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1. Summary

Metal borides are a class of refractory materials with a set of thermomechanical properties that
make them well-suited for applications in extreme environments, most notably their high thermal
conductivities and their high melting points. In addition to this, the unique nuclear properties of
boron make metal borides interesting materials for the nuclear industry as well: boron has two
naturally occurring isotopes, with one being a strong neutron absorber (and widely used in this role
in the nuclear industry) and the other being substantially neutron-transparent, and with well-

established supply chains for its isotopic separation.

Thus, metal borides represent a class of materials with adjustable neutron opacity and which are
able to conduct and dissipate heat, including that which is generated inside their bulk by nuclear
reactions, with potential applications as fuels or fuel additives for fission reactors, and for shielding

materials for fusion reactors.

However, the most established route of preparation of many metal borides is still the direct reactive
melting of boron and the respective base metal, in a process that — while conceptually simple — is

usually energy-intensive and challenging to scale-up.

In this work, uranium and tungsten borides are discussed, respectively, for use in fission and fusion
reactors, in particular uranium diboride (UB2) and ditungsten pentaboride (W2:Bs). Uranium
diboride is envisioned as a component for a composite Advanced Technology Fuel (ATF) concept
in which UB: particles are dispersed in a UO2 matrix to improve its thermal conductivity and its
uranium density and to act as intrinsic burnable absorbers. Ditungsten pentaboride is envisioned as

a potential shielding material for compact fusion reactors of the spherical tokamak-type.

New synthetic routes to uranium and tungsten borides have been tested and optimised with the
support of thermodynamic modelling. All known borides of uranium (UB2, UB4, UB12) have been
prepared from the borocarbothermic reduction of uranium dioxide (UO2) with boron carbide (B4C),
carbon (C), and diboron trioxide (B203). The synthesis route has been shown to be capable of
reliably producing UB: with purities between 90% and 95% (on a heavy metal basis). An analogous

process has been used to produce three different borides of tungsten (W.B, WB, W:Bs) from



tungsten trioxide (WOs3), obtaining products with purities greater than 99% (on a heavy metal basis)
in the case of WB and W:Bs.

Several thermodynamic models have been used to predict and describe the chemical interactions of
UB.. In particular, contact interactions of UB, with materials relevant to the nuclear industry have

been assessed and experimental data on the oxidation of UB> have been successfully interpreted.

A preliminary assessment of the burnup chemistry of UB2 was performed using data from neutronic
simulations, describing the possible behaviours of major irradiation products and suggesting that

excessive fragmentation of boron may challenge the stability of the UB, matrix.

Solid solutions of UB; and ZrB; have been prepared as surrogate materials for UB, doped with Zr
produced by fission events, measuring the lattice distortion associated with the inclusion of Zr in the

crystal lattice.

Finally, a possible path to the preparation and testing of the ATF composite fuel concept is

presented, outlining the extant research needs.



2. Introduction

2.1. Advanced Technology Fuels for fission reactors

The goal of Advanced Technology Fuels (ATFs) fuel for fission reactors is to provide enhanced
performance in power generation, accident tolerance, or both, when compared to conventional UO>
fuel, although trade-offs which decrease the current safety margin of UO: to increase the
performance during normal operation are deemed unacceptable, according to the “do no harm”
principle [1]. A widely used metric to define accident tolerance is the coping time, defined as the
time that can elapse between a severe accident and outside intervention before the reactor pressure

vessel is rendered permanently inoperable by catastrophic failure of the fuel assemblies [2].

As for the improved performance in power generation, minimizing the refuelling downtime of a
nuclear reactor is crucial in improving its availability, capacity factor and economics. Most of the
current and prospective designs of commercial nuclear power reactors operate on a batch principle,
thereby requiring to be periodically shut down to replace the spent fuel assemblies with fresh ones
[3]. The CANDU [4], AGR [5], and RBMK [6] designs are notable exceptions in that they allow

online refuelling.

The time that can elapse between two refuelling outages is directly linked to the amount of energy
that can be safely extracted from a batch of nuclear fuel, which depends in turn on the quantity of
fissile atoms contained in the batch itself and on the extent of burn-up that the fuel material and its
cladding can withstand before their properties are excessively degraded [7]. Degradation of the fuel
may lead to its premature failure and to unplanned outages, which are even more detrimental to the
economics of the reactor due to their sudden nature and to the need to procure backup generation on
the electrical grid to replace the output of the reactor.

The approach to improving economics must therefore focus on increasing the absolute amount of
energy that is available in the fuel and on increasing the durability of the latter with respect to its
operating conditions. These effects may be attained, respectively, by acting on the neutronic
properties of the fuel, with a greater inventory of fissile material in the fuel assemblies, or by acting
on its materials properties, with a fuel-cladding ensemble which is able to withstand more severe

damage or which, alternatively, operates in milder conditions.



The two possible approaches in the improvement of the performance of the current nuclear fuels are
outlined below, although their separation is far from sharp owing to the intricate interplay of

phenomena that characterise the operation of nuclear reactors.

2.1.1. ATFs: the neutronics approach

The possible methods that can be used to increase the amount of fissile material in a given core

volume are:

- increasing the enrichment of fissile isotopes in the fresh material;
- increasing the volume fraction that is dedicated to fuel,
- using fuel materials with high densities of fissile atoms;

- increasing the breeding ratio.

The increasing trend in construction costs of nuclear power stations after the Three Mile Island
accident in 1979 [8], due to increased plant complexity and regulatory delays, put growing
economic pressure on maximising their operability, thus making higher-enrichment fuel
economically viable, despite the higher cost. After 2009, moreover, several factors contributed to
significantly decrease the cost per SWU (Separative Work Unit) to produce enriched uranium [9],
further encouraging the development of fuel and reactor concepts relying on higher enrichments for
greater operability: the reduction in general demand due to the 2009 Great Recession; the reduction
in nuclear fuel demand due to the Fukushima accident in 2011; the retirement of enrichment plants
based on the gaseous diffusion technology in favour of the far less expensive centrifuge technology.
The consolidation of Russia as a major supplier of enriched uranium, holding 46% of the global
enrichment capacity as of 2022 [10], also played a notable role in driving down the prices, both
owing to its state-owned and heavily subsidised enrichment industry and to the downblending of
highly enriched weapons-grade uranium through the Megatons to Megawatts program [11].
However, the strong international tensions resulting from the invasion of Ukraine by Russia in 2022
in the context of the Russo-Ukrainian conflict and the Russian strategy of using the energy
dependence of other countries to its advantage [10] have resulted in concerns for the security of
supply of enriched uranium, with uncertainty fostering speculation and volatility in the uranium

enrichment market [12].



From a neutronics perspective, a higher enrichment will result in a greater reactivity of the fuel at
the Beginning Of Life (BOL). Integral Burnable Absorbers (IBA) have thus been developed to
flatten the reactivity profile of higher-enriched fuel throughout the fuel cycle, which at this point

can be longer than the one of its lower-enriched counterpart [13].

Furthermore, high-performing IBAs in PWR fuel may allow for a reduction in the concentration of
boron in the primary coolant water and the related issues regarding positive void coefficient [14],
neutronic anomalies from the precipitation of borates (such as axial offset anomalies) [15], plant

complexity, operating costs, and corrosion of reactor components [16].

IBAs have been introduced in the fuel material as coatings [17], solid solutions [17], or inclusions
of secondary phases [18,19]. The neutronic performance of IBAs improves with the extent of their
dispersion in the fuel material, until a homogeneous dispersion — in the ideal limit of a solid
solution — is reached [20]. In fact, the localization of coating-based IBAs in the high-flux region of

the pellet’s rim limits the duration and the magnitude of their reactivity-flattening effect [21].

Gadolinium oxide (Gd>03) is widely used as an IBA in solid solution with UO> both in PWRs and
BWRs [22]. However, mixing of UO> and GdOz is not without consequences and usually results in
a material with a lower thermal conductivity [23] and a lower melting point [24] when compared to
pure UO2 whereas, as shown in Section 2.1.2, a high thermal conductivity is desirable in a nuclear
fuel [25]. Moreover, non-fissionable IBAs displace heavy metal atoms and therefore require a

higher enrichment to achieve set values of burn-up and power density in a given core design [17].

Coatings are advantageous in that, for a given reactivity modulation, they displace the least amount
of fissile material but, being applied to the surface, return a less homogeneous neutron flux profile
across the pellet when compared to the other two technologies. A prominent coating technology is
the Integral Fuel Burnable Absorber (IFBA) developed by Westinghouse [26], consisting of a
zirconium diboride (ZrB:) coating applied to UO> pellets.

Ideally, dispersions of particles would retain at least part of the neutronic homogeneity advantage of
the solid solutions, while at the same time avoiding to negatively affect the thermal properties of the

UO: matrix that surrounds them, although. In fact, depending on the thermal conductivity of the



dispersed phase and on the quality of the thermal contact at the interface, the thermal conductivity
of the resulting composite could be increased. This phenomenon justifies the rationale for UO;
additives such as diamond (C iamond)) [27] and beryllium oxide (BeO) [28], which are chiefly

intended as thermal conductivity improvers.

While decreasing in cost as an option, however, increasing the enrichment of nuclear fuel, may
require a reassessment of the criticality limits of the existing fuel enrichment and manufacturing
plants, as well as fuel handling procedures [29], potentially leading to decreased throughput. Thus, a
strategy not involving an increase of the enrichment level would entail modifying the density of
fissionable atoms in the volume of the core that is dedicated to the fuel. The density of heavy metal
atoms depends on the substances that constitute the fuel material and on its smeared density — that
is, the ratio between the mass of fuel that is actually enclosed in the cladding and the mass that
could be contained in the same volume without any voids, gaps and pores. It must be noted that, in
order to mitigate the adverse effects of fuel swelling under irradiation (which negatively affect fuel
durability) [30] and to improve the retention of fission products, [31], less-than-full densification
may be desirable in fresh fuel. It is therefore worthwhile to investigate materials with an

intrinsically high uranium density.

Moreover, despite the higher concentration of fissile atoms, high-density fuels have a lower
beginning-of-life reactivity and do not require as much burnable absorbers as higher-enriched,
lower-density fuels thanks to the “fertile poison” effect of 233U, which is in turn present in greater
amount as well [32]. The enhanced breeding in the early phase of the burn-up will help in providing
increased reactivity in the later stages of the power-generating cycle, thus flattening the reactivity
profile. It is also worth noting that the breeding ratio increases with the heavy-metal-to moderator
ratio and, for a given core geometry, a higher-density fuel will increase the utilization of the fertile

isotopes [33].

2.1.2. ATFs: the materials approach

The possible methods that can be used to enhance the relative durability of the fuel are:

- reducing the severity of the operating conditions;



- changing the material and the thickness of the cladding to increase its thermal, mechanical,

and chemical resistance.

The reduction in the severity of the operating conditions is closely linked to an increase in the
thermal conductivity of the fuel: a higher thermal conductivity would allow for a shallower
temperature gradient for a given value of the heat flux and of the cladding outer temperature (and
thus reactor power). The shallower temperature gradient granted by a higher thermal conductivity
would allow the fuel to operate at a lower average temperature, leading to a number of desirable
effects [34]:

reduced rate of the temperature-dependent release of fission products;
- reduced rate of chemical corrosion reactions on cladding;

- reduced pellet strain resulting from thermal expansion;

- reduced amount of thermal energy stored inside the fuel;

- increased margin to centre-line melting.

The release of fission gases in the plenum of the fuel rod is highly detrimental to fuel durability, due
to pressurisation of the cladding (leading to ballooning, which may cause the obstruction of a
coolant channel, or bursting in accident conditions [35]) and to corrosion by chemically reactive
fission products, such as iodine [36]. Moreover, the rate of the chemical and physical processes

associated with corrosion increases with temperature.

Thermal expansion is also crucial in determining the severity of the Pellet-Cladding Mechanical
Interactions (PCMIs) [36], as the expansion of the fuel pellets across the cladding gap and against
the inner wall of the cladding determines the pressure that is applied to the cladding. Moreover,
differential thermal expansion of the pellets due to the thermal gradient (with the centre expanding
more than the rim) will cause cracking, which will decrease the thermal conductivity and further

increase the temperature gradient.

The thermal energy stored in the fuel is one of the components of the total energy stored in the core
(which also comprises the mechanical energy due to pressurisation and the chemical energy
associated with possible chemical reactions among the contents of the core) and should be

minimised according to intrinsic safety principles [37].



The margin from the centre-melting of the fuel material is a crucial part of the Defence-In-Depth
design strategy [38]: the solid form of the fuel is the innermost barrier of containment for
radioactive materials and its efficacy would be drastically diminished by its melting. Furthermore,
in its molten state, fuel is generally more mechanically and chemically aggressive towards the

cladding that encases it, thereby endangering the second-innermost barrier of containment [39].

It is also worth noting that part of the greater reactivity margin that some fuels may offer (as seen in
Section 2.1.1, mostly at BOL for conventional fuels with higher enrichment and throughout the life
cycle with high-density fuels) may be expended by accepting a greater neutron penalty from the
cladding — either from increasing its thickness or by using materials not as neutron-transparent as

zirconium alloys — in exchange for improved thermal, mechanical and chemical resistance [1].

With fewer neutronic constraints, the cladding could be designed to be more resistant in both
normal and accident conditions, with a longer useful life, a reduced risk of fuel failures (and thus of
unplanned outages), and increased accident tolerance. However, the parasitic neutron absorption
may still be detrimental towards the end of the fuel cycle, especially for the fuels relying on

increased enrichment rather than high density.

2.1.3. Fuel materials combining high heavy metal density and high thermal conductivity

The currently most used fuel materials for commercial nuclear reactors in the world are based on
uranium dioxide (UO>), featuring exceptional thermal and chemical stability, and the capability to
accommodate additives and fission products into its crystal lattice. UO»-based fuels owe part of
their success also to the relative ease with which they may be handled and fabricated. On the other
hand, the thermal stability of UO: is really invaluable in conjunction with its poor thermal
conductivity, which results in steep radial temperature gradients across the fuel pellets and in high

centre-line temperatures.

As Section 2.1.1 and 2.1.2 outlined the beneficial effect of high heavy metal density and high
thermal conductivity for nuclear fuels, Table 2.1 illustrates a set of uranium-bearing substances
which outperform UO> under both aspects and which may be candidate materials for the fabrication
of ATFs.



Table 2.1: Uranium density and thermal conductivity of several substances compared to UO:..

Substance Uranium density Thermal conductivity
at 298 K (nat. U) 298 K 1000 K 1500 K Source

uo; 9.66 g/cms [40] 8 W/m-K 3W/m-K 2 W/m-K [41]
UB: 11.69 g/cmz [42] | 33 W/m-K 24 W/m-K 27 Wim-K [43]
uc 12.95 g/cms [44] 21 W/m-K 21 W/m-K 22 Wim-K [45]
UN 13.53 g/cms [46] 12 W/m-K 17 W/m-K 20 W/m-K [45]
UsSiz | 11.31g/cms [47] | 10 W/m-K 22 W/m-K 28 W/m-K [48]

U 19.10 g/cms [40] 24 W/m-K 40 Wim-K N.A. (melts) [49]

It must be noted that these values of thermal conductivity refer to the pure, unirradiated substances.
The overall thermal conductivity of most materials results from the sum of three components: one
associated with heat transfer due to lattice vibrations, one associated with heat transfer due to
electronic conduction, and one associated with heat transfer through thermal radiation [50]. The
thermal radiation contribution usually only becomes relevant at very high temperatures (for
example, the thermal conductivity of UO- can be accurately described up to 3120 K by models that
consider only the vibrational and electronic contributions [51]), while both the vibrational and
electronic contributions can be negatively affected by crystal lattice defects caused by irradiation
and by the inclusion of fission and transmutation products in the crystal lattice, both of which are
closely associated with fuel burn-up [52]. The advantage in thermal conductivity of the non-oxide
fuel material candidates of Table 2.1 over UO> must therefore be weighed against the consistency
with which such an advantage can be maintained in reactor conditions, requiring extensive

irradiation campaigns and post-irradiation examination for an in-depth understanding.

Moreover, in the case of ceramic materials, the vibrational contribution to thermal conductivity
usually decreases with temperature owing to phonon scattering, while the electronic contribution
increases with it (unlike the case for pure metals, where this terms remains roughly constant), owing
to the increased mobility of charge carriers [53,54]. For the uranium ceramics reported in Table 2.1
the combination of these effects results in a convex curve of the thermal conductivity against

temperature, with higher values at the temperature extremes and a minimum at intermediate values.




For UB; this minimum of thermal conductivity is located at 874 K [43], while for UO; it is located

at approximately 1900 K [41].

Furthermore, substances with a more closely spaced lattice (inevitably linked to a higher uranium
density) usually exhibit higher diffusivities for defects and smaller lattice cavities to host the atoms
resulting from fission or decay. This is especially relevant for gaseous species such as He, Kr and
Xe, which are poorly accommodated inside metallic fuels and can diffuse to form bubbles or escape
the fuel matrix [55]. However, since diffusivity (and thus the rate of release of fission gases)
increases with temperature, a fuel with higher uranium density and higher thermal conductivity than
UO2 may actually offer improved performance in the retention of fission gases, as verified

experimentally in the case of UN compared to UO; [1].

The main obstacle to the usage of non-oxide fuels is their sensitivity to oxidation, which is expected
to be significantly greater than that of UO> and is reflected both in the exothermicity and in the
favourability of their oxidation reactions, as shown in Table 2.2 (the values were calculated as

described in Section 3.1)

Table 2.2: Reactions with oxygen, their variations in enthalpy (referred to O2), and their equilibrium

constants for selected uranium substances

Substance Reaction ARrH® at 1000 K K., at 1000 K
Uo: 3 UOz ) + Oz29) — UsOs ) -110.7 kd/mol O 2.3-10%
UB:2 UB2 ) + 3 O2¢) — UB20s ) -774.6 ki/mol O 2.3.10%
uc 6UC+1102(q) — 2U30s)+6 CO (g | -618.3 ki/mol O, 2.6-103%
UN 6 UN (5 +8 02— 2 U30g () + 3 N2(g) -620.2 kJ/mol Oz 3.6-10%

UsSiz UsSiz () + 6 O2(q) — UzOg (g + 2 SiO2 s) -831.7 kd/mol O 7.6-1023
U 3U +4 02 — UsOsg) -823.7 ki/mol O 7.6-10%64

There are two possible routes towards the mitigation of this flaw, with the first one being employing
these fuel materials in reactors which do not use oxidising coolants, thus ruling out their application
in LWRs; liquid metals and helium may be suitable coolants in this respect and, with many reactor

designs using them having fast neutron spectra and higher operating temperatures than LWRs, the
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high heavy metal densities and the high thermal conductivity of the candidate fuels would be

exploited in full.

However, the development of ATF candidates cannot be separated from considerations on the
practicality of their preparation, handling, and disposal and any performance advantages that they
may grant must always be weighed against the scalability of their production process and the costs
of their development and production [56]. Compatibility with existing or planned reactor designs is

also a key requirement to achieve a high Technology Readiness Level [57].

Thus, to attain compatibility with existing LWRs, it could be conceivable to disperse particles of
non-oxide uranium ceramics inside a chemically inert matrix that would protect them from the
surrounding oxidising environment. This matrix could be constituted by a refractory ceramic
(CERamic-CERamic composite, CERCER) [58,59] or by a refractory metal (CERamic-METal
composite, CERMET) [60,61].

It is worth noting that the matrices of CERCER and CERMET fuels are often chosen from a range
of materials with a relatively high thermal conductivity (e.g. MgO or SiC for CERCERs — 11
W/m-K [62] and 61 W/m-K [63] at 1000 K, respectively [62] — and W or Mo for CERMET - 120
W/m-K [64] and 110 W/m-K [65] at 1000 K, respectively), thus acting as effective heat sinks for
the heat-generating particles that they encase. The inert surrounding matrix would also provide an
additional barrier layer to the release of radionuclides, an advantage which may be relevant in the
preparation of targets for the irradiation and transmutation of highly radiotoxic transuranic isotopes
and which may provide a suitable highly stable waste-form for direct geological disposal after
irradiation [66]. However, the dilution of the high-density fuel in the inert matrix would defeat the
purpose of the high-density ceramic itself by lowering the smeared density of heavy metal in the
fuel material. In fact, the main application of the current proposed CERMET or CERCER
composites is in fast reactors, where the matrix is used to overcome the limitations in the chemical
and physical properties of otherwise neutronically attractive targets [67] and CERCER fuels are

often found to compete poorly with the current, highly optimised UO»-based fuels [68].
However, if UO; is chosen as the matrix material, a performance advantage could be gained by a

CERCER composite with respect to bulk UO:. Ideally, the UO, matrix would retain its exceptional
thermal, mechanical and chemical stability while protecting the particles from the oxidising coolant,
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while the particles would increase the overall thermal conductivity and uranium density of the
composite. ATF concepts of this kind, with UN [69] and UsSi> [70] dispersed in a UO2 matrix, have
been manufactured for testing. Experiments in flowing synthetic air demonstrated the effectiveness
of the UO2 matrix in protecting uncoated UN particles up to loading fractions of 10% [71].

Using a linear combination approach for the uranium density and the model of elaborated by
Maxwell for the thermal conductivity of composites [72], it is possible to gain an approximate
understanding of the performance advantage associate with the dispersion of non-oxide uranium
ceramics inside a UO2 matrix.

Maxwell’s model for thermal conductivity refers to identical spherical particles of thermal
conductivity k, uniformly dispersed with a volume fraction ¢, in a matrix with thermal
conductivity k,,, with the overall thermal conductivity of the composite k. being described by

equation 2.1:

/ 30, \ 2.1

kc:km'\” K, + 2k /
(kp_km)_(pp

Maxwell’s model assumes infinite dilution of the dispersed phase (i.e. no thermal interaction
between neighbouring particles) and ideal thermal contact at the interface between the guest
particles and the host matrix [73]. However, it was found to describe well the behaviour of
composites up to values of ¢, up to 25% [72]; furthermore, the limit of infinite dilution makes the
model insensitive to the size of the particles, thus making it highly versatile in a preliminary
analysis.

It is also worth noting that Maxwell’s model can also successfully describe the effect of porosity on
a solid matrix by considering the pores as a dispersed phase with negligible thermal conductivity; it
is possible to rearrange equation 2.1 by imposing k,, = 0 and introducing a shape factor o to account

for non-spherical pores, thus obtaining the Maxwell-Eucken equation [74]:

1— ¢, 2.2
ke =l <1 + (0 — 1)<pp>

Where ¢, is the volume fraction of pores and o =% corresponds to the case of spherical pores.
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Figure 2.1 shows the theoretical improvements in thermal conductivity at 1000 K (indicative of the
smeared fuel temperature in current LWRs [75]) and in uranium density of a composite based on a
UO; matrix as a function of the volume fraction of the dispersed phase for UB2, UN, and UsSiy,
which are assumed to be introduced as kernels, as calculated from equation 2.1 and the values
reported in Table 2.1. It is worth noting that other particle shapes may optimise heat transfer and
thus increase the overall thermal conductivity of the composite, especially if they are aligned along

the expected direction of heat transfer [76,77].

For a loading fraction of 10%, kernels of UB2, UN, and UsSi, could be expected to increase the
thermal conductivity up to 22.6%, 19.4%, and 21.8%, respectively, while the uranium density
(assuming the same level of densification between the UO, matrix and the guest ceramics) will
increase by 2.1%, 4.0%, and 1.7%. Given the highly non-linear nature of nuclear reactors, these

seemingly trivial enhancements may actually lead to significant improvements in fuel performance.

L L I L L L B L L L 9""I“"I""I""I""
0 5 10 15 20 25 0 5 10 15 20 25

0, (%) b, (%)

Figure 2.1: Calculated improvements in thermal conductivity at 1000 K (left) and uranium density
(right) of UO- as a function of the volume fraction of dispersed kernels of UB2, UN, and UsSio.
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2.2. Uranium borides as materials for nuclear fuels for fission reactors

Among the three materials shown in Figure 2.1, UB> showed the highest improvement in thermal
conductivity and the second-highest improvement in uranium density. Moreover, its content of
boron makes UB> uniquely suited to act as both a high-performance additive and an IBA [43]. In

fact, two main isotopes of boron exist in nature, with the properties outlined in Table 2.3.

Table 2.3: Abundances and properties of the two naturally-occurring isotopes of boron.

Isotope Abundance Thermal neutron capture cross section (0.025 eV)
1og ~ 20%* [78] 3870 barn [79] via [80]
i ~ 80%* [78] 0.0055 barn [79] via [80]

* The isotopic abundance of naturally occurring boron can vary even by a few percent points depending on its

geological history

Having two main natural isotopes in comparable abundances, with notably different neutron
absorption properties and established isotopic separation procedures [81], the isotopic composition
of the boron in UB2 may be tailored to tune its properties between those of a high-performance fuel

and a high-performance burnable absorber [18].

Three congruently melting uranium-boron compounds are known: uranium diboride (UBz), uranium
tetraboride (UB4), and uranium dodecaboride (UB12). The phase diagram of the B-U system is
presented in Figure 2.2, as reported by Okamoto [82], while the crystal lattice properties of UB»,
UB4, and UB1> are reported in Table 2.4 . The three structural types of UB2, UB4, and UB1> have
been reported to allow for deviations in their stoichiometry, often in the form of a defective boron
sublattice. Martel et al. reviewed the available literature on uranium borides and prepared samples
of the three borides by arc melting of elemental uranium and boron, with the three samples having
stoichiometries of UB1.7s, UB3e1, and UBx11.19, respectively, as measured by mass spectrometry [83].
The tendency to mainly exhibit hypostoichiometry of boron is supported by the computational work
of Burr et al. [21], which shows a significantly higher energy of formation for uranium vacancy
defects (and thus a far less thermodynamically favourable process for their formation) as opposed to
boron vacancy defects; in fact, based on the reaction energies reported, it is likely that any excess
boron in a UB2+x structure would rather be accommodated by formation of boron-rich sub-phases,

such as UBg.
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Table 2.4: Crystallographic properties of UB,, UB4, and UBx>.

Substance SSS‘S; a b c o | P Y Fsgltncléll?s Ref.
UB: P6/mmm | 3.1302 A | 3.1302 A | 3.9878 A | 90° | 90° | 120° 1 [42]
UB4 P4/mbm | 7.0753 A | 7.0753 A | 3.9008 A | 90° | 90° | 90° 4 [42]
UB12 Fm3m | 7.4750 A | 7.4750 A | 7.4750 A | 90° | 90° | 90° 4 [42]

The properties of the three uranium borides are summarised in Table 2.5 together with those of
ZrBy, a prominent boron-based IBA, as seen in Section 2.1.1. Uranium tetraboride (UB4) has
already been used as a burnable absorber in the form of particles dispersed in a UO, matrix. Fuel
pellets containing UBs-based IBA particles were produced as part of the NERO program, involving
research on nuclear marine propulsion for the Otto Hahn merchant ship, with UB4 being chosen
over the other borides owing to its high boron content and high melting point [84].

The fuel pellets containing the UB4 dispersion were noted to have experienced a lower average
temperature, demonstrating the concept of improving the thermal conductivity of UO> with borides
[84].

When compared to ZrB: in their capacity as IBAs, the borides of uranium have the advantage of
displacing minimal fuel in the case of UB4, or even having a net increase in fuel inventory, in the

case of UBy, as shown in Table 2.5 .

It must be noted that the thermal conductivity of boride-based IBAs may also be negatively affected
by burnup with the production of intrinsic, compositional and microstructural defects, deriving
respectively from radiation damage, the transmutation of U and °B (the latter fragmenting into "Li
and “*He [85]), and the formation of cracks and gas bubbles [86]. The release of helium would also
lead to an increase in the internal pressure of the fuel rods, thus increasing the likelihood of

cladding ballooning and failure [35].
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Figure 2.2: Phase diagram of the B-U system

Table 2.5: Relevant properties of unirradiated UO2, UB2, UB4, UB12, and ZrB..

Uranium density | Boron density at ) ) Thermal conductivity
Substance Melting point

at 298 K (nat. U) 298 K (nat. B) (298-1000 K)
UO2 9.66 g/cm?® [40] - 3120 K [41] 8-3 W/m-K [41]
UB: 11.69 g/cm®[42] 1.06 g/cm® [42] 2703 K [87] 33-24 Wim-K [43]
UBs4 8.00 g/cm?[42] 1.45 g/lcm?® [42] 2768 K [87] 15-22 W/m-K [43]
UB12 3.79 g/cm® [42] 2.06 g/cm? [42] 2418 K [87] 13 W/m-K at 298 K [88]
ZrB; - 1.17 g/cm® [89] 3245 K [90] 127-77 Wim-K [91]
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Moreover, since !B is an excellent neutron moderator [92], having a lower atomic mass than *2C,
UB, may be potentially unsuitable as a fuel for fast reactors due to excessive softening of the

neutron spectrum.

2.3. Synthesis of uranium borides

All uranium borides can be prepared via reactive melting of elemental uranium and boron through
reaction 2.3 [42]:
Uag+nB s — UBngy) 2.3

With n =2, 4, or 12. The process above is indicated for research applications and has the advantage
of introducing minimal impurities of elements other than U and B in the final products. However,
the industrial scale-up of the process would be quite challenging due to it being energy-intensive
and presenting safety concerns regarding the handling of pyrophoric metallic uranium powders
[93]. Moreover, while it is possible to achieve good homogeneity of the final product after one
single melting cycle [43], with the process being diffusion limited, it is likely that multiple
crushing-and-remelting cycles of the products may be required for larger batch sizes [42].

Uranium boride has been obtained by Lupinetti et al. [94] through the metathesis of uranium
tetrachloride (UCls) and magnesium diboride (MgB>), carried out at a temperature of 850 °C, as

described in reaction 2.7:

UCls ) + 2 MgB2 (s) — UBa 5) + 2 MgClz s) 24

With the resulting magnesium chloride (MgCl2) being removed by washing with water. However, a
reaction with a lower-than-stoichiometric ratio of MgB: only resulted in an incomplete process with

no formation of UB,, indicating that this process may not be suitable for its production.

Schlesinger et al. reported that UB4 could be one of the decomposition products of uranium
borohydride (U(BH4)4) [95], although no conclusive crystallographic identification was performed.
Uranium borohydride is prepared from the reduction of uranium tetrafluoride (UF4) with aluminium

borohydride in reaction 2.7:

17



UF4 ) + 2 Al(BH4)3 1) — U(BH4)a s) + 2 AI(BH4)F2 () 2.5

With uranium borohydride decomposing exothermically if heated according to reaction 2.6:

U(BHa)a ) = UBa(s) + 8 Hz (g 2.6

It is worth noting that this was likely not investigated as a way to produce UBg4, but, rather, an
unintended reaction of uranium borohydride, which, being one of the few volatile uranium
substances known in the early 1940s, was envisioned as a possible material to be used in the

gaseous enrichment of °U before the UFs process was established [96].

On an industrial scale, metal borides are usually obtained through the reduction at high temperature
(> 1000 K) of the corresponding metal oxide with suitable boron compounds and other reductants.
Examples include elemental boron (B), boron carbide (B4C), diboron trioxide (B2Oz), carbon (C),
magnesium (Mg) and their combinations, defining classes of reactions named borothermic (reaction
2.7), borocarbothermic (reactions 2.8 and 2.9), and metallothermic [97-99]. For simplicity, the

reactions below refer to the dioxides MO; as starting material:

MOz ) + (n + 2) B (55 — MBh (5) + B202 (g) 2.7
MOz ) + HTH B4C sy = MBhn ) + Y B202 () + 2 B203 19) + HTH CO 2.8
n 3 3 29
MO: () + 5 B0z )+ (2 + ;n) C—o>MBnet+(2+ ;n) CO () :
MOz (5 + - B20s ) + (2 + 3;”) X© = MBng+(2+ 3;”) X0 2.10

Where X in reaction 2.10 represents a reducing metal (usually Mg).

Larroque et al. prepared UB4 from reaction 2.8:
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7UO2¢6) +8B4C sy = 7 UBs) + 2 B203(1,9) + 8 CO (g) 211

UB1, has been prepared by Paderno et al. from the borothermic reduction of UO; at 1500 °C,
performed under vacuum [100]. No details on the status of the volatile products were provided, but

it is likely that B.O> was the main species among them, in reaction 2.12

UO2 ) + 14 B (5) — UB12 ) + B202 (g 2.12

It is apparent how reduced boron species (B, B4C) act as both sources of boron and as reductants in
reactions 2.7 and 2.8. For practical applications, however, the role of reductants should be
transferred as much as possible to less expensive materials, such as carbon. Compared to the
metallothermic reduction, the reduction with carbon has the advantage of not having to remove the
metal oxide that forms, as the by-product of the reaction is gaseous CO.

The potential of the borocarbothermic reaction is well-exploited in the preparation of UB4 as
reported by Guo et al. [101], through the modification of reaction 2.8 with the addition of carbon:

UO2 ) + B4C 5+ C (5 = UB4(5) + 2 CO (g) 2.13

Noting that B4C can be produced by the reaction between B>0Os and C (a process that represents its

main industrial production route [102]) in reaction 2.14:

2B2030y+7C (55— BsC ) + 6 CO (g 2.14

Reaction 2.13 could then be seen also as a modification of reaction 2.9, where appropriate amounts

of B2O3z and C have been replaced by B4C.
UB:> was prepared by Turner et al. [34] with the contribution of the Author via the borocarbothermic
reduction of UO> to UB: in reaction 2.15, mirroring one of the methods by which ZrB: is prepared

industrially [99]:

2 U025+ BsC (55+3C ) > UB2s) +4 CO (g 2.15
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The understanding and the optimisation of this reaction are one of the main subjects of this thesis.

2.4. Scope of the thesis: building towards a concept for a UB2-UO> composite

fuel pellet

One Advanced Technology Fuel (ATF) concept that is envisioned as a potential application of UB:
consists of a pellet composed of a UO2 matrix in which particles of UB; are dispersed, as illustrated
in Figure 2.3. The shape and the size of the pellet would be compatible with current reactor designs
(i.e., a cylinder with its diameter and height in the 8-12 mm range) and the particles would have

dimensions in the 0.5-1.5 mm range.

The particles of UB2 may be coated with refractory metals or ceramics [18] in order to reduce their
chemical reactivity towards the matrix and the inner wall of the cladding during normal operation
and towards the coolant during severe accident conditions. While adding complexity to the
manufacturing process and a neutronic penalty during reactor operation, the coating would
nonetheless also provide an additional barrier for the containment of part of the fuel’s radioisotope

inventory.

.o ouo,
el mu,

Figure 2.3: Conceptual representation of the proposed ATF pellet.
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This thesis aims to address several of the knowledge gaps in the development of the composite fuel

pellet, i.e.:

- Is it possible to prepare UB, from UO2 with an industrially scalable and economical

process?

- What is the chemical reactivity of UB> towards common materials in the nuclear industry
and in oxidising environments?

- What is the chemical behaviour of fission products in UB,?

- Does the thermal expansion coefficient of UB; allow for its integration in the UO2 matrix?
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3. Methodology

3.1. Thermodynamic modelling

The thermodynamic modelling of a chemical process is crucial in exploring and optimising possible
pathways towards the synthesis of a chemical compound.
The variation in Gibbs free energy AGrxn(p, T) associated with a chemical process is a widely used

metric to evaluate its thermodynamic behaviour and is defined as follows:

AGryxn(P,T) = AHpyn(p, T) — T - ASpyn(p, T) 31

Where AHgyy(p,T) and ASgpyn(p,T) are the associated variations in enthalpy and entropy,
respectively, both depending on pressure p and temperature T [103]. A chemical process with a
negative variation in Gibbs free energy is thermodynamically favourable and should occur

spontaneously if allowed by reaction Kinetics.
The variations in enthalpy and entropy can be calculated as follows through equations 3.2 and 3.3:

AHpynyH(p, T) = Z G AHf,i(P' T) 32

ApxnS(p, T) = Z ¢ Si(p,T) 3.3

Where c; is the stoichiometric coefficient of the i-th species in the reaction being considered,
AHy(p, T) is its molar enthalpy of formation and S;(p, T) its molar entropy. Products have positive

coefficients, while reactants have negative coefficients.

The available values for the molar enthalpy of formation and the molar entropy of chemical
substances are usually referred to a temperature of 298 K and a pressure of 1 bar, meaning that
corrections are required in order to account for their dependence on temperature and pressure

should the process being considered occur in different conditions. The thermodynamic state
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corresponding to 1 bar is referred to as the “standard state” and the thermodynamic functions are

denoted by the superscript "®" (e.g. H®(T), S°(T), G°(T)).

Enthalpy and entropy are defined by the following equations in differential form:

dH = dQ + Vdp 3.4
ds = erev 3.5
T

Where Q,., is the reversibly exchanged heat, V is the volume of the system and p its pressure.
Many chemical reactions occur at constant pressure, so that dp is equal to zero. This means that, for
a given pure substance, the reversibly exchanged heat in an infinitesimal step going from state A to
state B is equal to its heat capacity at constant pressure C,, multiplied by the infinitesimal variation

in temperature dT. This allows us to rewrite equations 3.4 and 3.5 as:

dH = C,dT 3.6
g5 = Gl 3.7
T

At constant pressure, H and S — and therefore G — only depend on temperature. Integration of
equations 3.6 and 3.7 between states A and B affords equations 3.8 and 3.9, respectively:

Tp 3.8
H(Tg) — H(Ty) =f Cp(T) - dT

Te C (T 3.9
S(Tg) — S(Ty) = f ”T(, ). ar

C, depends on temperature, as explicitly stated in the equations above. While such a dependence

could be neglected in the case of a small variation in temperature, it might become significant over
broader ranges of temperature.
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Enthalpy H and entropy S are thermodynamic functions of state, meaning that the change in their
value only depends on the initial and final states and not on the path taken to go from one to the

other (i.e., kinetic considerations are excluded).

Assuming that pressure is set at 1 bar (and therefore H(p, T) and S(p, T) are at their standard value)
and the temperature of the initial state is 298 K, the corrected values for H®(T) and S®(T) can be

obtained through equations 3.10 and 3.11:

T
HG(T) = H2998K + f Cp(T,) - dT, 3.10

298 K

ToC(T 3.11
P

SG(T) = 529981( + f 7
298 K T

The C,(T") function for a given substance can be obtained by fitting the measurements of the molar

heat capacity of a pure sample at different temperatures. In order to avoid ambiguity between the

upper bound of integration at temperature T, the integration variable has been denoted as T'.

There are various possible expressions for the fitting function C,(T"), with a class of them being
represented by Shomate’s equation and its variants. The original equation was devised in 1954 and
only had three parameters due to computational limitations at the time [104]. In a very general form,
the associated variations in standard enthalpy H®(T) and standard entropy S°(T) as functions of

temperature can be calculated as follows from equations 3.12 and 3.13:

. z 1,1 .1 3.12
AHRXN(t)z Cl(Alt+§Blt +§Clt +ZDlt —?+F1+Mlln(t)—(2t2)
- )
(3-t%)
1 1 ; M; N; 3.13
= . ZC 24 2p, 43—t -t
ASEan(D) = ) e (Adn(D) + Byt +5C 12 +3D; -t Tt TG

- (41-3?:4))
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Where c¢; is the stoichiometric coefficient of the i-th species. Products have positive coefficients,
while reactants have negative coefficients.

Temperature is used in a reduced form t, which is equal to T /1000, where T is the thermodynamic
temperature expressed in kelvins. This is done so that the coefficients are kept in a reasonable range
of orders of magnitude and are readily comparable to understand their relative weights. The
numerical values resulting from the calculations have units of kJ/mol for enthalpies and of J/mol-K

for entropies.

The numerical values of coefficients A through P for all the chemical species were collected from
the available literature and adapted as needed (e.g., by converting the coefficients into the
appropriate units or combining data from multiple sources). The sources and the numerical values

used in the calculations are detailed in tables of thermodynamic coefficients.

When one of the reactants or of the products is not in its the standard state, its Gibbs free energy

changes according to equation 3.14:

AG;(K;, T) = AG®(T) + RT - In(a;(K;, T)) 3.14

Where R is the universal gas constant expressed in the appropriate units (e.g. 8.314 J/mol-K [103]),
Ki is a vector the components of which define the thermodynamic state of species i (i.e. total
pressure, concentration of i, and concentrations of any other species that may interact with i) and a;

is a function of the thermodynamic state called the activity of i.

For ideal gases, the activity is equal to the ratio between the pressure of the gas and the standard

pressure, as shown in equation 3.15:

pi) 3.15

p°

AG(p;,T) = AG®(T) + RT - In (

25



For real gases, pressure is replaced by fugacity by multiplying the pressure ratio by the fugacity
coefficient, which is derived from empirical measurements.

For pure solids and liquids, the activity in the standard state is set at 1, so that the logarithm in
equation 3.14 becomes zero. The effect of pressure on the activity of condensed phases is usually
very small and can be neglected (i.e. < 1%) at pressures below 10 bar [105]. For ideal mixtures of
solids and liquids (i.e., solid solutions and liquid solutions), the activity of a component is equal to
its molar fraction in the mixture, while for non-ideal mixtures coefficients derived from empirical

measurements are used to multiply the activity.

In this work all reactions are expected to occur at relatively low pressure and all condensed phases

are assumed to be pure or to behave as ideal solutions.
Combining together equations 3.1, 3.2, 3.3, and 3.14 we obtain equation 3.16:

AGruy(K,T) = BGExy (1) + ) ¢+ RT - In(a,(K, T)) 3.6

Which can be transformed into equation 3.17 using the properties of logarithms:

AGrxn(f,T) = AGRyy(T) + RT - In (H(ai(Ki, T))Ci) 3.17

The product inside the logarithm is called quotient of reaction and is usually indicated with Q. It
represents the ratio between the product of the activities of the products and those of the reactants,

each raised to the modulus of its stoichiometric coefficient. Considering a process of the type

3.18
NA+mB—-dX+eY
Q can be written as:
B ad - aé 3.19
S al-am
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At chemical equilibrium, the Gibbs free energy of reaction is zero, so that equation 3.17 can be

rearranged as:

3.20
AGEyn(T) = —RT - In(K,,)

Since the value of Q is univocally defined at equilibrium, this value is called the equilibrium
constant of the reaction, Keq. Recalling equation 3.17 and combining it with equation 3.20 we can
write:

0 3.21
AGRXN(fI T) = RT ) ln <_>
Keq

So that the variation in Gibbs free energy will be negative (and the reaction will be

thermodynamically favourable) if Q < Keg.

For a reaction occurring among condensed phases but with a single gaseous product, of the type

indicated in reaction 3.22:

NAg+mBe—-dXg+eY( 3.22

The expression of the reaction quotient is equal to the activity of the gaseous product Y if the
condensed phases are assumed to behave ideally. Thus, it is possible to calculate the equilibrium
partial pressure of species G above a reaction mixture. The reaction will proceed if the

instantaneous partial pressure is below the equilibrium value.
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3.2. Estimation of a lower bound to the reaction time for chemical reactions

with gaseous by-products

Condensed-phase reactions are of paramount importance in the preparation of ceramic materials.
Many of the chemical processes involved in the preparation of ceramics release gases which must
be removed in order to drive the reaction forward. While the kinetics of such processes can usually
be fully understood after a thorough empirical investigation, simple thermodynamic and mass
balance considerations allow an estimate of lower bound for the time at temperature of a chemical

synthesis of this kind.

In fact, these reactions cannot proceed faster than the gaseous by-products are removed. While the
removal of said products may not be the rate-limiting step in such a process, its rate defines the
upper bound of the overall reaction rate — and therefore, for a given amount of material, the lower

bound of the required reaction time.

Let us consider a process of the type described in reaction 3.22. Thermodynamics govern the
process and determine the equilibrium partial pressure of the gaseous species Y. Applying equation

3.20, the equilibrium partial pressure of Y at a given temperature can be calculated as

AG® 3.23
=l )
py(T) = p°® - exp S RT
Where py(T) is the partial pressure of Y, p® is the standard pressure (i.e. 1 bar), AG® is the standard
variation in Gibbs free energy associated with the process, R is the universal gas constant and T is
the thermodynamic temperature at which the process occurs.

As the reaction proceeds, a flow of gas Y with a molar flow rate n, will be established from the

reaction system to the volume of the furnace.

Let us assume that a flow of inert gas IG, with a molar flow rate 7, is used to remove Y from the
reaction environment and that the total pressure in the reaction environment is approximately 1 bar.
These conditions are representative of those of a tube furnace operating with an atmospheric outlet

and a slow-moving carrier gas.

28



Let us also assume ideal mixing between Y and the carrier gas and that a quasi-steady state is
established, with the reaction rate being constant and the partial pressure of Y constantly equal to its
maximum allowed value (i.e., the thermodynamic limit) throughout the whole reaction. These
assumptions represent the case in which the inert gas stream is completely saturated with Y, so that
the reaction can proceed as soon as a volume of saturated gas leaves from the outlet and is replaced
from fresh inert gas from the inlet.

It is worth noting that the assumption of ideal mixing between Y and the carrier gas maximises the

effectiveness of the removal of Y, thus making this case the upper bound to the reaction rate.

At the quasi-steady state, the molar fraction of Y in the outlet gas, Xy, is equal to the ratio of the

molar flow rate of Y to the total molar flow rate

n 3.24
Xy =——F—
Under the assumptions above, the total pressure in the furnace or reaction vessel used for the
synthesis is approximately equal to the atmospheric pressure (1 bar), so that the partial pressure of

Y can be written as the product between its molar fraction of Y and the total pressure p,im

Py = Xy * Datm 3.25

Combining and rearranging equations 3.24 and 3.25 we obtain equation 3.26, describing 7y as a

function of n¢, py, and paim

by 3.26

Ny =Ny ————
Patm — Py
For the reaction to proceed to completion, referring to reaction 3.22, e moles of Y must be released
per ¢ moles of product C obtained. If n. is the molar amount of product C that is expected from the

process, the lower bound to the reaction time ¢,y IS

) ne - (patm - pY) 3.27
NG " Py

Ne
yin ===
c Ny

e
c
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3.2.1. Example calculation

Let us consider the synthesis of zirconium diboride ZrB: in a tube furnace at 1200 °C under a flow

of argon, according to the following reaction:

272r02()+B4C 5y +3C (55— 22rB2) +4 CO 3.28

The details of the process are reported in Table 3.1. The value of AG® was calculated as detailed in

Section 3.1, while the partial pressure of CO at equilibrium was calculated with equation 3.23.

Table 3.1: Process and thermochemistry data for the sample calculation.

Process data Thermochemistry data

Temperature: 1200 °C AG*® at 1200 °C: + 142 kJ/formula

Furnace volume: 5 L CO equilibrium partial pressure: 0.055 bar
ar = 20 L/h at 20 °C (0.832 mol/h) Expected amount of ZrB5: 1.5 g (13.3 mmol)

The minimum reaction time at 1200 °C can then be calculated applying equation 3.27:

4 13.3mmol - (1 — 0.055) bar ) 3.29
tMIN == E - mmol - 055 h. - 33 min
832 n -0.055 bar

For the process conditions that we are considering, complete reaction cannot be achieved in less
than 33 minutes (neglecting any reactions that may occur during temperature ramping from room

temperature).
The methodology outlined above can be adapted to consider actively pumped vacuum furnaces if

the flow rate and the ultimate vacuum of the vacuum pump are known.

The methodology has been used in all synthesis work in Sections 4, 5, and 6.
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3.3.  Density Functional Theory (DFT) simulations

The Vienna Ab-Initio Software Package (VASP) [106,107] and the Phonopy [108] package were
used to simulate the thermodynamic properties of crystalline structures of interest using Density
Functional theory (DFT). The thus-obtained properties were used in order to supplement the values

available in the literature, with special attention to modelling the thermal expansion of UB..

VASP simulations were used to optimise the geometry of the crystalline structures of several
substance of interest and to calculate their binding energy per formula unit. For the VASP
calculations, the projector augmented wave (PAW) potentials [109] were used in conjunction with
the generalised gradient approximation (GGA) exchange correlation functional described by
Perdew, Burke and Ernzerhof [110].

In all calculations a convergence threshold of 10 eV was set for electronic minimisation, and a
threshold of 107 eV/A was set for geometric optimisation. The cut-off energy, representing the
highest energy of the plane wave in the basis set used to describe the overall electronic
wavefunction, was set to 550 eV for all calculations. A T'-centred k-point mesh, indicating the sites
at which the wavefunction is sampled in reciprocal space [111], was automatically generated for
each cell with VASP, specifying a constant k-point separation of approximately 0.04 A in
reciprocal space. Convergence tests were carried out with respect to the cut-off energy and to the k-
point density until subsequent increases resulted in changes that were smaller than 1 meV/atom. A
Gaussian smearing of 0.08 eV was used in the calculations. The smearing parameter ¢ simulates the
electronic temperature of the material (expressed in eV) and is used to define the occupancy of
electron states close to the Fermi level, facilitating numerical integration and convergence of the
VASP calculation, but at the price of slightly altering its result [112]. Representing a trade-off
between calculation speed and accuracy, ¢ was chosen with a convergence test in which its value
was increased up to the point at which the difference between the total electronic energy and the
electronic free energy (with the difference being representative of the alteration caused by the

smearing) was smaller than 1 meV/atom.
The crystalline structures of o-U [113], B [114], UB> [42] and UB4 [42] were taken from the

literature and relaxed under a constant pressure of 1 bar, allowing cell size, shape and volume to

change.
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No Hubbard correction was applied to account for electron localisation in U, UB2 and UBg, since
elemental uranium is metallic and experimental and computational data show UB> [115,116] and
UB4 [116] to have no gap between the valence and the conduction band. While the absence of the
band gap alone would not be sufficient to justify setting the value of the Hubbard parameter to 0
eV, the lack of electron localisation in UB: is also confirmed by the experimental observations of
Yamamoto et al., which found that many of the magnetic and electric properties of UB2 — including
its being a Pauli paramagnet [117] — are characteristic of those of a material with itinerant 5f
electrons [115,118] This methodology is consistent with the one used by Burr et al. [21] and by
Evitts et al. in their simulation work on UB> [119].

No Hubbard correction was applied for boron, either, since its effect is usually negligible for

elements containing only s and p electronic states [120].

The binding energy as calculated by VASP at 1 bar can be assimilated to the absolute standard
enthalpy of the substance at a temperature of 0 K, since no lattice vibrations are included in the
calculations.

Let E; be the binding energy per mole of a given compound i as calculated by VASP; its enthalpy of

formation at 0 K as derived by DFT, AHf_; ,pr, can therefore be calculated as the difference

between the binding energy of the substance and the sum of those of its constituent elements

3.30
AH/?—i,DFT(O K)=E; — Z G E;

Where ¢; and E; are, respectively, the stoichiometric coefficient with which substance j features in

compound i and its binding energy in its standard substance state.

The Phonopy package allows to include dependency on temperature in the calculations above by
using the quasi-harmonic approximation (QHA). Under the QHA, the potentials to which the atoms
in the crystal lattice are subjected are assumed to be harmonic for all values of the lattice
parameters, so that the force constants (on which the energy stored in the vibrational degrees of
freedom depends) can be calculated from a quadratic fit of the potentials against the relevant
degrees of freedom. The frequencies of the phonons depend in turn on the force constants and on
the wave vector associated to the vibrational mode through a dispersion relation of the general form

of equation 3.31:
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(Cq) - wi(q) 3.31

Where C is a vector containing all the relevant force constants as its components, q is the wave
vector, and w;(q) is the frequency of the i-th vibrational mode associated with wave vector q. The
dependency of the frequency on the force constants is omitted, as they are assumed to be constant
throughout the crystal lattice.

The dispersion relation of equation 3.31 cannot be classed as a function, since a single (C, q) pair
can be associated with multiple oscillation modes, with each mode corresponding to a phonon.
Phonons can be classed into acoustic and optical phonons, with acoustic phonons involving the in-
phase oscillation of the alternating nodes of the crystal lattice, while the oscillation is out of phase
in optical phonons. Optical phonons are thus named because in lattices composed of particles with
opposite charges (such as those of ionic solids) they generate dipoles in the material, allowing it to
emit and absorb electromagnetic radiation [121].

The energy E;i associated with a single phonon vibrational mode of frequency i associated with a
wave vector q is then calculated through equation 3.36 as that of a quantum harmonic oscillator:

Ei(q) = (n + %) hw;(q) 3.32

Where n is the number of phonons occupying the vibrational mode and 7 is the reduced Planck
constant.

The total vibrational energy E,;p.0:(T) of an extended lattice containing a large number of
oscillators and averaged over a long time (relative to the microscopic fluctuations) can then be
calculated as a function of temperature T through equation 3.33 as the sum of all the energies of
each phonon mode over all wave vectors q, with each wave vector being able to support multiple
modes (or branches), denoted with the subscript i, and with each vibrational mode being weighted

by its occupancy averaged over time, denoted as (n)(w;(q),T):

Evip,tot (T) = Z Z ((n)(mi(q), T) + %) Aw; (q) 3.33
q i

The average occupancy of each mode depends in turn on the energy of the mode itself as written in
equation 3.36 and on the temperature of the system, according to the Bose-Einstein statistic
described in equation 3.34:
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1 3.34

Where kj is Boltzmann’s constant.

It must be noted that, while harmonic potentials are reasonable approximations of the local shape of
a potential well in the immediate surroundings of its minimum, they are not able to accurately
reproduce the shape of heavily distorted potential wells or to capture the effects of asymmetry,
including — notably — that which is associated with crystal defects [122]. The QHA is therefore
unable to accurately reproduce the phenomenon of phonon-defect scattering, which shortens the
average lifetime of phonons in a material. With the phonon lifetime being correlated to thermal
conductivity, simulations of materials neglecting the phonon-defect scattering tend to overpredict
the thermal conductivity when compared to experimental data, as reported by Evitts et al. in their
study of the thermal conductivity of UB, [119].

In order to determine the force constants as functions of cell size, the relaxed unit cells obtained
from the first step were first uniformly rescaled along their dimensions to obtain a collection of
crystal cells with lattice parameters with lengths ranging between (1-x) and (1+x) times the original
ones. A value of x of 0.05 and a step size of 0.01 were used in the present work, obtaining a total of
11 scaled, relaxed unit cells, including the non-rescaled one (scaling factor = 1). The explicit,
manual alteration of the lattice parameters is required to simulate the phenomenon of thermal
expansion, as a molecular dynamic simulation of a harmonic potential would not result in the

change of the atomic positions in the lattice.

The rescaled unit cells were then expanded to build 4x4x3 supercells in the case of UB2 and 1x1x2
supercells in the case of UB4, containing respectively 144 and 60 atoms (referring to Table 2.4 for
lattice parameters and formulas per unit cell), from which the force constants were calculated with
VASP in constant-volume calculations by perturbing the position of individual atoms in the
supercell and thus sampling the potential. Performing this operation on supercells as opposed to unit
cells allows to reduce the effect of the perturbation on the overall simulated crystal lattice when
periodic boundary conditions are applied [123].

The expansion factors used to build the supercells and were chosen so that the values of the lattice

parameters of the supercell in the a and c directions would be roughly equal (as exemplified in
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Table 3.2 in the case of UB). The length matching between the a and c directions allows to
maximize the minimum distance between periodic images in all directions for a given supercell

volume, and thus minimize finite-size effects [123].

Table 3.2: Lattice parameters of the unscaled unit cells of UB> and of the resulting expanded

supercells.
a direction c direction
Unit cell lattice parameter (non-rescaled) 3.1302 A 3.9878 A
Expansion factor 4 3
Supercell lattice parameter (non-rescaled) 12.5208 A 11.9634 A

The force constants were input into Phonopy, which uses QHA to determine the energy of the
phonons associated with the lattice vibrations, which depends on the geometry of the crystal lattice
and on the average energy of the vibrating atoms (i.e., on temperature).

For a given substance, the calculated Gibbs free energy of its simulated cell or supercell will then
contain a term depending on the binding energy of the static lattice, E;gztice(V), Which in turn
depends only on the volume of the cell, and a term that depends on the phonon energy,

Epnonons(V, T), as described in equation 3.33, which instead depends on the volume of the cell

p
(through the shape of the potential wells in which atoms sit and on their force constants) and on the

temperature of the system:

GV, T) = Eigerice(V) + Ephonons(vf T) 3.35
The Phonopy package uses the collection of rescaled supercells to sample the Gibbs free energy as a
function of cell volume and temperature. Fitting of the Gibbs free energy of the sampling points as a

function of volume and minimisation of the fitting function allows to determine the equilibrium cell

volume as a function of temperature.
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A typical output of the Phonopy package is shown in Figure 3.1, where the free energy curves as a
function of volume for a series of temperatures are presented on the left, while the curve
representing the cell volume as a function of temperature (obtained by connecting the minima of the

curves on the left) is presented on the right.
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Figure 3.1: Typical free energy curves as a function of volume for a series of temperature (left) and

V(T) curve, as generated by Phonopy.

The phonon properties can be calculated from the equilibrium volume at each temperature,
including the heat capacity of the substance. The data points of the heat capacity values at different

temperatures can then be fitted to obtain a C,,(T) function analogous to those used in Section 3.1.

Applying equation 3.8 to equation 3.30 it is possible to calculate the enthalpy of formation at 298 K
of any simulated compound through equation 3.36, remembering that the heat content of its
constituent elements in their elemental form must calculated as well and subtracted from the result,
as shown in the qualitative thermodynamic cycle in Figure 3.2, where gy is the heat content of the
reactants and gp is the heat content of the products (the elements and the compound, respectively, in

the case of equation 3.36).

298 K 298K
0K 0K
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Figure 3.2: Thermodynamic cycle used to calculate the standard enthalpy of formation.

Equation 3.11 can be rearranged to obtain equation 3.37, which allows to calculate the standard
entropy at 298 K of the simulated substances:

o o 298KCP(T)
3298K:SOK+f —'dT 3.37

0K T

Knowing that the entropy of perfect crystals at 0 K is zero, according to the Third Principle of

Thermodynamics [103]:
S§x e 0 3.38

The method above was used to calculate the values of molar enthalpy of formation and molar
entropy of UB, and UB4 through DFT and QHA. The values were then benchmarked against the
available literature values, finding good agreement, as shown in Table 3.3. The agreement

suggested that other properties of the compounds were simulated reliably.
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Table 3.3: Calculated standard molar enthalpy of formation and standard molar entropy at 298 K for

UB> and UB4 and literature values.

AHS 548 i (kJ/mol) %98 k (J/Mol-K)
Substance
DFT Literature DFT Literature
UB: -169.6 -164.4 [124] 55.8 54.5 [124]
UBa4 -245.7 -234.2 [124] 67.8 68.4 [124]

Finally, the data points providing the equilibrium volume of the cell as a function of temperature
can be fitted to obtain a V(T) function, which can be differentiated to obtain the volumetric

expansion coefficient, ay, (T) according to equation 3.39:

10V
ay(T) = <ﬁ>p 3.39
Where subscript p denotes that the partial derivative with respect to temperature is taken at constant
pressure.

The DFT-QHA method described above assumes that the thermal expansion occurs isotropically, as
the lattice parameters of the cells are scaled uniformly. However, this treatment may not be
representative of the anisotropic, layered structure of UB2. The results of the isotropic thermal
expansion calculations are presented and discussed in Section 6.7, together with a modified

approach that allows for anisotropy.
The workflow of the DFT-QHA simulations is summarised in Figure 3.3, which shows how the

potentials and the crystal structures available in the literature are processed to obtain several

thermodynamic properties of the selected substances.
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Figure 3.3: Workflow of the DFT-QHA simulations.
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3.4. Synthesis and characterisation of materials

The experiments entailed the preparation of tungsten, uranium, and zirconium compounds via, high-
temperature, solid-state reactions. The reactants were mixed in powder form, reacted at high
temperature in furnaces, and mainly characterised via X-ray diffractometry (XRD).

3.4.1. Materials used

The reactants and auxiliary gases used in the synthesis experiments are detailed in Table 3.4.

Table 3.4: Suppliers and purities of the materials used in the synthesis experiments.

Material Supplier Purity
U3Os British Drug Houses Ltd (now Merck) 99.9% (metals basis)
WO3 Sigma 99.9% (metals basis)
B4C Sigma 98%
B203 Sigma 99.98%
C Merck 99.5%
N> BOC 99.998% (incl. Ar traces)
Ar BOC - Pureshield 99.998%
H2 in Ar (5% mixture) BOC- Specshield 99.9%
Synthetic air BOC 21.49% Oz in N2
Zinc stearate spray CRC Industries Ltd N.A.

3.4.2. Preparation of reaction mixtures

The reactants were weighed on analytical balances (division: 0.1 mg) in batches with a total mass of
approximately 1-5 g. Uranium work was carried out in an argon-filled, positive pressure glovebox
(Ap = 3 mbar; [O2] < 0.5 ppm; [H20] < 0.5 ppm, shown in Figure 3.4), while tungsten work was

carried out on an open bench.

The reactant with the smallest required mass was weighed first, so that the weights of the others

could be adjusted with greater relative precision to maintain the stoichiometric ratio.

40



For the uranium work, the reactant powders were pre-mixed in an agate mortar with an agate pestle
and subsequently dry-milled in a tungsten carbide jar using tungsten carbide balls (4 mm diameter,
with a powder-to-balls mass ratio approximately 1:15) at 150 rpm for 1 hour 30 minutes using a
Retsch PM100 planetary ball mill.

For tungsten work, the reactants were hand-ground together in an agate mortar with an agate pestle.

Figure 3.4: The positive pressure glovebox.
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3.4.3. Production of pellets

The powder mixtures of solid reactants for synthesis work were reduced into pellets for ease of
handling, to improve contact among the solid reactants, and, for radioactive materials, for ease of
containment and to reduce the risk of surface contamination and suspension in air from loose

powders.

For uranium work, the solid mixtures of reactants were then uniaxially compacted into pellets at a
pressure of 250 MPa in a 10 mm diameter stainless steel die (compacting force: 2 ton-force)

lubricated with zinc stearate spray.

For tungsten work, the solid mixtures of reactants were uniaxially compacted into pellets at a
pressure of 500 MPa in an 8 mm diameter stainless steel die (compacting force: 2.5 ton-force)

lubricated with zinc stearate spray.

3.4.4. High-temperature synthesis

The synthesis experiments were carried out in a Carbolite Gero alumina tube furnace (shown in
Figure 3.5) and in a Carbolite Gero tungsten-molybdenum-lined chamber furnace (shown in Figure
3.6). Both furnaces are electrically heated and can be run in atmospheres with low oxygen

potentials (inert or reducing gas for the tube furnace; inert or vacuum for the chamber furnace).
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Figure 3.6: The chamber furnace.
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3.4.4.1.  Tube furnace

The carrier gas in the alumina tube furnace could be chosen between high-purity argon or 5% Hz in
argon (see Table 3.4). The inner volume of the tube was estimated to be 5 L based on its linear
dimensions (80 mm inner diameter; 1000 mm length) and the flow rate of the carrier gas could be
adjusted by means of a flow regulator between 5 L/h and 20 L/h. Before each synthesis the furnace
was flushed for 1 h 30 m with carrier gas at room temperature at a flow rate of 20 L/h, meaning that
6 equivalent volumes of gas were delivered to displace the air. Treating the furnace like a
Continuous-flow Stirred-Tank Reactor (CSTR) [125], assuming ideal mixing in the tube and no
backflow through the exhaust, the residual oxygen content at the beginning of the temperature ramp

can be estimated as 0.054%, or 540 ppm using equation 3.40

[02](t) = [OZ]AIR ) e_% + [OZ]IG ' (]_ — e_%) 3.40

Where [0,](t) is the concentration of oxygen in the furnace at time t, [0,] 4,z is the concentration
of oxygen in air (assumed to be 21% [126]), [0,],¢ is the concentration of oxygen in the inert gas
(assumed to be 20 ppm, according to Table 3.4), and 7 is the average residence time in the furnace,
which is defined as the ratio between the volume of the furnace and the volumetric flow rate of the

gas and which has a value of 0.25 h in the present case. Equation 3.40 can be rearranged as follows:

[02]1(8) = ([02]41r — [02]16) - e_% + [02]56 341

The concentration of oxygen as a function of time, as calculated by equation 3.41, is plotted in

Figure 3.7 (in blue), together with the typical temperature profile of the early stages of a synthesis

experiment in the tube furnace (in red).
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Figure 3.7: Calculated oxygen concentration and temperature profile in the tube furnace during

purging and the initial heating phase of a typical run

It is worth noting that the model above represent the worst case for the residual oxygen content, as
it models the tube as a continuously-stirred tank reactor (CSTR); the other bounding case is the
approximation of the plug flow reactor (PFR), in which a single equivalent volume of gas would be
sufficient to completely displace the original air contained in the tube [125]. The CSTR model was

deemed more realistic owing to the long mixing time that the slow flow of gas allows.

For synthesis work in the tube furnace, ascending and descending ramp rates of 10 °C/min were

used across the whole temperature range.

Alumina crucibles (Almath Crucibles Ltd) were used for synthesis work in the alumina tube

furnace.

3.4.4.2.  Chamber furnace
The chamber furnace was fitted with a vacuum pump capable of providing an ultimate vacuum
pressure of 6-10° bar. The pressure in the chamber was monitored by means of a digital pressure

gauge with a division of 1 mbar. The accuracy of the pressure gauge was then estimated as half of
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the division, or 5-10™* bar. The residual pressure inside the vacuum chamber was therefore estimated
to lie between 6-10°and 5-10™ bar.

Before each synthesis, three vacuum-nitrogen cycles were performed to remove air from the
furnace; in each cycle, an additional pumping time of 1 minute was applied after the pressure gauge
read 0 mbar. Assuming that the impurities in the nitrogen purge gas are due to oxygen (see Table
3.4) and based on the ultimate vacuum of the pump, the residual concentration of oxygen at the

beginning of a synthesis in actively pumped vacuum was estimated to be between 1 and 10 ppb.

For synthesis work in the chamber furnace, ascending and descending ramp rates of 10 °C/min were
used below 1500 °C, while ramp rates of 5°C/min were used above 1500 °C.

A molybdenum crucible (Goodfellow) was used for synthesis work of UB; in the vacuum furnace,
given reports of adverse reactions of uranium diboride with alumina [127]. A zirconia crucible
(Almath Crucibles Ltd) was used as a barrier layer between the molybdenum crucible and the Mo-
W alloy of the bottom plate of the furnace in order to prevent diffusion bonding from occurring

between the two.

During early experiments, one UB, sample reacted with the bottom of the molybdenum crucible
and completely fused with it, leaving a coating which proved to be remarkably stable with respect
to prolonged contact with uranium borides. Based on the literature and thermodynamic data
discussed in Section 6, it is likely that the bottom layer of the crucible was composed of uranium
molybdenum boride (UMoB4).

Based on thermodynamic considerations again reported in Section 6, other crucible materials (e.g.
tantalum, graphite) were ruled out because of interactions either with their contents or with the

vacuum furnace’s tungsten lining and the thus-coated crucible was used for the synthesis of UB..

3.4.5. Analysis of materials through X-ray Diffraction (XRD)

Solid materials were analysed via X-ray diffractometry (XRD) using a Malvern Panalytical Aeris
Research Edition X-ray diffractometer, shown in Figure 3.8.
The powders to be analysed were ground in an agate mortar with an agate pestle and were placed on

a silicon zero-background holder. For uranium-bearing powders, the grinding of the powders and
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the loading of the sample holder were performed in the glovebox (see Section 3.4.2) and a Malvern
inset for air-sensitive samples was used, with a Kapton film separating the powder from the

environment.

The acquisition parameters were as follows:
- Cuanode — K, wavelength, with A = 1.5406 A
- step size: 0.01 ° 20;

- acquisition time: 49.725 seconds per step.

Phase analysis of the diffraction patterns was performed with the Malvern Panalytical HighScore
Plus software.
The relative uncertainty on the diffraction spacing d of the crystalline phases as measured by XRD

was calculated according to equation 3.42, obtained by differentiating Bragg’s law [128]:

Ad 0
|_ _ C(')S ) AQ 3.42
d sin (0)

Where 6 is the angle at which the maximum of the diffraction peak occurs and A@ is one half of the
step size of the diffractometer (expressed in ° 26).

The measurements of the lattice parameter were assumed to be uniformly distributed in the
(d — Ad; d + Ad) interval, giving rise to a rectangular distribution, for which the standard deviation

can be calculated according to equation 3.43 [129]:

1 |Ad 3.43
P
3 1d

Quantitative phase analysis, performed by the Malvern Panalytical HighScore Plus software, was
used to determine the composition of samples. Considering the limitations associated with the
quantitative analysis of mixtures containing substances with widely varying X-ray extinction
coefficients, only the relative composition of phases of similar chemical makeup was assessed; in
particular, only the heavy-metal containing phases were considered for quantification [128] and
phases containing only light elements (in particular boron oxides, boron carbide, and elemental

carbon) were excluded from the analysis when detectable.
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3.4.6. Analysis of materials trough Thermo-Gravimetric Analysis (TGA)

The mass change associated with chemical and physical changes of the materials was measured by
means of Thermo-Gravimetric Analysis (TGA) using a Netzsch Jupiter 449A F3 STA
(Simultaneous Thermal Analyser), shown in Figure 3.9.

An instrument-specific alumina cup with a volume of 3.4 mL (Netzsch) was used in the

experiments.

Figure 3.8: The X-ray diffractometer.
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Figure 3.9: The Simultaneous Thermal Analyser.
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3.4.7. Synthesis and characterisation of uranium dioxide

Uranium dioxide (UO2) was used as a feedstock in uranium work and was prepared from the
hydrogen reduction of UzOg powder (see Table 3.4). The UsOg powder was hand-ground in an agate
mortar in an Ar glove box and then pressed into a pellet with the method described in Section 3.4.3.
The pellet was then placed in an alumina crucible and fired in the tube furnace (700 °C, 2-hour
dwell, 10 °C/min ramping rate) under a flow of 5% H> in argon at near-atmospheric pressure. A

brick-red solid was obtained, as shown in Figure 3.10.

Only crystalline UO2+x (Fm3m)was detected by XRD analysis of the products, as shown in Figure
3.11. The lattice parameter of UO2.x was calculated to be 5.466 A from the Rietveld analysis.

The correlation between lattice parameter and hyperstoichiometry reported by Elorrieta et al. [130]
allowed to estimate its stoichiometry as UO20s. The slight oxygen hyperstoichiometry was
accounted for in the subsequent synthesis experiments; all written reactions refer to UO; for

simplicity and readability purposes.

The estimate of the degree of hyperstoichiometry was corroborated by TGA, with a sample of
UO.+x being oxidised in flowing synthetic air up to 400 °C. A flow rate of 100 mL/min of synthetic

air (BOC — see Table 3.4) and a heating rate of 5 °C/min were used.

The UO.+x sample was analysed in powder form, with a mass of 1.4860 g. The mass profile, shown
in Figure 3.12, registered a two-step mass increase, with the first step likely corresponding to
oxidation to UsOg and the second and final one to UzOg [131]. Only the mass plateau associated to
U30s (corresponding to a mass gain of 54.35 mg, or 3.66% of the original mass) was used to
estimate the degree of hyperstoichiometry of the initial sample, due to the plateau of U4Og not being
fully developed. The calculations returned a value of x = 0.05, considering reaction 3.44 as the

overall process:

3 UO24x () + (1 - %X) 02 (g) — Us0Os () 3.44
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Figure 3.10: UO2.x prepared from the hydrogen reduction of UsOg.
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Figure 3.11: Diffraction pattern of a typical sample of reduced UO2gs.
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Figure 3.12: Mass profile of the UO..x sample (in green) and temperature (in red) during the TG
analysis.
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4. Modelling and experiments on the synthesis of uranium borides

The possibility of being manufactured on a large scale and at relatively low cost is critical for the
success of a nuclear fuel. In this chapter, several possible synthetic pathways towards UB> from

uranium hexafluoride (UFg) and uranium dioxide (UO2) have been assessed for their feasibility.

UO:2 and UFs were chosen as starting points for their ubiquitousness in the nuclear industry.
Thermodynamic predictions on the favourability of the pathways (formulated with the methods
described in Section 3.1) and practical considerations on the possible industrial implementation

were considered in the assessment.

The thermodynamic assessment on the synthesis of UB> through the borocarbothermic reduction of
UO- was featured in a publication by Turner et al. [34].

The chapter contains the results of the experiments in the synthesis of the known borides of uranium
(UB2 UBg4, and UBz1) through the borocarbothermic reduction of UOx.

4.1. Thermodynamic modelling: synthesis of uranium borides by the

borocarbothermic reduction of UO;

As seen in Section 2.2, like other metal diborides, UB2 may be prepared from the borocarbothermic

reduction of the corresponding metal oxide.
2UO26) +B4Cs)+3C(s)— 2UB2 ) +4 CO (g 4.1

The Gibbs free energy of reaction 4.1 and any related sub-reactions depends on temperature T and
on the partial pressure of carbon monoxide pco in the reaction headspace. Using chemical
thermodynamics (see Section 3.1) it was possible to plot the composition landscape of a reaction
mixture intended for reaction 4.1 as a function of T and p., (Figure 4.1 — arrows only serve as a

guide to the eye).
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Figure 4.1: Predominance diagram of the thermodynamically stable condensed phases in a

stoichiometric reaction mixture intended for the borocarbothermic synthesis of UB..

Starting from a reaction mixture containing UO2, B4C, and C (Figure 4.1, zone A), as T is increased
and pco is lowered, UB3 is first produced according to reaction 4.2 (Figure 4.1, zones B and C) and
subsequently reacts with the remainder of the reaction mixture according to reaction 4.3 to afford
UB: (Figure 4.1, zone D).

UO2¢s) + B4C 5) + C (55 — UB4 ) + 2 CO (g 4.2
UB4 ) + UO2¢)+2C 5y — 2 UB2) + 2 CO (g 4.3
It has been reported that an excess of boron carbide improved the purity of the resulting product in
both the synthesis of UB. and UB4 [101,127], suggesting that evaporation of volatile boron
compounds occurs. Such a behaviour is common to the synthesis of borides and is usually ascribed

to volatile boron oxides [132]. To justify their presence in the reaction system, reaction 4.2 was

thought to be split in the following reactions:
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7UO2¢6) +8B4C sy = 7 UBs) + 2 B203(1,9) + 8 CO (g) 4.4

2B2030)+7C ) = BsCs) + 6 CO (g 4.5

Once reaction 4.4 becomes favourable (Figure 4.1, zone C), it kinetically competes with reaction

4.2 and produces B>O3 which may be lost to evaporation instead of taking part in reaction 4.5.

Alternatively, reaction 4.4 may be a necessary step in reaction 4.2, which may appear artificially
more favourable than its sub-reactions by being considered as the combination of two individually
favourable elementary steps. In fact, free transfer of free energy among different elementary
processes is not always (if seldom) allowed and their lumping may lead to inaccurate predictions.

The thermodynamic model predicts reaction 4.5 to be always favourable in the conditions in which
reaction 4.4 can occur; any B4C that forms will then react again according to reactions 4.2 and 4.4.
The work of Turner et al. demonstrated the feasibility of reaction 4.1, producing UB> with a purity
of 90-92% [34]. The work of Guo et al. [101] demonstrated the feasibility of reaction 4.2 by using it
to prepare UB4, while Larroque et al. used reaction 4.4 and its analogues to prepare UBa4, NpB4, and
PuB4 [133]. Reaction 4.5 represents the main method for producing B4C on an industrial scale
[134].

In this work, reaction 4.1 is further optimised, reaction 4.4 is replicated, and reaction 4.3 is explored

in detail for the first time.

4.2. Thermodynamic modelling: synthesis of uranium borides by the direct

conversion of uranium fluorides

Preparing UB: directly from uranium hexafluoride (UFg) would be considerably attractive from the
standpoint of commercial process simplification, as it would allow to avoid the production of UO;
as an intermediary. A few reactions are considered below to assess the feasibility of using as a
feedstock uranium hexafluoride or uranium tetrafluoride (UF4), which can be readily obtained from

UFs through reduction with hydrogen in reaction 4.6:
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UFs (g) + Ha () > UFa ) + 2 HF (g) 4.6
Reaction 4.6 is typically conducted at a temperature of 1500-2000 K, achieved by the concurrent
injection of Hz and F2 in the reaction environment, which combust exothermically in reaction 4.7
[135]:

Hzg)+ F2@ — 2 HF 4.7

Three sources of boron were considered in the following assessment: boron trifluoride (BFs),

elemental boron (B), and diborane (B2Hs), with the respective reactions outlined below:

UFs(5)+2BF3(g+5M ) — UB25) + 5 MF2 4.8
UFs (g + 2 BF3(g) + 6 Ha(s) = UB2(5) + 12 HF () 4.9
UFs ) +4 B () — UB2) + 2 BFs(g) 4.10
UFs (g) + 2 B2Hes () — UB2 (5) + 6 HF (g) 4.11

Some relevant properties of the reactants are noted in Table 4.1, namely their melting and boiling
points, their IDLH (Immediately Dangerous to Life and Health) thresholds, and any other notable
hazards.

The assessment for reactions 4.9, 4.10, and 4.11 was oriented towards reactions occurring in a
fluidised bed reactor (FBR) with the reactants in either gaseous form or as finely divided solids, in
conditions comparable to the current, well-established Integrated Dry Route (IDR) process used to
convert UFg into UO> [136]. This was done to maximise the transferability of technology between

the two processes.
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Table 4.1: Relevant properties of some proposed reactants for the conversion of UFs into UB>

IDLH toxicity
Substance Melting point Boiling point Other hazards
threshold
5 2360 K > 3930 K 592 mg/m? of B Explosive as a fine
[137] [138] in B203 [139] powder [140]
BF, 146.5 K 173.2 K 70 mg/m?® Corrosive, reacts with
[141] [141] [141] water [141]
BoHe 108.5 K 180.3 K 17 mg/m3 Explosive, reacts with
[142] [142] [142] water [142]
UFs 337.2 K at 152 kPa 329.6 K 15 mg/m?® Corrosive, radioactive,
(triple point) [143] | (sublimes) [143] [144] reacts with water [143]

In the IDR process, UFe is reacted in two stages with dry steam and with hydrogen to produce UO-

powder through reactions 4.12 and 4.13, conducted respectively at 673 K and 973 K [136]:
UFs (g) + 2 H20 (g) — UO2F2 5) + 4 HF (g 412
UO2F2 ) + H2 (55 — UO2 (5) + 2 HF (g) 4.13
The equilibrium constants for reactions 4.9, 4.10, and 4.11 were assessed at a temperature of 1000
K, as this temperature could be considered representative of the capabilities of existing plants
processing UFs and its derivatives. The upper bound of the IDR route temperature was chosen as a

best-case assumption, as the equilibrium constants of the examined reactions increases with

temperature.

4.2.1. Metallothermic reduction of solid UF4 and BF3
In reaction 4.8, metals may be used as reductants for UF4 and BFs3, in a partially condensed phase

reaction. However, while the reaction is very thermodynamically favourable, its practical

application presents several potential problems.
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In analogy to the preparation of uranium metal from UFs, Mg or Ca may be used as M in reaction
4.8 [145]. In the preparation of uranium metal the less-dense, light-metal fluorides MgF2 and CaF;
would form a slag floating on top of liquid uranium metal, enabling the facile separation of the two

and the recovery of pure uranium metal [145].

In the case of the synthesis of UBy, instead, the intended product would not be liquid and would
have to be separated from the fluorides in a later step. Moreover, with BF3 being gaseous, it would
have to be blown through the reaction zone with an external apparatus or be included in the desired

amount in a sealed pressure vessel from the outset.

Furthermore, the metallothermic reduction as written above may not be representative of the
process and of its Kinetic limitations: most likely, elemental U and B would be produced separately
from the metallothermic reduction of UF4 and BFz and would then have to combine from molten
uranium and very fine powders of boron. This process would therefore have similar disadvantages
in terms of final homogeneity as reactive melting of elemental U and B.

4.2.2. Hydrogen reduction of gaseous UFs and BF3

In Reaction 4.9, gaseous hydrogen (H2) was chosen as a reductant for its convenience, since it is
relatively inexpensive, leaves no solid impurities in the final product and allows for a homogeneous
gaseous reaction, thus improving mixing and reaction kinetics. However, the reaction is extremely
unfavourable from the thermodynamic standpoint. The reaction has an equilibrium constant of
3.8-10% at 1000 K (increasing with temperature), meaning that only a very low conversion per pass
may be achieved in a chemical reactor [146] unless the concentration of HF is kept to extremely

low levels in the reaction environment.
Furthermore, HF may react with newly formed UB: through a very favourable reaction occurring
with an even lower HF:UB: ratio (6:1 as opposed to 12:1 for the reverse of reaction 4.9) and an

equilibrium constant of 7.8-10% at 1000 K:
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The concentration of HF may be kept low enough for the reaction to proceed and for its product not
to be immediately consumed in reaction 4.14 by adding scavengers for HF such as finely dispersed
Mg or Ca, which would form remarkably stable fluorides.

Where M in reaction 4.15 can be Mg or Ca. The equilibrium constants for reaction 4.15 with Mg
and Ca at 1000 K are, respectively, 3.5-10%° and 1.3-10%° as a testament to their effectiveness as

scavengers for HF.

In the extreme case where all of the produced HF is captured by the scavengers, the overall process
described by reaction 4.16 becomes very similar to the direct metallothermic reduction of reaction
4.8:

UFes )+ 2BF3(g +6 M ) — UB2(5) + 6 MF2 ) 4.16

Where M can be Mg or Ca. The equilibrium constants for reaction 4.16 with Mg and Ca at 1000 K
are, respectively, 7.5-10% and 1.5-10'%°,

However, as in the case of reaction 4.8, the metallothermic reduction as written above would not be
representative of the process and of its kinetic limitations: most likely, elemental U and B would be
produced separately from the metallothermic reduction of UFe and BFs and would then have to
combine from very fine powders (or liquid droplets, depending on the process temperature)

suspended in the gaseous phase to form UB..

Moreover, the presence of HF scavengers would come with several disadvantages: not only this
solution would add costs and complexity to the process, but the finely divided metals may also form
explosive mixtures [147]; finally, they would also compete with uranium in the formation of
borides (with Mg being able to form diborides [94] and Ca being able to form a hexaboride [148])
and they would also represent a source of solid impurities in the final product — thus negating one of
the main advantages of the route.
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4.2.3. Direct borothermic reduction of UFs with elemental boron

In reaction 4.10, elemental boron is used directly both as a reductant and as a source of boron. The
reaction is highly favourable, with an equilibrium constant of 8.7-10%2 at 1000 K, but boron would
have to be introduced as a finely divided solid. This may not only hinder the kinetics of the process
when compared to a purely gaseous, monophasic process, but it may also render stoichiometry
control more difficult. In fact, if deposition of UB2 occurs on the solid boron particles, the locally

boron-rich environment may lead to thermodynamically favourable reactions such as reaction 4.17:

UB2 )+ 2B s — UB4 gy 4.17

Leading to UB4 being formed instead of UB». Furthermore, elemental boron is relatively expensive
and part of it would be lost as BFs. While BFs may be recycled to reobtain elemental boron (e.g. by
hydrolysis to B2Os and subsequent reduction to B via electrolysis, or by direct reduction of BF3
[149]), the complexity of the coupled process would likely negate any advantages coming from the

elimination of the UO> conversion steps.

4.2.4. Reduction of UFs with B2Hs

Reaction 4.11 is very favourable from a thermodynamic standpoint, with an equilibrium constant of
6.4-10° at 1000 K, but diborane is highly toxic and chemically reactive, requiring special
precautions for its handling. In particular, it will spontaneously ignite in air [142], with the potential
to enlarge any leaks from the vessels that contain it and to cause cascading failures. Diborane is
usually stored as a liquid at temperatures lower than -20 °C, with higher temperatures causing its
decomposition into hydrogen and higher borides such as pentaborane, with a higher toxicity [150].
Storage tanks and transfer pipes must also be always kept at a positive pressure, in order to avoid
ingress of air and moisture from the environment [150]. Diborane is compatible with
polytetrafluoroethylene and with nickel alloys such as Monel [150], thus making it compatible with

equipment used for the handling of UFs [151].
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While the use of diborane may be warranted if the process were found to be extremely convenient,

two significant limitations are readily apparent:

- The first one is related to the production of HF, which may react again with UB; via reaction
4.14 and the reverse of reaction 4.9, as seen above.

- The second disadvantage is the possibility of further boridation of the produced UB: via
reaction 4.18, in analogy to reaction 4.17:

UBZ (s) +2 B2H6 ) — UB4 s) + 3 HZ () 418

Reaction 4.18 has an equilibrium constant of 9.7-10% at 1000 K, making it a formidable competing

reaction in the preparation of UB: via this process.

4.25. Remarks on the direct conversion of uranium fluorides into uranium borides

The readily apparent chemical challenges presented by the reaction pathways starting directly from
uranium fluorides, compounded by the technical precautions required for their handling,
discouraged further research on the topic for this work, and focus remained on the relatively
controllable and convenient conversion of uranium dioxide to uranium diboride presented in
Section 4.1.
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4.3. Experiments in the borocarbothermic synthesis of uranium borides from
UO:

As seen in Figure 4.1, the partial pressure of CO is a key parameter in defining the
thermodynamically preferred products. In the synthesis work, the overhead partial pressure of CO
was controlled by changing the method by which gaseous products are removed. For synthesis work
carried out in the alumina tube furnace under flowing argon, early attempts to conduct reaction 1 at
1750 °C yielded a mixture of UB4, UBC, and UO: instead of UB.. Based on Figure 4.1, the partial

pressure of CO in synthesis conditions was estimated to be greater than 0.03 bar.

As a result of these initial findings, synthesis work under lower CO partial pressures was carried out
within the tungsten-lined furnace under actively pumped vacuum. During all runs, the vacuum
gauge of the furnace consistently indicated a value of 0 mbar. Based on the ultimate vacuum that
the pump could provide and on the division of the pressure gauge, the pressure of CO in the

synthesis conditions was estimated to lie between 6-107° and 5-10 bar (see Section 3.4.4.2).

It was not possible to track consistently and reliably the mass change of the pellets before and after
firing, as the mechanical stability of the yet-unfired pellets of reactants was often poor and led to

fragmentation, chipping, and fretting.

4.3.1. Synthesis of UO2-UB4 mixtures at relatively high partial pressures of CO

B4C, C and UO. powders were mixed together in stoichiometric amounts according to reaction 4.1.
The powder was not pelletised for this experiment. The powder mixture was then fired in the tube
furnace (1750 °C, 1 hour dwell) under a flow of 20 L/h of argon at near-atmospheric pressure. The
product was a mixture of steel-grey and brick-red solids, as shown in Figure 4.2.

Phase analysis of the diffraction patterns, shown in Figure 4.3 allowed to identify crystalline UB4
(P4/mbm, a = 7.0578 A, ¢ = 3.9008 A) and UBC (Cmcm, a = 3.5915 A, b = 11.9962 A, ¢ =
3.3458 A) in the grey solid, while crystalline UO2+x (Fm3m, a = 5.4701 A) appeared as the only

crystalline phase in the red material.
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Figure 4.2: Mixture of UB4 and UO», obtained after firing a reaction mixture intended for UB> in

the tube furnace
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Figure 4.3: XRD pattern of the grey solid recovered from the UB: synthesis attempt in the tube

furnace
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4.3.2. Synthesis of UB: at relatively low partial pressures of CO

Over multiple runs, B4C, C and UO-, powders were mixed together in the amounts outlined in Table
4.2 and formed into a pellets using the method described in Section 3.4. The pellets were then fired
in the chamber furnace under actively pumped vacuum. The temperature and the time at
temperature were 1750 °C and 1 hour respectively for experiments A, B, and C, and 1400 °C and 4
hours for experiment D.

The diffraction patterns for synthesis A, B, C, and D are reported in Figure 4.4, Figure 4.5, and
Figure 4.6, respectively.

The composition values reported in Table 4.2 are derived from XRD phase analysis, performed as
described in Section 3.4.5. Only the abundances of uranium-bearing phases are considered and
compared, in order to minimise the errors associated with the comparison of phases with widely
varying X-ray extinction coefficients.

The product was a dark grey solid for experiments A-C (Figure 4.8) and a reddish-grey solid for
experiment D (Figure 4.9). The dark discoloration at the bottom of the crucible in Figure 4.8 is
associated with the original UB2-Mo interaction product described in Section 3.4.4, which became
lighter as the crucible was used in repeated synthesis, as shown in Figure 4.9. It is likely that this is

due to diffusion of Mo across the interaction product.

Table 4.2: Composition of the reaction mixture for UB; and firing conditions over experiments A,
B, C, and D.

ID UO2(eq.) | BaC(eq.) | C(eq.) Conditions Purity Impurities
UB4 (2%), UBC (2%),
A 2.00 1.05 3.00 1750°C, 1 h 94%
UC (2%)
UO:2 (3%), UMoB4

B 2.00 1.04 2.85 1750°C, 1 h 94%

(2%), UB4 (1%)

UB4 (2%), UBC
C 2.00 1.05 2.85 1750°C, 1 h 95%

(2%), UO2 (1%)

UO:2 (31%), UB4
D 2.00 1.05 3.00 1400 °C, 4 h 29%

(30%), UBC (7%), C*

* Quantification of C content was not deemed reliable due to the difference in X-ray extinction coefficient with the

other phases
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Figure 4.4: XRD pattern of the products of synthesis A.
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Figure 4.5: XRD pattern of the products of synthesis B.
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Figure 4.6: XRD pattern of the products of synthesis C
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Figure 4.7: XRD pattern of the products of synthesis D
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Figure 4.8: Typical sample of UB> with high purity.

Figure 4.9: Typical sample of UB> with impurities of UOx.
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Taking into account the role of boron carbide as a reductant via reaction 4.4 is crucial in minimising
the residual carbon content, as indicated by the UC (Fm3m, a = 4.9610 A) and UBC (Cmcm, a =
3.5918 A, b =11.9959 A, ¢ = 3.3456 A) impurities that were detected by XRD the final product. If
the C content of the reaction mixture is not reduced accordingly when adding an excess of B4C, the
residual C will be able to displace B from UB2, forming UB4, UBC, and UC through reactions 4.19
and 4.20:

2UB2 )+ C ) — UB4) + UC (g 4.19

3UB2¢)+2C)— UBs) + 2 UBC 4.20

The high purity of 93-95% achieved over multiple runs is an improvement over the first results of
Turner et al. [127], who reported a purity of 90%, and a testament to the robustness and

reproducibility of the method.

While it did not afford a high-purity product, synthesis D demonstrated the feasibility of the low-
temperature production of UB> and contributed to the validation of the thermodynamic model in a
point far closer to the limit of UB> formation than that sampled by attempts A through C (see Figure

4.1). However, no further attempts were made due to time constraints.

4.3.3. Synthesis of UB4 by reaction of UO2 with B4+C

B4C and UO>. powders were mixed together in stoichiometric amounts according to reaction 4.4
and formed into a pellet using the method described in Section 3.4. The pellet was then fired in the

tube furnace (1750 °C, 1 hour dwell) under a flow of argon at near-atmospheric pressure.

The product was a steel-grey solid (shown in Figure 4.10). Crystalline UB4 (98 wt%, P4/mbm, a =
7.0577 A, ¢ =3.9010 A) and UO; (2 wt%, Fm3m, a = 5.4702 A) were identified in the product via
XRD (Figure 2a).

The incomplete reaction may be ascribed to the formation of volatile B2O., which may form from
reaction 4.21 competing with reaction 4.4 or from the reduction of B.O3 by B4C [152], as described
by reaction 4.22:
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5UO;2 ) + 6 BaC sy — 5 UBa ) + B202 () + 6 CO (g) 4.21

B4C ) + 5 B203 1) — 7 B202 () + CO (g) 4.22

Both processes result in a decreased effectiveness of B4C as a reductant. In fact, reaction 4.21
requires 5% more B4C than reaction 4.4 to completely convert a given amount of UO2, with the

former having a stoichiometric ratio of B4C to UO: of 6:5 and the latter of 8:7.

4.3.4. Synthesis of UB2 from the comproportionation of UO2 and UB4

UBy4 (as prepared in Section 4.3.3), UO2, and C were mixed together in stoichiometric amounts
according to reaction 4.3 and formed into a pellet using the method described in Section 3.4. A
picture of the yet-unmixed reactants is shown in Figure 4.10, with UB4 being the grey solid on the
left and UO; being the reddish solid on the right.

The residual UO: content of the prepared UB4 was kept into account and considered for the

purposes of stoichiometry.
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Figure 4.10: UBy (left, grey) and UO- (right, brick red) in the jar of the ball mill prior to mixing

The pellet was then fired in the chamber furnace (1750 °C, 1 hour dwell) under actively pumped
vacuum. The product was a grey solid with a reddish tinge, similar to that shown in Figure 4.9.
Crystalline UB; (82 wt%, P6/mmm, a = 3.1301 A, ¢ = 3.9869 A), UOx« (16 Wt%, Fm3m, a =
5.4698 A) and MoUB; (2 wt%, Pbam, a = 7.3010 A, b = 9.4151 A, ¢ = 3.6487 A) were identified
in the product via phase analysis of the diffraction pattern (Fig 4.11b), the latter being likely formed
by reactions with the bottom of the crucible.

The overall boron-to-uranium ratio in the crystalline phases is 1.72:1, or 86% of the initial 2:1 ratio.
The more pronounced boron deficiency in the crystalline phases when compared to the UB4 sample
may be due to more intense boron evaporation under vacuum or to interactions with the bottom of
the crucible.

The crystalline phases of the UB, sample appear to be carbon-deficient as well, as indicated by the
excess of UO, that was left among the products. Not unlike boron, carbon may be present in
undetected amorphous phases or may have been subtracted from the reaction environment by
interactions with the bottom of the crucible, potentially limiting the extent of the reaction.

70



Intensity (a.u.)

20 30 40 50 60 70 80
5 |(b) . UB,
I + UO
,,2" 2
= + UMoB,
C
2
= . Y X M

T 'I T I T l T l T 'I T
20 30 40 50 60 70 80

Position (° 20)

Fig 4.11: XRD patterns of the products of the synthesis of UB4 from UO. and B4C (a) and of the
synthesis of UB> from UO», B4C, and C (b).

4.3.5. Synthesis of UB12
Uranium dodecaboride (UB12) was prepared through the borocarbothermic synthesis route, aptly

modified with the addition of diboron trioxide (B2Oz) according to reaction 4.23, as B4C alone

would not be able to deliver boron to UO. above a B:U ratio of 8:1 without leaving solid carbon

residues (as exemplified by reaction 4.24):
7 UO2 ) + 20 BsCs) + 2 B203 51y — 7 UB12s) + 20 CO (g 4.23

UO25) + 3B4C ) » UB12s) + C 55 + 2 CO (g) 4.24

UO;, B4C, and B20s were mixed together in stoichiometric amounts according to reaction 4.23, and

formed into a pellet using the method described in Section 3.4.
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The pellet was fired at 1750 °C for 1 h under actively pumped vacuum in the chamber furnace in a
molybdenum crucible. However, due to time constraints, the crucible was shared with a pellet of a
reaction mixture intended for the synthesis of UB>, with an overall U:B ratio of the contents of the

crucible roughly 4.7 times greater than the one intended for UB 1.

Despite the pellets being approximately 1 cm apart in the crucible, diffusion of boron must have
been fast enough at the reaction temperature for the two pellets to chemically equilibrate almost
completely. In fact, according to the thermodynamic model, the comproportionation of UB, and

UB12 into UB4 through reaction 4.25 is expected to be favourable at all temperatures:

4 UB2 5) + UB12(s) = 5 UBy4 ) 4.25
However, despite the UB: pellet containing more than enough uranium to fully convert UB12, the
reaction did not occur to completion and some UB1. was left in the pellet to be detected by XRD, as
shown in Figure 4.12.
The composition of the products, as determined by phase analysis, was 8 wt% UB12 (Fm3m, a =

7.4752 A), 78 wt% UB4 (P4/mbm, a = 7.0577 A, ¢ = 3.9010 A), and 14 wt% UB; (P6/mmm, a =
3.1302 A, c =3.9858 A).
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Figure 4.12: XRD pattern of the products of the UB12 synthesis attempt
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5. Modelling and experiments on the synthesis of tungsten borides

The phase diagram of the W-B system (shown in Figure 5.1, as reported by Duschanek et al. [153])
shows three congruently-melting tungsten borides: W2B, WB, and W-:Bs, the crystallographic
properties of which are listed in Table 5.1. However, there are technical limitations in its
construction: the weak X-ray scattering of boron compared with tungsten only allows for precise
crystallographic determination of the position of W atoms in the crystal lattice via XRD, while its
strong neutron absorption limits the effectiveness of neutron diffraction [154], although precise
measurements have been performed on WB prepared with B [155]. Furthermore, the high
temperatures involved add considerable uncertainty due to the potential volatilisation of boron and
contamination from crucible materials. The tungsten boride for which non-stoichiometry is reported
most often is W2Bs, in the form of a defective boron sublattice resulting in the W2Bs.x notation
[156].
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Figure 5.1: Phase diagram of the W-B system
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Table 5.1: Crystallographic properties of W».B, WB, and W2Bs.

Substance | Space group a b c o B Y Source
W,B P6/mmm 557 A 557 A 474A | 90° | 90° | 90° | [157]
WB 14, /amd 3.1060 A | 3.1060 A | 16.9513 A | 90° | 90° | 90° | [155]

W:Bs P65 /mmc 2.921 A 2921 A | 17.293A | 90° | 90° | 120° | [158]

Tungsten borides may find applications as potential shielding materials for compact fusion reactors
owing to their combination of neutron-shielding and gamma-ray shielding properties, deriving
respectively from their content of boron and tungsten, with W2Bs appearing especially promising in

terms of effectiveness as a shielding material as predicted by Windsor et al. [159].

As for the case of uranium borides, the possibility of being manufactured on a large scale and at
relatively low cost is critical for their success. In this chapter, a borocarbothermic synthesis pathway
of three tungsten borides is presented, assessed through thermodynamic predictions (formulated
with the methods described in Section 3.1), and used successfully to prepare three tungsten borides
from tungsten oxides. Of the three borides that were obtained, two were prepared with
crystallographic purities greater than 99% and the one with the highest purity, W2Bs, is the one that

is expected to have the most significant applications in shielding for fusion reactors [159].

The synthesis work presented in this chapter makes full use of the experience gained with the
preparation of uranium borides and was performed while the chamber furnace was offline for a

prolonged maintenance.

5.1. Thermodynamic modelling: synthesis of tungsten borides by the

borocarbothermic reduction of tungsten oxides

Three tungsten borides have been prepared by reaction of tungsten nanopowders with boron carbide
by Wang et al. [160], namely W2B,, WB and W:Bs. However, the reported process (which can be

described by reaction 5.1, with x = 0.5, 1, and 2.5) leaves a carbon residue in the final product that
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must be removed by reaction with molten calcium, as described in reaction 5.2 forming calcium

carbide:
W+ BsC9— WBx +3; Cy 5.1

2C i+ Caqg — CaCsy 5.2

Calcium carbide is then separated from the solid tungsten boride by leaching with an aqueous
solution of hydrochloric acid, which hydrolyses calcium carbide to soluble calcium chloride (CaCly)

and gaseous acetylene (Cz2H>), as described in reaction 5.3:
CaCz () + 2 H'ag) + 2 Cl(ag) — Ca®" (aq) + 2 Cl(aq) + C2H2 (g) 5.3
However, the boride W2Bs was shown to be affected by the decarburisation reaction with Ca, with

molten Ca being able to strip boron from W:Bs to form CaBe and WB [160], as described in
reaction 5.4:

2 W2Bs (5) + Ca gy — 4 WB ) + CaBe () 5.4
The borocarbothermic reduction of tungsten trioxide (WOz) may afford a synthetic route to the

same compounds requiring no subsequent purification, in that all carbon is ideally removed as

carbon monoxide:

8 WO3 () + B4sC (55 + 23 C 5y > 4 W2B (5) + 24 CO (g 55
4 WO3 )+ BsC5)+11Cs) > 4WB ) + 12 CO ) 5.6
8 WO3 ) + 5 B4C (5) + 19 C (55 — 4 W2Bs5 (5) + 24 CO (g 5.7

Chemical thermodynamics were used to determine which conditions could be conducive to
reactions 5.5, 5.6, and 5.7. Like in the case of the borocarbothermic reduction of UOy, it is expected

that the change in Gibbs free energy associated with the reactions depends on temperature and on

76



the partial pressure of CO in the overhead space. The process was assumed to entail the

carbothermic reduction of WO: as a first step. This process was assessed separately in reaction 5.8:

WOz + C (9 = WO2 ) + CO () 5.8

With reactions 5.5, 5.6, and 5.7 becoming, respectively reactions 5.9, 5.10, and 5.11:

8WO3 )+ BsC(5)+15C5) > 4 W2B (5 + 16 CO (g) 5.9
4WO3 )+ BsCs+7C)—4WB ) +8CO (g 5.10
8WO2 ) +5B4sCs)+11 C(s) — 4 W2Bs (5 + 16 CO (g) 5.11

The equilibrium pressure of CO as a function of temperature was calculated for the reactions above
and the results are plotted in Figure 5.2.
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Figure 5.2: Equilibrium pressure of CO as a function of temperature for the carbothermic reduction
of WO3 to WO and for the synthesis of W».B, WB, and W2Bs.

The equilibrium partial pressures of CO of reactions 5.8, 5.9, 5.10, and 5.11 are far higher than
those involved in the U-B-C-O system (see Figure 4.1); the inert gas flow of the tube furnace was
therefore deemed more than sufficient to drive the reaction forwards by removing the CO that is

produced.

5.2.  Experiments in the borocarbothermic synthesis of WBx from WO3

Stoichiometric amounts of WO3, B4C, and C, as defined by reactions 5.5, 5.6, and 5.7, were hand-
ground together in an agate mortar with an agate pestle and compacted into pellets, as described in
Section 3.4. The pellets were then fired at 1400 °C for 4 hours, with a ramp rate of 10 °C/min,
under an Ar flow of 20 L/h.

The masses of the pellets were recorded before and after firing, in order to determine the extent of

conversion.
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5.2.1. Synthesis of W2B

Phase analysis of the XRD pattern of the products, shown in Figure 5.3, indicates a relative majority
of W2B (61 wt%, P6/mmm, a = 5.5706 A, ¢ = 4.4710 A) in the crystalline phases, accompanied
with WB (24 wt%, 14, /amd, a = 3.1059 A, ¢ = 16.9560 A) and WC (15 wt%, P6m2, a = 2.9020
A, c=2.8492 A). The recovered pellet had a mass which was 70.3% the mass of the original pellet.
Complete conversion to W>B would be associated with a residual mass of 69.3%.
Y Y A vy Y Y Y Y

N
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Bwe 23.8 %
e 47 %
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Figure 5.3: XRD pattern of the products of the synthesis of W-B.

Considering the uncertainty in the XRD phase analysis, the measured ratio of WB to WC (4 : 2.5)
would be compatible with the following stepwise behaviour in the production of W2B, proceeding

through reactions 5.12 and 5.13:
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8 WOz 5 + BiC s+ 23 C ) — 4 WB (5 + i WC 9 +5 WOz + 2 CO g 512

4WB (5 +3WC @ +5 WOz 9 — 4 WzB 9 +3CO g 5.13

With reaction 5.12 affording a WB:WC ratio of 4 : 2.7. The absence of WO, among the detected
crystalline phases could be due to its volatilisation. It must be noted that the WO has been reported
to not volatilise directly, but rather, to disproportionate to tungsten metal and to far more volatile
WOz through reaction 5.14 [161].

3 WO2 (55 = W(s) + 2 WO3 () 5.14

Furthermore, in the presence of Al,Oz (which was chosen as a crucible material) at high
temperatures, W can be oxidised by alumina vapours to volatile WOs3, with the formation of
gaseous aluminium (1) oxide Al202 [162].

3 AlLO3 (g) + W(5) — 3 AlLO3 (g) + WO3 (g) 5.15

The volatilisation of WO3 could also explain the ratio of WB to WC being lower than what could be

expected through reaction 5.12.

5.2.2. Synthesis of WB

Phase analysis of the XRD pattern of the products, shown in Figure 5.4, shows a relative majority
of WB (96.5 wt%, 14,/amd, a = 3.1055 A, ¢ = 16.9555 A) in the crystalline phases, accompanied
with W2B (2 wt%, P6/mmm, a = 5.5701 A, ¢ = 4.4702 A), WC (1 wit%, P6m2, a=2.9022 A, ¢ =
2.8496 A), and WO (0.5 wt%, P2, /c, a=5.5768 A, b = 4.8986 A, ¢ = 5.6645 A). Due to breaking

of the pellet, the mass change data of this experiment were not considered to be reliable.

Carbon, boron carbide, or other boron compounds may be present in undetected amorphous phases.
It must be noted that, with B4C being composed of light elements, its detection and quantification
by XRD among substances containing notably heavier tungsten is remarkably difficult. Even if
detected, their quantification would not be reliable for the large difference in their X-ray scattering
and absorption characteristics when compared to tungsten-bearing phases.
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The powders resulting from the synthesis experiment were re-compacted into a pellet and fired
again at 1400 °C for two hours. The mass loss was recorded at 1.6%. Phase analysis of the XRD

pattern of the re-fired powders, shown in Figure 5.5, indicated a final purity of WB of 99 wt%.

The residual content of W.B was approximately 1 wt%, suggesting that WO,, WC, and any
undetectable boron-bearing phases reacted again to afford WB.

SIL-WB -exp1 accurate
WB 96.4 %
~|.W2|3 21%
Wlvci1%
WO2 0.4 %

Position [°26] (Copper (Cu))

Figure 5.4: XRD pattern of the products of the synthesis of WB after one firing.
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Figure 5.5: XRD pattern of the powders resulting from the second heat treatment of the products of
the WB synthesis.

5.2.3. Synthesis of W2Bs

The recovered pellet has a mass which is 71.4% the mass of the original pellet. Complete
conversion to W2Bs would be associated with a residual mass of 71.5%. The slightly lower-than-
expected mass may be attributed to mass loss during handling of the pellet (e.g., chipping, fretting)
or to boron evaporation. All peaks in the XRD pattern, shown in Figure 5.6, can be attributed to
W:Bs (P65 /mmc, a = 2.9208 A, ¢ = 17.295 A). The combination of phase analysis and gravimetric
data suggest that W>Bs of high purity was obtained.
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Figure 5.6: XRD pattern of the products of the synthesis of W:Bs.

Of the three tungsten borides that were prepared, W2Bs has the lowest melting point, with the
melting points of the borides decreasing with increasing boron content (see Figure 5.1). As a lower
melting point is generally associated with a higher diffusivity of the constituent species, and thus
faster reaction kinetics, this property may explain the higher conversion achieved for a given

reaction time observed in the preparation of WB and W,Bs when compared to W>B.

5.2.4. Considerations on the scale-up of the synthetic routes

The experiments presented in this section highlight a potential synthetic pathway towards tungsten
borides, with the one affording W>Bs appearing especially promising. The process temperature of
1400 °C employed in the present work does not pose a significant challenge in industrial scale-up
when compared to those used in the already established processes for the borocarbothermic
production of boride ceramics such as ZrB2, which is carried out in the 1600-2000 °C range [163],
and the concept, method, and handling procedures for the reactants and products share significant
similarities. It is also worth noting that the process temperature could be further reduced by

exploiting the ample margin of thermodynamic favourability of the reaction (as seen in Figure 5.2),
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with the added benefits of reducing boron losses, energy consumption, and unwanted interactions

with the crucible material, although likely at the cost of slower kinetics.
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6. Chemical interactions and burnup chemistry of UB>

Understanding the chemical behaviour of a nuclear fuel material is paramount in defining its
interactions with the surrounding materials and understanding how its properties may change, both

during normal operation and in accident conditions.

UB: is generally reported to have a greater affinity for oxygen than UO>, with its oxidation being
highly exothermic. UB: is also more reactive towards other substances.

This chapter contains a thermodynamic model for the oxidation of UB, that was featured in a
publication by Qusai Mistarihi et al. [164], experimental data on the oxidation of UB> (collected by
Qusai Mistarihi et al. at the University of Manchester and elaborated by the Author), a
thermodynamic assessment of the expected chemical behaviour of unirradiated UB2 upon contact
with common materials used in the nuclear industry, a preliminary assessment of the chemical
behaviour of irradiation products in UBy, and the results of DFT simulations of the thermal
expansion of UB..

6.1. Thermodynamic model for the oxidation of UB:

A thermodynamic model was developed to calculate the change in enthalpy, entropy, and Gibbs
free energy as a function of temperature for various relevant reactions in the U-B-O system, using
the thermodynamic data reported in the literature for B2Os, O2, UB2, UB4, UB12, UO2, U30s, and
UB20s [41,124,165-168] and the methodology for thermodynamic calculations reported in Chapter
3. The more negative the variation in Gibbs free energy, the more thermodynamically preferred a
given process will be.

The order of preference of the reactions reflects the quasi-equilibrium pathway of the overall
process of oxidation of UB2. The quasi-equilibrium pathway represents the case in which one or
more of the reactants are added in infinitesimal increments and the system is allowed to reach
chemical and thermal equilibrium after each addition. While notably idealised — no kinetic or
diffusion limitations are considered — such a model may still help in predicting which reactions are
not spontaneous and which ones may instead be the most likely to occur among the available

chemical species.
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Figure 6.1a and b show the order of preference of several possible reactions in the U-B-O system.
Free energies are calculated at an oxygen partial pressure of 0.215 bar (see Section 6.3) and are
referred to the reaction of 1 mol of U (a) and to 1 mol of Oz (b), representing conditions in which
uranium compounds and oxygen are the limiting reactants, respectively. The distinction is achieved
by referring the variation in Gibbs free energy associated with each reaction to the amounts of
uranium or oxygen involved, respectively, so that the limiting reactant is allocated where it
minimises the Gibbs free energy of the products most effectively. It is also worth noting that the
order of preference described in Figure 6.1b is independent of the chemical potential of oxygen,
since a higher or lower chemical potential of O would uniformly shift all the lines in the plots
downwards or upwards, respectively. The order of preference is therefore conserved for any partial
pressures of Oz and for any oxidisers, including water and other oxygen-bearing substances.
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Figure 6.1: Variation in Gibbs free energy for relevant reactions in the oxidation of UB..

Figure 6.1a shows that the thermodynamically preferred way to combine UB2and Oz in oxygen-rich
conditions is via reaction 6.1 proceeding to completion, followed by the oxidation of the produced
UO: to U3Og via reaction 6.2. The early stages of the oxidation would necessarily entail the
formation of hyperstoichiometric uranium dioxide UO2+x, since UO2 would be the sole acceptor for
oxygen at this point of the pathway [131]. A further oxidation of U3Og and its combination with

B.O3 result in the formation of UB2Oe through reaction 6.3.
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2UB2 ) + 502 — UO2) + 2 B203 ) 6.1

3 UO2 ) + O2(g) — UsOsg s 6.2

2 U30s () + Oz g) + 6 B203 1) — 6 UB20s (5) 6.3

It is worth noting that reaction 6.1 is favourable enough to drive reaction 6.2 backwards in both
oxygen-rich and oxygen-poor conditions, indicating that UO2+x and U3sOg may act as oxidisers when
in contact with UB.. The oxidation would then occur at the interface between the oxide and the
boride, ceasing for either thermodynamic or Kkinetic reasons. In the first case the local chemical
potential of oxygen is lowered as the oxidiser is consumed, until it becomes low enough that the
reaction stops; in the second case, enough reaction products (B2Os in particular) accumulate and

form a barrier layer that separates UB; from the oxidiser.

The possibility of uranium oxides acting as oxidisers towards UB> may be relevant when they form
barriers between UB. and a surrounding oxidising environment, since the oxidation of the
underlying UB2 would be thermodynamically favoured and only kinetically limited by the transport
of oxygen and boron oxide across the oxide layer. The kinetics of such a process are discussed in
greater depth in Section 6.3.

In oxygen-poor conditions (Figure 6.1b), as oxygen is added, the most thermodynamically stable
composition is initially obtained by the formal disproportionation of the uranium borides, with U
being oxidised to UO, and B accumulating into increasingly boron-rich phases such as UB4 and
UB12 (Reactions 6.4 and 6.5). As more oxygen is added the higher borides are oxidised to UO> and
B.O3 (Reactions 6.6 and 6.7), which would then react according to reactions 6.2 and 6.3.

2 UB25) + O2 (g — UB4) + UO2 6.4

3 UB4s) + 02(q) = UB12(s) + UO2 ) 6.5
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UB4 ) +4 O2(g) — UO2) + 2 B203 ) 6.6

UB12(5) + 10 Oz (g) — UO2 ) + 6 B203 () 6.7

The model can be validated against the available experimental data regarding the U-B-O system.
For oxygen-rich conditions, the oxidation of UB4 in flowing air as described by Guo et al. appears
to follow the quasi-equilibrium pathway predicted by Figure 6.1, with the process occurring through
reactions 6.6, 6.2, and 6.3 [101]. Guo et al. also observed the reversal of reaction 6.3, with the
decomposition of UB2Oe, in air occurring over the temperature range 1273-1473 K (conditions;
flowing air, ramp test with a rate of 10 K/min), in agreement with the values reported by Hoekstra
et al. for static heating (1373 K) [169] and the prediction of the model (1355 K). It must be noted
that the evaporation of B.Oz will affect the equilibrium of reaction 6.3, so that the observed

decomposition temperature will actually depend on the conditions of the experimental setup.

For oxygen-poor conditions, Kardoulaki et al. observed the formation of UB4 and UO> in roughly
equal amounts at the UB2-UQ: interface in solid samples of a UB2-UO composite heated under an
inert atmosphere, with UO; acting as an oxidiser. In fact, reaction 6.4 is so thermodynamically
favourable that it can strip oxygen from hyperstoichiometric and even hypostoichiometric UO2+y at
temperatures as low as 700 K, according to the data on the oxygen potential of UO.+x reported by
Blackburn [170]. While these results provide experimental evidence of reaction 6.4 occurring, no
UB1> was observed to support the postulated occurrence of reaction 6.5 [84]. However, it must be
noted that the sample was not in the quasi-equilibrium conditions that the model assumes. In fact,
reaction 6.5 takes over from reaction 6.4 is complete. In the practical case, instead, the majority of
the sample was still constituted of UBy, in the presence of which UB1> is unstable owing to reaction

4.25, as demonstrated in Section 4.3.5:

UB12¢s) + 4 UB2 ) — 5 UB4 ) 4.25

An analogous UB4-UO2 composite was tested by Kardoulaki et al. in conditions conducive to
reaction 6.5 during the same set of experiments, but no UB12 could be identified conclusively at the
interface. Nevertheless, an anomaly in the thermal diffusivity suggested the formation of a new
phase which could not be detected by XRD, likely because of low crystallinity [84]. The lack of

conclusive evidence on the formation of UB12 may be due to it forming but having low crystallinity
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(and thus not being easily detectable), or to it not forming in appreciable amounts due to a low
reaction rate — likely heavily limited by diffusion considering the significant amounts of boron that

would require to be relocated to obtain UB1> from UBa.

6.2. Volume change associated with the oxidation of UB:

As it is oxidised, UB: is converted into products with a notably lower density, as indicated by the
specific cell volumes in Table 6.1. The oxidation process will therefore entail a significant change
in volume, the quantification of which is essential in evaluating the safety performance of UB; in

nuclear applications.

It is possible to provide an estimate the volume change based on the reported crystalline structures

of the compounds involved.

Table 6.1: Specific volume of relevant substances in the U-B-O system in their crystalline form

Substance Specific cell volume (A3/formula) Reference
B203 (c) 45.25 [171]
UB2 cr) 33.84 [42]
UB4 en 48.57 [42]
UB12 (cn) 104.21 [42]
UO2 ) 40.87 [172]
U109 (cer) 160.99 [172]
U307 (en 121.89 [172]
U30s (en) 167.28 [172]

UB206 () 115.69 [173]

It must be noted that the estimate likely provides a lower bound to the change in volume, since it
assumes ideal crystallinity of the newly produced substances and neglects any effects due to a rapid,

exothermic reaction, such as the formation of bubbles and cavities.

Figure 6.2(a) and (b) show the composition change and the volume change that occur as oxygen is

added to UB; in oxygen-rich and oxygen-poor conditions, respectively.
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Figure 6.2: Calculated composition change associated with the oxidation of UB> during its

oxidation in oxygen-rich (a) and oxygen-poor (b) conditions

Figure 6.3 shows the calculated volume change associated with the oxidation of UB; in oxygen-rich
and oxygen-poor conditions. The oxidation pathway (and thus the volume change) is the same for
both cases above 2.5 molO2/molU (see Figure 6.2). Nevertheless, the volume change between 0 and
2.5 molO2/molU is strikingly similar as well, despite the two processes occurring on radically
different pathways.

Above 2.5 molO2/molU the oxidation of UO> is a highly complex phenomenon, deserving special
attention. Upon oxidation the UO; lattice (having Fm3m symmetry) will initially retain its cubic
structure, with the progressive accommodation of negatively charged oxygen ions in interstitial sites
and the corresponding increase in the positive formal charge of uranium cations to maintain
electrical neutrality leading to increased electrostatic attraction and to a decrease in lattice
parameter as the composition shifts to UO2+x [130]. The maximum extent of shrinkage of the cubic

structure of UO2+x occurs at x = 0.25, corresponding to UsOo, with a cubic structure (having 143d
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symmetry) and a lattice parameter of 5.44 A [172] against the original 5.47 A of UO,, with a
decrease in volume of approximately 1.6% [130].

As U4Oq is oxidised to UsO7 the cubic symmetry is lost to a tetragonal one (having P42d
symmetry) and a slight swelling occurs, but with a total volume that is still lower than the original
one of UO; by approximately 0.7% [172].

UsOs is then further oxidised to U3Os, (with trigonal P62m symmetry), this time with a substantial
increase in volume of 36.4% with respect to the original UO2. However, in real conditions, the
actual oxidation process does not follow such a clear, staged path and multiple phases can coexist
for kinetic reasons, with the exact reaction path depending on a multitude of factors (to list a few:
grain size and porosity of the original material; temperature; partial pressure of oxygen; presence of
water vapour; presence of dopants in the original materials) [174]. Seeing how the shrinkage
associated with the formation of UsOg9 and UsO7 is overshadowed in magnitude by the overall
swelling associated with the formation of UzOg and considering the uncertainty in the composition
of the mixture as a function of the extent of oxidation, the volume change associated with the
oxidation of UO2 to U30g has been linearised for clarity in Figure 6.3, neglecting the intermediate

steps.

The complete oxidation of UB, to UB20Os results in a final volume that is greater than the original
one by approximately a factor of 3.4.

The theoretical mass gain increases linearly with the addition of oxygen and the maximum value
(obtained when all UB; has been converted to UB2Og) is 37%.
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Figure 6.3: Calculated volume change associated with the oxidation of UB: in oxygen-rich and

oxygen-poor conditions

6.3. Simultaneous Thermal Analysis of the oxidation of UB: in flowing

synthetic air

UB: powder samples were prepared and characterised at the University of Manchester by Dr Qusai
Mistarihi, Dr James Buckley, and Dr Joel Turner, as detailed in [164]. XRD analysis and light
element analysis revealed a composition of 94% UB2, 6% UO-, and less than 0.1% carbon by mass.
Oxidation experiments and characterisation of the oxidation products were performed at the
University of Manchester. Approximately 20-25 mg of UB> material was used in each test, either in
powder or fragment form. The fragments had an irregular shape, with an approximate area-
equivalent diameter of 0.2-0.7 mm as measured by microscopy, thus making them comparable to
the size of 0.5-1.0 mm envisioned for the UB: kernels in the UB>-UO, composite fuel concept (see
Section 2.4).

TG-DSC was performed using a Netzsch STA449 F1 simultaneous thermal analyser to study the

oxidation behaviour of UB> during ramp testing. The UB2 samples were heated in a synthetic air

92



atmosphere (BOC-certified, 21.49% O in N2) with a flow rate of 100 mL/min up to 1173 K with a
heating rate of 1-10 K/min. The temperature range is representative of the conditions in which air
may enter in contact with UB> at a manufacturing plant or in a breached reactor pressure vessel
following a severe accident.

In the experiments, approximately 1 mmol O, per minute was delivered to 0.1 mmol UB: over the
course of several hours, indicating that the processes may be best interpreted by referring to the
oxygen-rich case of Figure 6.1.

Figure 6.4 shows a typical mass change observed during the oxidation of UB. powder and
fragments with increasing temperature up to 1173 K in flowing synthetic air and with a ramp rate of
3 K/min. The onset of the oxidation reaction (shown in the inset in Figure 4 and defined as the
temperature at which 5% of the total observed mass increase was reached) was 807 + 6 K for
samples in fragment form and 799 + 5 K for samples in fine powder form. The total mass gain on

samples shown in Figure 6.4 was 35.2 + 0.4% and 35.1 = 0.6% for fragments and fine powder

respectively.
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Figure 6.4: Typical mass gain during the air oxidation of UB: fine powder and fragments. Inset

shows oxidation onset temperatures determined from 5% of the final mass gain.
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The XRD pattern of the products of the oxidation testing after the ramp testing up to 900 °C is
shown in Figure 6.5, revealing uranium borate (UB2Os) as the sole crystalline component, This is in

agreement with the thermodynamic model.

# U(BO,), (PDF 96-431-5185)

UB, powder

Intensity (a.u.)
£

UB, fragments
o 000

2 theta (Degree)

Figure 6.5: XRD pattern of the products of oxidation of UB:.

The DSC signals measured during the oxidation of UB> fragments and powder are shown in Figure
6.6. The oxidation of fragments produced two sharp DSC peaks at approximately 845 K and 921 K,
while the oxidation of UB> powder appeared to be more uniform, presenting two blunter,

overlapping peaks at temperatures of 849 K and 905 K.

The expected value for the total heat produced by the oxidation reaction was calculated by
considering the overall process of oxidation of UB2 to UB20s through reaction 6.8 as the latter was

the sole crystalline material identified among the products.

UB2 ) + 3 O2 gy — UB20s (5) 6.8
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Since the oxidation reaction occurs over a range of temperatures and the enthalpy of reaction
depends on temperature, the total heat released by the oxidation process Q,x was calculated through
reaction 6.9:

1 6.9
Qox = f ArH (T(X)) - dX
0

Where AgxH (T (X)) is the enthalpy of reaction as a function of temperature T and X is the extent of
reaction as measured by TGA, ranging between 0 (no reaction has occurred) and 1 (reaction

complete, i.e. the maximum mass change has been achieved).

Over three replicated runs, fine powders of UB2 show a mass increase of 34.5 + 0.6%, while larger
fragments show a mass increase of 35.5 + 0.5%, with the uncertainties being equal to three standard
deviations of the set of replicates. The heat released by oxidation was measured by DSC to be 8.2 +

0.1 J/mg and 8.4 £ 0.1 J/mg, respectively (referred to the initial sample mass).

0.5

« UB, fragments (23.46 mQ)
« UB, fine powder (23.45 mg)
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Figure 6.6: DSC profiles during the oxidation of UB> fragments and fine powder up to 1173 K
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The thermodynamic model predicts that a pure UB, sample being completely oxidised to UB20s
would release 9.1 J/mg of heat and would register a 37.0% mass increase. However, considering the
initial amount of UO> contained as an impurity in the samples (6 £ 1% by mass), which can be
assumed to be oxidised to UsOg, the predicted values for mass increase and the heat released are
reduced to 34.8 £ 0.4% and 8.5 £ 0.1 J/mg.

The values of the mass gain and of the heat released in the oxidation of fine powders and fragments
are summarised in Table 6.2, together with the values predicted by the thermodynamic model for
the oxidation of pure UB; and for a mixture of UB, and UO; with a composition analogous to the
one measured in the samples, showing good agreement between the latter and the experimental
data. The uncertainties reported in the table are taken are three standard deviations of the set of

three experimental replicates.

Table 6.2: Heat released and mass gain for two theoretical cases and for two sets of experiments in
the oxidation of UB..

Sample Source Heat released Mass gain
Pure UB: Calculation 9.1J/mg 37.0%
94 Wt% UB; + 6 Wt% UO; (+ 1%) Calculation 8.5+ 0.1 J/mg 348+ 04 %
UB> powder Experiment 8.2+£0.1 ml/g 34.5+0.6%
UB: fragment Experiment 8.4+£0.1J/mg 35.5+0.5%

Fine powder samples exhibited systematically lower mass gain and heat released than the fragments
tested, although the differences were small and within the bounds of the measurement uncertainty.
This phenomenon may be due to a greater extent of pre-oxidation of the samples at room
temperature prior to the experiment, resulting from their greater surface area. This interpretation is
supported by the fact that the ratio of heat released per relative mass gain is equal within
experimental precision across the two sample groups (0.232 £ 0.006 J/(mg-%) and 0.229 + 0.006
JI(mg-%), respectively), indicating that the mass gain and the heat released are correlated to the

amount of unoxidized UB: in the samples.

An alternative, but less likely explanation is that, due to the greater surface area of the fine powder

samples, loss of volatile B2Os via evaporation may be enhanced during their oxidation, leading to a
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smaller net mass gain being observed and to part of the heat produced by the oxidation being used
to drive the endothermic evaporation of B,O3 [175]. Within work studying the steam reaction with
UB: a significant mass loss was observed above 1173 K, which was ascribed to this phenomenon;
however, no mass loss at high temperature was detected in the present work, suggesting the former

description may more readily explain the data [8].
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Figure 6.7: 1% derivatives of the mass gain profiles compared with the DSC profiles for the

oxidation of UB> fragments and fine powder.

For both the fragment and the fine powder samples the two peaks in DSC are matched in position
by peaks in the 1% derivative of the mass profile, as seen in Figure 6.7. The ratio between the 1%
derivative of the TGA signal and the magnitude of the DSC signal slightly increases with
temperature. This is compatible with the trend of decreasing heat released per mass gain across
reactions 6.1, 6.2, and 6.3. The peaks are less distinct and occur at lower temperatures in the fine

powder samples, suggesting that they may be ascribed to kinetic phenomena.
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A possible explanation for the different behaviour of powders and fragments shown in Figure 6.7
would come from a stepwise oxidation behaviour entailing the formation of a barrier layer of
oxidation products, which is then disrupted or becomes permeable to oxygen diffusion at higher
temperatures. The first peak would correspond to the initial formation of the barrier layer, while the
second one to its disruption and to the oxidation of the underlying material. The lower specific
surface area of the fragment samples compared to the powder ones would justify the smaller first
peak, corresponding to surface oxidation, while the finer and more homogeneous morphology of the
powder samples would justify the overlapping shape of the peaks and the overall lower temperature
at which they occur.

Figure 6.8 shows the TGA profiles obtained with varying heating rates, demonstrating the effect of
the latter on the resolution of the measurements and supporting the thesis of a multi-stage process.
At low ramping rates, processes occurring at different times may instead occur at similar
temperature values and thus be observed with an insufficient resolution. Up to three stages could be
distinctly observed by increasing the ramping rate to 10 K/min, possibly distinguished by the
morphology of the barrier layer and by its mechanical resistance and its imperviousness to oxygen.
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Figure 6.8: Mass gain during the oxidation of UB> fragments in air at different heating rates.
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6.4. Assessment of the reactions of UB2 upon contact with metals and ceramics

During its manufacture and its residence in the reactor, UB> will be invariably in contact with other
solid materials at high temperatures. lIdeally, these other materials should not be reactive upon
contact with UB> or at least not in an exothermic fashion, so as to minimise the chemical energy
that is stored in the core. The surroundings of UB: inside the reactor will have to be chosen upon
careful consideration. The materials included in this analysis should be not only those in the
immediate vicinity of UB> during normal operation, but also those with which UB> may come in
contact in the event of an accident — the extreme case being a core meltdown, with full mixing of

the contents of the core.

The range of materials that must be assessed must therefore include materials that are currently used
for cladding and reactor internals, or that are leading candidates for those applications. A non-
comprehensive list of substances (standing in for more complex materials such as alloys) and their

possible reactions in presented in Table 6.3.

Table 6.3: Qualitative enthalpy change and spontaneity range of selected reactions of UB2 with

materials relevant to the nuclear industry.

C: barrier layers (element)

3UB2¢)+2Cs)— 2 UBC 5 + UB4gs) Likely exothermic | All temperatures

Al: claddings and structural materials (element, in alloys), barrier layers (Al203)

UB2 ) + Al 1) = U+ AlBas) Endothermic Always unfavourable

6 UB2s) + 2 Al203(5) — 6 UO2(s) + UB45) + 4 Al sy | Endothermic Above 1850 K

Si: barrier layers (SiC, SiOz2)

3 UB2) +2SiC 55— UB4) + 2 UBC (5) + 2 Si g Likely endothermic | Above 1790 K

2UB2 () +5SiO2(5) > 2 UO2 ) + 2 B203 () + 5 Si ) | Endothermic Above 1710 K
Ti: claddings and structural materials (element, in alloys), barrier layers (TiO2)

UB2) + Tisy— Uy + TiBag) Exothermic All temperatures
UB2 ) + TiO2 () — UO2s) + TiB2 ) Exothermic All temperatures

Cr: claddings and structural materials (element, in alloys), barrier layers (in alloys or Cr203)

(1+x) UB2(s) + X Cr sy = x UCrBa (s + UB2-2x (s) Unknown Observed at 1973 K

UB2 +4Cri— Uiy +2CrB g Exothermic All temperatures
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9UB2 ¢+ 10Cr203 — 9UO2¢) + 10 Cr2B 5) + 4
B20s3 s

Fe: claddings and structural materials (element, in alloys)

(1+x) UB2(5) + X Fe gy — x UFeBa ) + UB2-2x ) Unknown Observed at 1973 K
UB2s+4Feqy — Uiy +2FeaB s Exothermic below
1400 °C

Zr: claddings, fuels, and structural materials (element, in alloys), barrier layers (ZrO2)

UB2 ) + Zr ) = U sy + ZrBa s

UB2 s) + ZrO2 sy — UO2 (5) + ZrB2 s

Nb: claddings, fuels, and structural materials (element, in alloys), barrier layers (Nb20s)

UB2s) + Nb ) — U1y + NbB2 )

22 UB2 (5) + 10 Nb20s (s1y — 22 UO32 5) + 20 NbB:> s
+ 2 B203 5

Mo: claddings, fuels, and structural materials (element, in alloys)

(1+x) UB2 (5) + X M0 (5) — x UMo0B4 () + UB2-2x (s) Unknown Observed at 1973 K

UB2)+4 Mo ) — U )) + 2 M02B (5

Ta: claddings, fuels, and structural materials (element, in alloys), barrier layers (Ta20s)

UB2() + Ta ) — Uiy + TaBas,)

22 UB2 5) + 10 Ta20s (55 — 22 UO2 ) + 20 TaB2 ) +
2 B20s3s)

W: claddings, fuels, and structural materials (element, in alloys)

(14X) UB25) + X W (5 = x UWB4 (5) + UB2-2x (s) Unknown Observed at 1973 K

UB2i)+ 4 W) — Uy +2W2B Above 660 K

It must be noted that, being based solely on thermodynamics, this assessment cannot take into
account kinetic effects such as passivation.

Where possible, only the most thermodynamically favourable reaction for each substance (on the
basis of Gibbs free energy change per moles of atoms involved in the reaction) is shown. Where
reactions have been reported in the literature, but the thermodynamic data are insufficient in
determining which reaction is preferred, the demonstrated reactions with unknown preference are
reported as well.
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The table also indicates whether the reaction is exothermic or endothermic and the temperature

range in which it is thermodynamically favourable.

UB:> can be reasonably expected to be reactive towards carbon. According to the estimate of the
thermodynamic parameters of uranium borocarbide (UBC) reported by Rogl et al. [176], UB2 will
react with carbon to afford UBC and UBa.

UB: is also likely to react with silicon carbide and silicon dioxide, which may be used in claddings
for advanced fuels or in barrier layers. However, both reactions are endothermic and expected to be

favourable only at temperatures above 1790 K and 1710 K, respectively.

Aluminium metal will not react with UB», but its low melting point excludes it from most nuclear
applications in its pure form. Nevertheless, the evaluation of the reaction provides some information
on the reactivity of the FeCrAl in which it may be employed. Aluminium oxide may react with
UB:>, but only at temperatures above 1850 K and in an endothermic fashion.

Compared to other transition metals and their borides, UB> tends to have a lower chemical affinity
for boron and a greater chemical affinity for oxygen, making it potentially reactive towards many
metals that are commonly used in nuclear applications and their oxides.

In fact, many transition metals and their oxides are formally able to strip boron from UB; to from
their own binary borides, leaving behind metallic uranium or uranium and boron oxide,
respectively; this includes Ti, Cr, Fe, Nb, Mo, Ta, and W. The thermodynamically preferred
transition metal borides are usually the lower ones, and the reaction is usually exothermic and
favourable at all temperatures, with the exception of tungsten, for which the formation of the boride
is expected to occur above 660 K and in an endothermic fashion.

Most likely, however, for limited extents of reaction, hypostoichiometric UB2-x [83] will form rather
than a mixture of UB> and metallic uranium.

However, while the favourability of the formation of the binary borides provides a formal indication
that UB: is reactive towards a broad class of materials, it is conceivable that ternary borides will be
the preferred product instead, especially at high temperatures. Such an occurrence would be in line
with the experiments of Rogl et al. [177], who equilibrated stoichiometric powder mixtures of the
elements at 1700 °C and showed that V, Cr, Mn, Fe, Co, Mo, W, and Re will form mixed borides
with the formula UXB4, where X is one of the aforementioned metals. Nb and Ta did not afford
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ternary borides under the same conditions. The occurrence of UMoB4 among the reaction products
of the synthesis of UB>, as seen in Section 4.3, would also support this hypothesis. It is worth
noting that the UMoB4 proved remarkably unreactive in subsequent experiments, suggesting that
saturating the interface between UB: and transition metals with boron may exert a passivating
effect.

The formation of ternary U-M-B phases of UB: towards Fe, Cr, and Mo would likely translate into
strong interactions with FeCrAl alloys, mirroring the formation of ternary U-M-Si phases observed
in the interdiffusion zones that form upon contact at high temperature between uranium silicide
UsSi, and the metal alloys [178].

6.5. Burnup chemistry of UB>

As UB: is irradiated in a nuclear reactor, both uranium and boron will be transformed by the
neutron flux. Uranium will undergo both fission and neutron capture, leading respectively to nuclei
of lighter and heavier elements, while boron-10 — composing approximately 20% of naturally
occurring boron — will capture neutrons and undergo fragmentation into lithium and helium nuclei.

The properties of UB> — and thus its performance as a fuel or as a fuel additive — are expected to be

heavily dependent on the chemical state of the fission, transmutation, and fragmentation products.

Neutronic simulations were performed by Mr. Mustafa Bolukbasi at Bangor University using the
SERPENT code [179] to predict how the chemical composition of UB; is altered by irradiation.

In the simulations, UB> was irradiated in a conventional PWR 17x17 fuel assembly, in conditions
representative of the operation of a typical GW-scale reactor. The irradiation geometry is shown in
Figure 6.9. UB> was introduced in 24 modified fuel rods containing pellets with a central,
cylindrical UB: core (5 mm diameter, in blue in the figure), surrounded by an annular shield of UO>
(8 mm outer diameter, in yellow). The other 240 fuel rods in the assembly contained only solid UO>
pellets (8 mm outer diameter, in red). All the uranium in UO> and UB: had an enrichment of 4.95%.

As burnup progresses, the B/M ratio in the original fuel matrix will decrease, due both to the
fragmentation of 1°B and to the increase in the number of metal nuclei due to fissions of uranium

nuclei. As seen in Section 6.4, it is likely that many fission products will have a greater affinity for
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boron than UB,, thus stripping it of boron to form other compounds and alloys, up to the point at
which uranium metal may form. As this is generally seen as an unacceptable safety issue for a
ceramic fuel, given the low melting point of uranium metal and its chemical reactivity, it can be

expected that there exists a limit of stability for the B/M ratio in the fuel.

Expecting that the fragmentation of boron would have a detrimental effect on the B/M ratio of the
fuel and considering that boron of non-natural isotopic composition could be used to improve the
performance of UB; as a fuel, the simulations were repeated for the irradiation of UB, with three
different isotopic abundances of neutron-transparent (and therefore more conducive to chemical
stability) boron-11: 79.1% (natural abundance), 95%, and 99.5%. The potentially detrimental effect
of neutron irradiation on the mechanical stability of boride ceramics was observed experimentally
in ZrB2 and TiB2, with specimens of natural isotopic composition being far more vulnerable to
irradiation [180] than specimens with an isotopic composition of boron tailored toward the 'B
isotope [181].

While a good understanding of the compositional evolution of irradiated uranium could be gained
from the literature, the neutronic simulations (which aimed at investigating the performance of a
UB,-UO> composite as a drop-in replacement for a traditional UO> fuel in a conventional PWR)
allowed to collect the data with a consistent methodology and in a convenient format as a function
of burn-up. Furthermore, no direct irradiation experience exists on UB2, and no data are available on

the fragmentation rate of UB; as a function of the isotopic composition of boron.

Based on the results of the simulations — which returned the molar abundances of all elements in the
fuel as a function of burnup — and on crystallographic and thermodynamic literature data, a
systematic analysis of the possible chemical behaviour of the products of irradiation was performed.
In partial analogy with previous studies regarding UO» [182,183], five categories (I-V) may be
considered for the elements contained in the solid matrix of irradiated UB.:

— Category I: inert gases

— Category Il: volatile elements

— Category I1I: metallic precipitates

— Category IV: boride precipitates

— Category V: borides that are soluble in UB>
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Figure 6.9: Fuel assembly geometry used in the burnup simulations

Not unlike the case of UO», some elements may fall in multiple categories depending on the local
conditions in the fuel material (e.g., temperature, burnup, presence of other elements and their
chemical potential).

Category V is the one for which theoretical predictions may be the most uncertain, given the high
complexity of the phenomena that underpin solid solubility in ceramics. Several criteria predicting
the mutual solubility of isostructural binary borides are based on their lattice parameters, such as
those proposed by Wen et al. for binary diborides [184] and by Gild for high-entropy diborides
[185]. The relevant figure of merit is usually related the relative standard deviation of the lattice
constants of the constituent diborides in the solid solution.

In this evaluation, the standard deviation itself is used as defined in equation 6.10, but is defined

separately for the a and c directions of the crystal lattice

5, :ij (1—%’) +(1—xp) (1—j7f) 6.10
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Where &; is the standard deviation on the j lattice parameter, x,, is the molar concentration of the

host diboride (in this case UB2), and j, and j; are the lattice parameters of the host and guest

diborides, respectively.

In the present evaluation, only diborides isostructural with UB> (P6/mmm) were considered to be
potentially soluble. Values of 0.3% and 2.5% are taken as thresholds for 6a and Jc, respectively,
based on the values of a single-phase solid solution of 5% ZrB> in UB>, which was successfully

prepared as described in section 6.6.

For a concentration of guest diboride in UB, of 2% (with the highest one among the diboride-
forming fission products being that of Zr, at 1.6%), such a threshold would allow a maximum
difference in lattice parameters between the host UB; and the guest diboride of 0.07 A on the a
lattice parameter and of 0.70 A on the c lattice parameter. The threshold is roughly inversely
proportional to the concentration of solute, with the main limitation to this mathematical description
being the large differences in lattice parameters that it allows at very low concentrations of solute.

Table 6.4 shows the main irradiation products of UB>, their possible chemical forms, and their
molar abundance (referred to the total of elements which are not boron or noble gases), in order of

increasing atomic number.

Table 6.4: Main fission and transmutation products in UB> and their possible chemical forms and

abundances.

Element | Possible chemical forms Abundance
(ppm)

H H>, metal hydrides 11

He Inert -

Li LiBs, LiX (X = halide), Lis accommodated in Vg sites in UB> 10334

Br MBrx (M = alkali, alkali-earth, transition metals, actinides), BBr3 92

Kr Inert -

Rb Rb (including in alloys and intermetallics), RbX (X = halide) 1522

Sr Sr (including in alloys and intermetallics), SrBe 3723

Y YB2, YB4, YBs 1948

Zr ZrB2 14330
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Nb Nb (including in alloys and intermetallics), Nbz:B2, NbB, NbB: 96
Mo Mo (including in alloys and intermetallics), Mo2B, MoB, M02Bs, UM0Bs | 12513
Tc Tc (including in alloys and intermetallics), TcB, TcB: 2810
Ru Ru (including in alloys and intermetallics), Ru2Bs, RuB> 8781
Rh Rh (including in alloys and intermetallics), Rh7B3, RhB 1312
Pd Pd (including in alloys and intermetallics), Pd4B, Pd3B, PdsB2, Pd»B 4508
Ag Ag (including in alloys and intermetallics), AgB2 242
Cd Cd (including in alloys and intermetallics) 367
In In (including in alloys and intermetallics), LnsInB (Ln = lanthanides) 6

Sn Sn (including in alloys and intermetallics), Sn3ZrsB, SnsRhsB2 268
Sb Sb (including in alloys and intermetallics) 85
Te Te (including in alloys and intermetallics), BaTe 1458
I MBry (M = alkali, alkali-earth, transition metals, actinides), BBr3 145
Xe Inert -

Cs Cs (including in alloys and intermetallics), CsX (X = halide) 7706
Ba Ba (including in alloys and intermetallics), BaBe 4005
La La (including in alloys and intermetallics), LaBs, LaBs 6

Ce Ce (including in alloys and intermetallics), LaB4, CeBs 6978
Pr Pr (including in alloys and intermetallics), PrBs 2883
Nd Nd (including in alloys and intermetallics), NdB4, NdBe 9791
Pm Pm (including in alloys and intermetallics), PmB4, PmBsg 352
Sm Sm (including in alloys and intermetallics), SmB4, SmBsg 1646
Eu Eu (including in alloys and intermetallics), EuBs 362
Gd Gd (including in alloys and intermetallics), GdB2, GdB4, GdBs 336
Th Tb (including in alloys and intermetallics), TbB2, ThB4, ThBs 8

Dy Dy (including in alloys and intermetallics), DyB», DyBa4, DyBg 7

Ho Ho (including in alloys and intermetallics), HoB2, HoB4, HoBe 1

U U (including in alloys and intermetallics), UB2, UMo0B4 889408
Np Np (including in alloys and intermetallics), NpB2, NpBa, NpBg 895
Pu Pu (including in alloys and intermetallics), PuB4, PuBe 10692
Am Am (including in alloys and intermetallics), AmB4, AmBg 243
Cm Cm (including in alloys and intermetallics), CmBs 129
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The abundances in Table 6.4 are those obtained from the simulation of the irradiation of UB;
containing 99.5% !B irradiated to 60 MWd/kgrwm, as they were not notably different from those of
the other simulations (with the exception of the concentration of lithium, which depends mostly on
the concentration of °B) and can be considered as representative. The values are rounded to the
closest ppm. The abundances of noble gases are not reported, as they are not assumed to form any
chemical bonds.

Predictions on the chemical behaviour of the irradiation products are formulated below for each

family of elements.

6.5.1. Alkali metals

Lithium is produced mainly from the fragmentation of °B (although the simulations showed that a
very small fraction — approximately 0.002% - of 1'B fragmented as well) and its content is therefore
highly dependent on the initial °B content. As suggested by computational studies on ZrBg, Li
atoms are expected to be accommodated in the vacancies left by fragmented B atoms [85]. In any
case, a boron vacancy is formed for each event that produces lithium, regardless of the precursor
nuclide being 1°B or 'B.

No borides of Rb and Cs have been reported [186], and computational studies suggest that such
species are unlikely to be stable at pressures below 10 GPa [187]. It is likely that Cs and Rb exist in
their metallic state, possibly forming alloys between them.

Based on the observations on UO» [182], it is likely that the alkali metals play a crucial role in
reducing the chemical potential of free halogens Br and | (which could otherwise exert a corrosive
action on UB> — see Section 6.5.7) by forming halides of the general formula MX (M =Rb, Cs; X =
Br, I).

6.5.2. Alkali-earth metals

The only known crystalline borides of strontium and barium are hexaborides with the formula SrBe
and BaBe, respectively [188]. While the literature on the thermodynamic properties of such
compounds is sparse, the reported standard enthalpy of formation of SrBe of -210.9 kJ/mol [189]

suggests that Sr may not be able to strip boron from UB: (which has a standard enthalpy of
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formation -164.4 kJ/mol [124], while considering that 3 mol of UB2 must be consumed to produce 1
mol of SrBs).

Sr and Ba are therefore likely to exist in their metallic state as precipitates in UB>, potentially
forming alloys and intermetallic compounds with other irradiation products such as Te [190],
lanthanides, and minor actinides [191], as observed in metallic fuels. It is also worth noting that
alkali-earth metals are highly reactive towards oxygen and will likely react with any oxygen
impurities present (e.g. from the manufacturing process of UB>), affording their respective oxides,

as observed in metallic fuels [192].

6.5.3. Transition metals

Most of the transition metals among the fission products are able to form alloys with each other, a
capability that is fully demonstrated by the formation of metallic nanoparticles in spent UO> fuel
[193]. In particular, it is possible to distinguish the so-called e-phase among the metallic
nanoparticles, which is composed of an alloy of five transition metals (Mo, Tc, Ru, Rh, Pd) and a p-
block metal (Te) [194]. It is highly likely that several transition metals will form similar alloys in
UB., including noble metals Ru, Rh, Pd, and Ag.

The main borides of yttrium are YB3, [195] YBa4, YBs, and YB12 [196]. YB: is isostructural with
ZrB; (P6/mmm) - and hence with UB2 — with YB2 being reported to be soluble in ZrB>, at least up
to 2.9 mol% YB; [195]. Its lattice parameters are close enough to those of UB; (a = 3.102 A; ¢ =
3.307 A for YB2[197]; a = 3.130 ¢ = 3.988 for UB; [42]) and its concentration is low enough for

them to form solid solutions under the solid solubility criteria chosen for the evaluation.

Zirconium is likely to form ZrB: in solid solution with UB, as postulated by DFT simulations [198]
and as confirmed by the experiments in Section 6.6.

Niobium can form a range of borides, including Nb2Bs, NbB, NbsB4, and NbB> [199]. As in the
case of YB2, NbB; is isostructural with UB; and its lattice parameters (a = 3.102 A; ¢ = 3.307 A for
NbB: [197]) would suggest that NbB, may form solid solutions with UB; under the solid solubility

criteria chosen for the evaluation.
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Molybdenum can form a range of binary borides (Mo2B, MoB, Mo2Bs) [200], although it is likely

that a ternary UMoB34 boride may be formed as well in the fuel under irradiation [177].

Technetium borides TcsB, Tc7Bs, and TcB2 have been prepared and isolated [201]. TcB: is not

isostructural with UB>, belonging instead to the P63 /mmc space group.

Two borides of ruthenium have been prepared and isolated, with their composition being Ru2B3
[202] and RuB:> [203]. It is worth noting that RuB: is not isostructural with UB>, having instead an

orthorhombic lattice Pmmn, and is therefore assumed to be insoluble in UB>.

Several borides of rhodium (Rh7Bs and RhB [204]) and palladium (PdsB, Pds:B, PdsB2 and Pd.B
[205]) have been described. However, there exists a class of intermetallic compounds between
rhodium, palladium, uranium, and plutonium, which are mutually soluble and are described by the
general formula (UixPux)(RhiyPdy)s. The melting points of these compounds are notably higher
than those of metallic uranium and plutonium, and their chemical stability is considerable
[182,206]. It is likely that an analogous intermetallic compound with Ru, prepared in laboratory
conditions [206], may form in irradiated fuel, although its presence has only been observed in
irradiated substoichiometric UO2.x at high temperatures [182], suggesting that a very low oxygen
potential may be required for its formation from UO..

Palladium has also been reported to form intermetallic precipitates with lanthanides in irradiated
metallic fuel, affording compounds with the general formulas LnPd and LnsPds (where Ln =
lanthanides) [207].

The only known boride of silver is AgB., isostructural with UB> [208], and which may form solid
solutions in UB, mostly owing to its low concentration, as its lattice parameters (a = 3.000 A; ¢ =

3.240 A) are quite different from those of UB..

No borides of cadmium are known [209]. It is likely that Cd would be found in metallic form in

irradiated UBy, possibly in alloys or intermetallic phases (likely with Ag, In, Sn, Sh, Te [210]) .
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6.5.4. Lanthanides

Hexaborides are the prevalent binary borides of lanthanides, with all of the elements in the family
being able to form them [211] and with the hexaborides being often the most stable phase in the Ln-
B system (Ln = lanthanide) at room temperature [212]. The hexaborides of the lanthanides, of the
alkali-earth metals, and of yttrium are isostructural and exhibit a narrow range of lattice parameters,
making them fully miscible with each other [148]. The formation of solid solutions may provide an
additional driving force for the formation of metal hexaborides in irradiated UB», as the
configurational entropy of the mixed phase would provide an additional stabilising term when

compared to the isolated hexaborides [213].

Most lanthanides have also been confirmed to form diborides (Gd, Th, Dy, Ho, Er, Tm, Yb, Lu
[214,215]) and tetraborides (all except Pr and Eu [211]).

Furthermore, from observations in irradiated metallic fuel, lanthanides may be found in their native
metal state and may form stable intermetallic compounds with Rh, Pd [191], In, Sn, and Sb, the
most stable being those with Sb [216]. Lanthanides in their metallic form also appear to have a non-

negligible solubility in liquid Cs, which may enhance their mobility in the fuel matrix [216].

6.5.5. Actinides

The diboride, tetraboride, hexaboride, and dodecaboride have been prepared and characterised for
Pu [217] and Np [218], while only the tetraboride and the hexaboride were obtained for Am [218].
Furthermore, the diborides of Np and Pu have been reported to be fully miscible over the whole

range of compositions [219].
No borides have been reported for Cm, likely owing to experimental difficulties associated with its

rarity and radiotoxicity. Nevertheless, in the present analysis it was assumed that it could form

CmB4 and CmBe, in analogy with Am.
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6.5.6. p-group metals

No binary borides for In, Sn, Sb, and Te appear to have been reported in the literature. Ternary

borides were screened, considering those that contain other elements resulting from irradiation.

LasInB has been prepared [220] and it is possible that other lanthanides may afford analogous

compounds by substituting La in the crystalline structure.

SnaZrsB [221], SnRh3Bos1, SnsRhsB, and SnsRheB2 [222] have been reported for Sn, while no

adequate ternary borides could be found for Sb and Te.

6.5.7. Halogens

Thermodynamic predictions suggest that iodine and bromine resulting from fission may react with

UB:> with a specific corrosion mechanism, indicated in reaction 6.11:

UB2 () + 5 Xz () = UXa (g + 2 BXs(g) 6.11

Where X indicates Br or I. Both reactions are favourable, with the calculated equilibrium constants
at 1000 K being 3.26-10%! and 9.16-107 for the reaction with bromine and iodine, respectively.

Since both Uls and Bl are volatile, the reaction between UB2 and I, could provide a mechanism for
the volatilization and enhanced diffusion of boron and uranium inside the fuel rod volume,
potentially leading to unwanted chemical interactions or to spatial swings in reactivity as fuel and
absorber materials are relocated according to chemical gradients. Furthermore, once mobilised, the
volatile species may be deposited again as solids with different mechanisms, such as thermal
decomposition into less volatile species upon contact with hot surfaces or condensation upon

contact with cold surfaces.

In particular, uranium tetrahalides may decompose into the less volatile trihalides through reaction

6.12, as confirmed experimentally by Bagnall et al. [223]

2 UX4 9 — 2 UX3 5,9 + X2 () 6.12
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The transport phenomenon is complex and heavily dependent on the chemical potential of iodine in
the fuel environment. However, while a detailed description of the phenomenon is beyond the scope
of this preliminary analysis, it is worth noting that the decomposition of fuel-bearing Uls in hot
spots and the condensation of absorber-bearing Bls in cold spots may result in a positive power-

temperature feedback that may decrease the temperature homogeneity in the fuel.

From a thermodynamic standpoint, while the corrosion reaction of UB> with halogens in itself is
favourable, the competing gettering of halogens by alkali metals appears to be extremely effective
at limiting the chemical potential of free halogens in the fuel environment (see Figure 6.10),
especially considering that the total concentration of alkali metals is almost 40 times greater than
that of halogens (see Table 6.4).

Nevertheless, radiolysis of stable alkali metal halides may increase by several orders of magnitude

the chemical potential of the free halogen, as observed when irradiating Csl in conditions
comparable to those of an active fuel rod inside a nuclear reactor [224,225].
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Figure 6.10: Variation in Gibbs free energy for the reactions of UB3, Cs, and Rb with I, and Br»
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6.5.8. Hydrogen and noble gases

Hydrogen (mostly composed of tritium resulting from ternary fission events) is expected to form
gaseous H> or metal hydrides with metallic fission products or within the cladding [226].

Helium will result from the fragmentation of boron-10 and from ternary fission events. DFT
simulations on ZrB, predict that its most stable location inn a lattice of that type will be in
interstitial positions, from which it can easily diffuse to form bubbles and eventually to the plenum
of the fuel element [227].

DFT simulations on the behaviour of Xe in UB> suggest that it may be hosted in uranium vacancies

in the UB: lattice [198]; a similar behaviour can be reasonably expected from K.

6.5.9. Systematic classification of irradiation products in UB2

Table 6.5 presents the results of the previous assessment, providing a tentative placement of the

elements into the categories based on available literature data.

Table 6.5: Classes of fission and transmutation products in UB>

Category Elements

| — inert gases He, Kr, Xe

Il — volatile elements H, Br, |

Il — metallic precipitates Rb, Sr, Nb, Mo, Tc, Ru, Rh, Pd, Ag, Cd, In, Sn, Sh,
Te, Cs, Ba, lanthanides, actinides

IV — boride precipitates Li, Sr, Nb, Mo, Tc, Ru, Rh, Pd, Ag, In, Sn, Ba,
lanthanides, Np, Pu, Am

V — borides that are soluble in UB> Zr, Nb, Y, Ag, Gd, Th, Dy, Ho, Er, Tm, Yb, Lu, Pu,
Np

6.5.10. Chemical evolution of UB2 with burnup

The composition profiles resulting from the simulations (differentiated by the isotopic composition
of boron in UB2: 79.1%, 95.0%, and 99.5% 'B) were used to calculate the amount of boron that
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must be available to the fuel matrix for its stability to be guaranteed, i.e. to ensure that no metallic
uranium will be formed .

Rather than evaluating the chemical evolution and stability of UB: directly and to great detail,
considering an extremely complex set of chemical reactions among tens of elements and hundreds
of compounds, a preliminary assessment of the phenomenon was carried out by bounding it
between a worst and a best case, based on assumptions on the additional demand of boron by the
irradiation products and on its decreased availability due to fragmentation.

The UB>2 matrix (including the elements which form soluble diborides) was conservatively assumed
to fail if its B/M ratio was reduced below 1.78, corresponding to the lowest stoichiometric ratio
found in the literature, reported by Martel et al. [83]. No deviation from the perfect stoichiometry
was allowed for the secondary boride phases instead, which were assumed to have complete
occupancy of the boron sublattice for a more conservative estimate. In both the best-and worst-case,

Li was assumed to be retained in the vacancies left by the fragmentation of boron.

Under the best-case assumptions, all the fission, fragmentation, and transmutation products form
their lowest borides or, where possible, remain in metal form, while halogens are perfectly captured
by alkali metals.

Under the worst-case assumptions, instead, the highest borides are formed, implying that all of the
new elements are able to outcompete UB: for boron, while halogens react to completion with UB».
Figure 6.11 shows the ranges for the B/M ratio of the main diboride matrix under the best- and
worst-case assumptions for the three abundances of !B that were simulated.

As expected, increasing the fraction of B allows to reach higher burnups without compromising
the chemical stability of the UB> matrix. The behaviour of the best-case scenario curve for the
95.0% and 99.5% !B cases is interesting in that the B/M ratio of the matrix shows an early decrease
followed by an increase, which is even net with respect to initial conditions in the 99.5% !B case.
The initial decrease in the B/M ratio is likely due to the fragmentation of 1°B, 99% of which has
been consumed at 42 MWd/kg and 33 MWad/kg for the 95% °B and the 99.5% B case,
respectively. The subsequent increase is due instead to a competing effect attributable to the
assumptions of the best-case scenario, under which many fission and transmutation products are
assumed to be in metallic form or otherwise forming borides with a M:B ratio lower than 2: this
leaves the boron atoms that accompanied the fissioned uranium atoms free to remain in the matrix.

UB:2 may combine with this free boron to afford UBa.
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Such a behaviour is in part analogous to that of UO, undergoing burnup, in which the U/O ratio
increases with burnup due to uranium being fissioned into elements forming lower-valent oxides
(e.g. Rb(I), Cs(I) Sr(I1), Ba(ll)), metallic precipitates (e.g. Tc, Mo, Ru, Rh, Pd, Ag), halogens (e.g.
Br, 1), and noble gases (e.g. Kr, Xe) [228].
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Figure 6.11: Estimated B/M ratio of the UB> matrix as a function of burnup for three different

isotopic abundances of !B in UB;
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6.6. Synthesis of (U,Zr)B: solid solutions

The synthesis of (U,Zr)B2 was previously reported by Holleck et al. [229] via reactive arc melting
of the pure elements. They reported that UB> could accommodate up to 10-15% ZrB; by moles and
that the a/c ratio decreased with increasing ZrB: content, but they did not describe quantitatively the
relationship between the ZrB. content in (U,Zr)B2 and the a and c lattice parameters.

Based on thermodynamic considerations, (U,Zr)B. solid solutions were prepared by
borocarbothermic synthesis in analogy with reaction 4.1, using UO2 and ZrO: in adequate
proportions as starting materials, according to reaction 6.13.

2(1-x) UO2 ) + 2X ZrO2s) + B4aC 5+ 3 C (s = 2 UaxZrkB2 ) + 4 CO (g 6.13

The synthesis was performed in the chamber furnace with the procedure outlined in Section 3.4 for
x = 0.5%, 1%, 2%, 5%, and 10% in the following conditions: actively pumped vacuum, Mo
crucible, dwell time of 12 h at 1900 °C.

The samples were analysed via XRD using a 10% by mass addition of ZrB, (ABSCO, UK, 98.5%)
as an internal standard to correct for vertical displacement. The composition of the products and the
lattice parameters of the (U,Zr)B. phase were determined via XRD using the Malvern Panalytical
Highscore software. The reference structure used as a starting point for the Rietveld refinement of
the ZrB: diffraction pattern was the one reported by Baris et al. (space group P6/mmm, a = 3.1703
A, c=35325A) [89].

The samples with 0.5 mol%, 1 mol%, 2 mol%, and 5 mol% ZrB: all exhibited a single phase of the
P6/mmm structural type as the main product, with no peaks attributable to isolated ZrB.,
suggesting that a (U,Zr)B: solid solution was indeed formed as the main product. Traces of UMoB,
UB4, UBC, and UC could be detected as minor impurities (see Table 6.6).

The sample with 10 mol% ZrB> showed diffraction peaks attributable to a ZrB> crystalline phase in
addition to those attributable to (U,Zr)Ba, suggesting that either the solubility limit for ZrB, was
exceeded or that the dissolution was kinetically limited. Further equilibration of the sample for 12
additional hours at 1900 °C still afforded a material containing unbound ZrB3, suggesting that the

solubility limit of ZrB. in UB> may be between 5 and 10 mol%.
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Table 6.6: Molar fraction of ZrB,, time at temperature, purity, and other identified crystalline

phases for the (U,Zr)B> samples

ZrBz (mol%) | Time at 1900 °C (h) | (U,Zr)B2 purity (wt%) Other crystalline phases
0.5 12 > 95% UMoB4, UB4, UBC
1.0 12 > 95% UMoB4, UB4, UBC
2.0 12 > 95% UB4
5.0 12 > 95% UMoB4, UB4, UBC
10.0 12+12 > 90% ZrB2*, UC

Figure 6.12 shows the shift in the (0 0 2) reflection of (U,Zr)B: for the 0, 2, and 5% ZrB,. The shift
is in the expected direction, with the c lattice parameter decreasing with increasing ZrB. content.

The actual concentration of ZrB> in the (U,Zr)B2 phase was corrected for the molar amount of
uranium which formed other crystalline phases as identified by XRD, while assuming that all of the
zirconium was instead involved in the formation of the solid solution. For a 95% pure sample it was
therefore assumed that the concentration of ZrB; in the solid solution phase was greater by a factor

of (0.95)! than the nominal one.

The relative uncertainty on the concentration of ZrB, was estimated to be 5%, which is the
quantitative limit of the XRD phase analysis when unsupported by other techniques.

The relative uncertainty (expressed as three standard deviations) in the determination of the lattice
parameters of the (U,Zr)Bz phase was estimated as shown in Section 3.4.5 to be 0.03% for the a
axis and 0.04% for the ¢ axis based on the resolution of the goniometer (0.0108 °/step) and on the
position of the most intense reflections, with those being the (0 1 0) at approximately 33.0° and the
(1 0 0) at approximately 22.3° (the values refer to those for UB>, as reported by Dancausse [42]).
The estimate is in agreement with the typical values reported by Cullity and Stock [128] .

The values of the lattice parameters of the solid solutions, measured by XRD as described in

Section 3.4.5, are reported in Table 6.7.
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Table 6.7: Measured lattice parameters for the solid solution samples and for pure UB2 and ZrB..

ZrB2 in UB2 (mol%) a C

0.00 (pure UBy) 3.1326 + 0.0009 A 3.9857 + 0.0012 A
0.53 3.1342 +0.0009 A 3.9841 +0.0012 A
1.05 3.1351 + 0.0009 A 3.9798 £ 0.0012 A
2.11 3.1357 +0.0009 A 3.9769 + 0.0012 A
5.26 3.1383 + 0.0009 A 3.9687 +0.0012 A
100.00 (pure ZrBy) 3.1662 = 0.0009 A 3.5325 + 0.0012 A

(002) 0 at% Zr

2 at% Zr

5 at% Zr

Intensity (a.u.)

' I ' | ' | ' | ' ' '
450 452 454 456 458 460 462 464
Angle (26)

Figure 6.12: Detail of the (0 0 2) reflection in the XRD patterns of three (U,Zr)B2 samples with

varying Zr content.
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The change in the a and c lattice parameters is presented in Figure 6.13, with the dashed line
showing the ideal linear variation between UB; and ZrB.. The change in the a lattice parameter
shows a marked deviation from the ideal behaviour, quickly departing from the dashed line, while

the c lattice parameter appears to follow it much more closely.

The volume change of UB: due to Zr has been predicted by DFT simulations by Jossou et al. [230],
who reported a value of -0.11% for 3.7 mol% ZrB.. Based on the measured lattice parameters, the
relative volume change in (U,Zr)B, for the same concentration of ZrB» was estimated by
interpolation of the experimental data points (through the dotted lines) as -0.05 + 0.10%. The
relative uncertainty on the calculated volume change is considerable when compared to its actual
magnitude, owing to the fact that the effect of the expansion on the a direction is largely cancelled
by the contraction in the ¢ direction. Nevertheless, it is likely that the experimental observations

confirm the trend predicted by the simulations.

The calculated reduction in volume is also qualitatively consistent with the fact that the molar
volume of ZrB; is approximately 9% smaller than that of UB2, suggesting that the combination of
ZrB> and UB; should afford a solid solution with a molar volume smaller than that of UB.. From a
quantitative standpoint, however, linearising the volume change by applying the ideal mixtures law
would return a value of -0.33% at 3.7 mol% ZrB», as opposed to approximately -0.10% as measured
experimentally and as calculated by DFT, indicating that the behaviour of the U-Zr-B system is
notably distant from an ideal one. This could be ascribed to Zr weakening the delocalisation (and
thus the strength of the bonds) of the f electrons in the uranium planes, as indicated by the more-

than-linear swelling in the a direction.
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Figure 6.13:Variations in the lattice parameters of the unit cell of (U,Zr)B> as a function of Zr

content.
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6.7. Simulation of the thermal expansion of UB:

The thermal expansion of a material in a nuclear fuel has profound effects on its nuclear properties
and on the mechanical stresses that will be generated if its expansion is constrained by the

surrounding materials.

The nuclear properties are affected by the change in the number density of the fissile and absorbing
atoms. In fact, the thermal expansion of nuclear fuels and moderators is one of the key phenomena
that allow to build and operate fission reactors with negative temperature coefficients of reactivity.
Thus, an accurate coupled thermal-neutronic model of UB, as a nuclear fuel must include its

coefficients of thermal expansion.

The linear coefficient of thermal expansion (CTE) of UB> has been measured by Beckman and
Kiessling [231] and by Kardoulaki et al. [43].

The measurements of Beckman and Kiessling were performed on polycrystalline powder samples
by XRD, measuring the lattice parameters as a function of temperature and reporting the linear
coefficients of thermal expansion of UB; along the a and ¢ axis. The values are averaged between
room temperature and 205 °C and provide the crystallographic linear CTEs.

The measurements of Kardoulaki et al. were performed on polycrystalline samples in a dilatometer

between room temperature and 1500 °C, providing the technical linear CTE.

It must be noted that the crystallographic CTE and the technical CTE are related but not readily
comparable, as they do not arise from the same set of phenomena. In fact, the technical linear CTE
results from the combination of the thermal expansion effects due to the idealised crystal lattice
(which are the very ones measured by XRD) and of those due to the microstructure and to the non-
ideality of the crystals. The crystallographic linear CTEs feature in the technical linear CTEs as
their average, weighted with the ordering of each crystallographic axis along the measurement
direction; for a truly random ordering of crystallites, the technical CTE should therefore be linearly
correlated with the average of the crystallographic CTEs. The other contribution to the increase in
dimensions measured by technical dilatometry results from the increase in concentration of crystal
defects with temperature, with both vacancies and interstitials being able to cause expansions or

contractions of the lattice, and often in an anisotropic fashion [232-234].

121



Beckman and Kiessling reported averaged values of CTE of 9 ppm/K along the a-axis and 8 ppm/K
on the c-axis in the 20-205 °C range, with a weighted average (2 a axes and 1 ¢ axis in the crystal
lattice) of 8.67 ppm/K, while the technical linear CTE reported by Kardoulaki et al. over the same
temperature range is approximately 10 ppm/K, showing good agreement between the two
measurements when considering the caution with which crystallographic and technical CTEs should
be compared.

The technical CTEs reported by Kardoulaki et al. [43] are encouraging with respect to the inclusion
of UB: into UO- as a dispersed phase: the values of the two materials are closely matching and the
total linear thermal expansion of UB: at 1600 K is greater than the one of UO> as recommended by
Fink [41] by less than 0.1% (referred to the original length), while UO> is able to accommodate
strains that are up to 3 orders of magnitude greater before fracture at such temperatures owing to

increased plasticity [235].

However, both sets of measurements refer to unirradiated UB.. It can be reasonably expected that
the inclusion of soluble fission and fragmentation products in the UB2 matrix (see Section 6.5) will
alter the linear CTEs of UB..

Measuring the CTE of suitable surrogate materials or of irradiated samples of UB> can provide
direct information on the matter but is also experimentally challenging: in the first case the issue
lies with the preparation of compositionally and microstructurally representative samples, while in
the second case the challenges derive from the intense radioactivity of the samples. At the same
time, versatile DFT simulations may be used to predict the thermal expansion of the UB2> matrix
with a variety of doping elements and inform, direct, and focus experimental work.

The first step for such a line of work is the validation of the method and of the parameters that are
used to perform the simulations against the available measurements. Once the behaviour of
unirradiated UB2 has been simulated with sufficient accuracy, the simulation method can then be

extended to more complex materials based on the same matrix.
Using DFT-QHA calculations as described in Section 3.3, the volumetric CTE of UB; was

calculated to be 15.0 ppm/K. This would be equivalent to an average linear CTE of 5.0 ppm/K, far

lower than those reported in the measurements.
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For a more accurate description of the phenomenon, the workflow of DFT-QHA was altered to take

into account anisotropy effect. Recalling equation 3.35, it is possible to make explicit the
dependency of cell volume on the a and c lattice parameters, obtaining equation 6.14

G(V: T) = Elattice (V) + Ephonons(V, T) 3.35

G(a: o T) = Elattice (a’ C) + Ephonons (a’ o T) 6.14

The relaxed unit cell of UB2 obtained by the previous DFT-QHA work was used as a base to

generate deformed structures, which were obtained by varying independently the a and ¢ parameters

in the +/- 5% range with respect to the relaxed values, with a step of 1.25%.

The a; and cj parameters used in each calculation were defined as

a; =a,"(0.95+0.125-1i) 6.15
¢; = ¢+ (0.95+ 0.125 - j) 6.16

Where a, and c, are the values of a and ¢ obtained from the first relaxation of the unit cell and
where i and j vary between 0 and 8.

Thus, a 9x9 array comprising 81 structures with different pairs of (a;, ¢;) values was obtained. The
structures in the array were relaxed in VASP allowing movement of the atoms while keeping
constant the lattice parameters and the cell shape. The resulting structure output files were used to

build the corresponding 4x4x3 supercells, thus obtaining an array of 81 supercells.

The supercells were input in the DFT-QHA workflow described in Section 3.3, calculating the
phonon contribution to the free energy of each cell as a function of temperature under the quasi-
harmonic approximation, as conceptually expressed by equation 6.14. Calculations were performed

for the 0-500 K range, with a step of 10 K. For each temperature. the 9x9 array represents a
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sampling matrix for the potential energy surface in the (a,c) space, as shown in Figure 6.14. The
sampling points are indicated by the blue dots.

The potential energy surface was numerically reconstructed for each temperature value using a

third-order polynomial fit of the G(a;, ¢;, T) values.

For each temperature, the coordinates of the minimum of the energy surface were found
numerically form the fitting function and were taken to be the equilibrium values of a and c at said

temperature. The resulting (a, T) and (¢, T) data points were fitted to obtain a(T) and c(T)
functions, respectively.

Using linear interpolation of the functions, the smeared linear CTE in the 20-205 °C range was
calculated to be 3.6 ppm/K along the a axis and 8.0 ppm/K along the ¢ axis.
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Figure 6.14: Potential energy surface of the UB; cell as a function of the lattice parameters at a
temperature of 290 K.

Table 6.8 summarises the available literature data discussed at the beginning of this section and the

values resulting from this analysis. The volumetric CTEs of Beckman et al. and of Kardoulaki et al.
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are calculated as the sum of the crystallographic linear CTEs in the three directions and as three

times the technical linear CTE, respectively.

It appears that the VASP-QHA method is consistent between the isotropic and anisotropic
approach, as shown by the closely matching values of the volumetric CTE (15.0 ppm/K and 15.2
ppm/K, respectively). The anisotropic simulations appear to capture well the thermal expansion
along the c direction, while the main source of discrepancy appears to be the expansion along the a

axis, possibly due to anharmonic effects that the QHA is unable to reproduce [236].

Table 6.8: Values of the reported and calculated coefficients of thermal expansion of UB:.

Source Linear CTE, a Linear CTE, ¢ Volumetric CTE
Beckman et al. [231] 9 ppm/K 8 ppm/K 26 ppm/K*
Kardoulaki et al. [43] - - 30 ppm/K**
Isotropic DFT-QHA - - 15.0 ppm/K

Anisotropic DFT-QHA 3.6 ppm/K 8.0 ppm/K 15.2 ppm/K

* calculated from the crystallographic CTEs by summation

** calculated from the technical linear CTE by multiplying by 3
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7. Research and development needs

As seen in Section 2.4, the main aims of this thesis revolved around the study of the feasibility of a
nuclear fuel based on a UB2-UO> composite pellet, with a focus on the manufacturing of UB>, on its
interaction chemistry with other materials, and on its physical properties. Figure 7.1 shows a
proposed pathway for the development effort of such a composite fuel, combining its manufacturing
and qualification. The development pathway would be split ideally into three tracks, those being
respectively modelling, testing, and manufacturing. Modelling will be initially used to inform the
design and direct the manufacturing, while manufacturing will provide materials for analysis, which

will in turn provide data to progressively refine the model [237].

Fuel simulations Fuel analysis and testing Fuel manufacturing
\ Early thermal-neutronic model | [ SyntheSis of UB2 J
‘ Maximum performance advantage,
optimal composite characteristics Preparaﬂon of
UB; with FP
surrogates
l——Particle size and shape
Analysis of UB; powders Sin termg of Preparatlon of
Crystallographic properties; effect of UB; pellets ZrB; particles
FP surrogates
J
‘ )
Model refinement I Analysis of UB; pellets -
‘ ‘ Thermal, chemical and mechanical || Preparation of
Thermal expansion, properties UB; particles
burnup dimensional Coating|material|
change. vy o
Coating of ZrB;
particles
—Loading ffraction. )
1
Analysis of uncoated and coated || Coating of UB> | | Preparation of
UB; particles particles ZrB>-UO;
Crush strength of particles; composite
effectiveness of coating pellets
LManufacturing method—}
: I Preparation of
Model refinement Il } Out-of-pile testing of composite UB;-UO;
Composite thermal pellets composite
and mechanical pellets

Distribution of particles; composite
thermal, mechanical and chemical
properties; effect of thermal cycling
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Composite J
performance, 1 i
sensitivity towards  [~—— In-pile testing and
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4

T
Safety case for test reactors

Figure 7.1: Flowchart of the proposed pathway towards the evaluation and testing of a UO2-UB:

composite fuel.

126



The work presented so far advanced chiefly the manufacturing and analysis tracks, developing an
economical, scalable and consistent method to prepare UB2 and applying it to the preparation of
UB: doped with Zr to understand the effect of the inclusion of the latter as a fission product on the
crystal lattice, as well as modelling the chemical reactivity of UB, and validating it against
experimental data in the case of the reaction with air. The synthesis routes presented in this work
can also be regarded as contributing to making uranium and tungsten borides widely available for
testing by other research groups through relatively simple and inexpensive methods, further
supporting the research efforts in the field.

This thesis contributed to the simulation track as well, with the results of the assessment of the
chemical behaviour of UB; and of its chemical stability against burnup allowing to screen
promising materials and coolants for fuel and reactor concepts and to investigate acceptable 1'B/'°B
ratios in neutronic simulations. Finally, the DFT-QHA simulations showcased the shortcomings of
QHA in describing the thermal expansion of UB> and suggested pursuing an anharmonic treatment
of the lattice vibrations.

This work has advanced the state of knowledge on the manufacturing of uranium and tungsten

borides and on the chemical behaviour of UB>.

7.1. Simulations and modelling

Modelling is crucial in the first step in the evaluation of any ATF candidate. Before resources are
committed to the development of the concept, it is paramount to estimate the maximum gain in
performance that the concept may offer while satisfying certain constraints. In the present case, it is
expected that such constraints may be the maximum volume fraction of the dispersed phase, the

isotopic composition of uranium and boron, or the compatibility with a certain reactor design.

7.1.1. Preliminary feasibility studies

The preliminary modelling should be carried out with multi-scale and multi-physics simulations
aimed at understanding the neutronic and thermal advantage offered by the composite owing to the
burnable absorber effect of UB», to its greater uranium density, and to its greater thermal

conductivity.
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An approximate core-scale simulation would be used to determine the optimal isotopic composition
of the fuel to reach a given goal in terms of extension in the refuelling interval: uranium enrichment
of the matrix, uranium enrichment of the particles and boron isotopic composition in the particles.
The microstructure of the composite would not be considered in such a simulation, which — given
the scale of the core relative to the particles — would instead rely on a smeared composition of the
composite pellet. The core-scale simulations would then return the optimal loading fraction and
isotope composition for the UB: particles.

The data would then be used to inform a simplified pellet-scale, coupled thermal-neutronic model,
requiring knowledge of the neutronic properties of UB2 and of some of its physical properties —
namely, its heat capacity, its thermal conductivity and its coefficient of thermal expansion. The
pellet-scale simulations would return the optimal size and shape of the particles for a given loading

fraction. Multimodal size distributions should be considered as well.

The currently known properties of UB:> are its thermodynamic functions and heat capacity [124], its
thermal conductivity and its technical coefficient of thermal expansion [43], alongside with some of
its mechanical properties (bulk, shear and Young’s moduli [43]). The available data would allow to
simulate the neutronic performance of the composite concept in BOL conditions, as has been done
for UN-UO, composites [32]. While no data are available regarding the variation in the physical
properties of UB:> as a function of burnup, a sensitivity analysis could be carried out with respect to
the unknown parameters — most crucially, the mechanical resistance of the interface layers, the
dimensional change in UB upon irradiation, the alteration of its thermal conductivity, and the
quality of the thermal contact between the guest particles and the host matrix. Such an analysis
would allow to identify any critical flaws in the concept and would return indicative goals for the
composite’s characteristics in order to direct the manufacturing work, with the most desirable

outputs being the optimal size, shape, and volume fraction of the particles.

It is possible that particle geometries with a high aspect ratio (e.g. rods, whiskers, platelets) may
perform better than spheroids in such simulations, especially in terms of improving the thermal
conductivity [238]. Nevertheless, spheroids possess a number of other advantages: significant
experience in the preparation and handling of spheroidal fuel kernels (e.g. for TRISO fuel [239]);
excellent flowability, facilitating handling [240]; low surface-to-volume ratio, leading to reduced

chemical reactivity.
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7.1.2. Advanced modelling and integration of data from experiments and atomic-scale

simulations

It must be noted that comprehensive models are extremely complex and computationally
demanding and simulating ab initio a wide range of conditions may be far from optimal and
introduce significant uncertainty in the results. Furthermore, owing to the greater geometrical
complexity of the composite, even more computationally expensive 3-dimensional methods may be

required to describe its behaviour more accurately.

The simulation of phenomena such as fuel failure, fuel fragmentation, and fission gas release in
particular is as critical to fuel performance as is difficult to simulate accurately and requires
experimental data for accurate benchmarking [241], stressing the need for the manufacturing and

analysis tracks to inform the simulations.

Data on the still largely undocumented and not easily measured effects of burnup on the properties
of UB2 (e.g. volume change, thermal properties, retention of fission products) may also be
supplemented by atomic-scale simulations and by correlation with the behaviour of known fuels.

7.1.3. Modelling the front- and back-end of the fuel cycle

As more experimental data are added, simulations should be aimed towards understanding the
sensitivity of the performance of the composite pellets towards variance in the manufacturing
process. Deviations in the size and shape of the particles, in their loading fraction, and in the
homogeneity with which the particles are dispersed, should be taken into account to assess which
fluctuations from the ideal parameters may be tolerated. The information would set targets for the
quality assurance and quality control procedures which should be used in the manufacture of the

fuel.

Finally, the simulations should address the post-irradiation performance of the spent fuel as well.
The higher burn-up and the higher thermal conductivity are expected to alter its thermal and
radiological profile, likely leading to different optimal handling procedures and disposal strategies

when compared to the current fuels. In fact, while the radiogenic heat per unit of mass of irradiated
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fuel (and therefore the difficulties in handling and storing the fuel) increases with burn-up, the
increased burnup may lead to a smaller overall cost of the final disposal per unit of electricity
generated if an adequate cooling time in monitored conditions is allowed prior to their transfer in a

geological repository [7].

7.2. Fuel analysis and testing

The fuel analysis and testing track is instrumental in informing the fuel performance simulations

described in Section 7.1.

7.2.1. Experiments on powders and sintered shapes of UB2

Produced UB, powders may be analysed directly or sintered into specimens of the desired shape

and bulk density in order to collect data on their thermal, mechanical, and chemical behaviour.

The chemical compatibility between UB: and other materials should be evaluated to select the best
materials to be used as coatings for the UB: particles and in the industrial handling and processing
of UB>, especially at high temperatures. The properties of any diffusion interlayer forming at the
interface between UB:> and candidate coating materials should be studied extensively to determine
their effect on the fuel performance.

Knowledge of the compatibility of UB> with fluids is necessary not only to properly evaluate its in-
reactor safety performance, but also to illustrate which methods may be suitable for its handling and
processing (e.g. wet granulation processes for the production of kernels, which may use water or
may require less corrosive liquids), for the recycling of fuel which did not meet factory
specifications and possibly for spent fuel reprocessing.

While the compatibility of UB. with dry steam [242] and with air (Section 6.3) has been
investigated, no studies exist on its compatibility with liquid water, especially in the conditions that
may be found in a LWR. With B>Os being a key component in the passivating layer that UB, forms
and at the same time being soluble in water, it may be conjectured that any protective effect that it
may exert on the underlying material would be greatly reduced during corrosion by liquid water,
especially if compounded by erosion in flowing conditions. The reactor coolant conditions may be
simulated in an autoclave, with analogous experiments having been performed on UN-UO:
composites [243].
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The aqueous oxidation tests should also explore the effect of oxygen dissolved in water (also
relevant to see which oxygen concentrations may be tolerated by UB: slurries during industrial

handling), as well as the effect of oxidizers deriving from the radiolysis of water [244].

While some predictions have been formulated in Chapter 6, the chemical compatibility of UB> with
fission products and the effects of irradiation must be assessed directly as part of the fuel licensing

process.

Examination of UB; after the irradiation in a research reactor would naturally be the most direct
answer to the research needs; however, the preliminary analysis of UB> samples doped with
irradiation products surrogates (in abundances defined by the neutronic simulations) would be a
necessary step in defining the safety case for the very in-pile testing of UB». Furthermore, the
results of such a set of experiments may provide useful reference materials for the validation of
atomic-scale simulations on the effects of burnup.

The samples containing boride-forming irradiation products may be prepared by modifying the
borocarbothermic synthesis of UB>, as illustrated in the case of ZrB; in Section 6.6, while ion
implantation may be an especially valuable technique to study the combined effect of radiation
damage and of the inclusion of gaseous irradiation products such as He and Xe [245] in the
microstructure of UB; on its properties. Furthermore, the effect of microstructural features (in
particular ones representative of the high-burnup structure observed in UO2 [246]) may be
reproduced by advanced sintering and manufacturing techniques, such as Spark Plasma Sintering
[247].

7.2.2. Analysis of the UB:2 particles
The analysis track should also extensively characterise the UB: particles, as their mechanical and
chemical behaviour may be substantially different from that of bulk samples of UB> owing to a

combination of microstructure and impurities specific to their production process,

The crush strength of the sintered ceramic kernels should be evaluated to establish handling

procedures and to determine the maximum pressure to which they may be safely subjected during
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the manufacture of the fuel pellet which is expected to contain them, thus informing the fuel
manufacturing track. Electron microscopy and X-ray tomography are expected to provide extremely
relevant data in the investigation [248].

At this stage, the effectiveness of the coating should be evaluated as well, determining the minimum
thickness with which it provides sufficient chemical protection and the optimal process for its
application.

7.2.3. Analysis and testing of the composite fuel pellet and of its manufacturing process

Once composite fuel pellets have been prepared, their properties may be tested out-of-pile to
validate and inform the thermo-mechanical simulations. The effect of thermal cycling at rates
analogous to those experienced in reactor conditions is of particular interest, as it may lead to the
formation of cracks, which would be detrimental to the quality of the thermal contact at the

composite interface.

The bulk thermal conductivity of the composite pellets may be measured via Laser Flash Analysis
(LFA), while X-ray tomography may be used to determine the homogeneity in the dispersion of

spheres and the formation of cracks [249].

Finally, in-pile testing and post-irradiation examination (PIE) are expected to be the final steps for
the validation of the fuel performance codes, with PIE allowing to determine the spatial distribution
of irradiation products, the ratio of fission gas release, and the morphology and microstructure of
the fuel [250].

Quality assurance and quality control procedures are also tested and validated, potentially providing

input towards slight redesigns of the fuel concept to improve their effectiveness.

7.3.  Fuel manufacturing

The first step in the manufacturing work — which will supply materials for analysis and testing

throughout the development process — is the investigation and optimisation of industrially scalable
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pathways for the preparation of UB,. Key requirements for the synthesis procedure are safety,
scalability, minimal loss of reactants (especially if valuable isotopically separated boron is used),
minimal generation of waste, robustness, and product purity and homogeneity.

The subsequent laboratory-scale manufacturing of the composite fuel requires the study, the
optimization and possibly the integration of several processes — namely the preparation of UBo, its
shaping and sintering into particles, the coating of the particles and their inclusion in a UO2 matrix.

Scrap recycling procedures should be established as well.

Owing to their similar properties (such as their chemical reactivity and thermal conductivity), ZrB>
may be employed as a non-radioactive surrogate of UB: to screen and test manufacturing
techniques before radioactive materials are used, facilitating the early research work by reducing
radiological burdens, cost of materials and waste disposal, and regulatory oversight. Furthermore,
UO2-ZrB> composites may be ATF candidates in their own right, owing to the burnable absorber
capabilities and to the high thermal conductivity of ZrB,. [18].

7.3.1. Optimisation of the preparation of UB2 and evaluation of its industrial scale-up

The development of industrially viable routes for UB: is crucial to its success as a fuel material.
Key requirements for the synthesis procedure: safety, scalability, minimal loss of valuable reactants
(with special attention to valuable and volatile isotopically separated boron), minimal generation of
waste, robustness and product homogeneity.

If isotopically separated boron is to be used, integration of the synthesis process with the isotope
separation process must also be considered. Isotopically separated boron may be obtained from ion
exchange chromatography of borate anions (preferably coming from boric acid) [81] or via
processes based on the distillation or the membrane diffusion of boron trifluoride or of its adducts
with organic ethers [251]. The most readily available forms of isotopically separated boron are
boron trifluoride (BF3) and boric acid (HsBOs3), both of which may be readily converted into boric
anhydride (B203). Boron carbide (B4C) may be prepared by the high-temperature reaction between
B2>0O3 and carbon [134].
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It is also worth noting that boron isotope separation may occur spontaneously in nature, with
processes akin to its chromatographic separation. Depending on the pathway that led to the
formation of natural boron deposits, they may present deviations from the isotopic mean in favour
of either 1°B or B [78]. This should be considered when sourcing the boron raw material,

depending on the intended application.

The handling properties of the UB> powders (in particular their flowability and their propensity to
caking) depend on their morphology and thus from the manufacturing process. The handling
properties of the final product should be considered when optimizing the manufacturing process.
Furthermore, the possibility of integrating the synthesis of UB> with the subsequent steps of the
preparation of the composite should be explored as well.

The current method for the borocarbothermic synthesis of UB2 may be optimized by Simultaneous
Thermal Analysis (STA) of the reaction system coupled to mass spectrometry (MS). Comprising
Thermo-Gravimetric Analysis (TGA) and Differential Scanning Calorimetry (DSC), the STA
would allow to determine the mass and energy balance of the reaction system as a function of time
and temperature, while mass spectrometry (MS) would allow to discern which chemical species are
being released (e.g., CO, B20O3 B20>).

The data provided by STA-MS would allow to identify the onset and the end point of the reaction
and to determine the conditions in which the atom economy of boron is optimal. The data would
also allow to correlate pre-processing of the reactants (e.g., mixing, pelletising, pre-shaping in
particles) to the reaction kinetics, for optimal process integration.

Data on the kinetics of the reaction are especially useful to maintain the reaction time and
temperature to a minimum in batch processing. A low synthesis temperature would be highly
desirable in an industrial setting, given its manifold effect on process costs: lower temperature
requirements result in decreased energy consumption, lower equipment wear and complexity, and in

a reduced rate of volatilization of valuable boron from the reaction system.
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7.3.2. Manufacture of UB2 and ZrB:2 kernels

Kernels of ceramic materials can be obtained from liquid suspensions or solutions of the ceramics
themselves or of their chemical precursors, with the concept being to lock the shape of the carrier
liquid into loaded gel beads or aggregated particles which can be then converted into ceramic

kernels. Several possible methods are discussed below.

7.3.2.1.  Droplet gelation
In a droplet gelation process, the spherical shape of a droplet falling into a gelation bath is retained
by cross-linking of chemical species contained in the droplet as they react with substances

contained in the gelation bath.

Oxide ceramics in aqueous suspensions may be obtained by the formation of gelatinous metal oxide
networks upon changes in pH. Such a process has been used to prepare UO2 kernels from the
gelation of acidic droplets of uranyl nitrate into a basic gelation bath containing ammonia [252].
Non-oxide ceramics such as ZrB2 and UB> cannot exploit a similar chemistry and must therefore
rely on other gelation agents such as polymers. Several polyanionic polymers (e.g., poly-(acrylic
acid) and alginic acid) can be crosslinked by divalent cations. A good example of this technique is
the crosslinking aqueous droplets containing sodium alginate in a bath of aqueous calcium chloride
[253].

Falling droplets may be deformed by impact with the gelation bath. To contrast this phenomenon,
they may be pre-emptively hardened by letting them fall in an atmosphere containing vapours of a
suitable crosslinker (as in the case of ammonia vapours for the uranyl gelation route [252]) or a mist
of the cross-linking solution. The gel beads containing the ceramic can then be dried and sintered to
obtain fuel kernels.

The chemistry of the crosslinking system must be carefully evaluated, since any polymers and
crosslinkers that are retained in the final shape will be present during the sintering phase. Organic
polymers can be treated as sources of carbon for the purposes of sintering, with most of them
undergoing full pyrolysis into volatile organic molecules and a solid carbonaceous residue in the
temperature range 400-600 °C [254].
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The crosslinking cations and their counterions may also play a part in sintering. Halides may react
with the underlying material to form volatile species, which may in turn lead to coarsening of the
material as opposed to sintering. Furthermore, if chloride salts are used as crosslinkers, the residual

chlorine may act as a parasitic neutron absorber with difficult to predict concentrations.

Reducing the number of elements in the sintering system is an effective way to reduce the
complexity of its chemistry. If organic anionic polymers are used, salts of uranium or zirconium
cations with volatile or organic anions may be used to good effect. Examples include zirconium
acetate Zr(CHsCOO)4, zirconyl nitrate ZrO(NOz)2, uranyl acetate UO2(CH3COO). and uranyl
nitrate UO2(NO3)a.

Uranyl cations UO2?" have been demonstrated to cross-link poly-(acrylic acid) [255] while Zr**
[256] and ZrO?* [257] cations have been used to cross-link alginate. The poly-(vinyl alcohol)/boric
acid system may also represent a promising solution [258]., also contributing to introduce a slight
boron excess that may compensate the losses during sintering.

The droplet gelation process may also be used to obtain beads from a slurry containing all the
reactants for the borocarbothermic synthesis of UB2, which may then be heated to the appropriate
temperature in a combined synthesis and sintering process to obtain directly UB> kernels. In this
case, the gelation effect of uranium oxide networks may be exploited as well. This process has been

applied to the preparation of ZrB> with good effect [259].

7.3.2.2.  Freeze granulation

In freeze granulation, droplets of an aqueous ceramic suspension are sprayed into liquid nitrogen
under stirring and are quickly frozen (with the process requiring a few milliseconds). The resulting
frozen granules are recovered and subsequently freeze-dried under vacuum to sublimate ice and

yield a dry granulated powder with spherical granules [260].

The technique could be used to produce sintered UB: kernels both from UB> powders and from

suitable reactants in a combined synthesis-sintering procedure.
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7.3.2.3.  Spray drying

In spray drying, a suspension containing the desired ceramic material and a binder is sprayed
through a nozzle in a drying environment, forming droplets. As the droplets fall, the fluid
evaporates and leaves behind agglomerates of ceramic held together by the binder. The particles are
then collected at the bottom of the drier [261].

An upward flow of gas may be used to promote drying and at the same to slow the descent of the
particles, in order to prevent any deformation upon impact with the bottom of the container. A

suitable liquid may be also used to provide a soft landing for the agglomerates.

As in the case of droplet gelation and freeze granulation, the technique could be used to produce
sintered UB: kernels both from UB> powders and from suitable reactants in a combined synthesis-

sintering procedure.

7.3.3. Coating of kernels

The coating method for spheres should aim to apply a homogeneous layer of minimally reactive
material with the lowest thickness that guarantees safe performance. Coating methods should also

be evaluated according to their compatibility with the underlying material.

Coatings would be more conveniently applied to already sintered kernels, since they would not add
complexity to the kernel’s sintering chemistry and there would not be size mismatch and potentially

coating delamination arising from the densification of the underlying material.

Tungsten and its alloys with molybdenum are especially promising coating materials, owing to their
high thermal and mechanical stability and to the possibility of forming stable boride interlayers with

the underlying UB>. Two concepts for the coating of UB: particles are discussed below.

7.3.3.1.  Chemical vapour deposition in fluidized bed reactor
Chemical Vapour Deposition (CVD) has the advantage of equipment simplicity over Physical
Vapour Deposition (PVD), while the usage of a fluidized bed reactor (FBR) has the advantage of

affording a coating with high homogeneity.
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CVD-FBR has been used successfully to coat TRISO kernels with silicon carbide [262] and UO>
particles with tungsten [38]. In the latter case, tungsten hexachloride (WCls) was used at
temperatures between 400 °C and 550 °C in a stream of hydrogen and argon[263]. It must be noted
that the reaction produces hydrogen chloride, therefore requiring careful evaluation of the corrosion
resistance of the equipment to be used. In fact, iron impurities of 2000 ppm were reported due to
corrosion of the stainless-steel vessel used by Oxley et al. [27]. Furthermore, UB> may be less
resistant than UO> to chlorine and hydrogen chloride due to the stability and volatility of boron and
uranium halides (see Paragraph 6.5.7), making the use of WCle potentially challenging. Tungsten

hexafluoride WFs should be avoided for the same reasons.

CVD with tungsten hexacarbonyl W(CO)e in the presence of hydrogen may be considered for the
coating of UB> owing to its lower decomposition temperature and to the absence of halogens that
may react with UB> or with the equipment. However, obtaining homogeneous films of tungsten
from W(CO)s at low temperatures proved challenging, with the coatings containing impurities of
tungsten oxides and tungsten carbide [264]. Nevertheless, it is possible to reduce any residual
tungsten oxide to tungsten metal using hydrogen at temperatures ranging between 500 and 900 °C

[265], while the formation of tungsten carbide may be inhibited by tuning the process conditions.

It is also worth noting that molybdenum hexacarbonyl, having similar properties to tungsten
hexacarbonyl, may be used alone or in conjunction with the latter to obtain respectively coatings
composed of molybdenum or of molybdenum-tungsten alloys. In fact, the thermal decomposition of
metal carbonyls (including molybdenum, nickel and chromium) on uranium metal surfaces [266]
and on ceramic oxides [267] has been described. Organometallic compounds with more

sophisticated ligands may be used as well for a finer control of the process [268].

Owing to the electrical conductivity of UB>, it would be possible to combine CVD-FBR with the
inductive heating of the sole UB. suspended particles, thereby enhancing the selectivity of the
process and minimizing the amount of coating metal that is lost on the reactor’s walls. Furthermore,
depending on the excitation frequency, the alternating currents induced in the particles would be
mostly confined to their surface by the skin effect of conductors, thereby localizing the heating
closer to where it would be required for the CVD process [269]. The concept of inductively heated,
conductive particles in a FBR has already been explored by heating beds of materials such as iron

hollow balls [270] or particles of graphite agglomerated with paraffin wax [271].
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7.3.3.2.  Dip coating in solutions of refractory metal precursors

Metal-coated UB: particles may be obtained by dipping bare particles into a solution or a dispersion
containing a precursor of the desired metal, letting it dry and converting the precursor left on the
particle to its metal form. The thickness of the resulting metal layer depends on the amount of
metallic precursor on the particle’s surface, which in turn depends on its concentration and on the
amount of solution that is retained on the surface, which in turn depends on the surface tension of

the solution and on the shape and surface features of the underlying particle [272].

It is worth noting that the solution may not necessarily be an aqueous one, potentially allowing the
use of organometallic precursors. Nevertheless, the usage of aqueous solutions may benefit the

simplicity and therefore scalability and the economics of the process.

Ammonium paratungstate (NH4)10(H2W12042) is a water-soluble precursor of tungsten [273] which
may be used in the coating manufacture. The ammonium tungstate film deposited on the dried
particles would be converted into mixed tungsten oxides WOx by thermal decomposition [274] and
reduced to tungsten metal under a flow of hydrogen [265]. Ammonium salts of tungstic acids are
chosen because tungsten oxide is left as the sole solid product of the decomposition, with
ammonium cations being converted into volatile ammonia and nitrogen oxides (depending on the

oxygen potential in the gas space).

Water-soluble molybdenum precursors such as ammonium heptamolybdate (NH4)s(M07024) may be

used to the same effect to introduce molybdenum in the coating.

7.3.4. Fabrication of composite pellets

The fabrication of the composite pellet involves the dispersion of the coated UB: particles inside the

UO:2 matrix and the pressing and sintering of a pellet.

The homogeneity of sphere distribution inside the pellet may significantly affect its thermal and
neutronic properties. Should an extremely regular distribution of UB> kernels be required, it may
conceptually be achieved with the following method: UB: kernels may be pre-coated with UO> and

suitable binders to obtain spheres of a desired size (which would depend on the goal loading
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fraction of UB;). During preparation of the green pellet such “masterbatch” spheres would
approximately follow a close packed arrangement and the interstices between spheres may be filled
with UO> powder, affording a regular distribution of UB> kernels in a UO2 matrix.

7.3.5. Quality control and scrap recycling

Quality control of the UB: kernels and of the composite pellets may be carried out via X-ray

tomography and by neutron activation.

Uncoated UB: kernels that do not meet the required specifications may be crushed, reshaped and re-
sintered. Finished pellets that do not meet the required specifications may be recycled in their
components by exploiting the different resistance to attack by nitric acid HNO3 of the UO, matrix

and of the coated kernels.

In fact, UO- is readily soluble in nitric acid, whereas tungsten requires hydrogen peroxide [275], a
combination of HNO3z and HF [276] or electrochemically assisted dissolution in alkaline solutions
[277] to be dissolved. It would therefore be possible to recover the tungsten-coated kernels from the
UO, matrix via attack with nitric acid and filtration. The coated kernels could then be reused or

further processed (e.g., via removal of the coating and dissolution of UB>).
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8. Conclusions

The development and qualification of new materials for the nuclear industry is an effort broad and
deep in terms of the disciplines involved, mirroring the complex and challenging environment
which the materials themselves will have to face and the consistency and reliability with which they
have to operate. The intricate interplay of nuclear, physical, and chemical phenomena generates an
extremely stringent set of requirements in terms of materials properties, the fulfilment of which
must be meticulously verified before any new technology can be implemented on a large scale.

Collaboration among specialists and among research institutions becomes then of paramount
importance, allowing to share knowledge and equipment to address the research, development, and
qualification questions in the most thorough and effective manner.

Admittedly, with finite resources and such a daunting path ahead towards implementation, many
ideas and concepts end up never leaving the drawing boards, adding to the vast number of paper
fuels and paper reactors. However, that mountain of paper is essential in inspiring nuclear scientists
and engineers, fostering debate and fuelling their passion. Thus, while it is uncertain whether a
UB2-UO, composite fuel pellet or a W2Bs neutron shield will ever be made, it is possible that this
thesis will live on in other ideas, or that it will provide for a useful review of data — or perhaps for

an amusing read.
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Appendix A:  tables of thermodynamic coefficients

Table A.1 reports the coefficients A-L used to calculate the thermodynamic properties of
substances, using equations 3.12 and 3.13, as described in Section 3.1. Where necessary, the values
of the coefficients were converted to be numerically compatible with equations 3.12 and 3.13, e.g.

by converting units of kcal/mol into kJ/mol.

Most substances only required coefficients A through J for an accurate description of their
thermodynamic properties. However, the literature data reported for C [280] and for UO; [41] used
different sets of coefficients to be input in equations 3.12 and 3.13, which are reported in Table A.2

and Table A.3, respectively.

Table A.1: thermodynamic coefficients used in the assessments, along with their literature sources.

Substance A B C D E F J Ref.
Al 31.750 0.000 0.000 0.000 0.000 -0.946 73.399 [278]
Al203 102.429 38.750 -15.911 2.628 -3.008 -1717.930 146.997 [278]
AlB2 48.461 53.073 -27.482 11.852 -1.379 -44.208 79.138 [279]
B 10.186 29.244 -18.021 4.212 -0.551 -6.036 7.089 [278]
B2Hs -12.422 267.611 | -152.261 33.159 0.300 35.099 146.512 [278]
B.0s 111.569 23.174 -10.322 1.533 3.540 -1290.900 188.018 [278]
BaC 95.999 23.165 -0.410 0.081 -4.395 -107.200 111.333 [278]
BBr3 128.030 0.000 0.000 0.000 0.000 -276.660 383.802 [278]
BF3 21.286 130.301 | -109.992 34.288 -0.073 -1147.102 245.438 [278]
Bls 80.757 2.015 -0.543 0.046 -0.968 43.722 440.349 [278]
Brz 38.527 -1.977 1.526 -0.198 -0.186 -12.034 291.486 [278]
C 27.067 0.458 0.000 0.000 -2.182 -17.316 18.719 [280]
co 35.151 1.300 -0.206 0.014 -3.283 -127.838 231.712 [278]
Cr 18.465 5.478 7.904 -1.148 1.266 -2.677 48.093 [278]
Cr2B 47.116 40.200 -2.213 1.917 1.981 -103.934 98.836 [281]
Cs 30.046 0.506 0.348 -0.099 0.197 -6.234 129.377 [278]
CsBr 52.930 0.000 0.000 0.000 0.000 -421.583 177.150 [282]
Csl 52.800 0.000 0.000 0.000 0.000 -362.334 186.950 [282]
Fe 23.974 8.368 0.000 0.000 0.000 0.268 62.063 [278]
Fe;B -1543.292 | 1868.045 | -785.458 118.375 483.723 1302.271 -1112.116 [281]
H2 33.066 -11.363 11.433 -2.773 -0.159 -9.981 172.708 [278]
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H2.0 30.092 6.833 6.793 -2.534 0.082 -250.881 223.397 [278]
HF 30.117 -3.247 2.868 0.458 -0.025 -281.491 210.923 [278]
I2 37.798 0.225 -0.913 1.035 -0.084 50.869 305.920 [278]
Mo 24.727 3.960 -1.271 1.153 -0.170 -8.111 56.434 [278]
Mo2B 63.380 15.330 0.000 0.000 -0.075 -112.820 138.300 [200,283]
MoB 41.771 11.080 0.000 0.000 -0.542 -118.658 78.200 [200,284]
N2 19.506 19.887 -8.599 1.370 0.528 -4.935 212.390 [278]
Nb 22.014 9.888 -5.649 1.760 0.022 -6.881 60.524 [278]
Nb205 116.057 117.181 -71.763 15.308 -1.161 -1942.640 239.334 [278]
NbB2 74.236 3.992 0.000 0.000 -2.458 -282.096 140.900 [200,285]
02 30.032 8.773 -3.988 0.788 -0.742 -11.325 236.166 [278]
RbBr 52.840 0.000 0.000 0.000 0.000 -410.336 173.960 [282]
Rbl 53.180 0.000 0.000 0.000 0.000 -349.546 182.410 [282]
Si 27.196 0.000 0.000 0.000 0.000 40.362 77.372 [278]
SiC 46.902 5.846 -1.085 0.093 -3.449 -95.467 56.975 [278]
SiO2 58.753 10.279 -0.131 0.025 0.026 -929.329 105.809 [278]
Ta -43.871 73.021 -27.408 4.005 26.304 60.175 25.710 [278]
Ta205 131.976 80.027 -33.897 5.280 -1.626 -2094.125 271.026 [278]
TaB2 65.582 12.410 0.000 0.000 1.792 -228.559 94.079 [200]
Ti 44.372 -44.092 31.706 0.052 0.036 -12.720 93.088 [278]
TiB2 52.333 33.695 -7.909 0.804 -1.541 -301.684 73.493 [278]
TiO2 67.298 18.709 -11.579 2.450 -1.485 -964.514 117.863 [278]
UB: 66.860 30.946 -7.095 0.000 -1.861 -191.909 116.025 [124]
UB4 101.068 55.782 10.682 0.000 -3.719 -279.353 152.910 [124]
UB12 236.470 125.556 20.703 0.000 0.827 -460.238 350.348 [124]
UB20s 29.266 506.320 | -229.759 0.000 0.000 -2571.676 69.041 [168]
UBra 110.817 3.137 -0.302 0.000 -0.431 -640.206 582.900 [286]
uc 59.521 -0.229 3.891 0.000 -0.871 -117.753 126.799 [124]
UFe 135.687 33.204 0.000 0.000 -1.342 -2195.011 523.300 [286,287]
Ula 110.978 2.957 -0.255 0.000 -0.271 -339.109 631.100 [286]
UN 55.531 0.152 4.661 0.000 0.768 -308.375 133.719 [288]
UsOs 264.240 463.860 0.000 0.000 0.000 -3674.140 464.600 [166,167]
UOs 86.170 24.984 0.000 0.000 1.092 -1243.679 199.300 [286]
UsSiz 140.500 25.820 0.000 0.000 0.000 -208.510 380.000 [48,289]
W,B 68.054 9.640 0.000 0.000 -0.185 -86.628 170.700 [153,290]
W2Bs 152.392 23.980 0.000 0.000 -4.366 -253.628 299.200 [153,290]

143




WB 48.334 4.892 0.000 0.000 -0.818 -81.066 107.100 [153,290]
WO 53.409 53.532 | -39.012 | 11.120 -0.931 -610.805 95.573 [278]
WOs3 23.959 2.640 1.258 -0.255 -0.048 -7.433 60.543 [278]
Zr 29.017 -12.556 | 20.750 -5.914 -0.157 -8.792 75.973 [278]
ZrBx 66.962 5.665 1.434 -0.152 -1.836 | -349.003 104.801 [278]
Zr0; 74.475 0.000 0.000 0.000 0.000 | -1115.333 138.043 [278]
Table A.2: thermodynamic coefficients for carbon (C) used in the assessments.
Substance A B E F G M N P
C 27.067 0.458 | -2.182 -17131816 18877199 -4.532 0.800| -0.073
Table A.3: thermodynamic coefficients for uranium dioxide (UO>) used in the assessments.
Substance A B C D E F J L
uo:; 52.174| 87.951| -84.211| 31.542| -0.714| -1106.167 117.420| -2.633
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