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Chapter 1

Introduction

1.1 Hydrogen Isotope Storage for Fusion Energy

Because of its high capacity for accommodating and holding hydrogen iso-

topes in its lattice structure, depleted uranium has become the preferred

choice of the fusion industry for storing tritium. Depleted uranium (DU)

stores tritium in the form of uranium tritide: [238U][3H]3.

1.1.1 Uranium Use at UKAEA

UKAEA has been using hydrogen isotopes in tokamak reactors since the start

of operations of the Joint European Torus (JET) in 1983 [1] at the Culham Cen-

tre for Fusion Energy (CCFE), which went on to become the first facility in

the world to achieve successful use of tritium in a tokamak in 1991 [1]. The

method of storing these hydrogen isotopes used at CCFE (since 1995 [2]) is

in the form of a metal-hydride on storage beds of depleted uranium. Almost

30 years of storing hydrogen isotopes, as well as numerous research collab-

orations with various academic institutions, has equipped UKAEA with an

expertise in DU bed storage and an extensive track record of peer-reviewed

international level journal publications on the subject [3]. The technologies

and capabilities of UKAEA in this subject area are some of the most mature

and well developed in the world.
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1.1.2 Metal Hydrides as a Hydrogen Storage Method

Storing hydrogen as a metal hydride is a form of solid-state storage. Metal-

hydrides are formed when a metal is exposed to gaseous hydrogen under

particular temperature and pressure conditions (differing depending on the

metal). When a metal (M) is exposed to hydrogen (H) then the hydrogen

permeates through the lattice structure of the metal and, given the required

temperature and pressure conditions for that particular metal are achieved,

the hydrogen chemically bonds with the metal:

M +
x
2

H2 ⇀↽ MHx (1.1)

(where x = number of hydrogen atoms per metal atom)

This forms a dense, stable metallic structure, holding the hydrogen inside

the metal. The process can be reversed by heating to (or above) the required

temperature to decompose the metal-hydride (again, dependant on the metal

being used).

As can be seen from figure 1.1, in general metal-hydrides as a hydrogen

storage method came out as some of the lowest energy storage cost (kWh/kg

H2) when compared to some other storage methods. Magnesium hydride

(MgH2) requires 0.7 kWh/kg H2, intermetallic hydrides require 0.8 kWh/kg

H2, lithium-boron-magnesium alloy hydride (LiBH4 − MgH2) requires 0.8

kWh/kg H2, lithium-nitrogen-magnesium requires 0.9 kWh/kg H2. Alu-

minium hydride as a hydrogen storage method is not so energy efficient, but

aluminium is a well-documented outlier when it comes to metal-hydrides.

Its bonding is very weak and its reaction kinetics are known to be very slow.

The liquid organic hydrogen carriers (LOHCs) also came out very well - 0.7

kWh/kg H2, the same as MgH2. Unfortunately the data for UH3 energy stor-

age cost wasn’t included [4].
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FIGURE 1.1: Operating costs in terms of heat (amount and tem-
perature) and electricity for considered hydrogen storage tech-
nologies. If the process is thermoneutral or exothermal, no
value for the required heat is specified in the table. MCH-
TOL = methylcyclohexane and toluene, DBT-PDBT = diben-
zyltoluene and perhydro-dibenzyltoluene, NEC-DNEC = N-
ethylcarbazole and dodecahydro-N-ethylcarbazole (all Liquid
Organic Hydrogen Carriers – LOHCs). Figure and caption

taken from [4]

1.1.3 Depleted Uranium (DU) Bed Hydrogen Storage

Depleted uranium is a good choice of material for storing hydrogen isotopes

in the form of a metal-hydride because it is relatively easy to form and de-

compose the hydride phase; it forms a very stable hydride; has good re-

versibility; and, the reaction and its kinetics are very well understood [5].

Depleted uranium will react with gaseous hydrogen, to form UH3, at tem-

peratures between 200 - 350◦C when dealing with a bulk metal sample (as

in this work). If the formation and decomposition of a hydride is repeated

(cycled) then the atomic hydrogen will destabilise the lattice structure of the

depleted uranium, causing it to crumble into a fine powder. After 4 - 6 (see

§ 5.1) formation & decomposition cycles the metal will be as fine as possible,

increasing the surface area and exposing an increased number of low energy
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sites for the hydrogen gas to permeate into the metal and lowering the ac-

tivation energy of the reaction [5]. This increases the speed of the reaction

kinetics and means that the formation reaction of UH3 can be achieved at

room temperature. This not only lowers the amount of energy required to

store hydrogen on DU but also provides a convenient safety backstop in the

event of a loss-of-power incident.

The gravimetric hydrogen capacity of depleted uranium - the amount of

H2 absorbed per unit mass - isn’t very high when compared to some metals (a

theoretical maximum of 0.0126 kgH2·kg−1 or 1.26 wt.% [6], for comparison to

other materials see figures 1.2 & 1.3), but this is because of the very large size

and weight of the 238U atom. UH3 offers a very high volumetric H2 density

of 140 kg·m−3 (theoretical maximum value) double that of liquid hydrogen,

which is 70.85 kg·m−3 [7] and 20 times that of compressed hydrogen at 100

bar, which is 7 kg·m−3 [7]. For further comparison to other methods and

materials used for hydrogen storage see figure 1.2.

FIGURE 1.2: Metal hydrides versus hydrogen capacity. Figure
taken from [8] and adapted.
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FIGURE 1.3: Volumetric (kg·m−3 in blue) and gravimetric (wt%
multiplied by ten in orange) hydrogen storage densities of con-
sidered technologies. For the metal hydrides, the values in the
graph indicate volumetric and gravimetric hydrogen storage
densities that have been achieved in practice. The AB2 inter-
metallic hydride is Hydralloy C52 compacted with ENG. For
NaBH4 a 20% solution in 10% NaOH is assumed. Adsorption
refers to values by Mokaya et al. (2017) for cellulose acetate-
derived activated carbons at 30 bar and 196◦C. Figure and cap-

tion taken from [4] and adapted.

According to the Office of Nuclear Regulation (ONR) the 2020 annual fig-

ure for holdings of civil depleted, natural and low enriched uranium in the

UK nuclear fuel cycle was 1.2 million tonnes [9]. This amount of uranium

would be theoretically capable of storing 8,832 tonnes of hydrogen (this value

pertains to protium, 1H, for tritium it would be triple this value). Hydro-

gen (when used as a source of energy for power generation) can generate

40,000 kWh per tonne [10] so this amount of uranium could store 0.35TWh

of energy. The UK total energy consumption in the previous year (2019) was

11.63TWh [11]. The UKs store of uranium in 2020 could have stored enough

hydrogen to account for 3.01% of the previous years total UK energy con-

sumption.
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1.2 Hydrogen Isotope Separation in Fusion Energy

Because of its tendency to preferentially absorb the lighter hydrogen iso-

topes, combined with its low activation energy and its high capacity for

accommodating and holding hydrogen isotopes in its lattice structure, pal-

ladium has generally become the preferred choice for separating hydrogen

isotopes by exploiting the above characteristics of palladium and its hydride:

Pd[1/2/3H]x.

The hydrogen absorption characteristics of palladium are often exploited

to separate isotopes by inducing a temperature swing adsorption or a pres-

sure swing adsorption. A technique that involves both of these (temperature

as a driver and pressure as a useful consequence) is currently under consid-

eration for use at UKAEA: Thermal Cycling Absorption Process (TCAP).

1.2.1 Thermal Cycling Absorption Process

Basic Principles of TCAP

TCAP separates gaseous hydrogen isotopes and is a semi-continuous method

based on palladium gas chromatography. TCAP was first developed at Sa-

vannah River National Laboratory in 1980 [12], a working TCAP unit was

assembled soon after. Since then, the evolution of TCAP has been continued

by SRNL and others. The central principle of TCAP is to exploit the char-

acteristics of palladium and how it interacts with hydrogen gas at different

temperatures (see § 3.2). In general, the TCAP unit consists of a central col-

umn packed with palladium and a second column that provides a volume to

be filled with gas while the palladium regenerates (see figure 1.4).

Column 1 is packed with palladium on a substrate material, usually kiesel-

guhr (a soft, diatomaceous rock, comprised mostly of silicon dioxide, crum-

bled into a fine powder) but aluminium oxide (Al2O3) has also been used
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FIGURE 1.4: Simplified schematic of the basic design of the two
TCAP columns.

in some designs. Kieselguhr helps to reduce the pressure drop along the

column and provides a large surface area of palladium metal to get a faster

isotope exchange reaction [13]. Column 2 was originally used as an inactive

volume packed with kieselguhr whose purpose was to accommodate the un-

absorbed portion of the feed gas without too much mixing. This is called

a plug flow reverser (PFR), but in later designs it was packed with MS4A (a

molecular sieve material) to provide further separation of hydrogen isotopes

referred to as an inverse column [14]. Making the PFR (column 2) shorter and

wider than column 1 and packing it with kieselguhr has the effect of allow-

ing gas to flow between the two columns whilst minimising the mixing of the

two volumes of gas (by minimising density variation along the length of the

column and minimising radial variations in the velocity and concentration of

the gas, making turbulent gas transport that will disturb the axial purity less

likely - see the plug-flow reactor model [15]), thus maintaining the isotopic

concentration profile created by column 1 [16].
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FIGURE 1.5: Heating and cooling stages of the TCAP process.
The wording “lighter isotopes” is used for simplification. In re-
ality it is a gaseous mixture of all isotopes, with the lighter iso-
topes being the largest component that becomes progressively

more depleted in heavier isotopes as the process progresses.

The Cycling Process

During the TCAP process, column 1 is thermally cycled by a heating and

cooling system. When the palladium in column 1 is heated it will desorb gas,

thus creating a higher pressure that will push the gas into column 2. When

it is cooled it will absorb gas, creating a lower pressure that is able to pull

gas out of column 2 (see Figure 1.5). This creates temperature and pressure

swings which are the driving forces of the TCAP process [16].

During the cooling stage, the palladium will absorb the hydrogen iso-

topes flowing into column 1 from column 2. As the gas flows through the

column, isotopic exchange occurs between the gas and the solid (Pd) phases

[17]. The lighter isotopes will be absorbed preferentially. This means the

heavier isotopes travel faster than the lighter ones. As a result, a concentra-

tion profile develops along the length of column 1, with the heavy isotope

concentrated at the product end, and lighter isotopes remaining at the raffi-

nate end (as shown in figure 1.5) [12]. During the heating stage, the gas is

desorbed from the Pd and flows from column 1 into column 2. Again, due

to preferential isotopic absorption, the heavier isotopes travel faster than the



Chapter 1. Introduction 9

lighter isotopes which partially negates the separation gained in the cooling

stage. However, the heating stage does not completely negate the separa-

tion gained in the cooling stage since the preferential absorption of lighter

isotopes by Pd is significantly reduced at high temperatures. As a result, the

concentration profile is reduced somewhat but is still present at the end of

the heating stage. Therefore, a net gain in separation is achieved after each

full cycle [12]. After a number of cycles, quite a significant isotope separation

boundary is created. The product and raffinate can then be extracted from

either end of column 1 (as shown in figure 1.4) and more feed gas can be in-

serted (into the middle of column 1). In order to maintain semi-continuous

operation, only a small amount of the column inventory should be with-

drawn from the two ends of column 1 at the beginning of each heating stage.

An equal amount of feed gas should then be inserted into the middle of col-

umn 1 at the beginning of each cooling stage to keep the column inventory

constant [18]. The low flow rate required in the cooling stage (to maintain

good separation whilst also avoiding axial mixing) was found to be the rate-

limiting step in the TCAP process [19].

Advantages of Using TCAP

The main advantages of using TCAP over other hydrogen isotope separation

methods are:

1. It is a semicontinuous rather than a batch process - which results in

much higher production rates and overall separation factors;

2. Its compact size – all TCAP units have (at the time of writing) been

small enough to fit inside a glove box, which makes confinement of

radioactive substances easier;
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3. Its separative capacity – a TCAP unit roughly the size of a large suit-

case has the separative capacity comparable to a two-story cryogenic

distillation column or ten two-story thermal diffusion columns [18].

Current Challenges Around TCAP

One of the biggest challenges, currently, is around the scaling-up of the TCAP

unit. In 2004 SRNL attempted to design and build a scaled-up version of

their TCAP design for separating protium-tritium mixtures and was named

HT-TCAP. They were unsuccessful in their attempt due to significantly re-

duced separating capability [20, 21]. The reasons for this were not known

until recently (Xiao et. al, 2019 [22]). The issue is likely to be the increase in

radius of a separating column of coiled geometry. When testing their new

design, HT-TCAP, SRNL found that the increase in the column diameter of

the coiled column decreased its separating ability by a factor of 2.5, which

they confirmed was in accordance with the Giddings model [22] (A model

derived by J. Calvin Giddings, showing that increasing the radius of a sep-

arating column of coiled geometry has a detrimental effect on its separating

ability [23]).

1.3 Project Aim & Scope

The recent growth of the fusion industry, in both the public and private sec-

tors, has meant that a number of new reactors are being designed (and in

some cases are already in the process of being constructed). Some of these

new reactors (such as ITER) will be much larger than previous reactors, and

some will be updated iterations of the current reactors (such as STEP and

DEMO). These new designs will require the tritium storage and handling

systems to be as efficient and reliable as possible
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For the reasons explained above uranium is the chosen method for stor-

ing hydrogen isotopes in the fusion industry. Much work has been done on

optimising materials for solid-state hydrogen storage in the past [24]. This

mostly tends to be focused on hydrogen storage for the transportation sector:

hydrogen-powered cars, lorries, planes; transporting hydrogen to refuelling

stations; movable means of supplying power to temporary sites (shipping

crate style power plants) [25–27]. These sectors have very different criteria

for optimising a hydrogen storage material than the fusion industry. De-

pleted uranium is often precluded from the investigations firstly because of

its weight (the low gravimetric density of UH3, described above in § 1.1.3 and

figures 1.2 & 1.3) but also because of safety and regulatory considerations due

to uranium being a controlled, radioactive substance.

The aim of this work is (in part) to perform an investigation into the opti-

misation of the approach of using uranium as a solid-state hydrogen storage

material for the fusion industry. And to gain a full understanding of any

optimisation techniques that arise from the investigation.

Another aim of this work is to gain an understanding (through experi-

mentation, not just relying on preexisting literature) of the palladium-hydrogen

system, at various temperatures and pressures, so as to best utilise the tem-

perature and pressure swing absorption methods described above.
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Chapter 2

Theory

2.1 Fusion Energy

Nuclear fusion is the process of fusing two atoms together into a single atom,

usually, of a different element. The most favourable reaction for generating

energy from the nuclear fusion process uses deuterium and tritium (known

as a D-T reaction - see figure 2.1), this is the combination of isotopes with the

highest probability of undergoing a fusion reaction due to the large reaction

cross-section between them; and the combination that gives back the largest

energetic return on the energy invested in the reaction [28]. Equation 2.1

shows the energy produced by the D-T fusion reaction [29].

2
1H + 3

1H → 4
2He [3.56 MeV] + 1

0n [14.03 MeV] (2.1)

FIGURE 2.1: Illustration of the D-T fusion reaction.
Image taken from [30].
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There are two main approaches to generating power by fusion currently

being used: Magnetic Confinement Fusion and Inertial Confinement Fusion.

2.1.1 The Coulomb Barrier

In order for the D-T fusion reaction to occur the two nuclei need to be forced

close enough together that the attraction of the strong nuclear force can pull

them together. Because both of the reactants are partly made of protons,

Coulomb repulsion exerts a force on the two nuclei. The Coulomb force

is greater in range than the strong nuclear force [31] so the nuclei must be

energetic enough to overcome the repulsion of the Coulomb force to get

within the short range of the strong force (≈ 1.3 fm [32]). A potential bar-

rier is formed which must be overcome, this is known as the Coulomb barrier.

The height of the Coulomb barrier is equivalent to the energy that is needed

to bring the nuclei in close enough proximity to each other. Coulomb barrier

height is given, in MeV, by equation 2.2 [33], where k is Coulomb’s constant

(in MeV · fm), Ai and Zi are the nucleon number and proton number of nu-

cleus i, respectively, and Ri is position of nucleus i (in fm).

UCoulomb =
k Z1 Z2 e2

R1 + R2
=

1.44 Z1 Z2

1.2 (A1/3
1 + A1/3

2 )
(2.2)

For the example of the D-T reaction (where A1=2, Z1=1, A2=3, Z2=1), equa-

tion 2.2 gives:

UD−T =
1.44 · 1 · 1

1.2(21/3 + 31/3)
= 0.44̇ MeV (2.3)

this gives the energy required to bring the nuclei within such a radius that

the strong force can overpower the electric repulsion.
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2.1.2 Quantum Tunnelling

The description in § 2.1.1 might seem to suggest that the temperature re-

quired to initiate a D-T fusion reaction (the critical ignition temperature) can

be found by equating the Coulomb barrier height with the average thermal

energy of the nuclei:

EThermal =
3
2

kT (2.4)

This is, in fact, not the case. The nuclei actually penetrate the barrier and

come within close enough proximity for fusion to occur by a process of quan-

tum tunnelling (each nuclei’s wavefunction, that represents the probability of

finding a nuclei at a given location, extends to the other side of the Coulomb

barrier). This means that a lower temperature is required for a fusion reac-

tion to take place than the temperature given by equating equations 2.2 &

2.4.

2.2 Tritium

Tritium is the heaviest natural isotope of the lightest element, hydrogen (see

figure 2.2). Hydrogen (1
1H) is comprised of one proton and a single electron

in its 1s shell. Tritium (3
1H or T) is the third isotope of hydrogen. It is the only

naturally occurring radioisotope of hydrogen. The tritium nucleus consists

of one proton and two neutrons. Hydrogen has a lower isotope, deuterium

(2
1H or just D), with one proton and just one neutron. Due to having the

same number of protons, tritium’s nucleus has the same electric charge as

the protium (1
1H) nucleus, and so the neutral atom contains the same number

of electrons. Tritium has roughly three times the atomic weight of protium

(due to the two extra nucleons).
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FIGURE 2.2: Three Isotopes of Hydrogen (artist’s impression).
Image adapted from Wikimedia Commons. Created by
BruceBlaus, under the Creative Commons Attribution 3.0
Unported license.

2.2.1 Production

Naturally occurring tritium is produced by reactions between cosmic ray

protons and neutrons with atmospheric nitrogen and oxygen in the upper

atmosphere:

14
7 N +1

0 n →12
6 C +3

1 H (2.5)

Tritium is transported by tritiated water molecules either in the form of tri-

tium oxide (T2O) or hydrogen tritium oxide (HTO). Tritium can then take

part in the the hydrologic cycle [34]. The ratio of naturally occurring tritium

to protium is T
H = 10−16 [35].

Human-made tritium is produced as a by-product, in tertiary fission re-

actions, in energy generation. Small amounts of tritium are produced in nu-

clear power reactors by fast-neutron bombardment of the 10B control rods or

the 14N in the residual air. Larger amounts are produced by thermal-neutron

irradiation of 2H, 3He or 6Li in the coolant of the reactor [36].

Tritium can be produced by including magnesium–lithium alloy cartridges

into the aluminium cladding in a fission reactor (e.g. Windscale [37]). Purpose-

built tritium production plants use linear accelerators to bombard either 3He

https://commons.wikimedia.org/wiki/File:Blausen_0530_HydrogenIsotopes.png
https://commons.wikimedia.org/wiki/User:BruceBlaus
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or lithium, either in metallic form or in a compound [38].

Most European fusion reactors currently buy tritium from the CANDU

reactors in Ontario, Canada [39].

2.2.2 Radioactive Decay

Tritium is the most unstable natural isotope of hydrogen, it undergoes nu-

clear decay in order to become stable. Tritium decays to the nearest sta-

ble atomic species, 3He, via β− decay. During β− decay a neutron in an

atom’s nucleus undergoes transmutation into a proton by emitting an elec-

tron, maintaining the same nucleon number but increasing the proton num-

ber by one. Equation 2.6 shows tritium’s β− decay.

3
1H →3

2 He+ + e− + νe (2.6)

Tritium decays with a half-life of t 1
2

= 12.43± 0.04 years. The average en-

ergy of the beta particle that is emitted during tritium decay has 5.52± 0.02 keV

[40] of energy, with a maximum energy of 18.6 keV [41].

In equation 2.6 3He has a net positive electrical charge, a free electron from

the β− decay of a neighbouring tritium atom is captured by the positively

charged atom to neutralise the overall net charge of the atom.

Due to tritium decay, the amount of tritium in a sample decreases over

time as it decays into helium. Helium is more stable than tritium, so the

amount of activity in a sample will also decrease over time [40].

2.3 Uranium

2.3.1 Physical Properties & Characteristics

Uranium is an actinide series element with a nuclear proton content of 92.

It is the largest naturally occurring element (with any notable abundance) in
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the periodic table. Uranium was discovered as a unique element in 1789 by

Martin Heinrich Klaproth, it was named after the planet Uranus. Klaproth

discovered UO2, which was mistakenly thought to be its elemental form

for 50 years. This only became apparent in 1841, when Eugene-Melchior

Peligot discovered its actual elemental form of uranium, and then reduced

Klaproth’s dioxide form into metallic uranium [42].

Relative Atomic Mass 238.029 [43]

Density 19.1 g · cm−3 [43]

Ionisation Energy
blank space

1st = 597.64 kJ ·mol−1

2nd = 1022.7 kJ ·mol−1
[43]
[43]

Non-bonded
Atomic Radius

0.241 nm [43]

Covalent Radius 0.183 nm [43]

Electronegativity 1.7 (Pauling scale) [43]

α - Decay Half-life
of Key Isotopes

238U = 4.468 · 109 yr
235U = 7.038 · 108 yr

[42]
[42]

Crystal Structure orthorhombic [42]

Crystal Structure
Cell Parameters
of α-U

a: 285.37 pm
b: 586.95 pm
c: 495.48 pm

[44]
[44]
[44]

blank space α = β = γ = 90◦ [44]

TABLE 2.1: Some physical characteristics of uranium

Table 2.1 contains some of the physical characteristics of uranium at room

temperature and equation 2.7 shows the ground state e− configuration of

uranium [43].

[Rn]5 f 36d17s2 (2.7)

Uranium has electrons in the 5 f sub-shell which makes it a part of the ac-

tinide group. All actinides share certain similar characteristics. They are tran-

sition metals (have a partially filled d sub-shell) and all exist in compounds

and solutions in the form of cations. Most actinides have 5 f orbitals that
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contain itinerant electrons, meaning that they are delocalised, form chemical

bonds and contribute to the electrical conductivity [42].

Uranium metal can exist in 3 distinct, temperature-induced allotropic forms.

The three structural phases of uranium are the α-, β-, and γ- phases. Allotropes

are forms of an element that have atoms that are arranged differently by

chemical bonds. The most common phase of uranium, α-U, exists at temper-

atures up to T = 668 ◦C [42]. It has a face-centred orthorhombic structure with

cell parameters: a = 285.37 pm, b = 586.95 pm, c = 495.48 pm [44], and density

19.1 g · cm−3 [43]. When α-U is heated to reasonably high temperatures it ex-

pands in an anisotropic manner, its density decreases, and a phase change

happens at T = 668 ◦C.

At temperatures above T = 668 ◦C the α → β phase change occurs and α-

U becomes β-U, which exists between T = 668 ◦C and T = 776◦C. The crystal

structure then becomes tetragonal with cell parameters: a = b = 1075.9 pm and

c = 565.6 pm, and density 18.11 g · cm−3 [45].

A second phase change occurs at temperatures above T = 776 ◦C, the β →

γ phase change. The metallic uranium exists in the γ-phase at temperatures

up to T = 1133 ◦C [42], at which point it reaches its melting point. The third

allotropic form, γ-U, has a body-centred cubic structure [45] with cell param-

eter: a = b = c = 352.4 pm and density 18.06 g · cm−3 [46].

2.3.2 Depleted Uranium

In nature uranium exists as a mixture of the isotopes 234U, 235U and 238U,

in abundances of (0.005± 0.001) %, (0.720± 0.001) % and (99.275± 0.002) %

respectively [47].

235U has the ability to sustain a nuclear chain reaction, making it the iso-

tope which is the most sought after. Enrichment techniques have been de-

veloped to enrich the naturally occurring uranium ore that can increase the
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concentration of 235U in a sample to 2 - 4 % for low-enriched uranium[48] and

even higher to 20 - 88 % for highly enriched uranium (weapons-grade) [49]. The

by-product of this process, depleted uranium (DU), has a decreased concentra-

tion of 235U. DU has the same density and chemical properties as naturally

occurring uranium, but has less than 30% of the radioactivity [50]. DU can

be used for: shields to protect against ionising radiation in hospitals; coun-

terbalance weights in aeroplane construction; containers for transport of ra-

dioactive sources; and historically small amounts are used in the formation

of porcelains, glasses, and catalysts [48].

2.3.3 Radioactive Decay

The isotopes of uranium decay via the α-decay mode, the emission of two

protons and two neutrons (a 4He nucleus). Under α-decay, uranium is trans-

muted into: 230Th in the case of 234U; 231Th in the case of 235U; and 234Th in

the case of 238U [50]. 235U & 238U are both progenitors of a decay series which

includes other xU isotopes. 235U is the progenitor of the Actinium series and

238U is the progenitor of the Uranium series, which are both illustrated in fig-

ure 2.3.

2.3.4 Hazards to Health

Exposure to depleted uranium can result in toxicity due to both its chemical

properties and its radiological properties.

Radiological Toxicity

Due to its decay via the α-decay mode, the penetrating ability of uranium’s

nuclear emission is very low. DU poses very little hazard unless ingested or

inhaled [51]. Some of the decay products of uranium don’t decay through

the α-decay mode and so could, possibly, pose a slightly greater hazard.
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FIGURE 2.3: Uranium decay chain and Actinium decay chain. Dashed
and dotted arrows are decay modes with < 1% probability and < 0.01%
probability respectively. Image adapted from Wikimedia Commons.
Created by Edgar Bonet, under the Creative Commons Attribution 3.0
Unported license.

Chemical Toxicity

Depleted uranium is retained mainly in the bones, liver, and kidneys of hu-

mans and animals. Only ≈ 5% of the DU that enters the body is actually

absorbed into the bloodstream, and ≈ 95% is swiftly excreted in faeces [52].

Of the small percentage of DU that is absorbed, ≈ 67% is processed by the

kidneys and leaves the body (in urine) within 24 hours [52]. Of the percent-

age that is not filtered by the kidneys, ≈ 66% is retained in the bones with

a biological half-life of 70 - 200 days, DU is cleared from the rest of the body

within a couple of weeks [53].

https://commons.wikimedia.org/wiki/File:Decay_Chain_of_Actinium.svg
https://commons.wikimedia.org/wiki/User:Edgar.bonet
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The severity of the harm from exposure to DU is determined by the expo-

sure pathway. Table 2.2 shows the percentage of DU that will enter the blood-

stream via the various exposure pathways, and the percentage retained over

time in various parts of the body (based upon calculations using the figures

quoted above).

Exposure
Pathway

% absorbed into
bloodstream

% left after
initial 24
hours

% in organs
for up to 2
weeks

% left in
bones (70 -
200 days)

Inhalation 0.76 - 5.00 [53] 0.25 - 1.65 0.085 - 0.561 0.166 - 1.089

Ingestion 0.10 - 6.00 [53, 54] 0.033 - 1.98 0.011 - 0.673 0.022 - 1.307

Dermal negligible — — —

TABLE 2.2: The percentage of uranium absorbed into bloodstream
due to different exposure pathways, and its persistence time in var-

ious parts of the human body
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Chapter 3

Literature Review

3.1 Uranium Hydride (UH3)

3.1.1 Physical Properties

UH3, like its parent metal (elemental uranium), is toxic, pyrophoric and car-

cinogenic. The uranium-hydride reaction is considered a corrosion as it leads

to the disintegration of the parent metal.

Uranium forms a binary compound with hydrogen in a metallically bonded

lattice structure. The UH3 can occur at temperatures as low as room temper-

ature (≈ 25◦C) up to ≈ 300◦C, at 1 atm pressure [55]. The activation energy of

the uranium-hydrogen reaction has been shown (over a wide range of pres-

sures: < 100 bar, and temperatures: < 500◦C) to be 29.3 kJ· mol−1 for higher

pressures and 28.5 kJ·mol−1 for lower pressures [56]. Under increased tem-

peratures, desorption also begins to happen concurrently with absorption.

Optimum temperature for maximum net production of UH3 has been ob-

served to be ≈ 225◦C [57]. The activation energy for decomposition of UH3

has been shown to be 43 kJ·mol−1 [58].

Uranium hydride is not an interstitial compound and so can’t hold hy-

dride ions in interstitial sites between uranium atoms in the lattice. This

leads to an increase in the volume of the material, and so a reduction in the

density [59].
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FIGURE 3.1: Crystal structure of (a) α-UH3 and (b) β-UH3. Im-
age taken from [5]

UH3 is a very brittle material due to hydrogen embrittlement, it generally

exists as a very fine powder. A major issue with UH3 is that it is pyrophoric,

which means it can spontaneously ignite in air (though it is possible to form

non-pyrophoric UH3 [60]).

UH3 can exist in two structural phases (shown in figure 3.1), the α- phase

and the β- phase (β-UH3 is, in general, the more common of the two phases)

and the UH3 crystal structure has been found to show some differences de-

pending on the isotope of hydrogen that is bonding with the uranium. The

differences, for the range of isotopes and their phases, are displayed in table

3.1.

UX3 Hydride
Phase

Structure a (nm) Density
(g · cm−3)

X = H α Cubic 0.4160 11.12 [61]

X = D α Cubic 0.4150 11.33 [62]

X = T α Cubic 0.4142 11.55 [62, 63]

X = H β Cubic 0.6645 10.92 [64]

X = D β Cubic 0.6635 11.11 [65]

X = T β Cubic 0.6625 11.29 [62, 63]

TABLE 3.1: Characteristics of UH3 under different hydrogen
isotopes

The ratio of these two structural phases has been shown to be dependent
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upon hydride formation rate. This means it’s also indirectly determined by

the formation temperature. UH3 formed at room temperature was found to

be 25 - 40 % α-phase, whilst UH3 formed at 125 ◦C was just 15 % α-phase.

UD3 (having a slower reaction rate) formed at 25 ◦C was observed to be ≈

50 % α-phase [61, 66].

This result was further supported by a study that compared the formation

rate of UD3 (by controlling gas influx, rather than sample temperature) to the

composition of the resulting UD3. An increase in the ratio of α:β phase was

correlated with an increase in UH3 formation rate [67].

It was observed that heating a UH3 sample of ≈ 33 % α-phase at 250 ◦C for

100 hours, the sample converted to 100% β-UH3 [61, 68]. This comprehensive

phase change (to 100% β-UH3) was retained when the sample was cooled

100 ◦C, this was taken to imply that temperature can induce an irreversible

α → β in UH3. This prompted the suggestion that the α-phase of UH3 could

be just a transitional stage in the process of forming β-UH3 (rather than a

distinct, metastable phase) [61, 69].

3.1.2 The Uranium-Hydrogen Reaction

The U + H2 reaction takes place between metallic uranium and gaseous hy-

drogen and results in uranium hydride (UH3). The reaction progresses via

equation 3.1.

2U + 3H2 ⇀↽ 2UH3 (3.1)

During the reaction uranium metal is changed from an elemental form

into a trivalent state, with the hydrogen gas being chemically entrapped. The

reaction is exothermic and, as it is a corrosion, has a deleterious affect on the

metallic uranium.
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The progression of the UH3 reaction front through the metal shows a

square-root dependence on the rate on hydrogen pressure, r ∝
√

ρ , with

some small deviations at higher pressures and at pressures approaching equi-

librium [56].

An equation used to describe the UH3 reaction as a function of tempera-

ture is the Arrhenius equation:

k = Ae−Ea/RT (3.2)

where k is the reaction rate, A is a "frequency term" or "pre-exponential term"

(which depends on how often molecules collide when all concentrations are

1 mol · l−1), Ea is the activation energy of the reaction, R is the universal gas

constant (which has the value: 8.314·10−3 kJ·mol−1·K−1) and T is the tem-

perature in kelvin. [70].

The Arrhenius equation (eq. 3.2) can also be rearranged to find the acti-

vation energy of the absorption reaction:

Ea = RT [ln(A)− ln(k)] (3.3)

Equation 3.4 gives the desorption activation energy for metal hydrides,

here ϕ is the temperature ramp rate in K ·min−1, Tmax is temperature of the

maximum hydrogen desorption rate in K, R is the ideal gas constant and is

equal to 8.314 J ·K−1 ·mol−1, EA is the activation energy for the process in

J ·mol−1 and k0 is a pre-exponential factor with units of s−1 [58].

Ea = RT2
max

k0

ϕ
e(−E/RTmax) (3.4)

The reaction between uranium and hydrogen is generally considered to

progress through four main stages [71, 72]:
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1. The induction period - Hydrogen penetrates the surface passivation

layer then gathers at the SPL-metal interface.

2. The nucleation and growth period - Discrete UH3 sites form and grow.

3. The bulk reaction period - Adjoining UH3 sites create a reaction front

that engulfs the surface and progresses inwards consuming the U metal.

4. The termination period - Complete transformation of U to UH3.

The Induction Period

During the induction period gaseous, molecular hydrogen is transported

onto the surface of the metal. The gas must first penetrate the surface pas-

sivation layer, a layer covering the surface of the metal consisting of mostly

oxides (but can also contain carbides, hydroxides and water [72]). The sur-

face oxide layer acts as a barrier to hydrogen diffusion and so constitutes the

main factor in the induction period. The rate at which permeation through

the oxide layer takes place is determined by its thickness, its stoichiometry

and the inclusion of impurities in the oxide layer (such as water or carbon)

[73] or in the hydrogen gas (such as oxygen or CO) [74]. Environmental fac-

tors, such as temperature and gas pressure, also have an accelerating affect

on the flux of hydrogen onto the metal surface.

The hydrogen molecules are dissociated (into either atomic or ionic form)

both at the oxide-gas interface and at the oxide-metal interface via a process

of dissociative chemisorption (the energy for this process to occur coming

from either the kinetic energy of the incoming molecule or from translational

and vibrational energy) [75].

The Nucleation and Growth Period

Hydride nucleation begins when the build up of hydrogen gas at sites on the

metal-oxide interface exceeds a critical pressure, greater than the solubility
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limit of hydrogen in uranium (the equilibrium pressure of uranium hydride),

and very small amounts of hydride start to form spots at nucleation sites on

the surface of the metal [76]. Localised gas build up between the oxide layer

and the metal surface is determined by the difference between the rate at

which the gas is permeating the oxide layer compared to the rate at which it

is diffusing into the bulk of the metal. The locations of these nucleation sites

are determined by a number of factors (besides localised hydrogen flux, as

discussed above). Small hydride spots have been observed to form at points

on the metal surface that offer lower energy routes for hydride precipitation,

such as metal grain boundaries and twin boundaries [76, 77] and at sites of

surface damage and impurity inclusion [78] (which has been attributed to

surface strain of the metal, with a higher nuclei number density for the more

strained surfaces [79]).

Four different families of hydride nuclei (that differ in density, size and

growth rates) have been observed [80]:

(i) Submicron sized, very dense blister-like nuclei - This family of hy-

dride nuclei appear under irregularities (such as scratches) in the oxide

layer, which provide a preferential channel for hydrogen flux onto the

metal surface.

(ii) Blister-like, small nuclei - These nuclei also appear mostly under scratches

and defects in the oxide layer. They have a slow growth rate, thought

to be caused by compression by the oxide layer. Their size seems to

be determined by the thickness of the oxide layer, with a thinner oxide

layer leading to larger blisters.

(iii) Nucleation around carbide inclusions on the metal surface - This fam-

ily of hydride nuclei tend to be large and fast growing. Hydride nuclei

at inclusion sites have been observed to penetrate deeper into the bulk
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of the metal [81]. Inclusions create a discontinuity in the oxide layer

exposing the metal surface to the gas.

(iv) Fast-growing nuclei around other defects on the metal surface - This

family of hydride nuclei also tend to be large and fast growing. They

grow at sites of microstructural discontinuities in the metal such as

grain boundaries, twin boundaries and sharp geometrical features. These

features of the metal have an affect on the oxide layer, creating prefer-

ential paths for the gas to reach the metal.

Due to the UH3 being less dense, and therefore more voluminous, than

metallic uranium (as shown in figure 3.1) some of the hydride nuclei will

exert a pressure on the oxide layer and cause it to rupture creating a discon-

tinuity in the oxide layer exposing the metal surface to the gas, which leads

to a local increase in the amount of hydride on the metal surface [74].

The Bulk Reaction Period

Each of the hydride sites on the surface of the metal (described in the pre-

vious step) grow in size radially and linearly, until eventually they overlap

to create a UH3 layer at (what was) the metal-gas interface [82], the bulk re-

action period then initiates [56]. A reaction front then progresses through the

bulk metal in accordance with the shrinking core model [83].

The shrinking core model considers the metal as being progressively con-

sumed by the reaction from the outside by a progressing reaction front (the

metal-hydride interface) moving through the metal, radially inwards, from

(what is initially) the metal-gas boundary towards the centre of the bulk

metal (see figure 3.2).

The Johnson–Mehl–Avrami–Kolmogorov (JMAK) equation (equation 3.5)

is an equation that can be applied to the shrinking core model, it describes

the fraction of metal that has been converted to hydride as a function of time:
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FIGURE 3.2: Graphic of The Shrinking Core Model (shown in 3
stages)

α = 1 − e−ktn
(3.5)

where α is the fraction of metal that has been converted to hydride, k is a

time constant, n is the growth exponent (an integer or half integer, its value

depends on the geometry) [84]. For example, for continuous nucleation and

three-dimensional (3D) spherical growth, k = π
3 and n = 4. The exponent n is

the Avrami exponent [85].

Due to the ≈ 74% increase in volume (UH3) stress causes the the corro-

sion product to crack, flake and fragment after the reaction front has passed

through, along lines parallel it. This increases the ability of the H2 gas to ac-

cess the reaction region and increases the flux of the gas to the metal [86]. As

the reaction front progresses through the bulk metal, the surface area of the

metal available for reaction with the incoming gas is reduced with time, but

the thickness and velocity of the reaction front remain constant [87] (which

is reflected in the decreasing reaction rate). H2 gas absorption rate curves

show a decelerating parabolic curve for high temperatures that become an

‘S’ shape at slower absorption rates (lower temperatures and pressures), an

example of this is shown in figure 3.3. The gas absorption rate during bulk

reaction period shows a temperature and pressure dependence.
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FIGURE 3.3: An example of an absorption curve of hydrogen
gas by depleted uranium at 370 oC, the first 50s of the reaction

is shown in the smaller box. Image adapted from [87]

The Termination Period

The termination period happens at the end of the bulk reaction stage, when

the reaction front reaches the centre of the bulk metal, and the uranium metal

has reached total transformation into UH3.

3.2 The Palladium-Hydrogen System

Palladium, as with many metals, can accommodate hydrogen atoms in its

lattice structure and store hydrogen in the form of a metal-hydride. In gen-

eral, during the formation of metal-hydrides, the gaseous hydrogen is trans-

ported to the surface of the metal where the molecules dissociate into atomic

form (H2 → 2H) and permeate through the metal. Bugaev et al. (2014 [88])

showed that during the isothermal absorption of hydrogen the Pd–Pd inter-

atomic distances increased from 2.74 ± 0.01 to 2.81 ± 0.01 Å. Energy is usu-

ally required to be added to the system to overcome the activation energy

barrier, but this is not the case with palladium as it has an extremely small
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activation energy and so can readily absorb hydrogen at room temperature.

It was reported by Kay et al. (1986 [89]) that the bulk diffusivity of hydrogen

in palladium has an activation barrier of 5.39 ± 0.30 kcal/mol with a pre-

exponential factor of (2.83 ± 0.05)·10−3cm2/s. The rate limiting step is the

dissociation of the hydrogen molecules.

Palladium hydride can exist in two geometric phases: α-PdH and β-PdH

(shown in figure 3.4). The two phases differ in the amount of hydrogen atoms

per palladium atom that are held within the metal structure and in their crys-

tal lattice constant (the α → β phase changes constitutes a 10.4% isotropic

volume increase [90]). Palladium and both its hydride phases have a face-

centred cubic crystal structure (see table 3.2).

Lattice
Constant
(nm at 298 K)

Stoichiometry
(PdHx)

Crystal
Structure

Pd 0.3890 [91] X=0.000 fcc

α-PdH 0.3894 [91] X=0.015 [92] fcc

β-PdH 0.4025 [91] X=0.607 [93] fcc

TABLE 3.2: Characteristics of palladium and its two hydride
phases

Palladium hydride exists as a mixture of the α- and β- phases with the

α / β ratio decreasing with increasing temperature up to a critical tempera-

ture Tc = 570 K, after which only the β-phase has been observed [94].

As described by Lacher (1937 [95]), it has been shown by Sieverts et al.

(1932, 1935) that both hydrogen and deuterium dissolve in palladium in ac-

cordance with the
√

P law only in the temperature range 600-1200° C. and

pressures below 1 atm. Outside of these ranges the uptake of hydrogen de-

viates from the
√

P law.

Palladium shows a characteristic preferential absorption for the lighter

isotopes of hydrogen, which is what makes it such a good choice for use in
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FIGURE 3.4: The unit cell of the hydride phases of palladium
(with a being the low-temperature α-phase and b as the higher-

temperature β-phase). Image taken from [98]

techniques intended to separate hydrogen isotopes that exist in gaseous mix-

tures. This isotopic effect becomes more pronounced at lower temperatures

[96], it absorbs all hydrogen isotopes in general better at lower temperatures

[97], [92].

Palladium’s preference to absorb the lighter isotopes of hydrogen gives

a separation factor greater than one [17]. The separation factor is defined

by the ratio of the heavier-to-lighter isotopic concentration ratio in the gas

phase to the same ratio in the solid phase (it is a ratio of those two ratios).

For protium and deuterium gases, for example, it can be expressed as:

αPd =
Dgas

Hgas
· Hsolid

Dsolid
(3.6)

Where αPd is the separation factor of palladium, Dgas & Hgas are the amounts

of deuterium and protium (respectively) in the gas phase, and Hsolid & Dsolid

are the amounts of deuterium and protium (respectively) in the solid phase.

SRNL published a combination of experimental and calculated data on

the separation factors of palladium for all the isotopologues of hydrogen

(shown in Figure 3.5) [12].
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FIGURE 3.5: The separation factors of palladium for the iso-
topologues of hydrogen. Image taken from [12]

3.3 Isotopic Exchange

Isotopic exchange is the process of a material, when in the form of a com-

pound with a given element, exchanging one isotope of the given element

for another. The case that we are interested in (a metal-hydride and exchange

between hydrogen isotopes) is described in equation 3.7

MiTj + H2 → MiH2T(j−2) + T2 (3.7)

When considering the focus of this work, tritium storage and separation,

this phenomenon could be exploited to ensure that all tritium has been re-

trieved from any storage or separating material. Any residual tritium in

a material can be exchanged for protium or deuterium and removed. This

could be useful when measuring tritium inventory, and for extracting resid-

ual tritium when disposing of spent storage or separation beds [99].
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Chapter 4

Equipment & Techniques

4.1 Corrosion Gas Rig

Throughout the course of this work (§ 5.1, 5.2, 5.2.2 & 6.4), all formation and

decomposition of metal hydrides was, except where explicitly stated, per-

formed using a bespoke-made corrosion gas rig. The corrosion gas rig was

used during these experiments because it serves two purposes. The first is to

form and decompose metal hydrides using gases and metal samples whilst

having the ability to maintain an inert environment, the second is to produce

data by logging pressure change over time at various temperatures thus de-

termine the amount of gas that has reacted with a metal sample.

4.1.1 The Gas Rig Set-up

The gas rig is a system of high-vacuum sealed pipes, various measuring de-

vices, a furnace, and a gas inlet. It is used to transport a controlled amount of

gas to a sample of material whilst it is being heated to a controlled tempera-

ture. A schematic of the gas rig set-up is shown in figure 4.1.

The gas rig consists of: multiple lengths of steel tubing with an inter-

nal volume of Vpiping = 97.56 ml; a bespoke-made copper pipe cell of volume

Vcell = 82.75 ml (with a custom-made metal crucible inside for holding the

metal sample); an empty cylinder of volume Vcylinder = 300 ml; two pressure
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FIGURE 4.1: Schematic diagram of the bespoke gas rig

transducers; two pumps (a rough pump and a turbo pump); a furnace; and

a gas inlet. The internal volume of the gas rig is Vrig = 397.56 ml and the total

internal volume of the rig and the cell is Vtotal = 480.31 ml.

A thermocouple inside the furnace and the two pressure transducers all

feed a data signal into a DAQ in combination with an Arduino board, for

signal processing and data acquisition. The DAQ is attached to a desktop

computer so the National Instruments software package Signal Express 2015

can collate and log the data over the chosen time period.

4.1.2 Experimental Procedure

Inside an argon-environment glove box the powdered metal sample was

placed into the crucible which was, in turn, inserted into the copper reac-

tion cell. The reaction cell was then sealed and removed from the glove box.

The cell was then attached to the gas rig on the far right side, inside the fur-

nace. The furnace was heated to the required temperature whilst the entire

gas rig was pumped down to a high vacuum (approximately ≈10−7 mbar) to

http://www.ni.com/en-us.html
http://www.ni.com/download/signalexpress-2015/5445/en/
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remove any impurities that might be desorbed from the sample or the gas rig

system.

Once the furnace was heated to the required temperature and the system

had stopped out-gasing then the cell was sealed using tap 15 in figure 4.1 (all

other taps left open). The pumps were isolated from the rig. The rig was

then filled with H2 gas to the required pressure, from a gas bottle attached

to tap 1, 2 or 3. The data logging function of Signal Express was started so

that the pressure and time data was being logged. Tap 15 was then opened,

turning it as quickly as possible to ensure enough time for the gas pressure to

equilibrate before gas absorption starts. The metal sample in the cell would

then start absorbing the gas, forming a metal hydride, and a formation curve

(P vs t) would appear on the screen of the computer.

Once the internal gas pressure had reached a constant value, indicating

that the reaction had stopped, the furnace was switched off and the system

was left to cool down. The gas was not pumped out of the rig until the tem-

perature dropped below 75 ◦C, this was to make sure that the metal-hydride

was stable and no decomposition happened during the evacuation of the gas.

Once the temperature was low enough then the pumps were used to evacu-

ate all the gas out of the rig. The furnace was moved off the cell (because the

cell was fixed in place but the furnace was not).

At this point a metal hydride had been formed and could be removed

from the cell inside the glove box.

To decompose the metal hydride the gas rig and cell were again pumped

down to a high vacuum and the furnace was then moved away from the cell

and heated to the required temperature. Once the furnace was hot enough

and the gas rig and cell were completely evacuated of all gas then the pumps

were isolated, Signal Express was switched on to log data and the furnace

was moved back onto the cell to decompose the metal-hydride. Once the
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decomposition reaction had stopped (ie. the pressure had reached an equi-

librium point), the furnace was switched off and the pumps were opened up

to evacuate the decomposed gas.

In the case that the metal sample that was being used was uranium then

the sample had to be powderised before the corrosion experiments could be

performed. Before the uranium sample was placed inside the crucible and

reaction cell it was polished by hand using a fine sand paper, until it became a

silvery colour all over (see figure 4.2), to remove any surface impurities such

as oxides and carbides (known as a surface passivation layer). The uranium

sample was then placed in the crucible and cell and attached to the gas rig. To

powderise the uranium, a metal hydride (UH3) was formed and decomposed

(as above) five times to ensure sufficient powderisation.

FIGURE 4.2: Uranium metal before (a) and after (b) polishing.

4.2 Thermogravimetric Analysis (TGA)

Thermogravimetric analysis is an analytical technique that heats a sample

and tracks its percentage weight change with both time and temperature.

TGA is performed in a controlled environment (often nitrogen or argon, to

avoid unwanted reactions with the test sample) and the temperature of the

sample is varied in a uniform and controlled way. The change in weight
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of the sample upon heating can suggest either dehydration, decomposition

or oxidation (if the test sample is analysed in an air/oxygen environment).

Characteristic thermogravimetric curves have been established for various

materials, these unique characteristic curves are related to the molecular struc-

ture of the sample and can be used to identify and characterise test samples.

4.2.1 The TGA Machine

A TGA machine is a purpose-built machine to perform thermogravimetric

analysis on a test sample. The TGA machine used during this work was a

Mettler Toledo simultaneous TGA/DSC1 (a Windows-XP controlled instrument

used in correlation with the STARe software). A schematic of the TGA set up

used in this work is shown in figure 4.3.

The machine consists of a sample pan attached to a highly sensitive mi-

crobalance to accurately measure the weight of the test sample and a micro-

furnace, that houses the sample pan, to heat the sample during the analysis.

The sample pan and furnace are sealed in an airtight housing with gas inlet

and outlet tubes in order to control the environment in which the analysis

takes place.

Data is output to a computer connected to the balance controller that can

be used for analysis of the change in sample mass with either time or tem-

perature.

In this work the data (presented in § 6.2) was considered for sample mass

change with temperature for the purpose of assessing the amount of H2 gas

that was absorbed by the palladium sample during the PdHx formation pro-

cess (performed using the gas rig and the same method outlined in § 4.1).

Unfortunately, no technique was conceived of to estimate the time lag for the

system to equilibrate at a given temperature.
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FIGURE 4.3: Schematic of the TGA set up used in this work.
Image taken from [100].

4.3 X-Ray Diffraction (XRD)

X-ray diffraction is a technique that involves aiming x-rays at a material sam-

ple in order to reveal its structure and composition. It is a non-destructive

technique that can be used for characterising materials or distinguishing be-

tween the different phases of solids.

When x-rays are incident on atoms in a crystal sample, inner shell elec-

trons of the atoms are excited, the added energy resulting in a jump from

an inner orbital shell to a higher shell, leaving an electron vacancy. When

an electron relaxes into that vacancy x-rays of specific wavelengths are pro-

duced. The atom becomes a source of x-rays itself by absorbing and re-

emitting x-rays isotropically. The energy of these characteristic emitted x-

rays corresponds to a specific electronic transition.
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4.3.1 The Bragg condition

In a crystalline material atoms are arranged in a lattice structure, giving a

regular spacing between them. Layers of these regularly spaced atoms cre-

ate parallel planes, with a regular spacing d (see figure 4.4). When x-ray

waves are incident on the planes, the x-rays interact with the electrons of the

atoms that constitute that plane. The re-emitted x-rays from successive lattice

FIGURE 4.4: Diagram of Bragg diffraction. The x-rays are scattered
by the planes of the crystal lattice. Image by University of Illinois

planes interfere with each other. This leads to constructive and destructive

interference, and means that x-rays will only be detected from the sample at

specific angles (as in figure 4.4). These specific angles occur when the Bragg

condition is met (i.e. when the path difference is an integral number of wave-

lengths):

nλ = 2dsinθ (4.1)

The Bragg equation (4.1) does not give a full explanation of x-ray scatter-

ing from a crystal structure.

4.3.2 The Reciprocal Lattice

The reciprocal lattice represents the Fourier transform of a crystal lattice struc-

ture (a periodic spatial function in real-space). The reciprocal lattice exists in

http://publish.illinois.edu/x-raycrystallography/files/2014/12/Braggs-Law.jpg
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reciprocal space (sometimes called momentum space or k-space).

If we consider a (real-space) vector that represents the position of a lattice

point:
R⃗n = n1â1 + n2â2 + n3â3 (4.2)

then its corresponding vector in reciprocal space can be defined as:

G⃗m = m1b̂1 + m2b̂2 + m3b̂3, where âi · b̂j = 2πδij (4.3)

The reciprocal primitive vectors, b̂1, b̂2, b̂3, can be found from the (real-

space) primitive vectors, â1, â2, â3, by:

b̂1 = 2π
â2 × â3

â1 · (â2 × â3)
b̂2 = 2π

â3 × â1

â2 · (â3 × â1)
b̂3 = 2π

â1 × â2

â3 · (â1 × â2)
(4.4)

4.3.3 The Laue Condition

If we represent the direction of the incident x-ray as the vector n̂ and the

direction of the scattered x-ray as the vector n̂′, then the wave vectors are

given by:
k⃗ =

2π

λ
n̂ (4.5)

k⃗′ =
2π

λ
n̂′ (4.6)

then the scattering vector is given by:

∆⃗k = k⃗′ − k⃗ (4.7)

if we take â1, â2 and â3 to be the primitive vectors of the crystal lattice unit

cell (see figure 4.5) then the components of the scattering vector could be

written as:
â1 · ∆⃗k = 2πh, â2 · ∆⃗k = 2πk, â3 · ∆⃗k = 2πl (4.8)

where (h,k,l) are integer numbers called the Miller indices. These are the con-

ditions that the scattering vector must satisfy, called the Laue equations. Each
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FIGURE 4.5: The primitive unit cell of a crystal lattice structure.
a1 = cell parameter along the x axis, a2 = cell parameter along
the y axis, a3 = cell parameter along the z axis, α = angle in the
yz plane, β = angle in the xz plane, γ = angle in the xy plane.

Image from [101].

choice of integer values (h,k,l) determines the scattering vector.

We must now define a reciprocal lattice vector G⃗, where the vectors of the re-

ciprocal lattice are b̂1, b̂2 and b̂3, and such that:

G⃗ = ∆⃗k = k⃗′ − k⃗ (4.9)

the Laue condition states that constructive interference will occur provided

that the change in wave vector (G⃗) is a vector of the reciprocal lattice.

Bragg-Laue Equivalence

The Bragg condition (equation 4.1) is a specific example of the Laue condition

(equation 4.9). For elastic scattering |−→k | = |
−→
k′ | the Laue condition becomes:

|−→G | = 2|−→k |sinθ (4.10)

we know that:

|−→G | = 2π

d
and |−→k | = 2π

λ
(4.11)
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Therefore:
2π

d
= 2

2π

λ
sinθ ⇒ 2dsinθ = λ (4.12)

If there is a common factor n in (hkl) of equation 4.3 then:

d(hkl) =
d(h/n, k/n, l/n)

n
(4.13)

and equation 4.12 becomes:

2dsinθ = nλ (4.14)

4.3.4 The Ewald Sphere

FIGURE 4.6: A construction of an Ewald sphere illustrating the
Laue condition.

The Ewald sphere (figure 4.6) is a way of visualising the Laue condition.

The sphere is constructed by positioning the incident wavevector, k⃗, so that it

terminates at a reciprocal lattice point. A sphere is drawn centred on the ori-

gin of k⃗ with radius k = 2π
λ . A diffracted beam will be formed if this sphere

intersects another reciprocal lattice point and a vector, k⃗′, can be drawn from

the centre of the circle to this reciprocal lattice point. The angle θ between
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the two vectors is the Bragg angle in equation 4.1. The two reciprocal lattice

points are connected by a vector Q⃗ = ∆⃗k = k⃗′ − k⃗. This is the definition of

the reciprocal lattice vector, G⃗, in equation 4.9, therefore Q⃗ = G⃗, which is the

Laue condition given in § 4.3.3.

4.3.5 XRD Peak Broadening

The effect of peak broadening in x-ray diffraction has contributions from two

sources:

1. Contributions from the sample

2. Instrumental contributions

Instrumental contributions

The instrumental contribution to XRD peak broadening has a number of

causes. The source of X-rays has some finite physical size, coupled with ax-

ial divergence of the incident and diffracted beams, means that any detected

x-rays will be measured as a (small) range of angular values rather than a

sharp, distinct angle. This is the resolution of the diffractometer, the effect

increases with 2θ value. The x-rays produced by the instrument are not per-

fectly monochromatic, this means the wavelength of the incident x-rays also

consist of a small range of wavelengths, which also makes up part of the

instrumental contribution to peak broadening.

Sample contributions

The contribution from the sample comes from imperfections in the crystal

lattice structure. Crystal lattice structures can suffer from lattice distortions

due to dislocations of the atoms that make up the lattice, this is the cause of

lattice micro-strain.
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FIGURE 4.7: An Ewald sphere demonstrating XRD peak broad-
ening

This peak broadening effect from lattice distortions can be shown using

an Ewald sphere (see figure 4.7). Because reciprocal space is determined by

the Fourier transform, the result of real-space lattice distortions is to decrease

the definition of lattice points in reciprocal space, and, therefore, increase the

volume over which the reciprocal lattice vector intersects the lattice points.

4.3.6 The X-Ray Diffractometer

The x-ray diffractometer is a device that uses X-ray diffraction to characterise

the structure of a crystalline sample. It works by directing x-rays at a sample

which has been placed on the machine’s stage. The 2θ angles formed by the

incident and reflected x-rays can tell us the structure and type of the crys-

tal lattice of the sample and also the constituent elements that make up the

sample.

All XRD analysis during this work (presented in § 5.2.3) was performed

using a Philips X’pert diffractometer (figure 4.8) with a copper target anode

with Kα = 1.540598 Å and Kβ = 1.544426 Å. The 2θ angles, and intensities, that
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FIGURE 4.8: Schematic diagram of the Philips X’pert diffrac-
tometer in the scattering plane.

are detected are characteristic of elements and compounds, and their struc-

tural phases. The 2θ positions of the peaks for the XRD pattern of uranium is

shown in figure 4.9 and some of the largest peaks are labeled with the Miller

indices of their corresponding lattice planes.

FIGURE 4.9: X-ray diffraction pattern of uranium. Some of the largest
peaks are labeled with the Miller indices of their corresponding lattice
planes. Image produced using data from National Chemical Database Service.
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4.3.7 The PseudoVoigt Peak Fitting Function

The PseudoVoigt Peak Fitting Function is a probability distribution used to

analyse data from spectroscopy or diffraction experiments. It is a linear com-

bination of the Gaussian and the Lorentzian distributions (with η giving the

weighting between the two functions) [102]. The three fitting functions, and

the calculation for Full Width Half Maximum used in each, are given by

equations 4.15, 4.16 & 4.17.

The Gaussian Function:

fGaussian(x, c, σ, A) = Ae−
(x−c)2

2σ2 , FWHMGaussian = 2
√

2ln2σ (4.15)

The Lorentzian Function:

fLorentzian(x, c, σ, A) =
A
π

σ

(x − c)2 + σ2 , FWHMLorentz = 2σ (4.16)

The PseudoVoight Function:

fPseudoVoight = η fGaussian + (1 − η) fLorentzian (4.17)

A= maximum peak height; c= position peak centre; σ= standard deviation.

The PseudoVoight peak fitting function was applied to experimental XRD

results in this work, which can be seen in § 5.2.3.

4.4 X-ray Tomography

X-ray tomography (XRT) is an imaging technique that works by directing x-

rays through the sample under consideration at a detector, which then mea-

sures the intensity of the signal that still remains after passing through the

sample. X-ray attenuation is measured and an image of the sample is con-

structed based upon the intensity of the x-ray signal at the detector. The
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FIGURE 4.10: The ZEISS Xradia 520 Versa XRT Machine

degree of x-ray attenuation at a given point is a measure of the (straight line)

density of the (sample) material that the x-rays have passed through at that

point. XRT can image high-resolution, micron-scale structural details of a

material [103].

An XRT machine rotates a sample through 360◦ whilst firing the x-rays at

it. It measures the attenuation of x-rays that have passed through the sample

at every point in the rotation in order to build up a 3-dimensional picture of

the density measurements.

The XRT machine used in § 5.2.5 of this work was a ZEISS Xradia 520

Versa, shown in figure 4.10:

1. X-ray Microscope

2. X-ray Source

3. Detector System

4. System Stability for Highest Resolution

5. System Flexibility for a Diverse Range of Sample Sizes

https://www.zeiss.com/content/dam/Microscopy/us/download/pdf/Products/xradia520versa/xradia-520-versa-product-information.pdf
https://www.zeiss.com/content/dam/Microscopy/us/download/pdf/Products/xradia520versa/xradia-520-versa-product-information.pdf
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6. Autoloader Option

7. Sample Stage

8. X-ray Filters

9. In Situ and 4D Solutions

10. Instrument Workstation

11. Software

The ZEISS Xradia 520 Versa XRT uses a unique, two-stage magnification

architecture. Sample images are initially enlarged through geometric magni-

fication as they are in all conventional XRT machines. The image is then pro-

jected onto a scintillator, which converts X-rays to visible light, and is then

magnified by an optical objective before reaching the detector. This unique

feature, along with the conventional magnification architecture for compari-

son, is shown in figure 4.11.

FIGURE 4.11: Left: Conventional Micro-CT Architecture, Right:
ZEISS XRM Two-stage Magnification Architecture. Image from

[104].
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Chapter 5

Uranium Hydride

5.1 Powderising Uranium Metal

A method that is often used to powderise bulk uranium metal is to perform

a number of hydride formation and decomposition cycles. Each formation

- decomposition cycle causes the metal to expand and contract isotropically,

creating stresses and strains in the lattice structure (as explained in § 3.1.2).

The stresses and strains cause the metal to crack and crumble and, after re-

peated cycles, become a fine powder. The size of the particles produced by

this method has a minimum limit. It has been found previously, during the

research of others (Banos et al., 2018 & 2017 [5, 105]) that this minimum limit

is reached after 6 formation-decomposition cycles (at formation temperatures

of both 100◦C and 320◦C). It was also claimed by Bloch (2003 [106]) that

repeated hydride-dehydride cycles (under formation conditions T = 370◦C

and PH2 = 626 mbar) led to unchanging kinetics after 6 cycles. Bloch also

described, in the same 2003 paper, findings by Caralp-Amilhat et al. (1970

[107]) of similar experiments measuring particle size indicating that the spe-

cific surface areas of uranium samples and their hydrides approach unchang-

ing values following several such cycles (11 cycles at 0◦C and five cycles at

320◦C). However during the current work it was found that the minimum

limit was reached after just 4 cycles (at formation temperatures of 250◦C and

at starting H2 gas pressure of 1900 mbar). The graph in figure 5.1 shows the
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H2 gas pressure change data of 2.5 grams of uranium metal during 5 initial

formation half-cycles (starting from a bulk metal sample that had never been

subjected to the formation-decomposition cycle process) at a formation tem-

perature of 250◦C and figure 5.2 shows the data from the 5 decomposition

half-cycles of the same sample. The formation-decomposition cycles were all

performed using the gas rig set up and experimental method described in

§ 4.1.

FIGURE 5.1: The five hydride formation cycles that powderise
uranium. T=200◦C, P = 1900mbar.



Chapter 5. Uranium Hydride 52

FIGURE 5.2: The five hydride decomposition cycles that pow-
derise uranium. T = 500◦C.

It is quite clear from the graph of the 5 initial formation half-cycles (figure

5.1) that the difference in H2 gas uptake rate between formation half-cycles 1

and 2 are significantly greater than the differences between subsequent for-

mation half-cycles, this suggests that the bulk of the powderisation happens

during the first formation half-cycle.

The curves for formation half-cycles 2, 3, 4, and 5 appear to be, in com-

parison to the curve for formation half-cycle 1, all bunched up close together

near the y-axis, with little difference between them. The curves for formation

half-cycles 4 and 5 are indistinguishable from each other (the green curve

can not be seen as it is perfectly covered by the purple curve), this suggests

that the powderisation process ended with formation half-cycle 4 and the

uranium metal particles were no longer reducing in size.

The H2 gas pressure at which the sample stopped absorbing gas is dif-

ferent for each curve (except 4 and 5), this is assumed to be because a small
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Cycle number Time (s) at P
= 200mbar

Time (s) at P
= 600mbar

Gradient (mbar/s)

1 121.0 321.5 1.995
2 133.5 319.0 2.156
3 111.5 261.5 2.667
4 107.0 256.5 2.676
5 66.5 204.5 2.899

TABLE 5.1: The gradients of the curves of the 5 initial decom-
position half-cycles.

amount of residual hydrogen remained in the sample after the decompo-

sition half cycles. It could also be from a small amount of oxidisation of

the sample at the high temperatures during hydride decomposition, which

would reduce the samples capacity to accommodate H2 gas.

To analyse the change in desorption rate during the 5 cycles the gradient

of each curve was calculated (using equation 5.1) between the points on the

curve where pressure was equal to 200mbar and 600mbar. The gradients of

these curves are shown in table 5.1. The gradients were calculated using the

standard method:

m =
y2 − y1

x2 − x1
(5.1)

The gradients for the 5 decomposition half-cycles showed the same con-

sistently progressive nature as the formation half-cycles. The gradient of the

3rd and 4th curves were almost identical. The results for decomposition did

differ from those of formation in that there was a large difference between

the curves for the 4th and 5th cycle (in figure 5.2).

5.1.1 Discussion

UH3 formation-decomposition cycles were used to powderise a 2.5g uranium

metal sample. These powderisation experiments showed results that were in

disagreement with previously found results of Banos et al. (2018 [71] & 2017
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[105]), Bloch (2003 [106]) and Caralp-Amilhat et al. (1970 [107]). All of whom

claimed that more cycles (6, 6, & 5, respectively) were required than the 4

cycles demonstrated in this work.

This claim requires further verification by a more direct means of measur-

ing the particle size. A more informative method of investigating this would

be to remove the sample from the gas rig after every hydride formation-

decomposition cycle and measure the particle size directly using a charac-

terisation technique that is capable of performing such a measurement. For

example, scanning electron microscopy (SEM) would be such an appropriate

technique, or make a direct measurement of total surface area of the sample

using Brunauer-Emmett-Teller (BET) surface area analysis.

5.2 Heat Treating Depleted Uranium

During earlier work it was discovered that heat treatment of a depleted ura-

nium sample at 700 oC for an hour brought about a permanent change in the

uptake rate of hydrogen gas by the metal sample.

Figure 5.3 shows two curves of pressure change over time during a UH3

formation experiment. The two curves show the same 1.8 gram depleted ura-

nium sample at 200 oC and Pi = 2050 mbar H2 gas pressure. The red curve

shows the reaction rate after the metal sample had been heat treated for one

hour at 550 oC and the blue curve shows the reaction after heat treatment

for one hour at 700 oC. The dashed line at y = 1738.33 mbar is the resulting

pressure change when transporting the gas into an empty reaction cell (with-

out any metal sample) under the same conditions, with the volume of the

sample taken into account. This was determined by performing a procedure

identical to those used in the hydride formation experiments in figure 5.3

(T = 200 ◦C and Pi = 2050 mbar), being performed with no uranium sample

in the cell. During this empty-cell experiment a pressure of 1738 mbar was
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FIGURE 5.3: Graph showing two curves of pressure over time during a
UH3 formation experiment, using 1.8 gram uranium sample at 200 oC and

Pi = 2050 mbar after different heat treatment temperatures.

reached when the gas filled the cell, which is a pressure drop of 312 mbar

(311.67 mbar when the volume of the 1.8g sample is accounted for).

This was extended into an investigation into the hydride formation rate

after a range of heat treatment temperatures, shown in figure 5.4. The per-

centages of total H2 gas absorbed in figure 5.4 were found using:

(1 − (
P − Pmin

Pmax − Pmin
))× 100 (5.2)

The range of the y-axis represents the pressure change between 1738.33 mbar

(represented as 0 %) down to 1420 mbar (represented as 100 %). The pressure

change between 2050 mbar and 1738.33 mbar does not describe the absorp-

tion of gas by the metal, merely the gas filling the reaction cell. The for-

mation experiments performed here (again using the same 1.8g powdered

metal uranium sample) showed a pressure drop to an equilibrium value of
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FIGURE 5.4: Graph showing percentages of H2 gas absorption
over time during UH3 formation experiments after heat treat-
ments of various temperatures, using a 1.8 g uranium sample.

1420 mbar, which is a pressure drop of 630 mbar. This indicates that the

pressure drop from 2050 mbar to 1738.33 mbar is due to the cell filling with

gas, and only the remaining the pressure change is actually due to the sam-

ple absorbing the gas because of UH3 formation. This research is only con-

cerned with the pressure drop due to absorption so only the data between

1738.33 mbar and 1420 mbar is included on the graph. The curve of the data

between 2050 mbar and 1738.33 mbar is just a straight, vertical line.

5.2.1 Investigation via Pressure Change Curve Shape

The curves in the graphs in figures 5.3 and 5.4 appear to traverse a path (after

the point P = 1738.33 mbar) that contains a quite sharp turning point. This

gives the curves an appearance of being in two distinct sections: a section

before the turning point and a section after the turning point. The difference

in shape of the curves after different heat treatments seems to be: the turn
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in the curve turns a sharper angle faster; and also the position of the turning

point with relation to the y-axis. A higher heat treatment results in the turn-

ing point happening at a lower pressure (after more gas has been absorbed

by the metal sample) and the curve makes a much faster change of direction.

Then, after the turning point, each curve shows a very particular shape (rep-

resenting a continuous decrease in gas pressure) until they each reach the

same horizontal line (constant gas pressure).

In both figures 5.3 and 5.4 the curve representing 550 ◦C has a first sec-

tion (before the turning point) that is quite a shallow angle from the vertical

and a second section (after the turning point) that looks similar to a curve

of the form x2. This lead to speculation that the two sections could repre-

sent the induction period (hydrogen permeating through the metal lattice)

and the bulk reaction period (the reaction front moving radially inwards into

the grains, the "shrinking core") described in section 3.1.2. To investigate this

some computer code was written in the programming language C# (shown

in Appendix A) to produce a graph of the curve: radius of a sphere vs sur-

face area of a sphere. This graph, shown in figure 5.5, could then be used

for comparison with the shape of the second section of the 550 ◦C curves in

figures 5.3 and 5.4.

The graph in figure 5.5 shows data produced from the C# code. The data

shows the change in surface area of a sphere due to a reduction in its radius.

The starting radius was set at 500nm, this is (approximately) the value that

UH3 particles have been shown to be after being powderised to their min-

imum size [87]. The code contains a loop that will iteratively calculate the

surface area, print the data (radius and surface area) to a .csv file, reduce the

radius by 5nm and then restart the loop.

The shape of the second section of the 550 ◦C curves in figures 5.3 and 5.4

do appear to be a shape that is related in some way to the changing surface

area of the hydride-metal interface due to the ’shrinking core’ nature of the
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FIGURE 5.5: A graph of radius of a sphere vs surface area of a
sphere between r = 0 - 500 nm. Data generated by code written

in C#.

reaction front slowly moving inwards into the metal grains. The similarity

between the shape of the curves in figure 5.4 and the curve of surface area

vs radius in figure 5.5 becomes less and less apparent with increasing heat

treatment temperature (the red curve in figure 5.4 looks more like the curve

in figure 5.5 than the green curve does).

5.2.2 Investigating Carbon Poisoning in the Sample

As mentioned above, Rundle et al. (1948 [108]) claimed that a monoxide

phase of uranium could only be formed in the presence of carbon. In order

to investigate this claim the crucible used in the hydride formation & de-

composition experiments (and also during the heat treatment process) was

subjected to x-ray florescence (XRF) to find out if it contained carbon.

The data produced by the XRF scan of the crucible is shown in table 5.2.

The XRF results show that the crucible is made of stainless steel 316, so car-

bon would have been present during the hydride formation & decomposition

experiments and also during the heat treatment process. A new crucible was
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Element % Composition % Error
Mo 2.491 0.002
Zr 0.003 0.001
Zn 0.015 0.001
W 0.05 0.002
Cu 0.35 0.004
Ni 11.633 0.014
Co 0.465 0.01
Fe 67.126 0.02
Mn 1.535 0.008
Cr 16.245 0.01
V 0.056 0.002

Nb 0.016 0.001
Bi 0.009 0.001
Ru 0.007 0.001

Alloy SS-316 -

TABLE 5.2: Table showing XRF composition data of crucible.

FIGURE 5.6: The molybdenum crucible that was made for use
on the gas rig

made out of molybdenum (shown in figure 5.6) to see if the new compound

was present in the depleted uranium when the heat treatment at 700 ◦C was

performed in a crucible made from a material that didn’t contain carbon.

2.4g of depleted uranium powder was inserted into the molybdenum cru-

cible and reaction cell and attached to the gas rig. A hydride formation-

decomposition cycle was performed on the metal before the heat treatment,

the hydride formation conditions were T = 200◦C and PH2 = 1000 mbar and

the hydride decomposition conditions were T = 500◦C and PH2 = 0 mbar.

The sample (in the molybdenum crucible) was then heat treated at 700◦C for
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FIGURE 5.7: UH3 formation in a molybdenum cell before and
after heat treatment for 1 hour at 700◦C.

1 hour under rough-pump conditions (P≈ 10−3mbar). After the heat treat-

ment an identical hydride formation-decomposition cycle was performed to

show any change in gas absorption/desorption rate. The pressure change

data for the UH3 formation experiments (before and after heat treatment) are

shown in figure 5.7 and the data for the 2 UH3 decomposition experiments is

shown in figure 5.8.

The increase in H2 gas uptake rate after heat treatment in the steel cru-

cible was not reproduced in the data when the sample was heat treated in

the molybdenum crucible. In fact, both figures 5.7 and 5.8 appear to show

that the absorption and desorption was slightly faster before the heat treat-

ment than after. This could be due to that sample being exposed to a small

amount of oxygen and the increased propensity for uranium metal to form

UO2 at higher temperatures, which might lessen the capacity of the metal to

accommodate hydrogen and also slow down the reaction kinetics.
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FIGURE 5.8: UH3 decomposition in a molybdenum cell before
and after heat treatment for 1 hour at 700◦C.

X-ray diffraction was also performed on the uranium metal powder be-

fore and after heat treatment in the molybdenum crucible to see if the same

diffraction peaks are produced as when the heat treatment was performed in

a steel crucible. The data from the XRD scan both before and after the heat

treatment are shown in figure 5.9.

X-ray diffraction data of the uranium metal that was heat treated in the

molybdenum crucible did not show the same peaks (at 2θ = 31.63◦±0.03◦,

36.65◦±0.03◦, 52.88◦±0.03◦, 62.95◦±0.03◦ and 66.15◦±0.03◦) as the sample

heat treated in the steel crucible.

These results are in-line with the claim of Rundle et al. [64] that the pres-

ence of carbon is required to form the monoxide phase of uranium.
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FIGURE 5.9: XRD scan of uranium metal before & after heat
treatment in molybdenum cell

5.2.3 Investigation via X-ray Diffraction (XRD)

The effect of increasing the uptake rate of hydrogen by uranium after heat

treating was investigated using XRD to identify any compositional change

that may be happening as a result of the heat treatment. X-ray powder

diffraction was performed on the powdered uranium metal before being heat

treated at 700 ◦C and then again afterwards.

In order to perform these measurements, first a method of transporting

the sample and installing it into the XRD machine without exposure to air

was required to avoid changing the chemical composition of the sample.
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Airtight Beryllium Cell

For performing XRD analysis on metal samples (which must remain sealed

in a passive, air-tight environment), an airtight, purpose-built cell was de-

signed and made out of a beryllium dome and an aluminium base (see figure

5.10). A pre-made beryllium dome constitutes the walls of the cell to allow

FIGURE 5.10: Photograph of custom made air-tight beryllium cell for
performing X-ray Diffraction on samples which are sensitive to air. The cell
is made up of a beryllium dome and a seal-able aluminium base.

the x-rays access to the powdered metal sample. The beryllium dome has a

protruding lip at the bottom (its a top hat shape) which is clamped between

the upper and lower half of a bespoke-made aluminium base, held together

by tiny screws. A circle of 1mm indium wire is placed underneath the pro-

truding beryllium lip (in a groove inside the bottom half of the aluminium

base) to create an air-tight seal between the beryllium and the aluminium

base. The lower half of the base has a vertical stub in the centre which is hol-

lowed out into a bowl shape at the top to hold the powdered metal sample.

Beryllium metal was chosen to be used for the walls of the cell because it

has a low proton number (Z = 4) and so has little interaction with the x-rays.

Aluminium was chosen as the material that the base was made of because

most of its diffraction peaks lie outside the range of angles used to charac-

terise uranium (and its hydrides and oxides). When half-cutting the x-ray
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FIGURE 5.11: XRD scan between 26◦ - 56◦ of the beryllium
dome with no sample, for calibration. The two peaks that can

be seen at 38◦ and 44◦ are from the Aluminium base.
.

beam, it was found that the beryllium dome reduced the x-ray intensity that

was detected by the XRD machine to almost exactly two-thirds of that de-

tected without the beryllium dome.

The entire cell (the beryllium dome and aluminium base when clamped

together) was measured to be 41 mm in height with a diameter of 44 mm at

its base. The main body of the beryllium dome has an external diameter

of 22.5 mm and an internal diameter of 21.5 mm, making the thickness of

the beryllium walls 0.5 mm. Each of the halves of the aluminium base was

measured to be 4 mm in height, and the stub in the centre (with the bowl at

the top) was measured to be 9 mm in height and 6 mm in diameter. The bowl

was designed to be this height so that it holds the sample no more than 10

mm above the aluminium base, so that the sample is at the correct height to

initially calibrate the XRD machine by half-cutting the horizontal x-ray beam.

In order to investigate any compositional change that may be happening

as a result of the heat treatment, x-ray powder diffraction was performed on

the powdered uranium metal before being heat treated at 700 ◦C and then
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again afterwards.

All x-ray diffraction scans were performed using the same instrument set-

tings. The angular size of each incremental step that the instrument’s x-ray

emitter/detector moved through was: 0.05 ◦, the duration of each step was 4

seconds.

An XRD scan of the empty beryllium cell was performed for calibration

purposes (see figure 5.11).

The graph of the XRD scan of the uranium metal before the heat treatment

is shown in figure 5.12 and the graph of the XRD scan of the metal after

the heat treatment is shown in figure 5.13 (and figure 5.14 shows both for

easy comparison). All visible x-ray peaks are labeled with their 2θ angle,

their metal/compound and the Miller indices (hkl) of the lattice plane that

correspond to the peaks. All the peaks were identified using data from The

National Chemical Database.

The two aluminium peaks at 2θ=38.33◦±0.03◦ and 2θ=44.58◦±0.03◦ are

due to the aluminium bowl that is holding the powder, as described above.

Both sets of XRD data show some peaks which were unexpected, namely,

the peaks at 2θ = 31.63◦±0.03◦, 36.65◦±0.03◦, 52.88◦±0.03◦, 62.95◦±0.03◦ and

66.15◦±0.03◦. Diffraction peaks at the same 2θ angles as these were identified

in the published literature: Rundle et al. (1948 [108]) claimed that the peaks

are caused by the rare compound uranium monoxide (UO). The peaks have

been labelled as such on the graphs.

The Rundle et al. paper describes uranium monoxide as having a face-

centered cubic (sodium chloride-type) crystal structure, with a = 4.92 ± 0.02

Å. They discovered the monoxide during attempts to make X-ray diagrams

of uranium metal in the beta and gamma temperature ranges (660–760 ◦C

[109]). It is also claimed that the presence of carbon is necessary to promote

the reaction of a higher oxide with uranium metal to form the monoxide

phase.
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FIGURE 5.12: X-ray diffraction pattern of uranium metal powder before
being heat treated at 700 oC. X-ray peaks are labeled with their 2θ angle,
their metal/compound and the Miller indices (hkl) of the lattice plane that
correspond to the peaks.
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FIGURE 5.13: X-ray diffraction pattern of uranium metal powder after
being heat treated at 700 oC. X-ray peaks are labeled with their 2θ angle,
their metal/compound and the Miller indices (hkl) of the lattice plane that
correspond to the peaks.
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FIGURE 5.14: X-ray diffraction pattern of uranium metal powder before
being heat treated at 700 oC and afterwards. X-ray peaks are labeled with
their 2θ angle, their metal/compound and the Miller indices (hkl) of the
lattice plane that correspond to the peaks.
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From the 2θ positions of the XRD peaks, the Miller indices quoted by

Rundle et al. and the equations:

d =
λ

2sinθ
(5.3)

a = d
√
(h2 + k2 + l2) (5.4)

The lattice parameters and lattice plane spacings of the material causing

the unidentified peaks were calculated (by approximating λ as the wave-

length of the x-rays emitted by the XRD machine in § 4.3.6: λ = 1.54 Å) as:

2θ (◦) hkl d (Å) a (Å)

31.625 111 2.827± 0.162 4.896± 0.281

36.675 002 2.448± 0.120 4.897± 0.240

52.875 220 1.730± 0.056 4.893± 0.160

62.975 311 1.475± 0.039 4.891± 0.130

66.125 222 1.412± 0.035 4.891± 0.122

TABLE 5.3: The calculations of lattice spacing and cell parame-
ters for the XRD peaks labelled UO.

Though all of the calculated values for lattice parameter (a) in table 5.3 are

slightly outside of the error margin of the value quoted by Rundle et al., they

are considered to be equivalent values due to an overlap in the error margins

between the value quoted by Rundle et al. and the calculated values.

To investigate this further an XRD scan (identical to the one above) of the

powdered sample containing (what is now being called) UO after it had been

exposed to hydrogen gas in the gas rig at 200 ◦C. The results of the scan are

shown in figure 5.15 and, for comparison, the curves of the XRD data for the

UO sample and UO + H2 are plotted together in figure 5.16.

The most noticeable thing when comparing the peaks of the two curves

in figure 5.16 is that the hydriding process has caused the peaks that are now

being called UO to reduce in intensity.
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FIGURE 5.15: XRD scan of heat treated metal after reaction with
H2 gas with peak identification labels.
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FIGURE 5.16: Comparison of the X-ray diffraction patterns of
uranium metal that has been heat treated at 700 oC (red line)
and the X-ray diffraction patterns of the same metal after hy-

dride formation (black line).
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This suggests that the compound in question, represented by these peaks,

has reacted with the hydrogen and converted into a hydride.

5.2.4 Investigation via Crystallite Size & Microstrain

XRD Peak Fitting

The function that was used for peak fitting of the XRD data of the uranium

metal before and after the heat treatment at 700 ◦C (figures 5.12 and 5.13) was

performed using Origin Lab 9.0. The peak fitting function called PsdVoigt1

was used (see § 4.3.7). It was decided that, after checking other curve fitting

functions, this function gave the best fit on the uranium peaks that were re-

quired, and it gave the best calculation of the background signal for the XRD

data presented in § 5.

The full range of the data of the two XRD scans were split into two sec-

tions. This was done for two reasons, firstly because the background signal

appeared to be slightly different in the two sections of the data, and so split-

ting the data in two gave a better calculation of the background across the

entire range of the XRD data. The second reason that the data was split in

two was in order to exclude the aluminium peak at 2θ = 38.375 ◦, which was

effecting the fitting of the curve across all the other peaks.

After the curve was fitted to the XRD data that had been split in half, with

the aluminium peak was excluded, a much better fitting to the background

and to all the other peaks across the entire range of the data was achieved.

The settings of the fitting function were set so that the curve fitting was

iterated until the value of chi-squared that must be achieved was:

χ2 = 1 · 10−9 (5.5)
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Before the 700 ◦C Heat Treatment

The curve fitting to the peaks of the XRD data of the uranium metal before

the 700 ◦C heat treatment is shown in figure 5.17.

FIGURE 5.17: Fitting curves of the XRD peaks of the uranium metal
powder before being heat treated to 700 oC.
Top: 33.5 o - 37.5 o, bottom: 38.5 o - 62.0 o

The fitting of the the U (111) peak at 2 θ = 39.375 ◦ appeared to have gone

wrong. It looks like Origin Lab 9.0 has tried to fit two curves to the peak,

it could be because the Voigt function is a convolution of a Gaussian and

a Lorentzian. It was isolated and fitted individually (in figure 5.18). This

was done to try and achieve as accurate a result as possible for the values

produced using the William-Hall method.
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FIGURE 5.18: Refit of the curve to the (111) XRD peak of uranium metal
powder before heat treatment to 700 oC.

After the 700 ◦C Heat Treatment

The curve fitting to the peaks of the XRD data of the uranium metal after the

700 ◦C heat treatment is shown in figure 5.19.

The fitting of the peak at the angle 2 θ = 36.175 ◦, which is the U (002) peak,

also appeared to be fitted badly and so it was also excluded from the calcu-

lations in the Williamson-Hall method graph in figure 5.21.

The Scherrer Equation

The Scherrer Equation is an equation that characterises a technique for calcu-

lating the size of crystallites (grains) in a powder sample from the Full Width

Half Maximum of x-ray diffraction peaks [110].

A grain is a region in a crystal where the lattice structure is continuous

and unbroken; a microscopic monocrystal which has grain boundaries with



Chapter 5. Uranium Hydride 75

FIGURE 5.19: Fitting curves of the XRD peaks of the uranium metal
powder after being heat treated to 700 oC. Top: 33.5 o - 37.5 o, bottom:
38.5 o - 62.0 o

other monocrystals, oriented in different directions.

The Scherrer equation (equation 5.6) can be used to calculate a lower

bound on the mean value of the size of the grain.

τ =
Kλ

β cos θ
(5.6)

where τ is the mean size of the crystallite, K is a dimensionless shape fac-

tor with the value 0.94 (when approximating the grain’s shape as spherical

[111]), λ is the x-ray wavelength, β is the FWHM and θ is the Bragg angle.
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2θ angle (◦) (hkl) size before (Å) size after (Å) size change (Å)

35.503 (021) 358± 1 415± 2 57± 2

39.405 (111) 318±2 395± 2 77± 3

51.113 (112) 262± 5 356± 2 94± 5

60.249 (131) 244± 5 288± 2 44± 5

TABLE 5.4: Table of the change in crystallite size due to heat
treatment at 700 oC, calculated using the Scherrer equation.

The calculations in the size of the crystallites in the UO sample before and

after heat treatment at 700 oC, using the Scherrer equation (equation 5.6), are

shown in table 5.4. All of the calculations for the size of the four crystallites

chosen show an increase in size after the heat treatment. These results sup-

port a proposition that the change in reaction rate is connected to a change in

the size of the grains of the metal powder.

It has been shown so far that the heat treatment at 700 ◦C has either

caused or is linked with: an increase in grain size in the metal; a change

in the molecular composition of the sample; and an increase in the reaction

rate of one of the stages of the hydride reaction.

The Williamson-Hall Method

The Williamson-Hall method is a technique for calculating and separating

the factors that contribute to XRD peak broadening. The broadening of an

XRD peak (βtotal) is made up of two main elements. The first is strain broad-

ening (βstrain), micro-strain in the crystal lattice caused by e.g. deformations

and dislocations. The second is size broadening (βsize), from the increase in

size of the crystallites and the sub-micron nanoparticles of the metal [112].

This can be described mathematically as:

βtotal = βstrain + βsize (5.7)
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Equation 5.6 can be substituted for the size broadening term, switching

the symbol τ for L (mean crystallite size), gives:

βsize =
Kλ

L cos θ
(5.8)

The term for strain broadening can be found by differentiating the equation

for the Bragg Condition 4.1, substituting gives:

βstrain = 2 E tanθ (5.9)

Strain is generally defined as the change in an objects length divided by its

original length, so here, when considering microstrain, lattice parameter is

used in place of length:

E =
∆a
a

(5.10)

Substituting equations 5.8 and 5.9 into equation 5.7 gives:

βtotal = βstrain + βsize = 2 E tanθ +
Kλ

L cos θ
(5.11)

Rearranging equation 5.11 to give an equation of the straight-line form gives:

β cos θ = 2 E sinθ +
Kλ

L
(5.12)

Equation 5.12 can then be plotted as the graph: β cos θ vs. sinθ which gives

a gradient of 2 E and a y intercept of Kλ
L . The values of β can be calculated

using the equation for the Gaussian function. This can be rearranged to give:

β =
FWHM

2
·
√

π

ln(2)
(5.13)

The Williamson-Hall method was used to calculate the grain size and the
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micro-strain for XRD peaks of both the powdered uranium metal sample be-

fore the heat treatment at 700 ◦C (in figure 5.12) and the sample after the heat

treatment (in figure 5.13). This gave a way of comparing the values for both

grain size and lattice strain of the metal before and after heat treatment.

The peak fitting in this subsection was again performed using the Psd-

Voigt1 function of Origin Lab 9.0 in an identical way to § 5.2.4, and as de-

scribed in § 5.2.4.

This new data was plotted into a graph, shown in the Williamson-Hall

plot in figure 5.20 for the metal powder before heat-treatment at 700 ◦C and

figure 5.21 for the metal powder after heat-treatment at 700 ◦C.

The Williamson-Hall plot in figure 5.20 shows six data points correspond-

ing to six XRD peaks (those that could be fitted with a curve well enough to

find their FWHM). All data points lie close enough to the straight trend-line

that it is within their error margins. The equation of the trend-line is:

y = (11.28 ± 2.00) · 10−3 · x + (0.97 ± 0.60) · 10−3 (5.14)

and the ’goodness of fit’ parameter (calculated by Origin) is: R2 = 0.89.

This gives a value for micro-strain from the gradient as:

E = (5.64± 1.00) ·10−3 = (0.56± 0.10) %

and a value for grain size from the y intercept as:

L = (1492± 923) Å

The Williamson-Hall plot in figure 5.21 shows data points corresponding

to five of the XRD peaks (the (002) peak wasn’t usable after heat treatment

due to the height change in a nearby UO1 peak). These all sit close enough to

the trend-line so that it is, again, within their margins of error. The equation

of the trend-line is:

y = (6.54 ± 2.00) · 10−3 · x + (1.76 ± 0.60) · 10−3 (5.15)
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FIGURE 5.20: Graph showing the Williamson-Hall method for the uranium
metal sample before heat treatment at 700 ◦C. Each data point is marked
with the Miller indices (hkl) of the lattice plane that corresponds to that
peak. The equation of the trend-line is
y = (11.28± 2.00) · 10−3· x + (0.97± 0.60) · 10−3 and the ’goodness of fit’
parameter is R2 = 0.89, both of which were calculated by Origin Lab 9.0.

and the ’goodness of fit’ parameter (calculated by Origin) is: R2 = 0.84.

This gives a value for micro-strain from the gradient of the trend-line as:

E = (3.27± 1.00) ·10−3 = (0.33± 0.10) %

and the value of grain size from the y intercept as:

L = (823± 300) Å

The values for both grain size and lattice strain show a change after the

700 ◦C heat treatment, according to these results. After the heat treatment

the value for lattice strain had decreased to ≈ 58% of its value before the heat

treatment. The change is large enough so that there is no overlap of the error

margins of the two values (before and after the heat treatment).

The values for grain size produced using this method did show a decrease

after the heat treatment, to ≈ 55% of its value before the heat treatment. The

margin of error (calculated using the partial differentiation method) is very

large in comparison to the values. The error margin before heat-treating was
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FIGURE 5.21: Graph showing the Williamson-Hall method for the uranium
metal sample after heat treatment at 700 ◦C. Each data point is marked
with the Miller indices (hkl) of the lattice plane that corresponds to that
peak. The equation of the trend-line is
y = (6.54± 2.00) ·10−3· x + (1.76± 0.60) ·10−3 and the ’goodness of fit’
parameter is R2 = 0.84, both of which were calculated by Origin Lab 9.0.

≈ 62% of the grain size value, after the heat treatment it was ≈ 36% of the

value. The size of the error margins in these results is concerning. Each

value’s error margin would have been indirectly determined by the fit of the

trend-line to the data points in figures 5.20 and 5.21 and the uncertainty of

the FWHM of the XRD peaks. When the grain sizes were calculated by the

Scherrer equation in § 5.2.4, using the same XRD data and the same FWHM

values from the fitting shown above, all four calculated grain sizes showed

an increase in size. The values for grain size that have been produced in this

research so far are inconsistent.

It could be that some of the grains are increasing in size during the heat

treatment whilst some (that were not observed in this work) are decreasing

in size, which is a known phenomenon [113]. This would produce a sam-

ple comprised of grains of different sizes, called a duplex grain structure. It
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has been found that heat-treating uranium metal at temperatures above ura-

nium’s α → β phase change temperature (663 ◦C) causes the sample to form

a duplex grain structure [56]. It is unlikely that this is the reason for the dif-

ference in the results here, though, because the results from both methods

were calculated using (mostly) the same XRD peaks.

The Williamson-Hall method treats the grains as being all the same shape,

an equiaxed grain structure, when, in reality, it is more likely that they are very

different shapes. The orthorhombic unit cell of α-phase uranium transforms

into the tetragonal β-phase when heated to the phase change temperature of

663 ◦C. This is an anisotropic expansion of the unit cell, there could also be

some anisotropic effects on the size or shape of the grains in the metal, just

as in the unit cell. This could be one possible explanation for the difference

between these results and those in section § 5.2.4.

5.2.5 Hydride Formation Inside the XRD Machine

To build up a better picture of the structural changes that are taking place

within the sample at different heat treating temperatures (i.e. at which tem-

perature of heat treatment, exactly, is it that this new compound is form-

ing?) XRD scans would be needed after each heat treatment temperature.

To do this the sample would need to be taken off the gas rig after each heat

treatment, transferred into the beryllium cell, put into the x-ray diffractome-

ter, scanned, then reinserted into a reaction cell and attached back onto the

gas rig. This would involve a much higher risk of oxidisation of the sam-

ple. Therefore, a method of forming and decomposing UH3 inside the x-ray

diffractometer would be required.
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A new design for a beryllium cell

A new design for a beryllium cell was devised, an update of the design built

earlier (described in section 5.2.3) that had the added ability to heat the metal

sample, and gas inlet and outlet functions so that hydriding experiments

could be conducted whilst the metal sample was inside the XRD machine.

The new beryllium cell was designed to utilise the same pre-made beryl-

lium dome as the earlier design. All changes to the design were made to the

base section of the cell. This was intentional because it would be cheaper,

easier and more practical to make changes to the aluminium part of the cell

rather than to the beryllium section, also the sidewalls and the top of the cell

need to be kept clear of obstructions to the x-ray beam. The design for the

new beryllium dome with aluminium base cell are shown as a CAD technical

diagram in figure 5.22 and diagrams of the cell from various perspectives are

shown in figure 5.23.

The new design features of the base section (with reference to figure 5.22)

include:

i Two holes (B1, B2) in the base for gas inlet and outlet tubes;

ii Electrical feed-through in the centre (A3);

iii Sample stub in three parts (Parts 4, 5, 6);

The new aluminium base was designed to clamp the lip of the (top hat-

shaped) beryllium dome between two aluminium plates with four tiny screws,

in the same way as the earlier design. The upper and lower plates that make

up the aluminium base are circular, with a diameter of 44mm and a height

of 4mm. The lower plate has a steel sample stub with a diameter of 6mm

and a height of 20mm (part 6). Above the steel section is a section made of

macor, this has a height of 5mm and a diameter of 6mm (part 5). Then, above

the macor section, is a copper section with a height of 5mm and a diameter
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FIGURE 5.22: CAD technical diagram of a new design for a
beryllium reaction cell.

of 6mm. The top of the copper section is hollowed out into a bowl with a

central depth of 1mm to hold the powdered metal sample.

The lower base plate has three holes in it, one in the centre of the lower

base plate for electrical feed through and two, off-centre, for gas inlet and

outlet pipes. The inlet pipe (B1) would be connected to a tap which would

be, in turn, connected to a supply feed of hydrogen gas to deliver gas into the

cell during the hydriding process. The outlet tube (B2) would be connected

to a pump in order to evacuate the cell after the UH3 formation reaction had

taken place. The electrical feed-through (A3) would be connected to an exter-

nal power source and a heating wire would be wrapped around the copper

sample holder section of the stub (Part 4) to heat the metal sample. As in

the earlier design, a circle of 1mm indium wire is placed underneath the pro-

truding lip of the beryllium dome (in a 0.5mm deep groove inside the lower

half of the aluminium base) in order to create an air-tight seal between the
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FIGURE 5.23: Various perspectives of a new design for a beryl-
lium reaction cell: (a) angle view; (b) side view; (c) top view.

beryllium and the aluminium base.

The purpose of the section of stub made of macor is to stop thermal con-

ductivity between the copper sample holder and the rest of the cell. For the

lower section of the stub (Part 6), steel was chosen because it is less thermally

conductive than aluminium. The stub has been increased in height in order

to maximise the distance between the indium wire seal (near the bottom of

the cell) and the heated copper stub section to avoid melting the indium wire

and breaking the airtight seal. The base of the cell would require a circu-

lar holder (not included in the design in figure 5.22) with four legs to hold

it slightly above the XRD stage, at a height that could be determined by the

user, so there would be room underneath the cell for gas and electricity feeds.

The purpose of the new design was to perform an XRD scan of the metal

sample before and after each heat-treatment temperature (part of a heat-

treatment regime that used incrementally increasing temperatures) to assess

any structural changes to the metal sample, and also scans of the hydride

(formed in-situ) in between each increase in the heat-treatment temperature.

Unfortunately the design could not plausibly be manufactured in time to

perform the experiments (for reasons outlined in the prologue section named

Covid-19 Statement on page ii).
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FIGURE 5.24: Experimental set-up developed for in-situ UH3
reaction hot-stage X-ray diffraction (XRD) analysis.

The XRD Hot Stage

To perform the UH3 formation/decomposition experiments inside the x-ray

diffractometer described above, a HTK 1200 High-Temperature Oven Cham-

ber, developed and produced by Anton Paar (GmbH) for commercial sale,

was used.

Figure 5.24 shows the experimental set-up that was developed for the in-

situ UH3 reaction hot-stage X-ray diffraction (XRD) analysis (and for greater

simplicity, figure 5.25 shows a P&I diagram of the same set-up). The set-up

consisted of:

1. An X-ray tube;

2. A HTK 1200 high temperature oven chamber;

3. An X-ray detector (receiving side);

https://www.anton-paar.com/corp-en/products/details/high-temperature-oven-chamber-htk-1200n/
https://www.anton-paar.com/corp-en/products/details/high-temperature-oven-chamber-htk-1200n/
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FIGURE 5.25: A simplified piping and instrumentation dia-
gram of in-situ UH3 reaction hot-stage X-ray diffraction (XRD)

analysis.

4. A fitted high-temperature sample stage;

5. A full range pressure gauge;

6. A speed valve;

7. A bleed valve;

8. A 300 ml cylinder (containing pressurised hydrogen gas);

9. A full range gauge controller and digital display;

10. A turbo pump (backed-up by a roughing pump);

The depleted uranium metal sample was installed in the hot stage of the

x-ray diffractometer. The reaction chamber was then evacuated using the

pumps until the pressure was at P = 2 · 10−3 mbar, which was the best

vacuum achievable by this equipment. The temperature was raised to T =

200◦ C and the sample was out-gassed under these conditions for 18 hours.

The strategy for performing XRD analysis on the sample during UH3 for-

mation was to perform many shallow-angled scans focused on a particular

range that is known to show a UH3 peak. This was done so the scans would

be as short duration as possible to make it more likely that the resulting data
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would show the peak growing over time. The scans were performed over the

range 2θ = 28◦ − 32◦ and the angular step rate was set to 0.01◦s−1, making

each scan 6 minutes 35 seconds in duration.

One (preliminary) scan was performed with the uranium sample under

the conditions: T = 200◦ C and PH2 = 0 mbar (before hydrogen gas had been

inserted into the reaction chamber). Then 20 scans with the sample under

the conditions: T = 200◦ C and PH2 = 1000 mbar. Then a final scan with the

sample under the conditions: T = 200◦ C and PH2 = 0 mbar (after the H2 gas

had been pumped out of the reaction chamber).

The data produced by the above procedure is shown if figure 5.26 with the

preliminary scan being the bottom curve, the final scan being the top curve,

and the 20 scans shown in between in ascending order.

Very little difference can be seen across the different curves. It appears

from the graph that UH3 formation has either not occurred or has not shown

in this data over this angular range.

To determine which of these was likely to be the case an XRD scan of a

wider angular range was performed to identify any hydride peaks that may

have appeared. Figure 5.27 shows the results of the sample inside the XRD

hot stage after the attempt to form UH3 compared to that before. It is clear

from the graph that there is no significant change in the XRD data before and

after the attempt to form UH3, because of this is was assumed that no hydride

formation had occurred. It was also apparent from the peaks at 2θ = 28◦, 33◦,

47◦ & 56◦ that this sample had become contaminated with oxygen. It was

decided that this sample should be replaced with a different uranium metal

sample that had been polished to remove any surface contamination.

In preparation for a second attempt at the above experiment, a new ura-

nium metal sample was inserted into the hot stage, in the same set-up (figure

5.24). Before attempting the hydride formation experiment again the sample

was heated to a range of temperatures and an XRD scan was performed in
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FIGURE 5.26: Graph showing 22 XRD scans during UH3 forma-
tion reaction, one scan before, and one after. The preliminary
scan being the bottom curve, the final scan being the top curve,

and the 20 scans shown in between in ascending order.
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FIGURE 5.27: A graph showing the curves of the data from
XRD scans both before (black curve) and after (red curve) the

attempted UH3 formation reaction using the XRD hot stage.

order that any changes in structure (expansion) due to temperature could be

accounted for in the final results. The data from the scans at various temper-

atures are shown in figure 5.28.

The curve for room temperature shows U-α peaks at 2θ = 34.5◦, 35.5◦, 36◦

& 38◦ and some quite small UO2 peaks at 2θ = 28◦, 33◦ & 47◦. As the temper-

ature increases it can be seen that the U − α peaks get progressively smaller

and the UO2 peaks get progressively taller, so much so that only very small

U − α peaks can be seen at 200 ◦C, and at temperatures above 200 ◦C only

UO2 peaks are present in the data.

It is apparent that this experimental set-up was not appropriate for per-

forming UH3 formation experiments due to its inability to form a vacuum

capable of protecting the metal sample from oxygen contamination at the

required temperatures.

The motivation behind the attempt to form and decompose UH3 inside
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FIGURE 5.28: XRD scans of uranium metal at various tempera-
tures.

the XRD machine was to learn more about when (at which heat treatment

temperatures) the new diffraction peaks were becoming visible or increasing

in size in the XRD data. The intention was to first scan the sample at all heat

treatment temperatures that were to be used, for comparison. Then to subject

the metal sample to a series of heat treatments at different temperatures, each

heat treatment would involve scanning the sample before the heat treatment,

then the heat treatment would be performed and another scan would be per-

formed after the heat treatment. After each heat treatment, the sample could

then be exposed to hydrogen gas at 200 ◦C to form UH3, a scan of the UH3

could then be performed before the hydride was decomposed at 500 ◦C, then

a further scan of the sample would be performed. This would provide XRD

data of the sample before, during and after each step of the heat treatment

and hydride formation/decomposition regime at each of the heat treatment

temperatures under investigation.

This could provide further insight into the mechanism that is causing the
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new diffraction peaks (and, by association, the increase in the hydrogen up-

take rate). It could be the case that the effect was being caused at a particular

temperature (though the progressive nature of the curves in figure 5.4 sug-

gests that this isn’t the case), in which case the new diffraction peaks would

be visible after that heat treatment temperature only. This could also deter-

mine if there are any contaminants present at significant amounts that are

causing or facilitating the effect, such as carbon (as claimed by Rundle et al.,

1948 [108]).

X-Ray Tomography

In order to try to get some direct information about the size of the grains or

particles in the sample, and also a comparison before and after heat treat-

ment, x-ray tomography was performed.

A sample holder was designed and made from aluminium that could be

airtight sealed and hold some of the powdered uranium sample in the XRT.

It was made in this particular way so that it could prevent oxide formation

with as little attenuation of the x-rays by the sample holder as possible.

Figure 5.29 shows a selection of XRT scans at amplifications of 4× (with a

scale labelled as 2000 µm) and 20× (with a scale labelled as 500 µm).

Some streaking can be seen in the bottom image, this is likely due to the

sample moving around inside the sample holder as it was rotated by the XRT

machine during the scan.

The size of the grains and particles of the sample both appear to be be-

yond the resolution of the XRT data so no direct information on their sizes

could be gained using this method. The results of this section are, therefore,

inconclusive.

Due to a combination of the sample moving inside the sample holder and

the resolution of the technique it was decided that a comparison of XRT scans
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FIGURE 5.29: XRT scan images of uranium powder at amplifi-
cations of 4× (with a scale labelled as 2000 µm) and 20× (with

a scale labelled as 500 µm).
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of the sample before and after heat treatment would not be of value to this

investigation.

5.2.6 Discussion

A significant fraction of this work was dedicated to investigating the results

of a heat treatment regime performed on uranium metal. It became apparent

during the course of this work that both the increase in the rate of uptake

of H2 gas and the new x-ray diffraction peaks were not reproduced when

the heat treatment was performed in a crucible made of molybdenum, rather

than steel. This was taken as supporting evidence of the claim by Rundle et

al. (1947 [64]) that the new peaks were a monoxide phase of uranium and

that the presence of carbon is required for the formation of the monoxide.

Lattice parameters were calculated from the new XRD peaks (table 5.3), the

calculated lattice parameters correspond to the value of the lattice parameter

of uranium monoxide quoted by Rundle et al. (1947 [64]), when the error

margins of both are taken into consideration. The lattice parameter calcu-

lations had to be performed by approximating λ as the wavelength of the

x-rays emitted by the XRD machine in § 4.3.6: λ = 1.54 Å, this is not the true

value of λ but had to be substituted in the absence of the true set of values.

Further work should be carried out to determine if the new XRD peaks

are a pure monoxide phase of uranium or if they correspond to an oxycarbide

compound. It is quite likely that neither imaging characterisation techniques

nor crystallographic structure characterisation techniques would have the

ability or the resolution to distinguish between the two. The XRD technique

that was used in this work would be an insufficient method to distinguish

between a monoxide and an oxycarbide of uranium because the diffraction

peaks of the two compounds are too close together and would overlap due to

diffraction peak broadening (described in § 4.3.5). An appropriate technique
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would be Raman spectroscopy, this can determine the bonding energies be-

tween atoms in a compound and so would be capable of distinguishing be-

tween a monoxide and an oxycarbide.

The shape of the curves for H2 gas absorption before the heat treatment

regime showed a similarity to the shape of a curve of particle surface area

vs particle radius, but did not show the same shape after the heat treatment.

If we assume that this shape is due to a UH3 reaction front moving inward

into the centre of the bulk metal (the bulk reaction stage), then we must also

conclude that the heat treatment is having the effect of speeding up the bulk

reaction stage. The (C#) code that was written to generate the graph of sur-

face area vs radius could be expanded to incorporate some kinetic functions

of the uranium hydride formation reaction, with the ability to vary the veloc-

ity of the reaction front during the bulk reaction stage. This could give some

insight into what the curves would look like given a faster bulk reaction, for

comparison.

Investigations into grain size and lattice strain before and after the heat

treatment were undertaken using the Scherrer equation & the Williamson-

Hall Method. The lattice strain in the sample (found by the Williamson-Hall

method) showed a decrease of ≈ 58 % after the heat treatment but the change

in grain size (found using both the Scherrer equation & the Williamson-Hall

method) were contradictory between the two methods. This leaves the in-

vestigations into change in grain size bought about by the heat treatment as

being inconclusive. Further investigations were attempted (using XRT) but

were ultimately unsuccessful. A direct measurement of grain size before and

after heat treatment should be performed using a technique with better reso-

lution than XRT, again, this could be performed using SEM.

Despite the fact that the results for change in grain size showed contra-

dictory results between the two methods, it could be said that they both,

nonetheless, showed a change in grain size. The contradictory results lead to
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a reluctance to draw that conclusion.

Another piece of follow-up work would be to investigate if the change in

hydride reaction rate is associated with the phase changes of the metal. As

described in § 2.3, metallic uranium undergoes an α → β structural phase

change at T = 663◦C and a β → γ phase change at T = 776◦C where the unit

cell changes shape, the cell parameters become larger and the metal becomes

less dense. As part of this follow-up work, the heat treatment regime should

be performed at a temperatures up to and above 776◦C to investigate if there

is a noticeable change in the hydride reaction reaction rate at the tempera-

ture of the β → γ phase change. If it is the case that the increase of hydride

reaction rate is associated with the structural phase changes of metallic ura-

nium then some permanent change must be happening at the point of phase

change because the phase change is temporary and temperature dependent

whilst the change in the reaction rate was observed to be permanent and hap-

pened even after the metal was at temperatures far below the phase change

temperature. This could give some support to the proposals that the heat

treatment is either causing a change in microstrain and grain size, or that

the presence of carbon is causing the permanent change by reacting with the

metallic uranium at high temperatures.
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Chapter 6

Palladium Hydride

6.1 Purity of Palladium Powder

The palladium used in this work was purchased from goodfellow.com, they

claim it has a purity of 99.95% and a maximum particle size of 3µm.

Before any palladium hydride experiments were conducted an XRD scan

(using the same settings described in § 5.2.3) was performed on the palla-

dium powder, in the beryllium dome, to check the composition of the pow-

der (see figure 6.1). The plot of the XRD data shows two aluminium peaks

at 2θ = 38.4◦ and 44.6◦, these are due to the base of the beryllium dome. The

three palladium peaks can be seen at 2θ = 40◦, 47◦ and 68◦. The results of this

scan suggests that the sample consists of palladium powder only.

6.2 Using TGA to Measure H2 Gas Absorption

A series of experiments were performed to investigate the effect of gas pres-

sure on the uptake of H2 gas of powdered palladium metal.

Palladium powder was inserted into the gas rig where palladium hydride

was formed (using the same method as described in § 4.1) at room temper-

ature and at a range of different H2 gas pressures. The (palladium hydride)

https://www.goodfellow.com/uk/en-gb/displayitemdetails/p/pd00-pd-000116/palladium-powder
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FIGURE 6.1: XRD pattern of palladium sample before hydride
experiments.

sample was then inserted into the TGA machine with the intention of mea-

suring the change in mass of the sample with increasing temperature (as the

hydride decomposed).

All graphs in this section showing TGA scan data of palladium have all

had the ’empty pan’ TGA data shown in figure 6.2 subtracted from them

before graphing to ensure analysis of data relating to the palladium (hydride)

only.

All of the TGA analysis curves traverse a path across the temperature

range which was quite unexpected. The PdHx would be expected to de-

compose (H2 gas desorbed from the Pd metal) with increased temperature.

In the hydrogen isotope separation technique described in § 1.2.1, TCAP, a

temperature of ≈150◦C is generally used to desorb hydrogen isotopes from

palladium. Because of this a reduction in the mass of the sample should

be expected, a reduction of 0.03% for α-Pd and 1.32% for β-Pd. Instead all

graphs of the TGA data (figure 6.3) show a quite significant increase in mass.

In addition to this, all TGA data graphs of Pd[1H]x (all curves in figure 6.3

except the yellow one, which refers to Pd[2H]x) show a curve with a similar
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FIGURE 6.2: TGA of the empty pan (between 0 - 1000oC) before
palladium analysis

shape and characteristics. In all the graphs there appears to be three distinct

regions: first a curve section that shows a (roughly) linear increase in mass

with temperature; then (at some point between 200◦C and 300◦C) the rate of

mass increase with temperature accelerates until it reaches a peak (between

≈ 600◦C and ≈ 700◦C) and then begins falling until it reaches a second turn-

ing point (between ≈ 700◦C and ≈ 800◦C); at this point the curves return to

a (roughly) linear increase in mass with temperature. The yellow curve in

figure 6.3 which refers to Pd[2H]x shows a similar shape but with a region

of mass decrease between room temperature and ≈ 200◦C and with the peak

flattened into a plateau region between ≈ 350◦C and ≈ 500◦C.

The shape of the curves look as if there could be a linear increase in mass

with temperature with an additional curve of an absorption/desorption pro-

cess by the Pd metal sample in the central region.

Literature investigation revealed that in a nitrogen environment, such as



Chapter 6. Palladium Hydride 99

FIGURE 6.3: TGA data curves for palladium hydrides formed
at various temperatures. Sample mass: 50oC = 33.6 mg, 100oC
= 49.4 mg, 150oC = 44.0 mg, 200oC = 49.4 mg, 250oC = 64.0 mg,

D2 = 53.8 mg.
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the TGA machine, palladium can form a nitride, which is isostructural with

pyrite, when heated (reportedly at temperatures "well below 1000 K") [114].

Nitrogen will readily combine with elements with lower electronegativities

than itself, resulting in nitride compounds [115]. Nitrogen has an electroneg-

ativity = 3.0 [116], whereas palladium has an electronegativity = 2.0 [116].

Experimental studies have shown [114] PdN2 with a pyrite structure (cu-

bic, a = 4.98 Å) is formed under extreme conditions (1000 K and 58 GPa). The

PdN2 compound produced under high pressure and high temperature be-

comes unstable under ambient conditions. In theoretical studies ([117, 118])

the potential crystal structures of PdN were also energetically evaluated.

Candidates for the most stable structure of PdN are the wurtzite structure

(hexagonal, a = 3.37 Å and c = 5.26 Å) [118] and cooperite structure (tetrago-

nal, a = 3.06 Å and c = 5.39 Å) [117]. These formation conditions being taken

into account it is assumed that, in this work, it is not possible that PdN2

would be the compound that was formed and PdN is the compound that

will be considered.

6.3 Investigating Palladium Nitride Formation

To investigate if this is the correct explanation, palladium powder was heated

in the TGA machine nitrogen environment to 500 ◦C (shown in figure 6.4). If

the TGA process has been creating palladium nitride then this sample should

show x-ray diffraction peaks at 2θ = 37.3◦, 40.16◦, 42.24◦, 55.70◦, 55.85◦, and

66.55◦ [119].

The x-ray diffraction peaks quoted above could not be seen in the XRD

data of the sample (figure 6.5). If PdN or PdN2 were being formed then a

mass increase of 15.2% or 30.4% would be expected, none of the samples

in figure 6.3 showed a mass increase greater than 2.7% (the greatest mass
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FIGURE 6.4: Palladium nitride formation attempt inside the
TGA Machine. Initial sample mass = 52.4 mg.

increase being Pd+H2 at 250◦C at 2.7% increase). These two facts suggest

that it is unlikely that the mass increase is due to nitride formation.

Another explanation could be that the controlled environment of the TGA

is being contaminated with atmospheric oxygen from a leak in one of the

gas pipes outside of the glovebox that it is located in. A study by Pluym

et al. (1993 [120]) found that PdOx could be formed by exposing palladium

metal to gaseous oxygen at 500◦C and can be decomposed by increasing the

temperature to 900◦C. Another study by Rey et al. (1978 [121]) found that the

presence of hydrogen in the environment during decomposition was found

to reduce the temperature required for decomposition to palladium metal.

Unfortunately, at this point, the TGA machine broke down so this tech-

nique was no longer available for further research into palladium hydride,

nitride or oxide formation.

It was subsequently discovered that one of the pipes transporting gas into
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FIGURE 6.5: XRD scan of the palladium nitride formation at-
tempt. The two Al peaks can be seen at 2θ = 38◦ & 44◦, three
palladium peaks can be seen (very weakly) at 2θ = 40.4◦, 47◦

and 68.6◦. No palladium nitride peaks can be seen.
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the system had sprung a very small leak so it seems much more likely that

the observed effect during TGA analysis is due to oxide formation, rather

than nitride formation.

6.4 Gas Rig PdHx Formation & Decomposition

A series of palladium hydride formation & decomposition experiments were

performed using the same gas rig set-up (shown in figure 4.1) and the same

experimental procedure (described in § 4.1).

1g gram of palladium powder was loaded into the molybdenum crucible

(shown in figure 5.6) and put into the reaction cell which was then attached

to the gas rig. The system was out-gassed for one hour at 200◦C before any

experiments were performed. A set of hydride formation experiments were

conducted at constant temperature (22◦C - room temperature) to investigate

the effect that varying the H2 gas pressure has on the uptake rate by the palla-

dium powder. A set of decomposition data was also produced to investigate

the effect varying temperature has on the desorption rate.

The percentages of total H2 gas absorbed in figure 6.6 were found using

equation 5.2.

The percentage pressure change over time data for the PdH formation ex-

periments, shown in figure 6.6, shows no relationship between H2 gas uptake

rate and formation pressure. From this set of experiments (1g of palladium

powder, at room temperature) the H2 gas pressure that gives the fastest up-

take rate is 1200 mbar and the slowest is 1500 mbar. It seems appropriate to

consider this set of experiments to be inconclusive.

The pressure change data of the PdH decomposition experiments, shown

in figure 6.7, shows a more progressive ordering than the formation curves.

The curve for decomposition at 100◦C is clearly the slowest, it also shows a
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FIGURE 6.6: Percentage gas pressure changes during PdH for-
mation experiments

very different (much flatter) shape than all the other curves, the fastest is the

curve for 250◦C.

All decomposition curves show a progressively faster desorption rate with

increasing temperature except for the curve for decomposition at 200◦C. The

200◦C curve has a very different shape and height than all the other curves

which suggests the possibility that there could have been an issue with the

way that particular experiment was conducted or with the way the data was

collected.

The decomposition curves are inconsistent in the maximum pressure that

is reached through desorbing H2 gas. This could be because the palladium

desorbed H2 gas at room temperature, which has been reported on in scien-

tific literature [122–124], although not reproduced. The pressure inside the

gas rig was observed to be increasing very slowly while the palladium hy-

dride sample was at room temperature so it can be assumed that a small
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FIGURE 6.7: Pressure change over time due to palladium hy-
dride decomposition at various temperatures.

amount of the H2 gas was desorbed from the sample before the sample was

heated and the pressure data was being logged. This could be the reason for

the very different final pressures of the set of curves.

6.5 Discussion

A large amount of time and effort was spent attempting to investigate hydro-

gen uptake by palladium using TGA. It transpired that the TGA equipment

used in the investigation was faulty and the results are unreliable. No reliable

conclusions could be drawn from this method due to oxygen contamination.

This method of investigation (using TGA) would be a valid approach for

this investigation, and could be attempted in the future, given a TGA ma-

chine that is in good working order. The gas used in the controlled envi-

ronment inside the TGA furnace should be argon not nitrogen to avoid the
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possibility of palladium nitride formation.

6.5.1 Optimum Gas Pressure for Hydride Formation

The results of this set of experiments have been considered inconclusive be-

cause no relationship at all can be seen between formation pressure and gas

uptake rate. This result is in opposition to previous work done on the de-

pendence of hydrogen uptake on gas pressure. Bugaev et al. (2014 [88])

found a very strong dependence of hydrogen concentration in PdH on gas

pressure. Figure 6.8 shows the results of their work, hydrogen concentration

as a function of (a) pressure and (b) temperature determined by quantitative

XANES (X-ray Absorption Near-Edge Structure [125]) fitting with theoretical

spectra for models generated using the Monte Carlo approach. Figure 6.8 (a)

shows hydrogen concentration plotted against gas pressure (log scale) giving

a strong linear relationship (before the intersection point of the curves at x ≈

0.3, which corresponds to the transition to β-phase of palladium hydride).

They found that the highest hydrogen concentration in PdH obtained for

the spectrum, at 50◦C and 1000 mbar of hydrogen, was equal to 0.36 ± 0.03.

Their results were also given verification by comparing to the work of others.

The obtained concentrations and the point of phase transition in their find-

ings are consistent with results obtained by indirect nanoplasmonic sensing

[126] and thermogravimetric analysis [127].

This set of experiments requires repeating to investigate if these results

will be replicated or if there was just a mistake made while performing the

experiments. This investigation would also need to be extended to a range

of temperatures, rather than just using room temperature, to give a complete

data set.
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FIGURE 6.8: Hydrogen concentration in PdH as a function of
gas pressure (left) & temperature (right). Image taken from [88].

6.5.2 Optimum Temperature for Hydride Decomposition

Out of the range of temperatures used in this work, the temperature that gave

the greatest rate of palladium hydride decomposition was 250◦C. Though

the fastest desorption of hydrogen happened at the highest temperature, and

the slowest happened at the lowest, the results did not consistently show

a progressively faster desorption rate with increased temperature. All of the

results showed a progressing decomposition rate with increased temperature

except the curve for 200◦C. This could have been because a mistake was made

when running that one particular experiment.

The total amount of H2 gas desorbed by the palladium was recorded as

being different every time. This could have been because some of the gas

had been desorbed before the sample was bought to temperature and the

data was being logged. This phenomenon has been observed in past studies

([122, 123]). This phenomena was also reported by Boudart & Hwang (1975

[124]), they claimed that if PdH was left under dynamic vacuum at room

temperature (which the samples during this set of experiments were) then

absorbed hydrogen will desorb from the Pd sample but adsorbed hydrogen

will not.

Further experiments would need to be performed to determine if it could
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be the explanation of the results presented in this work, and if this phe-

nomenon does even exist. If this is the case, then it could be avoided by

devising a method of maintaining the palladium hydride at cryogenic tem-

peratures until data logging is started. This could be done by constructing a

setup where the reaction cell containing the sample could be easily switched

from being in the furnace to being in a vessel that is liquid nitrogen cooled, ei-

ther by temporarily moving the furnace and switching it for a cooling system

or by temporarily moving the cell off the gas rig and into a cooling system

until the desorption experiment is ready to be performed.
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Chapter 7

Conclusions

The first part of the research undertaken as part of this work found that heat

treating uranium in the presence of carbon increases the hydrogen absorp-

tion rate of the metal. The effect was observed when the uranium metal was

heat treated in a steel crucible but the effect could not be reproduced when

the heat treatment was performed using a molybdenum crucible. This effect

was observed along with corresponding new XRD peaks and a change in

the crystallite size and microstrain of the metal (calculated using the Scher-

rer equation and the Williamson-Hall method, respectively). Attempts were

made to recreate this inside an XRD machine by using an XRD hot stage and

by designing an airtight beryllium dome with gas inlet/outlet ability and a

heating element, both of which were unsuccessful.

The second part of this work considered the adsorption of hydrogen on

palladium at various temperatures. The amount of hydrogen gas uptaken

by a palladium sample was initially analysed using a TGA machine but the

equipment was found to be faulty. The results produced by this technique

were considered to be unreliable and this method was abandoned. The anal-

ysis had to be performed using an ultra-high vacuum gas rig (by observing

the change in pressure when the gas was desorbed by the metal). This gave

a partial data set of the amount of adsorbed gas by a metal sample at various

temperatures, the same technique was used for deuterium gas for a single

temperature for comparison.
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7.1 Tritium Storage

Given the requirements of the fusion industry, recommendations based on

the insights gained during this work for optimising the tritium storage sys-

tem are as follows:

Measures should be taken to minimise the amount of depleted uranium

that is being used to store the tritium. Molecular tritium has 6.032 g/mole

[128] and depleted uranium has 238.041 g/mole [129], this means that each

gram of molecular tritium requires a theoretical minimum of 26.3 grams of

depleted uranium to store it as a hydride. For example, the tritium inventory

upgrade to 90 grams at CCFE will take, in theory, 2367 grams of depleted

uranium to store.

The storage capacity of the uranium in the storage bed could reduce over

time due to oxidisation unless an ultra-high vacuum is maintained. The

extent of this reduction in capacity will be dependent upon the ability of

your tritium storage vacuum system to keep out contaminants. To limit the

amount of oxidisation of the uranium in the storage bed it is best that the

uranium has as little exposed surface area as possible until it is ready to be

used, this would include ensuring the uranium remains in as few pieces as

possible.

To prepare the uranium metal it should be polished in an environment

where it is protected from oxygen and other contaminants to remove the

surface layer, and to cause some deformations on the surface to encourage

hydride nucleation sites to form.

The DU metal should be powderised as finely as possible to maximise the

reaction kinetics. If possible the powderising of the uranium metal should

be done ’in-situ’ under a high vacuum, inside the chamber where it will be

storing the tritium. It should be done by cycling through a series of hydride

formation and decomposition reactions in order to reduce the particle size as



Chapter 7. Conclusions 111

much as possible. During this work it was found that after the fourth cycle

the reaction time didn’t reduce any further which indicated that the metal

powder particles were no longer being reduced in size.

The findings in § 5.2.2 of this work suggests that reaction rates can be im-

proved significantly, and permanently, by heat treating the uranium metal in

the presence of carbon. This research found T = 700 ◦C to be the best temper-

ature, of the temperature range that was investigated.

It should be noted, though, that heat treatment at the temperature that

has been recommended will encourage the formation of a monoxide (or pos-

sibly an oxycarbide) which could affect the storage capacity of the bed in

a way which is not yet fully understood, though this didn’t appear to be a

noteworthy issue during this work.

7.2 Tritium Separation

Experimental results of the optimum temperatures and pressures, over the

ranges that were investigated during this work, have been presented in this

thesis. In order to make full recommendations of the best temperatures and

pressures to use during the separation of hydrogen isotopes a comprehensive

data set would be required. It was not possible, unfortunately, to produce

such a data set during the course of this work. Further work needs to be

conducted, building on the data presented here, towards a full data set that

covers all feasible pressure and temperature ranges.

Because of the low energy nature of the interaction and reactions between

palladium and hydrogen the capability for experimenting at cryogenic tem-

peratures would be required to cover the range of temperatures that are of

interest.
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As with depleted uranium (described above) the particle size of the pal-

ladium powder would have a significant effect on the reaction rates and ki-

netics and should, therefore, be considered as another axis of investigation

going forward with this line of research.
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Appendix A

C# Code

namespace UH3Model
{

public partial class Form1 : Form
{

public Form1()
{

InitializeComponent ();
}

private void Form1_Load(object sender , EventArgs e)
{

int i = 0;
comboBox1.Items.Clear();
comboBox1.Items.Add("(don ’t save)");

foreach( string s in
Properties.Settings1.Default.files )

{
comboBox1.Items.Add( s );
if ( s ==

Properties.Settings1.Default.file )
{

comboBox1.SelectedIndex = i;
}
i++;

}
}

private void textBox1_TextChanged(object sender ,
EventArgs e)

{

}

private void button1_Click(object sender ,
EventArgs e)

{
try
{

double [] dataX = new double [10000];
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double [] dataY = new double [10000];

double start_radius = 0.0;
double steps;
int i = 0;

if (! double.TryParse(textBox1.Text , out
start_radius))

{
MessageBox.Show("Invalid radius");
return;

}

if (! double.TryParse(textBox2.Text , out
steps))

{
MessageBox.Show("Invalid radius");
return;

}

double radius = start_radius;

double step = start_radius / steps;

while (radius >= 0.0)
{

dataX[i] = radius;

double result = 4 * Math.PI * radius *
radius;

dataY[i] = result;

radius = radius - step;
i++;

}

double [] plotx = new double[i];
double [] ploty = new double[i];

for (int ii = 0; ii < i; ii++)
{

plotx[ii] = dataX[ii];
ploty[ii] = dataY[ii];

}

formsPlot1.Plot.AddScatter(plotx , ploty);
formsPlot1.Refresh ();

string fname = comboBox1.Text;

if ( fname != "(don ’t save")
{

StreamWriter s = new
StreamWriter(fname);
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s.WriteLine("Radius , Surface Area");

for( int j = 0; j < plotx.Length; j++ )
{

s.Write(plotx[j]);
s.Write(", ");
s.WriteLine(ploty[j]);

}
s.Close();

}
}
catch (Exception ex)
{

}
}

private void checkBox1_CheckedChanged(object
sender , EventArgs e)

{

}

SaveFileDialog saveFileDialog = new
SaveFileDialog ();

bool saveit = false;

private void button2_Click(object sender ,
EventArgs e)

{
SaveFileDialog saveFileDialog = new

SaveFileDialog ();
saveFileDialog.FileName = "data";
saveFileDialog.Filter = "CSV files (*.csv)|

*.csv" ;

if (saveFileDialog.ShowDialog () ==
DialogResult.OK )

{
saveit = true;
string fname = saveFileDialog.FileName;
Properties.Settings1.Default.file = fname;
Properties.Settings1.Default.files.Add(fname);
Properties.Settings1.Default.Save();

Form1_Load(sender , e);
}

}
}

}
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