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Abstract

The applicability of MAX phases in molten salt reactors has been investigated via their resistance to
corrosion in chloride salts. High purity TisAIC, (95wt.%) was synthesised by milling titanium and
graphite for 2 h then sintering at 1350°C for 15 min with 1.0 parts aluminium. The milling time,
aluminium fraction and sintering temperature were varied. Samples of TizAlC,, Maxthal 312 and TiC
were exposed to molten LiCI-KCI (LKE) and KCI-MgCl, (KME) eutectics under argon with variation
of the exposure time (125 h and 250 h), exposure temperature (600°C and 850°C) and salt processing.
TiC performed best whereas TizAIC, performed worst. In the absence of salt processing, TisAIC,
corroded by dissolution of aluminium and penetration of chlorine into the layers of the material. A Ti-
C-Cl phase was observed which appeared to have a crystal structure similar to that of the original MAX
phase. When salt processing was implemented, the extent of corrosion was minimal at 600°C but severe
at 850°C. At 850°C, the sample exposed to LKE formed an oxide scale containing lithium aluminate
and lithium titanate which underwent pitting corrosion, whereas the sample exposed to KME formed a
stable magnesium aluminate scale by diffusion of aluminium from the underlying MAX phase. The
samples of Maxthal 312 which were exposed to processed salts underwent minimal reaction at 600°C,
forming a thin titanium oxide scale. At 850°C, more complex oxides formed such as lithium silicate
and lithium titanium silicate in LKE and magnesium titanate in KME. Samples exposed to as-received
KME formed magnesium silicate, but also underwent significant reaction with nickel wire which was
used to suspend them. Corrosion of TiC was minimal. A thin coating of titanium oxide formed at 600°C,
whereas lithium titanate and magnesium titanate formed in LKE and KME respectively at 850°C.
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1 Introduction

Molten salt reactors (MSRs, Figure 1) are a proposed class of Generation IV nuclear reactors and
suggested for use as small modular reactors [1-9]. Unlike conventional reactors they use a liquid fuel
comprised of fissile and fertile elements, with alkali metal and rare earth diluents in the form of molten
halide salts acting as the coolant [2—8]. Fluoride salts are proposed in the designs for all thermal neutron
reactors, whilst chloride salts have been proposed in some fast spectrum variants [4,10-12]. The use of
liquid fuel offers many benefits for operation and safety [2,8]. However, the salts are potentially very
corrosive at high temperature (typically 500-800°C), particularly with fission product impurities.
Hence, significant material and reactor chemistry challenges exist in extending reactor lifetimes to 30-
50 years and beyond whilst maintaining a high output temperature [5]. The materials must withstand a
potentially corrosive halide environment, possess adequate strength and creep resistance, resistance to
extensive radiation damage (100-200 dpa, c.f. 10-50 dpa for conventional reactors), and be
manufacturable [5,13-16]. Formerly, nickel superalloys such as Hastelloy-N (Ni-Mo-Cr-Fe) were
developed for experimental MSRs at Oak Ridge National Laboratory, USA [5]. In this project, carbide
materials, particularly the MAX phases, have been investigated.

Control
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Figure 1 — Generalised schematic of an MSR based on the Molten Salt Breeder Reactor; reproduced
from [1].

Two prototype MSRs have been successfully operated [6]. The Aircraft Reactor Experiment (ARE),
operated during 1954, was commissioned by the United States Air Force to develop a nuclear reactor
to power aircraft for continuous flight [17]. Molten salts were chosen as the coolant, achieving the high
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temperature required for the jet engine without a pressure vessel. A successor named the Fireball was
developed but not built as the project was cancelled upon development of air-to-air refuelling [2]. Later,
development of a commercial power-producing MSR led to the Molten Salt Reactor Experiment
(MSRE), a prototype reactor which operated between 1965 and 1969 [17]. A reactor for the next
development stage, the Molten Salt Breeder Reactor (MSBR), was cancelled, in part due to the Liquid
Metal Fast Breeder Reactor being more advanced in development [6]. Material compatibility was cited
as a problem but was being solved at the time of cancellation [5]. Funding was obtained again in 1972-
1974 and the Denatured Molten Salt Reactor was developed, a simplified design compared to the MSBR
which did not require continuous reprocessing of the salt [2,18]. Concurrent to the MSBR research
program, a Molten Salt Fast Reactor was researched in the UK and cancelled around the same time
[10,11]. After these cancellations research continued in other countries including Russia, France and
Japan [5].

Arguably the greatest advantage of MSRs over conventional solid-fuelled reactors is the use of liquid
fuel. Solid fuel poses several challenges. In particular, solid fuel and the cladding which separates it
from the coolant suffer extensive radiation damage. Consequently, the fuel must be removed after only
a small fraction of fissionable material has been used, otherwise its mechanical integrity may be
compromised, potentially causing contamination of the coolant and reactor shutdown. Furthermore,
manufacturing fuel pellets with highly radioactive materials such as actinides other than uranium and
plutonium is very challenging, whereas these are easier to handle with liquid fuel.

Liquid fuel reactors utilising various solvents, such as water, a number of different molten salts such
as halides, carbonates and nitrates, and molten metals such as sodium have all been developed [19].
Halide salts in particular provide a range of benefits for commercial energy generation. Water boils at
100°C under ambient conditions; pressurisation introduces additional safety hazards and the coolant
temperature is still limited to below 360°C. Mixtures of molten halide salts boil at temperatures greater
than 1000°C at atmospheric pressure, enabling higher operating temperatures and more thermally
efficient conversion to electricity. Molten metals, such as sodium and lead, also have high boiling points
at atmospheric pressure. However, molten metals, particularly sodium, can be extremely reactive if they
encounter water or oxygen. Furthermore, their opacity limits in-situ monitoring of the reactor.

Molten salts have been used as heat transfer media and solvents in numerous industrial processes
for decades, a handful of which are summarised as follows [20]. Fluoride salts are used in the extraction
of aluminium from bauxite, and chloride salts are used in the extraction of titanium and other metals
from their ores. Similarly, chloride salts have been used extensively in the pyroprocessing of nuclear
waste from fast reactors. Nitrate salts have been used as heat transfer media in chemical plants for over
60 years [5], and nitrate salts and carbonate salts are used for heat storage in concentrated solar power
plants. Carbonate salts, along with hydroxide salts, have been used as electrolytes in fuel cells [21].
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Halide salts are more stable than oxygen-containing salts as they do not decompose under irradiation
and high temperatures. In particular, alkali and alkali-earth chlorides and fluorides solvate a wide range
of species and fission products, forming stable products in the medium. Gaseous krypton and xenon
simply bubble out and are collected, and noble fission products generally precipitate or plate-out of
solution but can be separated using metal sponges [22]. Whilst not necessary for successful operation,
online reprocessing of the fuel improves the neutron economy of the reactor and burn-ups much greater
than conventional reactors can be achieved through rigorous management of the fuel composition,
significantly reducing the volume of transuranics in the waste stream [22].

Further advantages of MSRs are outlined as follows. Designs typically run at temperatures greater
than 600°C enabling high thermal efficiency using Brayton cycles (e.g. helium-nitrogen or super-critical
C0,), combined cycles and cogeneration [23-25]. Safety is greatly improved over existing reactor
designs as the core is maintained near atmospheric pressure, eliminating the need for a pressure vessel.
Increased passive safety such as a large negative temperature coefficient and freeze-plug minimise the
requirement for redundant safety mechanisms [2]. The chain reaction is self-regulating due to the
negative temperature coefficient: an increase in power and heat production causes an increase in
temperature, which leads to thermal expansion of the fuel and reduction in density, decreasing the
amount of fission and returning the reactor power to equilibrium. Most designs implement a freeze-
plug of cooled material which leads to a vessel with geometry designed for subcritical reaction and heat
dissipation [8]. In the event of an accident, the electrical power cuts and the plug melts, draining the
reactor vessel and stopping the reaction. The majority of these advantages lead to significant cost
reductions, with many proposing designs which would result in energy cheaper than coal [8,18,22].

A rigorous overview of the current state of international molten salt reactor development can be
found in “Molten Salt Reactors and Thorium Energy”, edited by Thomas J. Dolan [26]. The key design
options of molten salt reactors are summarised in Table 1. Due to the nature of development, many
designs change with time, so a rigorous review here would not be worthwhile. However, of particular
note are the organisations which have already begun pre-licencing. These are Moltex Energy in the UK
and Terrestrial Energy in Canada, both of whom are working with the Canadian Nuclear Safety
Commission with the intention to build a pilot reactor at the Canadian Nuclear Laboratories, Chalk
River, Ontario [27,28]. Additionally, the Shanghai Institute of Nuclear and Applied Physics in China
have support from the Chinese government to develop and build a prototype MSR, with an ambitious
program employing over 500 staff [29]. There are also a few groups developing solid-fuelled fluoride
salt cooled reactors which use Triso fuel, similar to Very High Temperature Reactors. Such reactors are
a logical stepping stone to liquid-fuelled reactors whilst also having the potential for a higher
temperature output relative to first-of-a-kind liquid-fuelled reactors.
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Table 1 — Key design options for molten salt reactors.

Design Element  Options
Fuel U-235, U238, Pu-239, Th-232, transuranics/spent fuel
Neutron spectrum Thermal, epithermal, fast

Salt Fluoride or chloride. Numerous cations and eutectic mixtures
Fuel geometry Single fluid, dual fluid, or static fuel tubes

Power output small (<300 MWe), medium (300-700 MW) or large (>700 MW,)
Reprocessing online (continuous or batch) or post operation

The Moltex Energy “Stable Salt Fast Reactor” uses U-238 and Pu-239 from spent fuel in a fast
spectrum [30]. The fuel is a chloride salt (60% NaCl-20% PuCls-20%(UCIs/LnCl3)) contained in
numerous tubes which are suspended in the coolant. The coolant in the primary circuit is a fluoride salt
(48% KF-10% NaF-40% ZrFs-2% ZrF,). The reactor is unique in its use of static fuel tubes containing
molten salt, similar to the fuel rods used in conventional reactors. The reactor has a medium power
output (750 MW,) produced by two small modules (375 MW4, each). There is no online reprocessing,
only periodic replacement of fuel tubes and reprocessing in the front and backend of the fuel cycle.

The Terrestrial Energy “Integral Molten Salt Reactor” is based heavily on the MSRE [31]. It uses
denatured (slightly enriched) uranium in a thermal spectrum as the fuel, and fluoride salts are used in
both the primary and secondary circuits (proprietary mixtures). It is a single fluid reactor (i.e. no
secondary breeding fluid) and the power output per module is small (185-192 MW,). They intend to
replace the core-unit for reprocessing every 7 years.

The Chinese “Thorium Molten Salt Reactor — Liquid Fuel” is essentially a small modular version of
the MSBR [32]. It uses thorium and uranium fluorides as fuel (LiF-BeF,-UF4-ThF4) and operates in the
thermal spectrum. The coolant salt in the secondary circuit is also a fluoride salt (NaF-BeF»). It is a
single fluid reactor and the power output per module is small at 168 MWe.. An online reprocessing
scheme will be used.

There are numerous industrial processes where heat could be supplied by molten salt reactors.
Furthermore, such applications can be coupled with electricity generation systems to enable energy
efficient load following [23,24]. Low temperature applications of nuclear heat already exist, although
use is not widespread. These include district heating, seawater desalination, paper and cardboard
manufacture, heavy water distillation and salt refining [33]. Desalination is particularly important as it
can provide water for irrigation and human consumption [34]. These existing applications use
conventional light water reactors which are only capable of achieving temperatures of ~315°C (after
considering tolerances). For higher temperature chemical processes, fossil fuels are still widely used as
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the energy source. However, heat from an MSR could replace fossil fuels for intermediate temperatures
(500-750°C) with currently available materials, and higher temperatures (750-1000°C) with further
materials development.

From the range of possible chemical processes, hydrogen production (which requires temperatures
>750°C to maximise efficiency) is perhaps the most significant. Hydrogen can be used in numerous
chemical processes such as ammonia synthesis, methanol synthesis, direct reduction of iron ore, fossil
fuel processing, and the Fischer-Tropsch process [35]. Currently, 96% of hydrogen production is from
fossil fuels [36]. This is unsustainable and produces significant carbon dioxide. Thus, improvements to
these chemical processes can be made if hydrogen can be mass-produced from water. It is also possible
to produce synthesis gas, a mixture of carbon monoxide and hydrogen, by high temperature co-
electrolysis of water and carbon dioxide [37]. This can then be used to sustainably produce numerous
hydrocarbons for chemical feedstock and synthetic fuels [34].

Due to their use of a liquid-fuel, molten salt reactors are radically different to all reactors currently
in operation worldwide. Thus, the key challenges to their implementation lie in the development of a
supply chain and improvement in understanding by regulatory bodies [9]. As for technical challenges,
improved understanding of the reactor chemistry is key, and can have a detrimental effect on materials
corrosion if not handled appropriately. Online reprocessing is required to improve the neutron economy
of most thermal spectrum reactors but can be avoided in some fast-spectrum designs. However, fast-
spectrum reactors are exposed to greater radiation damage. Additionally, more components are exposed
to radioactive material than for solid-fuelled reactors because the fuel is combined with the coolant,
adding complexity to maintenance and decommissioning.

The development of novel materials is vital to improve performance of the reactor, enabling
operation at the highest achievable temperature for the longest duration. Thus, the materials must have
a suitable mix of high temperature mechanical strength and resistance to chemical attack and radiation
damage. Most research to date has focused on metallic materials as they exhibit such properties.
However, the best materials currently available, modified versions of Hastelloy N such as HNSOMTY,
can only be used to a maximum working temperature of 700-800°C [5].

Despite their refractoriness, resistance to chemical attack and resistance to radiation damage, limited
research has been performed on the use of ceramic materials in MSRs. Bulk ceramics generally have
unsuitable properties; their lack of ductility leads to poor fracture toughness and machinability.
However, ceramics have the potential to be used as coatings or as components of composite materials
such as cermets, of which MAX phases are an example. Depending upon cost and manufacturability,
such materials may be more suitable for specialist components such as pumps, valves and heat
exchangers as opposed to structural materials. However, corrosion testing in chloride and fluoride salts
is required in order to test the viability of these materials in such an application.
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MAX phases are ternary, layered, carbide or nitride materials consisting of alternating nanoscale
metallic and covalent bonded layers. Interest in MAX phases has been growing since 1996, made
popular by Michel Barsoum [38]. They have attributes of both metals and ceramics: high electrical and
thermal conductivity, stiff yet easily machinable, resistant to thermal shock, oxidation and corrosion
resistant, relatively lightweight, creep and fatigue resistant and able to maintain strength at high
temperatures [38-40]. There has been limited research on the corrosion of MAX phases in molten halide
environments [41], yet their nature and properties suggests they are ideal for such applications and may
outperform the current modifications of Hastelloy-N [38]. The objective of this project was therefore
to provide an initial assessment of MAX phase materials in high purity molten halide salts.
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2 AIms

The key aim of this work was to produce a pure MAX phase material and investigate how it corrodes
in molten halide salt in order to assess the feasibility of using MAX phases in molten salt reactors.
Based on the available literature, it appears that the high temperature mechanical properties and
irradiation damage resistance of these materials is suitable for the performance requirements of molten
salt reactors, but their compatibility with molten halide salts is largely unknown. More specifically, the
aims were as follows:

1. Determine a synthesis method to produce pure TisAlC,.

This composition was chosen because its synthesis and properties have been studied
significantly, including its radiation damage resistance. A pure MAX phase was desired
in order to limit the effects of impurities on the corrosion mechanism. The implemented
method was based on methods presented in the literature, but alternative equipment
was used. Consequently, the results were interpreted with reference to synthesis
mechanisms proposed in the literature, and the synthesis parameters were optimised
based on this mechanism.

2. Perform corrosion tests in purified molten chloride salts.

Methods of salt purification [42] and testing equipment [43] were developed by
colleagues at the University of Manchester. Molten chloride salts were used as there
are safety challenges with handling molten fluoride salts. Molten chloride salts are
suitable fuel carrier salts for fast reactors and as secondary coolants.

3. Compare the corrosion of TizAIC; to other materials.

A commercial MAX phase called Maxthal 312, which is predominantly TisSiC,, was
used for this purpose, as well as TiC. Furthermore, corrosion tests on alloys including
the current standard for molten salt reactors, Hastelloy N, were tested under identical
conditions by a colleague at the University of Manchester [43].
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3 Literature Review

3.1 Properties of Binary Carbides

The term carbide is applied to compounds formed by carbon with elements of lower
electronegativity. The binary carbides can be split into four categories dependent on the type of bonding
they involve [44]. These are interstitial carbides, covalent carbides, ionic carbides and intermediate
carbides. The differences are primarily due to the electronegativity and atomic radii of the atoms
involved.

The covalent carbides include SiC and B4C. Their bonding is mostly covalent due to the small
difference in electronegativity between the two elements and their similar atomic radii.

The interstitial carbides are of primary interest to this work and are the only carbides which form
MAX phases. They include the transition metal carbides of groups 4-6, with the exception of chromium.
The larger difference in electronegativity decreases the extent of covalent bonding, and the large size
of the metal atom relative to the carbon atom allows the latter to nest in the interstices. Their bonding
is primarily metallic, with partial covalent and ionic character, and as such they behave chemically
similar to metals.

The salt-like carbides include Al4Cs and their bonding is primarily ionic. In aluminium carbide, the
two elements are ionised as AI** and C*. Upon exposure to water or acids they undergo hydrolysis. In
the case of Al,Cs, methane and aluminium hydroxide are formed.

Chromium carbide is an example of an intermediate carbide. Intermediate carbides are typically the
carbides of group 7 and 8 transition metals (e.g. Mn, Fe). The metallic element is too small to
accommodate carbon interstitials without lattice distortion. Overall, their bonding character is a mixture
of the three types previously mentioned.

3.2 Properties of MAX phases

MAX phases are predominantly ternary carbides, or nitrides, consisting of nanoscale layers of
carbides, My+1 Xy, interleaved with a layer of atoms from the A-group of the periodic table, typically
elements from groups 13-16 such as Al or Si (Figure 2 and Figure 3) [39]. The thickness of the Mn+1X,
layer is determined by n, with n = 1, 2 or 3 named 211, 312 and 413 MAX phases respectively. They
are cermet in nature, exhibiting properties of both metals and ceramics. Like ceramics they are
refractory, resistant to chemical attack and oxidation, and creep resistant, whereas like metals they are
ductile (above 1000°C), electrically and thermally conductive and readily machinable [38,39].
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Figure 2 — A periodic table highlighting the common constituents of the MAX phases (blue = M, red
= A and black = X).
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Figure 3 — The layered structure of a 312 MAX phase (blue = M, red = A, black = X).

The first MAX phases produced, referred to as the H-phases, were discovered by Nowotny and co-
workers in Vienna in the 1960’s and given the structure M>,BX [38], according to IUPAC classification
of the periodic table. Barsoum and Houng managed a processing breakthrough involving hot pressing
in 1993 which was later applied to MAX phase formation [45]. Impurities significantly hinder the
properties of MAX phases, thus the production of pure, highly dense MAX phases using this method
enabled identification of their unique properties, and the discovery of the 413 phases [38]. This
distinguished the general formula M,+1AX,, and A was used instead of B due to changes in IUPAC

classification of the periodic table.

3.2.1 Crystal Structural Properties of MAX Phases
There are two polymorphs of the 312 MAX phases, as shown in Figure 4, and three polymorphs, a,
and v, exist for the 413 MAX phases [38]. In the £ polymorph of 312 MAX phases, alternating layers
of the A group element are shifted relative to the previous layer. This results in different intensities for
the reflections observed by X-ray diffraction.
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Figure 4 — Crystal structures of the two polymorphs of 312 MAX phases; reproduced from [38].

The simulated X-ray diffraction patterns for the polymorphs of TisSiC, are shown in Figure 5 [38].
The symmetry and lattice parameters for each phase are identical, and therefore the peak positions are
in the same locations [46]. The differences are for intensity of peaks only. Farber et al. observed the f
polymorph after thinning samples for high-resolution transmission electron microscopy, whereas the
bulk samples were determined as the « polymorph by X-ray and neutron diffraction.
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Figure 5 — Simulated X-ray diffraction patterns for the two polymorphs of TisSiC,; reproduced from
[38].

3.2.2 Applications of MAX phases

MAX phases have been investigated for use in a number of applications, many of which have
subsequently been awarded patents [38]. There is strong interest for their use within jet engines where
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they can enable increased temperatures, improving fuel efficiency and cost savings [39]. This is due to
their favourable high temperature mechanical properties and oxidation resistance, which has led to
interest in their use in further high temperature structural applications [38]. Comparisons to existing
alloys such as nickel-based superalloys are favourable, although the technology of such alloys is mature,
and they have been optimised by small variations in composition. Further high temperature applications
include heating elements, gas burner nozzles, and replacement of graphite in many high temperature
applications.

The coefficients of friction of MAX phases are typically low, and the layered structure makes them
self-lubricating like graphite [38]. This leads to a number of applications such as high temperature foil
bearings, non-stick cookware and casts for thin-walled products such as gloves. They are electrically
conductive, enabling their use in a range of electronic applications such as ignition devices, electrical
contacts, electrochemical processing components and magnetic components.

A number of MAX phases, particularly TisAIC, and TisSiC,, are resistant to radiation damage [38].
There is continuing research on developing thin-film coatings of MAX phases for nuclear fuel in order
to improve accident tolerance by preventing the zirconium-catalysed dissociation of water into
hydrogen and oxygen [47]. TisSiC; has been found unreactive with molten lead or lead-bismuth alloys
leading to significant interest in its use for lead-cooled fast reactors [48-53].

3.3 Synthesis of MAX phases
3.3.1 Synthesis Methods

The synthesis of high-purity TisAIC, was one of the primary aims of this work. The phases in the
Ti-Al-C system have been reviewed extensively by Cornish et al. [54]. A number of synthesis methods
have been employed for the production of MAX phases, including sintering cold-compacted powder
mixtures under a reducing atmosphere, hot-pressing, hot-isostatic pressing, self-propagating high-
temperature synthesis (SHS), spark plasma sintering (SPS, a.k.a. Pulsed Electric Current Sintering [55])
and mechanical alloying (MA). Nanometer or micrometer sized elemental powders and binary carbide
or nitride powders are typically used as reagents, and reagents such as TiH; or TiO, can minimise
production costs incurred during extraction from ores [38,56-58]. Powdered metals such as titanium
and aluminium are pyrophoric so care must be taken during handling; hence, mixing is typically
performed under an inert atmosphere or vacuum [55,57,59-67]. A combination of mechanical alloying
and spark plasma sintering has been used in this work, so are described in more detail as follows.

3.3.1.1 Spark Plasma Sintering

A schematic of the SPS apparatus (left) and process (right) are shown in Figure 6. The powder is placed
within a graphite die, typically lined with graphite paper, between two graphite punches. Pressure is
applied uniaxially and a pulsed direct current is applied causing a rapid temperature rise through Joule
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heating of the powder particles. Heating rates of 1000°C mint can be achieved with dwell times
typically on the order of minutes, minimising grain coarsening. This produces bulk materials with fine
microstructures which have interesting properties. Improved sintering typically prevents the need for
the sintering aids required in conventional processes, increasing product purity.
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Figure 6 — Left: diagram of the apparatus used for SPS. Right: diagram of the Joule heating process
by which powders are consolidated by SPS; reproduced from [55].

3.3.1.2 Mechanical Alloying

MA is a dry, solid-state powder processing technique used to mix compounds to create alloys or to
perform chemical reactions (mechanochemical synthesis) [68-71]. The powders are repeatedly cold
welded, fractured and re-welded in order to produce a homogeneous mixture whilst reducing the particle
size and introducing defects. As well as increasing reaction kinetics, this facilitates the formation of
both equilibrium and metastable phases such as supersaturated solid solutions and metallic glasses. The
resultant powders are typically nanocrystalline and sinter easily due to increased surface area, grain
boundary volume fraction and structural defect concentration [68].

A variety of milling equipment is available for MA such as high-energy ball mills, vibratory mills
and attritor mills. Reactants are powdered, and the milling media is typically a number of balls of
various sizes, with material composition dependent on the composition or hardness of the reagents.
Mixing, welding and reaction occur due to continuous ball-ball and ball-vessel collisions. The rate of
particle size reduction is proportional to the number of balls used as this increases the number of
impacts. A mixture of ball sizes is desirable in order to prevent close-packing of balls and promote
mixing, and the majority of developed milling equipment use batch processes. Commercial applications
of MA have been limited as equipment capable of processing large quantities of material in a continuous
fashion is required. However, in recent years a variety of new equipment capable of operation in semi-
continuous or auto-batch modes, such as the Zoz horizontal attritor mill, have become available [71].
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Figure 7 — (a) shows the reduction in ignition temperature for self-propagating synthesis with milling
time for the synthesis of Ti;SiC, from Ti, SiC and C; (b) the change in milling temperature with
milling time, and the inset XRD pattern is representative of the product after 120 min milling;
reproduced from [72].

Solid-state synthesis methods, like many processes, are kinetically limited in nature. Reactions such
as TiCy formation from Ti and C are strongly exothermic and thermodynamically favourable at room
temperature but are kinetically limited as diffusion is required. MA improves reaction kinetics by
repeatedly creating new surfaces for diffusion and reducing the particle size increases the surface area.
The reaction progresses gradually as particles are repeatedly fractured. Self-propagating combustion
reactions have been observed for numerous reactions when the reaction is sufficiently exothermic. The
concentration of reactive surfaces increases by particle size reduction. When the particles reach a
combination of critical size and temperature, a sharp temperature spike is observed indicative of a
combustion reaction. The temperature of ignition, Tig, is proportional to the particle size, whilst the
milling time for ignition, ti, is dependent upon the MA conditions.

Riley et al. investigated the depression of the ignition temperature for self-propagating high-
temperature synthesis (SHS) with MA for the reaction of Ti (-100 mesh), SiC (< 100 pm) and
C (<100 pm) to form TisSiC, (Figure 7) [72]. In the absence of milling, SHS was initiated at 920°C
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and Tig was shown to decrease as milling progressed. In the primary milling phase, the temperature of
the vessel increases due to the movement of milling media and gradual exothermic reaction, whilst in
the secondary phase heat formation tends to equilibrate with the environment. Finally, in the third phase
Tig is equal to the temperature of the vessel and spontaneous combustion occurs.

3.3.2 Reactive Spark Plasma Sintering

Zou et al. carried out an extensive investigation of the synthesis of TisAlC; by SPS from a number
of reagents, including mixtures of Ti, Al, C, Al.Cs, TiH; and TiC [56,58,73-75]. Powders were mixed
for 24 h in a Turbula shaker mixer under argon. The use of TiH, was investigated to reduce production
costs of MAX phases as TiH; is an intermediate in the extraction of titanium [56,58]. Single-phase
TisAlIC, was obtained when a non-stoichiometric molar ratio of Ti (<10 um), Al (< 10 ym) and
C (5 um) powders (3:1.1:1.8) underwent SPS at 1250-1350°C for 15 min under vacuum [73]. Rapid
guenching at a range of temperatures (800°C to 1300°C in 100°C intervals) was applied to determine
the reaction mechanism. The proposed mechanism is shown by Equation 1 to Equation 5. TiAl and
TisAl were detected at 800°C, followed by TiC and TisAIC at 900°C. Ti.AlC peaks began to appear at
1000°C and were most intense at 1100°C. TisAlC; first appeared at 1200°C accompanied by a decrease
of TiC.

Equation 1
4Ti + 2Al = TiAl + Ti3Al
Equation 2
Ti+C=TiC
Equation 3
TisAl + C = TizAlC
Equation 4
TizAIC + AlTi + C = 2Ti,AlC
Equation 5

Ti,AlC + TiC = TizAlC,

Yoshida et al. carried out a similar experiment and found results in relatively good agreement with
Zou et al. [76]. They mixed Ti (< 40 um), Al (< 40 um) and C (<5 um) in a molar ratio of 3:1:2 by
mechanically stirring in ethanol for 1 h. They then cold-isostatically pressed pellets and sintered them
in an argon atmosphere. In comparison to Zou et al., Yoshida et al. used a larger powder particle size,
a different molar ratio and a different sintering method.
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Zou et al. also obtained fully dense, predominantly single phase TisAIC; from Ti (<10 um),
Al (< 10 um) and TiC powders (2-5 um) (molar ratio of 2:2:3) at 1300°C for 15 min [74]. The TisAlIC,
grains were rectangular with a width of 3-5 um and length of 20-50 um. Using rapid quenching at a
range of temperatures, the mechanism shown by Equation 6 to Equation 9 was proposed. As previously
noted, TiAl and TisAl intermetallics formed at 800°C. At 900°C, the intensity of TisAl decreased whilst
that of TiAl increased. At 1000°C, Ti>AIC began to appear, and TizAIC, began to appear at 1200°C.

Equation 6
4Ti + 2Al = TiAl + Ti3Al
Equation 7
Tiz;Al + 2Al = 3TiAl
Equation 8
TiAl 4+ TiC = Ti,AlC
Equation 9

Ti,AlC + TiC = TizAlC,

Kisi et al. argue that the use of post-reaction microstructural analyses to determine reaction
mechanisms often results in incorrect or ambiguous conclusions, as determined by comparisons to in-
situ neutron diffraction during synthesis [77-80]. The mechanisms described previously from rapid
guenching methods used by Zou et al. may therefore be incorrect or inaccurate. Using in-situ neutron
diffraction, patterns can be collected at much smaller temperature steps, e.g. 5 to 25°C, whereas Zou et
al. collected diffraction patterns every 100°C, limiting the precision of the results [73,74,77]. Quenching
may also result in the formation of phases different to those present at high temperature due to phase
changes during cooling.

3.3.3 Combustion Synthesis

Ge et al. proposed a mechanism for the combustion synthesis of TisAIC,, shown in Figure 8, which
proceeded via formation of a Ti-Al melt [81]. A Ti-Al melt forms, within which the TiCy particles
dissolve and precipitate as TisAlC,. Ge et al. note that the solubility of graphite in the melt is low, but
a TiCy layer which forms on the exterior of the particles facilitates its dissolution in a Ti-Al melt. Any
excess TiCx which is unable to react with the Ti-Al melt forms as equiaxed grains which are clustered
together. The melt spreads via capillary action, which is affected by the compact density and
consequently the application of uniaxial pressure (Figure 9) [82]. If the compact is not sufficiently
dense, the melt will struggle to spread. It is likely that regions of quenched liquid would be observed in
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the material in this scenario. Conversely, if the compact is too dense, the melt will be blocked from

moving. Therefore, there is an optimal compact density where capillary action is maximised.

(a)

TiCx nuclei

Figure 8 — Reaction mechanism proposed by Ge et al. for the combustion synthesis of TizAIC; from
Ti-Al-C: (a) the reagents are in contact; (b) a Ti-Al melt forms, within which C reacts with Ti to form
TiCx as an outer layer; (c) TiCx nuclei form in the Ti-Al melt; (d) some TiCx nuclei dissolve in the Ti-
Al melt and precipitate as TisAlC,, while other TiCx nuclei grow to form equiaxed TiCy grains at the

edge of the melt; reproduced from [81].
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Figure 9 — Diagram showing the effect of compact density on capillary action; reproduced from [82].
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3.3.4 Synthesis by Mechanical Alloying followed by Sintering

Li et al. synthesised TisAIC; by MA of Ti, Al and C (molar ratio of 3:1:2) in a QM-1SP4 planetary
ball mill with a stainless steel vessel and balls, using ball-to-powder mass ratios (BPRs) of 20, 50 and
100 and rotation speed of 500 rpm [83]. The vessel was evacuated prior to milling, and the powders
were cold compacted then pressureless sintered under vacuum. The authors propose a possible reaction
mechanism for the MA process based on XRD results and SEM investigation on samples removed
between milling intervals. This mechanism concurs with that proposed by Ge et al. [81]. Firstly, the
particle size decreases and the reagents homogenise. Secondly, Ti and Al react exothermically to form
an intermetallic, and Al melts, coating the particles. Following this stage, Ti and C react exothermically,
initiated by the exothermic reaction of Ti with Al, where the intermetallic melts and TiCy precipitates,
leading finally to TisAIC; precipitation from the melt. A BPR of 50:1 caused faster reaction and particle
size reduction than 20:1, but a BPR of 100 was unfavourable as the concentration of reagents was too
low for reaction to occur.

3.3.5  Synthesis via an Mn+1Xn Precursor

Kisi and Riley patented a method of MAX phase synthesis via a non-stoichiometric Mn+1Xn
precursor which they claim produces pure TisAIC, and TisSiC, [77,84,85]. A TisC, precursor was
formed then mixed separately with Al or Si and sintered. The precursor was formed by MA for an
optimal time of approximately 109 minutes, as evidenced by a rapid temperature increase indicative of
ignition [72,77,85]. A strength of mechanical alloying is the ability to produce non-equilibrium
compounds, so the use of MA to form the precursor appears to be a key step in this method. The powders
were handled in an argon atmosphere and milling performed in a SPEX 8000 Mixer/Mill in 15 min
intervals between 15-120 min, with six 5 mm and three 10 mm steel ball bearings and a BPR of
10:1 [72]. The precursor was mixed with Al or Si by hand then sintered in a vacuum furnace at 1000°C.
In-situ neutron diffraction was used to monitor the reaction mechanism. They proposed a four step
reaction: formation of the non-stoichiometric binary carbide, vacancy ordering, twinning, and
interdiffusion of the A element (Figure 10) [77].

Bei et al. synthesised TisAIC, and TizAlpsSne2C, from a number of reagents via hot isostatic
pressing [86]. TiCoes Was synthesised according to the work of Dubois et al. and Liu et al. [87]. The
reagents were mixed in a Turbula mixer with one steel ball (size or mass not given) for 1 h. HIPing was
performed at 1450°C for 2 h under 50 MPa argon. When 3TiCoes-Al was the reagent combination, the
product was 64vol.% TisAIC, and 36vol.% TiC; conversely, pure TisAIC, was obtained when the
reagent combination was Ti-Al-1.9TiC. The lattice parameter, a, of the TiC impurity was
4.3269 + 0.0004 A. Bei et al. argue that the impurity of the former was likely due to not using an excess
of Al, whereas a slight excess of Al was used in the latter. Furthermore, it is not clear whether the
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stoichiometry of the TiCoes Was confirmed prior to HIPing. The researchers also argue that use of TiC
or TiCogs is preferred to elemental powders because it avoids the highly exothermic reaction between
Tiand C to form TiC, thus making the reaction pathway smoother.
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Figure 10 — Proposed mechanism of TisSiC, formation via a TisC, precursor; reproduced from [77].

Temperature,’C

Figure 11 — Titanium-carbon phase diagram; reproduced from [88].
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3.3.6  Synthesis of a TisC, precursor

The titanium-carbon phase diagram is shown in Figure 11. Titanium carbide is more accurately
presented as TiCix as the stoichiometry can be < 1. This has been presented as “TiCx” in the majority
of this work when the stoichiometry is unclear, with TiC mostly being used when the phase is believed
to be stoichiometric. A mixture of titanium and titanium carbide will be obtained if insufficient carbon

IS present.

The lattice parameters of TiCyx with varying values of x have been determined by Rudy for samples
guenched from the melt slightly above the solidus temperature and for reannealed samples [89]. A graph
of the variation of the lattice parameter with varying carbon stoichiometry is shown in Figure 12.
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Figure 12 — Graph showing the variation of the lattice parameter, a, of TiCx with change in
stoichiometry of carbon relative to titanium; reproduced from [89].
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Liuetal. produced TiCos, TiCo.7s and TiC by high-energy ball milling of Ti (74 um) and C (250 pm)
powders, where ignition was observed at 148 min, 178 min and 186 min respectively. Milling was
performed in a SPEX 8000 mixer mill with a hardened steel vessel and balls with a BPR of 10:1 at 20
Hz.

Lohse et al. used Raman spectroscopy to study the formation of TiCy by ball milling Ti and C [90].
A magneto ball mill with a stainless-steel vessel and multiple hardened steel balls was used under
helium. There are no Raman-active vibrational modes for stoichiometric TiC but carbon vacancies
induce disorder leading to Raman scattering [90]. The carbon peaks broadened with milling, indicative
of loss of long-range structure. Raman results indicated the formation of TiCy prior to ignition whereas
XRD results did not [91]. Prior researchers relied solely on XRD to determine the formation of TiCx.
Lohse et al. suggest that TiCy is present prior to ignition but the grain size or phase fraction may be too
small to be detected by XRD, therefore the heat released at ignition may be due to production of TiC or
recrystallisation of any TiCx already formed.

Lohse et al. show that XRD alone does not provide sufficient information of the powder evolution
process when milling Ti and C to form TiCx [90]. The mass absorption coefficient for Cu Ka is
208 m? g for Ti and 4.6 m? g* for C [92]. As a result, graphite is difficult to detect both by itself and
sandwiched between Ti particles during milling [90]. In the range observed, graphite is Raman active
and Ti is not. Stoichiometric TiC is not Raman active, but the presence of carbon vacancies in non-
stoichiometric TiCy leads to inelastic scattering. The following is typically observed in the Raman
spectra when milling Ti and C [90]. Initially, the graphite peaks at 1320 and 1590 cm'* are strong. As
milling progresses, these peaks broaden and weaken in intensity because the particle size of graphite is
reduced, defects are introduced, and C is combined with Ti to form TiCx. Concurrently, the TiCy peaks
at 260, 420 and 605 cm™ increase in intensity. The ignition time was observed by measuring the
temperature of the vessel with an infrared thermometer. Prior to ignition, only Ti peaks were observed
in the XRD pattern, whereas the Raman spectra indicated the presence of TiCy peaks. Post ignition,
TiCyx peaks were observed in the XRD pattern with a small peak for Ti. Variation in the intensity of
Raman spectra indicated that mixing was inhomogeneous.

3.4 Theory of Corrosion

Corrosion is defined as “the degradation of a metal by an electrochemical reaction with its
environment” [93]. For the electrochemical reaction to occur, a cathodic process (reduction reaction)
drives the anodic process (oxidation reaction). To determine whether corrosion is likely to occur, it is
important to consider both the thermodynamics and the kinetics of the reaction. The thermodynamics
refers to the tendency of the material to corrode. For a spontaneous reaction to occur, the products
should be more stable than the reactants, and this is defined by a negative Gibbs free energy of reaction,
AG. However, there is an energy barrier for rearrangement of the atoms from one arrangement (e.g.
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crystal structure) to another. This is the activation energy of the reaction, 4G?, and defines the kinetics
of the process.

Corrosion can occur in a number of different ways. When the material corrodes evenly across its
entire surface itis referred to as uniform or general corrosion. Dissimilar metal corrosion (a.k.a. galvanic
or bimetallic corrosion) occurs when the corroding metal is in contact with a metal which is significantly
more stable than itself. The less stable metal provides electrons to the stable metal where a cathodic
reaction occurs at its surface, providing the driving force for the less stable metal to corrode
preferentially. In general, if the anodic component has a larger surface area than the cathodic
component, it is usually stable to corrosion. However, if the anodic component has a smaller surface
area than the cathodic component, significant dissimilar metal corrosion is likely to occur.

Selective attack occurs when corrosion is non-uniform or localised. Examples include grain
boundary corrosion, intergranular corrosion, and selective leeching. These are also galvanic processes,
but they occur due to differences within the metal itself. The grain boundaries of a metal are less stable
than the grains, so can undergo an anodic reaction whilst a cathodic reaction occurs at the grains.
Intergranular corrosion is a form of grain boundary corrosion which is driven by the presence of
precipitates in the region where corrosion occurs. Precipitates in metals are typically intermetallics (e.g.
TiAlz) or compounds (e.g. TiC and TiSiy). If the precipitate is anodic to the bulk then it will corrode
preferentially, whereas if it is cathodic then the surrounding bulk material will corrode. Selective
leeching (a.k.a. dealloying or demetallification) is the preferential removal of one element from the
alloy, often resulting in a porous material.

Crevice and pitting corrosion are driven by concentration cells. Crevice corrosion occurs when a
small volume of the electrolyte is trapped next to the corroding material. The concentration of reactive
species in this volume becomes different to the bulk electrolyte, creating a potential difference which
drives the reaction. Pitting corrosion is similar to crevice corrosion but is initiated differently. A pit
forms at the surface of the material due to a defect and spreads radially outwards across the surface.

3.5 Corrosion of alloys in molten halides
3.5.1 Salt selection

The main categories of molten salts are halides, hydroxides, carbonates, nitrates and sulfates.
Nitrates have been used extensively in the chemical industry for over 60 years as heat transfer media.
However, MSRs require salts which are stable at > 700°C for most efficient operation; this rules out the
use of nitrate, sulfate and carbonate salts, which decompose at ~600°C [5].

Fluorides, chlorides and fluoroborates are the only salts which are stable for the required operating
conditions. All three categories are potential candidates for coolant salts. However, fluoroborates cannot
be used in the fuel salt without isotopic separation of !B due to the high neutron absorption cross section
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of 1°B. Furthermore, there is much greater experience with fluoride salts than chloride salts. This is
mainly due to the fact the fluorides are better for thermal spectrum reactors due to their lower neutron
absorption cross-section than chlorides. It is worth noting that chloride salts were considered in many
early fast reactor designs, and are the chosen fuel salt for the Moltex Energy stable salt fast
reactor [30,94]. The moderating ability of chlorine is significantly poorer than fluorine; the neutron
scattering and absorption cross-sections (for thermal neutrons) of the two elements are shown in Table
2 [95]. Fluorine has a larger scattering cross section, a lower absorption cross section and greater
moderating power (inversely proportional to the atomic mass) than chlorine, even when chlorine is
enriched to CI-37. However, both CI-35 and CI-37 pose additional difficulties for waste management
due to the formation of the highly mobile activation product CI-36 by neutron capture reactions.

Table 2 — Neutron absorption cross-sections for thermal neutrons of salt anion elements [95].

Element Natural Neutron scattering cross Neutron absorption cross

abundance / % section, a5/ barn section, ¢a / barn
B-10 20 3.1 3835
B-11 80 5.77 0.0055
F-19 100 4.018 0.0096
Cl - 16.8 33.5
Cl-35 75.77 21.8 44.1
Cl-37 24.23 1.19 0.433

For both chlorides and fluorides, the corrosion behaviour is mainly due to the impurities present in
the melt. These impurities increase the redox potential of the melt, leading to oxidation of alloying
elements by reaction with an oxidising species in the melt. However, when the melt chemistry is
adequately controlled, it is generally considered that fluorides are less corrosive than chlorides [96].
Combined with the fact that fluoride salts are more difficult to handle in a laboratory setting due to the
potential formation of HF and F gases, chloride salts present an ideal choice for initial corrosion testing
of new materials.

With regard to fluoride salts, salts containing 25-40mol.% BeF or ZrF4 have been found to exhibit
the least corrosion [5,97]. Furthermore, salts which enable very reducing environments to be
established, such as LiF-NaF-KF and BeF,-containing salts, are favourable for corrosion
prevention [5,97].

LiCI-KCl eutectic (LKE) is generally considered the lead candidate medium for possible future large
scale pyroprocessing of spent nuclear fuel. Therefore, significant information can be found regarding
its handling and use. KCI-MgCl, eutectic (KME) has the potential to have a very low-cost and is
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therefore considered for use as a secondary coolant salt in molten salt reactors [5]. However, the melting
point of KME is higher than that of LKE. The ternary salt LiCl(9mol%)-KCI(63mol%)-
MgCl,(28mol%) is a similarly likely candidate, with the best compromise between melting point, cost
and performance.

3.5.2 Corrosion mechanisms in molten halides

The oxidation products in chloride and fluoride melts are generally soluble in the melt, preventing
the formation of passivating oxide films [5]. Therefore, corrosion is driven by the presence of impurities
which act as oxidants (e.g. H.O, Oz, HF), thermal gradients, flow rates, and dissimilar materials
corrosion [5]. Note that due to the high temperatures involved, reactions are considered Kinetically fast
and thermodynamic data gives an adequate prediction of corrosion behaviour [98].

In a pure salt, reactions occur in order of forming the most stable halide species. Table 3 shows the
Gibbs free energy of formation per mole of halide for several elements of interest to a molten salt
reactor [99]. It can be seen that the alloying components of Hastelloy N are more stable metals (and
therefore less stable fluorides) in the order Cr < Fe < Ni < Mo. The fuel salt is composed of elements
which form very stable fluorides, in particular the alkaline fluorides. As an example, lead fluoride,
despite having favourable neutronic properties, cannot be used as a salt component because it is less
stable than chromium fluoride and iron fluoride, so would react with chromium and iron in the structural
materials.

The component of most concern in the fuel salt is UF4, as this can react with alloying elements to
form UF; as per Equation 10.

Equation 10
xUF, + M 2 xUF; + MF,

Consequently, the ratio of UF4/UF; is maintained at a particular value, most preferably 50-60, and can
be used as a measure of the redox potential of the system [3,5]. The redox couple is shown by Equation
11, and the corresponding Nernst equation is shown in Equation 12. The latter shows that the ratio of
UF4/UF; directly affects the potential. As a result, UF./UF; is used as a redox buffer —any perturbations
in the redox potential adjust the ratio of these two species. A similar redox couple can be envisaged
between UCI; and UCls. A number of other elements have been considered for use as redox couples for
coolant salts, including Sm(I)-Sm(I1), Yb(II)-Yb(ll), V(I)-V(I) and Eu(l)-Eu(ll) [100].
Furthermore, Moltex Energy have proposed the use of Zr(IV)-Zr(ll) as a redox buffer for their coolant
salt [30]. The potential is typically made more reducing by adding a metallic species which is a major
component of the salt to the melt, for example Be, Zr, Th or U.
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Equation 11

UF; + F~ = UF,

Equation 12

. 2.303RT . [a(UF,)
Efuer sait = Eyr,jur, + F & [a(UF3)]

Table 3 — Gibbs free energy of formation per mole of halide atoms for several elements of interest to
a molten salt reactor [99].

Halide AfGo73(MF,)/z ApGo73(MCl,)/z

(K] mol-1) (k] mol-1)
CXace) -196 10
MoXe -214 -30
WXee) -239 -38
NiX; -253 -80
PbX; -264 -112
FeX, -290 -111
CrX; -327 -138
TiXs -343 -144
SiXag -369 -134
UX4 -409 -187
AlX3 -419 -170
UX3 -431 -217
ThX4 -452 -226
KX -469 -344
NaX -474 -321
MgX;, -478 -245
LiX -523 -331
CaX; -531 -324

From the relationship shown in Equation 12 it is clear that thermal gradients can also be a key driver
for corrosion. It can be seen from the Nernst equation that a difference in temperature at two locations
will lead to a potential difference. This potential difference can act as a driver for corrosion reactions.
Consequently, material is dissolved from the hot section and deposited in the cold section.
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When fission reactions are considered, the most obvious concern is the formation of F, from uranium
fission. This can react with UF3 in the salt to form UF4, as per Equation 13. This raises the redox
potential of the salt and can cause corrosion of the structural materials as per Equation 10. Alternatively,
it can react with the fission products.

Equation 13

UF; + 3F, = UF,

The fission products formed can cause significant corrosion issues. The formation of stable metal
halides will also cause dissolution of elements in the structural material, as per Equation 14.

Equation 14
Cr+ MF, - CrF,+ M

The group 16 elements in particular are detrimental to the structural materials [3,5,101,102]. S, Se,
and Te can each exist in the (-1) and (-I1) oxidation states. O and S can be present as impurities and Se
and Te form as fission products. For example, metallic tellurium can react with alloy components such
as Ni and Cr to form intermetallic telluride species. The formation of intermetallic telluride phases in
the molten salt reactor experiment was found to cause significant corrosion and embrittlement of the
structural material [3,5]. Figure 13 shows the cross section of a Ni-based alloy which has undergone
intergranular corrosion by exposure to tellurium in fluoride salts at 700°C [3]. Tellurium embrittlement
has been largely resolved for Ni-based alloys by the use of Nb as an alloying element [5,101,102]. An
alternative method is to maintain a low redox potential so that metallic tellurium does not exist in the
salt, for example by reacting with a ZrF, redox buffer to form ZrTe,. A further method is to reprocess
the salt by online reprocessing, where Te can undergo fluorination to a higher oxidation state whereby
it forms a gaseous TeFs compound and is removed from the salt [103,104].

k 200 um

Figure 13 — Intergranular corrosion of a Ni-based alloy (Ni-21.5Cr-13.7Mo-3.8Fe-3W) by tellurium-
containing fluoride salts at 700°C; reproduced from [3].
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Impurities such as H,O and O- are largely eliminated by processing the salt prior to use, but there is
always the possibility that such impurities could be introduced during operation. Oxidants undergo
cathodic reduction, removing electrons from the structural material to form soluble species.
Furthermore, the potential formation of oxide films by reaction with H,O or O; results in oxides, such
as NiO, which react with the fuel or coolant salt to form soluble halides (Equation 15). Such reactions
will continue until the most stable oxide species is formed. For example, the uranium dioxide formed
in Equation 15 will react further in the presence of zirconium fluoride as per Equation 16.

Equation 15

2NiO + UF, - NiF, + U0,

Equation 16
U0, + ZrF, —» UF, + Zr0,

It is also possible that corrosive hydrogen halide and dihalide gases can form due to the presence of
impurities or by the formation of their tritium-based equivalents from neutron activation of lithium.
These can be absorbed by the melt and react directly with the metallic species to form soluble halides,
as per Equation 17 and Equation 18. In significant quantities, the formation of hydrogen gas could lead
to embrittlement of the structural materials through the formation of hydrides.

Equation 17

Cr+2HX - CrX, + H, T

Equation 18
Cr +X, - CrX,

Overall, impurity driven reactions can lead to initially high corrosion rates if the salt has not been
adequately purified, but eventually cease upon complete reaction. However, the redox potential
increases gradually as uranium fissions leading to corrosion. Additionally, when fission products are
considered, reactions with tellurium or noble species causes further corrosion.

Novikov stated a number of design constraints used in an earlier Russian molten salt reactor program
to produce a reactor that can withstand 30 years of operation [105]. In particular, it was decided that the
rate of corrosion should not exceed 10 um y*. Additionally, corrosion should be uniform; methods of
local corrosion such as pitting or intergranular corrosion are relatively unpredictable in their behaviour.
It is also stated that the pressure on the walls due to salt is approximately 2 MPa, therefore if a ten-fold
safety factor is used the material must be able to withstand 20 MPa of pressure at the operating
temperature for the reactor lifetime.
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3.5.3 Salt Purification Methods

Fluoride salts are typically purified by sparging with a mixture of HF/H, gas then adding a reactive
metal which is part of the salt composition [3,5]. The ratio of HF/H, must be carefully controlled as HF
is soluble in the salt. Fluoride salts are easier to purify than chlorides as fluorine more readily displaces
oxygen due to its greater electronegativity, although from a safety perspective HF is much more
challenging to use. The most common method for purification of chloride salts is to dry the solid salt
under vacuum above the temperature at which water is removed, then sparge with HCI gas for an
extended period of time. However, this method is incapable of completely removing oxygen from the
melt, and typically a few wt.% of oxygen remains.

Carbochlorination has been shown to be a more effective method of sparging, reducing the oxygen
content to ~3 ppm when LKE was sparged for 4 h at 800°C using nitrogen saturated with carbon
tetrachloride [106]. The reactions by which this purifies the salt are shown in Equation 19 and Equation
20 [106,107]. However, the degree of purification was limited by the formation of carbonate salts by
absorption of carbon dioxide. It is worth noting that the use of chlorofluorocarbons is highly regulated
due to their effect on the ozone layer of the atmosphere.

Equation 19

CCl, T +20%~ = CO, T +4CI-
Equation 20
CCl, T +0?% = COoCl, T +2CI~
Further purification can be achieved by adding NH.CI to the melt. It removes residual oxide as water

through the reaction shown in Equation 21.

Equation 21
2NH,Cl + 0%~ = 2NH;3 T +H,0 T +2CI~

HCI and CCl, are both hazardous gases. A simpler purification method was therefore used by
Lambert [42], and was adopted in this work. By applying a positive current to the melt, chlorine gas is
produced at the working electrode and lithium metal is deposited at the counter electrode. The chlorine
gas then reacts with any oxide impurities, liberating oxygen gas from the melt. The associated metallic
impurities form chlorides and migrate to the counter electrode, where they react with metallic lithium
and are deposited on the counter electrode and removed from the salt.
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3.6 Materials development for molten salt reactors

3.6.1 Materials Requirements

The materials used in the primary circuit must maintain their performance when used up to 700-
750°C [4]. They are the main limiting factor for the operating temperature of the reactor, so improved
materials capable of operating at higher temperatures would be ideal. The outside of the materials will
be exposed to nitrogen gas, but some air is expected to be present. Therefore, moderate oxidation
resistance is necessary unless a coating can be used.

In a thermal spectrum the expected neutron fluence over 30-50 years is approximately 1-2 x 10%°
neutrons cm2, and in a fast spectrum it is 5-8 x 10! neutrons cm™ [4]. The materials must be capable
of withstanding high levels of irradiation damage. It is worth noting that resistance to irradiation may
be improved at higher temperatures as the damage is annealed out of the microstructure; however,
effects such as radiation-induced corrosion may be enhanced. In particular, radiation damage causes
embrittlement of the materials, primarily by the neutron activation of Ni-58 which leads to alpha decay
and formation of helium bubbles.’

The material must be fabricable into a variety of shapes and must be weldable or capable of joining.
Tubing thickness will vary for different components, but some components may require thicknesses
less than 1 mm. Depending on the component and the reactor design, these materials may need to
withstand damage for up to 60 years.

The ideal maximum corrosion rate can be found by optimising the size and thickness of a component
with consideration of the minimum thickness where it could maintain its structural properties. In
general, <5 um y! is a reasonable target (<300 um after 60 years), and <2 pumy? (120 um after 60
years) would be ideal.

3.6.2 Stainless Steels

Stainless steels have been tested in molten fluoride salts, but they are generally regarded as
unsuitable for use [5]. This is primarily due to their high chromium content. Extensive experiments
have been performed in the USA and Russia. 304SS and 316SS have been tested at ORNL. In closed
loop systems at 600-650°C, a maximum uniform corrosion rate of 21 um y* was observed for 304L
and 25 pm y?! for 316 [108]. Russian-made austenitic steels were tested at the RRC-Kurchatov
Institute [5]. Comparable results with the 300-series stainless steels were observed for 12H18N10T (Fe,
18% Cr, 10% Ni, 1% Ti, 0.12% C) and AP-164 (Fe, 15% Cr, 24% Ni, 1.5% Ti, 4% W, 0.08% C). It

! Formation of Ni-59 is also highly probable, and Ni-59 can undergo reactions to form Fe-56 and an alpha
particle in a thermal spectrum or Co-59 and a proton in a fast spectrum. These processes have been studied in a
research project by Miles Alexander Stopher at the University of Cambridge [243].
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may be possible to use these steels in very reducing conditions, but the tolerance would be much lower
than for nickel-based superalloys, which are the primary choice for structural materials. However, it is
worth noting that their radiation tolerance is regarded as significantly high and there are numerous
materials which are already approved for use; for these reasons, Moltex Energy are considering the use
of alloys such as HT9 [30]. Further references regarding the corrosion of steels can be found in the
review by Ignatiev and Surenkov [5].

3.6.3 Nickel-Based Superalloys

A description of the microstructure of nickel-based superalloys can be found in the review by
Pollock and Tin [109]. A description of the alloying elements and the role they play in the alloy
chemistry is shown in Table 4 [110]. The compositions of numerous nickel-based superalloys which
have been used in or developed for molten salt reactors are shown in Table 5 [5].

Table 4 — The effects of various alloying elements on the properties of nickel-based superalloys;
reproduced from [110].

Effect Fe-Ni Base Ni Base
Solid Solution Strengthener Cr, Mo Co, Cr, Fe, Mo, W, Ta, Re
FCC Matrix Stabilizers C, W, Ni -
Carbides MC Ti W, Ta, Ti, Mo, Nb, Hf
M:Cs - Cr
M23Cs Cr Cr, Mo, W
MsC Mo Mo, W, Nb
Carbonitrides C,N C,N
Promotes General Precipitation of Carbides P -
Forms y’ Nis(Al, Ti) ALNi, Ti AL Ti
Retards Formation of Hexagonal n (NisTi)  Al, Zr -
Raises Solvus Temperature - Co
Hardening Precipitates and/or Intermetallic  Al, Ti, Nb  Al, Ti, Nb
Oxidation Resistance Cr Al Cr, Y, La, Ce
Improves Hot Corrosion Resistance La, Y La, Th
Sulfidation Resistance Cr Cr, Co, Si
Improves Creep Properties B B, Ta
Increases Rupture Strength B B
Grain-Boundary Refiners - B, C, Zr, Hf
Retards y’ Coarsening - Re
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Table 5 — Compositions of numerous Ni-based superalloys which have been developed for use in
molten salt reactors
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Ni >72 67 >56 >70 >74 >76 >76 >77 >74
Cr 14-17 - 4.0-6.0 7.52 6-8 6-8 7.61 6.81 6.85
Mo - 28 23-26 16.28 11-13 11-13 12.2 13.2 15.8
Ti - - - 0.26 2 — 0.001 0.93 0.026
Fe 6-10 5 4.0-7.0 3.97 0.1 0.1 0.28 0.15 2.27
Mn <1.00 - <1.00 0.52 0.15- 0.15- 0.22 0.013 0.037
0.25 0.25
Nb - - - — 0-2 1-2 1.48 0.01 <0.01
Si <0.50 - <1.00 0.5 0.1 0.1 0.04 0.04 0.13
Al - - - 0.26 — — 0.038 1.12 0.02
w - - - 0.06 — — 0.21 0.072 0.16
Cu <0.50 - - 0.02 — — 0.12 0.02 0.016
Co - - <25 0.07 — — 0.003 0.003 0.03
Ce - - - — — — 0.003 0.003 <0.003
Zr - - - — — — — — 0.075
B - - - <0.01 0.001 0.001 0.008 0.003 <0.003
S <0.015 - <0.03 0.004 0.01 0.01 0.002 0.001 0.003
P - - <0.04 0.007 0.01 0.01 0.002 0.002 0.003
C <0.015 - <0.12 0.05 0.05 0.05 0.02 0.025 0.014

The first alloy to be used in a molten salt reactor was Inconel 600. This was used in the Aircraft
Reactor Experiment and exposed to NaF-ZrFs-UF4-UF; at 850°C. The corrosion was too severe, and it
possessed insufficient strength. Hastelloy B and Hastelloy W were pre-existing alloys which also
underwent significant testing. The absence of chromium and high molybdenum content of Hastelloy B
significantly improved the corrosion resistance in fluoride salts, even to temperatures exceeding
1000°C. However, the high molybdenum content of both alloys led to the formation of Ni-Mo
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intermetallic species which increased the brittleness of the materials considerably. Ultimately, the
brittleness and poor fabricability, and in the case of Hastelloy B the lack of oxidation resistance, mean
that these alloys cannot be used.

Following this experience, Hastelloy N was developed and used successfully in the molten salt
reactor experiment. Through extensive testing in loops containing Li,Be, Th,U/F the maximum
corrosion rate was determined as 5 um y*. Additionally, the corrosion rate in the MSRE, which used
Li,Be,Zr,U/F up to 704°C for 3y, was <20 um y. This higher rate was due to an increase in redox
potential during operation and corrosion from fission products, particularly tellurium.

Two key materials issues were encountered with the use of Hastelloy N in the MSRE, neither of
which were due to fluoride-based corrosion. The first issue was helium embrittlement from alpha-decay.
Ni-58 undergoes a nuclear reaction under neutron bombardment to form Fe-55 by neutron capture and
alpha-decay Equation 22 [3]. This produces helium, which is nucleated as discrete voids within the
alloy matrix. This was resolved in future alloys by the use of fine carbide precipitates which retain the
helium and prevent its accumulation at grain boundaries. Coarse carbide precipitates are present in
Hastelloy N due to the presence of Mo and Si; however, reduction in the content of these elements
(from 16% to 12% Mo and from 0.5% to 0.1% Si) and addition of a carbide former such as titanium
resulted in the formation of fine carbide precipitates which prevent embrittlement.

Equation 22
SENi + N = 52Fe + 4a

The second key issue was tellurium embrittlement, which results in the formation of microcracks
and stress corrosion cracking. This can be resolved by maintaining the fuel under reducing conditions.
Experiments were performed by exposing samples to gaseous tellurium. Comparison of Hastelloy N
with Inconel 601 (Ni, 22% Cr, 12% Fe) revealed that the latter did not suffer the same effects, indicating
that tellurium embrittlement can also be controlled by changing the alloy composition. ORNL identified
Nb as an alloying element which could prevent tellurium embrittlement. It was later identified that the
most representative experimental testing method was to create a slurry of metal tellurides such as LixTey
and CrxTey in a stirred melt.

Following the identification of the use of Ti to prevent radiation embrittlement and Nb to prevent
Te embrittlement, the issue was to find an alloy composition which could also retain the beneficial
properties identified with Hastelloy N such as corrosion resistance and creep resistance. Upon
cancellation of the research programs in the USA, much of the further alloy design work was carried
out by Russian researchers. A review of this work has been written by Ignatiev and Surenkov [111].
The best composition they have found is HN8OMTY, which has the composition shown in Table 5.
There has also been research in the nuclear fusion field in order to produce FLiBe resistant materials; a
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number of references are summarised by Delpech [3]. The European SAMOFAR project has also
recently investigated the use of nickel alloys containing significant quantities of tungsten [3,112].
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Figure 14 — Cracking behaviour as a function of redox potential for Hastelloy N exposed to MSBR
fuel containing CrsTes and CrsTeg at 700°C for 260 h; reproduced from [5].

3.6.4 Molybdenum Alloys

The development of a MSFR in the UK preferred the choice of molybdenum or alloys such as TZM
as a structural material due to the use of lead as the primary coolant [4]. Based on strength requirements
alone, the working temperature limit in molten chlorides was predicted to be 1000-1200°C for the initial
UK MSFR design (relative to 600°C for stainless steel and 700°C for Hastelloy N) [11]. More recently,
the corrosion resistance of these alloys has been investigated by Jantzen [43].

3.6.5 Alternative Materials

There has been some investigation of oxide-dispersion strengthened (ODS) alloys due to their
improved mechanical properties at high temperatures [113]. Oxide particles pin grain boundaries,
preventing growth and grain movement. The resistance of such alloys to corrosion in fluoride salts is
guestionable, as one would expect the oxide particles exposed at the surface to dissolve, increasing the
oxoacidity of the melt and exacerbating corrosion.

NiMo-SiC alloys, referred to as dispersion and precipitation-strengthened (DPS) alloys have been
prepared by Chinese and Australian researches via powder metallurgical routes [114]. The motivation
for the work was based on the fact that ODS steels are unsuitable for use in molten fluorides due to the
presence of oxygen [113], whereas nanoparticles of SiC, which are stable in molten fluorides to very
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high temperatures, may provide the same high temperature dispersion strengthening. Ni-SiC alloys were
prepared initially, and NiMo-SiC alloys were developed later [114,115]. Overall, there is a lot of
promise for these materials, but they are still in the preliminary stages of development.

The use of coating technologies should not be ruled out. Nickel plating would be particularly useful
for secondary loops and reprocessing components. The likelihood of He embrittlement from neutron
capture and tellurium embrittlement would likely limit their usefulness in the primary circuit [3,5]. Mo
and W would likely form similar corrosion resistant platings, which may be more resistant to these
problems. There are also numerous techniques for coating materials such as steels or nickel alloys with
carbides or nitrides. These would be expected to have significant resistance to both fluoride salt
corrosion and irradiation damage. In particular, it has been observed that carbide precipitates prevent
embrittlement from radiation damage, and niobium and titanium carbides in particular show resistance
to tellurium embrittlement. For molybdenum carbide in particular, relatively simple methods exist to
electroplate samples in molten fluoride salts [116,117].

3.7 Chemical reactivity of MAX phases

The MAX phases are, in general, resistant to chemical attack [38]; the M,.1Xn layers in particular
are chemically stable, whilst the A layers are more weakly bound so tend to be the most reactive species.
It has been found that the diffusivity of the A-group element is at least two orders of magnitude greater
than that of the transition metal [38,118]. Particularly in the absence of an oxygen-containing
environment, a common theme in the stability and corrosion mechanisms of MAX phases is loss of the
A-group element to form an ordered, non-stoichiometric MX, compound (named MXene when
isolated), followed by de-twinning to form an ordered MX, compound. This is essentially the opposite
of the reaction observed by Riley and Kisi [77,85].

3.7.1 Reactivity with nickel

The reactivity of MAX phases with nickel has been investigated in order to determine whether they
can be used in combination with superalloys [38,119-125]. In particular, Yin et al. investigated the
diffusion bonding of Ti;SiC, with Ni, and Lu et al. investigated brazing Ti-AIC to Ni with a Ni-based
filler [119,120].

Yin et al. found that a maximum shear strength (121 +7 MPa) close to that of
Ti3SiC, (130 = 18 MPa) could be obtained, indicating that diffusion bonding is a suitable technique for
joining TisSiC, and nickel [119]. Two reaction layers formed between the two materials, and the rate
of reaction was controlled by diffusion of Ni through the reaction layers. As the thickness of the reaction
layers increased, the rate of reaction slowed due to resistance to the diffusion of Ni.

Lu et al. obtained an even greater maximum shear strength (193 MPa) when brazing Ti,AIC to Ni
with a Ni-based filler alloy, BNi-2 (melting point 1000°C) [120]. The shear strength of Ti,AIC is
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223 MPa. Ni diffused along the grain boundaries of Ti,AIC (as with TisSiC,). Al then dissolved in Ni
via a solid-state reaction to form NisAl, leaving behind ordered TiCx nanolaminates. There were further
reaction zones and phases along the braze to the Ni substrate, including a TiB phase formed from TiCx,
with four zones between the Ti,AIC and Ni substrates. As with TisSiC,, the thickness and rate of growth
of the reaction zone was determined by the diffusion of Ni. They also note that based on the binary
phase diagrams, the solid solubilities of Ti and Si in Ni are ~9% and ~12% respectively.

3.7.2  Reactivity in molten metals

When exposed to liquid metals, the rate of reaction is directly proportional to the solubility of the
A-group element in the melt. For example, the solubility of Al and Si in Cu is high, therefore Ti,AIC
and Ti3SiC; react readily with molten Cu, whereas solubility in molten Mg is low and they do not react
even at 850°C.

El-Raghy et al. investigated the reaction of TisSiC, with molten aluminium [126]. They observed
dissolution of Si leaving behind TiCx. By measuring the variation of reaction layer thickness with time
at different temperatures, the activation energy and rate constant of reaction was determined.

MAX phases such as TisSiC, and TisAlC, show promise for use in lead-cooled fast reactors because
of the low solubility of Al and Si in molten Pb and Pb-Bi alloys [38,48-53,127]. Furthermore, the
materials are tolerant to small quantities of oxygen in the melt due to the formation of protective surface
oxide layers. Exposure tests have been performed at the entire range of operating temperatures for
significant durations, and under both static and dynamic conditions with little, if any, corrosion
observed.

3.7.3 Reactivity in molten salts

Limited research has been performed on the corrosion of MAX phases in molten chloride and
fluoride salts. Mroz was the first to expose MAX phases to molten salts, exposing samples of TisSiC,
to molten cryolite [128]. Barsoum et al. repeated their experiments [129]. Later, Naguib et al. exposed
Ti,AlC to LiF [41]. In all these experiments there was no attempt to control the oxygen content of the
melt, so it is no surprise that significant corrosion was observed. Li et al. exposed TisSiC; and TisAlC;
to molten LiF-NaF-KF under an argon atmosphere, but access to the full paper has not been
obtained [130]. MAX phases have also been exposed to other molten salts such as carbonates [131],
hydroxides [132] and sulfates [133,134], as well as chloride-containing sulfate salts [135,136]. Liu et
al. exposed TisSiC, to NaCl at 850°C in air as a control for comparison to chloride-containing sulfate
salt and observed a slight mass gain [135]. Furthermore, various researchers have successfully produced
MAX phases in molten chloride salts [137-142].

Mroz exposed TisSiCo-TiC composites to cryolite at 900-1000°C for up to 100 h [128]. It was
concluded that the samples showed reasonable corrosion resistance, but the results were mixed. Three
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of the five samples showed a total mass loss of < 5%, whereas the other two samples lost 15-20% of
their mass. In particular, heavily corroded samples showed severe corrosion at the cryolite-air interface,
suggesting that corrosion was exacerbated by oxygen.

Barsoum et al. exposed samples of TisSiC, to molten cryolite at 960°C for 100 h to validate the
results of Mroz and concluded that it was not stable [129]. Air was bubbled through the melt (which
also contained 5% Al»Os), which agrees with the fact that Mroz observed severe corrosion at the
cryolite-air interface and clarifies why the results of Barsoum et al. conclusively showed that TisSiC.
was unstable. They observed loss of Si, forming partially-ordered cubic Ti(Co.7,Sio.0s). Si was removed
from the basal planes and diffused to the TisSiC-cryolite interface via the grain boundaries, and residual
Si could be observed in the centre of the grains (Figure 15). Characterisation by XRD revealed that the
(111) peaks of the Ti(Cos7,Si00s) phase were more intense than the (200) peaks and the intensity
switched after the sample was annealed, indicating an order-disorder transition.
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Figure 15 — Micrographs of TisSiC; after exposure to molten cryolite at 960°C for 100 h; reproduced
from [129]. Left: intergranular corrosion is clearly visible. Right: the grain centres contain residual Si
after removal along the basal planes.

Naguib et al. attempted removal of the Al layer in powdered Ti.AIC by exposure to LiF at 900°C in
air for 2 h to obtain TiCyx with ordered vacancies, otherwise known as MXenes, for use as anodes in
lithium-ion batteries [41]. They found that Al diffused out of the structure to react with LiF and form
LisAlFs. The change in molar volume to TiC, was small (~-2%), suggesting that minimal cracking
would occur in bulk samples, potentially maintaining mechanical properties and preventing further
corrosion. They showed that oxygen is crucial for the reaction to occur as the reaction rate was
significantly greater in air than in vacuum, thus corrosion may be hindered in a non-oxidising
atmosphere. Presence of oxygen led to the formation of an A.Oy layer which readily dissolved in the
molten salt. This is consistent with observations of alloy corrosion in molten halides, where presence
of oxygen in the salt exacerbates the rate of corrosion via formation of a soluble metal oxide [3,5]. A
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non-oxidising atmosphere is maintained in MSRs in order to prevent the formation of UO, from UF.,
the precipitation of which is a criticality concern [143].

Li et al. exposed TisSiC, and TisAlC, to molten LiF-NaF-KF at 850°C for 144 h in airtight graphite
crucibles under an argon atmosphere [130]. They observed loss of the A element in both materials,
leaving TiCy as the product. Aluminium was completely removed from the structure, whereas Si was
only partially lost to a depth of 150 um. Consequently, TisSiC, was much more corrosion resistant than
TisAlC,, although the severe depth of corrosion suggests neither MAX phase composition is resistant
to corrosion in molten fluorides.

Liu et al. exposed TisSiC, to NaCl at 850°C in air for up to 100 h [135]. A slight mass gain of
2 mg cm was observed, and the same result was obtained for a sample exposed to 25wt.% Na,SOs-
75wt.% NaCl. As the Na,SO, content was increased further, severe corrosion and spalling was
observed. There was no evidence of chlorine-based corrosion products, and the corrosion layer
consisted of oxides including titanium dioxide, sodium titanates, sodium silicate and silicon dioxide.

It is also worth noting that many researchers have successfully synthesised MAX phases in molten
salts, particularly molten chlorides [137-142]. This suggests that MAX phases should be relatively
stable in molten chloride salts under certain conditions. However, it is unclear whether leaving the
reactions to occur over longer periods of time would form equilibrium products other than that of the
pure MAX phase.

3.7.4 Reactivity with gaseous halogens

In the presence of Clyg), MAX phases typically undergo loss of both the M- and A-group elements
to produce carbide-derived carbons [38,144-146]. The overall reactions for Ti;AIC; and TisSiC, are
shown by Equation 23 and Equation 24 respectively. Yushin et al. note that CClsg is stable at
temperatures below ~600°C which can limit the formation of carbide-derived carbons [145]. Gogotsi
et al. note that carbide-derived carbon can store Cly) [144].

Equation 23
TlgAlCZ(s) + 75Cl2(g) = ZC(S) + 3TlCl4(g) + AlClg(g)
Equation 24

Ti3SiCas) + 8Cly(gy 2 2C(s) + 3TiCly(gy + SiClagy)

Naguib et al. exposed Ti,AlC to anhydrous HF () at 55°C for 2 h [147]. Carbon was removed from
the structure as methane and the remaining Ti,Al reacted with fluorine to form small cuboids of TiAlFy
(Equation 25).
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Equation 25
. . 1 1
leAlC(S) + 11HF(g) = TLZAZF‘)(S) + ECH4'(g) + ECF4'(g) + 45H2(g)
3.7.5 Reactivity in aqueous solutions

Travaglini et al. exposed TisSiC; to dilute HF for 6 months and observed minimal corrosion, with a
corrosion rate of ~5 umy* [148]. Naguib et al. exposed a number of Al-containing MAX phases,
including TisAIC,, to HF of varying concentration [149,150]. Whilst some samples such as Ti>AIC
underwent complete dissolution in concentrated HF solutions, it was possible to selective leech Al
below a certain concentration [150]. The reaction was summarised by Equation 26 to Equation 28,
producing Mn+1 X, sheets which underwent further reaction to incorporate fluoride and hydroxide ions
on the faces of the sheets (Figure 16). The M,+1CnT> phase has the same space group as TisAlC,. The
c-axis lattice parameters for TisC2(OH), and TisC2F, were determined by DFT as 19.494 A and 21.541
A respectively (c.f. 18.554 A for TisAIC,), and the value determined by XRD was 20.51 A (c.f. 18.42 A
for TisAIC,) [149,150]. When separated by sonication, the sheets have properties similar to graphene
and consequently have been named MXenes. The same process has since been achieved with milder
reagents such as NH4F [151,152].

Equation 26
My41 AlXy + 3HF qq) = AlFs + SHy + My 1 X,
Equation 27
My11Xn + 2H;0 = My 41X, (OH), + H,
Equation 28

Mpi1Xy + 2HF 2 My, 1 X, Fy + H,

Lukatskaya et al. selectively etched the M and A elements from TizAIC,, Ti,AIC and TisSiC; in
dilute aqueous solutions of HF (5wt.%), HCI (10wt.%) and NaCl (5wt.%) by anodic dissolution [153].
The results were similar to those obtained by exposure to chlorine gas, producing predominantly
amorphous carbide derived carbon, but without the necessity of elevated temperatures. The carbide
derived carbons presented as black films and were confirmed by Raman spectroscopy; they were
amorphous and therefore not detected XRD. Pitting corrosion occurred with TisSiC in HCI, and gas
evolution was observed > 2.0 V (vs. Ag/AgCl). Peaks were observed in the cyclic voltammograms of
TisAIC, and Ti,AIC, indicating that dissolution occurred in a two-step process. Aluminium was
removed in the first step, and both aluminium and titanium were removed in the second step.
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Figure 16 — Diagram showing the reaction of TisAlC; with aqueous HF: (a) the original TI;AIC;
structure; (b) removal of Al by reaction with HF to form TisC; sheets which subsequently react with
H-0 to incorporate hydroxyl end-groups (or HF to incorporate fluoride end-groups); (c) separation of
the TisC,T> sheets after sonication, resulting in a two-dimensional material with similar properties to

graphene; reproduced from [149].

Li et al. investigated the corrosion resistance of TisAIC; in 1 M NaOH and 1 M H,SO4 [154]. A
passive TiO; film formed in NaOH, but in H,SO,4 a sufficient passivation layer did not form, and
intergranular corrosion of the material occurred. This latter case may be similar to corrosion in molten
halides where a stable passivation layer does not form. In both solutions it is suggested that dissolution
of titanium as a metallic species occurs during the cathodic process, followed by oxidation to oxides of
titanium during the anodic process. Furthermore, it is suggested that the same occurs for aluminium in
H>SO4, whereas in NaOH the aluminium in TisAlIC; is oxidised to Al,O3 during the cathodic process,
following which it dissolves by reaction with hydroxide anions.

3.7.6  Anisotropy

Du et al. investigated the effect of texture on corrosion of Ti>AIC and TizAlC; in supercritical water
at 500°C [155]. The grains were aligned with the (00I) planes perpendicular to the hot-forge direction.
The (00I) planes, which consist of layers of Ti»C and TisC,, were more corrosion resistant than the sides,
where Al atoms were exposed and could be easily removed. Of further note, the corrosion mechanism
occurred via formation of an anatase phase followed by a transition to a rutile phase, resulting in

cracking due to volume changes.
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3.8 Chemical Reactivity of Titanium Carbide

Pierson states that TiC is susceptible to attack by HNOs, HF, and the halogens [88]. Limited research
has been found on the corrosion of titanium carbide in molten halide salts. However, various researchers
have successfully produced TiC coatings in molten chloride and fluoride salts, indicating that it is
relatively stable in such media [156-158].

Popov et al. investigated the electrochemical behaviour of Ti and TiC in molten LKE [159]. Anodic
dissolution of TiC in LKE produced stable Ti(lll) species, whereas that of Ti produced stable Ti(ll)
species. A cyclic voltammogram of TiC in LKE containing a small concentration of TiCls is shown in

Figure 17.
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Figure 17 — Cyclic voltammogram of TiC in 450°C LKE containing 6.3 x 102 M TiCls at a scan rate
of 0.05 V s?; reproduced from [159].

Gu et al. studied the corrosion of TiC, SiC and TiC-SiC composites in molten LiF-NaF-KF at 800°C
under argon for 25-200 h to determine their compatibility for use in molten salt reactors [160].
Intergranular corrosion was observed for all TiC-containing samples due to diffusion of Ti along the
grain boundaries. SiC and the SiC-containing samples performed better than TiC due to formation of a
carbon-rich protective layer on the surface from uniform depletion of Si. The mass loss of TiC after
200 h exposure was < 5 mg cm™, and that of SiC was ~2 mg cm. Additionally, earlier work by Wang
et al. investigated the properties of ZrC-SiC composites and observed significantly greater weight loss

due to selective attack of zirconium [161].
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4 Materials and Methods

This chapter summarises the parameters used for synthesis and characterisation techniques and the
materials which were used for synthesis and corrosion testing. All materials and methods used in this
work are as described in this chapter unless otherwise stated. Further details of the theory of these
techniques can be found in Appendix A.

4.1 Materials

Samples of MAX phases were prepared using the following reagents. Titanium powder (-100 mesh,
99.7% purity, Aldrich), aluminium powder (-200 mesh, 99% purity, Acros Organics) and titanium
carbide powder (2 um, 99.5% purity, Alfa Aesar) were used for initial samples prepared by a non-
precursor method. Later, titanium powder (-200 mesh, 99.5% purity, Alfa Aesar) and graphite powder
(general purpose grade, Fisher Chemical) were used to prepare TiCx precursors. An additional sample
was prepared using silicon powder (-325 mesh, 99% purity, Aldrich) in place of aluminium. All powder
handling operations were carried out in an argon atmosphere with < 0.1 ppm Oz and < 0.1 ppm H0.

Samples of Maxthal 312 were prepared using fine-grade powder (2.5 um, 92wt.% Ti3SiC,, 8wt.%
TiC) from Kanthal — see Appendix D. Samples of titanium carbide were prepared from titanium carbide
powder (2 um, 99.5% purity, Alfa Aesar) — see Appendix E. Both powders were used on a benchtop
with exposure to atmosphere.

LiCl (Alfa Aesar, >99%), KCI (Sigma Aldrich, >99%) and MgCl, (Alfa Aesar, >99%) were used in
the preparation of eutectic mixtures for electrochemical experiments and corrosion testing.

4.2 Synthesis Techniques
4.2.1 Mechanical Alloying

Initially, milling was performed using a Retsch CryoMill and a hardened steel milling vial. Milling
parameters are described in further detail in the relevant sections. For samples prepared from TiC, liquid
nitrogen cooling was used, and a 25 mm diameter hardened steel ball was used as milling media in a
later sample. Milling was conducted for 30 min at 22 Hz in 5 min intervals with 2:40 min intercooling
stages. A further sample was prepared from a TiCy precursor by milling for 4 h at room temperature in
30 min intervals with no intercooling stages. The precursor was mixed with Al by milling without

milling media at room temperature for 30 min.

Later samples were prepared using a SPEX 8000M Mixer/Mill with a tungsten carbide vial set and
two 11.2 mm diameter tungsten carbide balls. Milling was performed in 1 h intervals. The precursor
was mixed with aluminium by milling with a single 11.2 mm diameter tungsten carbide ball for 10 min.
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4.2.2 Spark Plasma Sintering

Sintering was achieved via spark plasma sintering (SPS), in an FCT HD P 1050 Systeme GmbH
SPS. The sintering parameters for each material are summarised in Table 6. Heating was carried out
under vacuum for all samples, and a 20 mm diameter graphite die lined with graphite paper was used.
The majority of samples of TisAIC, were prepared with boron nitride coated graphite paper and boron
nitride coated graphite punches.

Table 6 — SPS parameters for all target materials.

Target Reagent Maximum Ramp Holding Dwell On/Off
Material Mass/ g Uniaxial Rate/  Temperature/ Time/ Pulse
Pressure / MPa  °C min? °C min Time/s
(kN)
TizAIC, 6-7.5 50 (16) 50 1000-1400 15-30 12/2
TisSiC2 7.5 50 (16) 50 1350 15 12/2
Ti,AIC 7.5 30 (10) 80 1100 8 12/2
Maxthal 312 7 50 (16) 100 1400 10 12/2
TiC 7.5 50 (16) 200 2000 15 15/5

4.2.3 Synthesis Parameters of Static Corrosion Test Samples

Samples of Ti;AlC; used for static corrosion tests were prepared by milling titanium and graphite
powders for 2 h in a SPEX 8000M Mixer/Mill, mixed with 1.0 parts aluminium then reactively sintered
by SPS at 1350°C for 15 min (see 5.1). The phase fractions from Rietveld refinement were 95t1wt.%
TisAlC; and >99% relative density. Samples of Maxthal 312 (Appendix D, § 14.2) and TiC (Appendix
E, § 15) were prepared using the parameters in Table 6.

4.3 Characterisation Methods

4.3.1 Micropreparation

Micropreparation of samples was performed in several stages using a Buehler Automet. Initial
grinding was performed with a grit P120 (142 um [162]) MetPrep Matrix diamond grinding disc until
all external graphite and titanium carbide was removed and the sample was plane. This was followed
by grinding with grit P600 (14 um [162]) MetPrep Matrix and 3 um Buehler Apex diamond grinding
discs, and polishing with a 1 pm Buehler MetaDi™ Combo Monocrystalline Diamond Suspension +
Extender diamond suspension on an Microcloth. Samples for image analysis and nanoindentation
hardness testing also underwent an additional polishing stage with colloidal silica on a Chemomet pad.
Each stage was performed in 3 min cycles with 15 N force, 141 rpm platen speed, 60 rpm head speed
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and complimentary rotation until the appropriate sized scratches were removed. The samples were then
sonicated in isopropanol.

Samples of MAX phases for corrosion tests were prepared by polishing both faces of the circular
samples to 1 um as above, then cutting the samples into bars. Cutting was achieved with a Buehler
IsoMet™ Low Speed Precision Cutter using a 0.5 mm thick 20 LC Buehler IsoMet™ Diamond
Wafering Blade at a speed of 4-8 rpm. The sides of the samples were then polished by hand to grit
P1200 (6 um [162]), although the sides of some earlier samples were polished to 3 um. Samples of TiC
were polished to 1 pm on both faces and an attempt was made to remove graphite from the sides, but
the samples were difficult to cut and the sides were difficult to polish well. After rinsing with water and
isopropanol and drying, the samples were weighed to 4 d.p. and the dimensions were measured with a
micrometer.

Cross-sections were prepared by cutting samples with a diamond slow saw then mounting in a
conductive thermosetting resin. Cutting was performed as above, then mounting was carried out with a
Buehler SimpliMet 3000 Mounting Press using conductive Bakelite (Konductomet, Buehler). Samples
then underwent grinding and polishing as described previously.

4.3.2 Density

Densities were determined using Archimedes’ principle. Relative densities were calculated from the
weight fractions determined by Rietveld refinement using Equation 29, where p is the density measured
by Archimedes’ principle, fi is the weight fraction of phase i determined by Rietveld refinement, and pi
(in g cm?) is the theoretical density of phase i.

Equation 29

Relative Density = x 100

p
i fipi

4.3.3 X-ray Diffraction

X-ray diffraction (CuK,) was mainly performed using a Panalytical X Pert® Powder diffractometer
(45 kV, 40 mA) with a 0.25° divergence slit and a step size of 0.01° 26. Earlier X-ray diffraction work
was performed on a Bruker D2 Phaser (30 kV, 10 mA), typically with a 0.6 mm divergence slit and a
step size 0of 0.02° 20 and is explicitly stated where relevant. In most cases, the diffraction patterns shown
in this work cover a shortened range showing all phases present to aid visibility.

Glancing angle X-ray diffraction was performed using a Panalytical X Pert® diffractometer. Typical
settings were a 0.25° divergence slit with a 4 mm mask with no rotation for bars of MAX phase, and a
20 mm mask with rotation for pellets of TiC. Scans were performed between 5-80° 26 with a step size
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of 0.04° 26 and 6.6 s per step. The glancing angle,  (in °), was varied between the limits of 0.5° and
10°, with the largest angle used only when the depth of corrosion was significant. Again, in most cases
the diffraction patterns cover a shortened range showing all phases present to aid visibility.

4.3.3.1 Rietveld refinement

Rietveld refinement is a procedure whereby a calculated X-ray diffraction pattern is fitted to an
experimental diffraction pattern in order to determine various properties of the sample [163-166]. The
complexity of the calculated pattern is built up in stages until eventually a good fit is obtained and the
calculated parameters are approximately equal to the observed values. The parameters of the instrument
are also factored into the calculated pattern, measured using a standard material to account for
discrepancies. In this work, the main objective of Rietveld refinement was to determine the weight
fractions of phases present in bulk samples.

Rietveld refinement was conducted using GSAS and EXPGUI on data collected from 5° to 120°
20 [167,168]. A generalised refinement strategy was applied to all samples. The difference plot and fit
were checked visually at all stages of refinement, and refinements were abandoned if the goodness of
fit increased at any step. First, the scale factor for each phase was refined, and the background was fitted
using a shifted Chebyshev polynomial with 6 terms. Next, the zero parameter was refined to account
for peak shift due to discrepancies such as sample height displacement. At this stage, data below 18°
26 was cut in most cases because the irradiated sample length gave incorrect intensities at lower angles.
Next, the unit cell was refined. The peak shape parameters were then refined, starting with the Gaussian
parameters (GU, GV, GW) then the Lorentzian parameters (LX, LY). Following this, the lattice
parameters were refined. The thermal parameters were then refined, and any change to negative values
was rejected. The peak shape parameters were then refined again, after which the refinement was
abandoned provided the fit was visually good and the R factors (i.e. residual factors, a measure of the
agreement between observed and calculated data; see [169]) were <0.1.

4.3.3.2 Crystallite Size

The crystallite size of milled powders was determined using the Scherrer equation, although
instrumental broadening was unaccounted for. Peak breadth was measured by Pearson VII curve fitting
using the TOPAS software suite (Bruker).

4.3.4 Scanning Electron Microscopy and Electron Dispersive X-ray Spectroscopy

Scanning electron microscopy images were obtained primarily using an FEI Inspect F50 scanning
electron microscope at 5-20 kV, equipped with an Oxford Instruments X-Max 80 mm? silicon drift
detector for EDS. An accelerating voltage of 5 kV was found to give the best image resolution, whereas
20 kV was required for energy dispersive X-ray spectroscopy. Some earlier images were obtained using
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a Hitachi TM3030 at 15 kV, equipped with a Bruker Nano XFlash® Detector 430 H for energy
dispersive X-ray spectroscopy.

4.3.4.1 Image Analysis

Particle and grain size measurements were conducted on SEM images using the ImageJ image
processing program [170]. The volume fraction of particles (e.g. aluminium oxide) was obtained by
adjusting the colour threshold until the particles were black and the rest of the image was white, then
measuring the fraction of the image which was black. The particles were assumed to be spherical, such
that the area fraction was assumed equivalent to the volume fraction.

The grain size of a material is typically measured using an intercept method, such as those described
by the ASTM E112-13 standard [171]. However, these methods are more suited to equiaxed grains; for
rectangular grains such as those of MAX phases, the result would be an average of both the length and
width. Therefore, a simpler method of measuring the lengths and widths of individual grains was used
in order to obtain an estimate of the grain size.

4.3.5 X-ray Photoelectron Spectroscopy

X-ray photoelectron spectra were collected at the Sheffield Surface Analysis Centre using a Kratos
Axis Supra DLD with an aluminium source. The data were collected and analysed by Deborah
Hammond. Analysis of pristine material was performed on a 110 um diameter area: survey scans were
collected with a 160 eV pass energy between 1200 to 0 eV binding energy with a 1.0 eV interval; high
resolution scans were collected in the same range with 40 eV pass energy and 0.1 eV intervals. Analysis
of the corroded sample was performed in four locations which were 700 um by 300 um: survey scans
were collected with a 160 eV pass energy between 1200 to 0 eV binding energy with a 1.0 eV interval;
high resolution scans were collected in the same range with 20 eV pass energy and 0.1 eV intervals. A
gas cluster ion source (Ar*, 5 keV) was used to etch samples under vacuum.

4.3.6 Raman spectroscopy

Raman spectra were collected using a Renishaw inVia Raman microscope with a 514.5 nm laser.
Spectra were obtained from 10 accumulations, with an exposure time of 60 s. The peak centres were
determined by curve fitting with a VVoigt peak profile.

4.3.7 Thermal Analysis

Simultaneous thermal analysis was performed using a Netzsch STA 449 F3 Jupiter equipped with a
Netzsch QMS 403 D Aéolos mass spectrometer. Samples were placed in alumina crucibles in a
glovebox, and exposure to atmosphere was limited as much as possible during transport from the
glovebox to the instrument. Heating was performed under an argon atmosphere at a rate of 20°C min*
to a maximum temperature of 1400°C.
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4.3.8 Indentation Hardness Testing

Vickers microhardness testing was performed using two instruments. A Mitutoyo HM-101 Hardness
Testing Machine was used at a force of 10 kN initially. Later samples were measured using a Struers
DuraScan-70 Hardness Tester at 4.9 N for a duration of 10 s. The mean of twelve measurements was
used. The HV value was converted to GPa by multiplying by 0.009807 [172].

Nanoindentation hardness testing was performed using an atomic force microscope equipped with a
Hysitron TriboScope Nanoindenter and Berkovich diamond tip. A maximum load of 1 kN was used
and the area of the resultant indent was measured by atomic force microscopy.

4.3.9 Profilometry

Contact profilometry was performed in order to observe the change in roughness of samples after
exposure to molten chloride salts. Profilometry measurements were taken using a Dektak 150 (VVeeco)
contact profilometer. The parameters were as follows: 3 mm scan length; 0.333 pum resolution; 30 s per
scan; 3.00 mg stylus force; and 12.5 um stylus radius. The mean roughness was determined from five

scans.

4.4 Electrochemical Methods
4.4.1 Apparatus

Further details of the electrochemical apparatus used in this work can be found in the PhD thesis by
Hugues Lambert [42]. A brief description is provided here. In summary, the system consisted of a sealed
vessel which could maintain a controlled atmosphere, allowed for insertion and removal of electrodes,
and was heated by a well furnace.

The vessel used is detailed in Figure 18. A custom designed quartz vessel and borosilicate lid were
used to maintain a controlled atmosphere (argon or vacuum) whilst conducting experiments. This vessel
was placed inside a well furnace as the heat source. The molten salt was contained in an alumina crucible
which was placed at the bottom of the quartz vessel. The borosilicate lid was separated from the quartz
vessel using a ring of mica, and the two parts were sealed together using a stainless-steel clamp. Ports
on the borosilicate lid allowed gas lines to be connected to the vessel and electrodes or thermocouples
to be inserted.

A diagram of the gas system is shown in Figure 19. The gas inlet was connected to a Schlenk line,
which enabled switching between argon gas and vacuum. The argon gas passed through a drying
column before entering the vessel. The gas outlet was connected to a drying column and bubblers to
prevent gases such as HCI or Cl escaping.
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Figure 18 — Labelled photograph of vessel used for electrochemical experiments.

The potentiostat was an Autolab PGSTAT101. A coil of 0.5 mm diameter molybdenum wire was
used as the counter electrode. A 1.0 mm diameter tungsten wire was used as the working electrode for
electrochemical processes regarding the salt. For electrochemical processes regarding a sample of
material, the sample was wrapped in 0.5 mm diameter molybdenum wire and suspended in the salt.
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Figure 19 — Diagram of the gas system used for electrochemical work; reproduced from [42].
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The reference electrode used an Ag/AgCl redox couple [42,173]. A dilute solution of AgCl in LKE
was prepared with a concentration of AgCI of 1wt.% in some earlier experiments then 1.5wt.% in all
later experiments. This was then placed at the bottom of a mullite sheath. The ionic conductivity of the
mullite sheath acts as a salt bridge between the reference electrode and the system of interest. The very
high resistance ensures the potential difference across the sheath is negligible. A 2 mm diameter silver
rod was placed within the sheath (with sealant used at the top) to complete the redox couple and enable
its connection to the potentiostat.

The potential of the system at a given temperature can be converted to that of the Cl, reference
electrode by calculating the potential of the Ag/AgCl couple using the Nernst equation and adding this
to the potential measured. The Nernst equation for this system is represented by Equation 30, where
Eagcr (in V) is the observed potential of the couple, E°agcr (in V) is the standard potential of the couple,
R (equal to 8.314 J K** mol™) is the universal gas constant, T (in K) is the temperature of the system, z
(no units) is the number of electrons transferred in the redox reaction, F (equal to 96485 C mol™) is the
Faraday constant, and xagc1 (between 0 and 1) is the mole fraction of AgCl in the system. The mole
fraction for 1wt.% AgCI is 0.0039, and that for 1.5wt.% AgCI is 0.0059. The standard potential for
AgClI can be calculated at a given temperature using Equation 31 [174].

Equation 30

Epget = Efger + ﬁln Xagcl
Equation 31

EQyci = —1.0910 + 0.0002924 - T

4.4.2 Salt Cleaning Procedure

Two compositions of salt were used in this work, an LiCI-KCI eutectic (59.5:40.5mol.%) and a
KCI-MgCl; eutectic (68:32mol.%). Initial experiments used the salts, LiCl, KCI and MgCl;, as
purchased — these salts are referred to as as-received salts. Later experiments used salts which were
cleaned and dried via the method used by Hugues Lambert [42], and are referred to as processed salts.
Both as-received and processed salts were used for corrosion tests to understand the effectiveness of
the cleaning procedure. The cleaning and drying procedure is described as follows.

After weighing (total mass ~200 g), the salts were placed in an alumina crucible inside the
electrochemical cell. The cell was sealed and purged, then heated under vacuum to 200°C for LKE or
300°C for KME overnight to evaporate moisture (temperatures were determined from DTA
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measurements, see [43]). Following this, the cell was heated under vacuum to 550°C for LKE and
650°C for KME. Electrolysis was performed by applying a positive current of 99 mA for 60 min to
produce chlorine at the working electrode and deposit lithium (in LKE) or potassium (in KME) at the
counter electrode. Chlorine reacts with oxides and hydroxides causing evolution of oxygen gas and
dissolving metallic impurities as chloride salts. Lithium and potassium then react with any metallic
impurities causing them to plate-out on the counter electrode, although the process occurs over the
course of an hour or so. Cyclic voltammetry was used before and after cleaning to determine the
presence and absence of impurities. If impurities were still observed after leaving the system to
equilibrate, current was applied for longer.

Figure 20 shows a cyclic voltammogram for clean LKE at a scan rate of 200 mV s. The potential
window is formed by LiCl: at negative potentials, the cathodic and anodic processes represent reduction
and oxidation of lithium respectively. The anodic process at the positive potential is oxidation of
chloride ions. The absence of peaks within this window indicates that the salt is clean.

Figure 21 shows a cyclic voltammogram of KME after cleaning. The scan rate was 200 mV s™. The
electrochemical window is formed by the electrolysis of KCI: at negative potentials, the cathodic and
anodic processes represent reduction and oxidation of potassium respectively. Note that these processes
occur at more negative potentials relative to lithium. At positive potentials, the anodic process is
oxidation of chloride ions, the same as with LKE. The small anodic peak at ~0.3 V is dissolution of
tungsten and the cross-over indicates tungsten deposition [42].
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Figure 20 — Cyclic voltammogram of LiCI-KClI eutectic after cleaning procedure.
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4.5 Static Corrosion Testing

Static corrosion tests were conducted predominantly in alumina crucibles (an initial test used a nickel
crucible) inside the vessel depicted in Figure 22, designed by Craig Jantzen at the University of
Manchester [43]. An inlet and outlet valve on the vessel enabled use of an argon gas flow, limiting the
presence of air and moisture. The vessel was designed to be able to open the furnace at 500°C to raise
the lid and suspend the samples above the salt for the duration of cooling. However, due to greater
oxidation of the vessel than expected this was not possible.

Samples were removed from their crucibles by dissolving the salt in warm water. They were then
cleaned in distilled water for 5 min in an ultrasonic bath, then isopropanol for 5 min in an ultrasonic
bath to aid drying. However, in many cases corrosion products began to dissociate from the samples:
in such cases, sonication was stopped, and the sample was left in distilled water for 5 min for salt to
dissolve. In other words, retention of corrosion products for chemical and microstructural analysis was
favoured over accurate gravimetric analysis. When dry, the samples were weighed, and the mass loss
was calculated with respect to the initial surface area.

The parameters of all static corrosion tests are presented in Table 7. Ti;AlC, was studied most
extensively. For the test in as-received salt, the sample of TisAIC, in KME was accidentally switched
with the sample of Maxthal 312 in LKE.

A single sample of TisAIC; also underwent an initial experiment in as-received LKE at 600°C for
116 h. The sample was suspended from the vessel by molybdenum wire to expose as much of the surface
area to the salt as possible and to enable the sample to be raised from the salt during cooling. However,
a nickel crucible was used which caused an electrical circuit to form, accelerating corrosion by
dissimilar materials corrosion. Additionally, due to degradation of the vessel it was not possible to raise
the lid during cooling.

Table 7 — Matrix of static corrosion test conditions.

Salt TizAIC, Maxthal 312 TiC

LKE, as-received 600°C —125h - 600°C —125h

LKE, processed 600°C —125h,250h  600°C—-125h 600°C — 125 h
850°C - 125h 850°C - 125h 850°C—-125h

KME, as-received - 600°C - 125 h 600°C — 125 h

KME, processed 600°C —125h,250h  600°C—-125h 600°C — 125 h
850°C - 125h 850°C - 125h 850°C—-125h
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Figure 23 — Samples suspended by nickel wire in as-received salts.

Following this, samples of all three materials were exposed to as-received LKE and KME at 600°C
for 125 h. The samples were suspended from a stainless-steel bar using nickel wire. Mica was placed
between the bar and the wire to provide electrical insulation (Figure 23). Alumina crucibles were used
for the TisAIC; and Ti;SiC, samples and nickel crucibles were used for the TiC samples due to lack of
availability of alumina crucibles. The heating profile is described as follows. The temperature was
raised to 200°C at a rate of 5°C min. The temperature was held at 200°C for 2 h to dry the salt. The
temperature was then raised further to 600°C at a rate of 5°C min. The temperature was held at 600°C
for 125 h. The furnace was then cooled to room temperature naturally.

Following this, all experiments used processed salts and were conducted in alumina crucibles with
alumina lids and without suspension of samples. All three materials were exposed to both eutectics at
600°C and 850°C for 125 h. Samples of TisAIC, were also exposed to both eutectics at 600°C for 250 h.
For the test at 850°C, one end of each sample was raised on an alumina nut to try to expose as much of
the surface area as possible.
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5 Synthesis and Characterisation

A synthesis method was developed to produce samples of MAX phase materials of the highest
possible purity and minimise the influence of impurity phases during corrosion. It is well known that
pure MAX phases are currently difficult to produce, and commercial materials are typically less than
90% pure [52]. A summary of samples of TisAlC, which were produced and characterised can be found
in Table 8.

TisAlC, was chosen as the initial composition for corrosion testing. Its synthesis has undergone
significant study, so data is readily available for comparison. TisSiC, and Ti>AIC have also undergone
significant study and would have been the next logical steps for synthesis.

Synthesis was initially performed using TiC as the carbon-containing reagent using variables
suggested by Zou et al. [74], albeit with a different milling method. Their research indicated that TiC
forms as an intermediate in the reaction between Ti, Al and C, so it was understood that using TiC as a
reagent would eliminate this reaction step. However, replication of work in the literature proved
unsuccessful, and product purity was low with the variables used. These results are summarised in
Appendix B.

A further review of the literature suggested that TiC hinders the formation of a pure product as it is
thermodynamically stable and must decompose to form TisAIC,. A precursor method was adopted
based on the work of Riley and Kisi (see Literature Review) [77,84,85]. A non-stoichiometric binary
carbide precursor was formed by milling titanium and graphite, which then underwent reactive sintering
in the presence of the A-group element to form a pure MAX phase. The milling equipment and
parameters in this work differed to those used by Riley and Kisi, and SPS was used for the reactive
sintering step as opposed to pressureless sintering.

The reagents were handled under an inert argon atmosphere due to their pyrophoric nature. Thus,
options for milling were limited to equipment with vials which could be sealed in a glovebox. Initially,
a Retsch cryomill was used at room temperature to produce a TiCx precursor, and reactive sintering
with aluminium via SPS resulted in >98% pure TisAIC; (see Appendix B). However, this mill was later
deemed unsuitable for further work due to loosening of the vial during milling.

Consequently, access to a SPEX 8000M Mixer/Mill was obtained to produce precursors for further
samples. However, this mill operates at significantly higher energy and the results were not directly
transferable; a tungsten carbide vial and milling media were used instead of hardened steel, and the ball-
to-powder mass ratio was lower, with two 11.2 mm diameter balls being used instead of one 25 mm
diameter ball. This resulted in an increase in the number of balls, which is preferable for more efficient
milling, but lowered the BPR from 8.4 to 3.3. Furthermore, the milling media differed to that used by
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Riley and Kisi, who used a hardened steel vial with six 5 mm and three 10 mm hardened steel ball
bearings and a BPR of 10:1 [72]. The effects of several variables were investigated; most significantly,
the effects of milling time, sintering temperature and aluminium content were studied to understand the
reaction mechanism better. Synthesis with a non-precursor method confirmed the precursor method was
superior. The method was also applied to the synthesis of Ti;SiC, with promising results (see Appendix
B), but further optimisation of parameters is required to improve purity.

It is clear that milling is a key step in the production of pure MAX phases via this method. As such,
the milled powders have been characterised by XRD and thermal analysis.? However, further study is
required to fully determine how milling can be optimised to produce pure MAX phase materials and to
replicate the work with further MAX phase compositions.

The following reaction mechanism has been proposed for this synthesis method, and the results
which follow provide evidence for this mechanism. Milling titanium and graphite caused diffusion of
graphite into the titanium structure without spontaneous, exothermic recrystallisation to titanium
carbide. In the presence of aluminium, when the temperature was raised above 642°C, titanium and
aluminium reacted exothermically to form TisAl. Further temperature rise caused Al and TisAl to melt,
quickly followed by formation of TiCx and intercalation of Al into the non-stoichiometric titanium
carbide structure. The molten Ti-Al continued to fill gaps between particles, aiding densification and
mass transport and enabling any remaining Ti-C to dissolve in the melt and recrystallise in the presence
of aluminium to TiCy, followed by intercalation of aluminium to form TizAlC..

2 A key challenge of such research is handling the pyrophoric materials appropriately, limiting the possibilities
for characterisation with standard equipment.
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Table 8 — Summary of TisAIC synthesis and characterisation.

96 G000 + T8T¥|L0T'0 1800 86T°E [EEEY 9¢9'8T ¢80°E - ST S8 A ST 0SET €€ 0¢1 IV ‘0L Jusuod |
16 G000 + ¢¢¢v|c60'0 TLO0 8LEC [EEEV ¢C9'8T T80°E - ST S8 €T ST 0SET €€ 0¢1 IV ‘0L Jusuod |
96 700°0 + 99T 1|¢60'0 TL00 TeEC [EEEY 92¢9'8T ¢80°E - €T /8 T ST 0SET €€ 0¢1 IV ‘0L Jusuod |
16 9000 +8ST1|060°0 6900 69¢°C [€EEY GT9'8T T80'E - 1T 68 TT ST 0SET €€ 0¢1 IV ‘0L Jusuod |
66 2000 +9EEV|LTT'0 6800 SEB'E [CEEY 809'8T 080°E - 6T 18 0T ST [00)74% €€ 0¢1 IV ‘0L ainesadwa)
66 €000 +€8¢1|860°0 900 00L°C [eE€¥ ¢C¢9'8T T80°E - 1T 68 0T ST 00€T €€ 0¢1 IV ‘0L ainesadwa)
86 0TO'0 +96T1|00T'0 800 6¢8°C [SEEY L09'8T 6.0°€ 9 6 G8 0T ST 0S¢T €€ 0¢1 IV ‘0L ainesadwa)
86 G000 + EVCV|L60°0 GL00 PTI9°C [EEEY ¢T9'8T 080°E - €T /8 0T ST 0SET €€ 0¢1 O1lv-1L Josindaid-uou
66 TIO0 +96E1|S60°0 €400 80S'¢C [TEEY ¥29'8T T80'E - 0L 0¢ 0T ST 0SET 9'¢  0ve (snonunuod) IV ‘0L

16 G000 +80¢1|cOT'0 800 006°¢C [cEey L09'ST 6.0°€ - GT S8 0T ST 0SET €€ 08T IV ‘0L

00T 2000 +9/¢V|60T°0 ¢80°0 /LSE'E [TEEY ¥69°8T 8L0°€ - ] S6 0T ST 0SET €€ 0¢1 IV ‘0L

66 9000 +¢6¢17|SO0T'0 1800 TTIOE [CEEY OT9'8T 080°E - ¢l 88 0T qT 0SET IV ‘0L

(%) AN.Eo 6) dym dy Nx . e . om . mm SVIL *OLL 2DIVELL (unw) (20)
aNIe|9Y  pamIasqO DIL “DIVELL “OIVEIL U800 [BwiL |]am@ aanjedadws ]
uonisodwod| uoneLeA
Aisuaq So11SIeIS Y / Sha13wered a011e 9% IN | SSBIN I\ sia18Wered Buusuig

Bumi4 premary

Aq abejusaiad

66



5.1 Variation of milling conditions

The following samples were prepared by varying the milling time when producing the precursor.
Titanium powder and graphite were milled between 1 h and 4 h to produce a precursor, which was then
mixed with aluminium and reactively sintered by SPS at 1350°C for 15 min. The molar ratio of reagents
was Ti:Al:C 3:1:2. A bulk sample of TiC, was also produced and characterised, and the effect of milling
Ti-Al-C together in one-step for 2 h was investigated in order to verify the effectiveness of the precursor
method. Additionally, characterisation of a sample prepared with a hardened steel vial set can be found
in Appendix B.

The powders were characterised by XRD (including estimation of crystallite size and lattice strain)
and differential thermal analysis. The bulk samples were characterised by XRD and density
measurements, and their phase compositions were determined by Rietveld refinement. The
microstructure was examined by SEM. Certain samples also underwent micro-indentation hardness
testing.

5.1.1 Characterisation of reagents

The reagents used were characterised by XRD and indexed using standards from the ICSD database
(Figure 24) [175-177]. All patterns were collected on samples covered with Kapton® polyimide film
for comparison with patterns from the air-sensitive milled powders. The film has distinctive amorphous
humps at < 30° 26.

5.1.2 X-ray diffraction of milled powders

Indexed XRD patterns for the powders milled from 1 h to 4 h are shown in Figure 25. Titanium (5.53 g)
and graphite (0.93 g) were used for each sample, with a ball-to-powder mass ratio of 3.3. The powders
were milled in 1 h intervals with a pause of at least 10 min between intervals. As the milling time
increased, the graphite (200) peak height decreased and the titanium peaks shifted to lower angles. This
indicates the dissolution of carbon into titanium as the presence of carbon interstitials increases the d-
spacings in the titanium crystal structure, leading to diffraction at lower angles of 26. However, sample
height displacement errors also lead to shifts in 26, the error of which may distort results. The absence
of titanium carbide peaks indicates that a spontaneous ignition reaction has not occurred.

The peaks have broadened significantly relative to those in the XRD patterns of the reagent powders
due to the reduction in crystallite size and the introduction of carbon interstitials upon milling [90,91].
The crystallite size and lattice strain were calculated after plotting B cos 8 against sin 6 as per Figure
26. Note that B is the breadth of peaks determined without subtracting instrumental broadening.
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Figure 24 — Indexed XRD patterns of reagent powders under Kapton® polyimide film [175-177]: a)
200 mesh titanium powder, 99.5% purity, Alfa Aesar; b) 200 mesh aluminium powder, 99% purity,

Acros Organics; ¢) general purpose grade graphite powder, 99% purity, Acros Organics.

Figure 25 — Indexed XRD patterns for titanium and graphite powders milled for 1 h to 4 h. With
increased milling time the graphite peak height decreases, and the titanium peaks shift to lower
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Figure 26 — Plots of B cos 6 versus sin § used to determine the crystallite size and lattice strain of
Ti-C powders milled from 1 h to 4 h.

The variation of crystallite size and lattice strain with milling time is shown in Figure 27; these
results are summarised in Table 9 along with their fitting statistics. Both the crystallite size and lattice
strain are relatively large after 1 h milling, decreasing after 2 h and followed by an increase. The large
crystallite size and lattice strain for the sample milled for 1 h was due to insignificant reaction between
Tiand C, as indicated by the presence of the graphite (002) peak in the XRD pattern. The graphite peak
was hardly visible after 2 h, although it was obscured slightly by the Kapton film. The crystallite size
and lattice strain also decreased to the lowest values observed. Milling for 2 h also resulted in the
greatest fraction of TisAIC; in the product, suggesting these factors affect the synthesis process. The
increase of crystallite size and lattice strain at 3h and 4 h are likely due to increased Ti and C
interdiffusion with milling time, leading to greater agglomeration of crystallites and formation of
defects. The increase in crystallite size was not due to the formation of TiCx by ignition, which would
likely be accompanied by grain growth, because the peaks in the XRD patterns remained as Ti peaks.

Table 9 — Fitting statistics for variation of crystallite size and strain with milling time.

Milling Time  Crystallite Size/  Lattice Strain/  Whole Powder Pattern  Linear Fit

/h nm nm Fit Rup R?

1 51 0.93 3.95 0.886
2 14 0.71 4.05 0.9166
3 19 0.81 4.07 0.917
4 27 0.91 4.24 0.9149
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Figure 27 — Variation of crystallite size and lattice strain with milling time.

A sample was also prepared by milling titanium (5.14 g) with graphite (0.86 g) continuously for 4 h,
rather than in 1 h intervals with cooling. The indexed XRD pattern is shown in Figure 28, collected on
a Bruker D2 Phaser with a step size of 0.1° 26. The XRD pattern for titanium powder was also collected
to distinguish which peaks were due to the sample holder. Titanium carbide formed upon milling as
opposed to the broadened titanium peaks which were observed when milling for 4 h in 1 h intervals
with 10 min cooling between intervals. The ball-to-powder mass ratio of 3.6 (c.f. 3.3) was slightly
greater, suggesting the change was a combination of reduction of the ignition temperature, and the
temperature being greater than the ignition temperature due to lack of cooling. The lattice parameter, a,
was calculated for the four peaks shown, and the mean was 4.327 + 0.002 A. Note that this value has
limited accuracy because instrumental shifts in 26 have not been accounted for; however, the value is
more consistent with that of stoichiometric TiC rather than TiCoe7 [89].

The indexed XRD pattern of powder produced by milling Ti-Al-C for 2 h in one step is shown in
Figure 29 [175-177]. The peaks have broadened relative to those in the XRD patterns for the reagent
powders. This broadening is due to a reduction in crystallite size and the introduction of defects such
as carbon interstitials [90,91]. The graphite peak at 26° 26 is obscured by the Kapton® polyimide film
and may or may not be present. No additional phases such as TiCy or Ti-Al intermetallics are visible.
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Figure 28 — XRD pattern of a powder sample prepared by milling Ti and C continuously for 4 hiin a
SPEX 8000M Mixer/Mill.
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Figure 29 — XRD pattern of Ti, Al and C powders milled for 2 h.
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5.1.3 Thermal analysis of milled powders

The differential thermal analysis results for powders milled from 1 h to 4 h are shown in Figure 30, and
the temperatures of peak centres are summarised in Table 10. No significant changes were observed in
the TG and mass spectroscopy data. Argon was used as the cover gas so reactions with the atmosphere
were not expected, and the results show that no volatile phases formed during reaction. The DTA results
show broad exothermic peaks for all four samples. However, with increased milling time the centres of
these peaks shifted to lower temperatures and the peak areas and maximum heat flow increased. Two
peaks are clearly observed for the sample which was milled for 1 h. Furthermore, there appear to be
some shoulders, suggesting that curve fitting is required to determine the peak centres more accurately.
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Figure 30 — Differential thermal analysis of powders of Ti and C milled from 1 hto 4 h.

Table 10 — Peak centres in DTA data shown in Figure 30 and Figure 32. The positions were
determined from the highest points in the DTA curves.

Sample Peak Centres/ °C
Ti-C4h 642
Ti-C3h 775
Ti-C2h 805
Ti-C1lh 666, 813

Ti-Al-C 641, 649 (trough), 685, 785, 874
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Figure 31 — Indexed XRD pattern and Rietveld refinement fit for a sample of Ti-C which was milled
for 2 h then heated to 1400°C during STA. The major phase is TiCy, with unreacted Ti as the minor
phase.

Titanium carbide powder (2 um) was also analysed for comparison. A broad exothermic peak with
low peak height was observed, as well as some endothermic processes which overlap with those of the
other powders. At 100-200°C, there is a small endothermic peak which was also observed for the 1 h
and 2 h milled powders. This could represent volatilisation of an impurity such as water but should have
been observed by mass spectroscopy. There is a steady decrease in heat flow at higher temperatures

which most likely represents sintering.

The indexed XRD pattern for the Ti-C sample which was milled for 2 h after it was subject to thermal
analysis is shown in Figure 31 along with the Rietveld refinement fit (y* 2.245, Rp 0.0762, wRp
0.0987) [178,179]. TiCx was observed as the major phase, with a weight fraction of 97wt.% and a lattice
parameter, a, of 4.325 A. The secondary phase was unreacted Ti, with a weight fraction of 3wt.% and
lattice parameters a and ¢ of 2.957 A and 4.701 A respectively.

The exothermic reactions observed by DTA represent the formation of TiCy, as confirmed by XRD
of the 2 h milled powder after it underwent STA. Shift of the peak centres to lower temperatures is
consistent with reduction in ignition temperature with milling time. However, it is interesting that the
peaks are broad, as a self-sustaining ignition reaction would be expected to result in a spike. The
increase in peak area with milling time is consistent with production of a broader range of particle sizes,
including generation of smaller particles. The breadth of the peaks suggests that the smallest particles
react first. It is likely that the peaks observed for the milled powders reveal the point at which the energy
absorbed by sintering and reordering of vacancies and carbon interstitials exceeds that of the energy
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released by formation of TiCx. The height of the peak at 3 h was lower than that at 2 h, which is likely
because more sintering occurred at lower temperature due to a greater number of smaller sized particles.
The 1 h milled powder revealed multiple peaks, one of which represents formation of TiCx. It is possible
that the higher temperature peak represents an order-disorder transition of the carbon vacancies [180-
182].

The differential thermal analysis results for a powder of Ti-C which was milled for 2 h then mixed
with Al is shown in Figure 32, and the peak centres are summarised in Table 10. No significant changes
were observed in the TG and mass spectroscopy data. Multiple peaks were observed for the sample due
to the more complex reactions relative to reaction of Ti with C.

The indexed XRD pattern for the sample of Ti-C which was milled for 2 h, mixed with Al, then
heated to 1400°C during STA is shown in Figure 33. Rietveld refinement was attempted, but the fit was
poor due to significant preferred orientation on the (00I) plane. However, the best fit obtained suggested
the presence of 91wt.% TisAIC, and 9wt.% TiCy. Furthermore, the best fit was obtained with
stoichiometric TiC rather than TiCoe7[179,183].
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Figure 32 — Differential thermal analysis results for a powder sample of Ti-Al-C. Ti and C were
milled for 2 h then mixed with Al. The result is compared to that of Ti-C milled for 2 h and -200 mesh
TiC reagent.
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Figure 33 — Indexed XRD pattern of 2 h milled Ti-C which was mixed with Al then heated during
STA to 1400°C. The major phase is TisAlC,, with preferred orientation on the (00I) plane, and the
minor phase is TiCx.

Up to ~500°C the heat flow in the DTA data matched that of the 2 h milled Ti-C powder. The heat
flow was then slightly lower for the Ti-Al-C powder up to the first peak at 642°C, followed by a dip to
649°C, then a sharp rise to the largest peak at 685°C. Based on the results of Choi and Rhee, the first
peak represented the exothermic reaction of Ti with Al to form TiAls, and the endothermic peak that
followed was the melting of Al [184]. Choi and Rhee observed these processes at 656°C and 670°C for
the Ti-Al system (molar ratio 1.0), and 654°C and 681°C for the Al-C system (molar ratio 1.0), and the
melting point of pure Al is 660°C [184,185]. The impurities introduced by milling caused Al to melt at
a lower temperature. The peak for the 2 h milled Ti-C powder was at 805°C, so this melting occurred
significantly prior to the formation of TiCyx. The sharp peak for Ti-Al-C at 685°C represents the
formation of TiCy. The peak is sharp because the energy released by TiAls; formation is sufficient to
cause a self-propagating high temperature reaction between Ti and C. The peaks for samples without
Al are broad because there is insufficient energy for a self-propagating reaction to occur. Based on the
findings of Riley and Kisi, the peaks at 785°C and 874°C most likely represent vacancy ordering and
Al intercalation respectively [77,85]. The XRD data suggests that any remaining TiCy is converted to
stoichiometric TiC.
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5.1.4 Sintering profiles

The sintering profile for a bulk sample of TiCx which was prepared from Ti (5.53 g) and C (0.93 g)
milled in a SPEX 8000M Mixer/Mill for 2 h then sintered at 1300°C for 15 min by SPS is shown in
Figure 34. Most densification occurred as the temperature and uniaxial pressure were increased, with
the rate slowing from ~900°C. The piston movement during cooling is due to thermal contraction.

The sintering profile for a sample prepared from 2 h milled powder is shown in Figure 35. The piston
movement is significant initially as 10 kN force is applied, densifying the powder. Further piston
movement is observed at a slower rate between 500-600°C. At 600°C, the piston movement halts
slightly before slowly rising until another halt at around 1150°C. For all the samples of TisAIC,
produced from a TiCx precursor, the rate of piston movement slows around 600°C. This is the
approximate temperature that aluminium reacts with titanium and melts. The piston movement then
slowly rises as TiCy dissolves in the molten phase until another halt at around 1150°C. At this point,
there is a steeper increase in piston movement which begins to slow around 1300°C, indicative of a
reaction which causes rapid densification of the material, likely due to vacancy ordering of the TiCx
structure and intercalation of aluminium. This is observed for all TisAIC, samples for which sintering
profiles were obtained, with a variation in onset temperature up to up to £100°C (e.g. ~1200°C for the
3 h milled sample). No further movement is observed during the dwell period at 1350°C and 16 kN
force. There is some final piston movement due to thermal contraction as the sample is cooled.
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Figure 34 — Sintering profile of a bulk sample of TiCx. Ti and C were milled for 2 h using a SPEX
8000M Mixer/Mill, then sintered at 1300°C for 15 min by SPS.

76



Temperature (°C)

Force (kN)
Relative Piston Travel (mm)
1400 - ~20 7
1 L18 [
1200 - - -6
] 16 |
1000 | L 14 |5
8004 (12 1,
] L10 |
600 4 L g -3
400 -6 Lo
| Ls |
200 : |
] L2
0 T T T T T T T T 0 -0
0 5 10 15 20 25 30 35 40 45

Time / min

Figure 35 — Sintering profile for a sample which was prepared from a 2 h milled Ti-C precursor.

The sintering profile for a sample prepared from Ti-Al-C which was milled for 2 h in one step is
shown in Figure 36. There is significant piston movement at the start as the uniaxial force was applied.
Piston movement begins to slow from ~500°C, picks up speed again at ~700°C, slows again at ~1000°C,
then speeds up significantly at ~1200°C. According to Zou et al. and Yoshida et al., the movement
observed at 700°C likely represents the movement of molten Al and Ti-Al, filling the pores of the
material and aiding densification [73,76]. This slows around 1000°C as Ti-AIC begins to form. From
1200°C, Ti>AlC reacts with TiC to form TisAlC,, causing further densification.
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Figure 36 — Sintering profile for a sample prepared by milling Ti, Al and C for 2 h in a SPEX 8000M
Mixer/Mill.
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In all the samples of TizAIC, produced from a TiCy precursor, the rate of piston movement slows
around 600°C. This is the approximate temperature that aluminium melts, so the decrease in piston
movement is consistent with the proposed mechanism of Al melting and penetrating into the TiCx
structure. Furthermore, this drop in the rate of piston travel does not appear to be the same for the sample
prepared from Ti-Al-C which was milled for 2 h, i.e. a non-precursor sample. However, there is a drop
at around 550°C in the rate of piston movement which lasts for a longer period of time, which may
indicate that aluminium is melting but reacting slower with Ti and C. The lower temperature observed
could be due to a lower melting temperature for Ti-Al alloys or intermetallics. This change in piston
travel is also not observed for the sample of TisSiC, which was prepared from a TiCy precursor (see
Appendix D). It is likely that the reaction between TiCy and Si occurs more slowly as Si does not melt
until a much higher temperature (1414°C) than Al, so a molten Ti-Si phase must form first [185].

There appears to be a further reaction at higher temperature which leads to rapid densification of the
material. This is observed for all TizAIC, samples for which sintering profiles were obtained, and the
TisSiC, sample prepared from a TiCx precursor. For the standard 2 h milled, 1350°C, 1.0 parts Al
sample, this temperature is ~1150°C, but the temperature varies by up to £100°C for other samples.
Based on the microstructural examination of samples produced at various holding temperatures, it is
likely that this is a reaction between TiCy and TiAlsz to form TizAlC,, or similarly TiSi; to TisSiCs, via

intercalation into the ordered TiCx structure.
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Figure 37 — Indexed XRD pattern with Rietveld refinement difference plot of a bulk sample of TiCx.
Ti and C were milled for 2 h using a SPEX 8000M Mixer/Mill, then sintered at 1300°C for 15 min by
SPS.
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515 X-ray diffraction of bulk samples

The indexed XRD pattern for a bulk sample of TiCy, fitted by Rietveld refinement, is shown in
Figure 37 (y* 2.389, Ry 0.1563, Rwp 0.1985). XRD was conducted on a Bruker D2 Phaser between 5-80°
20, with a step size of 0.02° per step and 36.8 s per step. The best match was TiCos7 With a space group
of Fm-3m [183]. The lattice parameter, a, was 4.314 A and the cell volume was 80.292 A3, The density
was measured as 4.436 + 0.010 g cm™, which is 96% of the calculated density of TiCos7 (4.628 g cm3).

The product was TiCqs7, as expected based on the quantity of powder used. The Rietveld refinement
fit was good but has limited accuracy due to the low counting statistics from the XRD data used. No
superlattice reflections were observed, indicating the carbon vacancies were disordered, but the (111)
peak was more intense than the (200) peak, which confirms the presence of vacancies [180-182].
Furthermore, the lattice parameter was 4.314 A, which is lower than that typically observed for
stoichiometric TiC (for example, the bulk samples of TiC (Appendix E) had a lattice parameter of
4.333 A). This value corresponds approximately to TiCoe7 on the graph of lattice parameter by atomic
fraction of carbon produced by Rudy [89]. The lower fraction of carbon interstitials in the TiCo 7 Sample
results in less expansion of the crystal lattice so the lattice parameter is smaller. The lattice parameter
is smaller than that for the sample which underwent thermal analysis to 1400°C, but the difference is
likely due to the lower heating rate and higher temperature reached for that sample, enabling reordering
of vacancies and carbon interstitials.
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Figure 38 — Bar chart showing the phase compositions of samples formed from powder milled for
different lengths of time.
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Table 11 — Lattice parameters and fitting statistics from Rietveld refinement of XRD data for samples
prepared with different Ti-C milling times.

Milling Time Lattice Parameters / A Fitting Statistics
TizAIC;, a TisAIC, ¢ TiCxa| o Rp WwRp
1h 3.080 18.610 4332 |3.011 0.081 0.105
2h 3.078 18.594 4331 |3.357 0.082 0.109
3h 3.079 18.607 4.332 | 2.900 0.078 0.102
4 h (continuous) 3.081 18.624 4331 | 2508 0.073 0.095

The weight fractions for bulk sample of TizAlIC, produced with different T-C precursor milling times
are shown in Figure 38, and the lattice parameters and fitting statistics from Rietveld refinement are
shown in

Table 11. The purest product was obtained with a milling time of 2 h. Milling for 4 h continuously
significantly reduced the purity of the sintered product, with TiC being the major phase. The XRD
patterns of the powders after milling showed only peaks for Ti for the 1 h, 2 h and 3 h sample, whereas
only peaks for TiC were present after 4 h continuous milling. This highlights the difficulty of breaking
down a stable TiC intermediate. The a-axis lattice parameters for TisAlC, and TiCy hardly change, but
the c-axis lattice parameter for TisAIC, contracts for the 2 h milled sample and is largest for the 4 h
continuous milled sample.

The indexed XRD pattern for a sample milled for 2 h is shown in Figure 39 [178,186]. The patterns
for the 1 h milled and 3 h milled samples were very similar but had more intense TiCy peaks.

The XRD pattern for a bulk sample prepared from powder milled continuously for 4 h is shown in
Figure 40. Before sintering, the XRD pattern of the powder showed the presence of TiCx only. There is
an unidentified peak at approximately 47° 26, suggesting the presence of a third phase in low quantity.
This sample was prepared by milling Ti (5.14 g) with C (0.86 g), after which 0.83 g of the product was
replaced with Al. As such, only 6 g of material was used during SPS, compared to 7.5 g for all other
samples. The BPR during milling was approximately the same, albeit slightly greater (3.6 c.f. 3.3).

The XRD pattern of the bulk sample produced from Ti-Al-C which was milled for 2 h in one step is
shown in Figure 41. The phase fractions were determined by Rietveld refinement indicating 87wt.%
TisAIC; and 13wt.% TiC (y? 2.614, R, 0.0751, Rwp 0.0967). The lattice parameters were similar to those
for previous samples. The a-axis lattice parameter of TisAIC, was 3.080 A, and that of the c-axis was
18.612 A. The lattice parameter for TiCx was 4.333 A. The purity was lower than the sample prepared
with equivalent parameters via a TiCy precursor, indicating the precursor method was superior.
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Figure 39 — XRD pattern of a bulk sample prepared from powder milled for 2 h.
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Figure 40 — XRD pattern of a bulk sample prepared from 4 h continuous milled Ti-C.
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Figure 41 — XRD pattern of a sample prepared from Ti-Al-C milled for 2 h in a SPEX 8000M
Mixer/Mill.
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5.1.6 Density

The densities of samples prepared with different milling times are shown in Table 12. All samples are
approximately fully dense, with a slightly lower relative density observed when milling was performed
for 3 h.

Table 12 — Densities of samples prepared with different milling times.

Milling Time, t/h Density, p/gcm™® Relative Density / %

1 4.292 + 0.006 99

2 4.276 + 0.002 100

3 4.208 + 0.005 97

4 (continuous) 4.396 £ 0.011 99
2 (Ti-Al-C) 4.243 £ 0.005 98

5.1.7 Indentation hardness testing

The hardness of the samples prepared from powder milled for 2 h and the powder milled continuously
for 4 h were measured using a DuraScan-70 hardness tester at 4.9 N with a dwell of 10 s. The Vickers
hardness of the 2 h milled sample was 5.4 + 1.0 GPa, and that of the 4 h continuously milled sample
was 10.5 + 0.6 GPa. The large difference reflects the difference in hardness between TiC and TizAlC.

5.1.8 Microstructural examination
5.1.8.1 Miilled for 2 h

Figure 42 is a BSE image of the surface of the sample prepared by milling for 2 h. This image, taken at
an original magnification of 1,500x, provides a general overview of the phase distribution. Three
distinct levels of contrast can be seen. The lightest contrast represents the major phase, which consists
of layered, rectangular grains typical of MAX phase materials [187]. The medium contrast represents a
phase with much smaller grains. These regions are heterogeneously distributed throughout the material.
The darkest contrast may be due to grain pull-out or the presence of alumina, as observed in earlier
samples.

Figure 43 is a BSE image of the sample prepared by milling for 2 h. Semi-quantitative elemental
analyses were conducted at the annotated locations and are represented by the bar chart in Figure 44.
The composition of the major phase is consistent with the stoichiometry of TisAIC,, while that of the
minor phase is consistent with TiC. The grains of TisAIC; are rectangular and vary significantly in size
but are much larger than the grains of TiC which have a diameter < 1 um. The jagged shape of the
darkest contrast regions, similar in shape to the TiC grains, indicate the presence of pluckouts [162].
The SE image, Figure 45, taken at the same location as Figure 43, confirms that the regions of dark
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contrast in the BSE image are due to grain pluckouts during micropreparation. Such pluckouts are
consistent with the fact that TiC is harder than TisAIC; so is more likely to be pulled out of the matrix.

v idét - WD Wﬁwarg O |mode | =————100 prﬁ _—
20.00 kV|vCD| 9.5 mm | 1 500 x | None

Figure 42 — BSE image of a sample prepared from powder milled for 2 h.

The clustering of TiCy particles may be partly due to TiCy formation prior to TiAlz formation and
Al melting. This would limit the movement of molten Al through the material, causing the TiCx particles
to react further with each other and sinter into clusters. However, a more consistent explanation is their
precipitation and sintering from the molten phase due to insufficient availability of aluminium, as shown
by the following images of a cross-section of a sample.

A BSE image and associated EDS maps for a cross-section of a sample are shown in Figure 46. The
graphite from the SPS process was retained; the sample was cut, mounted in conductive Bakelite
(Konductomet) and only the cross-sectional surface was ground and polished. As observed for the
surface of this composition, the lighter grey contrast is TisAIC,, whereas the darker grey contrast is
TiCx. The black contrast on the right-hand side of the image is the graphite and mounting material at
the sample edge. The EDS maps indicate a lower concentration of Al in the dark grey region, with a
much higher concentration present at the right-hand edge, indicating diffusion of Al to the edge of the
sample. The Al-O layer at the edge of the sample is ~10 pm thick. The TiCy region is >100 um thick,
extending further into the sample to ~160 pum at some locations. Such titanium carbide layers have been
observed by other researchers [188]. The centre of the sample contains unevenly distributed regions of
TiCy as can be seen on the left side of Figure 46, albeit at much lower concentrations than at the surface
of the sample.
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Figure 43 — BSE image of a sample prepared from powder milled for 2 h, annotated with locations of
EDS point analyses.
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Figure 44 — Bar chart of the elemental compositions measured at the locations annotated in Figure 43.
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Figure 45 — SE image of the surface of a sample prepared from powder milled for 2 h.
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Figure 46 — (a) BSE image of the cross-section with graphite retained, (b)-(e) EDS maps for Ti, C, Al
and O.
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Figure 47 — Secondary electron image of the cross-section of a sample with the graphite from
sintering retained, taken at the same location as Figure 46.
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Figure 48 — BSE image of the cross-section of a sample with the graphite from SPS retained, taken a

year after the sample was prepared. The band between the sample and the Bakelite containing
aluminium and oxygen has disappeared.
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Figure 49 — BSE image and EDS maps of a cross-section with the graphite from SPS retained. The
images were taken after leaving the sample for a year. The gap at the top of the image contains
aluminium and oxygen. Some alumina particles can be seen amongst the titanium carbide at the
sample edge.
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A secondary electron image, taken at the same location as Figure 46, is shown in Figure 47. This
image highlights the band between the sample and the graphite which contains significant quantities of
aluminium and oxygen, no titanium, and some carbon in the EDS maps. This band is likely Al(OH);
produced from the hydrolysis of Al.C; [44]. Further evidence for this is the fact that graphite paper left
on the samples fell off over time, consistent with dissolution of AI(OH)s in moisture.

The microstructural examination was repeated a year later, and the region containing aluminium and
oxygen had disappeared, as shown in Figure 48. This is consistent with the product being AlsCs then
Al(OH)s. Given extra time, the reaction proceeded to completion and the AI(OH); was removed when
the sample was cleaned for SEM.

A higher original magnification image of the sample after a year, with EDS maps, is shown in Figure
49. Aluminium and oxygen can be seen within the gap, which is likely due to hydrolysis of aluminium
carbide which has been exposed due to the removal of the overlying aluminium hydroxide. The
resolution of the image is improved relative to the earlier images, so the morphology in the TiCx phase
can be seen more clearly. EDS point analyses revealed that some of these phases contain boron from
the boron nitride coating.

Figure 50 — BSE image of a sample of TisAlC, which was prepared from 2 h milled Ti-C. The grain

boundaries were revealed by polishing with colloidal silica then maximising the contrast of the SEM.
Images such as this were used to determine the grain size of the sample.
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The grain boundaries of the material were made visible by polishing with colloidal silica then
maximising the contrast in the SEM. The grain size of the sample was determined approximately from
four images taken at an original magnification of x5000, such as Figure 50.

The lengths and widths of individual grains were measured then used to calculate the aspect ratio.
Four images taken at an original magnification of 5000x were used. Histograms and box plots of the
results are shown in Figure 51. The mean values of length, width and aspect ratio for all 178
measurements were 8.2 £ 4.1 um, 2.3+ 1.1 um and 3.8 + 1.8 respectively.
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Figure 51 — Histograms and box plots of the length, width and aspect ratio of grains in a sample of
TisAlC, which was prepared from 2 h milled Ti-C powder. In the box plots, the lines represent the
minimum, 1% quartile, median, 3 quartile, and maximum. The X represents the mean after removing
outliers, which are shown as circles above the maximum.
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The grain size appears to be bimodal but skewed towards smaller grain sizes, with many smaller
grains distributed in the space between significantly larger grains and many larger grains not being
measured due to the magnification used; consequently, the standard deviation was large. Milling is
known to result in a bimodal distribution of particles sizes with the two peaks of the distribution at the
extremes of large and small particles, so the different sizes could be due to the distribution of TiCy
particle sizes [69]. Additionally, this distribution of larger and smaller grains may indicate that
significant grain growth occurred due to the length of holding time, and it would be interesting to
investigate the effects of holding time on the microstructure.

5.1.8.2 Milled for 3 h

Figure 52 is a BSE image showing the phases present in a sample formed by milling the precursor for
3 h. The lightest contrast is TisAIC,, the darker grey contrast is TiC, and the darkest contrast is Al2Os.
The TiC regions appear to have grains of TisAlIC; distributed throughout them, which is consistent with
the formation of TisAIC; from TiCy in an Al-containing melt. These TisAlIC; grains have a smaller grain
size than those observed in the bulk of the sample. The Al,O3; forms round spots which are relatively
evenly distributed throughout the material. These alumina spots are likely present throughout the
material as aluminium but have oxidised upon exposure to the atmosphere at the surface. Such
morphology is also observed in the samples produced with excess aluminium (see § 5.3)

HV det | WD |mag O |mode |spot —20 ym ———————
5.00 kV |vCD [9.3 mm | 5000 x | None | 5.0 Sorby Centre

Figure 52 — BSE image showing the three phases observed in a sample produced from powder which
was milled for 3 h. The lightest contrast represents TizAlC,, the darker grey contrast represents TiC,
and the dark spots represent Al,Qs.
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HV WD |mag O|mode|s LS O] —
5.00 kV |vCD 9.3 mm | 1000 x | None | 5 Sorby Centre

Figure 53 — BSE image taken at a relatively low original magnification of x1000. The image shows
the distribution of the phases in a sample prepared from powder which was milled for 3 h.

HV det | WD | mag O |mode |spot 5um ——
5.00 kV |vCD | 9.3 mm |20 000 x| None | 5.0 Sorby Centre

Figure 54 — BSE image showing the morphology of TiC grains amongst TisAIC; grains.
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HV det | WD mag [ | mode | spot
5.00 kV |vCD 9.3 mm |10 000 x| None | 5.0 Sorby Centre

Figure 55 — BSE image showing a concentrated region of TiCx.

HV det | WD | mag O |mode |spot 10 ym ————
5.00 kV |vCD [9.3 mm |10 000 x| None | 5.0 Sorby Centre

Figure 56 — BSE image of an area with a high concentration of Al.Os (darkest contrast). Many of
these particles appear to be present at the corners of TisAIC, grains where several grains meet.
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Figure 53 provides a general overview of the phase distribution. The TiC regions are
heterogeneously distributed in concentrated regions throughout the material. Most of these regions
contain rectangular grains of TisAlC;; however, there are several very large regions containing only
grains of TiC. Spots of Al.O; appear to be evenly distributed throughout the TisAIC; regions of the
material. The fact that Al and TiCy form separate clusters suggests that the mobility of aluminium has
been limited, most likely by the formation of stable TiC at lower temperatures than the formation of the
molten phase, as indicated by differential thermal analysis of powder milled for 3 h.

Figure 54 is a BSE image showing the morphology of the TiC grains which are interspersed with
TisAlC,. The grains of TiC are very small, with average diameters significantly less than 1 um. The
smaller grain size relative to the sample which was milled for 2 h appears to be due to the extended
milling time.

Figure 55 shows a region of concentrated TiCx. The particle size was smaller due to milling for
longer and therefore has led to TiCy particles sintering together much more readily, as shown by the
thermal analysis results. It appears that once the clusters grow past a certain size they prevent aluminium
diffusion and reaction with TiCx during the 15 min holding time, resulting in such large concentrated
regions.

Figure 56 is a BSE image focused on a region with many Al.O; grains. These grains appear to be
prevalent at the corners of TisAlC; grains where several grains meet. However, some also appear to be
present within the TisAIC; grains themselves. Clearly there was insufficient TiCy in these regions for
the Al-containing melt to react with. The AlO; grains appear to be typically <1 um in diameter;
however, a few significantly larger particles as in the bottom right of the image were observed
throughout the material.

5.1.8.3 Milled for 4 h continuously

Figure 57 is a BSE image showing the morphology of the phases in a sample prepared from powder
which was milled continuously for 4 h. The EDS maps aid identification of the phases. The darker
contrast equiaxed grains are titanium carbide, which was the major phase identified by XRD, and is
indicated by a lack of aluminium in the EDS map. As the particle size would have been very small after
milling, these particles preferentially sintered, limiting the ability of Al to diffuse into the structure and
form TizAIC,. Furthermore, if the powder was stoichiometric TiC rather than non-stoichiometric, the
structure would need to be broken down first, as discussed by the work of Zou et al. and Riley and
Kisi [73,77,85]. These grains contain black spots which look like pores, although the relative density
was 99%. They could be spots of concentrated aluminium; the accelerating voltage may be too high to
enable a sufficiently low resolution to be obtained in the EDS maps. The lighter contrast phase is
TisAlC,. The TiC grains appear to be distributed throughout a matrix of TisAlC.
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mag O | mode
| 9.0 mm | 5 000 x | None

(a) BSE image

(0) Ti Kz (©) Al Ko (d) C Ko and Koz

Figure 57 — BSE image of a sample produced from powder milled continuously for 4 h in a SPEX
8000M Mixer/Mill. The major phase consists of darker contrast grains with black spots; the lack of
aluminium confirms that this phase is titanium carbide. The lighter contrast phase is TisAlCo.

Figure 58 is an SE image taken at the same location and original magnification as Figure 57. The
lighter contrast of the TiCy grains shows that they are raised relative to the TisAIC, matrix. This
indicates greater removal of TisAlIC, during polishing because of its lower hardness relative to TiCy.
The hardness, 10.5 + 0.6 GPa, was almost double that of the 2 h milled sample due to the hardness of
TiCy. In comparison, the hardness of bulk TiC was 22 + 3 GPa [189]. Initial investigations of the wear
behaviour of this material (by Carl Magnus) reveal that it has a very high resistance to wear, consistent
with the high content of TiCx [190].
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2000kV ETD/89mm 5000x SE_ |

Figure 58 — SE image of a sample prepared from powder milled continuously for 4 h in a SPEX
8000M Mixer/Mill. The location and original magnification are the same as that in Figure 57.
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Figure 59 — BSE image providing a general overview of the surface morphology of a sample
produced from powder which was milled continuously for 4 h in a SPEX 8000M Mixer/Mill.
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HV [det| WD |mag O|mode|  ~——5um——n—— |
20.00 kV|vCD | 8.9 mm | 20 000 x | None

Figure 60 — BSE image of grains of TiC in a sample prepared from powder milled continuously for
4 h in a SPEX 8000M Mixer/Mill. The dark spots are round and look like they may be connected,
indicative of porosity.

Figure 59 is a lower magnification BSE image. It indicates that the major phase is titanium carbide,
with concentrated regions of TisAlC, heterogeneously distributed throughout the material. Figure 60 is
a higher magnification image of the grains of TiC. The dark contrast spots are round and appear
interconnected, suggesting porosity. However, the relative density was approximately 99% and the
XRD pattern suggests the presence of a third phase in minor quantities.

Further investigation is required to confirm that synthesis of this material with the same
microstructure is repeatable, and to precisely determine its formation mechanism. It may prove to be a
very useful composite material, especially given its high wear resistance [190]. Raman spectroscopy
would be particularly useful to determine whether the TiCy in both the powder and the bulk sample is
stoichiometric or non-stoichiometric [90,92], although a method of maintaining the powder in an inert
atmosphere is required to prevent any spontaneous reaction.
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5.2 Variation of sintering temperature

It was decided to reinvestigate the effect of temperature on the synthesis method. It was suspected
that a small fraction of TiCx was always obtained because the sintering temperature was too high.
Furthermore, the temperature used had been based on a different method, then was successful under
different milling conditions, so it was suspected that a different sintering temperature may improve the
product purity.

Four samples were prepared with SPS holding temperatures between 1250°C and 1400°C. Titanium
and graphite powders were milled for 2 h in a SPEX 8000M Mixer/Mill then mixed with 1.0 parts
aluminium powder. The results for the sample prepared at 1350°C can be found in § 5.1.

The sintering profiles have the same shape and similar onset temperatures for changes in piston
movement as that shown for the sample which was milled for 2 h and sintered at 1350°C with 1.0 parts
Al (85.1.4). The sintering profiles for samples held at 1250°C, 1300°C and 1400°C can be found in
Appendix B (§12.1.1)

5.2.1 XRD and Rietveld refinement

Figure 61 is a bar chart showing the phase compositions of samples formed at different holding
temperatures. The Rietveld refinement statistics and key lattice parameters are shown in Table 13. The
greatest fraction of TisAlIC, was obtained at 1350°C. At 1250°C it appears that the reaction was
incomplete, as the intermediate phase AlsTi was present. At 1300°C, AlsTi had fully reacted, but a
greater fraction of TiC was present. The smallest fraction of TisAlC, was obtained at 1400°C, with a
significant increase in TiC content compared to 1350°C.
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Figure 61 — Bar chart showing the phase compositions of samples formed at different holding
temperatures.
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Table 13 — Lattice parameters and fitting statistics from Rietveld refinement of XRD data for samples
prepared with different SPS dwell temperatures.

Lattice Parameters / A Fitting Statistics
Dwell Temperature / °C [ ] ]
Ti;AlC;, a TiAlIC, ¢ TiCy,a| o Rp WRp
1250 3.079 18.607 4.335 | 2.829 0.0778 0.1004
1300 3.081 18.622 4333 | 2.700 0.076 0.098
1350 3.078 18.594 4331 |3.357 0.082 0.109
1400 3.080 18.608 4332 |3.835 0.089 0.117

5.2.2 Density

The densities of samples produced at different holding temperatures are shown in Table 14. The relative
densities of all samples were close to 100%. A lower density was obtained for the sample produced at
1250°C due to the presence of AlsTi, and higher densities were obtained for the samples at 1300°C and
1400°C containing increased quantities of TiCx.

Table 14 — Densities of samples produced at different holding temperatures.

Temperature, T/ °C  Density, p / gcm= Relative Density / %

1250 4.196 + 0.010 98
1300 4.283 +0.003 99
1350 4.276 + 0.002 100
1400 4.336 + 0.002 99

5.2.3 Microstructural examination
5.2.3.1 Sintered at 1250°C

Figure 62 is a representative BSE image of a sample sintered at 1250°C showing the morphology of
phases present. The EDS maps provide indications to the compositions of these phases. The lightest
contrast is TisAIC,. The medium contrast regions are TiCy, as indicated by the lack of aluminium. The
large section of darkest contrast appears to contain a greater concentration of aluminium and lower
concentration of titanium, connoting it is the AlsTi phase observed by XRD.

Figure 63 is an SE image taken at the same location and magnification as Figure 62. The AlsTi
region has darker contrast, indicating that it has been removed more than the surrounding TizAIC, due
to it being softer. Numerous grain pluck-outs can be seen in the TiCy phase due to it consisting of small
grains and being a harder material than the surrounding TisAlC..
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Figure 64 is a BSE image taken at a much lower original magnification. It shows the distribution of
phases throughout the material. Both the TiCyx and AlsTi phases are heterogeneously separated into
concentrated regions with varying, relatively large volumes. Such separation of these two phases may
indicate insufficient mixing of aluminium with the milled Ti-C precursor.

‘e *
HV [det| WD |mag O|mode| ~—————50ym——— |
20.00 kV|vCD|8.8 mm|2500x [None l |
(a) BSE image

(0) Ti Kt (©) Al Ky (d) C Ky and Koz

Figure 62 — BSE image and EDS maps representative of the microstructure of a sample sintered at
1250°C. The lightest contrast phase, which has the greatest volume fraction, represents TisAIC,. The
medium contrast phase on the left side of the image is TiCy, as indicated by the lack of Al. The
darkest contrast phase is AlsTi, as indicated by the lack of Ti and abundance of Al.
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HV |det| WD [mag O|mode| ———50pm—"—— |
20.00 kV/ETD 8.8 mm | 2500 x | SE

Figure 63 — SE image of a sample sintered at 1250°C, taken at the same location and magnification as
Figure 62. The medium contrast region shows greater loss of AlsTi due to it being softer than the
surrounding TizAlC,. The spots of dark contrast which are prevalent in the TiCy region represent grain
pull-outs.

HV  [det [ WD [mag O [mode| ————300 ym ———— |
20.00kV,vCD 88 mm 500 [None |

Figure 64 — BSE image of a sample sintered at 1250°C, taken at a relatively low original
magnification to show the distribution of phases throughout the material. The TiCx (medium grey
contrast) and AlsTi (dark contrast) phases concentrate heterogeneously into relatively large volumes.
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20.00 kV|vCD | 8.8 mm | 5 000 x | None

Figure 65 — BSE image showing the morphology of the AlsTi phase. No grains appear to be visible
other than those of Ti;AlIC; in the process of forming.

"HV [det| WD [mag O|mode|  ———10um
20.00 kV|vCD | 8.8 mm | 10 000 x | None

Figure 66 — BSE image of the TiCx phase in a sample prepared at a sintering temperature of 1250°C.
The annotations mark the locations of EDS point analyses, the compositions of which can be found in
Figure 67.
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Figure 67 — Compositions of EDS point analyses at the annotated locations in Figure 66. Points 1, 2,
5 and 6 appear to be a mixture of TizAlC; and TiCy. Points 3, 4 and 7 appear to be mainly TiCy.

Figure 65 is a BSE image showing the AlsTi phase at higher magnification. It is difficult to
distinguish any grain structure in this region other than what appears to be TisAlC; grains in the process
of forming. This provides evidence that TisAlC; forms from AlsTi and indicates that the reaction did
not proceed to completion. The lack of AlsTi grain structure is likely a result of rapid quenching from
the molten state. The TizAIC; grains at the border between phases appear to have rounded as opposed
to rectangular morphology.

Figure 66 is a BSE image centred on the TiCy phase. EDS point analyses were conducted at the
annotated locations, the compositions of which are summarised in Figure 67. The equiaxed shape of the
grains is similar to that observed at 1350°C, but the grains are smaller (<< 1 pum), and overall the phase
appears as though it has undergone densification. Such morphology is consistent the observations of
Choi and Rhee, and agrees with the mechanism proposed by Ge et al. [81,184]. The sample which was
milled for 3 h also had small TiCy grains, but they were comparatively large and the boundaries were
more clearly defined.

5.2.3.2 Sintered at 1300°C

Figure 24 is a BSE image of a sample which was sintered at 1300°C. The image is representative of
the microstructure of the sample. Three distinct levels of contrast are visible. The lightest contrast
represents the major phase, TisAlC,, as observed by XRD. The medium contrast represents the minor
phase, TiCy. The morphology of the larger regions of dark contrast does not appear to be solely due to
grain pluck-outs, and it represents at least one further phase which was not identified via XRD, most
likely AlsTi. AlsTi is known to decompose at 1340°C, so it is unsurprising that it is still present at
1300°C but disappears completely at 1350°C [184,191].
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Figure 69 is a BSE image taken at greater magnification. The annotations note the locations of point
analyses, the results of which are summarised in Figure 70. The high aluminium content of points 1 to
3, combined with the oxygen content, suggests this phase is Al,Os; or oxidised AlsTi. Further
confirmation could be obtained through Raman spectroscopy, as it is likely that this phase is actually
consists of AI-Ti-O. The compositions of points 4 to 8 and point 10 are representative of sub-
stoichiometric TiCx. The TiCx phase occupies a larger volume fraction than the sample sintered at
1350°C, and the grain size appears smaller (<« 1 um). Furthermore, while the majority of TiCy is present
in clusters, some grains appear to be located along the grain boundaries of Ti;AlC,. This indicates that
TiCx is observed due to incomplete reaction with AlsTi to form TisAlC,. The smaller grain size is likely
representative of the particle size after milling, and the reduction in volume and increase in grain size
at 1350°C suggests the reaction with aluminium has proceeded further and the remaining TiCx has
undergone sintering and grain growth. Although the composition of point 9 is representative of Ti;AlC,,
the location has morphology closer to that of TiCy; the location may have been undergoing reaction to
TisAlC, when the temperature began to decrease, or the penetration depth of the electron beam may be
reaching an area below the grain.

k 'R D agl:l od
20.00 kV|vCD| 9.4 mm | 1 000 x | None | 3.0

Figure 68 — BSE image of a sample sintered at 1300°C from titanium and graphite that was milled for
2 h. The image is representative of the general microstructure of this sample.
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HV [det| W - d t
Figure 69 — BSE image of a sample sintered at 1300°C from Ti-C which was milled for 2 h. The

annotations show the location of EDS point analysis, the elemental compositions of which are
summarised in Figure 70.

Figure 71 is a similar BSE image which shows TiCx distributed along the grain boundaries of
TizAIC,. The close proximity of Al-O particles further suggests the morphology is indicative of
unreacted TiCy. The size of these alumina particles is much greater than the TiCy grains. It is possible
that use of aluminium of smaller particle size, improved mixing with aluminium, or a longer holding
time during sintering may lead to a greater yield of TisAIC..
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Figure 70 — Compositions of point analyses at the locations shown in the annotated BSE image,
Figure 69.
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Figure 71 — BSE image showing the distribution of TiCx around the grain boundaries of TisAIC,, and

the close proximity of particles of alumina. The alumina particles are significantly larger than the TiCy
grains.

Hv et mag [ | mode |sp
20.00 kV | vCD 9.4 mm | 25 000 x | None | 3.0

Figure 72 — BSE image showing the distribution and morphology of the TiCy phase in a sample
prepared at a holding temperature of 1300°C.
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Figure 72 is a BSE image at a relatively high original magnification of x25,000 which shows the
morphology of the TiCx phase. All grains appear < 1um in size, with most grains much smaller than
this. These grains appear to surround and separate the grains of TisAlIC,. Figure 73 is an SE image taken
at the same location and magnification. This image indicates the dark contrast observed in the TiCy
regions of the BSE images is due to grain pull-out.

Figure 74 is a BSE image of a region showing morphology similar to the AlsTi regions observed in
the sample sintered at 1250°C. Observation at lower magnifications suggested such regions were
infrequent, occupying a volume fraction < 1vol.%. Point spectra were obtained at the annotated
locations, the compositions of which are summarised in Figure 75. By assuming that the carbon content
in points 2 and 3 is associated with TisAIC, and subtracting the relevant amounts from the overall
composition, it can be confirmed that the composition of the dark contrast phase distributed amongst
TisAlIC; grains in the top part of the image is AlsTi. Points 4 and 5 suggest the presence of a large
particle of alumina.

HY [det| WD |mag O|mode[spot| ————5pum——— |
20.00 kV ETD|9.4 mm |25 000 x| SE | 3.0

Figure 73 — SE image showing the distribution and morphology of the TiCx phase in a sample
prepared at a holding temperature of 1300°C. Grain pull-out of the TiCx phase is evident.
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HV det | WD 15 d t
Figure 74 — BSE image of a sample prepared at a holding temperature of 1300°C showing a region

with AlsTi and alumina present. The annotations mark the locations of EDS point analyses, the
compositions of which can be found in Figure 75.

Figure 76 is an SE image taken at the same location and magnification as Figure 74. AlsTi is softer
than TizAlC,, so the darker contrast in these regions shows greater loss of AlsTi from micropreparation.
The morphology of the alumina particle may suggest cracking during oxidation.
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Figure 75 — Compositions of EDS point analyses obtained at the locations marked in Figure 74. Point
1 is consistent with the stoichiometry of TisAIC,. Points 2 and 3 represent a mixture of TizAlIC; and
Al3Ti. Points 4 and 5 suggest a mixture of TizAlC; and AlO,.
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HY [det| WD [mag O0|mode spot| ~ ——20pym—— |
20.00kV ETD|9.4mm 5000x SE_30 |

Figure 76 — SE image of a region containing AlsTi in a sample produced at a holding temperature of
1300°C. The image was taken at the same location and magnification as Figure 74.

HV det | WD |mag O |mode |spot —50 ym —————
5.00 kV |vCD | 9.0 mm | 2 000 x | None | 5.0 Sorby Centre

Figure 77 — BSE image of a sample sintered at 1400°C providing a general overview of the phase
distribution. The lighter contrast phase is TisAIC,, and the darker contrast phase is TiCx.
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5.00 kV |vCD | 9.0 mm | 20 000 x| None | 5.0 Sorby Centre

Figure 78 — BSE image showing the morphology of the TiCx phase in a sample sintered at 1400°C.
Rectangular grains of TisAIC, can be found within the TiCy phase. The TiCx grains are <1 pm in
diameter.

5.2.3.3 Sintered at 1400°C

Figure 77 is a BSE image of a sample sintered at 1400°C. The image provides a general overview
of the distribution of phases. The TiCy phase (darker contrast) appears to be heterogeneously distributed
in concentrated regions. Additionally, rectangular grains of TizAlC, can be found within these regions
of TiCy.

Figure 78 is a BSE image taken at a much greater original magnification and shows the morphology
of the TiCx phase, which has a grains size of <1 um. Where the rectangular grains of TisAIC, are
present, the TiCy grains form a straight line at the boundary and in many cases occupy a rectangular
shape. This suggests much of the TiCy has formed by decomposition of TizAlC..

TizAIC; is known to decompose to TiCx and Al from ~1300°C to 1400-1450°C [54,76,187,192].
Furthermore, aluminium volatilises at 1209°C at 1 Pa and 1359°C at 10 Pa [185]. The FCT Systeme
SPS can achieve a vacuum pressure of 5 Pa. Thus, it is probable that aluminium evaporates and diffuses
to the edge of the sample where it reacts rapidly with the graphite to form aluminium carbide. Overall,
the morphology of the TiCy particles at 1350°C seems to be most similar to those at 1400°C, suggesting
TiCx is forming by decomposition. It is possible that a slightly lower sintering temperature such as
1325°C may give superior results. Conversely, it is worth noting that Zhou et al. obtained pure
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TizAlSioC at 1200°C and 1250°C, observing TiAl; and TiCx at 1150°C and TiCx at 1300°C [192].
However, the lower temperatures may be due to better mixing of the reagent powders, the use of a solid
solution of Al and Si (silicon volatilises at 1635°C at 1 Pa and 1829°C at 10 Pa, so may lower the

volatility of Al [185]), or more accurate measurement of the temperature during the SPS process.
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5.3 Variation of aluminium stoichiometry

The effect of increasing the aluminium content was investigated next but did not improve the phase
purity of the product. Many researchers suggest that an aluminium mole fraction greater than that of the
stoichiometry (i.e. > 1) is required to produce pure TizAIC; due to loss of aluminium through processes
such as evaporation [54,76,187,192]. For example, Zhou et al. observed decomposition of TisAIC; to
TiCx and Al at 1300°C [192], and Yoshida et al., observed Al evaporation when a sample of TizAlIC;
was heated at 1400°C for extended dwell times [76]. In the present work, aluminium was observed to
diffuse to the edges of the pellet where it reacted with the graphite paper to form aluminium carbide
(8 5.1.8.1). It was therefore decided to increase the aluminium content to account for such losses.

Samples were prepared with hyperstoichiometric quantities of Al to account for aluminium loss
during SPS. Further detail of the sample prepared with 1.0 parts aluminium can be found in 8 5.1. The
sintering profiles, which can be found in Appendix B (§12.1.1), have the same shape and similar onset
temperatures for changes in piston movement as that shown for the sample which was milled for 2 h
and sintered at 1350°C with 1.0 parts Al (85.1.4).

5.3.1 XRD and Rietveld refinement

The phase compositions are shown in the bar chart in Figure 79. The largest fraction of Ti;AlC, was
obtained with a stoichiometric aluminium content of 1.0. As the aluminium content increased above
stoichiometric, the weight fraction of TisAIC, decreased. At 1.1 Al the results were comparable to
1.0 Al, but at 1.2 Al and beyond the weight fraction of TiCx was unacceptably large.
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Figure 79 — Bar chart showing the phase compositions of samples produced with hyper-
stoichiometric aluminium content. The purest sample was obtained with stoichiometric aluminium
content, and the purity decreased as the stoichiometry increased.
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Table 15 — Lattice parameters and fitting statistics from Rietveld refinement of XRD data for samples
prepared with increasing aluminium content.

Milling Time Lattice Parameters / A Fitting Statistics
TizAIC;, a TizAIC,, ¢ TiCya| o2 Rp WwWRp
1.0 3.078 18.594 4331 | 3.357 0.082 0.109
1.1 3.081 18.615 4.333 | 2.269 0.069 0.090
1.2 3.082 18.626 4333 | 2.391 0.071 0.092
1.3 3.081 18.622 4333 | 2.378 0.071 0.092
1.4 3.082 18.626 4333 |3.198 0.081 0.107

The lattice parameters and fitting statistics from Rietveld refinement are shown in Table 15. The a-
axis lattice parameters for both TisAlIC; and TiCx remain approximately constant, but the c-axis lattice
parameter appears to increase with the aluminium content.

5.3.2 Density

The densities and relative densities of samples produced with variable aluminium content are shown
in Table 16. The relative density decreased from 100% as the aluminium content increased, further
indicating that a stoichiometric aluminium content gave the greatest quality of the product. However,
as shown by the SEM images which follow, Al,O3 was observed as a third phase which was not detected
by XRD. Al,O3 would be expected to lower the observed density, and not being detected by XRD would
lower the calculated relative density.

Table 16 — Density and relative density of samples produced with variable aluminium content. The
relative density decreased from fully dense as the aluminium stoichiometry was increased.

Aluminium Stoichiometry Density, p / gcm? Relative Density / %

1.0 4.276 +0.002 100
1.1 4.158 + 0.006 97
1.2 4.165 + 0.004 96
1.3 4.222 +0.005 97
14 4.181 + 0.005 96

5.3.3 Microstructural examination
5.3.3.1 Prepared from 1.1 parts Al

Figure 80 is a BSE image which shows the general surface morphology of the material. The TiCy
regions all appear to have TisAIC, grains interspersed throughout them. These regions are
heterogeneously distributed in concentrated regions throughout the material. The spots of Al.O; are
evenly distributed throughout the TisAIC, phase. According to Tzenov and Barsoum, these particles of
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HV |det| WD |mag O|mode[spot|  —50ym——m—— |
5.00 kV |vCD |9.0 mm | 2 000 x | None | 5.0 Sorby Centre

Figure 80 — BSE image which provides a general overview of the surface morphology of a sample
prepared using 1.1 parts Al. The lightest contrast phase is TisAlC,, the medium grey contrast phase is
TiCyx and the dark contrast spots are Al;Os.

Al>,O3 may be formed from Al4Cs as per Equation 32 [187]. Al.Cs forms from an equilibrium between
the Al-containing melt, TiAlz and graphite [54].

Equation 32
Al,C3 + 6H,0 = 2Al,05 + 3CH,

Figure 81 shows the morphology of the TiCy phase. There is a large variation in grain size, but most
of the grains are << 1 um in diameter. Some of the TiCx grains are clustered in rectangular shapes, which
may indicate partial formation of TiCx by decomposition of TisAIC,, as observed for the sample sintered
at 1400°C (8 5.2.3.3). It is possible that excess Al forms a melt which aids removal of any Al released
by decomposition of TisAlIC,.

5.3.3.2 Prepared from 1.2 parts Al

Figure 82 is a BSE image taken at a relatively low original magnification which provides a general
overview of the phases visible within the material. Spots of alumina are prevalent throughout, and TiCx
is heterogeneously distributed in concentrated regions. Overall, the microstructure is fairly similar to
the sample prepared from 1.1 parts aluminium, but the TiCy clusters appear to be larger (Figure 84),
and some TiAlsz was observed in some locations (Figure 85).
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5.00 kV |vCD | 9.0 mm | 40 000 x 5.0 Sorby Centre

Figure 81 — BSE image showing the morphology of TiCy in a sample prepared using 1.1 parts Al.
The image was taken at a relatively high original magnification of x40,000 and shows grains with
diameters significantly smaller than 1 pum.

HV det mode | spot o O |10 R ——
5.00 kV |vCD [9.0 mm | 2 000 x | None | 5.0 Sorby Centre

Figure 82 — BSE image providing a general overview of the surface microstructure of a sample
prepared using 1.2 parts Al. Three key phases are visible: the lightest contrast is TisAlC,, the medium
grey contrast is TiCy and the dark contrast is mainly aluminium oxide.
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Figure 83 — BSE image of a region of high TiCx concentration. The TiCx particles are distributed
amongst the grain boundaries of TizAlC.

HV det | WD | mag O |mode |spo O e —
5.00 kV |vCD | 9.1 mm |10 000 x| None | 5.0 Sorby Centre

Figure 84 — BSE image of a large concentrated region of TiCy. Such regions are infrequent but cover
large areas with very small, dense TiCy grains.
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5.00 kV |vCD | 9.0 mm |10 000 x| None | 5.0 Sorby Centre

Figure 85 — BSE image showing a region containing AlsTi distributed around grains of TisAlIC,. The
TisAlC; grains within this region are small, and no grain structure is visible within the AlsTi phase.

Figure 83 is a BSE image of a region containing significant amounts of TiCy with a grain size
<1 um. Here, the TiCx is distributed between the grain boundaries of TisAIC, grains. It may have
precipitated from a melt containing insufficient aluminium, or some TiCy formed and sintered before it
was able to interact with Al.

Figure 84 is a BSE image of a large region of TiCy particles. The morphology is very similar to that
found for the sample prepared from a precursor which was milled for 3 h (8 5.1.8.2), with a grain size
<« 1 pm for most grains. It is possible that the increased quantity of Al increases the amount of TiAls
which forms exothermically, simultaneously reducing the quantity of Ti available to form non-
stoichiometric TiCx and causes Ti and C to react and sinter as particles of TiC. Additionally, it appears
as if the embedded TisAIC, particles are in the process of reacting, either decomposing to or forming
from, TiCy. In particular, in the bottom of the image is a grain which has the same contrast and
rectangular shape as TizAlC,, but the equiaxed shape of TiCy grains is visible within the grain. This is
suggests decomposition of TizAIC; grains, as observed for the sample sintered at 1400°C (§ 5.2.3.3).

Figure 85 is a BSE image showing a region containing AlsTi distributed among grains of TizAIC,.
Such regions are uncommon within the material, in agreement with the XRD data which did not show
AlsTi. The TisAIC; grains within the AlsTi region are quite small. The data obtained for samples
prepared with variable sintering temperatures (8 5.2) indicates AlsTi is an intermediate in the reaction
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mechanism to form TisAIC,. Therefore, the small size of these TisAIC; grains is likely due to them
being in the process of forming.

5.3.3.3 Prepared from 1.3 parts Al

Figure 86 is a BSE image providing a general overview of a sample prepared with 1.3 parts Al. There
are two different regions of TiCy, both of which are heterogeneously distributed in concentrated regions
throughout the material and consist of very fine grains of TiCx. Most of these regions are interspersed
with rectangular grains of Ti;AlC,, but some are concentrated regions consisting solely of TiCx. The
concentrated TiCx regions appear larger than those observed with 1.2 parts Al, which were in-turn larger
than those with 1.1 parts Al. There is an unusual lack of Al,Os visible throughout the material; dark
contrast mostly represents indents into the surface or pluck-out of TiCy grains.

Figure 87 is a BSE image of a large concentrated region of TiCy grains. The grains are very small,
with a grain size << 1 pum. Again, the morphology is similar to the sample prepared from a precursor
which was milled for 3 h (85.1.8.2) and suggests TiC formed and sintered before the molten Al-
containing phase was able to distribute throughout the material and react with TiCy.

HV WD [mag O |mode|spot] ~ ———20ym——— |
5.00kV |vCD 9.2 mm | 5000 x | None | 5.0 Sorby Centre

Figure 86 — BSE image providing a general overview of the microstructure of a sample prepared
from 1.3 parts Al. The lightest contrast phase is TisAIC,, and the darker grey phase is TiCx. The dark
contrast shows mainly indents and grain pluck-outs.
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Figure 87 — BSE image of a large region of TiCx. The particles are nanosized, with a grain size
<« 1pm.

HV | | wbD mag O | mode spot ] - 10 um
20.00 kV |\ 9.1 mm |10 000 x | None | 3.0

Figure 88 — BSE image showing the phases present in a sample prepared using 1.4 parts Al. The
annotations mark the locations of point analyses, the compositions of which are shown in Figure 89.
Points 1 and 2 represent the morphology of TisAlIC,. Points 3 and 6 show the morphology of TiC..
Points 4 and 5 show the morphology of AlOs, which was not observed by XRD.
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Figure 89 — Compositions of EDS point analyses conducted at the locations marked in Figure 88.

5.3.3.4 Prepared from 1.4 parts Al

Figure 88 is a BSE image with EDS point analyses at the annotated locations. Most of the material
consists of TisAlC,. The fine-grained regions are TiCy, the grains of which are << 1 um. The dark spots
(e.g. points 4 and 5), approximately 1-4 um in size, have a composition and morphology consistent with
previously observed Al,Os particles.

Figure 90 provides a general overview of the surface morphology. There is a significant fraction of
Al,O3 distributed throughout the material which was not observed via XRD; Raman spectroscopy may
further aid its identification. The TiCx regions appear to be distributed at the grain boundaries of TisAIC,
which suggests an incomplete reaction, as observed in the sample sintered at 1300°C (§ 5.2.3.2).

Figure 91 is a higher magnification BSE image focused on the TiCx region in the top of Figure 90.
It shows clearly that the TiCx particles are distributed at the grain boundaries of TisAIC,. Furthermore,
this phase has a nanoscale grain size. Figure 92 is a BSE image which shows that there is a significant
volume fraction of Al,Os particles evenly distributed throughout the material.

The grain size of the TiCy particles appears to decrease as the Al content increase; this was also
observed by Choi and Rhee, who attribute the phenomenon to the reduction in combustion temperature
as heat is used to decompose titanium aluminides [184]. Also, the presence of Al may limit diffusion
of C along the grain boundaries, which is the reported mechanism of grain growth of TiC.
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Figure 90 — BSE image showing the general surface morphology of a sample prepared using 1.4 parts
Al. The dark contrast spots are Al,Os and appear to occupy a significant fraction of the material. The
TiCx in the top of the image appears to be present at the grain boundaries of TizAlC..

HV ldet| WD |mag O|mode|spot|  ——10pym—"-—" |
20.00kV|vCD|9.1mm|10000x None 30 [ |

Figure 91 — A BSE image of a sample produced from 1.4 parts Al which shows the distribution of
nanoscale TiCy grains among the grain boundaries of TisAIC.
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Figure 92 — BSE image of a sample prepared from 1.4 parts Al. A significant fraction of the
aluminium is present as Al,O3 particles, evenly distributed throughout the material.

At greater aluminium content, i.e. 1.2 and 1.3 parts, the graphite punches became more difficult to
remove from the sample after sintering. At 1.4 parts aluminium the punch broke significantly when
removed from the sample. It appears that any excess aluminium is simply pushed out of the bulk sample
as it densifies and reacts preferentially with the graphite liner. Furthermore, it is possible that titanium
dissolved within the aluminium melt and was transported to the edge of the pellet, lowering the fraction
of titanium in the pellet and favouring the formation of TiCx with higher carbon stoichiometry over
TisAlC,. Further characterisation of the diffusion layer would enable better understanding of this

process.
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5.4 Discussion

The following reaction mechanism is proposed. Milling Ti and C causes significant mixing of the
two reagents and particle size reduction, with partial interdiffusion between Ti and C. The fraction of
TisAlIC; is maximised when the temperature of ignition for this mixture is slightly greater than the
melting point of Al. During SPS, the first reaction is between Ti and Al, which react exothermically to
form TiAls. Al and TiAls then begin to melt and spread throughout the material, aiding mass transfer
and densification and enabling further reaction with Ti. This is closely followed by a self-propagating
reaction between Ti and C to form TiCos7. Graphite itself has low solubility in the melt, whereas
dissolution of TiCy into the Ti-Al melt is relatively facile. The reaction between TiCoe7 and the melt
proceeds by the mechanism proposed by Riley and Kisi, with ordering of the carbon vacancies in the
TiCoe7 then infiltration of the predominantly Al-containing melt as the TiCy particles dissolve [77,85].
This reaction was sustained by further temperature rise and dwelling in the SPS.

When milling was performed for just 1 h, the reaction between Ti and C was not self-propagating,
so formation and reaction of TiCoe7 occurred more slowly and more TiCx was observed in the product.
When milling was performed for 3 h or 4 h, Ti and C reacted exothermically before TiAl; formation
and Al melting. The heat released caused partial evaporation of Al and limited TisAIC; precipitation at
higher temperature, maximising the formation of stable TiCx Furthermore, milling Ti and C
continuously for 4 h caused ignition and formation of TiCx during the milling step, which then
preferentially sintered before Al melting could occur.

The reaction was incomplete when the temperature rise was stopped at 1250°C, with precipitation
of TiCx and regions of TiAls observed. This confirmed that the mechanism proposed by Ge et al. for
the combustion synthesis of TisAIC,, with an intermediate step of Ti-Al melt formation, is relevant to
the mechanism observed in this work, except the production of TiCy is more facile due to the milling
process used [81]. At 1300°C the reaction was closer to completion but some TiAls; remained. At
1350°C, the reaction proceeded to completion, but Al evaporation led to some impurity of TiCy. At
1400°C, decomposition of TizAIC, formed significant quantities of TiCy.

When Si was used instead of Al, a Ti-Si melt formed, and the reaction proceeded by the same
mechanism, but the temperature was too low, or the holding time was too short, for complete reaction
to occur (see Appendix D). Using an excess of Al changed the position within the phase diagram,
leading to the preferential formation of TiCy, and may have aided removal of Al upon decomposition
of TisAIC, [54]. It is worth noting that Tzenov and Barsoum obtained the purest product with 1.1 parts
Al and 1.8 parts C, so it may be necessary to also reduce C to stay in the thermodynamically most stable
region for phase formation [187].
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The ignition temperature for the reaction between Ti and C is affected by the rate of reaction, which
is proportional to the contact surface area between Ti and C particles [82]. This contact surface area is
increased significantly by milling. The ignition temperature for the Ti-C mixture would have differed
when milling was performed with the Retsch Cryomill compared to when milled in the SPEX 8000M
Mixer/Mill, and was a contributing factor to the increased purity of this sample (see Appendix B).
Therefore, it would be useful in the future to investigate the effect of slight variations in milling time
around 2 h in the SPEX 8000M Mixer/Mill. It is also possible that the morphology of Ti-C was more
equiaxed in the Retsch Cryomill due to the higher BPR, but more flake-like in the SPEX 8000M
Mixer/Mill due to the lower BPR [69]. It would therefore be interesting to investigate the effect of
milling time at different BPRs.

The work of Lee et al. (1997) indicates that clusters of aluminium or TiCx would likely be observed
if the compact density is not optimal (see Figure 9, § 3.3.3) [82]. This suggests that the effect of uniaxial
force should be investigated, including its magnitude, rate of application, and temperature at which it is
applied. While the relative density of samples was high, the formation of TiCy clusters may be due to
application of too much force.

Evaporation of Al contributes significantly to the presence of TiCy in all of the samples. In order to
minimise this, synthesis should be performed in argon rather than vacuum in order to lower the vapour
pressure of Al. Additionally, the holding time at maximum temperature should be reduced, and the ramp
rate should perhaps be increased after Al has melted and spread through the material. It may be
necessary to investigate changes to holding temperature and Al content with these changes.
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6 Corrosion of TizAIC;

Table 17 summarises the results from corrosion experiments of TizAlIC,. Results for the majority of
these samples follow, and additional results can be found in Appendix F. TizAlC> was tested because it
is one of the most well studied MAX phase compositions available and there is evidence that it performs
well under irradiation damage and has low neutron absorption. Samples were exposed to LiCI-KCI
eutectic (LKE) because it is generally considered the lead candidate medium for possible future large
scale pyroprocessing of spent nuclear fuel (there is a wealth of data available for the chemistry of
elements in this solvent) and KCI-MgCl; eutectic (KME) because it has been proposed as a very low-
cost solvent for the secondary coolant loop of molten salt reactors. The samples in this section were
prepared from a Ti-C precursor which was milled from titanium and graphite in a SPEX 8000M
Mixer/Mill for 2 h using a tungsten carbide vial set. The precursor was then mixed with 1.0 parts
aluminium and heated in an SPS to 1350°C at a rate of 50°C min‘! then held for 15 min. The synthesis

and characterisation of these samples is discussed in detail in § 5.1.

Many of the experiments with relatively pure salts (i.e. low metallic and oxide impurities) resulted
in loss of Al and formation of TiCy and a Ti-C-Cl phase. These results show some resemblance to
samples of TisAlC, which were exposed to Clyg. The reaction of MAX phases with chlorine gas has
been investigated by numerous researchers [144-146], and found to result in loss of the A-group
element and formation of a layered MX, compound. This appears to be consistent with the observations
in this work. Furthermore, it appears that a Ti-C-Cl phase may form as an intermediate, similar to the
TisC,T, compounds (e.g. TisCzF2 and TizC2(OH)2) observed by researchers such as Naguib et al. [149—
151].

In processed salts, the samples generally show reaction with impurities, primarily W and O. In LKE
at 600°C, some uniform corrosion occurred with deposition of W and MgO impurities on the surface.
At 850°C, the extent of corrosion was much more severe; oxides such as lithium aluminate formed at
the surface which subsequently underwent pitting corrosion, and the underlying reaction layer
resembled that of reaction with Clyg. The samples exposed to KME formed relatively stable W and
oxide deposits with relatively little corrosion of the underlying substrate.

The mass loss for samples exposed to processed LKE at 600°C was negligible, but increased when
the temperature was raised to 850°C. The mass loss was much greater in as-received LKE but may be
due to dissimilar materials corrosion. In processed KME, mass gain was observed, which increased
when the temperature was raised to 850°C. The roughness of a pristine sample polished to 1 um was
0.15 + 0.01 um. A slight increase in roughness was observed for all samples exposed to processed LKE,
but the increase was significant for all samples exposed to processed KME and the sample exposed to
as-received LKE. Furthermore, an increase in exposure time resulted in a greater increase in roughness

than an increase in exposure temperature.
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Table 17 — Summary of corrosion results for samples of TizAlC.
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6.1 Corrosion in LiCI-KCI Eutectic

6.1.1 As-received salt, 600°C, 125 h, sample A
6.1.1.1 Glancing angle X-ray diffraction

GAXRD patterns are shown in Figure 93, normalised relative to the TiC (200) peak [178,179]. TiCx
was the most intense phase at all glancing angles. The TisAIC, peaks are relatively weak, and many of
these peaks disappear when the glancing angle is decreased to < 5° w. The peaks which appear at
< 10° w, most notable at 7.9° and 16.0° 26, are postulated to be the (002) and (004) peaks of a Ti-C-Cl
phase based upon the original 312 MAX phase crystal structure. Based on this assumption, the c-axis
lattice parameter would be 22.3+0.2A, an expansion from that of the original TisAIC,
(18.557 A) [178]. Further evidence for formation of such a phase was found by microstructural

examination of the cross-section.

6.1.1.2 Microstructural examination of the surface

Figure 94 is a BSE image of the sample surface prior to cleaning in distilled water in an ultrasonic
bath. EDS was performed, and the elemental composition data is summarised in Table 18. The fraction
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Figure 93 — GAXRD patterns for the first of two samples which were exposed to as-received LKE at
600°C for 125 h. TiCx was the most intense phase at all glancing angles, and the patterns were
normalised relative to the TiC (200) peak. There are unidentified peaks, notably those at 7.9° and
16.0° 26 which are postulated to belong to a Ti-C-Cl phase based upon the original 312 MAX phase
structure.
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Figure 94 — BSE image of the surface of TizAlC; after exposure to as-received LKE at 600°C for
125 h.

Table 18 — Elemental composition data (in at.%) for the map sum spectrum of Figure 94.

@] Ti C Fe ClI Al Other Other Elements
37.7 334 183 45 42 09 0.8 S,Si,K,P,Cu

of aluminium is very low, indicating significant loss from the surface of the material. The oxygen
fraction is quite high, although this may be due to absorbed water in the remaining salt which is still
visible on the surface. The iron fraction is also quite high and is most likely due to material from the
vessel lid falling into the crucible during the experiment. The absence of nickel indicates there were no
issues of interdiffusion with the nickel wire used to suspend the sample.

6.1.1.3 Microstructural examination of the cross-section

Figure 95 is a BSE image of the cross-section, with the surface which was exposed to molten salt facing
towards the top of the image. The reaction layer was ~80-120 um thick.
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Figure 95 — BSE image showing the thickness of the reaction layer. The top of the image is the
corrosion surface. The reaction layer extends to a depth of ~80-120 pm.

The EDS maps in Figure 96 were collected at the same location as Figure 95. The annotations mark
the locations of point analyses, the compositions of which are shown in Table 19. Three distinct phases
are present. The first is that of the underlying substrate, TisAIC2, which is clearly visible from the
aluminium map. The second is TiCy, which is distinguishable from a lack of aluminium and chlorine.
The third is the Ti-C-Cl phase, which is most easily distinguished by the presence of chlorine. The EDS

mag O

HV | det| WD

» = D
mode | spot —50 ym ————

5.00 kV |vCD |10.3 mm| 2 000 x | None | 5.0

point analyses suggest that this phase has an approximate stoichiometry of Ti,CsClI.

Table 19 — Elemental compositions (in at.%) of the point analyses shown in Figure 96.

Spectrum  Ti Al C ClI Other Other Elements
1 324 0.2 48.0 188 0.6 Fe Ca K, Si

2 345 0.7 474 16.7 0.7 Fe K, Si

3 544 0.1 452 0.2 0.1 Fe K, Zn, Si, Ca
4 556 0.2 438 0.1 0.3 Si

5 482 146 363 0.2 0.7 Ni,W

6 49.2 148 357 0.2 0.1 Fe Cu, Ca
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Figure 96 — EDS maps (image width ~150 pum) of the cross-section. The top of the image is the
sample surface. The layered map shows three distinct morphologies: TisAIC,, TiCx and a Ti-C-Cl
phase. The annotations mark the locations of point analyses, the elemental compositions of which are
shown in Table 19.
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Figure 97 is a BSE image showing a grain of TisAIC, undergoing decomposition to the Ti-C-ClI
phase. The layers of the former MAX phase material can be seen as they exfoliate. The composition of
the Ti-C-Cl phase shows a greater fraction of carbon than titanium. This suggests that after aluminium
loss, chlorine reacts with the exposed titanium which then dissolves into the melt. Eventually, this likely
leaves behind a carbide-derived carbon [144-146]. This carbide-derived carbon may have been lost
during sample cleaning and therefore the actual depth of corrosion may have been greater than observed.

e b\ R T S
det WD mag O |mode |spot |
5.00 kV |vCD |10.4 mm |10 000 x | None | 5.0

1

Figure 97 — BSE image of a TisAlC; grain undergoing decomposition to form a Ti-C-ClI phase which
has the morphology of exfoliated MAX phase grains.

Figure 98 is a BSE image showing greater detail of the TiCyx and Ti-C-Cl phases. The TiCy
particles appear to have sintered and there is significantly less grain pull-out than in the pristine

samples.

Figure 99 is a BSE image taken at a greater magnification which shows more detail of the
morphology of the Ti-C-Cl and TiCy phases. The layers of the Ti-C-ClI phase clearly resemble the
layers in MAX phase materials. The TiCx phase has a grain size < 1 um. It is unclear whether this is a
product of corrosion or a region of TiCy which was present during formation of the sample.
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Figure 99 — BSE image showing the morphologies of the Ti-C-Cl and TiCy phases in greater detail.
The exfoliated layers of the Ti-C-ClI phase are clearly visible. The TiCx grains have similar
morphology to those observed during synthesis and have a grain size < 1 um.
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6.1.2 Processed salt, 600°C, 125 h

6.1.2.1 Glancing-angle X-ray diffraction

The GAXRD patterns are shown in Figure 100, normalised relative to the TisAIC, (104)
peak [178,179,195]. TisAlC, was the dominant phase at all glancing angles, indicating minimal
corrosion occurred. Small peaks of TiCy are present at all glancing angles, as in the pristine material.
MgO is also present at all glancing angles, with its concentration increasing as the glancing angle
decreased, indicating its presence at the surface of the material. The MgO peaks appear relatively broad;
it is possible that an additional phase with similar peak positions such as Mg,TiO, is also present [196].
There is also a small unidentified peak at ~42.2° 26 at low glancing angles.
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Figure 100 — GAXRD patterns for a sample of TizAlIC, which was exposed to processed LKE at
600°C for 125 h. The patterns were normalised relative to the TizAIC; (104) peak. TisAlIC, was the
dominant phase at all angles. MgO was the only other phase observed. There is a small unidentified

peak at ~42.2° 26 at low glancing angles.

6.1.2.2 Microstructural examination of the surface

Figure 101 is a BSE image showing the general morphology observed on the surface of the sample.
The cubic particles appear to contain a mixture of magnesium, titanium and oxygen, which confirm the
presence of Mg,TiO4 in the GAXRD patterns. The surface was slightly rougher after exposure and a
bumpy coating of spherical oxide particles formed. Such morphology is observed in samples exposed
to air at high temperatures [38]. The SE image in Figure 102 provides a better view of the topography,
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and the cubic oxide particles have deposited or grown on top of the underlying surface. Magnesium was

present in the salt due to insufficient cleaning of the reference electrode between preparation of batches

of salt.

HV

5.00 kV

det

vCD | 8.9 mm | 20 000 x

None | 4.0

WD mag [ | mode | spot

Figure 101 — BSE image of the surface of a sample of TisAIC, which was exposed to LKE at 600°C
for 125 h. The image shows the general morphology of corrosion products observed. The annotations
mark the locations of point analyses, the compositions of which are summarised in Table 20.

Table 20 — Elemental compositions (in at.%) of the point analyses shown in Figure 101.

Point Ti Al Mg O Fe Other Other elements
Map 362 104 55 471 0.2 06 Si,S

1 486 162 04 342 - 0.6 Si

2 138 05 228 616 04 1.0 Cr, Mo, Si

3 242 113 55 439 137 1.4 Si, Mo, Ni

4 474 139 03 3738 - 0.7 Si

5 495 86 22 390 - 0.7 Si

6 345 140 09 344 1438 1.4 Si, Ni, Mo

7 481 151 03 357 - 0.8 Si

8 91 22 259 616 03 0.9 Cr,Si, Mo

136



HV |det| WD |mag O mode|spot| ) — T U1 ——
Figure 102 — SE image showing the general morphology of corrosion products on the surface of a
sample of TisAlC, which was exposed to LKE at 600°C for 125 h.

HV det | WD | mag O |mode |spot

5.00 kV |vCD | 9.6 mm | 20 000 x | None | 3.5

Figure 103 — BSE image showing the morphology of the corrosion products. The annotations mark
the locations of point analyses, the elemental compositions of which are shown in
Table 21.
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Table 21 — Elemental compositions (in at.%) of the point analyses shown in Figure 103.

Point Ti Al C Cu Fe O Zn Mg Mo Other Other Elements

0.7 02 713 203 38 19 15 - - 0.3 Ni
28 11 655 61 181 3.7 05 1.0 - 1.2 Ni, S, Cr, Si
458 13.3 4038 - - - - - - 0.1 Ca

1.0 05 731 138 37 46 11 08 0.9 0.7 Ni, Si, Ca, Cr
126 50 622 11 23 74 02 56 26 11 Cr,Si, W, Ca
38 15 661 05 41 135 01 75 21 09 Cr,Si,W

o |01 | W (N

6.1.2.1 Microstructural examination of the cross-section

Figure 103 is a BSE image showing the morphology of the corrosion products in the sample. In general,
small depositions could be seen across the entire surface with a thickness of ~2 um and an underlying
roughened surface. Point 3 shows the composition of a TisAIC; grain in the bulk. The high fraction of
carbon suggests the sample was likely contaminated with adventitious carbon and therefore the carbon
results should be considered inaccurate. Significant fractions of Cu and Zn are present, particularly at
points 1 and 4, likely due to contamination from the brass tools used during micropreparation. Mg is
also present, particularly at points 5 and 6. The presence of Mo may be due to preparing this particular
batch of salt using molybdenum electrodes. The presence of Fe and Ni suggest contamination during
the corrosion tests.

6.1.3  Processed salt, 600°C, 250 h
6.1.3.1 Glancing angle X-ray diffraction

The GAXRD patterns from 0.5-10.0° @ are shown in Figure 104 [178,179,197-199]. The observed
reaction products are all W-based phases, although there are unassigned peaks at ~35°, 42.1°, 43.1° and
44.5° 20. The W-based phases may contain additional elements such as Ti, Al or C [200,201].

6.1.3.2 Microstructural examination of the surface

Figure 105 is an SE image of the surface. A variety of phases are clearly visible, indicating that the
surface morphology of this material post-corrosion is relatively complex.

Figure 106 is a BSE image of the surface. The annotations mark the locations of EDS analyses, the
results of which are summarised in Table 22. Oxygen is present in all spectra. Mg is present, particularly
at point 4, which indicates that the salt for this batch was also contaminated, although it seems to a
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Figure 104 — GAXRD patterns for a sample of TizAlIC, which was exposed to processed LKE at

600°C for 125 h. The intensity of each pattern was normalised to 100% based on the highest peak.

Between 0.5-1.0° w the patterns are normalised relative to the W (110) peak, and from 2.0° w the
patterns are normalised relative to the TisAIC; (104) peak.

lesser extent than that used for 125 h exposure. The presence of copper is unusual, but it was observed
multiple times, confirming its presence as an impurity. As previously, this was likely due to the brass
tools used during micropreparation, although no zinc was observed on this sample.

6.1.3.3 Microstructural examination of the cross-section

Figure 107 is a BSE image of the cross-section. Roughening of the surface indicates some uniform
corrosion occurred, consistent with the slight mass loss observed (Table 17). The annotations mark the
locations of point analyses, the results of which are summarised in Table 23. The ratios of Ti, Al and C
in points 1 and 2 do not match those of TisAlC,. This may be due to the presence of adventitious carbon
on the sample. The ratio of Ti to Al is about 3.4, indicating there may have been slight loss of Al. Points
3 and 4 show that the brightness of the spot on the surface is due to the presence of W. Oxygen is also
present in this region, along with Ti and C and a small amount of Al. Fe and Cu appear to be present as
impurities at the surface, which was also indicated by microstructural examination of the surface.
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WD mang rﬁoce S
5.00kV |ETD|9.0mm |5000x | SE | 40

Figure 105 — SE image of the surface of a sample of TisAIC, which was exposed to LKE for 250 h at
600°C.
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e ab s
R % S (9]
A R .~
HV |[det| WD [mag Omode|spot
5.00 kV [vCD |9.0 mm [ 5 000 x | None | 4.0

Figure 106 — BSE image of the surface of a sample of TizAlC, which was exposed to LKE for 250 h
at 600°C. The annotated locations mark the positions of EDS analyses, the elemental compositions of
which are summarised in Table 22.
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Table 22 — Elemental compositions (in at.%) of the point analyses shown in Figure 106.

Point Ti C O W Al Cu Fe Mg

1 458 322 122 59 25 06 05 04
2 431 20.1 25.2 - 110 - - 06
3 40.2 18.6 33.2 - 59 - - 20
4 244 9.0 514 - 41 - - 110
5 28.8 10.6 47.8 - 30 - 01 96
6 41.8 21.2 238 - 132 - - -
7 359 150 391 - 82 03 05 10
8 33.2 13.7 40.2 - 119 04 05 -
9 264 301 264 74 86 - 03 04
10 332 126 444 01 68 02 14 13

i
. ol
74
\ -
. < . ’
v ‘
HV det | WD | mag O |mode|spot — 1 11

5.00 kV |vCD [9.5 mm |20 000 x | None | 3.5

Figure 107 — BSE image of the cross-section of a sample of TisAlC, which was exposed to LKE for
250 h at 600°C. The annotations mark the locations of EDS point analyses, the compositions of which
are summarised in Table 23.
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Table 23 — Elemental compositions (in at.%) of the point analyses shown in Figure 107.

Point Ti Al C W O Fe Cu
1 430 126 444 - - - -
2 440 13.0 43.0 - - - -
3 311 3.0 460 91 85 11 0.7
4 30.1 11 498 93 9.0 04 -

6.1.4 Processed salt, 850°C, 125 h
6.1.4.1 Glancing-angle X-ray diffraction

The GAXRD patterns are shown in Figure 108, normalised relative to the TisAIC, (104) peak
[178,179,198,202-205]. A pattern was also collected at 0.5° w but the counts were too low for accurate
determination of phases. The TisAIC, (004) peak disappears at 1.0° w. This peak represents diffraction
from the Al basal planes, indicating loss of Al from the structure at the surface. Conversely, the (002)
peak, which is associated with diffraction from the plane running through the Ti atoms which are bonded
to carbon only, increases in intensity at lower glancing angles. Numerous reaction products form after
Al loss, the majority of which are oxides. The most notable reaction product is y-LiAIO; due to its
clearly defined peaks. The presence of Alo.gsTi10s, Y-Al26704 and LisTisO12 are harder to determine, but
their most intense peaks appear to fit. As with other samples, TiCx is present, either as a starting impurity
or a corrosion product from Al loss, and W has been introduced to the melt during salt processing.

6.1.4.1 Microstructural examination of the surface

The sample retained a metallic lustre but had some green and pink iridescence, most likely due to
refraction from thin oxide layers. Several large pits, ~3 mm diameter, were also observed on the surface.
Figure 109 is a BSE image of the edge of a pit. An oxide layer which covered most of the surface is
present in the top left, and the rest of the image shows the pitted region. The SE image in Figure 110
shows the oxide layer is raised relative to the pitted region. Al is concentrated in the oxide layer and is
diminished in the pitted region. Fe seems to be present at the edge of the pit, which may indicate it is
involved with the pit formation mechanism. Point 3 has morphology and elemental composition
approximately consistent with TizAIC,, so appears to be an exposed grain of TisAIC, which is
undergoing reaction.

Figure 111 is a BSE image which appears to show the initial stages of pit formation. Figure 112 is a
higher magnification image showing the rectangular shape of the underlying MAX phase grains in the
centre of the pit. The surrounding material contains Al and O, which could be y-Al;6704 or y-LiAlO..
Some tungsten and some particles of iron, most likely iron oxide, can also be seen on the sample.
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Figure 108 — GAXRD patterns for a sample of TisAlIC, which was exposed to processed LKE at
850°C for 125 h. The patterns were normalised relative to the TisAIC, (104) peak, which also has the
(008) peak slightly to the left of it.

Table 24 — Elemental compositions (in at.%) of the EDS map and point analyses show in Figure 109.

Spectrum  Ti Al O ClI C Fe N Fe W Cu Other Other Elements

Map 283 79 394 1.0 213 - - 06 04 07 0.6 Si,Sr,P,NiPb
1 279 140 460 28 83 0.2 - - 01 07 - -

2 6.3 127 472 04 220 10 9.6 - 04 03 02 P,K

3 36.3 103 222 02 286 0.2 - - 00 21 0.1 Pb

4 285 33 199 56 409 0.2 - - 02 12 0.1 Pb
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HV det | WD | mag O |mode|spot 0 pm
5.00 kV |[vCD | 8.9 mm |10 000 x | None | 4.0

ai BSE

b Ti Kau c) Al K d O Ka1

(e) Cl Ku (f) C Kaz and Ky (9) Fe Ka

Figure 109 — BSE image of the surface of a sample of TisAIC, which was exposed to LKE at 850°C
for 125 h. The majority of the image shows a pitted region, whereas the top left of the image shows
the oxidised surface. The elemental compositions of the map and point spectra are shown in Table 24.
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5.00kV|ETD|89mm|5000x | SE | 40
Figure 110 — SE image of the surface of a sample of TisAIC, which was exposed to LKE at 850°C for
125 h. The top left of the image shows the oxide layer and the bottom right shows the pitted region.

déf D |mag O |mode |spo
5.00kV |vCD [8.8 mm | 2000 x | None | 4.0

Figure 111 — BSE image of the surface of a sample of TisAIC, which was exposed to LKE at 850°C
for 125 h. The image appears to show the initial stages of pit formation.
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Figure 112 — BSE image of a sample of TisAIC, which was exposed to LKE at 850°C for 125 h. The
image appears to show the centre of a pit in its initial stages. The rectangular MAX phase grains can
be seen in the centre surrounded by particles of aluminium oxide.
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6.1.4.2 Microstructural examination of the cross-section

The orientation of the sample affected the rate of corrosion. The one side of the sample was
significantly corroded, whereas the opposite side seemed to form a protective tungsten film. Figure 113
shows a BSE image and EDS analysis of the heavily corroded side of the sample. Iron and copper are
visible as impurities. Iron is present at the surface only so is believed to be introduced to the crucible
from the corrosion vessel. This suggests that the more heavily corroded side of the sample was facing
up. Copper can be seen throughout the bulk of the sample and is therefore believed to have been
introduced from the brass tools used during micropreparation. The map sum spectrum shows that a
significant fraction of Al has been lost. The carbon fraction is most likely high due to the conductive
Bakelite used to mount the sample, visible at the top of the image, and due to adventitious carbon, but
may also indicate that a significant fraction of Ti has also been lost. Spectra 9 and 10 were collected in
the bulk of the material; the titanium and aluminium ratios seem fairly accurate, whereas the carbon
fraction is higher than expected and copper was also detected as an impurity. Spectra 2 and 5 appear to
show TiCx formed by aluminium loss. Spectrum 1 also appears to show this; however, X is
approximately 2 which may indicate the presence of TiC,, where only the titanium atoms sandwiched
between carbon atoms remain. Spectra 6, 7 and 8 show mainly Ti and C, but also some Cl. Their
morphology reflects the exfoliation of the layers of the MAX phase structure. Spectra 3 and 4 show
significant fractions of oxygen, which could indicate the presence of titanium oxide, titanium
oxycarbide or lithium titanate.

Figure 114 is a BSE image and EDS maps of the heavily corroded side of the sample, which shows
a greater extent of oxide formation. Spectrum 11 indicates that the EDS results are fairly accurate as
the composition is approximately equal to TisAlC,. Spectrum 1 contains mainly Ti and C, with the
amount of C much higher than Ti. It is most likely TiC; layers from TisAIC,, potentially with some
further loss of Ti to carbide derived carbon. Spectra 2, 3 and 4 contain Ti, C and O in similar ratios. The
dark contrast in the BSE image suggests it has a low molecular mass, so could contain lithium titanate,
TiC; layers from TisAIC,, or carbide derived carbon. Point 5 contains Al, C and O and is close to the
edge of the sample and the Bakelite, so is most likely y-Alz6704 or y-LiAlIO,. Points 6, 8 and 9 appear
to be an oxide phase. Point 7 appears to be either titanium carbide or the Ti-C-Cl phase observed in
earlier samples. Point 10 seems to be similar but at an earlier stage of reaction.

Figure 115 is a BSE image and EDS maps of the opposite side of the sample. It is clear that this side
of the sample is significantly less corroded, with a depth of corrosion up to ~5 pm, with some further
reaction up to 7 um. Near the surface, chlorine has diffused into the material, giving the morphology of
exfoliated MAX phase grains, and aluminium has diffused out and deposited at the surface. The
morphology beyond the exfoliated grains appears different and may indicate the initial stages of reaction
with chlorine.
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HV |det| WD |mag O |mode spot |
5.00 kV |vCD | 9.7 mm |15 000 x | None | 4.0 |

a) BSE

b) Ti Kau c) Al K d) C Ka1 and Ka2

(€) Cl Ku () Fe Ka (g) Cu Kut

Figure 113 — BSE image and EDS maps of the heavily corroded side of a sample of TisAlIC, which
was exposed to LKE at 850°C for 125 h. The annotations mark the locations of point analyses, and the
elemental compositions of EDS spectra can be found in
Table 25.
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Table 25 — Elemental compositions (in at.%) of the EDS spectra shown in Figure 113.

Spectrum Ti Al C ClI Fe Cu O Other Other Elements

Map 249 28 703 05 04 05 - 0.5 Si,Ca, W, Mg, Zn, S, K
1 36.8 0.1 629 - - - - 0.2 Ca, Si

2 472 01 5272 - 01 - - 04 Ca S, W

3 143 03 732 01 0.1 - 112 0.7 Si, Na, Ca, Zn, Mg, W, S
4 178 17 642 00 0.2 - 157 0.3 Si,Ca S, W

5 403 03 588 01 01 01 - 0.3 Ca, Si

6 463 0.7 451 63 02 11 - 0.3 Ca, Si, Pb

7 381 23 500 80 02 12 - 0.2 Si,Ca

8 369 16 525 71 01 16 - 0.2 Si,Ca

9 46.1 13.7 39.6 - - 06 - - -

10 46.2 13.2 38.7 - - 19 - - -

Table 26 — Elemental compositions (in at.%) of the EDS maps and point analyses shown in
Figure 114.

Spectrum Ti Al  C Cl O Cu Other Other Elements

Map 239 43 567 05 132 0.7 0.6 Fe, Si,Ca, W, S, K
1 26.7 12 718 - - - 0.3 Si, Ca, Fe, W

2 286 24 498 0.1 183 - 0.9 Si, Na, Ca, Zn, Mg, W
3 312 05 546 - 135 - 0.3 Ca, Na, Zn, W

4 262 01 583 01 151 - 0.3 Zn, Ca, Fe

5 3.7 103 434 01 423 - 0.3 Fe, W, Ca, K, Ta

6 154 19.7 233 0.3 409 0.2 0.2 Fe, Ca

7 435 25 446 71 - 12 11 Fe, Pb, Si, Ca

8 232 233 336 08 176 12 03 Fe, Si

9 114 176 104 03 599 03 00 Ca, Si

10 441 51 425 6.6 - 14 04 Si, Ca, Fe

11 475 132 374 - - 16 03 Si, Ca

149



lé Lrt, A1
o ~ “.‘10.5 “ap

—ﬁ »
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Figure 114 — BSE image and EDS maps of a sample of TisAlC, which was exposed to LKE at 850°C
for 125 h. The elemental compositions of the EDS spectra can be found in Table 26. The image shows
a heavily corroded region with significant presence of oxides.
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 HV | det| WD ﬁ?narér[i mode | spot
5.00 kV |vCD [ 9.8 mm | 20 000 x | None | 4.0

a| BSE

(E) Cl Kot (f) Cu Kau (g) W Lu1

Figure 115 — BSE image and EDS maps of the cross-section of a sample of TisAIC, which was
exposed to LKE at 850°C for 125 h. The image shows the less corroded side of the sample.
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6.2 Corrosion in KCI-MgCl; Eutectic

6.2.1 Processed salt, 600°C, 125 h
6.2.1.1 Glancing angle X-ray diffraction

The GAXRD patterns for the sample of TisAIC, which was exposed to processed KME at 600°C for
125 h are shown in Figure 116, normalised relative to the W (110) peak [178,179,195,198,199]. This
W-based phase could be a-W, a W-based alloy (for example, with Ti or Al alloying elements) or WC,.
B-W and MgO were also observed on the surface after exposure to KME. The peaks for 3-W overlap
with those of W,C [197]. TisAIC; and TiCx peaks disappear at < 1° w.

6.2.1.2 Microstructural examination of the surface

Figure 117 is a BSE image with EDS maps of the surface showing a general overview of the
morphology. The morphology of the surface has changed considerably relative to the pristine material
due to the formation of oxides, primarily of aluminium and magnesium. The low fraction of titanium
observed suggests that it has most likely remained in the bulk material. Some tungsten and iron

B-W(210)

W(211)

MgO(200)

---Ti,AIC,(105) TiC(200)
B_

---Ti,AIC,(101)
TIC(111) B-W(200)

---Ti,AIC,(104)
- Ti,AIC,(107)

MgO(111)

Normalised Intensity / arb.

30 35 40 45 50

201/°

Figure 116 — GAXRD patterns for a sample of TisAlC, which was exposed to processed KME at
600°C for 125 h. The patterns were normalised relative to the W (110) peak. The significant presence
of W, potentially including W-based alloys, indicates that the salt became contaminated from
processing.
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(b) O K, (59.6at.%) (d) Mg Kq1 and Kg2 (9.1at.%)

(©) Al |<(,ll (25.62L.%)

(e) W L1 (2.4at.%) (f) Fe Kw (1.3at.%) (9) Ti Kqz (0.7at.%)

Figure 117 — BSE image and EDS maps of the surface of a sample of TizAlIC, which was exposed to
processed KME at 600°C for 125 h. The EDS maps are ordered by concentration, with the elemental
compositions shown in brackets. The image shows a general overview of the surface morphology.
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5.00kV |vCD |9.0 mm |10 000 x | None | 4.0 \

Figure 118 — BSE image of the surface of a sample of TisAIC, which was exposed to processed KME
at 600°C for 125 h. The magnification used provides a detailed view of the morphology of particles.

impurities are also observed. Chlorine (0.4at.%) was also observed, suggesting the sample may have
been insufficiently cleaned.

Figure 118 is a higher magnification BSE image which provides greater detail of the morphology of
the surface layer. There appears to be an underlying layer of oxide particles with a network of needle-
like particles above.

6.2.1.3 Microstructural examination of the cross-section

Figure 119 shows a general view of the corrosion layer. The thickness varies but is typically 5-8 pum.
A deposition layer has formed on the surface of the material, as indicated by the generally smooth
underlying surface. There are occasional protrusions in this underlying surface, the presence of which
is unclear.

Figure 120 is a BSE image of the opposite side of the sample, where the deposition layer is
significantly thicker. Figure 121 is a higher magnification BSE image of the deposits which have formed
on the surface. The annotations show the locations of point analyses, the elemental compositions of
which are summarised in Table 27. The bright contrast region of location 2 contains significant amounts
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mode | spot — 20 ym ——————

X | None | 3.5

Figure 119 — BSE image of the cross-section of a sample of Ti;AlC, which was exposed to processed
KME at 600°C for 125 h. The image provides a general overview of the thickness of the deposition
layer.

Figure 120 — BSE image of the cross-section of the opposite side of a sample of TisAIC, which was
exposed to processed KME at 600°C for 125 h. The deposition layer is thicker than that shown in
Figure 119.
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Figure 121 — Higher magnification image of a typical deposit on the surface of a sample of TizAIC,
which was exposed to KCI-MgCl, at 600°C for 125 h. The bright centre consists of tungsten and is
surrounded by magnesium oxide.

Table 27 — Elemental compositions (in at.%) of the point analyses shown in Figure 121.

Spectrum Ti Al C W Mg O Cl Fe K
1 50.0 355 145 - - - - - -

2 44 23 398 269 82 166 - - -

3 05 08 101 12 410 457 05 01 0.1
4 02 15 120 08 406 436 0.7 04 0.2
5 04 66 347 40 148 359 05 29 01
6 47 50 132 56 233 462 0.7 04 02
7 40 39 184 42 252 419 0.7 07 0.2

of tungsten and carbon, suggesting this is a deposit of tungsten carbide. Tungsten carbide typically

forms as either WC or W-C; the uneven ratio of W to C may indicate both phases are present [206].

Some magnesium and oxygen are also present in this region. Points 3-7 also show significant quantities
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of Mg and O. It is possible that Mg was deposited and has oxidised during micropreparation of the
sample, although only MgO was observed by GAXRD. Point 5 contains a significant amount of Fe,
suggesting that the similar dentritically-shaped bright areas may also consist of an Fe impurity. The lids
for most of the samples contained holes, and therefore some iron may have been able to deposit in the

crucibles from the vessel.

6.2.2 Processed salt, 600°C, 250 h
6.2.2.1 Glancing angle X-ray diffraction

The GAXRD patterns are shown in Figure 122, normalised relative to the MgO (220) peak
[178,179,195,198,199]. It should be noted that the MgO peaks could also represent MgO with Fe
substitution or FexTiix, and the W peaks could represent WCy and various W-based alloys such as
W, Ti1x[200]. Both MgO and W are intense at all glancing angles, although the W peaks increase
slightly in intensity as the glancing angle is decreased. 3-W also appears to be present, mainly identified
by the presence of its (211) peak, although some of its lower intensity and high angle peaks may be
missing. TisAIC, and TiCy peaks decrease in intensity from 5° to 1° w, and are absent at 0.5° w. A
small peak for KCI can be seen at 0.5° w, indicating some residual salt is present on the sample surface.
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Figure 122 — GAXRD patterns for a sample of TisAlC, which was exposed to KME for 250 h. The
patterns were normalised relative to the MgO (200) peak.
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6.2.2.2 Microstructural examination of the surface

Figure 124 shows a BSE image and EDS maps of the sample. The annotations mark the locations of
point analyses, the results of which are summarised in Table 28 along with the overall map composition.
The overall map composition indicates that most of the surface has oxidised. A significant fraction of
the surface is coated with Mg, which is located in the bright contrast regions of the BSE image. At
lower magnifications this morphology is observed across the majority of the surface, and it is appears
that the top left of the image is the underlying surface. Ti can only be found in the top left of the image,
and point 1 suggests it is most likely present as an oxide. A significant amount of Al is also found in
this top left region. Significant fractions of Al and O are present at point 2, which looks as though it
may be deposited on the surface. Combined with the greater fraction of Al in the overall image
composition, this suggests that Al has leached out of the material and deposited on the surface.
However, there is also a significant fraction of C in this region, which may suggest that Ti has diffused
out rather than Al. Point 5 shows that some Al is also present in the bright contrast region. The K and
Cl maps show that a small fraction of KCI is present over the entire surface but appears to be more
concentrated on the underlying surface; this may just be because it is more difficult to remove from this
region due to the lower topography. Some Fe can be found dotted on the surface, most likely deposited
as an impurity.

e SRR ;
det | WD |mag O |mode spot|
20.00 kVIETD |89 mm|1000x| SE | 4.0

Figure 123 — BSE image of the surface of a sample of TisAlIC, which was exposed to KME for 250 h
at 600°C. The elemental compositions of the map sum spectrum and point analyses are shown in
Table 28 and EDS maps are shown in Figure 124.
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a)Ti Koz b) Al Koz

d) Mg Ko and Koo _ e) O Ku

c) C Ky and Ky

g) K Ka h) Cl Ko I) Fe Ku

Figure 124 — EDS maps (image width ~300 um) of the surface of a sample of TisAlIC, which was
exposed to KME for 250 h at 600°C. The elemental compositions of the map sum spectrum and point
analyses are shown in Table 28.

Table 28 — Elemental compositions (in at.%) of the EDS spectra in Figure 123.

Spectrum O Mg C Al Ti W Fe ClI K

Map 496 245 121 100 19 11 04 02 0.2
1 309 05 199 134 351 01 - - -
2 512 42 156 249 08 1.6 04 038
3 450 279 132 110 04 08 09 05 0.2
4 504 386 106 03 - 01 - - -
5 418 269 - 279 05 11 02 06 1.0
6 49.0 409 99 - - 01 - - -
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6.2.2.3 Microstructural examination of the cross-section

Figure 125 is a BSE image showing the morphology in the deposition layer. Lower magnification

images revealed that the deposition layer was relatively uniform, varying between ~15-25 um thick.

Points 13 and 15 confirm the EDS spectra are relatively accurate, as their morphology and elemental

compositions clearly represent TisAlC, and TiCy respectively. It can also be seen in point 14 that the

sample contained particles of alumina (or unreacted aluminium) within the bulk. It can be seen from

the EDS maps that the locations of Mg and Al do not overlap, indicating that the oxide formed is not a

joint oxide such as magnesium aluminate. Points 6 and 10 appear to be MgO, whereas points 4, 7 and

9 appear to be Al.Os. W has deposited directly on the surface of the MAX phase grains in a layer ~1-

2 um thick, and the oxide layers have deposited on top of this relatively thin layer. Interestingly, the

underlying MAX phase surface appears relatively smooth and there does not appear to be aluminium

depletion despite the significant presence of alumina in the deposition layer.

Table 29 — Elemental compositions (in at.%) of the EDS spectra shown in Figure 125.

Spectrum Ti Al C Mg O W Fe K ClI Other Other Elements
Map 128 59 500 45 251 02 02 00 - 1.2 Si, Ca

1 711 14 92 84 50 17 03 04 02 26 Si, Ca

2 01 56 803 16 116 03 00 01 00 05 Si, Sr,Ca, P, S
3 01 101 702 24 163 03 00 0.2 01 0.3 Si, Sr,Ca, P

4 01 271 205 11 500 0.2 - 08 0.1 0.2 Na, Zn

5 06 40 595 24 262 69 03 01 - 0.1 Ca

6 01 09 68 457 459 - 02 00 03 - -

7 02 299 92 44 550 06 01 05 02 - -

8 01 13 775 90 115 - 02 01 01 03 Si, Ca

9 02 259 171 52 501 05 03 04 02 0.1 S

10 01 - 75 467 455 0.2 - - - - -

11 09 46 179 216 421 82 21 03 07 16 Sr, P, Ca

12 30 55 110 29.7 464 27 07 03 08 - -

13 491 142 36.8 - - - - - - - -

14 117 228 7.8 - 57.7 - - - - - -

15 489 3.8 473 - - - - - - - -
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Figure 125 — BSE image with EDS maps of the cross-section of a sample of TizAIC, which was
exposed to processed KME at 600°C for 250 h. The annotations mark the locations of point analyses,
the elemental compositions of which are summarised in Table 29. The image shows the morphology

of the products in the deposition layer.
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6.2.3 Processed salt, 850°C, 125 h
6.2.3.1 Glancing angle X-ray diffraction

The GAXRD patterns are shown in Figure 126, normalised relative to the MgAl.O4 (311) peak
[178,179,195,198,199,207]. MgAl,Q4 (spinel) is the dominant phase at all glancing angles. MgO is also
present at all glancing angles, with little variation in its intensity. TisAIC; and TiCy in the substrate can
be seen at 5° w, and their concentration decreases with glancing angle. The Im-3m phase is a W-based
alloy, but its exact identity is difficult to determine from XRD alone. Its peaks decrease slightly in
intensity as the glancing angle is decreased, indicating it is mainly present on the surface of the substrate.
The Fm-3m phase is aluminium or an alloy such as Al..xMgx, where Al is the dominant species. The
Fm-3m (111) peak is most intense at 5° w and 0.5° w, which may indicate that metallic aluminium is
present at both the surface of the substrate and the surface of the deposition layer. Within the deposition
layer, it most likely undergoes reaction to form MgAl,O4. There is an unidentified peak at ~25.5° 26 in
the pattern at 5° @ which may represent an oxide of aluminium or titanium [208].
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Figure 126 — GAXRD patterns for TisAlIC, which was exposed to processed KME at 850°C for
125 h. The major phase at all angles was MgAl,O., and the patterns were normalised relative to the

MgAI;O4 (311) peak. The Im-3m phase is a W-based phase such as W, WCx or W1Tix. The Fm-3m
is Al or an alloy such as Ali,Mgx.
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Figure 127 — BSE image of the cross-section of a sample of Ti;AlC, which was exposed to processed
KME at 850°C for 125 h. The image provides a general overview of a deposition layer which has
formed on the surface of the material.

6.2.3.2 Microstructural examination of the cross-section

Figure 127 is a BSE image which provides a general overview of the cross-section, showing that a
deposition has formed. The average thickness of this layer is ~8 um, but it appears to extend up to
~12 um in some locations. The underlying surface is relatively smooth.

Figure 128 is a BSE image and EDS maps of a different region of the sample. The deposition layer
appears to be typically ~4-5 pm and extends up to 15 pm in some locations. It appears that some of this
deposition layer has broken away during sample mounting. The Ti map shows it is only present in the
bulk; no Ti is present in the deposition layer. The Al map shows a high concentration in the deposition
layer and significant deficiency in clustered regions in the bulk. The morphology of the bulk indicates
that these depleted regions are TiCx. Significant fractions of Mg and O were also found in the deposition
layer, indicating that the deposition layer consists of oxides in agreement with the MgAl,O4 and MgO
phases observed by GAXRD. Mg appears to be concentrated close to the surface of the bulk material
as opposed to the outer region of the deposition layer, indicating that Mg deposits due to reaction with
the MAX phase or surface oxide layers. In addition to the usual impurities of Fe (0.2at.%) and W
(0.1at.%), Ag was found as an impurity, concentrated in the bright regions of the BSE image. This
suggests that the batch of salt used was contaminated with Ag due to breakage of a reference electrode.
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Figure 128 — BSE image and EDS maps showing a general overview of the cross-section of a sample
of TisAIC, which was exposed to processed KME at 850°C for 125 h.
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Figure 129 — BSE image and EDS maps showing the morphology of the deposition layer formed on a
sample of TisAlC, which was exposed to processed KME at 850°C for 125 h.
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Figure 129 is a BSE image with EDS maps taken at a higher magnification, showing greater detail
of the deposition layer morphology. There appears to be an inner deposition layer ~5 pum thick, with an
outer deposition layer formed on top of this for a further ~6 um. The inner layer appears to consist
mainly of Mg, Al and O, and is therefore the MgAl,O4 phase observed by GAXRD. The outer layer
consists mainly of Al, O and C and appears to have a plate-like morphology. The bright contrast in the
BSE image is Ag. Fe (0.6at.%) and W (0.6at.%) were also observed as impurities.
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6.3 Discussion

Two of the samples exposed to as-received salt were accidentally switched prior to exposure, so two
samples of TisAIC, were exposed to as-received LKE and none were exposed to as-received KME.
Overall, the mechanism of corrosion appears to be similar to that for the sample in the initial static
corrosion test (8 16.1.4). Both samples were suspended by nickel wire and were suspended from a
stainless-steel bar, so it is possible that galvanic corrosion occurred despite attempts to limit the
formation of a circuit. It is likely that chloride ions were oxidised to chlorine gas which then reacted
with TisAlC,. The reaction of MAX phases with chlorine gas has been investigated by numerous
researchers [144-146], and found to result in loss of the A-group element and formation of a layered
MX, compound. This appears to be consistent with the observations in this work. SEM images and EDS
of the cross-sections show loss of Al from the MAX phase structure and penetration of chlorine. The
reaction layer was thinner for sample A, and peaks for TisAIC; could be seen in the GAXRD pattern,
but the TisAlIC, peaks disappeared for sample B which had a thicker reaction layer (see § 0).

The GAXRD patterns contain numerous unidentified peaks, many of which suggest a phase with
similar crystal structure to TisAlC, with an expanded lattice parameter. Furthermore, it is possible that
TixCCly forms as an intermediate, similar to the TisC,T, compounds (e.g. TisCzF2 and TizCo(OH),)
observed by researchers such as Naguib et al. [149-151]. It is likely that the XRD pattern of such a
phase would overlap with that of TisAIC, with different lattice parameters due to presence of CI. The
ionic radius of AI** is 0.54 A (6 coordinate) whilst that of CI- is 1.81 A, so lattice expansion and a shift
in 26 would be expected [185]. Furthermore, the theoretical lattice parameter of TisC.F, has been
determined by DFT as 21.541 A, comparable to the value of 22.3 A for the T-C-Cl phase in this work.
EDS suggests a tentative stoichiometry of Ti,CsCl for this phase. Further reaction with Cl, may occur
causing loss of Ti, and under extended heating the remaining TiCx may recrystallise to stoichiometric
or near-stoichiometric TiCy with ordered carbon vacancies.

The sample exposed to processed LKE underwent very little corrosion and negligible mass loss was
observed. The surface was slightly rougher after exposure and a bumpy coating of spherical oxide
particles could be observed on the surface, as seen in samples exposed to air at high temperatures [38].
Most concerning was the presence of MgO on the surface which was observed by both SEM and
GAXRD. The most probable explanation for this is contamination of the batch of salt. The same
reference electrode was used for preparing batches of LKE and KME. Li* ions enter the mullite sheath
in LKE, and Mg?* ions in KME. A separate reference electrode should have been used for each salt to
prevent such contamination.

The sample which was exposed for 250 h was absent of oxides, but multiple tungsten-based phases
were observed, and some oxygen and magnesium were present in the EDS spectra. There was a small
amount of mass loss and the surface was approximately twice as rough as the sample exposed for 125 h.
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B-W was observed, which is less stable than a-W and has been observed to form by electrodeposition
in molten chloride salts [199].

At 850°C, corrosion was severe on one side of the sample and less severe on the other. The sample
was raised on a piece of alumina, so the underside was exposed, and the presence of tungsten on the
less corroded side suggests it was the underside as tungsten would be expected to sink to the bottom of
the crucible. The morphology on the underside is similar to samples which reacted with chlorine gas,
with exfoliation of MAX phase grains visible. Aluminium diffused out of the TisAIC; structure and
deposited at the surface. It is likely that lithium is deposited at the surface during electrolysis of LiCl,
and aluminium, either as Al or AlCls), reacts with lithium and forms an alloy or oxide. The reaction
between AIClsg and Li (Equation 33) at 850°C is spontaneous, with a 4G of -443 kJ mol™ [99].

Equation 33

AlClyg) + 3Li = Al + 3LiCl

Pits were observed on the heavily corroded side, and green and pink iridescence could be seen, most
likely due to refraction from thin oxide layers. Iron may be involved in the pit formation mechanism,
as EDS showed it was present at the edge of the pits. The TisAIC, (004) peak decreased in intensity at
lower glancing angles, indicating loss of the Al atoms in the basal planes (Figure 130). Similarly, the
(002) peak intensity increased, and EDS results indicated the presence of TiC.. This would be expected
to form from TisAIC; by loss of Al to form Ti;C, (Equation 34), after which the Ti atoms on the outer
sides of the layers would be lost to form TiC, (Equation 35). Following this, further loss of Ti could
occur to leave a carbide derived carbon (Equation 36) [38,144-146].

Equation 34
TizAlC, = TisC, + Al
Equation 35
Ti3C, = TiC, + 2Ti
Equation 36

TiC, = Ti + 2C
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Figure 130 — Crystal structure of TisAlIC, with the (002) and (004) planes highlighted.

The corrosion mechanism for the samples exposed to processed KME at 600°C seemed to be the
same regardless of exposure time. Unfortunately, the sample exposed for 250 h was not weighed prior
to micropreparation of the cross-section, so gravimetric data is unavailable. Mass gain was observed
for the 125 h sample due to formation of a deposition layer. Consequently, there was an increase in
roughness, and the roughness almost doubled with twice the exposure time. The thickness of the
deposition also appears to have increased from ~5-8 um to ~15-25 um, although thicknesses up to
~25 um could be seen for the sample exposed for 125 h.

The only phases observed by GAXRD in the deposition layer for both samples were a-W, B-W and
MgO. All of these phases may also exist as solid solutions, with WyTi1.x, WxAl1x and WCy being
possible alternatives for the W-based phases. EDS showed a high fraction of C associated with W,
suggesting both WC and W-C as likely alternatives for a-W and -W respectively. Fe was observed as
an impurity for both samples, the most likely source being corrosion of the reaction vessel. Analysis of
the surfaces by EDS suggests that a significant fraction of aluminium was also present. It is possible
that aluminium oxide or MgAl,O4 had formed but could not be detected by XRD, or that Al may have
substituted for Mg in MgO.

For the sample exposed for 125 h the ratio of Ti:Al:C near the deposition layer was ~3:2:1, which
may indicate diffusion of Ti and C towards the deposition layer. Conversely, the sample exposed for
250 h had a ratio of 3:1:2 as per the composition of TizAlC,. In both cases, W deposited first then oxides
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formed on top. For the 125 h sample, the W deposits were spots and MgO was the only oxide clearly
observed. For the 250 h sample, W deposited as a thin layer, ~1-2 um thick, and oxides of Mg and Al
deposited separately on the surface. The bulk material did not appear to be depleted in Al so the most
likely source would be the oxide layers formed on the surface of TisAIC; prior to corrosion. It is worth
noting that alumina, as per the crucibles, is stable to reaction with chlorine gas, so deterioration of the
crucibles would not be expected (A.G = 320 kJ mol* at 600°C) [99].

MgAIl,O4 was the dominant corrosion product when TisAIC, was exposed to processed KME at
850°C. The original surface was relatively smooth, but a deposition layer formed. Magnesium was
mainly present close to the original surface, with aluminium present in the entire deposition layer.
Clusters of TiCx were observed in the bulk material. The proposed mechanism of reaction is as follows:
Mg?* deposited on the surface by reaction with surface oxides or oxygen in the melt to form MgO. At
850°C, the Gibbs free energy of formation of Al,Oz is -1320 kJ mol? whereas that of TiO:
is -741 kJ mol. Therefore, the most likely reaction would be with TiO; as it is the least stable oxide.
This may form titanium metal (redox reaction) or titanium chloride, but there is insufficient evidence
to say which. MgO and Al,Os can then undergo reaction at the surface to form MgAl.O. (-14 kJ mol™).
Aluminium is more mobile than titanium in the MAX phase so it is drawn to the surface to replace the
Al,O3 which is lost, enabling further reaction.

As expected, the mechanisms appeared to be the same for both exposure times when the exposure
temperature was kept constant. Minimal corrosion occurred at both exposure times in LKE. MgO was
present on the sample exposed for 125 h due to contamination of the batch of salt, and W-based phases
were present on the sample exposed for 250 h due to contamination from the tungsten working electrode
used for salt processing. Both samples in KME formed MgO on their surfaces. Tungsten-based phases
also deposited on their surfaces due to impurities from processing. Mass loss was observed in LKE and
increased with exposure time, whereas mass gain occurred in KME, although the effect of exposure
time was not determined. There was an increase in roughness with exposure time for both samples, and
the roughness of the samples exposed to KME was much greater than those exposed to LKE. The
thickness of the corrosion layer increased in KME but could not be measured in LKE.

In LKE the corrosion mechanism changed significantly with exposure temperature. At 600°C,
corrosion was uniform and relatively low. The main changes observed were due to the presence of
impurities. When the temperature was increased to 850°C, the corrosion mechanism appeared to be
similar to the samples which suffered dissimilar materials corrosion, i.e. reaction with chlorine gas.
Aluminium diffused to the surface and formed oxide species. Pitting occurred, possibly due to the iron
impurity, causing breakdown of the oxide scale. The mass loss had a similar order of magnitude to
samples exposed to as-received salts at 600°C. The change in surface roughness was negligible.
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In KME, MgO was observed on the surface at 600°C, whereas MgAl.O, became the dominant
corrosion product when the temperature was raised to 850°C. This was due to the increased mobility of
Al in the MAX phase structure at higher temperature, enabling diffusion of Al to the surface where it
could react with MgO. The mass gain and thickness of the deposition layer increased with temperature,
although the sample roughness was approximately equal.

Comparison to work by Craig Jantzen suggests that TizAIC, (and Maxthal 312, see §87) were clearly
less stable than Hastelloy N under the environment in this work [43]. The most comparable experiments
are the exposure at 600°C for 250 h and the exposure at 850°C for 125 h. At 600°C for 250 h Hastelloy
N underwent limited corrosion in both LKE and KME, although the performance was better in LKE.
Respectively, the mass gain was 0.3 mgcm? and 0.7 mgcm? and the depth of penetration was
1.6 £0.6 um and 4.8 + 1.1 um. Corrosion of TisAIC, was significantly greater than these values. At
850°C for 125 h Hastelloy N gained 13.0 mg cm and corroded to 20.0 + 5.5 um in LKE, and gained
2.6 mg cm2and corroded to 18.6 + 5.1 pm in KME. Hastelloy N corroded uniformly in all experiments,
whereas many samples of TisAIC, underwent intergranular corrosion, indicating a preference for
Hastelloy N.

With relation to operation of an MSR, the results are indicative of the extent of corrosion that may
be expected with a build-up of fission products, particularly noble or semi-noble metals, and deviation
from operating conditions due to an increase in redox potential and ingress of air. Overall, it is unlikely
that TisAIC, would be sufficiently corrosion resistant for use in molten salt reactors, even with
appropriate control of the moisture and oxygen content of the salt. This is due to the high mobility of
aluminium which appears to leave the layered MAX phase structure, leaving behind a Ti-C-Cl phase.
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7 Corrosion of Maxthal 312

Table 30 summarises the results from corrosion experiments of Maxthal 312. Results for the majority
of these samples follow, and additional results can be found in Appendix H. Maxthal 312 was tested
because TizSiC is one of the most well studied MAX phase compositions available, it is commercially
available, it compares well with TisAIC, to show the effect of the A-group element, and there is
evidence that it performs well under irradiation damage and has low neutron absorption. Samples were
exposed to LiCI-KCI eutectic (LKE) because it is the standard solvent used for pyroprocessing of
nuclear waste (there is a wealth of data available for the chemistry of elements in this solvent) and KCI-
MgCl; eutectic (KME) because it has been proposed as a very low-cost solvent for the secondary coolant
loop of molten salt reactors. The samples were sintered from Maxthal 312 powder (7.0 g) by SPS. The
holding temperature was 1300°C, the dwell time was 10 min, and the ramp rate was 100°C min™. The
uniaxial force was maintained at a constant value of 16 KN. The synthesis and characterisation of these
samples is discussed in detail in Appendix D, 815.2.

Oxides were observed as corrosion products in all samples. Possible sources of oxygen include the
presence of oxides on the sample surface prior to exposure, insufficient purification of the melt, and
insufficient seal during the corrosion test. Unfortunately, this limits the ability to understand how
TisSiC, reacts with chloride salts, because oxygen is more electronegative than chlorine so would be
expected to be the more reactive component [44].

The approximate thicknesses of the reaction layers for all samples are summarised in Table 30. It is
clear that minimal reaction occurred in processed salts at 600°C, but the reaction was significant in
processed salts at 850°C. Corrosion appears to be more severe in KME than LKE. As-received salts
also resulted in significant reaction, although this was mainly due to the samples being in contact with
Ni during exposure, resulting in diffusion of Ni into the samples.

The samples exposed to processed LKE appeared to undergo no mass loss. This is consistent with
characterisation by other techniques which show very little corrosion. For all other samples, mass gain
as opposed to mass loss was observed. This is fairly insignificant for the samples exposed to processed
KME at 600°C and processed LKE at 850°C. In the former case, some W was observed on the surface
of the sample, and in the latter case some lithium titanium silicates formed. For the samples exposed to
as-received KME at 600°C and processed KME at 850°C, significant mass gain was observed. For the
samples exposed to as-received KME at 600°C, mass gain was due to the diffusion of Ni into the
samples. For the sample exposed to processed KME at 850°C, W deposited on the surface and
significant reaction with O and Mg occurred.

The pristine surface perpendicular to the direction of uniaxial pressure during sintering was polished
to 1 um and had a roughness of 0.083 = 0.002 pm, and the side parallel to the direction of uniaxial
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Table 30 — Summary of corrosion results for samples of Maxthal 312.
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pressure during sintering was polished to P1200 and had a roughness of 0.25 + 0.04 um. In processed
LKE and KME at 600°C, the surfaces roughened slightly but not significantly. When the temperature
was increased to 850°C the surfaces roughened significantly due to the formation of numerous oxides.
The sample exposed to as-received KME, for which the data of sample A is shown, roughened
significantly, albeit to a slightly lesser extent than those exposed to processed salts at 850°C. There was
little difference between the roughness of the perpendicular and parallel surfaces.
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7.1 Corrosion in LiCI-KCI Eutectic

7.1.1 Processed salt, 600°C, 125 h

There was very little corrosion of the sample exposed to processed LKE at 600°C. Titanium oxides
were observed by GAXRD, and uniform corrosion to a depth of <3 pum was observed by SEM. No
mass change was observed.

7.1.1.1 Glancing-angle X-ray diffraction

The GAXRD patterns from 0.5-5.0° w, normalised relative to the peak at 36° 26, are shown in
Figure 131[178,179,211-213]. The peak at 36° corresponds to the TiCx (111) and the rutile (101)
peaks. The TiCy (220) peak shows that the intensity of TiCy decreases as the glancing angle is decreased,
indicating that it is present mainly in the bulk of the material. The TiCy peaks are less intense than the
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Figure 131 — GAXRD patterns for a sample of Maxthal 312 which was exposed to processed LKE at
600°C for 125 h. The peaks were normalised relative to the peak at ~36°, which corresponds to the
TiCx (111) and rutile (101) peaks.

TisSiC, peaks at high glancing angles, but more intense at low glancing angles. This suggests formation
of TiCx by decomposition of TisSiC,. The increasing intensity of the rutile (110) and anatase (101)
peaks as the glancing angle decreases shows that oxidation is occurring at the surface of the sample.
However, the presence of rutile at 5.0° w indicates that oxidation has penetrated relatively deep into the
material. It is difficult to tell if there has been a change in the intensity of TiSi, peaks with glancing
angle.
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7.1.1.2 Microstructural examination of the cross-section

Figure 132 is a BSE image of the cross-section showing a general overview of the corrosion layer
on the surface perpendicular to the direction of pressing during sintering. The surface is relatively rough
and there is some alteration to a depth of ~2 um. The gravimetry results suggest negligible corrosion
has occurred, and the morphology shown in the image indicates that minimal uniform corrosion has
occurred.

Figure 133 shows the corrosion layer on the side of the sample parallel to the direction of pressing. The
depth of alteration is slightly deeper, between 2-3 um, and the surface is still relatively rough and
appears to be uniformly corroded. The greater depth of corrosion is most likely due to the coarser level
of micropreparation prior to exposure. However, the grains have some preferred orientation
perpendicular to this surface which may have some implication on the corrosion resistance.
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Figure 132 — BSE image showing a general overview of the corrosion layer of a sample of Maxthal
312 which was exposed to processed LKE at 600°C for 125 h.
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Figure 133 — BSE image showing a general overview of the side of a sample of Maxthal 312 which

was parallel to the direction of pressing during SPS, after exposure to processed LKE at 600°C for
125 h.

7.1.2 Processed salt, 850°C, 125 h

In LKE at 850°C, there appears to be a mixture of both intergranular and intragranular corrosion.
Close to the original surface, the grain boundaries have been selectively etched and there is partial
reaction of Ti3SiC; grains. Further out, there are numerous small particles which have formed by an
intragranular corrosion reaction. There are also some larger particles which have elemental
compositions consistent with the corrosion products observed by GAXRD, particularly Li>Ti(Si04)0O,
but also Li,SiO3 and possibly Li(TiO,). It appears that TisSiC, reacts with Li and O, possibly as Li20,
to form TiCy and Li;SiOs, which later undergoes further reaction to form Li.Ti(SiO4)O. Overall, the
SEM images and GAXRD patterns show that the corrosion mechanism is particularly complex, and
further characterisation with additional techniques is required to fully understand the process.

7.1.2.1 Glancing-angle X-ray diffraction
The GAXRD patterns between the glancing angles, o, 0.5°-5.0° are shown in Figure 134, normalised
relative to the Li,SiOs (020) peak [179,201,214]. At the highest glancing angle used, 5° w, Li>SiOs; was

the most intense phase. As the angle decreases, Li;Ti(SiO4)O becomes the most intense phase at 1° .
Li(TiOy) also fits well; its most intense peak, the (101) peak, overlaps with the Li,Ti(SiO4)O (101)
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Figure 134 — GAXRD patterns for a sample of Maxthal 312 which was exposed to processed LKE at

850°C for 125 h. The patterns were normalised relative to the Li»SiO3; (020) peak. Li,SiOs appears to

be the dominant phase at high glancing angles, and Li.Ti(SiO.)O appears to be the dominant phase at
low glancing angles.

peak. Some peaks of TisSiC, may also be present, particularly the (105) peak at ~42.4°, and the (104)
peak may overlap with the Li;Ti(SiO.)O (220) peak. Like TiCy, FeO has a space group of Fm-3m so its
peaks overlap; however, the SEM images suggest that Fe is associated with Si, indicating that these
peaks represent TiCy. The peaks are broad, which may indicate that the phase has formed by loss of Si
from TisSiC,, forming small crystallites and, if Ti has also been removed, a range of stoichiometries.
Fe may be present as a solid solution, substituting Ti or Si in one of the phases. A small quantity of an
Im-3m phase was also observed, which corresponds to W, WxTizx or WCsx.

7.1.2.2 Microstructural examination of the cross-section

Figure 135 and Figure 136 show a detailed view of the corrosion layer formed on the surface of the
sample which was perpendicular to the uniaxial pressure applied during sintering. The corrosion layer
appears to consist primarily of Ti, O and C, with some Mg. The main impurities were Fe and W. Fe
appears to have reacted with TiSi, and the outer surface of the corrosion layer. W appears to have
deposited on the surface of the corrosion layer. The morphology at points 8 and 9 appears to show a
MAX phase grain which is undergoing decomposition. The elemental compositions indicate loss of Si
and possibly Ti, and gain of O. Additionally, the composition of point 10 suggests it is a TizSiC; grain,
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Figure 135 — BSE image showing a detailed view of the corrosion layer formed on a sample of
Maxthal 312 which was exposed to processed LKE at 850°C for 125 h. The annotations mark the

locations of point analyses, and the elemental compositions of the EDS spectra can be found in Table
31.
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along with 12 and 13 in the bulk of the material. Points 5, 6 and 7 may show grains which are at a
further stage of decomposition, with greater loss of Ti relative to C, and a larger concentration of O.
Point 11 is most likely TiSi, which has reacted with Fe and O. Point 14 in the bulk clearly shows TiCx.
Overall, it appears that Si has been depleted and the remaining TiCy has reacted with oxygen to form
titanium oxides or oxycarbides.

Figure 137 and Figure 138 show a BSE image and EDS maps of the corner of the sample, where the
top surface is the surface perpendicular to the direction of uniaxial pressing during sintering. Points 1,
2 and 6 have similar morphology and contain Ti, O and C, which suggests they are either titanium
carbide, titanium oxides, titanium oxycarbide or Li(TiO>). The particles in this area are relatively small.
Point 3 shows titanium carbide. Point 4 contains significant amounts of O, and may be a grain of TisSiC;
which has lost Si and Ti. Points 5 and 8 have similar contrast, and the ~5 parts O to Ti and Si may
indicate that it is Li,Ti(SiO4)O. Point 7 appears to show WCy. Point 11 appears to be a grain of TiSi-
which has reacted with Fe at its surface, such as point 10. The morphology at point 12 appears to be a
grain of TisSiC,, but the composition of C is higher than expected and that of Si is lower, which may
simply be due to the resolution limit of the EDS system used. The morphology and composition of point
13 is consistent with TiCy, and suggests that the carbon content in other locations is relatively accurate,
albeit slightly high.
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b) Ti Ku

¢) Si Ka1

e) Mg Kq: and Ko

d) C Ky and Ky

(f) O Kt (9) Fe Ku (h) W Ly

Figure 136 —EDS maps (image width ~20 pm) showing a detailed view of the corrosion layer formed
on a sample of Maxthal 312 which was exposed to processed LKE at 850°C for 125 h. The
annotations mark the locations of point analyses, and the elemental compositions of the EDS spectra
can be found in Table 31.
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Table 31 — The elemental compositions (in at.%) of the EDS spectra shown in Figure 136.

Spectrum Ti Si C Mg O Fe W Other Other Elements

Map 242 40 583 02 118 07 02 04 Ca, Al,Na, K, CI, S

1 31 04 799 13 98 07 10 37 Al, Ca, Sr, Zn, P, Na, S, CI, K
2 88 06 665 05 190 10 15 23 Ca, Sr, Al, Na, P, Zn, S, K, Sr
3 49 - 716 03 187 12 18 16 Ca, Al, Na, Zn, K

4 1.7 - 733 - 158 4.0 42 09 Sr, P, Ca

5 184 06 521 06 268 03 03 0.8 Ca, Al,Cl, Na, Sr, K, Zn, P, S
6 165 08 465 09 332 05 04 09 Ca, Al, Na, Sr, Zn,CI, K, P, S
7 179 08 453 12 330 04 03 09 Na, Ca, Zn, Al, Cl, K, S

8 322 20 372 07 267 03 01 0.7 K, Cl, Ca, Al, Zn

9 351 18 393 04 223 04 01 07 Ca, Na, Cl, K, Al

10 417 99 469 - - 1.0 - 0.3 K, Cl, Ca

11 301 25.0 342 - - 206 - 0.1 Ca

12 45.6 123 416 - - 03 - 0.1 Ca

13 343 175 426 - - 53 - 0.3 Cu, Ni

14 48.1 1.0 509 - - - - - -

S

E: VAR o : A
5.00 kV [vCD | 9.6 mm | 8 000 x | None | 4.0
Figure 137 — BSE image of the corner of a sample of Maxthal 312 which was exposed to processed

LKE at 850°C for 125 h. The top surface is the direction perpendicular to the uniaxial pressure
applied during sintering. The elemental compositions of the EDS spectra are shown in Table 32.
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(e)O (f) Fe

Figure 138 — EDS maps of the corner of a sample of Maxthal 312 which was exposed to processed
LKE at 850°C for 125 h. The top surface is the direction perpendicular to the uniaxial pressure
applied during sintering. The elemental composition of the EDS map sum spectra is shown in Table
32.
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Table 32 — Elemental compositions (in at.%) of the EDS spectra relevant to Figure 138.

Spectrum Ti Si C Mg O Fe W  Other Other Elements

Map 163 36 633 01 154 07 02 04 Al, Ca, Zn, K, CI
1 305 03 473 06 199 04 - 0.9 Cl, Ca, K, Na, Zn
2 208 02 634 01 148 01 - 0.5 Ca, Zn

3 447 06 546 - - - - 0.1 Ca

4 265 54 334 01 340 01 - 0.5 Ca, Zn, Cl, K

5 116 79 29.2 - 513 - - 0.2 Cl, Ca K

6 252 13 526 05 181 02 14 05 Ca, Al, CI, K

7 38 20 543 - 173 07 216 04 Ca

8 9.2 97 267 - 543 - 01 01 Ca

9 247 6.8 200 - 480 0.1 - 0.3 Cl, Ca K

10 26.1 294 29.0 - - 152 - 0.3 Cu, Ca

11 409 344 219 - - 28 - - -

12 465 79 436 - - - 20 - -

13 486 0.2 510 - - 0.1 - - -

Figure 139 — BSE image of the corner of a cross-section of a sample of Maxthal 312 which was
exposed to processed LKE at 850°C for 125 h. The annotations show the approximate depths of the
corrosion layer and Fe diffusion layer on the two sides.
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Figure 139 is a lower magnification image of the corner shown in Figure 138. The depth of corrosion
of the surface perpendicular to the uniaxial pressure applied during sintering has a thicker corrosion
layer than the surface which was parallel. The depth of the former was ~12 um, whilst that of the latter
was ~8um. Furthermore, there appears to be further alteration due to the diffusion of Fe into the
material, as noted by the increased concentration of the bright contrast phase near the surface. For the
perpendicular surface, this extends to ~19 um, and for the parallel surface this extends to ~14 um.
However, it is worth noting that these depths are very approximate as the depth is difficult to distinguish;
a superior method would be to look at the depth of Fe penetration in the EDS maps.

185



7.2 Corrosion in KCI-MgCl; Eutectic
7.2.1  As-received salt, 600°C, 125 h, sample A

Two samples were exposed to as-received KME at 600°C for 125 h. The results for the second
sample can be found in Appendix H. The reactions observed were the same for both samples, although
the extent of corrosion was greater for the second sample. Oxidation occurred at the surface with
incorporation of Mg from KME to form magnesium titanate and magnesium silicate. Additionally,
nickel diffused into the samples from the nickel wire used to suspend them in the salt.

7.2.1.1 Glancing Angle X-ray Diffraction

The GAXRD patterns between 0.5-10.0° w are shown in Figure 140. The peaks were normalised
relative to the peak at ~41°, although this peak represents TisSiC; at high glancing angles and MgTiO3
at low glancing angles. There is an unidentified peak at 28.0°. Overall, it appears that TisSiC; and TiCx
decrease in concentration towards the surface of the sample, whilst MgTiOs, Mg2(SiO.), 3-Ni,Si and
Ni increase in concentration. Both Mg and O play a key role in the corrosion mechanism, as evidenced
by the formation of MgTiOs; and Mg2(SiO4). The presence of 3-Ni,Si confirms that Ni interacts
preferentially with Si, seemingly replacing Ti in TiSi,. However, the Ni containing phase may represent
an alloy such as NixTii«x. Note that TiSi. is not shown in the GAXRD patterns because it overlaps with
a number of peaks from other phases, so its exact presence is difficult to distinguish without pattern

fitting.
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Figure 140 — GAXRD patterns for a sample of Maxthal 312 which was exposed to as-received KME
at 600°C for 125 h. The patterns were normalised relative to the peak at ~41°, although this peak
represents TisSiC; at high glancing angles and MgTiOs at low glancing angles.
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Figure 141 — BSE image and EDS maps for Maxthal 312 after exposure to as-received LKE at 600°C
for 125 h.
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7.2.1.2 Microstructural Examination of the Surface

Figure 141 is a BSE image and EDS maps of Maxthal 312 prior to cleaning with distilled water in
an ultrasonic bath. Si appears to be present in all phases. One phase appears to contain mainly Ti and
Si. A second phase contains Si, Mg and O, and is most likely Mg»(SiO.). A third phase contains Si and
Ni, and is most likely Ni.Si. C, Fe and K were also detected in minor quantities.

7.2.1.3 Microstructural examination of the cross-section

Figure 142 is a BSE image of the alteration layer showing the morphology of the various phases.
EDS maps taken at the same location follow.

Figure 143 shows the EDS maps taken at the same location as Figure 142. The layered image
highlights the phases present in the material: the light blue phase is TisSiC,, the dark blue phase is TiC,
the yellow phase is TiSi, and the pink regions show the location of Ni, as Ni»Si, although some Ti is
also present. Mg was detected in the surface deposition layer in association with Si, O and some Ti,
indicative of MgTiO3; and Mg»(SiO4). A small amount (0.2at.%) of Fe was also observed. Figure 145
is a BSE image showing the presence of Ni at the surfaces of the TiSi grains. The surface is particularly
rough, and it appears that the deposition layer has broken off. Points 3 and 8 show the composition of
seemingly fully reacted TiSi grains. The amount of Ni is approximately equal to the amount of Si, with

®
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P TiSi; with Ni-
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Figure 142 — BSE image showing the cross-section of a sample of Maxthal 312 which was exposed to
as-received KME at 600°C for 125 h.
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approximately a quarter to a third of the amount of Ti, which is consistent with a mixture of Ni,Si and
TiSi2. The presence of Ni in the bulk of the material with initial reaction at the surface of TiSi

(b) Ti Ku1 (49.3at.%) (©) Si K (17.3at.%) (d) C Ky and Ka1 (N/A)

(e) Mg K and K2 (1.4at.%) (f) O Ku (28.3at.%) (9) Ni Kq (2.3at.%)

Figure 143 — EDS maps (image width ~60 um) taken at the same location as Figure 142.
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5.00 kV |vCD [9.6 mm |10 000 x| None | 5.0
Figure 144 — BSE image showing the presence of Ni around the TiSi, grains in a sample of Maxthal

312 which was exposed to as-received KME at 600°C for 125 h. The elemental compositions of the
EDS spectra are shown in Table 33.

grains indicates that it diffuses through the material intergranularly, suggesting TisSiC is likely to be
incompatible for use in combination with Ni-based alloys. Points 5 and 6 show that the original grains
consist primarily of Ti and Si. Point 1 appears to show TisSiC; as the ratio of Ti/Si is ~3. Points 2 and
7 appear to show TiCy as the Ti content is high, with a minimal amount of Si.

Table 33 — Elemental compositions (in at.%, excluding C) of the EDS spectra associated with Figure
145,

Spectrum Ti  Si Ni Fe O Other Other Elements

Map 708 227 48 02 - 1.6 Al, Ca, K, CI
1 749 244 04 - - 0.4 Ca, K

2 879 118 02 - - 0.2 Ca

3 156 420 416 03 - 0.5 ClLK

4 6.2 135 06 0.2 659 137 Al

5 455 512 32 - - 0.1 Ca

6 60.2 327 72 - - - -

7 957 31 12 - - - -

8 119 459 411 05 - 0.7 Yb, ClI, Ca
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(€) Ni Ku (f) Fe Ka

Figure 145 — EDS maps (image width ~30 um) showing the presence of Ni around the TiSi grains in
a sample of Maxthal 312 which was exposed to as-received KME at 600°C for 125 h. The elemental
compositions of the EDS spectra are shown in Table 33.
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Figure 146 and Figure 147 is a BSE image and EDS maps of the surface of the sample parallel to
the direction of pressing. The deposition layer was ~5 um thick and the alteration layer was ~30 um
thick. Point spectra of the deposition layer indicated the presence of Ti, Si, Mg and O. The morphology

suggests that numerous phases are present, which is consistent with the observation of MgTiO3 and
Mg(SiOs4) by GAXRD.

Figure 148 is a higher magnification BSE image of the deposition layer shown in Figure 147.
Numerous phases are clearly visible. The primary phase has elongated grains. Underneath the
deposition layer there appear to be some small grains with morphology similar to TiCy, which may be
due to loss of Si from a grain of MAX phase. A gap is clearly visible between the deposition layer and
the Bakelite, which may indicate the presence of a soft or water-soluble outer layer which was removed
during sample preparation.
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Figure 146 — BSE image of the cross-section of a sample of Maxthal 312 which was exposed to as-
received KME at 600°C for 125 h. The elemental compositions of the EDS spectra are shown in Table
34. The surface shown is the side which was parallel to the direction of uniaxial pressure applied
during sintering.
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b) Ti Ko (c) Si Kax

d) C Ku and Ky

(e) Mg Ky and Kgz (f) O Kua

Figure 147 — EDS maps (image width ~60 um) of the cross-section of a sample of Maxthal 312
which was exposed to as-received KME at 600°C for 125 h. The elemental composition of the EDS
map sum spectrum is shown in Table 34. The surface shown is the side which was parallel to the
direction of uniaxial pressure applied during sintering.
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Table 34 — Elemental compositions (in at.%, excluding C) for the EDS spectra associated with Figure
146 and Figure 147.

Spectrum Ti Si Mg O Ni  Other Other Elements
Map 55,6 150 12 270 03 10 Al, Ca, Re, K, CI

1 72 103 186 628 0.2 0.8 Cl, K, Ca, Zn, Fe, Mo
2 134 116 161 578 03 0.9 Cl, K, Ca, Zn

3 989 09 - - - 02 Ca

4 148 139 125 538 3.7 1.2 Cl, Fe, Al, K, Ca, Zn

Due to the gaps observed between the conductive Bakelite and the sample, a cross-section of the

sample was cut and examined without mounting. The images show that the surface is relatively rough

and suggest that in the previous images material from the corrosion layer has most likely been removed

during polishing. Figure 149 shows that the straight edge of the underlying material has been

maintained, but there is a significant amount of corrosion product on the surface of the sample. Globules

which look like deposited metal were also observed on the surface, as shown in Figure 150.

v
Rh
det WD
vCD | 9.

HV - d t

mag O | mode|spo
Figure 148 — BSE image of the cross-section of the deposition layer on the side of a sample of
Maxthal 312 which was exposed to as-received KME at 600°C for 125 h.
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.
Figure 149 — SE image of a cross-section of an unmounted sample of Maxthal 312 which was
exposed to as-received KME at 600°C for 125 h.

AV [ det| WD [mag 03| mode]spot| _————50 ym ——— |
500 kv|ETD 04 mm 2500x| SE |30

Figure 150 — Globules were observed on the surface of a sample of Maxthal 312 which was exposed
to as-received KME at 600°C for 125 h.
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7.2.2 Processed salt, 600°C, 125 h

The results for the sample exposed to processed KME at 600°C were similar to those of the sample
exposed to LKE at 600°C, although tungsten was observed by both SEM and GAXRD and there was a
small amount of mass gain. It appears that tungsten deposited as a thin layer on the original surface, on
top of which an oxide layer formed. In general, the corrosion layer was uniform in thickness and
relatively thin, but there were locations where alteration appears to have extended below the thin layer
of tungsten, which may indicate there is an aspect of intergranular corrosion. This could be
interdiffusion of Ti and W along the grain boundaries, although it is difficult to tell without any EDS
data.

7.2.2.1 Glancing-angle X-ray diffraction

The GAXRD patterns measured between 0.5-5.0° w are shown in Figure 151, normalised relative to
the TisSiC;, (104) peak. The other TisSiC, peaks appear to decrease in intensity towards the surface,
which may indicate that the (104) peak overlaps with another phase. The TiCx and TiSi. peaks also
reduce in intensity towards the surface. Conversely, the presence of oxides, particularly rutile but also
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Figure 151 — GAXRD patterns for a sample of Maxthal 312 which was exposed to processed KME at
600°C for 125 h. Oxidation has occurred, indicated by the presence of titanium oxides, and a W-based
alloy (W, WCy, or W,Ti1.x) has deposited on the surface. Unidentified peaks can be seen at 32.7°,
34.4°, 35.2°,49.0° and ~62°.
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some anatase, increases at the surface, but can be seen at all glancing angles. A W-based phase, which
may be W, WCx or an alloy such as WxTiix, can be seen to form towards the surface. It is the most
intense phase at the surface of the material, as indicated by its (110) peak. A number of unidentified
peaks were observed, increasing in intensity towards the surface of the sample, at 32.7°, 34.4°, 35.2°,
49.0° and ~62° (overlaps with rutile).

7.2.2.2 Microstructural Examination of Cross-Section

Figure 152 is a BSE image showing the morphology of the cross-section. The surface is particularly
rough, and grains appears to be breaking away. This alteration layer appears to be between 1-5 um
thick. The bright spots likely indicate the presence of W, which appears to have penetrated below the
surface of the material.

Figure 153 shows a BSE image of the surface of the sample which was parallel to the direction of
pressing. The grains were partially ordered perpendicular to the surface. The surface received a coarser
polish than the surface which was perpendicular to the direction of pressing. The surface is relatively
rough, and a layer of W has deposited, < 3 um thick. The reaction appears to have extended into the
bulk of the material in some locations up to a depth of ~11 pum.

HV | det| WD O [ mod t e L N e — '
Figure 152 — BSE image showing the morphology of the cross-section of a sample of Maxthal 312
which was exposed to processed KME at 600°C for 125 h.
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Figure 153 — BSE image showing the cross-section of a sample of Maxthal 312 which was exposed to
processed KME at 600°C for 125 h. The grains are slightly ordered perpendicular to the surface.

7.2.3 Processed salt, 850°C, 125 h

In KME at 850°C there appears to be intergranular corrosion at the surface of the sample, and a
corrosion layer has deposited on the surface. Many of the phases observed by GAXRD had multiple
matches due to the possibility of solid solutions. A phase containing Mg, Si and O was observed by
SEM, but no phases with this composition were observed by GAXRD. Overall, numerous oxides have
formed and there has been significant reaction with Mg. W and Fe were also observed as impurities.

7.2.3.1 Glancing-Angle X-ray Diffraction

The GAXRD patterns, normalised relative to the (110) peak of the Im-3m phase, are shown in Figure
154. The Im-3m phase appears to be a tungsten-based solid solution such as W, WTi1x or WCx [201].
The R-3 phase is MgTiOs, but may also be a solid solution with Ti at the Mg sites or Fe at the Ti
sites [215]. The Fm-3m phase is MgO, although solid solutions with Ti at the Mg sites are also
possible [195]. Furthermore, peaks for an Fe-Ti phase with space group Pm-3m overlap many of the
peaks for the Fm-3m phase. There appears to also be a P-3m1 phase which represents W,C [197]. TiCx
fits the peaks at ~36° (110) and ~42° (200), but the (220) peak should be present at about half the
intensity of these peaks at ~60.5° [179].
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Figure 154 — GAXRD patterns for a sample of Maxthal 312 which was exposed to processed KME at
850°C for 125 h. The peaks were normalised relative to the (110) peak of the Im-3m phase (tungsten
alloy).
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Figure 155 — BSE image of the alteration layer of a sample of Maxthal 312 which was exposed to
processed KME at 850°C for 125 h.
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Figure 156 —EDS maps (image width ~30 pum) of the alteration layer of a sample of Maxthal 312
which was exposed to processed KME at 850°C for 125 h.
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7.2.3.1 Microstructural examination of the cross-section

Figure 155 and Figure 156 show a BSE image and EDS maps of the alteration layer. Si, Mg and O
can be seen in the deposition layer which has formed on the surface. Fe appears to have reacted with
TiSi>.

Figure 157 is a BSE image of the corner, where the top surface is the side perpendicular to the
uniaxial pressure applied during sintering. A deposition layer has formed on the surface of both sides,
although it is broken off in some places and out of the frame for the side surface. The depth of the
deposition layer on the perpendicular surface extends to ~7 um. Additional alteration in the bulk can be
seen to a depth of ~40 um for the perpendicular surface and ~7 pm for the parallel surface.

Figure 158 is a BSE image showing a detailed view of the deposition layer formed on the surface of
the sample parallel to the direction of applied uniaxial pressure during sintering. The thickness of the
deposition layer was ~11 um and was representative of the entire side.

Napews: : 5
500kV|vCD|95mm 3000x [None| 40 [ |
Figure 157 — BSE image showing the corner of the cross-section of a sample of Maxthal 312 which

was exposed to processed KME at 850°C for 125 h. The annotations show the approximate depths of
the reaction layers at the two sides.
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Figure 158 — BSE image of the reaction layer on the side of a sample of Maxthal 312 which was
exposed to processed KME at 850°C for 125 h.
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7.3 Discussion — Corrosion of Maxthal 312
For both samples exposed to processed salts at 600°C, corrosion seemed more severe at the surface
parallel to the direction of pressing during sintering. The grains on this surface were mainly oriented
with their A-group planes exposed to the melt, maximising the surface area for diffusion of Si into the
melt. The roughness of the surface perpendicular to the direction of pressing during sintering was
similar for both samples. Overall, corrosion seemed slightly more severe for the sample exposed to
KME.

Iron was observed as an impurity in both samples exposed at 850°C. This was likely due to
contamination from the reaction vessel during or prior to the experiment. Tzenov et al. observed that
small quantities of Fe and V, as low as 1%, can cause decomposition of TisSiC, [216]. Fe can react with
Ti and Si to form a liquid phase, possibly TisSisFe, and this pushes the equilibrium between Ti-Si-C to
a region of the phase diagram which favours formation of TiCy and SiC as impurities alongside TisSiCo.
However, it is worth noting that Tzenov et al. annealed their samples at 1600°C, significantly higher
than the exposure temperature in this work.

The gravimetric results obtained for the samples exposed at 850°C compare favourably with the
results obtained by Liu et al., who exposed TisSiC, (93wt.%) to as-received NaCl at 850°C in air for
100 h and observed a total mass gain of 2 mg cm [135]. The lower mass gain observed in LKE is likely
due to better control of impurities in the salt, including oxygen and moisture, whereas the greater mass
gain in KME is likely due to the presence of impurities such as tungsten. Differences due to the change
in cation are also probable but are difficult to distinguish without improved purification and accuracy.

In the work of Liu et al., for the heavily corroded samples exposed to NaCl containing > 35wt.%
Na,SO,, the oxide layers which formed consisted of sodium titanates (Nag23TiO2 and Na;Tis013), TiO:
and NazSiOs, similar to those observed in this work. TiO2 was observed in regions where the oxide layer
had spalled, indicating that TiO is an intermediate in the corrosion mechanism. S was also observed

Nau,BTiOZ «

-2
> W S

Figure 159 — Morphologies of (a) the surface, and (b) the cross-section, of sample of TizSiC, exposed
to NaCl in air for 100 h by Liu et al.; reproduced from [135].
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under the oxide layer and may play a similar role to W, possibly as part of a redox reaction. For the
samples exposed to 25wt.% Na,SO4-75wt.% NaCl and NaCl, TiO, and Nao 23 TiO, were observed as the
only corrosion products. SiO; may have formed on the inner surface but was not detected by XRD,
suggesting it was amorphous. The morphologies observed by Liu et al. are shown in Figure 159. The
thickness of the corrosion layer was ~35 pum, and is again similar to that obtained for the sample exposed
to LKE and KME in this work.

The extent of corrosion was severe for the samples exposed to as-received KME. However, it is
probable that corrosion was accelerated by contact with Ni wire. Furthermore, Ni reacts preferentially
with Si and was observed to diffuse along the grain boundaries and react with grains of TiSi, to form
NizSi. Yin et al. also observed diffusion of Ni along the grain boundaries of TisSiC, during investigation
of diffusion bonding of the two materials (Figure 160) [119]. The experiments conducted by Yin et al.
were conducted between 800°C and 1100°C, higher than the 600°C used here, but the exposure times
were shorter, between 10-90 min. They observed NisiSii2, NiigTisSiz and TiCx near the Ni, and Ti;Ni
and TiCy near the TisSiC,. They found that the reaction layer formed by nickel diffusing into TisSiC,,
and Ni-Si solid solutions formed by diffusion of Si towards Ni; these observations are consistent with
this work. Essentially, Ni travels along the grain boundaries and provides a path for Si transport,
resulting in the decomposition of TisSiC; to TiCx and the formation of Ni-Ti, Ni-Si and Ni-Ti-Si species.
The extent of reaction observed for the two samples differed, with sample B having greater mass gain.
This is attributed to a much greater depth of diffusion of Ni into the sample, which may have been due
to greater contact surface area with the Ni wire.

Magnesium titanate and magnesium silicate were observed as corrosion products. This indicates the
presence of significant quantities of oxygen in the melt. It is likely that the presence of oxygen and

Figure 160 — Cross-section of a sample of TisSiC, which was diffusion bonded to Ni at 1100°C for
30 min under 20 MPa uniaxial pressure by Yin et al.; reproduced from [119].
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water in the melt caused formation of MgO, which preferentially deposited on the surface of the
material, whereupon it underwent reaction with TiO, and SiO, to form MgTiOs; and Mg.SiO,
respectively, as per Equation 37 and Equation 38. At 600°C, 4G is equal to -24.1 kJ mol* for formation
of MgTiO; and -62.4 kJ mol? for formation of Mg.SiOs. The fact that the latter is more negative
suggests its reaction was more favourable, which may explain why there was some residual TiO2
observed but no SiO;, although SiO- could be present but amorphous. It would be interesting to see if
the material reacts substantially with Mg?* in the absence of O-containing species.

Equation 37
MgO(S) + TlOZ(S) = MngO3
Equation 38

ZMQO(S) + SlOZ(s) = Mg25l04

Liu et al. studied the corrosion of TisSiC; in carbonate and sulfate melts [131,133,136]. In carbonate
melts, they observed Li,;TiO; and TiO04 as the main corrosion products [131]. They argued that
corrosion most likely occurred by the reaction of TisSiC, with oxygen dissolved in the melt to form
TiO2 and SiO2, which then react with the salt to form Li,TiOz and Li,SiOs. They assumed that SiO;
may have been amorphous or present in insufficient quantities to be detected by XRD. Therefore, it is
likely that SiO, forms as an intermediate in the formation of silicates in this work, despite not being
detected by GAXRD.

The formation of oxides as opposed to chlorides is consistent with the greater electronegativity of
oxygen and the lower Gibbs free energy of formation of the oxides [44,99]. Measurement and control
of the oxide concentration in the melt is certainly required. Exposure at more times and temperatures
would be useful to determine the rate of reaction and activation energy of the process. Furthermore,
exposure for times longer than 125 h would help determine the applicability of using MAX phases in
pure and oxygen-containing chloride salts; greater spalling may occur at longer exposure times.
Consequently, the mechanical integrity of the oxide scales should also be investigated.

Overall, the presence of impurities including oxygen, tungsten and nickel limits the ability to
conclude whether Maxthal 312 is resistant to corrosion in molten chloride salts. However, the fact that
only a relatively thin (< 3 pum) corrosion layer was observed on the sample exposed to processed LKE
at 600°C, arguably the experiment with the least number of impurities, shows there is some promise for
the corrosion resistance of TisSiC. in molten chloride salts.
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8 Corrosion of TiC

Table 35 summarises the results from corrosion experiments of TiC. TiC was tested because it aids
understanding of the effect on corrosion of the TiCy impurity observed in most of the samples produced.
Furthermore, it has low neutron absorption and likely performs well under irradiation damage, and may
be possible to use as a coating or as a component of a composite material. Samples were exposed to
LiCI-KCI eutectic (LKE) because it is the standard solvent used for pyroprocessing of nuclear waste
(there is a wealth of data available for the chemistry of elements in this solvent) and KCI-MgCl eutectic
(KME) because it has been proposed as a very low-cost solvent for the secondary coolant loop of molten
salt reactors. The samples were prepared by sintering TiC powder (2 um, 7.5 g) by SPS. The powder
was heated to 2000°C at a rate of 200°C min* then held for 15 min at 16 kN force. The on/off pulse
time was 15/5 s. The synthesis and characterisation of these samples is discussed in detail in Appendix
E, § 15.

The performance of TiC enabled further understanding of corrosion of TizAlC; and TisSiC,. Both
MAX phase materials contained TiCyx as an impurity, so by understanding the corrosion performance
of TiC the influence of this impurity on the extent of corrosion could be understood in greater detail.
Overall, TiC exhibited very little corrosion in the molten chloride salts used. The fact that less corrosion
was observed for TiC relative to the samples of TisAlC, and TisSiC; indicates that TiC impurities are
cathodic relative to the MAX phases and should not have caused dissimilar materials corrosion because
the volume fraction was relatively small.

In LKE, the mass loss increased when the sample was exposed to processed salt rather than as-
received salt. The GAXRD data shows that oxidation occurred at the surface in both cases but was more
severe in the processed salt. The mass loss in processed KME at 600°C was lower than that of processed
LKE at 600°C. LiCl is more hygroscopic than MgCl,, so it is possible that the oxidation observed in
LKE was due to moisture absorbed when setting up the corrosion test.

Mass gain was observed for the sample exposed to as-received KME at 600°C and both samples
exposed to processed salts at 850°C. The mass gain at 850°C was due to the formation of lithium titanate
in LKE and magnesium titanate in KME. The molecular mass of Li,TiOs is 110 g mol* and that of
MgTiOs is 120 g mol*, both of which are similar, which indicates that either a greater amount of titanate
formed in KME, or more impurities were deposited on its surface. Small quantities of iron were found
on the surface of the sample exposed to LKE, whereas a layer of W, which has a relatively high
molecular mass of 184 g mol~, was deposited in a layer on the surface of the sample exposed to KME.
It is likely that iron entered the system by spalling of the corrosion vessel or contamination of the batch
of LKE. Tungsten was present in the batches of KME due to dissolution of the working electrode during
processing.
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Table 35 — Summary of corrosion results for samples of TiC.
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In both salts, the roughness increased substantially when the exposure temperature was increased
from 600°C to 850°C. Comparing the two salts, the roughness was lower in KME than LKE at 600°C,
but higher in KME than LKE at 850°C. At 600°C, this difference is explained by oxidation at the surface
in LKE, which did not occur in KME. At 850°C, the difference in roughness is most likely due to
differences in morphology of the two titanate phases, lithium titanate and magnesium titanate.

A brief comparison to work by Craig Jantzen suggests that titanium carbide may be more stable
than Hastelloy N [43]. The most comparable experiment is the exposure at 850°C for 125 h, where
Hastelloy N gained 13.0 mg cm™ and corroded to 20.0 + 5.5 um in LKE, and gained 2.6 mg cm and
corroded to 18.6 £5.1 um in KME. The mass gain of TiC was certainly lower, but the depth of
penetration was similar. However, Hastelloy N corroded uniformly in all experiments, whereas TiC
underwent partial intergranular corrosion at higher temperatures, which suggests Hastelloy N may be
preferable. The corrosion of TiC should be investigated further, and if intergranular attack persists then
its cause must be investigated further for successful use of TiC.
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8.1 Corrosion in LiCI-KCI eutectic
8.1.1 As-received salt, 600°C, 125 h

Figure 161 shows the GAXRD patterns with glancing angles, o, between 0.5° and 2°, normalised
relative to the TiC (200) peak [179,211,212,217]. At all glancing angles, peaks of low intensity were
observed which correspond to oxide phases. The titanium oxides, rutile and anatase, were observed at
all glancing angles, indicating oxidation of the sample. Oxidation has likely occurred due to absorption
of moisture by the LKE during the experimental set-up. The best match for the peak at 14.3° 26 was
WOs (100), which fits with the fact that a small amount of WC was present in the pristine material, and
with the microstructural examination results of the sample exposed to processed LKE at 600°C which
oxidised similarly.

8.1.2 Processed salt, 600°C, 125 h
8.1.2.1 Glancing angle X-ray diffraction

Figure 162 shows the GAXRD patterns between glancing angles, w, of 0.5° and 2.0°, normalised
relative to the TiC (200) peak [179,211,212,217]. TiC gave the most intense peaks at all angles,
indicating corrosion was not severe. The lattice parameter of TiC was 4.333 + 0.003 A (calculated from
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Figure 161 — GAXRD patterns of TiC exposed to as-received LKE for 5 days at 650°C. TiC was the
major phase at all glancing angles, but oxides of titanium and tungsten have formed on the surface.
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Figure 162 — GAXRD patterns of a sample of TiC which was exposed to processed LKE at 600°C for
125 h. TiC was the major phase at all glancing angles, but oxides of titanium and tungsten have
formed on the surface.

the first four peaks of the 1° pattern). Rutile and anatase were the next most intense phases. As with the
sample exposed to as-received LKE, the peak at 14.3° 20 was difficult to identify but may be a tungsten
oxide such as WOs.

8.1.2.2 Microstructural examination

An image of the cross-section is shown in Figure 163. The surface has some slight roughness but
overall is quite smooth. The grain boundaries are faint but visible, and the bright contrast WC phase
identified in the pristine sample can be seen at some of the grain boundaries. WC clusters such as this
can be seen distributed throughout the bulk of the material. The EDS maps do not indicate any diffusion

of material towards the surface.

Figure 164 is an SE image showing a general overview of the surface of the sample. There appears
to be a lot of material deposited on the surface, but the underlying surface is still visible. Figure 165 is

a BSE image at the same magnification.
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Figure 163 — A BSE image and EDS maps of the cross-section of a sample of TiC which was
exposed to processed LKE for 125 h at 600°C. The annotations mark the locations of point analyses,
the compositions of which are summarised in Table 36.

Table 36 — Elemental compositions (in at.%) of the point analyses shown in Figure 163.

Point Ti C W
1 51.0 49.0 0
2 20.9 65.8 13.0
3 21.7 68.8 9.1
4 44.9 54.4 0.7
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Figure 164 — SE image showing the corrosion products on the surface of a sample of TiC which was
exposed to processed LKE at 600°C for 125 h.
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Figure 165 — BSE image showing a general overview of the surface of a sample of TiC which was
exposed to LKE at 600° for 125 h.
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Figure 166 — BSE image and EDS maps of the surface of a sample of TiC which was exposed to LKE
at 600°C for 125 h. The annotations mark the locations of point analyses, the compositions of which
are summarised in Table 37.
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Figure 167 — Map sum spectrum for the EDS maps shown in Figure 166.

Table 37 — Elemental compositions (in at.%) of the point analyses shown in Figure 166.

Point Ti W Mo S O
Map 976 18 - 06 -

1 100. 0.0 - - -

2 99.7 03 - - -

3 86.0 140 - - -

4 75.3 3.7 7.1 13.0 -

5 472 27 119 215 16.7
6 541 268 - - 19.2
7 598 69 6.8 13.0 124
8 615 337 - - -

9 88.1 - 4.4 7.5 -

10 827 01 59 113




Figure 166 is a BSE image and EDS map of the surface of the sample, showing its typical
morphology. Point analyses were taken at the annotated locations, the results of which (excluding
carbon) are summarised in Table 37. The morphology of the tungsten phase is the same as that observed
in the pristine sample and the cross-section. Sulfur and molybdenum, the peaks of which overlap, were
also detected; the lack of higher energy molybdenum peaks in the spectrum (Figure 167) indicate it is
sulfur.

8.1.3 Processed salt, 850°C, 125 h
8.1.3.1 Glancing angle X-ray diffraction

The GAXRD patterns at glancing angles between 0.5° to 5° are shown in Figure 168, normalised
relative to the Li,TiOs (1,3,-3) peak [179,201,218]. Li,TiO; was observed at all glancing angles,
whereas the intensity of WC and TiC peaks decreased as the glancing angle decreased, indicating they
were present in lower quantities at the surface of the sample. There is an unidentified peak at 44.6° 26
which also follows this trend; possible candidates for this peak include graphite, lithium tungsten oxide,
and iron (possibly as an alloy). In the reference pattern, the Li,;TiO3; (002) peak is the most intense peak,
followed by the (1,3,-3) peak then the (202) peak. The high intensity of the (1,3,-3) peak may simply
be due to the (1,3,-3) and (202) peaks overlapping because the step size was too large.

Li, TiO,(133)
Li,TiO,(202)
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Figure 168 — GAXRD patterns for a sample of TiC which was exposed to LKE at 850°C for 125 h.
The patterns were normalised relative to the Li>TiOs (1,3,-3) peak.
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8.1.3.1 Miicrostructural examination of the cross-section

Figure 169 is a BSE and associated EDS maps showing the general corrosion products. The
annotations mark the locations of point analyses, the compositions of which are shown in Table 38.

HV det | WD | mag O |mode|spot et L1 V110 —
5.00 kV |vCD [9.6 mm | 10 000 x | None | 4.0

b) Ti Ka1 (C) C Ka and Ka2 d) Fe Ka1

(€) O Kus () W Las

Figure 169 — BSE image and EDS maps showing the general corrosion products on a sample of TiC
which was exposed to LKE at 850°C for 125 h.
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Table 38 — Elemental compositions (in at.%) of the point analyses shown in Figure 169.

Point  Ti C Fe O W Mg Ni Other Other Elements
1 209 104 03 671 - 08 - 06 Zn,CaSiP
2 34 279 664 - - - 21 0.2 Ca
3 35 609 26 124 19.8 - - 0.8 Mo, Ca
4 51 332 468 90 28 05 15 1.2 Sr,P,Ca, S
5 6.4 261 563 74 0.6 - 18 14 Co*

6 40 66.2 20 46 232 - - - -
7 318 672 0.2 - 07 - - - -
8 530 46.8 - - 01 - - 0.1 Ca
9 142 216 56 491 84 0.9 - 0.2 Ca
10 271 458 6.1 146 55 0.6 - 0.2 Ca

The grain boundaries at the edge of the bulk material have been partially etched, and the TiC grains

at the surface have reacted to form an oxide layer at the surface. The darker contrast regions such as

point 1 contain Ti and O in an approximate ratio of 1:3, while the lighter contrast regions such as

5.00 kV |vCD | 9.6 mm
Figure 170 — BSE image showing a general overview of the corrosion layer of a sample of TiC which

was exposed to LKE at 850°C for 125 h. An oxide layer has formed on the surface. The underlying
surface is relatively smooth, but intergranular corrosion is visible.
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point 2 appear to consist primarily of Fe and C. Note that Li cannot be detected by EDS because it emits
low energy X-rays which are not easily detected. Therefore, based on the GAXRD results, the darker
contrast phase appears to be LiTiOs. The amount of titanium in the corrosion layer is lower than that
present in the bulk material, as can be seen in the EDS map for titanium. A significant amount of W is
present in the region penetrating the bulk (point 6), which may indicate that the WC clusters are prone
to attack.

Figure 170 is a lower magnification BSE image showing a general overview of the corrosion layer.
The intergranular corrosion is much clearer in this image. The oxide layer extends to approximately
8 um thick, and the depth of intergranular attack reaches approximately 38 um. The surface appears to
be relatively smooth, but there are some locations where chemical attack has penetrated the bulk, similar
to that observed in Figure 169.
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8.2 Corrosion in KCI-MgCI; eutectic

8.2.1 Processed salt, 600°C, 125 h
8.2.1.1 Glancing angle X-ray diffraction

Figure 171 shows the GAXRD patterns collected at glancing angles between 0.5° and 2.0° and
normalised relative to the TiC (200) peak [179]. The phase observed was TiC with a lattice parameter
4.333 + 0.003 A (calculated from the first four peaks of the 1° pattern). An additional unidentified peak
was observed at approximately 18.8°; the very low intensity of this peak indicates that it is present in

very low quantities.
8.2.1.2 Microstructural examination of the surface
Figure 172 is a BSE image which provides a general overview of the surface of the sample. The

surface seems similar to that observed for the pristine sample, indicating a lack of corrosion consistent
with the GAXRD data.
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Figure 171 — GAXRD patterns of a sample of TiC which was exposed to processed KME at 600°C
for 125 h.
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HY d W d
Figure 172 — BSE image showing a general overview of a sample of TiC which was exposed to KME
at 600°C for 125 h. The dark spots are pores and the bright contrast regions are clusters of WCy.
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Figure 173 — BSE image showing the morphology of an additional phase observed in a sample of TiC
which was exposed to processed KME at 600°C for 125 h. The annotations mark the locations of
point analyses, the elemental compositions of which are summarised in Table 39.
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Table 39 — Elemental compositions (in at.%) of the point analyses marked in Figure 173.

Point Ti ©) Mg W Si Al Other

1 100.0 - - - - - -

2 172 605 120 9.8 - - 0.5
3 164 598 120 9.7 - - 2.2
4 90.3 - 13 - 6.6 1.0 0.8
5 95.7 - 1.3 03 11 1.0 05
6 999 - - 0.1

Figure 173 shows the presence of an additional phase which was present in small amounts. The
results shown are excluding carbon, and the “other” elements present included Cu, Sr, Cl and K. Points
1 and 6 confirm the surrounding material contains titanium. Points 2 and 3 show that the bright contrast
particle is an oxide consisting of titanium, tungsten, magnesium and oxygen, although some carbide
may also be present. This particle appears to be embedded within the TiC matrix. Points 4 and 5 indicate
the surrounding particles consist mainly of titanium, with some magnesium, aluminium and silicon.
These particles are relatively small, < 2 um. Figure 174 is a secondary electron image taken at the same
location. It suggests that all particles are raised relative to the underlying TiC substrate.

HV | det mag O mode spot
5.00 kV D9"mm 20000x| SE

Figure 174 — SE image taken at the same location as Figure 173.
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8.2.2 Processed salt, 850°C, 125 h
8.2.2.1 Glancing angle X-ray diffraction

Figure 175 shows the GAXRD patterns measured at glancing angles from 0.5° to 5°, normalised
relative to the MgTiOs (003) peak [179,195,201,215]. The underlying TiC can only be seen at 5°
indicating a relatively thick alteration layer. WCy decreases in intensity at lower angles showing that it
is present in greater quantities closer to the underlying TiC. This is consistent with the cross-sectional
SEM images, which show a layer of WCx deposited on the surface of TiC. Above this layer is a
deposition layer of MgTiOs, the peaks of which become more intense at lower glancing angles. Peaks
for MgO are observed at all angles but are most intense at a glancing angle of 1°.

8.2.2.2 Microstructural examination of the cross-section

Figure 174 gives a general overview of the corrosion layer at relatively low magnification. Tungsten
has deposited at the surface, which remains relatively smooth. However, a deposition layer has formed
above this layer of tungsten up to a thickness of ~10 um. Some intergranular attack is also observed

near to the surface to a depth of ~12 pum.
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Figure 175 — GAXRD patterns for a sample of TiC which was exposed to KME at 850°C for 125 h.
The patterns were normalised relative to the MgTiOs (003) peak.
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Figure 176 — BSE image which gives a general overview of the corrosion observed for a sample of
TiC which was exposed to KME at 850°C for 125 h.

Figure 177 is a higher magnification image with elemental compositions from EDS. A layer of

tungsten has deposited on the surface. Magnesium had then deposited on top of this and formed

magnesium titanate, as shown by the GAXRD data and the presence of titanium and oxygen in the EDS

data. However, points 1 and 2 show varying ratios of Ti to Mg, and carbon is also present, suggesting

that a mixture of oxides and potentially oxycarbides are present; oxycarbides have overlapping peaks

with carbides in XRD data. The morphology and contrast observed at point 5 indicates the deterioration

of titanium carbide grains.

Table 40 — Elemental compositions (in at.%) of the points analyses shown in Figure 177.

Point Ti C W O Mg Other Other Elements
1 75 178 - 358 384 04 ClLK

2 139 175 - 53.1 153 0.1 Zr, Ca

3 33 66.7 239 56 - 0.6 Fe, Ca

4 26.6 59.9 135 - - - -

5 336 151 01 465 46 - -

6 28.1 629 87 - - 0.4 P, Ca

7 474 526 - - - - -

8 6.2 564 290 69 10 0.7 Fe, Ca
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Figure 177 — BSE image and EDS maps showing the corrosion products formed on a sample of TiC
which was exposed to KCI-MgCl; at 850°C for 125 h.
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Figure 178 shows another region of the sample. The dark contrast regions around the grains near the
surface are believed to be oxide based on earlier images. This suggests that oxidation is occurring at the
grain boundaries and may ultimately lead to grains breaking away at the surface.

HV det mag |:| mod spot
5.00 kV |vCD 93mm 10 000 x| None | 4.0

Figure 178 — BSE image showing intergranular oxidation of TiC grains.
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8.3 Discussion — Corrosion of TiC
Minimal corrosion was observed in all samples exposed at 600°C. Oxidation occurred on the surface
of samples exposed to both as-received and processed LKE, as indicated by peaks of anatase and rutile,
and possibly WQs, in the GAXRD patterns. The mass loss observed in the sample exposed to processed
LKE was slightly greater than that of the sample exposed to as-received LKE, which suggests that the
salt cleaning method may have introduced impurities which increased corrosion, or the salt may have
been exposed to atmosphere longer prior to the experiment.

The sample exposed to processed KME corroded less than the samples exposed to both processed
and as-received LKE. LiCl is particularly hygroscopic, so it is possible that water was introduced into
the system during preparation of the apparatus. The surface of the sample exposed to KME contained
some particles consisting of Ti, Mg, W and O, and there was an unidentified peak at 18.8° in the
GAXRD patterns. The experiment in as-received KME failed due to spillage of the salt after
approximately 24 h (observed by failure of a thermocouple in close proximity to the crucible) and the
sample was not characterised.

Temperature plays a significant role in the corrosion of materials in molten salts. At 600°C there
was very little corrosion, regardless of salt processing. However, titanates formed in both salts when
the temperature was raised to 850°C; Li;TiOs formed in LKE and MgTiOs formed in KME.
Furthermore, both intergranular and intragranular corrosion were observed in both cases.

The sample exposed to LKE at 850°C shows two corrosion regions: an alteration layer, and
intergranular corrosion penetrating the bulk of the material. The intergranular corrosion is likely caused
by migration of Ti to the surface, as observed by Gu et al. [160], but is difficult to confirm without
further microstructural analysis, including the use of techniques such as TEM. The grains of TiC at the
surface have clearly undergone intragranular reaction. The primary product is Li>TiOs, as confirmed by
GAXRD and the ~3:1 ratio of Ti:O in the EDS results. However, there is also a significant amount of
Fe present in association with C. Fe is more stable than Ti in chloride salts [99]. Therefore, it is possible
that Fe was present in the salt as a chloride species and underwent a redox reaction with Ti at the surface
of the sample, depositing as iron oxide or FexTiyC and causing dissolution of Ti. The dissolved titanium
species, most likely [TiCl4]*, could then have undergone reaction with O% and Li* to deposit on the
surface as Li,TiOs. It would be useful to repeat this experiment with a purer batch of salt to see if the
same reaction occurs, performing chemical analysis on the salt before and after corrosion. It may also
be useful to polish samples immediately prior to their exposure to the salt to remove any oxide layers
from the surface, preferably carrying out as much work as possible in an inert atmosphere.

The sample exposed to KME shows approximately four different reaction zones. Intergranular
corrosion can be seen within the bulk material. At the edge of the bulk material, grains of TiC which
are partially decomposed can be observed, possibly through reaction with oxygen, indicating
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intragranular corrosion. A layer of W has deposited on top of the bulk material as WCy. Magnesium
titanate has then deposited on top of this WC layer. W was present as a contaminant in the salt due to
dissolution of the W working electrode used during salt processing. Like Fe, W is more stable than Ti
in molten chloride salts [99]. The combination of W and O impurities in the salt appears to have caused
oxidation and dissolution of Ti from the bulk material. Magnesium titanate was then most likely formed
by a reaction between [TiCl4]*, Mg?* and OZ.

Gu et al. found that the corrosion of TiC in molten FLiNaK at 800°C was also intergranular, although
no intragranular corrosion was observed [160]. Ti was selectively removed from the grain boundaries,
and the dominant corrosion product was K;TiFs. The mass loss observed by Gu et al. was
~2-3 mg cm? at 125 h (interpolated). The mass loss of the samples exposed to chloride salts at 600°C
was around an order of magnitude lower than this. However, mass gain was observed in both LKE and
KME at 850°C due to the formation of titanates. This mass gain was greater in KME and is partly
attributed to the layer of WC which formed between the bulk TiC and the layer of MgTiOs.

Overall, the results suggest that titanium carbide is highly suited to use in a molten salt reactor which
uses molten chloride salts at 600°C, but its applicability at higher temperatures requires further
investigation. The samples exposed to LKE at 600°C underwent very little reaction despite the presence
of oxygen-containing species in the salts, and no reaction was observed for the sample exposed to KME.
This suggests titanium carbide should retain stability if air ingress into the reactor occurs, although
further investigation is required to confirm the stability of the oxide layers with regards to fluxing or
spalling. Additionally, the stability of the sample exposed to processed LKE at 600°C, whilst worse
than that for the as-received salt, was relatively high despite the presence of molybdenum and sulfur,
the latter of which would form as a transmutation product for chlorine and could be particularly reactive.

The suitability at 850°C is less clear. Intergranular corrosion is a concern as it suggests the material
would spall, leading to build-up of crud in the reactor during operation. However, it is clear that a
significant amount of oxygen-containing species were present, and that tungsten was introduced into
the salts during processing. Consequently, the salts were oxoacidic due to the presence of oxide, and
highly oxidising due to the lower stability of tungsten chloride or oxychloride relative to titanium
chloride, departing significantly from reactor operation conditions. Conversely, if tungsten was present
in the salt as a metallic species, it may indicate the plating out of semi-noble species could be a particular

concern if titanium carbide were to be used.
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9 Conclusions
Considering the aims of the thesis:
1. Determine a synthesis method to produce pure TisAlC,.

Relatively pure TisAIC, was produced consistently with greater purity than
commercially available MAX phases such as Maxthal 312. However, TiCx was present
as an impurity up to 5 wt.%. High purity samples containing > 98wt.% TisAIC, with
< 2wt.% Al-O; were also produced but could not be consistently reproduced due to
equipment issues. The main purpose of producing pure TisAIC; was to limit the effect
of impurities on its corrosion. However, as the corrosion performance of TiC was also
tested and it was found to be more cathodic relative to TisAlC,, the presence of TiCy
does not hinder analysis of the performance of TisAlCo.

2. Perform corrosion tests in purified molten chloride salts.

Samples were exposed to two different salt compositions, LiCI-KClI eutectic and KCI-
MgClI; eutectic, with and without implementation of a purification method, and with
variation of the exposure duration and exposure temperature. Impurities were observed
in the corrosion products, primarily oxygen and tungsten, as well as iron and nickel in
some samples. Whilst this indicates purification was not as successful as desired, the
results are comparable to various reactor operation scenarios such as extended burn-up,
lack of redox control, and air ingress, and consequently still achieve the overall aim of
determining the feasibility of using MAX phases in molten salt reactors.

3. Compare the corrosion of TizAIC; to other materials.

Samples of Maxthal 312 (primarily TisSiC, with some TiCx and TiSi, impurities) and
TiC underwent concurrent corrosion performance analysis. Samples of nickel
superalloys, including Hastelloy N, and molybdenum alloys were also tested under
identical conditions by Craig Jantzen at the University of Manchester [43]. As such, the
corrosion performance of TisAIC, with respect to use in a molten salt reactor has been
compared to that of numerous other candidate materials.

Fully dense, almost single-phase samples of TisAIC,; (~98wt.%) were successfully produced using
a two-step process whereby titanium and graphite powders were milled for 240 min in the first step then
mixed with aluminium and reactively sintered by SPS in a second step. A small amount of Al,O; was
observed by SEM-EDS, Raman microspectroscopy and XRD. However, the Retsch Cryomill used to
prepare the sample was unsuitable for further sample preparation due to powder leakage.
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The method was adapted for use in a SPEX 8000M Mixer/Mill by varying the milling time, sintering
temperature and aluminium stoichiometry. The best results were obtained when titanium and graphite
were milled for 2 h then mixed with 1.0 parts aluminium and sintered at 1350°C for 15 min, consistently
producing high purity TisAIC, (95wt.%) with a TiCx (5wt.%) impurity phase. SEM of the surface
revealed the TiCy impurity phase was heterogeneously distributed in clusters throughout the material.
Analysis of the cross-section of a sintered sample by SEM indicated that aluminium diffused out of the
sample at the edges during sintering and reacted with the graphite paper lining the die and punches.
This left a layer of TiCx > 100um thick around the sample.

The following reaction mechanism has been proposed under these synthesis parameters. Milling
titanium and graphite caused diffusion of graphite into the titanium structure without spontaneous,
exothermic recrystallisation to titanium carbide. In the presence of aluminium, when the temperature
was raised above 642°C, titanium and aluminium reacted exothermically to form TisAl. Further
temperature rise caused Al and TizAl to melt, quickly followed by formation of TiCx and intercalation
of Al into the non-stoichiometric titanium carbide structure. The molten Ti-Al continued to fill gaps
between particles, aiding densification and mass transport and enabling any remaining Ti-C to dissolve
in the melt and recrystallise in the presence of aluminium to TiC, followed by vacancy ordering and
intercalation of aluminium to form TisAICo.

Samples of TizAIC,, TisSiC, (Maxthal 312) and TiC were exposed to molten LiCI-KCI eutectic
(LKE) and KCI-MgCI; eutectic (KME) with variation of the salt processing, exposure temperature and
exposure time. The samples were characterised by GAXRD, SEM with EDS, gravimetry and
profilometry. The least corrosion was observed for TiC, and TisSiC; also performed favourably. The
corrosion of TisAIC, varied significantly depending on the reaction conditions, showing minimal
corrosion for some samples but severe corrosion for others.

The presence of oxygen in many of the experiments limited the ability to accurately determine the
effects of chloride. Oxygen is more electronegative than chlorine and reacts preferentially, forming
stable oxides which do not break down easily in chloride salts. However, it is unclear whether continued
oxide formation and spalling would occur over longer periods of time.

A salt processing method was implemented to minimise the presence of oxygen. However, it is
believed that oxygen and moisture were mainly introduced by insufficient sealing or damage to the
corrosion vessel, and the presence of oxide layers on the surface of pristine samples. Salt processing
was achieved by electrolysing the salt with a tungsten electrode, resulting in formation of chlorine gas
which then reacted with any oxides to liberate oxygen gas. Tungsten was a significant impurity in the
majority of experiments in processed salts due to unsuccessful separation of dissolved tungsten from
the purified salt. Iron was also a significant impurity in many experiments and was introduced by
corrosion of the vessel used to maintain an inert atmosphere. Consequently, many of the results are
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representative of the environment expected after operating a molten salt reactor for a long period of
time, particularly with poor redox and oxoacidity control and with limited removal of fission products.

The samples of TisAIC, underwent two types of reaction depending on the exposure conditions. The
initial experiments underwent corrosion which can be categorised as reaction with chlorine gas, and the
latter samples can be categorised as oxidation in the presence of lithium or magnesium. Chlorine gas
was formed in the initial experiments due to electrolysis of the melt, reducing lithium or magnesium
onto the surface of the sample whilst producing chlorine gas. Chlorine reacted selectively with
aluminium, stripping it from the TisAIC; structure to leave behind a Ti-C-Cl phase. The reaction was
similar to that between TisAIC, and HF, which produces TisC,F. with fluoride ions interleaved between
TisC layers. The experiments in processed salts typically resulted in oxidation at the surface of the
samples. Minimal corrosion of TisAIC, was observed in processed LKE at 600°C, regardless of the
exposure time. Lithium aluminate and lithium titanate were observed in LKE at 850°C. Corrosion was
severe, with pitting of the oxide layer visible by eye. Corrosion of the underlying surface was
reminiscent of the samples which reacted with chlorine gas formed by electrolysis. The experiments in
processed KME at 600°C had deposits of magnesium oxide on their surface. When the temperature was
raised to 850°C, MgO was replaced by MgAl.O4 which formed by diffusion of aluminium from TizAIC,
to the oxidised surface.

The samples of TisSiC; all formed surface oxides. At 600°C in processed salts, TiO, was observed
as both rutile and anatase. The reaction layer was relatively thin. The mass loss was negligible in LKE
and slight mass gain was observed in KME due to the presence of tungsten in the melt. In as-received
salt at 600°C and processed salt 850°C, more complicated oxide phases formed which incorporated the
most reducible metal in each salt eutectic. In LKE at 850°C, Li,SiOs and Li>Ti(SiO4)O were the
dominant oxidation products. In KME, MgTiOs was the dominant oxidation product in both as-received
salt at 600°C and processed salt at 850°C. In as-received KME, M(,SiO4 was also a dominant oxidation
product. Furthermore, the samples reacted significantly with the nickel wire used to suspend them,
forming Ni.Si by diffusion of nickel along the grain boundaries and causing silicon to diffuse from
TisSiC, and TiSi,. These results suggest the compatibility of TisSiC, with nickel-based superalloys
could be limited due to intergranular corrosion.

The samples of TiC showed very limited corrosion. At 600°C, oxidation occurred in processed and
as-received LKE, and negligible change was observed in processed KME. At 850°C, both intergranular
and intragranular corrosion was observed in both salts. Titanates were the dominant oxidation products
in both salts: lithium titanate formed in LKE and magnesium titanate formed in KME. Mass gain was
observed in both cases. The intergranular corrosion observed is postulated to be due to diffusion of
titanium along the grain boundaries to the surface.
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Comparison to samples of Hastelloy N exposed to the same conditions indicated that TisAIC,
performed worse, whereas TiC may have performed better. The lack of clarity with TiC was due to
some intergranular corrosion being observed at 850°C, suggesting spalling may occur under prolonged

exposure.

Overall, the feasibility of using TisAIC, or TisSiC2 MAX phases in molten salt reactors seems
limited. However, there is some promise for using textured MAX phases with the MX, layers facing
the molten salt, imparting the same corrosion resistance as binary interstitial carbides whilst retaining
the favourable mechanical properties and irradiation damage resistance of MAX phases.
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10 Further Work

The effect of milling parameters on the composition of TiCx formed and the synthesis of MAX phase
materials requires further study. Numerous milling parameters were changed when switching from the
Retsch Cryomill to the SPEX 8000M Mixer/Mill, including the ball-to-powder ratio, number of balls
and milling frequency. Further variation of these parameters, along with characterisation of the milled
powders and the sintered samples, should help define the reaction mechanism. In particular, greater
understanding of the ignition reaction between titanium and carbon is required.

Sintering should be attempted at temperatures slightly below 1350°C and with shorter hold times
because the titanium carbide impurity is suspected to form by decomposition of TizAIC; grains.
Furthermore, an argon atmosphere should be used rather than vacuum to lower the vapour pressure of
aluminium and prevent its evaporation. Additionally, there has been mention in the literature that a
slightly lower than stoichiometric carbon content should be combined with a slightly higher than
stoichiometric aluminium content to produce a purer product. Such studies should be combined with
thorough analysis of the Ti-Al-C ternary phase diagram.

Further characterisation techniques could be used to better understand the reaction mechanism.
Raman spectroscopy of both the milled powders and the bulk samples could confirm whether titanium
carbide is non-stoichiometric [90]. In particular, Raman spectroscopy of the milled powders may reveal
the presence of titanium carbide despite its absence by X-ray diffraction [91]. Electron microscopy
would also provide useful information about the powder morphology. In-situ X-ray or neutron
diffraction during sintering should provide better understanding of the reaction mechanism and reveal
any similarities and differences to the work of Riley and Kisi, although spark plasma sintering may be
challenging to study in-situ [77,85]. However, any characterisation of milled powders must account for
appropriate powder handling due to their pyrophoricity and affinity for oxygen.

The samples produced in this work were not etched, which made characterisation of the grain size
difficult. Most mentions of etching in the literature used solutions containing hydrofluoric acid, the
safety implications of which make it difficult to work with. Therefore, it would be useful to investigate
alternative etching methods for use with MAX phases. This would also help with understanding the
effect of grain size on their corrosion properties. Based on the corrosion studies in this work, it is likely
that electro-etching could be a very appropriate technique.

The grain structure of MAX phases often results in formation of textured materials. It is important
to understand such texture by accounting for preferred orientation in XRD data. Some preferred
orientation was observed in the samples produced in this work, so the Rietveld refinement results should
be re-checked. In particular, the samples of Maxthal 312 had severe preferred orientation, so
determination of their weight fractions was not possible. It would be particularly useful to further
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investigate the effects of texture on the chemical properties of MAX phases, especially considering the
relatively high corrosion resistance of titanium carbide. Initial investigation of the effect of anisotropy
on the corrosion of MAX phases has been conducted by Du et al., but it is an area of the literature which
is lacking [155].

Further investigation of the corrosion of MAX phases in molten salts is required to determine if they
can be used in a molten salt reactor. In particular, it is important to ensure the salt is completely clean
and not exposed to atmosphere; tungsten was a significant impurity in this work, and the formation of
oxides indicates insufficient removal of oxygen-containing species. Whilst the results can be related to
expected molten salt reactor operating conditions, adding controlled quantities of impurities would be
better from a fundamental science perspective. Conducting experiments in a dedicated glovebox
equipped with a furnace would eliminate any exposure to air.

The compositions of many of the corroded samples are complex. Therefore, further characterisation
is required to better understand the corrosion mechanism, combined with characterisation after different
exposure times. Some XPS was performed, and the results were useful, but the thickness of the
corrosion layer highlights that depth profiling is required to obtain any meaningful results. Transmission
electron microscopy, particularly combined with techniques such as electron diffraction and electron
energy loss spectroscopy (EELS), would provide much greater characterisation of any unknown or
ambiguous phases. In particular, the identity of the Ti-C-Cl phase could be determined, providing
significant insight into the corrosion mechanism. This data could be combined with XRD data for
greater clarity, either by GAXRD or powder XRD of material removed from the corrosion layer. Raman
spectroscopy may also be useful if issues with high background counts can be resolved and the peaks
can be identified.

More accurate determination of the extent of corrosion is required in order to obtain any meaningful
kinetic data. Provided the extent of corrosion can be determined more accurately, more exposure times
would enable the rate of reaction to be discerned and more exposure temperatures would enable the
activation energy of the rate limiting reaction to be ascertained. A standardised cleaning method should
be implemented to obtain more accurate gravimetric data; in this work, removal of corrosion products
was avoided in order to better identify reaction products. The thickness of the corrosion layer could be
established from multiple measurements using image analysis software, yielding a statistical error. The
thickness of samples before and after corrosion could be used to deduce whether any spalling occurred.
Elemental analysis of the salt would be another method to verify the extent of corrosion and would also
highlight the presence of any impurities. The composition of the bubble trap should also be
characterised to determine whether gases such as TiCls, AlCl; or SiCls are produced. If so, the dissolved
species formed from these gases may provide another method to discern the extent of corrosion.
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Some initial electrochemical data was collected in this work, but the interpretation was limited.
Electrochemical experiments have the potential to provide vast insight into the reaction mechanisms in
molten salts. Measurement of the corrosion potential and comparison to that of other materials,
including pure metals and Hastelloy N, would enable the formation of a galvanic series under particular
exposure conditions. The use of cyclic voltammetry combined with comparison to reference materials
would provide greater understanding of the reaction mechanisms, particularly if combined with static
corrosion tests where the potential is measured. Tafel analysis could provide useful kinetic data which
could be compared to that obtained from static corrosion tests. Electrochemical impedance spectroscopy
would be very powerful if the corrosion mechanism is well understood and could provide very accurate
kinetic data.

The formation of oxide layers on many of the samples indicates that an oxide coating may be
beneficial to prevent corrosion in molten chloride salts, although it is likely that such coatings would
not be stable in fluoride salts. Oxide-coated nickel alloys, steels and MAX phases should be exposed to
pure molten chlorides to determine their stability. In particular, any pitting at higher temperatures should
be ruled out in order for oxide coatings to be deemed stable.

The compatibility of MAX phases, particularly TisSiC,, with nickel-based superalloys should be
investigated. Samples of Maxthal 312 which were suspended with nickel wire showed diffusion of
nickel along the grain boundaries and interdiffusion with TiSi, precipitates. This may indicate that
Ti3SiC, would bind strongly to nickel-based superalloys. This may enable its use as a coating, or with
successful diffusion bonding would enable the use of low neutron absorbing TisSiC; in the reactor core
connected to intricate piping constructed from nickel-based superalloys. However, the intergranular
nature of this diffusion requires further investigation of the mechanical integrity of the intermediate
phases and understanding of their corrosion and radiation damage tolerance.

MAX phases with alternative compositions should be investigated. Based on thermodynamic data,
titanium and aluminium are more reactive with chlorine and fluorine than nickel and may be expected
to perform poorly. Niobium and molybdenum are much more stable metals and have relatively low
neutron capture cross-sections, so may perform more favourably [95,99,221]. Investigation of the effect
of the A-group element is required, as TisSiC, performed better than TisAIC,. If silicon-based MAX
phases are found to be stable, it is possible that silicides may also be stable to corrosion in molten salts.
It is unknown whether nitrides would be preferable to carbides, but boron nitride is known to be
particularly stable in molten fluoride salts, so the performance of nitride materials should certainly be
investigated.

Based on the favourable performance of TiC, the molten salt corrosion of binary carbide composites
should be investigated. Initial investigations of such materials have been presented in the literature, but
it is an area which has seen limited study. Such materials include composites such as SiC-SiC, SiC-
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TiC, SiC-ZrC and carbide dispersion strengthened alloys [114,160,222]. Binary carbide coatings of
materials such as titanium, molybdenum or niobium carbide may also be favourable. In addition, the
use of nitrides must not be ruled out; boron nitride is particularly stable in molten fluorides and indicates
nitrides may be stable, although boron itself cannot be used for nuclear applications without enrichment
to 'B.

With regards to the use of such materials in molten salt reactors, an extensive program of research
and development would be required. Once the compatibility with pure chloride or fluoride salts is
known, the compatibility with fission products must be understood. Corrosion should be minimal
provided the electrochemical potential is controlled (i.e. sufficiently reducing), but certain species may
react preferentially with the material as per the reaction of tellurium with alloying components of nickel
superalloys. In the case of MAX phases, the A-group element can be particularly reactive and may react
preferentially with certain fission products. Other than corrosion, the ability to withstand neutron and
gamma radiation should be investigated. Whilst MAX phases appear to be relatively resistant to
irradiation damage, the effects of radiation-induced corrosion must be investigated. Furthermore, an
extensive review of the mechanical properties of such materials is required with regards to their
suitability for use in molten salt reactors, particularly their post irradiation creep resistance and their
susceptibility to stress corrosion cracking in molten salts. All these performance properties must be
measured over extensive periods of time in order to qualify the materials for use in molten salt reactors
at high temperatures. It is also necessary to determine the most appropriate method of implementing
such materials. Joining components could prove difficult, so it may be preferable to use them in
specialised applications such as pump components or as coatings for a cheaper material such as a
stainless steel qualified for use in high temperature nuclear reactors.
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11 Appendix A — Methodological Theory

11.1 Density
The buoyant force acting on an object which is immersed in a fluid is equal to the weight of fluid
which is displaced by the object. Thus, by measuring the mass of an object in both air and a liquid, the
buoyant force can be determined. Provided the density of the liquid is known, the volume of liquid
which is displaced can be calculated, after which the density of the object can be found from its mass
and volume.

The density of a material is given by Equation 39, where p (in g cm) is the density of the sample,
mair (in @) is the mass of the sample when weighed in air, and V (in cm?®) is the volume of the sample.
Equation 39

Mayir
vV

The volume of the sample is given by Equation 40, where miiquid (in g) is the mass of the sample in
the liquid and piiquia (in g cm) is the density of the liquid. In this work, water was used as the liquid.
The density of the liquid is dependent on the temperature.

Equation 40

Mair — Miiquid
V=1
pliquid

Combining the two equations, the density can be determined using Equation 41.
Equation 41

_ Mgy X Pliquid

Mair — Miiquid

11.2 X-ray Diffraction
When waves encounter regularly spaced obstacles similar in size to their wavelength they undergo
constructive and destructive interference dependent upon the positions of the obstacles [223]. X-ray
diffraction (XRD) is a technique whereby monochromatic, collimated X-rays, of wavelength close to
atomic spacings, are passed through a material and are scattered by the electron cloud within the atoms,
as illustrated in Figure 179. The beam and detector are varied through a diffraction angle 6 and the
intensity of the diffracted beam is measured.

Constructive interference of scattered X-rays occurs at specific angles according to Bragg’s law,
Equation 42, revealing the spacing size (dna) between adjacent, parallel planes of atoms. This is related
to the lattice parameters (a, b, and ¢) and the Miller indices (h, k and I), enabling determination of the
crystal structure of the material. The symmetry of the unit cell affects the number of peaks observed
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and the lattice parameters determine the location of such peaks. Thus, the diffraction pattern of intensity
plotted against & is unique for each material. Powdered samples are typically used for accurate
identification of a material as they minimise distortion of peak intensities from preferred orientation.

, 1 /(;;‘ \\ 1
Incident Diffracted
beam \. beam
N o

\

@@ Q-0 O—O-

Figure 179 — Diagram depicting the diffraction of X-rays by planes of atoms; reproduced from [223].

Equation 42
nil = ZdhleiTlG

There are various instrument geometries used for X-ray diffraction experiments. The two geometries
significant to this work are reflection and glancing angle (or grazing incidence). Reflection geometry is
commonly referred to as the Bragg-Brentano focusing method, which is depicted in Figure 180 [165].
This geometry was used for characterisation of bulk pristine samples and powders. The sample is
mounted horizontally and remains stationary while the X-ray source and detector move together (the
6-6 condition) through increasing values of the angle 6, in order to collect diffraction intensities in the
range 26. The beam is referred to as self-focusing because wherever it hits the sample and diffracts, it
will be reflected directly into the detector. The sample can be rotated around its vertical axis in order to
minimise the effects of preferred orientation. Powdered samples were covered with Kapton film to
prevent exposure to atmosphere; the powders were handled in a glove box (< 0.1 ppm Oz and < 0.1 ppm
H»0) and prepared on a zero-background sample holder.

238



Reflection,
flat sample RS

Figure 180 — Diagram of reflection geometry (the Bragg-Brentano focusing method) for X-ray
diffraction experiments; reproduced from [165]. The flat sample is mounted horizontally, enabling
self-focusing of the diffracted beam after reflection from the sample. F is the focus of the X-ray
source, DS is the divergence slit, RS is the receiving slit, D is the detector, and 0 is the Bragg angle.

Glancing angle geometry was used to characterise the corrosion layers formed after exposure to
molten salts. The X-ray source is kept at a constant angle w (in °) relative to the surface of the sample,
whilst the detector is moved through 26 whilst collecting the diffracted intensities. In this way, the depth
of penetration of the X-rays into the sample is kept constant (along with irradiated volume and irradiated
sample length) whilst the various diffraction angles are measured. Consequently, the greatest diffraction
intensity is obtained when 6 is equal to w and decreases linearly as € increases.

The irradiation length of the incidence beam is particularly important for collecting accurate X-ray
diffraction of the sample only. Irradiation of the sample support, commonly referred to as beam spill,
will lead to unwanted background effects and incorrect relative peak intensities [224]. Figure 181
illustrates the concept of the irradiation length and irradiation volume [225]. At higher angles of 26, the
irradiation length decreases whilst the irradiation volume remains constant (assuming the sample is
sufficiently thick). The intensity of the diffracted beam will begin to decrease when the irradiation
length is longer than the length of the sample. The size of the irradiation length can be decreased by
using a smaller divergence slit.

A larger goniometer radius increases the resolution of the diffractometer, but this is at the expense
of lower intensity of the diffracted beam due to beam divergence [165]. The divergence of the beam
can be quantified as the irradiated sample length. Equation 43 can be used to calculate the irradiated
sample length, L (in mm), for a given combination of diffractometer goniometer radius, R (in mm),
divergence slit angular opening, o (in °), and incidence beam angle, € (in °) [224]. It is important to
select a divergence slit which will give a reasonable compromise between irradiated sample length (to
avoid beam spill) and intensity of the diffracted beam.
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Figure 181 — Diagram illustrating the concept of irradiation length and irradiation volume;
reproduced from [225]. For reflection geometry, as the diffraction angle 20 increases the irradiation
length decreases but the irradiation volume stays constant, provided the sample is sufficiently thick.

Equation 43

_ Rtan(a)
~ sin(H)

The Bruker D2 diffractometer has a goniometer radius of 141 mm: the variation of irradiated sample
length with incidence beam angle is depicted in Figure 182 for a variety of divergence slit widths. The
divergence slit angular opening is equal to the divergence slit width multiplied by (° / 2 mm), therefore
1 mm is equivalent to 0.5° and 0.6 mm is equivalent to 0.3°. For a 20 mm diameter sample, a 0.6 mm
divergence slit is fine at all angles, and a 1.0 mm divergence slit is appropriate above ~10° 26.

— 1.0 mm
30 —0.6 mm
—— 0.2 mm
— 0.1 mm

Irradiated Sample Length / mm

20/°

Figure 182 — The variation of irradiated sample length with 26 for different divergence slit widths on
the Bruker D2 Phaser diffractometer.

The Panalytical X’Pert 3 diffractometer has a goniometer radius of 240 mm: the variation of

irradiated sample length with incidence beam angle is depicted in Figure 183 for a variety of divergence
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slit angular openings. For a 20 mm diameter sample, a 0.25° divergence slit is fine above ~7° 26,
whereas a 0.5° divergence slit should only be used for angles above ~14° 26.

—e

100 —0.5°
0.25°

—0.125°

80 +

Irradiated Sample Length / mm

26/°

Figure 183 — The variation of irradiated sample length with 26 for different divergence slit angular
openings on the Panalytical X Pert® Powder diffractometer.

11.2.1 Crystallite Size

A crystallite is an individual perfect crystal within a material. Crystallites are commonly referred to
as grains; however, grains can contain defects and be split further into domains. Consequently, the
crystallite size may differ from the grain size, as grains can consist of multiple crystallites. The size of
crystallites between 100-500 nm can be determined from the breadth of peaks in an X-ray diffraction
pattern [226].

The breadths of peaks in an X-ray diffraction pattern are affected by instrumental broadening,
crystallite size, and lattice strain. Instrumental broadening can be accounted for by measuring the
breadths of peaks for an annealed material (to remove lattice strain) with a large grain size (e.g. 10 um).
The peak breadth, B (in radians 26), is equivalent to the full width half maximum of the peaks. The
breadth remaining, By, after subtracting the instrumental broadening, Bi, from the observed breadth, B,
can be calculated in various ways depending on the observed peak shape.

The broadening due to crystallite size, Berystaniite, can be calculated from the Scherrer equation, shown
by Equation 44, where 4 (in nm) is the wavelength of the X-rays used, @ (in radians) is the Bragg angle,
L (in nm) is the crystallite size, and k is a constant (which can often be assumed to be equal to 1.0).

Equation 44

kA
Bcrystallite = m
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The broadening due to lattice strain, Biauice, Can be calculated from Equation 45, where # (in nm) is
the lattice strain.

Equation 45
Bstrain = ntan6

By combining Equation 44 and Equation 45 and multiplying by cosé, we get Equation 46. By
plotting Brcos# against sind, a straight line is obtained, where the gradient is equal to # and L can be
determined from the y-intercept. This is illustrated by the diagram in Figure 184.

Equation 46

kA
B, cos 8 =T+nsin9

B, cos®
=3

siné

Figure 184 — Diagram showing the linear relationship between B,cos# aand siné, which can be used
to calculate the crystallite size and lattice strain; reproduced from [226].

11.3 Scanning Electron Microscopy and Energy Dispersive X-ray Spectroscopy
The use of accelerated electrons for imaging enables microscale and nanoscale observations of
materials at high resolution [223]. The de Broglie relationship shows that the wavelength of an
accelerated particle is inversely proportional to its mass and velocity. Thus, large velocities of electrons
can produce wavelengths smaller than visible light leading to a higher resolution limit as the electrons
can distinguish smaller features. The electrons are fired at the surface of a material to produce several
signals that can be detected to form an image. These signals are illustrated in Figure 185 [227]. The
beam is typically rastered across an area to build up an image but may be focused on a particular point
for techniques such as X-ray spectroscopy.
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Figure 185 — Diagram of the signals produced by interaction of accelerated electrons with a sample;
reproduced from [227].

The most common detection method uses secondary electrons to give a topographical image of the
surface. These are low energy electrons released by ionisation of the sample due to inelastic collision
of the primary electron beam. The contrast of the image shows the topography of the surface, with
bright regions showing higher areas and dark regions showing lower areas.

Backscattered electrons are a result of elastic collisions of the primary electron beam with the
sample. Absorption of electrons results in less reflection of the beam, thus providing qualitative
information regarding chemical composition. The contrast of the image varies with the atomic mass of
the species observed and is therefore affected by chemical composition. Phases with a low average
atomic number have lower brightness due to greater electron absorption, whereas phases with a higher
average atomic number have greater brightness due to greater reflection.

X-rays enable quantitative chemical characterisation of the sample, providing quantities of elements
present at a point or area. An X-ray photon is emitted when an electron removes an internal electron
from an atom, causing an outer electron to lose energy as a photon and fill the hole [226]. Energy-
dispersive X-ray spectroscopy (EDS) uses an efficient, multi-energy detector whereas wavelength-
dispersive X-ray spectroscopy (WDS) directly correlates intensity at individual wavelengths, which is
more accurate but time-consuming.

Different photon energies are possible depending upon the transition involved [226]. The most
common transition is from a 2p orbital to a 1s orbital; the X-ray observed is referred to as a Ko emission.
The Ka emission is a doublet due to a shift caused by the interaction of the electron’s spin with the
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magnetic field produced by its orbit around the nucleus. The most intense of these is the transition from
the 2pa; energy level to the 1s energy level, termed K, and the least intense is the transition from the
2p12 energy level to the 1s energy level, termed K.

11.4 X-ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy (XPS) is a method of electron spectroscopy [228]. X-rays,
typically produced by K, emission from an aluminium anode, are directed at the surface of a sample
causing ejection of electrons via the photoelectric effect. The kinetic energies of the resultant electrons
are measured, and the difference in energy relative to the incident X-ray photon is characteristic of the
electron binding energy and consequently the elements present in the sample. Furthermore, the local
environment of an atom will cause small shifts in the energy required for electron emission, indicative
of the oxidation states and bonding in the sample. The XPS process is illustrated in Figure 186.

Ejected K electron

(1s electron)
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L B
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Figure 186 — Diagram of XPS process, showing the X-ray induced ejection of an electron from the 1s
orbital of an atom; reproduced from [228].

11.5 Raman Spectroscopy

Raman spectroscopy enables identification of chemical bonds by inelastic scattering of light [229].
Laser excitation of chemical bonds leads to vibration of atoms, causing a loss of energy dependent on
the bond strength and atomic masses. The photon emitted when the atoms relax has a longer wavelength
than the incident photon and can be observed by a detector. Not all vibrational modes are Raman active
as they must involve a change in polarisability upon excitation, which is dependent upon the symmetry
of the chemical species. Varying wavelength, a spectrum of vibrational modes is obtained enabling
identification of chemical species (Figure 187).
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Figure 187 — Diagram of the Raman microspectroscopy apparatus; reproduced from [229].

11.6 Thermal Analysis

Differential thermal analysis, thermogravimetry and mass spectroscopy were conducted on milled
powders to improve understanding of the reactions which occur as the powders are heated during SPS.
Differential thermal analysis compares the heat taken in or given out as a sample is heated to that of an
inert reference. The changes at which endothermic and exothermic transitions occur can then be
identified. Thermogravimetric analysis is the process of measuring changes to the mass of a sample as
it is heated. Gases may evolve during heating, or the sample may react with gases in the chosen
atmosphere, and the temperature at which such reactions occur can be identified from the change in
mass. A mass spectrometer can be used with a simultaneous thermal analyser to identify any changes
to the composition of gas stream as the sample is heated.

11.7 Indentation Hardness Testing
Hardness measures the resistance to deformation of a material by a scratch or an indent [223].
Indentation hardness testing is a technique whereby a sharp tip made of a hard material, typically
diamond, is pressed into the surface of a polished sample with increasing force up to a defined
maximum. The size of the indent is measured and used to calculate the hardness. There are numerous
hardness testing methods which vary mainly by the geometry and size of the indentation tip.

Vickers microhardness testing uses a tip which is on the micrometer scale in size [223]. It uses a
square-based pyramidal diamond tip where the angle between opposite corners of the base and the point
is equal to 136°. The hardness measurement it provides is dependent on the microstructure as both
grains and grain boundaries will be incorporated in hardness measurements.

Nanoindentation hardness testing uses a much smaller tip with nanoscale dimensions [230,231]. The
small size allows grain boundaries to be avoided. Consequently, the result obtained should be
comparable to a single crystal of the material. The sample must be polished as flat as possible.
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During nanoindentation hardness testing, the depth of penetration is measured as the force is
increased and plotted as a load-displacement curve, such as Figure 188, where Pma (in GPa) is the
maximum applied load, hmax (in NmM) is the displacement measured at the maximum applied load, hs (in
nm) is the final displacement measured after the load is removed, and S (in N m™) is the stiffness. The
material only partially recovers from the displacement, and the amount by which it recovers is related
to the elastic modulus and the size of the indent. The initial gradient of the curve upon unloading is
proportional to the stiffness of the material, which is also proportional to the reduced Young’s modulus,
E: (in GPa), as per Equation 47, where A is the area of the indentor (in nm?) [230]. The reduced Young’s
modulus accounts for the effects of non-rigid indenters, and can be used to calculate the Young’s
modulus of the materials provided the Poisson’s ratios of the sample and the indenter are known in

addition to the Young’s modulus of the indenter [230].

LOADING i
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i hmax _'l
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Figure 188 — Diagram of a load-displacement curve measured by nanoindentation hardness testing;
reproduced from [230].

Equation 47

dpP

S=— \/_ E~A
The hardness, H (in GPa), measured by nanoindentation can be calculated using Equation 48 [230].
Equation 48
Pmax
H =
A

11.8 Profilometry
Profilometry is the process of measuring the surface topography of a material, the results of which
can be used to calculate the surface roughness. Profilometers can be split broadly into contact
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profilometers and optical profilometers. Contact profilometers use a stylus, typically a diamond tip,
which is dragged across the surface whilst measuring its displacement. Optical, or non-contact,
profilometers use light to obtain a 3-dimensional image of the sample surface. There are various
methods of measuring the roughness from the surface profile, but the most common method is to use
the arithmetical mean deviation of the profile, the value of which is referred to as the average roughness,
Ra (in um), and is calculated via Equation 49, where y; (in um) is the deviation from the centre line
through the profile along the measured length [232].

Equation 49

n
1
Rq = EZl}’il
=1

11.9 Electrochemical Techniques
11.9.1 Chrono Potentiometry
Chrono potentiometry measures the voltage over time as a current is applied to the system. If no
current is applied, then the technique can be used to measure the open circuit potential of the system
(i.e. the potential of the overall reaction which spontaneously occurs, proportional to the Gibbs free
energy of reaction). Application of a positive current will cause anodic dissolution of a sample.

11.9.2 Cyclic Voltammetry

Cyclic voltammetry is used to determine the potentials at which redox reactions occur within a
system. A potential is applied and scanned within the potential window whilst the current is measured.
The peaks observed represent redox reactions within the system: the potential is proportional to the
Gibbs free energy change of the process and the current is proportional to the extent of reaction.
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12 Appendix B — Synthesis of TisAlIC>: Additional Results

12.1 Additional data for previously presented samples

12.1.1 Sintering profiles

The sintering profiles for all the samples of TizAIC, prepared from a precursor milled in a SPEX
8000M Mixer/Mill all had the same profile shape but slightly different onset temperatures for changes
in piston movement. The additional profiles are summarised here in Figure 189 to Figure 195.
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Figure 189 — Sintering profile for a sample prepared from TiC, which was milled for 3 h.
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Figure 190 — Sintering profile for a sample prepared at a holding temperature of 1250°C.
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Figure 191 — Sintering profile for a sample prepared at a holding temperature of 1300°C.
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Figure 192 — Sintering profile for a sample prepared at a holding temperature of 1400°C.

Temperature (°C)

— Force (kN)
—— Relative Piston Travel (mm)
1400 - ~20 7
1 18 [
1200 b L6
. 16 |
1000 14 |5
800 - 12 1y
1 L10 |
600 s [3
400 - 6 (o
i i |
200 L4
-2
0 T T T T T T T T 0 -0
0 5 10 15 20 25 30 35 40 45

Time / min

Figure 193 — Sintering profile for a sample prepared using 1.2 parts Al.
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Figure 194 — Sintering profile of a sample which was prepared using 1.3 parts Al.
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Figure 195 — Sintering profile of a sample which was prepared using 1.4 parts Al.
12.2 Synthesis from Ti, Al and TiC mixed using a Retsch Cryomill

Four samples were prepared from titanium, aluminium and titanium carbide. The first three samples
were mixed without milling media in a Retsch Cryomill at liquid nitrogen temperature for 30 min in
5 min intervals. These samples were sintered at holding temperatures of 1300°C and 1350°C and dwell
times of 15 min and 30 min. A fourth sample was prepared by including a 25 mm diameter hardened
steel ball during milling, then sintered at 1350°C for 15 min.

A Retsch Cryomill was used to mill the initial samples due to the ability to seal the milling vessel in
a glovebox under an argon atmosphere. Titanium and aluminium powders are pyrophoric and therefore
should be handled in an inert atmosphere. The first samples were prepared without milling media to test
the quality of the seal. No oxides were found in the as-sintered products, suggesting the seal was
reasonable.
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The sample sintered at 1300°C for 15 min followed synthesis parameters reported by Zou et al., who
found the ideal sintering conditions using Ti, Al and TiC were 1300°C and 15 min [74]. Zou et al.
carried out synthesis using numerous combinations of reagents [56,58,73-75]. In this work, Ti, Al and
TiC were used initially under the assumption that Ti and C would react to form TiC during the reaction
process. Hence, it was believed that using TiC would decrease the required steps in the mechanism and
thus produce better results. SPS pulse times were not presented by Zou et al., so 12/2 s on/off pulse
times used by Gao et al. in the synthesis of TisSiC, were used [233].

Qualitative phase analysis by XRD showed the sample was multiphase, containing TisAIC;, Ti>AIC
and TiC. A fourth, minor phase was visible in the EDS maps. The high proportion of Ti,AlIC suggested
the reaction was incomplete, so the effects of sintering for a longer dwell time of 30 min and a higher
temperature of 1350°C were investigated. Analysis of these additional samples showed both samples
were again multiphase. Doubling the dwell time reduced the intensity of Ti.AIC peaks and increased
the intensity of TisAIC, peaks but was accompanied by an increase in intensity of TiC peaks, most
likely due to evaporation of Al [54,76,187,192]. Sintering at 50°C higher temperature gave optimum
conditions; the TizAIC, peaks were most intense of the three samples while the TiC peaks were least
intense. The density of this sample was also closest to the theoretical density of TisAlIC,.

The low purity of these initial samples was likely due to the lack of milling media used when mixing.
Zou et al. milled powders for 24 h in a Turbula shaker mixer under an argon atmosphere but did not
specify the milling media used [74]. Therefore, the difference relative to Zou et al. was most likely due
to the difference in milling conditions and consequently particle size reduction and extent of mixing. A
25 mm diameter hardened steel ball was included during milling (BPR ~8.4) and a sample was prepared
by sintering for 15 min at 1350°C. Results improved significantly, albeit Ti,AIC was still present as a
major impurity alongside a minor impurity of TiC. The density was closest of all four samples to the
theoretical density of Ti;AlC,.

12.2.1 X-ray diffraction

The XRD patterns for the samples produced without using milling media are shown in Figure 196.
Data were collected on a Bruker D2 phaser with a step size of 0.02° 26. The major peaks were labelled
using reference patterns for TisAlC,, Ti,AlIC and TiC from the ICSD database [178,234-237]. The
TisAlC; (002) peak showed a clear increase for the sample produced at 1350°C for 15 min, while the
TiC (111) peak was also significantly less intense. Therefore, a holding time of 1350°C and dwell time
of 15 min was used for subsequent samples.

Figure 197 shows an indexed XRD pattern for a sample prepared from Ti, Al and TiC powders
which were milled for 30 min at liquid nitrogen temperature in a Retsch cryomill. Sintering was
performed at 1350°C for 15 min. The XRD pattern was collected on a Bruker D2 Phaser with a step
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Figure 196 — XRD patterns of samples prepared from Ti, Al and TiC without using milling media.

size of 0.02° 26. In comparison to the sample produced without milling media, the TizAlC, (002) peak
has increased in intensity relative to the Ti,AlC (002) peak indicating that the product was purer.
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Figure 197 — XRD pattern of a sample prepared from Ti, Al and TiC powders which were milled for
30 min at liquid nitrogen temperature in a Retsch cryomill.
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Figure 198 — BSE image and EDS maps of a sample produced from Ti, Al and TiC by sintering at
1300°C for 15 min.

12.2.2 Density

Table 41 contains the densities of samples prepared from Ti, Al and TiC [74]. When submerged in
water each sample formed bubbles on its surface, indicating porosity. Thus, the standard deviations
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were relatively large, and the densities shown are the first measurements only. Among the samples
prepared without milling media, the density of the sample sintered at 1350°C for 15 min was closest to
the theoretical density of TizAIC,, 4.25 g cm. The sample prepared using a 25 mm hardened steel ball
while milling had the greatest density.

Table 41 — Densities of all samples produced from Ti, Al and TiC.

Sintering
Temperature Dwell Time/min  Milling Media Density / g cm

/°C

1300 15 None 3.27
1350 15 None 4.01
1300 30 None 3.88

25 mm hardened
1350 15 411
steel ball

12.2.3 Microstructural examination

Figure 198 is a representative BSE image at low original magnification with an EDS map of the
sample sintered at 1300°C for 15 min. The image was collected on a Hitachi TM3030. Four levels of
contrast are present, although the XRD pattern shows only three phases. At the magnification used it is
difficult to distinguish the composition of the darkest spots; they may be pores, although Raman
spectroscopy on a later sample suggests they are likely a-Al,O3 (§ 12.3.3). The large sections of dark
grey contrast are TiC, as shown from the lack of Al in the EDS map. The medium grey and light grey
contrast represent Ti,AlC and TisAlC, respectively.
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12.3 Synthesis via a TiCx precursor using a Restch Cryomill at

ambient-temperature

A sample of ~98% pure TisAIC, was produced from a TiCx precursor which was mixed with
aluminium and reactively sintered by SPS. The precursor was formed by milling titanium (6.4 g) and
graphite (1.1 g) continuously for 4 h at ambient temperature in a Retsch cryomill, with a ball-to-powder
mass ratio of 8.4. The vessel was loose after milling and material had been lost. The resultant 6.2 g was
mixed with 1.0 g aluminium and reactively sintered. The sintering parameters were determined from
earlier synthesis attempts using Ti, Al and TiC as reagents. An additional sample prepared with slight
error in the quantities (+0.1 g Ti and -0.1 g C) contained a similarly high quantity of TisAlC..

12.3.1 X-ray diffraction and density

Figure 199 shows the indexed XRD pattern and Rietveld refinement fit of the bulk sample (¥ 4.716,
Rp 0.1143, Rwp 0.1455). The data was collected between 5-80° 26 on a Bruker D2 Phaser with a step
size 0of 0.01° 26 and a time per step of 0.6 s. Most peaks correspond to TisAIC,, but there are some very
low-intensity peaks visible which correspond to Al.Os. The lattice parameters, volumes and weight
fractions of the two phases are summarised in Table 42. The density was 4.227 + 0.087 g cm?, which
corresponds a relative density of 99.7% based on the weight fractions from Rietveld refinement.
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Figure 199 — Indexed XRD pattern and Rietveld refinement fit of a bulk sample of TizAlC,. Tiand C
were milled for 4 h at ambient temperature in a Retsch cryomill then reactively sintered with Al by
SPS.
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Table 42 — Crystal properties from Rietveld refinement of a bulk sample of TisAIC,. Ti and C were
milled for 4 h at ambient temperature in a Retsch cryomill then reactively sintered with Al by SPS.

Phase a/A c¢/A Volume/A® Weight Fraction /wt.%
Ti;AlIC, 3.077 18.575 152.265 98.2
Al;Os 4773 13.034 257.115 1.8

Initially, a sample was milled for 2 h but XRD showed Ti peaks only. The work of Riley and Kisi
stated that ignition occurred after milling for 109 min (~2 h) and produced non-stoichiometric
TiCyx [77,85]. Riley and Kisi used a SPEX 8000M Mixer/Mill with three 10 mm diameter and six 5 mm
diameter hardened steel balls with ~6.3 g reagent, giving a BPR of ~10:1 [72]. Therefore, the difference
was likely due to less efficient mixing with a single hardened steel ball and possibly a lower milling
energy in the Retsch Cryomill, so it was decided to mill in further 1 h periods and perform XRD until
TiCx was observed. At 3 h, the powder was still Ti. At 4 h, the powder ignited during preparation of the
XRD sample, which indicated the temperature of the powder was at the critical point of ignition. The
powder was then milled for a further hour and XRD using a controlled atmosphere sample holder
showed peaks of TiCx. A sample was prepared from this powder by sintering at 1000°C, the temperature
used by Riley and Kisi [77,85], but the purity was terrible and multiple phases were present. It is worth
noting that it is not clear from Riley and Kisi’s work what the purities of their products were, although
they do suggest the product was very pure [77,85].

12.3.2 Microstructural examination

Figure 200 is a BSE image which is representative of the surface of the sample. The image was taken
after polishing with colloidal silica, using a lower accelerating voltage on the SEM and maximising the
contrast to reveal the grain boundaries. Most of the material is a lighter contrast phase, and darker
contrast particles are distributed throughout. XRD indicates the lighter contrast phase is TisAIC, while
the darker contrast spots are Al,Os. The rectangular grain shape and laminar structure typical of MAX
phase materials can be observed [73,74].

Image analysis was used to obtain the grain size of the material from four images taken at an original
magnification of x5000, as per the image which is shown in Figure 200. The distributions of length,
width and aspect ratio are shown in Figure 201. The mean length, width and aspect ratio of all 114
measurements (including outliers) were 9.6 + 4.6 um, 2.5 + 1.3 pum and 4.0 + 1.6 respectively. Overall,
there appears to be a bimodal distribution of length and width, whereas the aspect ratio is unimodal.
Unfortunately, at the magnification used most of the larger grains did not fit entirely in the image and
were not measured, so the distribution is skewed towards smaller grain sizes. The values of the median
and the mean in the box plots, which exclude the outliers, are therefore representative of the grain size

of smaller grains.
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Figure 200 — BSE image showing a general view of a sample of Ti;AlC,; a TiCyx precursor was
produced using a Retsch cryomill then reactively sintered with Al by SPS. The sample was polished
using colloidal silica, and the contrast was maximised to reveal the grain boundaries.

Figure 202 shows a BSE image and EDS maps of the sample obtained using a Hitachi TM3030. The
EDS maps confirm that the lighter contrast phase consists of Ti, Al and C, and is therefore TisAlCo..
The regions of darker contrast lack Ti and C but contain Al and O, confirming the presence of
aluminium oxide as an impurity. The round shape of these regions suggests they may be due to
unreacted aluminium during processing, likely due to it being present in excess; conversely, oxidation
of the aluminium layers of MAX phase grains at the surface would likely lead to rectangular aluminium
oxide grains, and the maps would not lack titanium and carbon in these regions.

Image analysis was used to determine the volume fraction of the alumina spots . Figure 203, taken
at an original magnification of x1000, contained a volume fraction of < 2vol.% Al,Os, in agreement
with the fraction determined by Rietveld refinement.

12.3.3 Raman spectroscopy

A representative Raman spectrum, collected over ten accumulations with an exposure time of 60 s,
is shown in Figure 204. The peak locations were determined by curve fitting using a VVoigt peak profile,
and the peak centres are listed in Table 43. The peak centres were compared to those found by Presser
et al. for TisAIC, [238] and Gallas et al. for a-Al,O3 [239]. The presence of a-Al.O3 peaks confirms the
chemical structure of the spots of darker contrast observed by microstructural examination.
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12.3.4 Indentation hardness testing

Indentation hardness testing was used to non-destructively obtain basic mechanical properties of the
material. The Vickers hardness obtained from 12 measurements at 10 kN force was 4.0 £ 0.3 GPa. This
value agrees with that from Tzenov and Barsoum, who obtained a value of ~3.5 GPa for a sample with

a grain size of ~25 um [187].
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Figure 201 — Histograms and box plots of the length, width and aspect ratio of grains measured from
four images. The lines in the box plots, from bottom to top, show the minimum, first quartile, median,
third quartile and maximum. The X shows the mean, and the circles mark the outliers.
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Figure 202 — BSE image and EDS maps of a bulk sample of TizAlC,, prepared from Ti and C milled
for 4 h at ambient temperature in a Retsch cryomill then reactively sintered with Al by SPS. The
images show the presence of aluminium and oxygen at the dark contrast spots, suggesting the
presence of particles of aluminium oxide.
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Figure 203 — BSE image representative of a bulk sample of TisAlIC,; Ti and C were milled for 4 h at
ambient temperature in a Retsch cryomill, then reactively sintered with aluminium by SPS.
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Figure 204 — Raman spectrum of a bulk sample of TisAIC,; Ti and C were milled for 4 h in a Retsch
cryomill at ambient temperature then reactively sintered with Al by SPS. The red peaks were fit using
a Voigt fitting profile.
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Table 43 — Wavenumbers of peaks observed in Figure 204 and corresponding references for TisAIC,
[238] and a-Al,O3 [239].

Peak Wavenumber Wavenumber Wavenumber
(Observed) / cm™ (TizAIC,) / cm™ (0-AlO3) / cm'?

A 187 183.4 -

B 210 201.5 -

C 274 270.2 -

D 368 - 379

E 416 - 418

F 579 - 578

G 636 632.2 -

H 644 - 645

I 662 663.2 -

J 782 - 760

Nanoindentation hardness testing was performed on a sample which was mounted in conductive
Bakelite and polished with colloidal silica. Nanoindentation was performed in four locations with nine
measurements per location in a 3 x 3 grid. Five measurements were discarded as erroneous. The mean
contact depth was 131.0 = 10.7 nm, the mean hardness was 12.9 + 1.5 GPa, and the mean reduced
Young’s modulus was 208.1 + 22.6 GPa. The hardness and modulus of each indent are shown in Figure
205a and Figure 205b respectively. A typical load-displacement curve is shown in Figure 205¢. Due to
the layered nature of the materials, several “pop-ins” were observed in the load-displacement curves,
an example of which is shown in Figure 205d. Hence, the range of both the hardness and reduced
modulus was broad.

The mean hardness obtained from nanoindentation was higher than the Vicker’s hardness value; this
is typically the case for nanoindentation methods, and the difference is due to an indentation size effect,
where the hardness value increases with decreasing load and penetration depth [86,187]. Bei et al.
performed nanoindentation at eight different loads between 1-250 mN and observed that the hardness
decreased as the applied load increased [86]. Therefore, they fit the hardness values using a model
proposed by Nix and Gao [240], obtaining a value of intrinsic hardness of 11.4 + 0.7 GPa [86]. The
hardness value in this work was obtained at a load of 10 mN and is slightly higher than the intrinsic
hardness measured by Bei et al., but it fits within the error for the value they obtained at a load of
10 mN. Bei et al. observed that the Young’s modulus did not change with load and had an average value
of 260 + 10 GPa. The reduced Young’s modulus obtained in this work was lower than the value
obtained by Bei et al. The pop-ins observed are typical of MAX phase materials and are due to
movement of the kink bands after sufficient force is applied [38].
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Figure 205 — Nanoindentation measurements for TisAlC»: a) hardness measurements from 31 indents;
b) reduced Young’s modulus measurements from 31 indents; ¢) typical load-displacement curve; d)
load-displacement curve with “pop-in” due to the layered nature of the material.

Unfortunately, this synthesis method proved unsuitable for preparing additional samples because the

vial loosened when milling and material was lost. Furthermore, the powder used to prepare this sample

was not characterised. The pyrophoric nature of the powder meant that closed system methods were

required for characterisation, and it was assumed at the time that the sample could be repeated later if

it worked. Therefore, it is not certain whether stoichiometric or non-stoichiometric TiCx was formed by

milling, or if the powder was simply a mixture of Ti and C with very small particle size.
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12.4 Syntheis via a TiCx precursor using a hardened steel vial and milling media

A sample of TisAIC, was prepared by the precursor method using a hardened steel vial and milling
media to prepare the TiCx precursor in a SPEX 8000M Mixer/Mill. The molar ratio of reagents was
Ti:Al:C 3:1:2 with a total mass of 7.5 g. Consequently, the mass of Ti was 5.53 g and the mass of C
was 0.93 g. The two 12.7 mm diameter hardened steel balls weighed 16.6 g, resulting in a BPR of 2.6
(c.f. 3.3 for the WC milling media). The sample was sintered at 1350°C for 15 min.

The indexed XRD pattern, fitted by Rietveld refinement, is shown in Figure 206 (3 3.260, Rp
0.0789, wRp 0.1033). The major phase was TisAlC; (92wt.%), and the minor phase was TiCy (8wt.%).
The lattice parameters were as follows: a(TisAlC,) 3.080 A, c(TisAIC,) 18.615 A, and a(TiC) 4.333 A.
The measured density was 4.183 + 0.005 g cm™®, giving a relative density of 97%. Based on the ball-to-
powder mass ratio, the milling time, and the subsequent weight fractions of phases, the sample is
essentially intermediate of the 1 h and 2 h milled samples.
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Figure 206 — Indexed XRD pattern fitted by Rietveld refinement for a sample which was prepared by
milling Ti and C for 2 h in a hardened steel vial set, then sintering with Al at 1350°C for 15 min.
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12.5 Synthesis via a TiCx precursor using a SPEX 8000M Mixer/Mill: minor

variations of synthesis parameters

Multiple parameters were changed when switching from the Retsch Cryomill to the SPEX 8000M
Mixer/Mill. Firstly, the mass of milling media for the SPEX 8000M Mixer/Mill was much lower, so the
mass of powder used in the SPS was reduced from 7.5 g to 6 g to increase the BPR when milling.
Secondly, the boron nitride spray coating was unavailable when preparing the first few samples.
Thirdly, a less accurate one decimal point balance was used when preparing samples on the Retsch
Cryomill, so it was suspected that the mass of aluminium may have been slightly higher than
stoichiometric. Consequently, the effect of sintering mass, use of a boron nitride coating, and use of a
slight excess of aluminium were investigated.

Several samples were prepared by milling titanium and graphite powders for 2 h then sintering at
1350°C for 15 min with a variation of additional synthesis parameters. The following samples were
prepared to compare the use of a boron nitride coating during SPS, the powder mass used during SPS,
and a slight excess of aluminium stoichiometry. The seven samples are summarised in Table 44. Very
little difference was observed in the compositions and densities of most of the samples, except for those
prepared from 6 g of powder with 1.0 parts aluminium. Further discussion of the effects of using excess
aluminium can be found in § 5.3.

Table 44 — Summary of variables for samples prepared with minor variations of synthesis parameters,

including the mass of powders used for SPS, the use of a boron nitride coating on the graphite paper
used for SPS, and the stoichiometry of aluminium.

Mass Boron Aluminium TizAIC, TiC Density Relative

/g Nitride Stoichiometry /wt.% /wt.% /gcm® Density
/ mol | %
6.0 No 1.0 92 8 4.285 + 0.005 99
75 No 1.0 94 6 4.268 + 0.010 99
6.0 Yes 1.0 90 10 4.163 + 0.005 96
7.5 Yes 1.0 95 5 4.276 £ 0.002 100
6.0 No 1.1 94 6 4.268 £ 0.011 99
7.5 Yes 1.1 94 6 4.158 + 0.006 97

12.5.1 Effect of mass used for SPS

The samples sintered from 6 g of powder were prepared by milling 5.14 g titanium with 0.86 g graphite
(BPR of 3.3) then replacing the relevant amount of powder with aluminium to maintain stoichiometry.
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The samples sintered from 7.5 g of powder with 1.0 parts aluminium were prepared by milling 5.53 ¢
titanium and 0.93 g graphite (BPR 3.3) then mixed with 1.04 g aluminium. The samples sintered from
7.5 g of powder with 1.1 parts aluminium were prepared by milling 5.46 g titanium and 0.91 g graphite
(BPR 3.4) then mixed with 1.13 g aluminium. Thus, in addition to changes in the sintering mass, there
were also minor changes in the BPRs

When no boron nitride coating was used with aluminium stoichiometry of 1.0, the purity was greater
with 7.5 g of powder, but there was minimal variation in density. When a boron nitride coating was
used with aluminium stoichiometry of 1.0, a greater mass of powder and lower BPR resulted in a purer
product. The difference in purity was greater between these two samples than the ones without boron
nitride. Additionally, the density varied significantly, and the product was fully dense when using 7.5 g
of powder.

The comparisons suggest that use of a greater mass of powder and slightly lower BPR resulted in
purer, denser products. This may be due to a more intense effect from the direct current due to the
shorter path length and resistance. Alternatively, it is possible that the higher BPR for the 6 g powder
led to the greater formation of stoichiometric titanium carbide before sintering or formation at a lower
temperature during sintering and hindered product purity.

12.5.2 Effect of boron nitride coated sintering apparatus

When 6 g of reagent was used with an aluminium stoichiometry of 1.0, the product purity decreased
slightly when a boron nitride coating was used, and the density decreased significantly. Both samples
had the lowest purity of all the samples produced. When 7.5 g of reagent was used with an aluminium
stoichiometry of 1.0, both the product purity and density increased slightly when a boron nitride coating
was used. It is therefore inconclusive as to whether the use of a boron nitride coating improves or hinders
the formation of a pure, dense product.

12.5.3 Effect of aluminium stoichiometry

When 6 g of reagent and no boron nitride coating were used, product purity increased with an increase
in aluminium content, with insignificant variation in density. When 7.5 g of reagent and a boron nitride
coating were used, both product purity and density decreased slightly with an increase in aluminium
content. The former samples did not use a boron nitride coating, so it is likely that the increase in
aluminium content accounted for the loss of aluminium to the surrounding graphite and gave superior
results. Conversely, the latter samples did use a boron nitride coating, which likely hindered the loss of

aluminium, so greater purity was obtained with a stoichiometric amount of aluminium.

The best results were obtained when 7.5 g of powder were used with a boron nitride coating and an
aluminium stoichiometry of 1.0. Hence, these parameters were used to produce all subsequent samples.
The variation with sintering mass may be that a lower mass resulted in the current passed through the
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material being more intense due to the lower path of resistance, which may have caused greater
decomposition of TisAIC; to TiCy. The benefit of a boron nitride coating was ambiguous, but overall it
was decided that it was worth using based on the argument that it may help prevent reaction of
aluminium with the outer graphite paper. The use of an excess of aluminium resulted in only a slight
decrease in TisAlC; content, indicating there is reasonable tolerance for the quantity of aluminium used.
Overall, the fact that four of the six samples had very similar compositions and densities indicates the
method was consistent.

12.6 Synthesis via a TiCx precursor using a SPEX 8000M Mixer/Mill and a

transient holding temperature during sintering

A sample was sintered with a transient holding temperature, rising from 1250°C to 1350°C over
15 min. The sintering profile is shown in Figure 207.
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Figure 207 — Heating profile measured during sintering for a sample of TizAIC, which was prepared
using a transient holding temperature.

The XRD pattern is shown in Figure 208. The phase fractions were determined by Rietveld
refinement as 87wt.% TisAIC, and 13wt.% TiC (x®> 2.331, R, 0.0699, Rup 0.0910). The lattice
parameters were similar to those observed previously: a(TisAlC,) 3.080 A, ¢(TizAlC,) 18.611 A, and
a(TiC) 4.333 A. No TiAlz was present, but the fraction of TiCx was higher than for the sample produced
at 1350°C. This highlights that temperature is important for reaction of TiAls, but also that the holding
time at 1350°C is important. Therefore, it would be useful to investigate the effect of holding
temperatures between 1300°C and 1350°C and holding times.
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Figure 208 — XRD pattern of a sample produced by transient heating between 1250°C and 1350°C.
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13 Appendix C — Synthesis of Ti.AIC from Ti, Aland C

An attempt was made to reproduce the synthesis of Ti.AIC from the method used by Zhou et al. [241].
Ti (5.17 g), Al (1.68 g) and C (0.65 g) were weighed in the ratio 2:1.15:1 then milled for 10 min in a
SPEX 8000M Mixer/Mill. The powder was transferred to a 20 mm diameter graphite die then reactively
sintered by SPS by heating at 80°C min™ to a holding temperature of 1100°C for a dwell time of 8 min
under 30 MPa uniaxial pressure. The on/off pulse time was 12/2 s.

13.1.1 X-ray diffraction

The indexed XRD pattern after Rietveld refinement is shown in Figure 209 [178,235]. The phase
fractions were determined as 68wt.% TisAlC, and 32wt.% Ti,AIC (x* 4.498, R, 0.0805, Rup 0.1147).
The density was determined as 4.16 + 0.04 g cm, with a relative density of 99%.

13.1.2 Indentation hardness testing
The hardness of the sample was measured using a DuraScan-70 hardness tester at 4.9 N with a dwell of
10 s. The Vickers hardness was 4.1 + 0.5 GPa. This value is slightly lower than that for the 95wt.%
TisAIC, sample prepared from powder milled for 2 h due to the lack of TiC,.
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Figure 209 — XRD pattern and Rietveld refinement difference plot of a sample for which the target
composition was Ti,AlIC.
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Figure 210 — BSE image showing a general overview of a sample for which the target composition
was Ti2AIC. The contrast was maximised to reveal grain boundaries.

HV ‘d t | WD
Figure 211 — SE image showing a general overview of a sample for which the target composition was
Ti>AIC. The image was taken at the same location as Figure 210.
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13.1.3 Microstructural examination
A BSE image providing a general overview of the sample is shown in Figure 210. The sample was
polished with colloidal silica, and the contrast and brightness were manipulated to maximise the contrast
and reveal the grain boundaries. Numerous levels of contrast can be observed, so it is difficult to identify
grain compositions. The size of the grains varies significantly, with a mixture of large and small grains.

Figure 211 is a secondary electron image taken at the same location as the BSE image in Figure 210.
The white spots appear to be residual particles of colloidal silica. One phase appears to have been
removed preferentially by micropreparation.
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Figure 212 — BSE image and EDS maps showing the morphology of phases in a sample for which the
target composition was Ti>AlIC. The relative intensities of the Al and C maps suggest that the slightly
lighter phase with smaller grains is TisAIC, and the slightly darker phase with larger grains is Ti,AlC.
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Figure 213 — Histograms and boxplots showing the distributions of length, width and aspect ratio
from 296 measurements.

Figure 212 is a BSE image and EDS maps which helps reveal the morphology of the two phases. By
comparing the relative intensities from the Al map and the C map, it appears that the phase with the
slightly lighter contrast and smaller grains is TisAlC,, due to the increased ratio of C relative to Al.
Conversely, the slightly darker contrast and larger grained phase appears to be Ti;AlC due to the lower
ratio of C relative to Al. Furthermore, it appears that the TisAlC, phase forms clusters distributed within
a matrix of Ti-AIC, other than some randomly distributed grains, which is surprising considering the
higher weight fraction of TisAIC, from the Rietveld refinement results. However, the Ti,AIC grains
appear to have a larger grain size, and the TisAIC; phase appears to be filling all the gaps, which may
explain this discrepancy. To confirm the Rietveld refinement results, the map sum spectrum of an image
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taken at 5x lower magnification (i.e. 2000x original magnification) gave 50.2at.% Ti, 19.7at.% Al, and
30.1at.% C. From this, the weight fractions of the two phases were determined as 72wt.% TisAlC; and
28wt.% Ti>AIC, which is consistent with the results from Rietveld refinement.

The grain size was determined by measuring the lengths and widths of individual grains using ImageJ,
the distributions of which are shown in Figure 213. In total, 296 measurements were made across four
images taken at an original magnification of xX5000. However, there is a lack of distinction between the
two phases, so the results are averaged for the entire material. The mean length, width and aspect ratio
for all measurements were 7.3 +5.0 um, 1.8 = 1.1 um and 4.3 £ 2.0 respectively.

13.1.4 Discussion

The synthesis of Ti>AIC did produce a pure MAX phase material but it was a mixture of two different
MAX phases, TisAIC; and Ti-AlIC. This is unusual as Zhou et al. reported a relatively pure material
consisting of Ti.AIC as the major phase with minor impurities of TiC and TiAl [241]. The sintering
parameters were approximately the same as those used by Zhou et al., although the instrument used was
different.

There may be some difference in the reagents used, mainly particle size, but the key difference is
likely the milling step. Zhou et al. state that they mixed the powders in ethanol for 24 h, although it is
not clear by what method and whether milling media were used. The SPEX 8000M Mixer/Mill used in
this work is a high energy ball mill, so even just 10 min of milling should achieve good mixing and
significant particle size reduction. This may have facilitated diffusion during SPS, enabling TiAl and
TiC to react together to form Ti,AIC, and Ti-AIC to react with TiC to form TisAlC,, and allowing the
latter to occur at lower temperature. This formation of TizAlC; is surprising considering Zou et al. and
Yoshida et al. observed formation of Ti;AIC, at higher temperatures than 1100°C, typically
~1300°C [73,74,76], although Riley and Kisi observed its formation at 1000°C or lower [85].

It is also possible that there was more evaporation of Al in this work, which would explain
preferential formation of TizAIC, [54,76,187,192]. In this work, synthesis was performed under
vacuum, which aids evaporation of Al.

The material was not used for corrosion tests as the purity of TisAIC, produced by other methods
was significantly greater. However, in hindsight the corrosion of this material would have been
interesting to study as it represents a pure MAX phase material despite being multiphase, and the
corrosion potential of Ti,AIC is likely closer to that of TisAIC; than that of TiCy, minimising the
possibility of dissimilar corrosion driven by the potential difference between the two phases. The
synthesis method was not repeated, so it would be interesting to see if the same material can be
reproduced consistently.
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14 Appendix D — Synthesis of TisSiC»
14.1 Synthesis of TisSiC; via a TiCx precursor using a SPEX 8000M Mixer/Mill

Due to the low melting point of aluminium and its significant loss at the edge of the pellet, it was
decided to investigate the effect of using silicon. Additionally, Riley and Kisi showed that the same
method worked for both TizAlIC; and TisSiC,, so the method was expected to work without changes. A
sample was produced by milling titanium and graphite for 2 h, which was then mixed with 1.0 parts
silicon powder and sintered at 1350°C for 15 min.

14.1.1 Sintering profile

The heating profile measured during sintering is shown in Figure 214. The profile shape is similar
to that for samples produced with aluminium, indicating little change in the reaction mechanism. The
rate of piston movement is relatively uniform between 500-900°C, slows slightly between 900-1250°C,
then increases again from 1250-1350°C. Further movement is observed at the dwell temperature and
force indicating further densification and reaction. There is a small amount of piston movement due to
thermal contraction as the temperature and force are relieved.
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Figure 214 — Heating profile measured during sintering for a sample of TisSiC, produced from a TiCx
precursor.

14.1.2 X-ray diffraction
The XRD pattern of the bulk sample, between 5° and 55° 26, is shown in Figure 215 (x* 2.504, R,
0.0732, Rwp 0.0942) [179,213,242]. The lattice parameters for TisSiC, were a = 3.072 A and ¢ =
17.706 A. Both values are smaller than those observed for TisAIC, and are a consequence of the smaller
size and stronger bonding with Si rather than Al. The lattice parameter, a, for TiCx was 4.327 A, which
is smaller than that observed in all of the TizAlIC,-based samples. The lattice parameters for TiSi, were
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Figure 215 — The indexed XRD pattern of a sample prepared from titanium and graphite milled for
2 h then mixed with 1.0 parts silicon and sintered at 1350°C.

a=8287A b=4809A, and c = 8.569 A. The density was 4.437 + 0.005 g cm™ and the relative
density was 98%, indicating the sample was almost fully dense.

The phase fractions determined by Rietveld refinement indicated 80wt.% TisSiC,, 14wt.% TiC and
6wt.% TiSi>. The amount of MAX phase present is significantly lower than in the TisAIC, sample
produced with the same synthesis variables. Thus, the hypothesis that Si will give a purer product
because it has a higher melting point so is likely to be less mobile, seems invalid. On the other hand, if
Si is less mobile, it may not distribute sufficiently throughout the sample during sintering, forming the
impurities TiCx and TiSi.. Alternatively, these results may suggest that different sintering parameters
are required to produce TisSiC,, although many researchers, including Riley and Kisi upon which the
precursor synthesis method is based, have found similar results with the same sintering parameters for
both TisAIC; and TisSiC2 [77,85].

14.1.3 Indentation hardness testing

The hardness of the sample was measured using a DuraScan-70 hardness tester at 4.9 N with a dwell
of 10 s. The Vickers hardness was 7.7 £ 0.9 GPa. This value is larger than for the 95wt.% TisAIC;
sample which was milled for 2 h, but less than the 70wt.% TiCx sample which was milled for 4 h.
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14.1.4 Microstructural examination

Figure 216 is a BSE image of the sample of TisSiC, taken at a low original magnification. The image
provides a general overview of the distribution of phases within the material. The lightest contrast phase
is TisSiC,. The medium contrast is TiCy; this phase is relatively evenly distributed among the TisSiC,
phase. The dark contrast regions are TiSi.. The morphology of these TiSi; regions resembles that of the
AlsTi regions in the sample produced with a sintering temperature of 1250°C (8§ 5.2.3.1).

Figure 217 and the associated EDS maps indicate that the medium grey contrast regions are titanium
carbide. Titanium is present evenly throughout the image, but the medium grey contrast regions are
deficient in silicon and abundant in carbon, indicating the presence of titanium carbide.

Figure 218 is a higher magnification image showing the morphology of the titanium carbide phase.
The grain boundaries are difficult to distinguish, but the grains appear to be equiaxed.

Figure 219 shows the morphology of a region of TiSi,. The EDS maps show titanium is diminished
in this region and carbon is hardly present at all, whereas silicon is abundant. Secondary phases are
visible, the morphology of which are consistent with TiCx and TisSiC; the TiCx phase has the same

HV det | WD |mag O |mode — 100 ym ——————
20.00 kV|vCD | 9.1 mm | 1 000 x | None

Figure 216 — BSE image at a low original magnification of a sample produced using Si rather than
Al. This image provides a general overview of the microstructure of the material. Three distinct levels
of contrast are visible, consistent with the three phases observed by XRD: light grey - TisSiC,
medium grey - TiCy and dark grey - TiSi».
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a) BSE imag

(b) Ti Ku (©) Si Ka

Figure 217 — BSE image and EDS maps showing the presence of a titanium carbide phase located
where Si is deficient, and C is abundant.

(d) C Kuz and Kg

morphology as Figure 217, and the rectangular grains are consistent with morphology observed for
MAX phases. The small grain size of the TisSiC, grains suggests that these grains are undergoing
growth and the presence of these TiSi regions is due to insufficient time or temperature for reaction to
occur fully. Overall, it appears that TiSi. has acted as a liquid medium for the formation of TisSiCs
from TiCx because the morphology of these regions corresponds to that observed for the sample of
TisAlC, which was sintered at 1250°C. In comparison to the AlsTi phase observed for the TizAIC,
samples, some grain structure can be observed in the TiSi, phase, and the contrast is lighter. In the

278



279

Figure 218 — BSE image showing the morphology of the titanium carbide phase in a sample of
TisSiCa.

(0) Ti K (©) Si Kt (d) C Koz and Koz

Figure 219 — BSE image and EDS maps showing the morphology of a cluster of TiSi,. Small
rectangular grains of partially formed TisSiC; are visible within the cluster.



aluminium-based samples an increase in temperature removed the AlsTi phase, indicating it was a
reaction intermediate. Therefore, it is likely that a further increase in sintering temperature, or
potentially an increase in hold time, would remove the TiSi, impurity and result in a purer product.

Numerous regions of black contrast were observed in the BSE images. Comparison with SE images,
as per Figure 220 and Figure 221, suggest that these are regions with depressions, likely due to the loss
of a particular phase during micropreparation, most likely TiCy due to its high relative hardness.

= S IEENNNY &
O | mode | spot
5.00 kV [vCD [ 9.1 mm |20 000 x | None | 5.0

e )

HV det | WD mag [ |mode |spot| I — VL0 —
5.00kV|ETD|9.1 mm 20000x| SE |50 |

Figure 221 — SE image of a region with significant depressions in the surface.

280



14.2 Preparation of Maxthal 312 (TisSiC;) by SPS

Samples of TisSiC, were prepared using Maxthal 312 powder (Kanthal). Various sintering
parameters were investigated by Carl Magnus (University of Sheffield), and the samples used for
corrosion tests were made according to the best parameters for the highest fraction of TizSiC, found at
the time [190]. SPS was performed using 7 g of powder per sample. The holding temperature was
1300°C, the dwell time was 10 min, and the ramp rate was 100°C min™. The uniaxial force was
maintained at a constant value of 16 kN. The on/off pulse times were 12/2 s.

A typical sintering profile is shown in Figure 222. The initial increase in piston travel is due to
densification as the uniaxial pressure of 16 kN is applied. The majority of densification occurs from
~1000°C approaching the dwell temperature of 1300°C. The piston movement as the sample is cooled
is due to thermal contraction.
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Figure 222 — Typical sintering profile for Maxthal 312 samples.

14.2.1 X-ray diffraction and density

The XRD pattern for a typical sample is shown in Figure 223. Attempts to fit the data by Rietveld
refinement were not possible without accounting for the significant preferred orientation in the sample,
with increased intensities observed on the (00I) plane. The TiCy peaks are relatively intense, indicating
the sample contains a significant fraction of TiCx. The density was measured as 4.556 + 0.003 g cm?,

XRD was also performed on the reagent Maxthal 312 powder. The XRD pattern and Rietveld
refinement fit (full profile 18-120° 26) are shown in Figure 224 (y*> 2.248, Rp 0.0684, wRp
0.0897) [179,213,242]. The phase fractions were 91wt.% TisSiC, and 9wt.% TiCx. The lattice
parameters of Ti3SiC, were a = 3.075 A and ¢ = 17.710 A, and that of TiCx was a = 4.334 A.
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Figure 223 — Indexed XRD pattern of a bulk sample of Maxthal 312.
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Figure 224 — XRD pattern fitted by Rietveld refinement for Maxthal 312 powder. Fitting was

performed on data between 18-120° 26.
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Figure 225 — BSE image and EDS maps (Image width ~60 um) showing the phase distribution of a
sample of TisSiC, (Maxthal 312).
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14.2.2 Microstructural examination
Figure 225 shows a BSE image and EDS maps of the distribution of phases. Excluding carbon, the EDS
spectrum showed 76.4at.% Ti and 23.6at.% Si, indicating an approximately 3:1 ratio of Ti:Si. The three
phases shown by XRD are most easily distinguished in the Si map. The phase with the brightest Si is
TiSiy, the darkest Si is TiC and the medium contrast Si is TisSiC,. Consequently, in the BSE image the
brightest contrast phase is TisSiC,, the darkest contrast phase is TiSi,, and the medium contrast phase
is TiCx.

Figure 226 is a BSE image showing a general overview of the surface morphology. In the brightest
contrast phase, the rectangular, layered structure of the MAX phase grains can be distinguished. The
aspect ratios of these grains seem smaller than for the sample produced by from a TiCy precursor.

-§°

HV t] W ( d t —20
B A e —
Figure 226 — BSE image of TisSiC, (Maxthal 312) taken at 5 kV, showing morphology of the phases
in greater detail.
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14.3 Discussion
The preparation of Maxthal 312 by SPS from powder supplied by Kanthal was investigated by Carl
Magnus at the University of Sheffield [190]. The effects of a variety of parameters was investigated,
including temperature ramp rate, holding temperature, holding time, uniaxial pressure applied, and
guantity of powder used.

There are two key differences relative to the sample of TizSiC, produced from a TiCy precursor: the
grain shape, and the relative intensities of peaks in the XRD pattern. Further differences were observed
in the sintering profile, highlighting a difference in reaction mechanism, and in the morphology of the
TiSi, and TiCx phases.

The grain size was not measured for either material because the grain boundaries were difficult to
distinguish without etching. However, the grains of TisSiC; in the Maxthal 312 samples appeared to
have a smaller aspect ratio, and in many cases were almost square, whereas the aspect ratio of TisSiCs
in the sample produced from TiCy were more elongated, with an aspect ratio similar to MAX phase
grains observed in the TisAIC, samples.

The variation of peak intensities in the XRD pattern of the Maxthal 312 sample was due to preferred
orientation along the (00I) plane. This plane is parallel to the Si layers in the material and is depicted
for a number of planes in Figure 227. There also appears to be some preferred orientation for both the
Maxthal 312 powder and the TisSiC, produced from a TiCx precursor, with less preferred orientation
observed in the latter. All three samples had polymorphism consistent with a-TisSiCz, which is most
easily distinguished from the peaks in the (10I) plane.

Figure 227 — Diagram showing the (00I) planes in a-TisSiC, and a-M3AC; isostructures.
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Preferred orientation was not accounted for in the Rietveld refinement, which may limit the accuracy
of the weight fractions of phases obtained. Furthermore, fitting the bulk Maxthal 312 sample was not
possible without accounting for preferred orientation. However, the relative intensities of TiCx peaks in
the bulk Maxthal 312 sample were much greater than for the TiCx precursor sample, indicating that the
Ti3SiC, samples produced in this work were purer. However, the Maxthal 312 powder contained
91wt.% TisSiC,, which shows that the TisSiC, produced from the precursor was less pure than
commercially available reagent powder, but the TisAIC, samples were purer.

The sintering profile of Maxthal 312 was very simple. Initial piston movement was due to powder
compaction as force was applied. Further piston movement was observed from ~1000°C up to the dwell
temperature of 1350°C, and the absence of changes suggests this was due to compaction and sintering
of the powder. However, the difference in composition of the reagent powder and the bulk sample does
suggest decomposition of TisSiC,. This decomposition may not have resulted in a change in overall
density of the sample and was therefore not observed during sintering.

TiSi, was observed in clusters, as with the sample produced from the TiCx precursor, but these
clusters were much smaller in the Maxthal 312 sample. From the micrographs obtained it is not possible
to determine if there are any smaller MAX phase grains visible within the cluster, as was observed with
the sample produced from the TiCy precursor. TiCy appears to be distributed relatively homogeneously
throughout the material, particularly among grain boundaries, and in shapes similar to MAX phase
grains. This suggests formation of TiCy by decomposition of Ti;SiC..

Ultimately, bulk samples of Maxthal 312 were used for corrosion tests due to the ease of fabricability
and the potential to compare the TisAIC, samples to a commercial MAX phase material. Further details
of the material’s characterisation and performance, including its mechanical properties and wear

behaviour, can be found in work by Carl Magnus [190].
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15 Appendix E — Synthesis of TiC

The parameters used for sintering TiC by SPS were investigated by Tanagorn Kwamman (University
of Sheffield) [189]. Parameters which gave the highest density of TiC were used for sample preparation.
Samples of were prepared from 7.5 g TiC (2 um, 99.5%, Alfa Aesar) per sample.

15.1 Sintering profile

The powder was heated to 2000°C at a rate of 200°C min* then held for 15 min with 16 kN force.
The on/off pulse time was 15/5 s. The sintering profile for a typical sample is shown in Figure 228. The
piston movement increased initially as the powder was compressed by the piston force. There was then
some negative movement as the force reached 10 kN. Extrapolating the temperature suggests this
occurred at ~200°C. The negative movement is likely due to thermal expansion of the material. Further
piston movement was observed from ~1100°C and 13 kN up to the dwell temperature and force. During
this time a small amount of piston movement was observed, suggesting the majority of densification
occurred during the temperature and force ramp. Significant piston movement was observed as the
temperature and force were relieved.

—— Temperature (°C)
—— Force (kN)
—— Relative Piston Travel (mm)
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Figure 228 — Typical sintering profile for a sample of TiC, showing the temperature, applied force
and relative piston movement.

15.2 X-ray diffraction
The XRD pattern is shown in Figure 229. The data were fitted to TiC by Rietveld refinement ()2
3.522, Ry 0.0957, Rwp 0.1267) [179]. The lattice parameter, a, was 4.333 A and the cell volume was
81.345 A3, The density was measured as 4.802 + 0.011 g cm?, giving a density relative to the calculated
density of TiC of 98%.
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Figure 229 — Indexed XRD pattern fitted by Rietveld refinement for a typical sample of bulk TiC.
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Figure 230 — BSE image showing a general overview of the morphology at the surface of a bulk
sample of TiC. The bright contrast regions show the presence of WC,.
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Figure 231 — Map sum spectrum for the EDS map of Figure 230. The composition calculated by the
Aztec software, excluding carbon, was 99.5at.% Ti and 0.5at.% W.
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Figure 232 — BSE image taken at a higher magnification, showing the general morphology of a
cluster of WCy in the middle of the image. In the top left corner of the image, some W can be
observed surrounding TiC grains. The dark contrast spots are pores.
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15.3 Microstructural examination
Further characterisation was performed by SEM. Figure 230 is a BSE image giving a general
overview of the sample morphology. EDS mapping revealed that the bright regions are WCy. The map
sum spectrum is shown in Figure 231. The fraction of W present was found to be 0.5at.%; this was
consistent with the stated reagent purity of 99.5% TiC. Some porosity is also visible as dark spots. The
pores appear relatively small and unconnected, which is consistent with the high relative density. The
grain size from simple measurements is ~2 pm.

Figure 232 is a higher magnification image showing the general morphology of the WC clusters.
The grain size of the WC, particles appears to be smaller than TiC. In the top left of the image, it appears
that W has distributed around TiC grains in some locations, reducing their grain size in such locations.

15.4 Discussion
The samples of TiC produced were of decent quality. They were not fully dense, but the relative
density of 97.4% was sufficiently high for corrosion testing. The grains were relatively fine, with a
grain size of ~2 um. This grain size is the same as the initial particle size of the reagent.

A significant quantity of tungsten carbide, ~0.5mol.%, was observed in the bulk samples. Neither
the powder nor bulk samples were exposed to WC during processing, so the impurity must have been
present from the supplier. The purity of powder used was 99.5% which is approximately consistent with
the mole fraction determined from EDXS. It is likely that the manufacturer prepared the powder as a
sintered material then milled with WC milling media and sieved to obtain the TiC powder with
relatively small particle size.

The densities and XRD patterns of all samples of TiC used for corrosion testing were consistent.
Further details of the material’s characterisation, including its mechanical properties, can be found in

work by Tanagorn Kwamman [189].
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16 Appendix F — Corrosion of TizAlC,: Additional Results

16.1 Preliminary Experiments

Preliminary experiments were performed on a sample polished to 1 um on both sides then cut into
quarters. The graphite was not ground from the edge of the sample under the assumption that it would
be unreactive and act as a mask [193] (the curved edge was discounted when calculating the surface
area). One sample was used to measure the open circuit potential, otherwise known as the corrosion
potential. Another sample was used to obtain a cyclic voltammogram with TizAIC, as the working
electrode, after which a positive current was applied to anodically dissolve the sample. A third sample
underwent a preliminary static corrosion test which was accelerated by a galvanic circuit. The results
obtained from these preliminary experiments aid the interpretation of results obtained in later static
corrosion tests.

Following these experiments, all samples were characterised by GAXRD and SEM with EDS.
Raman spectroscopy was also attempted. The counts were high, but the peaks were obscured by
background; a lower laser power did not resolve the issue. Consequently, Raman spectroscopy was
abandoned as a testing method for later samples.

After 16 h exposure to LKE at 550°C, uniform corrosion was observed with migration of aluminium
to the surface and penetration of chlorine. Aluminium and oxygen were present on the surface of the
sample, but it is difficult to determine whether oxidation occurred in-situ or post-corrosion. The
GAXRD data may indicate that this is lithium aluminium oxide. The presence of lithium metal, which
could subsequently react with alumina, would be consistent with electrolysis of LiCl at the surface of
TizAIC, followed by reaction of Clyg) with the MAX phase.

Significant reaction was observed for the sample which underwent anodic dissolution with 50 mA
for 1 h in LKE at 550°C. Multiple phases were visible in the microstructure and require further
characterisation to fully ascertain the reaction mechanism. Large regions of TiCx with small grain size
formed, which appears to be a final corrosion product.

16.1.1 Open circuit potential

The open circuit potential (OCP) for a sample of TisAIC; as the working electrode was measured
over 16 h at 550°C (measured by temperature controller), as shown by Figure 233. A rapid reaction
occurred in the first hour, reaching equilibrium in the latter stages of the experiment. The potential at
16 h was -0.968 V, at which point it had been stable to three significant figures for 37 min. Cyclic
voltammetry with a tungsten electrode indicated no significant impurities were present in the salt after
measurement of the OCP. The microstructure of this sample is representative of the early stages of
corrosion in relatively pure LKE.
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Figure 233 — Measurement of the open circuit potential vs. Ag/AgCI (1.5 wt.%) for a TisAIC;
working electrode.
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Figure 234 — GAXRD patterns for a sample of TizAlIC, which was exposed to LKE for 16 h whilst
measuring the OCP. The patterns were normalised relative to the most intense peak in each pattern.
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Figure 235 — SE image and EDS maps of the corrosion layer of a sample of TizAlIC, which was
exposed to LKE at 550°C for 16 h whilst measuring the open-circuit potential.
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The GAXRD patterns for the sample exposed to LKE for 16 h whilst measuring the OCP are shown
in Figure 234 [178,179]. TisAIC,, TiCy and KCI are the main phases identified, but there are some
additional peaks which remain undetermined. Lithium aluminium oxide, either LiAlsOg or LiAl;Os3;s,
appears to be a good match for a number of these peaks [209,210]. Furthermore, such a phase is
consistent with EDS of the cross-section which shows Al and O present on the surface of the material.
There are additional unidentified peaks at 6.1° and 7.9° 26.

Figure 235 is a BSE image of the cross-section which shows the corrosion layer of the sample. The
thickness of the corrosion layer is ~40 um and the morphology appears similar to the general
morphology observed after the initial static corrosion test (8 16.1.4) and exposure to as-received salts
(8 6.1.1and 0). A deposit of aluminium oxide is visible on top of the underlying surface. This may have
been present as aluminium and oxidised upon exposure to the atmosphere. Such deposits were not
observed in the static corrosion tests which suggests that aluminium dissolves in the molten salt after
migrating to the surface. The underlying surface has relatively low roughness, which suggests spalling
may have occurred in the more severe corrosion tests. Chlorine has penetrated the corrosion layer, as
per previous experiments.

16.1.2 Cyclic voltammetry

Cyclic voltammetry was performed with a TisAIC, working electrode. The cyclic voltammogram,
with a scan rate 2 mV s, is shown in Figure 236. It is clear from the current response that numerous
reduction reactions occurred at the surface of the sample.
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Figure 236 — Cyclic voltammogram measured using a TisAIC; electrode.
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16.1.3 Anodic dissolution

A current of 50 mA was applied for 1 h to a sample exposed to LKE at 550°C as an accelerated
corrosion test, after which the sample was characterised by GAXRD and SEM. However, the sample
essentially represents corrosion of TisAIC; by Clyg formed via the electrolysis of LiCl at the electrode
surface when a current is applied. The microstructure observed is similar to that of the sample B exposed
to as-received LKE at 600°C for 125 h (8 0).

The GAXRD patterns are shown in Figure 237, normalised relative to the TizAlC; (104) peak. The
intensity of TiCyx peaks increase as the glancing angle is decreased, indicating that TiCy is a corrosion
product. The greater intensity of the TiCx (200) peak relative to the (111) peak may indicate that any
carbon vacancies are randomised; however, the TizAlC, (105) peak overlaps with the TiC (200) peak
[129]. KCl is present at all glancing angles and its peaks are most intense at 10° w. A graphite peak is
present at 10° w due to graphite on the edge of the sample from the synthesis process, rather than as a
corrosion product.

An overview of the corrosion layer is shown in Figure 238. The morphology is relatively complex
and appears to contain multiple species. The corrosion layer is approximately 125-185 um thick. Some

J
Ti,AIC,(002)
Ti,AIC,(008)(104)

KCI(200)
TiC(200)

Normalised Intensity / arb.

10 15 20 25 30 35 40 45 50 56 60 65 70 75 80
281>

Figure 237 — GAXRD patterns for a sample of TisAlC, which underwent anodic dissolution by a
50 mA current for 1 h in LKE at 550°C. The patterns were normalised relative to the TisAIC, (104)
peak.
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Figure 238 — BSE image showing an overview of the corrosion layer in a cross-section of a sample of
TisAlC, which was subject to anodic dissolution.

spalling can be seen at the sample surface. Overall, the sample morphology is most comparable to
sample B of the two samples which were exposed to as-received LKE at 600°C for 125 h (§ 0).

Figure 239 is representative of the morphology observed at the corrosion front. A dark contrast phase
can be seen, with similar morphology to that observed for sample B exposed to as-received LKE at
600°C for 125 h.

The particles with a very small grain size are indicative of titanium carbide and are shown further in
Figure 240. Here it can be seen that the grain size is typically < 1 um. The large volume of this phase
in comparison to the titanium carbide impurity phased observed in the synthesis chapter suggests that
this is a corrosion product formed by the decomposition of TisAIC..

Furthermore, there are regions within the corrosion layer where large clusters of TiCy dispersed
amongst what appear to be former grains of MAX phase (Figure 241).
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Figure 239 — BSE image showing the morphology of phases at the corrosion front of a sample of
TizAIC, which underwent anodic dissolution.

Figure 240 — Morphology of a TiCy phase observed in the corrosion layer of a sample of Ti;AIC,
which underwent anodic dissolution.
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Figure 241 — BSE image of a sample of TisAIC, which underwent anodic dissolution, showing a
region within the corrosion layer where large clusters of TiCy are dispersed amongst former grains of
MAX phase.
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16.1.4 Initial corrosion test

The sample was weighed then wrapped in 0.5 mm diameter molybdenum wire and suspended from
the lid of the vessel. The nickel crucible, containing 11.9 g of processed LKE, was placed in the vessel
and the lid of the vessel was suspended above the base so that the samples were suspended in their
respective crucibles. The furnace was heated at a rate of 5°C min™. The temperature was held at 150°C
for 12 h to flush any residual air or moisture from the vessel. The temperature was then raised to 500°C,
at which point the samples were submerged and the vessel fully sealed. The furnace temperature was
then raised further to 650°C (actual temperature in vessel ~600°C) where it was held for 112 h. The
cooling rate was also 5°C min™,

The effects of dissimilar material corrosion were not considered at the time; a circuit was formed,
and the sample represents an accelerated corrosion test. This circuit, consisting of the sample, the salt,
the nickel crucible, the stainless-steel vessel and the molybdenum wire, is shown in Figure 242. This
certainly exacerbated the rate of corrosion as illustrated by the significant mass loss of 5.54 mg cm
and the corrosion depth between 170-270 pum. Chloride ions were oxidised to chlorine gas which then
reacted with TisAIC,. With regards to performance in a molten salt reactor, this sample represents the
expected corrosion in a very oxidising salt which has departed from standard operating conditions.

- ~ 3 2—
e Fe(s)|Fe(s), 0(51024)

=

Fe > Ni > TizAIC,

. .+ —
Li)|Ligy, Clgy|Clycg)

Figure 242 — Diagram of the electrochemical circuit formed in the initial corrosion test.

The experiment was the first use of the stainless-steel vessel and high purity salt prepared by Hugues
Lambert was used. No oxygen was detected in the corrosion layers by EDS, confirming that air and
moisture were excluded. As such, it appears that this sample shows the effect of chlorine on TisAIC; in
the absence of oxygen.

The mass loss per unit area of the sample was high relative to samples of nickel-based superalloys
exposed to the same conditions. The mass loss per unit area of Hastelloy-N was 0.01 mg cm? and that
of Haynes-214 was 0.90 mg cm™ [43].
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16.1.4.1 Glancing angle X-ray diffraction

Figure 243 shows the GAXRD patterns of the initial static corrosion test sample collected at glancing
angles, w, of 0.5°, 1°, 5° and 10° [177-179]. The major peaks at all angles belong to titanium carbide.
The peaks are very broad, likely due to the presence of carbon vacancies. The peaks at approximately
34° and 39° 26 agree with the peak locations for TisAIC,. Additionally, these peaks decrease in intensity
as the glancing angle is decreased, indicating that the peaks are due to the underlying substrate. The
(101) and (104) peaks of TisAIC; are the most intense which explains why the other peaks for Ti;AlIC;
were not detected. The fact that TiCy is the dominant phase even at 10° w indicates significant corrosion.
There also appears to be unidentified peaks at approximately 28° and 58° 26. The peak at approximately
26° 20 is due to the graphite on the edge of the sample from sample preparation, which had been

removed prior to data collection at the other glancing angles.
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Figure 243 - GAXRD pattern of the initial static corrosion test sample. TiCx was the major phase at
all glancing angles.

The lattice parameter, a, of TiCx was calculated from the 20 value of the (200) peak as 4.324 A.
From the graph of TiCx stoichiometry vs. lattice parameter produced by Rudy, this corresponds to a
carbon content of ~0.67 [89]. Hence, the corrosion product appears to be non-stoichiometric TiCoer.
The relative intensity of the (111) and (200) peaks indicate randomisation of the carbon vacancies,

which would be expected to occur over the exposure time used [129].
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16.1.4.2 Microstructural analysis of the surface

Figure 244 is a BSE image taken of the corroded surface which provides a general overview of the
surface microstructure after corrosion. Preferential attack of the grain boundaries has occurred.
Additionally, there appears to be two distinct regions, one with heavily etched grains and one where the
grains have either only have been lightly etched or have sintered.
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Figure 244 — BSE image of the corroded surface.

Figure 245 is a BSE image taken at a greater magnification. The annotations are the locations of
point analyses, the compositions of which can be found in Table 45. It appears that Al has been almost
completely removed from the surface of the material. Delamination of the layers within the MAX phase-
like grains is consistent with the loss of aluminium. Additionally, the amount of C is mostly lower than
Ti, suggesting the GAXRD data represents non-stoichiometric TiCy. Both the rectangular MAX phase-
like grains and the smaller TiC-like grains have very similar compositions. Additionally, the TiCx
clusters appear larger than in the pristine sample. This suggests that as the MAX phase loses aluminium,
the grains recrystallize over time.

16.1.4.3 Microstructural examination of the cross-section

Figure 246 is a BSE image and EDS maps of the cross-section of the initial static corrosion test
sample. The magnification used highlights the depth of the reaction layer. Most of the layer extends to
~170 um deep but there are some bulges such as the lower half of the image which extend up to
~270 um deep. Aluminium has been lost throughout the entire corrosion layer and chlorine has
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Figure 245 — BSE image of corroded sample annotated with the locations of point analyses (Table
45).

Table 45 — Elemental compositions (in at.%) of the point analyses shown in Figure 245.

Point Ti C ClI Fe Ni Al O Other Other Elements

1 536 403 22 14 12 0.6 - 06 S, K, Si,W
2 53.2 451 08 04 01 0.2 - 0.1 Si

3 55.7 438 0.2 - 01 01 - - -

4 56.3 43.7 01 - - - - - -

5 424 541 20 06 04 0.2 - 03 K,Si,S,W
6 451 496 35 06 05 0.2 - 05 K,Si,S

7 521 439 12 09 09 0.7 - 04 S, Si,K

8 347 450 69 0.7 0.7 05 109 05 K,Si, S

9 350 569 53 09 09 0.6 - 05 K,Si, S

10 491 462 18 12 06 05 - 0.7 Si,Cu, K, S
11 441 481 52 09 0.7 04 - 06 K,Cu,Si,$S
12 489 452 36 08 06 05 - 04 K,Si, S
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Figure 246 — BSE image and EDS maps of the cross-section of the initial static corrosion test sample
showing the depth of the reaction layer.

penetrated to the underlying substrate. There are two particular regions of the corrosion layer. There is
an outer region ~50 um thick where chlorine has penetrated significantly, aluminium is completely
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absent and there is a slight absence of titanium, and an inner region where chlorine has penetrated less
significantly, and some aluminium remains. The morphology in the BSE image differs in the two
regions.

Figure 247 is a BSE image of the outermost region of the reaction layer. The annotations show
the locations of point analyses, with the corresponding compositions found in

Table 46. The regions with morphology similar to location 1 have the composition of titanium
carbide. The particles with morphology similar to location 4 contain chlorine, as well as carbon and
titanium. The carbon content is ~50at.% for all of these points, but the titanium content seems to
decrease as the chlorine content increases, suggesting that titanium reacts or interdiffuses with chlorine.
From their morphology, these grains appear to be former TisAIC, grains which have lost all their
aluminium and some of their titanium. The presence of chlorine suggests it plays a key role in the
dissolution of these elements. Chlorine appears to migrate through the layers of the former MAX phase
grains to penetrate to the corrosion front. After complete removal of aluminium and partial removal of
titanium, the grains likely recrystallise as titanium carbide.

Figure 248 is a BSE image of the innermost region of the reaction layer. The compositions of the
point analyses at the annotated locations are shown in Table 47. The compositions of these locations
are consistent with TisAIC, with a small proportion of chlorine. The morphology of these particles is

>

HV det WD [mag O|mode
20.00 kV|vCD | 9.6 mm | 5 000 x | None

Figure 247 — BSE image of the outermost region of the reaction layer of the initial static corrosion
test. The compositions of the point analyses are shown in
Table 46.
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Table 46 — Elemental compositions (in at.%) of point analyses shown in Figure 247.

Location Ti C Cl Other Other Elements

1 524 4713 0.2 0.1 Al

2 53.0 465 0.2 0.2 Al Si, Rh

3 504 49.0 05 0.2 AlSi

4 33.8 505 153 04 AlSi, K

5 415 504 7.2 0.8 Fe, Al Si, K, Ca
6 420 508 6.3 1.0 Fe, Al Si, K, Ca, Cu
7 46.7 488 3.6 0.9 Fe, Al Si,K, Ca
8 575 392 29 04 Al Si K, Fe

9 542 418 33 0.6 Al Fe.Si,K

10 525 470 0.2 0.3 AlSi

11 39.8 50.0 94 0.8 Al Si, K, Ca, Fe, Cu
12 39.7 476 116 1.1 Al Cuy, Si, K, Fe
13 50.7 459 29 0.5 Al Si K, Fe

14 752 231 14 0.3 Al Si, Fe

15 56.3 40.0 3.0 0.6 Fe, Al Si, K, Ca
16 499 498 0.1 0.2 AlSi

17 55.0 446 0.2 0.2 AlSi

18 545 452 0.2 0.1 Al

19 519 478 01 0.2 Al Fe

20 440 553 04 0.3 Al Si K, Fe

21 469 49.1 33 0.8 Al Si, Fe K, Ca
22 454 540 04 0.2 AlSi

23 459 466 7.0 0.6 Al Si, K, Ca, Fe
24 46.2 533 0.3 0.2 AlSi

Table 47 — Elemental compositions (in at.%) of the point analyses shown in Figure 248.

Location  Ti C Al cCi
1 48.7 36.7 13.8 0.7
2 495 373 124 0.8
3 48,7 374 125 1.3
4 449 404 144 0.3
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Figure 248 — BSE image of the innermost region of the reaction layer of the initial static corrosion
test sample. The compositions of the point analyses can be found in Table 47.

indicative of the initial stages of corrosion, showing partial reaction of the grains. Both the TiC, and Ti-
C-CI morphologies observed in Figure 247 can also be observed in this image.
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16.2 As-received salt, 600°C, 125 h, sample B
An additional sample was exposed to as-received salt at 600°C for 125h (§6.1.1). The reaction
observed was generally the sample, with loss of Al and formation of both TiCx and Ti-C-Cl phases.
However, the results suggest that some spalling occurred with sample A, as the corrosion layer thickness
was greater for sample B but the mass loss was lower. The GAXRD pattern agrees with that obtained
for sample A, with the same peaks and c-axis lattice parameter for a proposed Ti-C-Cl phase. The
complex morphology observed in the relatively thick reaction layer is reminiscent of the sample which

was subjected to anodic dissolution (8§ 16.1.3)

16.2.1 Glancing angle X-ray diffraction

The GAXRD patterns for sample B are shown in Figure 249, with the intensity of the most intense
peak in each pattern set to 100% [179]. TiCx was clearly identified at every glancing angle but there
were no clear matches for the remaining peaks. Based on the images obtained by SEM, it is proposed
that the remaining peaks are based on the original TisAIC, structure (i.e. the same or similar crystal
system), but consist of Ti-C-Cl. The same observation was made for sample A, although the peaks for
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Figure 249 — GAXRD patterns for the second of two samples of TisAlC, which were exposed to as-
received LKE at 600°C for 125 h. The patterns were normalised such that the highest peak in each

pattern was set to 100% intensity. TiCx was clearly identified in the patterns, and the remaining peaks
appear to be based on the 312 MAX phase structure.
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the unidentified phase are much more intense here. If it is assumed that the peaks at 7.9°, 16.0° and
24.0° 26 correspond to the (002), (004) and (006) planes respectively, the c-axis lattice parameter has
expanded to 22.3 + 0.1 A (c.f. 18.557 A for Ti;AIC,) [178].

16.2.2 Microstructural examination of the cross-section

The four edges of the cross-section were examined, and corrosion appeared to be more severe than
sample A. However, the mass loss was lower than sample A, which may indicate removal of material
from sample A. The longer sides, the faces of which were polished to 1 um prior to corrosion, showed
significant corrosion to depths between 300-400 pm for one of the faces and 160-240 um at the opposite
face. The shorter sides, the faces of which were polished to 3 um, showed less corrosion to depths
between 60-120 um on the one face and 80-160 um on the opposite face.

The less corroded longer side is shown in Figure 250. The morphology is similar to that observed
for sample A, but the thickness of the reaction layer is greater. At higher magnification, the same layered
structure and exfoliation of planes could be seen. The surface appears to be less rough, which further
suggests that some spalling occurred with sample A.

The cross-section of the more heavily corroded longer side is shown in Figure 251. An additional
phase with darker grey contrast can be seen between the bulk material and the outer corrosion layer.

Y det | WD mag [ |mode | spot
5.00 kV [vCD |9.6 mm | 1 000 x | None | 5.0

Figure 250 — BSE image showing a general overview of the cross-section of the less corroded longer
side of sample B, which was polished to 1 pum prior to corrosion.
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Figure 251 — BSE image showing a general overview of the cross-section of the more heavily
corroded longer side of sample B, which was polished to 1 yum prior to corrosion.

HY
500kV|vCD|9.6 mm|1500x |None| 5.0

Figure 252 — Higher magnification BSE image of the inner corrosion layer observed in Figure 251.
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The outer corrosion layer has the same morphology of the corrosion layers observed previously for
samples A and B. The surface has clearly roughened significantly.

(a) EDS layered image

(E) Cl Koz (f) K Ka (g) 0O Kot
Figure 253 — EDS maps (image width ~200 um) showing the location of elements in Figure 252.
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A higher magnification image of the inner corrosion layer is shown in Figure 252, and corresponding
EDS maps are shown in Figure 253. Chlorine is present in significant quantities in the dark grey phase
and does not overlap well with the maps of titanium, aluminium, carbon and oxygen. Potassium appears
to overlap in some locations, but not all. Considering lithium is not detected by EDS, it is possible that
this phase contains lithium. However, the sample was polished in water, so it is unlikely that this phase
is simply LiCl and KCI. The point analysis at location 3 shows that a significant fraction of titanium is
still present in this phase, despite its lower intensity in the EDS maps. The morphology could therefore
be indicative of titanium metal which has been removed from the MAX phase and is undergoing
reaction with the chloride salts.
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17 Appendix G — X-ray photoelectron spectroscopy

XPS was performed on the pristine material and sample A exposed to as-received salt at 600°C for
125 h (8 6.1.1). Depth profiling was achieved by ion beam etching. The pristine material contained
oxide layers on the surface which mostly disappeared after etching. The survey scan of the corrosion
layer indicated numerous contaminants were present. The extent of depth profiling was limited but
revealed interesting results. A single 150 pum diameter point was examined for the pristine material, and
four 700 um by 300 um rectangles were examined for the corrosion layer.

17.1 Analysis of pristine material

Table 48 shows the surface composition measured for a cross-section of the sample before and after ion
beam etching, which was used to better understand the bonding environment of the pristine MAX phase
material. The sample was initially etched for three hours, then etched for a further two hours due to the
continued presence of oxygen and adventitious carbon, despite using the most aggressive ion beam
available with 5 keV Ar* ions. In the unetched material, Ti(1VV) and Al(lIl) were observed which
disappeared after etching, indicating the presence of oxides which form as a passive film when TisAIC;
is exposed to air. After etching, the data shows that titanium and aluminium in TizAIC, are metallic
(oxidation state 0); however, there is a significant quantity of Ti(ll). It is possible that Ti(ll) is formed

Table 48 — Surface composition of a cross-section of a sample of TisAlIC,, showing the bonding
environments of a pristine MAX phase.

Unetched After 3 hours etching After 5 hours etching
Binding Binding Binding
Component | Energy/ Composition | Energy/ Composition | Energy/ Composition
eV / at.% eV / at.% eV / at.%
530.4
0] 532.5 22.4 530.7 19.3 530.7 18.2
534.3
Ti(0) 454.4 2.4 454.4 15.4 454.3 16.9
Ti(ll) 455.6 3.4 455.6 15.7 455.5 16.4
Ti(1V) 458.7 0.6 N/A N/A N/A N/A
C-C,C-0 286.0 59.1 285 16.8 285 11.1
289.3
Carbide 281.7 5.1 281.6 22.7 281.6 26.1
Al(0) 72.1 5.1 73.1 10.1 73.2 11.3
A1) 74.6 1.9 N/A N/A N/A N/A
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Tz

18] Name  Pos. FWHM
Ti2p 45438 1.17 LF(0.76,1.5,55300) 120.60 2473
46048 2867 LF(0.76,1.5,55300) 6030 1234

Ti2p 45556 348
18] Ti2p 460.01 3.06
Ti2p 45868 123

46483 123

L.Sh. Area  %Area

GL(30) 172.60 3538
GL(30) 8630 1766
GL(30) 3224 660
GL(30) 16.12

Ti(0) 2p1/2

Ti(0) 2p3/2

Ti(II) 2p3/2

460
Binding Energy (V)

Figure 254 — X-ray photoelectron spectrum of titanium in the unetched bulk of a sample of TisAlC..

by ionisation due to the high energy of the ion beam, although this would lead to a charge imbalance.
Alternatively, TiO may be present on the surface because the levels of oxygen were still high. None of

this oxygen appeared to be associated with the remaining adventitious carbon.

The spectrum for titanium in the unetched material is shown in Figure 254. Three bonding
environments are observed, corresponding to Ti(0), Ti(ll) and Ti(IV). The asymmetry of the Ti(0) 2pas
peak is indicative of its metallic properties. After etching, the Ti(IV) peaks disappeared.

The spectrum for aluminium in the unetched material is shown in Figure 255. Two peaks are visible
in the expected locations for aluminium metal (usually ~72.6 eV [194]) and aluminium oxide (usually
~74.6 eV [194]). The aluminium oxide peaks disappeared after etching. Whilst the peak intensities are

Al2p

45]

404

35

cPs

304

Name Pos. FWHM L.Sh.
Al2p 7462 2.06 GL(30) 27.86 72.60
72.11 0.90 GL(30) 10.50 27.40

Area  %Area

72
Binding Energy (eV)

Figure 255 — X-ray photoelectron spectrum of aluminium in the unetched bulk of a sample of
TisAlC,.
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Name Pos. FWHM
C1s

L.Sh.
28164 0.84 LF(0.76,1.5,55.300)
28508 4.25

Area

Y%Area
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Figure 256 — X-ray photoelectron spectrum of carbon in the bulk of a sample of TisAIC; after etching

for 3 h.
low relative to the background, their locations in the expected positions combined with the expected
chemistry of the material confirms their presence.

The spectrum for carbon after 3 h etching is shown in Table 29. The sharp, asymmetric peak is

characteristic of carbide. The presence of C-C bonds after etching is unusual as all adventitious carbon
should have been removed, although it may be carbide derived carbon [153].

energy peaks disappeared after etching, leaving just the metal oxide peak.

O1s

The spectrum for oxygen in the unetched material is shown in Figure 257. The two higher binding

T
540

T
536

T
532
Binding Energy (eV)

Figure 257 — X-ray photoelectron spectrum of oxygen in the unetched bulk of a sample of TizAIC,
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17.2 Survey scans of the corrosion layer
The surface composition of each of the four points is summarised in Table 49. Sulfur and phosphorus
were present as sulfate and phosphate respectively. Nitrogen, iron and copper were also unexpected
elements. However, the elements detected agree well with those detected by EDS. High resolution scans
were conducted for all elements except P, S and Cu and are discussed in the following section.

Table 49 — Elemental compositions (in at.%) from survey scans of four areas of the corroded sample.

Area| C N O] Al P S Cl Ti Fe Cu
1 557 13 321 13 10 02 18] 30 36 <0.1
2 392 08 465 11 13 04 25| 25 58 <0.1
3 495 12 384| 11 10 03 18] 21 46 0.2
4 5565 11 329| 11 08 03 19| 24 37 02

17.3 High resolution scans of the corrosion layer
The binding energy and elemental compositions for the titanium 2p spectra are summarised in Table
50. The Ti(0) peak belongs to the pristine MAX phase and the Ti(IV) peak most likely represents TiOx.
TiO2 is known to form on the surface of TisAIC; [38], so the high fraction of Ti(IV), despite the absence
of TiO; in the GAXRD patterns, is attributed to the surface sensitivity of XPS. The Ti(ll) peak is most
likely due to TiO, as postulated for the pristine sample. However, there is a possibility it belongs to a
Ti-C-Cl phase, as observed by EDS of the cross-section.

Table 50 — Binding energy (in eV) and elemental composition (in at.%) of the bonding environments
for Ti 2p in the corrosion layer. The first binding energy for each pair is the 2ps» peak, and the second

is the 2p1» peak.
Ti(0) Ti(ll) Ti(1V)
Area
eV  at% | eV at% | eV at%
1 4548 229|456.1 31.8|4585 453
460.9 460.9 464.2
2 4547 159 |455.7 3254585 51.6
460.8 461.7 464.2
3 4547 13.2 | 4557 4511|4584 417
460.8 461.7 464.1
4 4549 243 |456.1 29.1|4585 46.6
461.0 462.1 464.2
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The Al 2p spectra represented aluminium oxide, with no aluminium metal observed. As for titanium,
aluminium at the surface of TisAIC; is known to oxidise to Al,Os [38], so the sole presence of
aluminium oxide is attributed to the surface sensitivity of XPS. The binding energies of the 2ps;, peaks
were 74.4,74.2, 74.1 and 74.2 eV, and those of the 2p1, peaks were 74.8, 74.7, 74.6 and 74.6 eV.

The position of the chlorine peaks was consistent with a metal chloride. The 2ps/, peaks were located
at 198.6, 198.4, 198.4 and 198.4 eV, and the 2pi, peaks were located at 200.2, 200.0, 200.0 and
200.0 eV. Neither lithium nor potassium were detected in the survey scan, although lithium may be
difficult to detect. Aluminium and titanium chlorides would be unlikely to be present after exposure to
air at room temperature; AlICI; and TiCls are gaseous at the exposure temperature, and TiCls readily
reacts with oxygen and moisture to form oxide and hydrochloric acid [44]. Therefore, the peaks may be
consistent with a stable Ti-C-Cl phase with Ti-Cl bonds.

The binding energy and elemental compositions for the carbon 1s spectra are summarised in Table
51. Only a small fraction of the carbon peaks represent carbide; the majority is adventitious carbon.

Table 51 — Binding energy (in eV) and elemental composition (in at.%) of the bonding environments
for C 1s in the corrosion layer.

Area Carbide C-C/C-H C-0 C=0/COs*

eV at% | eV at% | eV at% | eV  at%
1 282.0 2.7 | 285.0 85.3|286.5 7.8 | 288.8 4.1
2 281.9 3.312850 744 |286.7 13.1]|288.7 9.3
3 281.9 292850 79.0]286.7 11.1]|288.8 7.0
4 282.2 2.7 | 285.0 85.7|286.5 7.5 | 288.8 4.2

The binding energy and elemental compositions for the oxygen 1s spectra are summarised in Table
52. The high concentration of metal oxide is expected from the titanium and aluminium spectra. The
amount of C-O carbon is insufficient to account for amount of C-O oxygen, suggesting that carbonate
or metal hydroxide is also present. The spectra for iron suggest that iron hydroxide is present, fitting
well with this observation. It is also possible that carbonate may have formed in the molten salt by
reaction of metal oxide with dissolved carbon dioxide if air was able to enter the system.
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Table 52 — Binding energy (in eV) and elemental composition (in at.%) of the bonding environments
for O 1s in the corrosion layer.

Area Metal Oxide | C-O/ COz*/M-OH | C=0/H,0
eV  at% eV at.% eV  at%
1 530.0 404 531.5 46.6 | 533.0 131
2 530.0 416 5315 46.2 | 5329 122
3 530.0 411 5315 45.9 1 533.0 131
4 530.0 413 5315 472 1533.0 115

The binding energy and elemental compositions for the iron 2p spectra are summarised in Table 53.
Neither Fe(0) nor Fe(ll) were observed, and the peak positions matched those for Fe(lll) but were
slightly shifted relative to Fe;Os. Based on the oxygen 1s spectra, it is likely that a hydrated iron oxide
is present, i.e. FeO(OH). There is a possibility that FeCls was present, although the amount of chlorine
was not sufficient to account for all the iron.

Table 53— Binding energy (in eV) and elemental composition (in at.%) of the bonding environments
for Fe 2p in the corrosion layer.

Area Fe(l) Fe(l11) split | Fe(l11) satellite

eV  at% | eV at% eV at.%

1 7106 351 | 7120 545| 719.2 10.4
724.1 726.1 733.2

2 711.2 679 |7142 153| 7188 16.9
724.6 727.8 733.3

3 711.2 658 |7144 180 | 7194 16.2
724.7 727.9 733.2

4 7109 7227132 158 | 7194 11.9
724.6 727.3 732.8

The nitrogen 1s spectra indicated both C-N bonds and metal nitride were present. The binding
energies and compositions are shown in Table 54. Nitrogen can substitute into many carbide and nitride
structures with minimal change to the XRD patterns, so it is difficult to know which metals have formed
nitrides. The C-N environments are components of the adventitious carbon.
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Table 54 — Binding energy (in eV) and elemental composition (in at.%) of the bonding environments
for O 1s in the corrosion layer.

Nitride C-N
Area
eV at.% eV at.%
1 396.8 479 |400.3 521
2 396.5 45.8|400.0 54.2
3 396.7 63.7]399.9 36.4
4 396.6 67.9|400.2 32.1

17.4 Depth profiling of the corrosion layer

lon beam etching was used to collect spectra of the corrosion layer at different depths. The filament
failed after two etches so limited data was collected. The elemental compositions at the three depths are
summarised in Table 55. The amount of carbide and nitride increased whilst the amount of adventitious
carbon decreased as the depth increased, with the C-X peaks decreasing in area for the carbon, oxygen
and nitrogen spectra. The decrease in the C-O oxygen 1s peak may also indicate a decrease in hydroxide
concentration. Additionally, the Ti(ll) peaks disappeared and Fe(ll) peaks started to appear. Overall,
this shows a loss of the species which formed or deposited at the surface of the sample after exposure
to air.

Table 55 — Elemental compositions (in at.%) for the X-ray photoelectron spectra obtained by etching
the corrosion layer with an ion beam.

Depth | C N ®) Al P Cl Ti Fe

0 431 11 412| 32 09 31| 20 54
1 249 16 457 | 24 20 46| 42 147
2 228 18 473] 27 20 47| 23 164

319



320



18 Appendix H — Corrosion of Maxthal 312: Additional Results

18.1 As-received salt, 600°C, 125 h, sample B

18.1.1 Glancing Angle X-ray Diffraction

The GAXRD patterns between 0.5-10.0° w are shown in Figure 258, normalised relative to the (121)
and (301) peaks of 5-Ni.Si. The phases identified are the same as those observed for sample A, although
there is an unidentified peak at 47.2° and no peak at 28.0°. This peak may represent Si but was difficult
to identify. The SEM images of the cross-section show that Ni has penetrated fairly deep into the
material. The stoichiometric ratio of transition metal to silicon in Ni.Si is four times greater than that
of TiSiy, so replacement of Ti with Ni may have led to significant amounts of free Si. There are various
other phases which have peaks in locations which overlap with those of the phases identified, including
MgO and MgCs.
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Figure 258 — GAXRD patterns for a sample of Maxthal 312 which was exposed to as-received KME

at 600°C for 125 h. The patterns were normalised relative to the (121) and (301) peaks of Ni.Si. The

Ti3SiC, and TiCy peaks decrease in intensity towards the surface of the sample, whereas the MgTiO3

and Mg(SiO.) peaks increase in intensity. There is an unidentified peak at 47.2° which may be due to
Si.
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HV det mag EI mode | spot ‘
20.00 kV |vCD 89 mm | 5000 x | None | 5.0 Sorby Centre

a) backscattered electron image

(b) Ti K (19.3at.%) () Si Ko (5.7at.%)

d) Mg Kaz and Kez (13.0at.%) e) O Ku (61.1at.% (f) Ni Koz (0.6at.%)
g

Figure 259 — BSE image and EDS maps showing a general overview of the surface morphology of a
sample of Maxthal 312 which was exposed to as-received KME at 600°C for 125 h.
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(a) BSE image

(b) Ti K (28.1at.%) () Si Kz (5.0at.%)

(d) Mg Kq1 and Kq (7.1at.%) (e) O Ku (50.8at.9%) (F) Ni Koz (3.6at.%)

Figure 260 — BSE image and EDS maps of a large nickel silicide particle on the surface of a sample
of Maxthal 312 which was exposed to as-received KME at 600°C for 125 h.
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18.1.2 Microstructural examination of the surface

Figure 259 provides a general overview of the surface morphology. Numerous phases are visible,
and individual phases are difficult to distinguish. The elemental composition of the EDS map indicates
that there is a very high fraction of O at the surface. Figure 260 is a BSE image of a particle of nickel
silicide.

18.1.3 Microstructural examination of the cross-section

Figure 261 provides a general overview of the surface layer. Again, Ni has reacted with the Si in the
sample. Compared to sample A, Ni appears to have diffused to a much greater depth, ~95 um, and the
surface is much rougher.

Figure 262 is a BSE image showing a more detailed view of the edge of the sample. Ni has diffused
along the grain boundaries and reacted with the TiSi, phase. Additionally, the surface has roughened
significantly, and grains appear to be breaking away. The morphology of the smaller grains may indicate
the formation of titanium carbide.

et A =y Py pe—r) ‘
Figure 261 — BSE image showing a general overview of the alteration layer of a sample of Maxthal
312 which was exposed to as-received KME at 600°C for 125 h.

324
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20.00 kV[vCD 9.6 mm |10 000 x | None | 5.0

Figure 262 — BSE image showing a detailed view of the outer edge of the corrosion layer of a sample
of Maxthal 312 which was exposed to as-received KME at 600°C for 125 h.
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