percentage of powder, commonly
referred to as the suspension load, must be chosen first. In our research, it will be 10% or
20%. In the SPS community at large, this suspension load rarely exceeds 30% because issues
of flowability and stability of the suspension increase significantly above this mark. In SPS,
the two main solvents used are water and ethanol, and in our case, ethanol was chosen. That is
because ethanol has a smaller enthalpy of vaporization, and as such, it takes less energy from
the plasma to burn off compared to water. This is beneficial in our case, as it will decrease the
energy loss due to vaporization, and we want the maximum amount of energy to fully melt
titantum diboride in flight. Additionally, the storage and manipulation of ethanol in the
industry demands a specific control, unlike water.

As shown in Figure 3-3 below, the amount of ethanol is weighed with a balance, and then a
surfactant is slowly added to the suspension. Its role is to limit the formation of aggregates
and maximize the homogeneity of the suspension, as well as to reduce sedimentation. If the
suspension is heterogeneous, then the coating will be as well, and that would be detrimental to
the application. In our research, Polyvinylpyrrolidone (PVP) will be used as the surfactant.
The amount of PVP in the suspension has been determined to be 1.2 weight percent based on
a comparison between the sedimentation time of suspensions with PVP percentages varying
from 0 to 1.6%. To maximize the homogeneity of the suspension, magnetic stirring and a
sonicator were constantly used during suspension preparation. The PVP must be added slowly
to the ethanol to ensure a homogeneous dispersion of the surfactant and to avoid the
agglomeration of PVP molecules in filaments. This preparation is done under a nanocabinet to
protect the experimenter from inhaling nanopowders and ethanol fume and to maintain a
healthy lab environment.
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Figure 3-3 Schematics of suspension preparation and homogenization under a nanocabinet

3.1.3. Plasma Spraying

In the process of plasma spraying, there are over 70 intertwined parameters that can
influence the coating’s quality and properties. Schematically, we can group them as shown
below in Figure 3-4. Such a high level of complexity makes plasma spraying both very
versatile in terms of coatings sprayed and difficult to finely tune.

Torch-related: Geometry-related: Substrate-related:
Power, Stand-off  distance, Composition,
Gas composition, Anode Injection, Temperature,
Nozzle size, etc. Torch geometry, etc. Roughness, etc.
—
/ Plasma flame and droplets
Suspension —
igz;()iension—related: Substrate
Feed,
Flowability, etc.

Figure 3-4 Examples of parameters influencing the deposition by suspension plasma spray.

The torch used was an Axial-III torch from Mettech Corp, Canada. It has several advantages,
the main one being an axial injection. Thanks to its three-cathode system, the powder or
suspension can be injected axially directly into the hottest part of the plasma plume, as shown
in the figure above. The axial injection is, therefore, a significant improvement over the more
conventional radial injection and should be expected to become standard in the decade to
come [97]. Indeed, with radial injection, there is an issue of the pressure with which the
medium is injected: if it is below a critical value, it bounces off the plasma and is not
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deposited, and if it is too high, then it just pierces through the plasma and is not deposited
either.

Radial injection of
particles/droplets

o| D <D™ : the particle bounces

crit

Spray Gun

(O| D < D;.? . the particle goes

crit
across the plasma plume

Plasma Jet

Figure 3-5 Schematic of radial injection of powder in plasma spray [121]

In axial injection, this problem completely disappears, as all the material is in all cases
injected into the plasma and directed towards the surface to be coated. The torch was fixed on
a robot with six degrees of freedom, and the deposition was made in a spray booth with
appropriate ventilation for security purposes, as shown in Figure 3-6 below.

Figure 3-6 Axial-III plasma torch on a 6-axis robot in front of a rotating sample holder.

Additionally, a gas shroud, also available from Mettech Corp, is used to protect molten
droplets from in-flight oxidation. The shroud works as a mechanical piece, displayed in
Figure 3-7, screwed at the exit of the torch. It is 5.3 cm long and has four gas outputs: two
inside the shroud and two at the exit of the shroud. In our case, the shroud gas used was
Argon, as it is an inert gas and, therefore, had no possibility to react with our in-flight
particles. N> could also have been used as a shroud gas, as shown in the literature.
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Figure 3-7 Shroud observed from its rear end, with the inlet and outlet of gases observable.
The substrates were put on various sample holders during the thesis, portrayed in Figure 3-8:

e The first one was a static water-cooled sample holder fitting 4 samples, as shown
below in Figure 3-8a. It is a home-made set-up which was already available at the lab
at the beginning of the thesis. The idea behind the use of a water-cooled sample holder
was to try to reduce the damage that could be caused by the intense heat that dissipates
through the samples to the sample holder, as well as keeping the substrate temperature
relatively low throughout the deposition.

e The second one was a rotatory sample holder, fitting 24 samples, as shown in
Figure 3-8b. It is a set-up made by PTC Innovation, linked to University West. The
rotation could fill the role of the water-cooling. The speed of the robot was adjusted to
keep the same linear deposition speed as with the water-cooled sample holder.

I
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Figure 3-8 Schematics of the sample holders used, (a) static water-cooled, front view, and (b)

rotating sample holder, side view as seen in Figure 3-6.

The plasma torch is on a 6-axis ABB robot. Using the associated controller, the trajectory is
programmed with a constant linear speed of the torch. Each line has an overlay with the
neighbouring ones to ensure a deposition as homogeneous as possible. With a static sample
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holder such as the one in Figure 3-8a, the robot sprays on the samples with a linear scan,
repeating each scan a definite number of passes to coat a high enough thickness.

During the deposition, when possible, the temperature of the samples was measured. It is an
important parameter, as one can observe in the literature [122] [123]. For instance, in [124],
Jalilvand et al. showed that when depositing a CoO-NiO mix via SPS, a reduction from NiO
to Ni occurred at low substrate temperature, below 950 °C, whereas a single-phase mixed
oxide coatings were obtained at a Tsubstrae>950 °C. With the static sample holder
(Figure 3-8a), a FLIR A320 infrared camera from FLIR Systems Inc., USA was used to
monitor the evolution of the samples’ temperature. With the dynamic sample holder, such as
the rotating one (Figure 3-8b), it could not be used. Thus, a thermocouple adequate to the
range of temperature of the system was used. It was glued to the back of one sample with
thermal-resistant glue. At first, a home-made IR transmitter was used to receive the data, and
later a commercial one was used, an SS-002 thermocouple with a wireless sensor from Omega
Inc., USA, to fulfil the same role.

3.1.4. Laser Post-Treatment

One approach that was considered during this research was the use of a laser post-
treatment to remelt the top surface and reach a dense layer. It is a technique vastly present in
the literature [125] [126] [127]. In our case, the laser used was a 4 kW YLS-4000-CT high-
power Ytterbium fibre laser from [.P.G. Photonics, USA, used in continuous mode, as shown
in Figure 3-9.

The principle is as follows: by changing a set of parameters - robot speed, laser power
- the energy density transmitted to the coating is set to the adequate value to properly melt the
top surface of the coating. This can in turn, as shown in Section 2.5.5, leads to change in
microstructure. The distance between the laser and the samples is set to the focal distance of
the laser, which was 550 mm. More details on this post-treatment process are present in
Chapter 5 of this thesis.

Figure 3-9 Robot-mounted 4 kW Laser used to remelt the top layers of the coating.
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3.2. Characterization methods
3.2.1. Particles’ in-flight temperature and velocity

The determining factors for plasma spraying can be summarized by the particles’
velocity and temperature upon impact. Over the past decades, several systems have been
developed to measure those characteristics, such as PIV, the DPV-2000, or Accuraspray. The
various measurement methods are based on different approaches: shadowgraphy for imaging,
Phase Doppler analysis or diffraction analysis for the light scattering approach, and a two-
colour pyrometer for the thermal emission approach [123]. However, these methods have
been developed mainly for APS. In SPS, and particularly in SPS with a shroud, the
measurements face increased challenges, making it harder to capture a clear signal free of
noises. Some of these limitations were discussed in [128] [129] and mainly stem from the
high noise-to-signal ratio, which is derived from the turbulent flow, high refraction of light,
and high radiation from the plasma. Accuraspray was the system used in our research to
obtain an estimate of our in-flight particles’ speed, to be correlated with the physical
phenomena leading to the microstructures obtained. Below in Figure 3-10 is an example of
the output of Accuraspray, indicating the temperature and velocity of the particles.

tecnar

Current Sotup:
SUSpE NS

Figure 3-10 Examples of the outcome of an online monitoring of a plasma spraying process
with Accuraspray [130].

As shown in this dashboard, Accuraspray gives us an estimate of the plasma temperature and
density. It also provides an estimate of the particles’ temperature and velocity through the
analysis of the plasma radiation.
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3.2.2. Deposition efficiency

The deposition efficiency is an important parameter when considering the costs and,
therefore, the industrial applicability. It measures how much material is deposited compared
to the amount that is wasted, and it can be calculated using the following formula:

DEZWexp= Wexi
Win f.N'F.L

Where DE: Deposition efficiency
Wwexp: Coating weight experimentally measured after deposition, in grams (g)
win: Coating weight theoretically calculated, in grams (g)
N: Number of passes

f: Feed rate, calculated in grams per minute (g/min), from the feed rate of the
suspension and the suspension load

R: Robot speed, in meters per minute (m/min)

L: Characteristic size of the sample, in meters (m) - diameter for disks, width for
squares

In general, the literature reports lower deposition efficiency in Suspension Plasma Spray —
typically ranging from 5% to 30% - compared to Atmospheric Plasma Spray, which typically
ranges from 45% to 60% [94]. This lower efficiency is mainly due to the limited amount of
solid content in the suspensions, which is generally lower than 30%, as well as the cooling
effect of the plasma caused by solvent evaporation.

3.2.3. Bulk Density and Porosity

During this thesis, one of the key objectives, as detailed in the following chapters,
especially Chapter 4, was to reach a fully dense coating. To evaluate the density of the
coatings, two techniques were employed.

The first, which is more qualitative, involved measuring the thickness and weight of the
samples before and after the deposition. This provided an estimate of the density of the
coating obtained using the following formula:

_ Wrin = Winjt
PP A (trim — tinit)

d

With dapp: apparent density
wiin: final weight (in grams)
Winit: 1nitial weight (in grams)
trin: final thickness (in millimeters)
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tinit: 1nitial thickness (in millimeters).
A: area of deposition (in square millimeters)

The second technique, which is more precise, relied on the use of image analysis software
Image] 1.52n to quantify the porosity of the coatings based on SEM micrographs. The
algorithm used in the software is as follows:

e Set the image in RGB

e Split the colour channels

e Crop the image to avoid interfaces

e Adjust and Apply the threshold of pore selection by the default method

e Analyze particles and Display Results to estimate the noise

e Re-Analyze results and Sumarize, based on the minimal value for pore determined at
the previous step.

An example of the image treatment is shown in Figure 3-11 below. One of the advantages of
using this image analysis software is that it also provides information on the pore size
distribution, which is generally smaller in SPS compared to APS.

1‘ ODIu m’

Figure 3-11 SEM micrograph of a TiB> coating before (a) and after (b) image treatment for
porosity analysis.

3.2.4. Microstructure characterization

Optical Microscopy was used to assess the quality of the coatings and the main
features of their microstructure. The microscope used was a GX51 from Olympus, with the
StreamBasic software v5.10.

However, the primary tool used to observe the coatings’ microstructure was Scanning
Electron Microscopy, using a VEGA3 SEM from TESCAN coupled with XFlash 6|10 energy-
dispersive X-ray spectroscopy (EDS) detector from Bruker for elemental analysis and

mapping.
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While the top surfaces could be observed as they were, cross-sections had to be
prepared and polished for a more detailed analysis. To do so, the samples were cut using a
precision cut-off machine Secotom-15 from Struers A/S, Denmark. As graphite is a very soft
material, any blade could be used. The cut samples were then mounted in Epofix resin from
Struers, with a 25 mL/3 mL ratio of resin to hardener. After being placed under 0.12 atm for
10 minutes, the resin would solidify in one day. These cross-sections were further ground and
polished with a Tegramin-25 machine from Struers, using polishing paper with grits 500 and
800, following by polishing suspensions (3-body polishing) of 9 um, 3 um, and 1 um.

These finely polished cross-sections could then be observed under SEM without the
need for a conductive coating, as the material studied is conductive itself. Various settings
could be used to observe the microstructures with different contrasts. With secondary
electrons (SE), the morphology contrast is increased, while with backscattered electrons
(BSE), the elemental contrast is enhanced. All the micrographs included in this thesis were
taken in the 3DBSE mode of our SEM, which utilizes all the available detectors and provides
optimal contrast, allowing us to analyze the details of the coatings’ microstructures. Most of
these micrographs were performed in a partial vacuum of 50-70 Pa, except for the high
magnification higher than x10.000 where a high vacuum of 10 Pa was necessary to obtain a
clear image.

3.2.5. Phase Composition

To study the phase composition of the coatings obtained and verify the oxidation status of
our material, as well as potential accidental secondary reactions, three techniques were used
during this research work:

e X-ray Diffraction (XRD):
An X-ray diffractometer Bruker D8 was used, using a Cu Kapha source with a
wavelength of 0.154 nm. The program was set to use a 0.5° step to obtain
characteristic XRD spectra, which were then compared to references using a database.
The XRD spectrum provided information about the presence of a significant
oxidation, to obtain a global analysis of the content of the coating

e Energy Dispersive X-ray Spectroscopy (EDS):
Attached to a Scanning Electron Microscope, EDS is the primary analysis tool for
mapping the elements within the coating. In this case, an XFlash 6|10 energy-
dispersive X-ray spectroscopy (EDS) detector from Bruker was used. It enabled
specific analysis of certain structures observed on micrographs. However, one of its
limitations is that it cannot detect light particles unless specifically designed to do so,
as shown in [131]. As our main material contains boron, which is the fifth lightest
element, the analysis was only semi-quantitative.

e X-ray Photoelectron Spectroscopy (XPS):
X-ray photoelectron spectroscopy (XPS) analyses of the TiB> coatings were
performed with an Escalab 2201 XL from ThermoFisher Scientific. X-rays were
emitted from an aluminium monochromatic source with a photon energy (hv) of
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1486.6 eV. The energy scale for all spectra was adjusted so that the Cls peak was at
284.8 eV. XPS peak fitting was done using version 2.3.22 of CasaXPS software. XPS
provided valuable information about the surface composition and chemical states of
the elements in the coatings.

3.2.6. Wettability by Molten Aluminium

For the specific application of the coatings, measuring the aluminium wettability was
of great interest. However, it is no easy task, especially as it must be done in a controlled
atmosphere to avoid measuring the contact angle of alumina instead of aluminium.

First, a wire of aluminium (weighing in the range of 50 mg) was cleaned with a molar
solution of NaOH for 10 minutes. Then, it was further cleaned in acetone with ultrasound for
another 10 minutes. Subsequently, it was placed on the coated substrate in a sealed alumina
tube furnace and heated progressively to 500 °C overnight. The setup can be observed in
Figure 3-12. At the same time, a vacuum was reached by pumping. The temperature was then
brought to 1000 °C at a heating rate of 4°C min' and was maintained at 1000 °C during the
sessile drop measurement. A camera monitored the furnace throughout the process, and from
the pictures taken with the help of a fixed light at the other end of the furnace, the evolution of
the contact angle of aluminium was measured as an average from both the left and right
angles of the droplet. The contact angles were determined manually using ImageJ 1.52n
software. This provided us with not only to the static wettability of the coatings, but also the
kinetics of aluminium spreading on the samples. This entire set-up is described in Figure 3-12
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the center of the furnace
by using a stage

Figure 3-12 System used for aluminium wettability measurement, including a tubular furnace,
a vacuum pump, and a camera.

Special thanks to Mr. R. Schulz from IREQ (Hydro-Québec Research Institute) for letting us
use his experimental set-up for Al wetting measurements.
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3.2.7. Scratch test

Attempts were made to assess the mechanical cohesion of the coatings, as it has proven to
be an issue in the steps towards industrializing titanium diboride in the aluminium sector.
Scratch test measurements were performed using the Micro Scratch Tester from CEM
instruments on a cross-section of resin-embedded samples. Constant normal loads at 1, 2, 3,
5 N and 10 N were applied by a Rockwell C diamond type with a radius of 200 um in ambient
air. The diamond tip moved along a straight line of 1 mm to 1.5 mm at a speed of 0.8 mm
min’ from the graphite substrate towards the TiB, coating. However, one of the issues
encountered was the porosity of those coatings, as will be detailed in the next chapter.
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Chapter 4  Influence of the spraying parameters: raw
materials, oxidation, and densification

4.1. Difficulty of Melting Factor and Ability of Heating Factor

As suspension plasma spraying is a technique that was never used before to deposit titanium diboride, a starting point had to
be found by searching through the existing literature on thermally sprayed TiB: coatings, as detailed in

Table 4-1. As this deposition of TiB2 by Suspension Plasma Spray was a world premiere,
we believe it is highly valuable to explain in this section 4.1 the early stages involved in the
process of realizing those coatings.

Exp Power Primary 2" Carrier Gun Powder Spray Thickness
(kW) (V:A) gas Ar gas gas Ar traverse feed distance (in pm)
(slpm) H: (slpm) speed rate
(slpm) (mm/s)
TiB2 APS [87] 33-50 2-10 2-10 50-200  15-50 80-150  700-900
70%A1203/30%TiB2 99 140-180 20 12 15-20 90 250-320
APS Axial ITI [132]  (137%240%*3)
TiB2 VPS [90] (70%) 60-80%  20- 30-60 10-550
40%
TiB2 APS [133] 12 20 SN2 8 20 100 800-1000

Table 4-1 Experimental conditions for titanium diboride deposition by plasma spraying from
the literature.

In [87], Ruzhen et al. used a DH-2080 gun to deposit an 800 um TiB> coating which exhibited
a lamellar microstructure with partial oxidation and the presence of semi-molten
agglomerates. In [132], Cheng et al. used an Axial-III gun to deposit a 300 um composite
coating 70% Al,Os + 30% TiB, where there was slight oxidation of TiB> and most of it
remained undeformed. In [90], Seitz et al. used a Plasma Technik A2000 Vacuum Plasma
Spray system to deposit a 300 um TiB> coating with a lamellar microstructure and no
oxidation. In [133], Ananthapadmanabhan et al. used a plasma spray system to deposit a 500
um TiB> coating which exhibited significant oxidation and the presence of boric acid,
inducing a major decrease in the electrical conductivity. However, the change in medium
deposited called for a different approach: to draw the conditions from materials that were
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deposited by SPS and which had similar properties in terms of melting point and density.
These two material properties are key in determining the residence time of the particles in the
plasma. A raw analysis can be derived from taking the calculations from chapter 5 of
Pawlowski et al. [82], as follows:
T,
_ L- (fsgo’lng)z Hy, - dp - <pp> _

AHF =

DMF
Mg> " Vp 16

Where AHF is the Ability of Heating Factor, the ability of the plasma to melt a particle

With L: Length of the trajectory of the deposition

fs%o AgdT: Mean thermal conductivity of the plasma

Mg>: Mean viscosity of the plasma

vp: Velocity of the plasma
Where DMF is the Difficulty of Melting Factor, the difficulty for the particle to be molten
With HZ,: Enthalpy of melting

dj: Diameter of the particle

«pp>: Average density

Trying to obtain an ability of heating factor higher than the difficulty of melting factor can
lead us to obtain a high percentage of molten particles upon impact, which is a requirement to
obtain dense coatings. The melting enthalpy evolves in the same direction as the melting
point, as they both characterize the difficulty for a material to change its phase from solid to
liquid. Starting from here, we compared said properties of TiB> with a couple of other
materials which had already been deposited in the lab:

Material Melting temperature (K) Density (g/cm?)

TiB: 3200 4.52
Zr0O: 2950 5.85
ALO3 2320 3.97

Table 4-2 Density and melting point of various materials deposited by SPS.

From this analysis, the spraying conditions chosen for the first coatings were as follows,
based on the experimental parameters used in the lab previously to deposit Al.O3 (Exp.1) and
71O (Exp.2), respectively [134] :
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Experiment Intensity (A) Working Total Gas %Ar %N:2 %H:

Distance Flow (splm)

(cm)
1 220 5 245 75 10 15
2 180 5 180 45 45 10

Table 4-3 Initial set of experimental parameters for plasma spraying.

The feed rate of the suspension was set at 45 mL/min, with a carrier Ar gas flow of 15 slpm,
and 80 passes were applied at a linear robot speed of 1 m/s. At first, the suspension deposited
was a 10%wt ethanol-based suspension, to ensure no sedimentation or clog would happen, as
it would decrease the quality of the obtained coatings.

4.2. Results and discussions
4.2.1. Microstructure of the coatings

The observed microstructure of the coatings obtained is quite typical of suspension
plasma spray [135] [136] [137]. It is called the “cauliflower” microstructure, in reference to
the appearance of the top surface under microscopy (Figure 4-1d). It is formed when the
particles impact on the substrate and create splat upon splat through a shadow effect, leading
to this peculiar microstructure. The microstructure resulting from experiment 2 (Figure 4-1a)
exhibits it more clearly than the one from experiment 1 (Figure 4-1c). This could be attributed
to a variety of factors, but, given the latter analysis, the main contributing factor seems to be
the higher N2 content in the plasma gas, which increases the plasma heat conductivity, leading
to an improved melting of the particles in-flight.

One can see in Figure 4-1a that the average thickness of the observed coating is in the range
of 350 um, meaning that the average thickness deposited per pass was 4.4 pum/passes,
significantly more than what is usually observed in the literature of suspension plasma
spraying [138] but does match some more recent results with newer torch technologies [139] .
In our case, this can also be attributed to a relatively high percentage of un-molten particles,
leading to a higher porosity and a higher thickness per pass. On Figure 4-1b, we can even
observe the deposition of each pass upon each other, and even though some melting seems to
happen, it is also clear that a significant number of particles deposit without having
experienced a change in physical state.
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100um

Figure 4-1 SEM micrographs of SPS TiB: coating obtained with Experiment 2, cross-section
(a-x200, b-x5000) and top surface (d-x500) and Experiment 1, cross-section (c-x200).

As can be seen in the schematics below, a variety of microstructures can be obtained by
varying the deposition parameters [140] [141]. They vary from dense to porous, from
vertically cracked or segmented lamellar, as indicated in the figure below to columnar, with a
decreasing melting percentage of the particles. With a net power of 86 kW and an inversed
total gas flow rate of 0.004 (Exp.1) and 0.006 (Exp.2), our experiments do not fit in the graph
from Figure 4-2 but we can expect, by extrapolating, a columnar structure which should not
be powdery, the higher power leading to a melting increase. If we compare the results from
experiments 1 and 2 to the results from [139] in terms of micrography, we can fit it
somewhere in the wide columnar region. In general, the particles’ speed, measured with an
Accuraspray 4.0, was in the range of 560 m.s™.
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Figure 4-2 Suspension plasma spray process map illustrating microstructure evolution zones
at different torch operating conditions combining effects of suspension fragmentation in the
plume and melting regimes [139].

4.2.2. Influence of TiB:2 Purity

An issue that was encountered in those first coatings was the purity of the powder
used. A significant amount of zirconium was observed, both in XRD and EDS, as shown in
figures 4-3 and 4-4. In Figure 4-3 below, one can observe the granular aspect of the raw
powder, as well as the particle size distribution, showing a dso of 1.4 um and a dgo of 2.1 um.
This size is in the lower part of the range of grain size distribution associated with suspension
plasma spraying. On the micrograph of Figure 4-3a, we can also observe some particles that
appear lighter. Given that the image is done with backscattered electrons, this difference in
contrast corresponds to an elemental difference, meaning that the lighter elements correspond
to atoms with a higher atomic number, which are the zirconium atoms. As observed in the
XRD spectrum of Figure 4-4, the zirconium is present as an oxide, ZrO2, as shown by the
characteristic peaks identified.
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Figure 4-3 SEM micrograph of the raw powder (a) and particle size distribution associated
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Figure 4-4 XRD spectrum of SPS TiB: coating.

After analyses, it was observed that this zirconium was, in fact, present in the starting
powder used, as shown below in Figure 4-5a. Upon inquiry with the manufacturer, the use of
ball milling with YSZ balls was a step in the process of manufacturing the powder, and that is
where the pollution came from. The Yttria peaks are not observed as Yttria in YSZ is
typically a few percent, 8%Y SZ being the most common, and a quantity of a few percent of a
few percent, in the range of 0.08% is unlikely to be distinguishable in the spectrum. The
zirconia can be observed in the lighter particles in the micrograph above. The origin of the
contamination can also be an explanation for the relatively broad width of the ZrO, peaks:
resulting from debris from ball milling, they are likely to be relatively small, and with a
highly inhomogeneous strain distribution. This leads to a widening of the XRD peaks.
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Figure 4-5 EDS spectrum of raw TiB2 powder, first contaminated batch (a) and second purer
batch (b).

To solve this contamination issue, a new batch of powder was ordered from the same
manufacturer, this time with a significantly lower zirconia pollution: 2% instead of 14%. The
EDS performed in Figure 4-5 above shows the relative reduction in pollution. On top of this,
and as planned, the boron cannot be correctly detected by EDS as it is too light an element for
our detector, which is why the data used to determine the zirconia pollution is not the absolute
zirconia weight percentage measured by EDS but the ratio Zr/Ti. In case a, the Zr/Ti ratio was
17.9 at%. In case b, the Zr/T1 ratio was 3.2 at%.

Another important aspect is the fact that the presence of a relatively high amount of ZrO-
seems to enhance the cauliflower microstructure. Even though it is still present in subsequent
results, as can be seen from top-view micrographs, it is evident from cross-section
micrographs that it is made of wider, more powdery columns. The hypothesis we propose for
this is that as the YSZ is being molten by the conditions of plasma spraying used in this
section whereas the TiB: is not, the zirconia provides the architectural skeleton of the coating
upon impinging on the substrate, and the unmolten titanium diboride particles fill it.
Moreover, the zirconia contamination coming from ball milling is composed of fine particles,
which further increases the tendency to form columns, as schematized in the figure below.

Un-deviated large particles

Strongly-deviated small particles

_- Plasma flow

1 pass 2 passes 3 passes

Figure 4-6 Schematic representation of the formation of typical tapered columns by the
concurrence of small and large particles in SPS [142]
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4.2.3. Difficulty of Melting TiB2

From the micrographs shown so far, one thing is relatively clear: the particles are not
molten upon impact. Their shape, size and overall appearance remain unchanged from the raw
powder to the coating, which is characteristic, not even of in-flight re-solidification before
impact, but even of not melting the particles at all in the process. This is especially evident in
Figure 4-7 below: comparing the particles in the raw powder and the particles in a coating, it
becomes evident that they are similar in shape and size, which is most simply explained by
the fact that they did not undergo any phase transition of some sort. In the coating micrograph
of Figure 4-7b, some lighter material seems to have undergone a change and acts as a binder
between particles. The lighter character of this binder could be interpreted as a zirconia-rich
binder, easily explained by the fact that zirconia has a lower melting point of 2450 °C and
therefore will undergo melting during spraying before titanium diboride does.

Thermodynamically, the plasma heat is enough to melt the particles. But the kinetics also
must be considered: the time spent by each droplet in the plasma plume is very limited, and
increasing it is one of the directions to take to melt a material with a high melting point.
Indeed, the high melting point of titanium diboride (2970 °C), combined with its relatively
low density (4.52 g/cm?), means that the particle has a low residence time in the plasma, and
as such, does not receive enough heat to be fully molten upon impact. Typically, the residence
time in APS is in the range of one ms to four ms.

TMG 15.0kV 6.8mm x5.00k BSECOMP ‘ 10.0um

Figure 4-7 SEM micrograph x5000 of raw powder (a) and of particles in the coating (b-
Exp.2).

The lack of particles’ melting renders the coating highly porous: if the particles are not liquid
upon impacts, then they cannot form compact splats. This led to coatings with as high as
31.07% porosity for Exp.1 and 29.45% for Exp.2, as shown in Figure 4-8. These results are
comparable results in terms of porosity and are significantly too high for the desired
application.
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Figure 4-8 Examples of porosity analysis done with ImageJ, on a portion of the micrograph

from Fig.4-6a.

To tackle this issue, the parameters should be optimized to increase the available heat per

particle to improve in-flight melting, as will be described in Section 4.4.

4.2.4. Influence of the nature of the substrate

When depositing with similar conditions, as detailed in Table 4-4, on two different

substrates, stainless steel and graphite, the influence of the substrate on the coating’s quality

can be determined. Experiments 1, 2, and 3 were done on stainless steel substrates. However,

in condition 3, the use of the gas shroud to protect from in-flight oxidation led to a higher heat

available per particle. As already mentioned, the use of the gas shroud requires a longer stand-

off distance, as the mechanical piece of the shroud is itself 5.3 cm long, hence the increased

working distance of 8 cm. As shown in Figure 4-9a, a delamination of the coating was

observed in this case. However, this was not the case when using the same experimental

conditions but depositing on graphite, as exhibited in Figure 4-9b.

Experiment Intensity (A) Working
Distance
(cm)
3 180 8*
4 180 8*

Total Gas

Flow (slpm)

180
180

%Ar

45
45

% N2

45
45

%H>2

10
10

Shroud Substrate

Yes SS304

Yes  Graphite

Table 4-4 Experimental conditions of SPS TiB: coatings deposited on Stainless Steel and on

Graphite.
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Figure 4-9 Delamination of TiB: coating from stainless steel (a-Exp.3) and coating made with
same conditions of deposition but on graphite (b-Exp.4).

Upon further analysis, this was attributed to the intense heat flowing through the
substrate during deposition and upon cooldown at the end of the deposition, and to the
difference in thermal expansion coefficients between stainless steel and titanium diboride
[47].

ATEC = TEC(SS304)-TEC(TiB,) = 17.3-7.4 = 9.9 .10 /°C
ATEC = TEC(Graphite)-TEC(TiBa) = 2.0-7.4 =-5.4.10 /°C

This difference in TEC led to a difference in expansion during and after spraying, and the
thermally induced mechanical stresses it created led to the delamination of the coatings. That
is why, for all further research, the coatings will be deposited on graphite, as it is the
application but also as this means a lower difference in TEC, and therefore lower stresses, and
better mechanical cohesion. However, the porosity of the coating is still extremely high, up to
63.9%, as can be observed from the powdery microstructure in Figure 4-9b.

4.2.5. Influence of the Roughness of the Substrate

As the microstructure obtained depends on a shadow effect, it therefore relies on the
roughness of the substrate to some extent. However, while grit-blasting stainless steel is
relatively easy, doing the same for graphite in a controlled manner is harder since graphite is a
significantly softer material. For the purpose of obtaining repeatable and relatively
homogeneous coatings, we need the substrate to be in a consistent state before the deposition.
Additionally, a rougher substrate tends to enhance the adhesion with the coating to some
extent [143]. The parameters of the grit-blasting that can be controlled include the size of the
grit used, the pressure of the grit-blasting, its duration, and the distance between the grit-
blasting gun and the substrate. Since graphite is soft, using smaller grit size gives us better
control over roughness. Hence, we chose the #80 grit size, which corresponds to 165 um, the
smallest available in our laboratory. Among the other parameters, the only one we can set
scientifically with our set-up is the pressure. The distance might vary from one user to another
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and, for the purpose of this study, is in the range of 5 cm. As for the duration of the grit-
blasting, it has been set at 15 seconds. When grit-blasting was done with shorter or longer
distances (1 cm and 10 cm, respectively) or with a duration longer than 30 seconds, the
inhomogeneity in the roughness state was too high based on optical analysis, or the roughness
of the substrate was too high.

As shown in Figure 4-10, roughness measurements were made on each substrate before the
deposition, while the other parameters were kept constant. We can see a correlation between
the average roughness Ra and the grit-blasting pressure. Some cross-sections after plasma
spraying titanium diboride are shown in Figure 4-11, to reveal the impact of difference in
substrate roughness on the coating’s microstructure.
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Grit-blasting pressure (in psi)

Figure 4-10 Graph of the Ra measured to the grit-blasting pressure for graphite, all other

parameters being constant.

As can be seen from micrographs below in Figure 4-11, the roughness of the substrate can
significantly impact the adhesion and microstructure of the coating. In Figure 4-11b, without
grit-blasting, deposition on a flat substrate leads to poor adhesion and the formation of cracks
at the substrate-coating interface, which are not seen on grit-blasted samples. In Figure 4-11a,
one can observe that high roughness leads to a strong local shadow effect, resulting in
inhomogeneity in the coating structure, with variations in porosity between denser and more
porous region, ranging from 13.55% to 36.2%. Such inhomogeneity in porosity will create
pathways for sodium penetration and coating delamination in the Hall-Héroult cells. In
Figure 4-11a, one can also see that a depression in the coating’s surface leads to the growth of
a column. In conclusion of this study, the optimal grit-blasting conditions were set at grit-
blasting with #80 alumina, at 5 cm distance from the substrate, for 15 seconds, and at a
pressure of 50 psi. This resulted in an R, of 51 pm.
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Figure 4-11 Micrographs of coatings deposited on the substrate with various roughness .
4.3. Tackling the Issue of Oxidation

As explained in section 2.5.2, in-flight oxidation poses challenges for TiB2 deposited by
atmospheric plasma spray. To address this issue, we will employ an argon shroud to protect
in-flight particles from oxidation. This section will discuss the effectiveness of this approach,
its impact on the microstructure of the coatings, and its influence on the wettability of the
coating by molten aluminum. Some of the work presented in this chapter has been published
in the article [144].

4.3.1. In-flight Oxidation and the Shroud

The experimental conditions for the coatings studied in this section are shown below
in Table 4-5. These conditions are essentially the same as those used in Section 4.2
(Experiment 4), but with a higher intensity of 220A and a shorter working distance. The
reasons for these changes are addressed with in Section 4.4. Increasing the plasma intensity
results in more heat being directed towards the in-flight particles, leading to a higher
percentage of molten particles. A shorter working distance, 5.3-6.3 cm compared to the
previous 8 cm, reduces the probability of in-flight re-solidification and increases the
likelihood of particles impacting in a fully molten state, which is ideal for obtaining dense
coatings. The only difference between conditions 5 and 6 is the use of the shroud, which
necessitates a longer working distance due to the length of the shroud itself (5.3 cm). To
determine if oxidation was observed in suspension plasma sprayed TiB» coatings. EDS did
not show anything of significance. However, under XRD, some oxidation was observed
without the shroud, whereas none was observed with the shroud. In both spectra on
Figure 4-12 (with and without the shroud), as well as in the spectrum of the raw powder, the
typical peaks of titanium diboride were observed, the main ones at 27.68 °, 34.11 °, and
44 .48 °, and smaller ones at higher angles: 57.16 °, 61.06 °, 68.32 °, 71.83 °, 78.61 °, and
88.50 °. The TiO peak at 28.12° was observed in the unshrouded case.
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Experiment Intensity (A) Working Total Gas %Ar %N2 %H: Shroud Substrate

Distance Flow (slpm)

(cm)
5 220 53 180 45 45 10 No  Graphite
6 220 6.3 180 45 45 10 Yes  Graphite

Table 4-5 Experimental conditions for SPS TiB: coatings, with and without a shroud.

Influence of the shroud on oxidation
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Figure 4-12 XRD spectra of TiB> SPS coatings, deposited without shroud (blue-Exp.5), with a
shroud (red-Exp.6), and XRD spectrum of the original powder (green).
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However, as the XRD only shows one peak of titanium dioxide, X-ray Photoelectron
Spectroscopy (XPS) was used to obtain a more in-depth analysis. Both spectra in Figure 4-13
exhibit the characteristic peaks of Ti 2p3 of TiO2 at 458.7 eV and B 1s of B20Os at 192.4 eV.
The Ti 2p12 spin-orbit coupled component is also observed at 464.9 eV. However, only the
spectrum of the coating made with the shroud exhibits the peaks located at 454.5 eV (Ti 2p3»2)
and 187.5 eV (B 1s) associated with TiB» [145]. The corresponding Ti 2pi/2 spin-orbit coupled
component is expected at 460.7 eV, but it is not observable as it falls on the high-binding
energy side of the main Ti 2p3» peak of TiO2. In the XPS spectra below, the curve for Ti
associated with O is weaker in the shrouded coating than in the unshrouded coating,
confirming what was seen on XRD and providing more details. The presence of the peaks
associated with TiB: in the shrouded coating reveals that the top oxidized layer is thinner in
this case, as the depth of analysis of XPS is a few nanometres: the shroud has been efficient in
reducing the oxidation of the coating, resulting in a thinner top oxidized B.O3+Ti0O- layer.
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Figure 4-13 XPS Ti 2p (a) and B 1s (b) spectra of TiB> coatings prepared with a shroud (red
line) and without shroud (black line).

4.3.2. Kinetics of wettability

Another interesting aspect is the influence of the amount of oxidation on the aluminum
wettability of the coatings. When measuring the wettability of our coatings by molten
aluminum, differences were observed in the kinetics of wettability.

As seen in Figure 4-14, which shows the results of molten aluminum sessile drop tests on SPS
TiB:> coatings, the contact angle of TiB2 by aluminum reaches a much lower value in both the
shrouded and unshrouded cases compared to the value on graphite alone [146]. However, the
kinetics of wetting are different. In the shrouded case, the low value is reached faster than in
the unshrouded case: in half an hour instead of five hours. This is attributed to the fact that the
aluminum first needs to reduce the oxide layer before wetting the boride. Additionally, due to
the high porosity of both coatings, they act as sponges and absorb a lot of aluminum. Thus,
we observe a sharp decrease quite early, which corresponds to the liquid aluminum
percolating through the porous coating, including its cauliflower-like structures. This
phenomenon of oxide reduction by molten aluminum delaying spreading kinetics has already
been observed by Weirauch et al. [48] and by Heidari et al. [147]. The reduction of TiO, and
ADOs is feasible under the conditions of the sessile drop test, at 1000 °C, according to the
following reactions with data determined using HSC Chemistry 8 software:

1.5 TiO2+2 Al = 1.5 Ti + 2 ALO; AG(1000 °C) = -200 kJ
B,0;3 +2 Al =2 B + ALLOs AG(1000 °C) = -309 kJ

As the coatings obtained with and without shroud have a similar microstructure, it can be
concluded that it is the chemical state of the surface of the coating that affects the kinetics of
wettability: the oxide layer slows down the aluminum wetting kinetics.
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Figure 4-14 Aluminum wettability of TiB2> SPS coatings, deposited with shroud (red curve),
and without a shroud (black curve).

As shown in Figure 4-15 below, molten aluminum percolates through the entire porous
coating and reaches the interface, in agreement with what was deducted from the rapid and
extremely low wetting angle observed in Figure 4-14. From Figure 4-15d, we observe that Al
tends to accumulate at the interface, which could lead to the formation of the brittle Al4Cs
phase [148]. The formation of this phase is already one of the driving mechanisms of cathode
deterioration in the Hall-Heroult process. However, no delamination is observed across the
section shown in Figure 4-15, suggesting good adhesion of the SPS TiB: coating to the
graphite substrate. On Figure 4-15e, we also observe that the YSZ pollution seems to
concentrate at the interface. This suggests that the YSZ contamination has reacted with
molten aluminum and followed it to the interface as it impregnated the coating. A possible
mechanism is that YSZ is reduced by liquid Al to form a liquid Al(Zr) phase. At 1000 °C, the
solubility of Zr in molten Al is about 2 wt% [149]. The formation of solid aluminate phases
such as AlzZr cannot also be excluded. According to the study of [150], aluminothermic
reduction of ZrO», which generates Zr-Al alloys and Al2O3;, may occur at 995 °C. The
reduction in ZrO> by molten Al was also observed at 1000 °C by [151].
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Figure 4-15 Cross-sectional SEM micrographs (a,b) and EDS mapping images of Ti (c), Al
(d), and Zr (e) elements as SPS TiB: coating made with shroud after 8h of contact with molten
Al at 1000 °C (Exp.6).

4.3.3. Mechanical analysis

Scratch test measurements were performed to investigate qualitatively the mechanical
properties and adhesion strength of the coating on the graphite substrate. The micrographs of
the grooves formed by applying a force of 5 N are shown in Figure 4-16a and b for coatings
made with and without a shroud, respectively. In both cases, the stress is accommodated by a
homogeneous and irreversible deformation of the coating typical of plastic behaviour. No
delamination of the coating from the graphite substrate was observed, even at a 10 N load,
confirming the strong anchorage of the deposited layer on the graphite substrate. Figure 4-16¢
shows that the scratch width increases with the load, but no difference related to the presence
or absence of the Ar shroud has been observed.
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Figure 4-16 Cross-section SEM micrographs of scratch test grooves made at 5 N in TiB2
coatings deposited without (a-Exp.5) and with a shroud (b-Exp.6). Graph (c) shows the
evolution of the scratch width applied with the applied load.

4.3.4. B203 Formation and Cleaning

From Figure 4-17, we observe flaky shapes on top of the coating that are not seen in
the bulk of it, after preparing a cross-section. The fact that they are not observable on top of
the cross-section suggests that they were likely ground off during the cross-section
preparation process. EDS analysis indicates that it is an oxide phase, which was already the
main hypothesis from SEM observation, as these shapes appear much brighter than the
coating underneath because they are charging. As the EDS mapping reveals no coincidence
with Zr or Ti, it is safe to assume that it is B»O3, boron oxide.
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Figure 4-17 SEM micrograph of the top view (a-x100) and the cross-section (b-x200) of an
SPS TiB: coating, with an EDS mapping of oxygen on the top surface (c-x500).

The formation of boron oxide was expected, as it is the first oxide formed upon high-
temperature oxidation of TiB> [88]. To be more precise, one can observe the model proposed
in [152] for the mechanisms of zirconium boride oxidation, which can be adapted to titanium
diboride oxidation shown in Figure 4-18 below. At low temperatures below 1000 °C, a
columnar TiO; forms, with B2O3 forming in between and on top of those columns, as boron
oxide is the first oxide to be formed. At intermediate temperatures of 1000°C to 1800°C,
boron oxide starts to vaporize. And at high temperatures above 1800 °C, boron oxide
completely vaporizes, leading to a more severe oxidation with more TiO2 being produced.
Additionally, boron oxide vaporizes at a temperature above 1200-1500°C [153].

The scenario that is likely to happen is that the TiB>, when it starts to oxidize in flight, forms
an outer layer of B>O3 which is then vaporized. During the deposition, this boron oxide
vapour follows the gas lines and does not deposit on the coating. However, at the end of the
deposition, there is still some B2Os3 in the air, and as the general temperature decreases
rapidly, it solidifies and adheres to the coating.
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Figure 4-18 The oxidation products formed during oxidation of TiB>, adapted from [152].

Fortunately, this surface boron oxide is relatively easy to clean away. As observed from [154],
boron oxide is dissolvable in water. It dissolves to form boric acid, and at a temperature of
75 °C its solubility in water is 17.41 wt%. Therefore, to eliminate this boron oxide flakes, the
following post-treatment can be used:

e Putting the sample in hot water at 70-80°C for one hour,
e Then dry it at room temperature for 48 hours.

As can be observed in the Figure 4-19 below, this post-treatment proved to be very efficient:

Figure 4-19 SEM micrograph of the top surface of a TiB> SPS coating, before (a) and after
(b) dissolving B>Os3 flakes with water.

After 1 hour in hot water at 80 °C, the boron oxide flakes have completely dissolved, and the
surface of the coating, with its cauliflower-column shapes, can be observed. Macroscopically,

62



it also translates into a change in appearance: the sample with boron oxide flakes appears
shiny and reflects light, whereas the sample without the B,O3 flakes is simply matte grey, the
natural colour of pure titanium diboride. This macroscopic observation is an easy way to
determine if boron oxide has formed when developing TiB> coatings.

Alternatively, mechanically polishing the flakes away has been tried, but this approach did not
lead to efficient removal of the boron oxide flakes and resulted in severe deterioration of the
rest of the coating. That is mostly due to the relatively porous microstructure of the coating
itself, which makes it relatively easy to be polished away.

4.4. Obtaining Tight Coatings

To be used in a Hall-Héroult cell, it is crucial for the TiB> coating to be as impermeable as
possible to the cryolite. Open porosities would allow the electrolyte to easily percolate to the
interface, leading to deformations that could cause rapid delamination of the coating. If the
liquid aluminum were to reach the coating/substrate interface, the formation of aluminum
carbide could result in even faster delamination. Therefore, the coating should have minimal
density and no open porosities to be suitable for this application.

Achieving the desired density was not an easy task at all. Titanium diboride has a high
melting point of 2970 °C and a low density of 4.52 g/cm?, making it difficult to fully melt and
reach a dense layer due to its low resilience time in the plasma plume. Several studies were
conducted to determine an experimental set of parameters that would allow for a dense
coating.

4.4.1. Influence of Stand-off Distance

The stand-off distance refers to the distance between the exit of the torch and the
substrate. In our experiments, several stand-off distances were assessed, as shown in Table
4-6 below. The gas shroud was not used in this set of experiments.

Experiment Intensity (A) Working Total Gas %Ar %N2 %H:2
Distance Flow (slpm)
(cm)
7 220 12 180 45 45 10
8 220 10 180 45 45 10
9 220 7 180 45 45 10

Table 4-6 Experimental conditions for SPS of TiB2, with varying stand-off distance.

The coatings obtained with the highest stand-off distances (12 cm) were powdery and not
cohesive, as did not adhere well to the substrates. This is explained by the fact that when the
stand-off distance is increased, so is the time of flight before impact. And the higher is the
time of flight, the more important is the cooldown of the particles, leading to re-solidification
before impact, and lower mechanical adhesion to the substrate as the particles impact at a
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lower speed. A lower particle speed upon impact decreases the mechanical bonding of the
particles with the substrate and with each other.

On the contrary, the coatings with the lowest stand-off distance were cohesive and exhibited
good adhesion to the substrates. However, it posed a safety issue of properly regulating the
temperature and heat flow around the samples and on the sample holder to limit damages
during the deposition of titanium diboride. This was addressed by using the minimal stand-off
distance possible and cooling down the samples during deposition. Therefore, for further
deposition, the stand-off distance was kept at 5.3 cm when the argon shroud was not used, and
at 6.3 cm when the Argon shroud was used (5.3 cm of the mechanical shroud + 1 cm of
distance outside the shroud).

As seen in the SEM pictures below, even with a low stand-off distance, the coatings obtained
were not dense and the particles were intact, not molten upon impact. The total thickness as
well as the thickness per pass increased with the stand-off distance: 8.6 um/pass at 7 cm
compared to 12.1 pm/pass at 10 cm. Further work needed to be done to obtain a dense layer.

Another observation from Figure 4-20 is that the higher the working distance, the bigger are
the columnar structure. In experiment 7, the average column width was 303 pm. In
experiment 8, it was 205 pm. In experiment 9, it was 111 um. This can be explained by the
fact that with increased working distance, the particles have more time to cool down in flight
and slow down, impacting at a colder temperature and a smaller speed. The particles are less
deformed upon impact, meaning that each impacting particle increases the coating thickness
more than if it impacted at a higher temperature and speed. This leads to less mechanical
cohesion and a build-up with less physico-mechanical bonding, resulting in more porosity.
The larger columns eventually overcome the smaller ones as they grow larger and taller
simultaneously, just like the bigger and taller trees are the only ones observable from the top
of a forest.
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Figure 4-20 Top-view micrographs x100 of SPS TiB: coatings deposited with a working
distance of 12 (a-Exp.7), 10 (b-Exp.8), and 7 cm (c-Exp.9).

4.4.2. Influence of Power and Plasma Gas Composition

The impact of the power of the torch on the coatings’ quality was assessed by varying
the current applied between the electrodes, as detailed in Table 4-7. The plasma power results
from this current multiplied by the voltage, which itself depends on the plasma gas
composition and flow, and the model of the torch used. It was expected that a higher power
would lead to denser coatings, as a higher-power plasma means more energy available to melt
the particles. In experiment 11, plasma intensity was increased from 180 A to 220 A resulting
in a power increase from 85 kW to 100 kW. In experiment 12, the %N of the plasma was
increased, resulting in a power reaching the value of 110 kW.
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Experiment Power Intensity Working Total Gas %Ar %N:2 %H:

kW) (A) Distance Flow (slpm)
(cm)
10 85 180 5 180 45 45 10
11 100 220 5 180 45 45 10
12 110 220 5 180 30 60 10

Table 4-7 Experimental conditions for SPS of TiB>, with varying plasma power.

The increased power made it so that there was more heat available to melt the
particles. In Figure 4-21, the left micrograph corresponds to experiment 10 and the right one
to experiment 11.

TMG 10.0kV 7.8mm x500 BSE3D 60Pa 100um | TMG 10.0kV 6.5mm x500 BSE3D 80Pa " 1ooum

Figure 4-21 Cross-section micrographs of SPS TiB: coatings deposited with the plasma of
86 kW (a-Exp.10) and 100 kW (b-Exp.11).

From the micrographs above, there seems to be more areas with flattened splats in the
case with a higher-power plasma, characteristic of fully molten particles upon impact. The
porosity decreases from 30.94% in experiments 10 to 21.34% in experiment 11. However,
that is not yet enough as there are still clearly open pathways across the coating. Also, one can
observe that the substrate from Exp.10 has a higher roughness than the one from Exp.11. This
is because the study of the influence of the roughness of the substrate on the coating was done
after those experiments and at the time, the grit-blasting was not as consistent.

Therefore, to further improve the in-flight melting of the particles by the plasma, the plasma
gas composition was changed. A higher percentage of nitrogen was used, as nitrogen has a
higher thermal conductivity than Argon, and therefore plasma with a higher amount of
nitrogen was expected to transmit more heat to each individual particle.

In addition, as nitrogen is a diatomic gas, it undergoes more reactions upon heating: first and
second ionization, but also before that, the dissociation which is in a dynamic equilibrium
with the ionizations [155]. Consequently, a higher amount of nitrogen in the plasma also
increases the voltage and therefore power of said plasma, further increasing the heat available
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to melt the particles. Nitrogen has a higher enthalpy than Argon at the operating temperature
of the plasma. It also reduces the velocity of the plasma, leading to a longer dwell time of the
particles in the plasma and to better melting. Increasing the hydrogen amount in the plasma
could also have been an option, as it is also a diatomic gas and has an even higher thermal
conductivity than nitrogen. However, the use of a high amount of hydrogen increases safety
issue far more than the use of a high amount of nitrogen.

Analyzing the resulting micrographs in Figure 4-22 confirmed our approach. As expected, the
increased N> amount in the plasma gas led to better fusion of the particles. The porosity
decreased from 21.34% to 13.55%, which was a significant improvement in terms of particles
melting and improving density| But still, some parameters could be changed to reach the
required lower porosity.

TMG 10.0kV 6.9mm x500 BSE3D 60Pa 100um g TMG 10.0kV 6.9mm x5.00k BSE3D 60Pa

Figure 4-22 Cross-section micrographs of SPS TiB: coating deposited with N>-rich plasma of
110 kW (Exp.12), at low magnification (a-x500) and high magnification (b-x5000).

4.4.3. Influence of Feed Rate

As the conditions established so far are approaching the limit of the system in terms of
providing heat to melt the particles, another approach that could be taken would be to
decrease the number of particles sent into the plasma per minute. Consequently, that would
increase the heat available per particle. Therefore, in experiments 15-16, we reduced the
suspension feed rate and the suspension load, respectively. Experiments 13 and 14 are the
same as experiments 11 and 12 but done with the gas shroud, hence the 6.3 cm stand-off
distance. To properly follow the reduction in actual TiB; fed to the plasma, a TiB, powder
feed rate is calculated from the equation below and indicated in Table 4-8.

fo=fs dapp L
Where fs: Suspension feed rate, in mL/min
fp: TiB2 powder feed rate
dapp: Apparent density of the suspension, in g/cm?
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L: Load of the suspension (in %)

Experiment  Total = Power Working Suspension Suspension TiB: Coating Passes

gas flow (kW) distance feed rate fs load L powder thickness
(SLPM) (cm)  (mLmin?)  (wt%) feed (m]
Ar/Ny/H; rate b
(%) (g min’
D)

13 180 100 6.3 45 20 7.10 110 30
45/45/10

14 180 109 6.3 45 20 7.10 95 30
30/60/10

15 180 109 6.3 30 20 4.70 80 30
30/60/10

16 180 109 6.3 30 10 2.35 60 50
30/60/10

Table 4-8 Experimental condition of SPS of TiB2, with varying TiB> powder feed rate.

In Experiment 15, the suspension feed rate is reduced from 45 mL/min to 30 mL/min, leading
to a decrease in the TiB2 powder feed rate of 34%. As the heat provided by the plasma is the
same in both cases, a 34% reduction in TiB: feeding means a 50% increase in heat available
per particle. As observed in the micrograph below in Figure 4-23, there was a further
improvement in terms of density, which makes sense when we consider the physics involved
in the process. The porosity decreased in experiments 15 to 7.86% from 13.55% in
experiment 14. It is extremely clear from Figure 4-23b that the particles impact the substrate
in a fully molten state. As already mentioned, the brighter spots observed are the ones where
the YSZ contamination is concentrated.
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TMG 15.0kV 7.7mm x500 BSECOMP 60Pa

Figure 4-23 Cross-section micrographs of SPS TiB: coating deposited with N>-rich plasma of
110 kW at reduced feed rate (Exp.15), at low magnification [left] and high magnification

[right].
4.4.4. Influence of suspension load

Using the same logic as in section 4.4.3, the suspension load, which is the weight
percentage of titanium diboride in the injected suspension, can be decreased. As a result, this
would reduce the number of particles injected per minute, increasing the heat available per
particle. One of the drawbacks to consider when reducing the suspension load, as well as
when reducing the feed rate of the suspension, is that it increases the deposition time to obtain
a thick coating, consequently increasing the operational cost to run the plasma spraying booth
for a longer time. As can be seen in Figure 4-24 below, there was a further increase in density
of the coating, which was what we were looking after. However, as observed from the top
view of those samples with high density, we observe cracks across the entire coating. These
cracks are attributed to the fact that the increase in density reduced the margin available to
mitigate stresses through porosities. These increased mechanical stresses, along with the
thermal stresses built during the deposition and upon the cooldown of the sample at the end of
the deposition, led to fractures upon cooling down. In Figure 4-25 below, three coatings
deposited on each other, with the experimental conditions 14, 15, and 16, show the higher
density of each coating clearly.
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100um W TMG 15.0kv 9.8mm x100 BSE3D 500um

TMG 15.0kV 7.8mm x200 BSECOMP 60Pa

Figure 4-24 Micrographs of SPS TiB: coating deposited with N>-rich plasma of 110 kW at
reduced feed rate and reduced suspension load — Exp.16, cross-section (a-x500) and top view
(b-x100) and a cracked cross-section (c-x200).

Graphite

1 1 1 1 1 1 1 1 1 1 1

TMG 15.0kV 7.9mm x200 BSECOMP 80Pa 200um

Figure 4-25 Cross-section SEM micrograph of a triple TiB: coating, with conditions from top
to bottom: 16, 15, and 14.

Additionally, in the figure Figure 4-25 above, one can deduce the history of the coating. The
first layer, 14, is thicker and more porous. After cooling down, a new layer is deposited on
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top, 15, which is denser and thinner. Then, there is a second cooldown. A delamination
happens, with the left section of these two coatings falling off the substrate, and the right
section still being connected to it, outside of the image. Then, when depositing the third layer,
16, the densest, and as such the thinnest, we observe it sticks well to the previous layers, as
well as to the graphite substrate in the left section, where the previous layers have already
delaminated. Obviously, the geometry creates a strong shadow effect that leads to a more
porous coating at the rupture of delamination.

As observed in the graph below in Figure 4-26, we were successful in decreasing the
originally extremely high porosity of the coatings. The main trend to achieve this has been to
improve the heat available per particle, to completely melt them in flight. This has been done
first by increasing the heat of the plasma as well as its heat conductivity, and second by
decreasing the titanium diboride powder feed rate. We can also notice that in general, the
porosity of the coatings obtained with the shroud is lower than the ones deposited without the
shroud. This can be explained by the fact that the mechanical piece of the shroud confines the
heat of the plasma and, as such, improves the melting of the particles, leading to higher
density.

60

50 4 o6

40

30 € 10

Porosity (in %)

20 11 @ 13

#17-Bottom

® 12 & 14
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* 16’ 17-Top

¢ Without shroud ¢ With shroud

Figure 4-26 Evolution of the SPS TiB: coatings’ porosity, from experimental conditions I to
16.

4.4.5. Impact of cooldown and substrate temperature

In Figure 4-27 below, the red profile corresponds to a setting where the time waited
between each pass is longer to keep the substrate temperature relatively low. Each upward
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part of the profile corresponds to two passes, which is why there is this small automatic pause
in the middle, and the downward parts are the manual pauses between every two passes to
ensure the temperature doesn’t increase higher. In the blue profile, the first peek at close to
300 °C corresponds to 2 passes of preheating, meaning that we preheat the substrate without
yet sending in the suspension. Then, in the same manner, every two passes back and forth are
easily identifiable. In the blue profile, the temperature reached was higher, as no pause was
implemented between each back and forth. The slight decrease in temperature observed at 4
min 30 is due to the fact the blue profile corresponds to a multilayered coating. This slightly
longer pause corresponded to the time required to manually change the deposition parameters
to change the porosity of the coating, from the bottom porous layer to the top dense layer. As
can be seen on both profiles, the temperature of the samples diminishes at a high speed after
spraying, at approximately 5.3 °C/s for the low Tsubstrate case, 8.5 °C/s for the high Tsubstrate
case. This fast cooldown is most likely to be at the origin of the thermomechanical stresses
that eventually lead to the observed fractures in the coatings.
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100
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Low Tsubstrate — High Tsubstrate with pre-heating

Figure 4-27 Substrate temperature profiles during spraying.

To reduce the build-up of stresses, a better control of the cooldown of samples after
deposition could be assessed. Using otherwise the same deposition parameters, a slower
cooldown could be put in place. In our experiments, the samples are just cooled down from
the airflow in the spraying booth, and reach room temperature in a few minutes, from a
temperature of up to 450-850°C during the deposition. To control the cooldown, the
suspension feed could be switched off after the deposition, but the plasma torch would be kept
on, and at the end of the deposition, passes of the torch in front of the substrates could be
made, increasing the time between each pass slowly, to gradually decrease the temperature of
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the sample. This would allow for a less harsh build-up of stresses, reducing the possibility of
obtaining fractures.

4.5. A multilayer approach

An approach taken to reduce the possibility of cracks and delamination has been a
multi-layered approach. This approach has already been implemented in various fields,
particularly in the field of electrochemistry, as demonstrated in [156] and [157]. The idea
behind using such an approach is illustrated in the scheme below in Figure 4-28:

b
Top dense layer

V'Y"Y‘V'vrrryvrvryrrf

Bottom
porous layer

Graphite substrate Graphite substrate

Figure 4-28 Schematics of the multilayer approach. a: Dense layer with fractures. b:
Multilayer without fractures as the pores mitigates the stresses.

By first depositing a more porous layer and following it with a denser layer, the aim was to
mitigate the build-up of mechanical stresses through the bottom porous layer. The differences
in spraying parameters used for the bottom porous layer and the top dense layer were chosen
to keep the torch on, avoiding a cooldown between the deposition of one layer and the next, as
shown in the table below in Table 4-9. A higher feed rate and a longer stand-off distance were
used at first to result in fewer heated particles upon impact, thereby creating a more porous
layer initially. Then, the conditions were adjusted back to those used in experiment 16 to
obtain a top dense layer.

An additional benefit of using a structure that includes a more porous layer is the expected
decrease in thermal conductivity of the coating. The porous layer acts as an insulating region,
limiting the propagation of phonons through the coating and thereby reducing its heat
conductivity. The number of pores as well as their size distribution will also impact this
reduction in heat conductivity. This is positive as it will limit the heat loss from the cell,
which is the main source for loss of energy in the Hall-Héroult process.
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Experiment  Total =~ Power Working Suspension Suspension TiB:  Coating Passes

gas flow kW) distance feed rate load powder thickness
(SLPM) . feed
(cm) (mL min™) (wt%) rate (m)
Ar/N2/H2
(%) (g min’
D

17-Bottom 180 109 8.3 45 10 3.55 65 20

30/60/10
17-Top 180 109 6.3 30 10 2.35 40 40

30/60/10

Table 4-9 Spraying conditions used for the multilayered TiB: coating.

The multi-layered approach yielded very promising results, as shown in the micrographs
below in Figure 4-29. A bottom layer with higher porosity of 19.45% was obtained, and on
top of it, a dense layer was deposited, with a porosity reduced to 5.2%. Additionally, as
observed from the top view of the sample, the cauliflower structure was retained, enhancing
the aluminum wettability of the coating. The number of cracks significantly decreased,
indicating that the approach taken was successful. It was observed that the two layers have a
gradient transition. This is attributed to the fact that the impacting particles of the second layer
are more molten than those from the first layer and penetrate its porosities. This density
gradient at the juncture of the two layers enables the maintenance of good cohesion in this
type of multi-layered structure.

TMG 15.0kV 10.2mm x500 BSE3D 60Pa 100um J TMG 15.0kV 9.9mm x500 BSE3D

Figure 4-29 Micrographs of the multilayered SPS TiB> coating (Exp.17), cross-section [left]
and top view [right].

As observed in Figure 4-29 above, the bottom layer, 65 um thick, had a porosity of 19%,
while the top layer, 40 pum thick, had a porosity of 5%. A series of cross-section SEM
micrographs were taken over 1 cm, with a representative example shown in Figure 4-29. As
can be observed on the top-view micrograph, the higher percentage of molten particles used to
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build up the coating also led to the gradual vanishing of the cauliflower microstructure. In
effect, what has been obtained is a functionally graded coating. The porosity gradient allows
for increased lifetime and reduced heat conductivity while building thick impermeable

coatings.
4.6. Relationship Between Microstructure and Aluminum
Wettability

Across sections 4.4 to 4.5, the emphasis was placed on obtaining mechanically coherent,
dense coatings. A variety of microstructures have been obtained, and it is important to
compare their effectiveness in wetting molten aluminum. Therefore, in this section, we will
focus on this specific aspect: the impact of the coating microstructure on its ability to wet
molten aluminum, as previously described by us in our published articles [144] [158]. As
shown in Figure 4-30 below, the wettability of these coatings by molten aluminum is
excellent, with a low apparent contact angle.

TiB,-P13

TiB,-P5/19

25°C 685 °C 1000 °C 1000 °C, 1h 1000 °C, 2h 1000 °C, 4h 1000 °C, 8h

Figure 4-30 Evolution over time of the contact angle of molten aluminum at 1000 °C on
coatings with high porosity (first line), medium porosity (second line), and on the
multilayered coating (third line).

The sessile drop test displayed above in Figure 4-30 reveals a similar behaviour as observed
in the previous coatings in Section 4.3.2. In the 19% high porosity and 13% medium porosity
tests, the aluminum droplet wets completely and seems to be absorbed by the coating in 4 and
8 hours, respectively. However, in the 5%/19% multilayered coating, even after 8 hours, the
droplet has not been completely absorbed by the coating. Slower kinetics of wetting are also
observed with increasing density of the top layer of the coating.

In Figure 4-31 below, showing the EDS mappings of samples of several porosities after
sessile Al drop tests, three layers are observed: aluminum, TiB, coating, and graphite
substrate. In the case of a), the most porous one, aluminum has almost completely permeated
through the TiB> layer, acting as a sponge for molten aluminum. Large Al-rich regions
formed at the interface with the substrate, leading to partial delamination. In case b), there
was an observable thick layer of aluminum on top of the coating, yet some of the aluminum

75



did penetrate through the coating, and small Al-rich regions formed at the substrate-coating
interface. Case b) is an intermediate case, as no delamination was observed. In the case ¢), a
multilayered approach was taken, and we can observe that the molten aluminum did not
permeate through the TiB> coating. In that case, no Al-rich formation was observed at the
interface, and no cracks or delamination was observed. The Al-rich regions are likely to be
zones of formation of Al4Cs, which in a Hall-Héroult cell, will lead to delamination of the
coating and aging of the cathode.

Figure 4-31 Cross-sectional SEM images and corresponding elemental C, Al and Ti EDS
maps of a) TiB:2 coating with high porosity, b) TiB> coating with medium porosity, and c) TiB>
multilayered coating after sessile drop tests at 1000 °C for Sh.

In Figure 4-32 below, the different kinetics of wettability of TiB> coatings of various
porosity, and of graphite, by molten aluminum are shown. As known from the literature,
liquid aluminum does not properly wet graphite, with a contact angle barely reaching 75°
after eight hours. In the case of high and medium porosity, the infiltration of the molten
aluminum through the pores of the coating explains the rapid drop in contact angle that occurs
early in the experiment, in the first two hours. In the multilayered case, since the top layer is
dense enough to avoid significant rapid penetration of the molten aluminum as observed in
Figure 4-30, the kinetic of wetting is slower. Yet, it does reach a contact angle much lower
than that of graphite: 5° versus 75°. This decrease in wetting kinetic is only significant during
the cell startup. During its operation, the steady contact angle is reached, and this slower
kinetics of wetting is of no industrial relevance.
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Figure 4-32 Evolution over time of the contact angle of molten aluminum at 1000 °C on
graphite, and coatings with varying density.

4.7. Evolution of the Deposition Efficiency

An important factor to evaluate for the later industrialization of this plasma-sprayed
process is its deposition efficiency: that is, how much titanium diboride powder is effectively
deposited and how much is wasted. This Deposition Efficiency, or DE, can be measured with
the equation below:

Mexp N-f-t

DE = with my, =
Mep

With mexp: Mass of material experimentally deposited, measured by weighing the samples
before and after the deposition, in grams

me: Theoretical mass expected, calculated from the deposition parameters, in grams
v: Robot speed, in m/s

N: Number of passes of the plasma torch on the substrate

f: Feed rate of solid TiB», in g/s

t: Width of the sample to deposit upon, in metres

By calculating this, the DE of all experiments from Chapter 4 can be summarized in the graph
of Figure 4-33 below:
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Figure 4-33 Evolution of Deposition Efficiency across the 17 experiments displayed in
Chapter 4

Several trends are observable in the graph above. First, it must be noted that compared to
typical SPS deposition efficiency, some of these are relatively high, resulting in a
thickness/pass deposited up to one order of magnitude higher than usual, in the range of 5-15
pm/pass. The trends observed in Figure 4-33 can be explained by the following physical
phenomena:

e A decrease in DE is observed when there are a higher number of unmolten particles
upon impact, as those are more likely to follow the streamlines and to not adhere to the
coating.

e An increase in DE is observed when using the Argon shroud, as it contains the
particles in a more localized area, thereby decreasing their dispersion in the
atmosphere. This is also in agreement with literature showing that a shroud gas can
keep the particles closer to the torch axis and reduce the entrainment of cold air into
the plasma jet [159].

e A decrease in DE is observed when reducing the feed rate, mathematically. However,
this decrease is a reasonable cost when compared to the improved density of the
coating.

The DE of the multilayered coating, the best coating obtained in this chapter, is 13%. Some
directions that could be taken in future work to improve the DE to a more adequate level for
industrialization could be using a program with gradient conditions between the porous layer
and the dense layer. This would help keep more of the loosely connected particles in the
porous layer by having a more progressive change in the depositing conditions.

4.8. Conclusion

In conclusion, in this chapter, several key points of the research have been refined. We
have shown that:
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The contamination of TiB> by YSZ must be maintained below 5%. A higher
contamination greatly deteriorates the corrosion resistance of the coating in the Hall-
Héroult cell and has a significant impact on the microstructure. This contamination
acts as a binder between the TiB; particles in the coating due to its early melting.

The general microstructure obtained when depositing TiB, by SPS is of the wide
columnar type and rather porous.

The substrate must have a TEC (Thermal Expansion Coefficient) close to that of TiB:
to avoid delamination due to stresses upon cooling after plasma spraying. For this
reason, stainless steel is not as optimal a choice as graphite.

The surface state of the substrate greatly influences the coating’s microstructure and
surface state. Spots of high local roughness on the substrate will lead to porous
columns across the coating. Therefore, when using a soft material as a substrate, such
as graphite, the grit-blasting procedure must be properly defined, as it was in our case:
alumina grit size of #80, distance of 5 cm, grit-blasting duration of 15s, and pressure
of 50 psi or 345 kPa.

The in-flight oxidation is smaller in SPS compared to APS, with an oxygen percentage
reduced to a few percent in the former compared to over 20% in the latter. This can be
attributed to the fact that the use of smaller particles reduces their residence time in the
plasma, thereby reducing the amount of heat provided to the particles. Consequently,
there is a decrease in the percentage of in-flight molten particles. As oxidation
primarily happens to liquid particles, in these conditions, fewer molten particles result
in less oxidation.

The gas shroud is useful to reduce oxidation, as revealed by the XPS analysis. When a
shroud was used, the oxide layer on top of the coating was significantly smaller.

The amount of oxidation can significantly impact the kinetics of wetting, as the
aluminum must first reduce the oxide layer TiO>+B»O; on the surface before
completely wetting the titanium diboride.

The porosity of the coatings must not exceed a certain value of at least 9%, to avoid
complete permeability by aluminum, which would lead to the coating’s failure by the

formation of aluminum carbide.

The YSZ contamination reacts with molten aluminum and is brought by it to the
coating-substrate interface.
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Mechanical analysis has qualitatively shown good adhesion strength of the titanium
diboride coating to the graphite substrate, with apparently no influence of the presence
of the shroud on this adhesion.

In the event of the formation of boron oxide flakes on the coating’s surface, those are
easily dissolved by a post-treatment in hot water.

The influence of several parameters on the microstructure has been studied. In
particular, the physical properties - high melting point and low density - of titanium
diboride made it difficult to obtain dense coatings. It was observed that with a low
stand-off distance of 6.3 cm, a high-power 60% N-rich plasma, a low total feed rate
comprising of a 10% low suspension load as well as a 30 mL/min low suspension feed
rate, dense coatings were obtained.

However, the increase in density came at the cost of a more fragile, fractured coating.
This is because the pores that were present previously were able to mitigate the
thermomechanical stresses occurring during the cooldown at the end of the deposition.

To counter this, a multilayer approach was taken to mitigate the stresses built-up in a
porous layer, while having a dense layer on top to keep the structure impermeable to
aluminum and sodium. This has proven to be a successful approach. The functionally
graded coating thus obtained shows the path forward for TiB2 coatings.

The Aluminum wettability has proven to be optimal with the multilayered coating, as
the Aluminum does not penetrate throughout the coating in this case.

One of the drawbacks that we underline is the decrease in DE when increasing the
density of the coatings.
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Chapter S  Post-processing: 2-Step Laser Deposition

5.1. Laser post-treatment

As detailed in Chapter 4, one of the key aspects of this work has been to attempt to
densify the coatings. This was achieved in Chapter 4 by using a porous/dense multilayer
approach, tuning the porosity of the coatings gradually to obtain the correct architecture.
Another completely different approach to densify the coatings is to use a laser after obtaining
the coating, to densify just a layer of the coating, as exemplified in Figure 5-1 . The
advantages of using such a technique are the fact that more and more facilities are using high-
power laser that could be utilized for this purpose, and also that it would allow for easier
repair of the cathode by redoing the post-treatment, assuming the geometry of the Hall-
Héroult cell is reworked, which is also something that has been researched by the aluminum
community [160].

Figure 5-1 Schematic of a laser remelting a surface.

The main impact of the laser post-treatment will depend on the power density and the energy
density transmitted to the coating. These parameters are crucial for determining how much
energy is transmitted to the coating, and how long each spot receives this amount of energy.
To study this, the main parameters studied were the laser power and the robot speed. The spot
size of the laser, which could be changed in various manners remained the same in this thesis.
For instance, the spot size of the laser could be adjusted by changing the laser-to-sample
distance away from the focal distance of the laser.
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With P4: Power density (in MW/m?)
Pout: Laser output power (in W)
d: Spot size (in mm)
Eq: Energy density (in J/mm?)
v: Robot speed (in m/min)

One characteristic of TiB2 to be considered when treating it with a laser is its index of
refraction, as it will determine the absorption coefficient, that is, how much energy is
absorbed to remelt the coating, versus how much is reflected. Analyzing data from Aouadi et
al. [161] and knowing that the wavelength of our laser is A=1,0701um, meaning that its
energy is:

_hc 6.626-1073*-3-10°

2 10701106~ L1584eV

This approximately leads to a complex index of refraction of n’= n-ki = 3.68-3.791 when
plotted in the appropriate graph from [161].

. . k - .
From here, one can calculate the absorption coefficient &« = % = 44,5 ym~1. The absorption

coefficient describes the intensity attenuation of the light passing through the material. The
higher the value of a, the shorter the laser can penetrate the material before it is absorbed.

This means that at a depth of i = 23 um, the power of the beam is attenuated by a factor of

é = 36%. It is possible to remelt the top layer of the coating, but the values calculated here

show that the window of energy density provided is thin between remelting the coating and
cracking it by overpowering the coating.

After depositing SPS coatings using the conditions from experiment 15, a laser post-treatment
was applied. By varying the robot speed and the power output of the laser, a vast array of
conditions was obtained, and they are shown in the graph below in Figure 5-2 in terms of
power density and energy density.
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Figure 5-2 Experimental laser remelting conditions expressed in terms of power and energy
density.

In Figure 5-2 above, the red dots represent the conditions that led to significant failure
and delamination of the laser-treated coating. The black dots represent the conditions where
no significant change was observed. The yellow dots represent the conditions where the
coatings were affected without being remolten. The green dots represent the window in which
the coatings were at least partially remolten. As detailed, each line corresponds to a specific
robot speed, with increasing laser power input. For example, in Figure 5-3 below, some
catastrophic failures are observed. A change in the colour of the laser-treated lines reveals
possible oxidation of the material, which most likely happened as the coating delaminated,
significantly increasing the power density in the cracked part.

Robot
speed 10
(m/min)

Laser
Power (W)

600 74,6 2,33
700 87,0 2,72
800 99,5 3,11

Pd Ed

Figure 5-3 Examples of catastrophic failure upon laser remelting of a coating, with the
corresponding laser parameters.
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Photos of laser-treated samples are shown below in Figure 5-4. One can observe that
the window to correctly melt the coating without damaging it into delamination is rather thin.
Also, a lack of homogeneity across one line can be observed in several cases, which could be
explained by either a lack of the coating’s homogeneity or a lack of consistency in the laser
stability. Given the stability observed in the laser, and the difficulty observed in previous
sections to obtain a homogeneous roughness, it is likely that the homogeneity of the coating is

at fault there.
SOW 500 W 800 W
1000
i MR A
cm/min

V 7.1mm x1.00k BSETOPO 70Pa

Figure 5-4 Photos of TiB> SPS coatings post-treated by laser, along with micrographs of the
main observable features.

As can be observed in Figure 5-4 above, when the power density is too low (which
come from a low laser output of 80 W), no significant change is observed, macroscopically or
microscopically. Upon increasing the power density, a macroscopic observation can be made
in that the laser-treated part is not as shiny as the non-laser-treated parts. However, this
doesn’t translate to a change in microstructure. This is attributed to the fact that this shiny
aspect comes from the Boron trioxide flakes observed in sections 4.3.4. It is inferred that the
laser might vaporize those flakes or remelt them, causing them to lose this optical aspect
through a phase change. Upon increasing the energy and power density further, some full
remelting of the coating is observed in Figure 5-4, middle micrograph. However, this comes
at the cost of a catastrophic failure of the coating, just as in Figure 5-3.
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In the micrographs below in Figure 5-5, one can observe the progression of remelting
of the particles. Quantitatively, it translates into a decrease in porosity from 34%(a) to 19%(b)
to 13%(c). When the laser power is increased further than 1.2 kW, all other parameters kept at
the same value, a failure of the material happens, with delamination as can be observed in
Figure 5-5d. The whiter small areas are difficult to analyze with EDS due to their size, but
according to our research developed in the previous chapter, they are likely to be oxides,
mainly based on the YSZ contamination of the original powder, as well as the low amount of
oxidation happening in-flight.

The most promising conditions, as shown in Figure 5-2. When observed under SEM, they
show a significant increase in density with full remelting of the coating. However, this is a
preliminary study involving simple line scans on the coating, and a pattern must be
determined for further research to fully remelt the entire coating.

TMG 15.0kV 7.2mm x2.00k BSE3D 70Pa 20.0um @ TMG 15.0kV 7.6mm x500 BSE3D 70Pa 100um

Figure 5-5 Cross-section SEM micrographs of laser-treated SPS TiB: coatings with a robot
speed of 20 m/min and laser power of 1.0 kW (a), 1.1 kW (b), 1.2 kW (c), and delaminated
1.3 kW (d).
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From Figure 5-6, one can observe macroscopic changes in the various laser-treated
coatings. Obviously, the edge effect causes fractures and delamination at the edges of the
samples. There is also a small inhomogeneity across the line scan: the top and bottom
extremities of the laser spot seem to have received less energy, as they is less affected by it,
which is clearest on the sample the furthest to the right in Figure 5-6.

S

Figure 5-6 Photos of various 2SLD coatings deposited with the conditions specified in
Figure 5-2.

As can be observed in the micrograph below in Figure 5-7, macrocracks are visible on the
surface of the laser-treated coatings, which is in accordance with the literature showing
cracking of laser-treated ceramics [116]. In the cross-section, we can observe a delamination.
The part that appears white on the macroscopic level corresponds to a fully dense layer
delamination.

TMG 15.0kV 6.0mm x500 BSE3D 30Pa """ Jooum JTMG 15.0kV 6.7mm x500 BSE3D 60Pa " ooum

Figure 5-7 SEM micrograph of the top surface of a laser-treated coating, with visible cracks,
top surface (left-x500) and cross-section (right-x500).

From Figure 5-8, we can observe that at constant energy density, increasing the power density
does not result in a significant change in the microstructure of the coatings. On Figure 5-9, we
can observe a catastrophic failure at low energy density, and a slight increase in density at
higher energy density without catastrophic failure.
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100um [l TMG 15.0kv 7.5mm x500 BSE3D 60Pa " 100um
Figure 5-8 SEM cross-section micrographs of 2SLD coatings with corresponding photo, at

constant Energy density of 2.33 J/mm ?, and with increasing power density of 111.9 (a), 130.6
(b), 149.2 (c) and 167.9 (d) kW/mm °.
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TMG 15.0kV 7.6mm x500 BSE3D 60Pa 100um [ TMG 15.0kV 7.7mm x500 BSE3D 60Pa """ dooum

Figure 5-9 SEM cross-section micrographs of 2SLD coatings with corresponding photo, at
constant power density of 149.2 kW/ mm °, and with increasing energy density of 1.87 (a),
2.33(b), 2.74 (c) and 3.11 (d) J/ mm°.

As can be observed in the graph in Figure 5-10 below, the use of a laser post-treatment has
proven to be successful in reducing the porosity of the coating, by approximately 10%, from a
value close to 25% to one closer to 14%. Yet, the main change proves to be structural, as
shown in the micrograph below: the as-sprayed coating exhibits a local microstructure
characteristic of the SPS technique, with distinct layers corresponding to each pass. Whereas
the laser-treated coating exhibits a re-molten microstructure, where this distinction has
disappeared. This is likely to improve the impermeability of the coating to the electrolyte, as
well as the mechanical cohesion of the coating itself, as it is an external manifestation of a
stronger local physical bonding.
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Figure 5-10 Porosity of various 2SLD coatings, with corresponding Pd and Ed.

TMG 15.0kV 7.2mm x2.00k BSE3D 70Pa 20.0um

Figure 5-11 SEM cross-section micrograph of a 2SLD coating, exhibiting local change in
microstructure related to laser-induced densification.
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5.2. Conclusion

In conclusion, in this chapter, a laser post-treatment was studied to be able to control the

density of the coating and to assess the feasibility of 2SLD of TiB: coatings. Our conclusions

are as follows:

The process was developed to avoid catastrophic failure and showed some promising
results. The window of energy and power density to remelt the coating while avoiding
delamination is rather small, and the best results were obtained with the following
parameters: robots speed of 250 mm/s, plasma power of 1200 W, to maintain a power
density close to 150 kW/mm?.

The increase in density is significant and acieved with an easy-to-use process.
However, the inhomogeneities in the original coating (in terms of roughness, for
instance) are reflected in the densified layer. Also, the densification comes with cracks
that must be controlled.

As this is a preliminary line scan study, further research must be led by developing a
pattern of 2SLD to fully remelt the entire coating without causing too much stress,
which could lead to cracking. The influence of the spot size could also be assessed.
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Chapter 6  Conclusions, Contributions, and
Recommendations

6.1. Summary and general conclusions

The main objective of this work was to develop a titanium diboride coating by
suspension plasma spray that would exhibit the desired properties for a wettable cathode in
Hall-Héroult cells, thereby improving their energy efficiency and the industrial process of
aluminum production. Despite being a research topic for over 60 years, the development of
such cathodes has encountered many technical challenges, requiring further research if it is to
be implemented at an industrial scale.

Suspension plasma spray with the use of a gas shroud was the technique proposed to
overcome the issues encountered in the literature. Previous studies showed a significant in-
flight oxidation of the titanium diboride particles when deposited by Atmospheric Plasma
Spray. However, Vacuum Plasma Spray demonstrated promising results, but its scalability to
large-scale industrial coating needs remained a concern. The plasma spray approach offered
the advantage of operating under atmospheric conditions, scalability, and applicability to large
surfaces.

The coatings generated using SPS to deposit an ethanol-based TiB> suspension
demonstrated limited oxidation, which was further reduced with the use of an Argon gas
shroud. The coatings exhibited a range of microstructures, from highly porous and columnar
(cauliflower type) to dense microstructures. Extensive parametric studies were conducted to
assess the influence of key parameters on the coating’s microstructure, such as stand-off
distance, plasma power, plasma gas composition, substrate temperature, suspension feed rate,
and suspension load. However, obtaining dense TiB; proved challenging, primarily due to the
low residence time of droplets in the plasma plume, which is the hottest part of the plasma,
owing to the high melting point of 2970 °C and medium density of 4.52 g/cm® of titanium
diboride. The dense coatings by themselves were prone to cracking due to the build-up of
stresses, especially during cooldown after deposition. To overcome these mechanical
fragilities, a multilayer approach was adopted. A limited oxidation would sometimes lead to a
surface boron oxide layer, but it was done away with by dissolving it into hot water.

91



In the multilayer approach, a porous coating is first deposited, and then conditions are
adjusted during deposition to obtain a denser coating on top. The porous layer acted as a
stress-relieving mechanism, ensuring good mechanical cohesion of the coating, and
preventing fractures. This multilayer approach proved successful, resulting in non-oxidized,
mechanically stable, and dense TiB» using. The ability to control and tune porosity across the
coating opens the door to obtaining thick, mechanically and chemically stable titanium
diboride coatings suitable for use in electrolysis cells.

In addition to the structural properties, the wetting behaviour of the coatings by molten
aluminum was also measured and analyzed. It was observed that when oxidation occurred
during the coating process, molten aluminum had to first reduce the boron and titanium oxides
before wetting the material properly. This slower wetting kinetic was observed for un-
shrouded SPS coatings compared to shrouded ones. Moreover, when deposited on porous
coatings, molten aluminum permeated the coating and formed species such as Al4Cs at the
coating-substrate interface, leading to delamination. The YSZ contamination originating from
the raw powder was also segregated upon the percolation of molten aluminum throughout the
coating, creating YSZ-rich phases at the coating-substrate interface, which could be
detrimental to the application. However, when deposited on dense coatings, such as the multi-
layered ones, there was no penetration of molten aluminum into the coating. The contact
angle for the coatings was significantly better than that on graphite, the material currently
used in the industry, with contact angles below 10° for the coatings compared to over 70° for
uncoated graphite.

Finally, a high-power laser was considered as an approach to remelt and densify the
top layers of the coating. The window for properly remelting these layers without causing
complete destruction of the coatings proved to be narrow, yet it remains a possibility, leading
to even bulkier and denser coatings. The laser-treated coatings exhibited densification but also
cracking.

In conclusion, the results presented in this work suggest that SPS TiB> coatings could
be a highly efficient and less energy-consuming candidate for wettable cathodes in Hall-
Héroult cells, offering a commercial alternative for coating solutions. This research has led to
the filing of one patent and the publication of two scientific articles [144] and [158]. Recently
published articles by other authors also show enthusiasm for plasma-sprayed TiB: coatings
[162].
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6.2. Recommendations for Future Work

To further develop the coatings obtained in this thesis, we recommend the following
actions. The developed SPS titanium diboride coating has shown great promise as a candidate
for wettable cathodes.

e Further development of the multilayer approach is essential to enhance the
mechanical cohesion of the coating and its longevity as a cathode. By repeating the
porous/dense alternance several times, it would be possible to obtain millimetre-thick
coatings. Investigating related patents on titanium diboride wettable cathodes [163],
this appears to be a requirement to address typical wear caused by the solubility of
TiB; in the electrolyte,e which is in the range of 0.98 kg/m?*/year [164].

e Further analysis of the mechanical bonding between the coating and the substrate is
crucial in estimating the main fracture mechanisms and, therefore, the viability of the
coating’s industrial use. Precisely evaluating the mechanical bonding between the
layers of the coating and between the coating and its substrate will provide insights
into the lifetime of these coatings.

e Evaluating the chemical stability of the developed material in situ, in contact with
molten cryolite, is essential to assess its resistance to sodium penetration. This is a
critical requirement for the use of the material as a wettable cathode, as sodium
penetration is one of the main wear mechanisms leading to its deterioration.

e A mathematical model could be developed to predict the Aluminum penetration into
the coating. Such an algorithm could take into account the number of pores and their
distribution, the oxide content, the presence of cracks.

e The influence of the substrate’s surface roughness, as demonstrated in this work,
affects the coating’s microstructure and its inhomogeneity. While grit-blasting was
used in this study, it may be more suitable for steel than graphite due to graphite’s
soft nature. Therefore, considering softer substrate preparation techniques, such as
chemical treatments or pattern-inducing lithography-like techniques could be
beneficial to improve repeatability and substrate-coating cohesion.

e To develop 2SLD TiB: coatings, conducting a parametric study to vary the spot size,
as well as developing a laser pattern to treat an entire surface, are necessary
requirements.

In conclusion, through this thesis, significant progress has been made towards the
development of titanium diboride coatings for wettable cathodes in Hall-Héroult cells.
Nevertheless, further research and optimization are needed to fully exploit the potential of
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these coatings for large-scale industrial applications. The results achieved so far hold promise
and open avenues for continued research and innovation in the field of aluminium production
and electrolysis cell technology.
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