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Abstract

The main objective of this master thesis was assessing and evaluating the
production of mixed U-Zr nitride fuel powders directly from metallic U-Zr
binary alloys, instead of using separate nitride powders. Another secondary
objective, if the main one was fulfilled at all, was assessing if it is easier to
get the two nitrides in solid solution when obtained from the alloyed materials
than when mixed from two nitride powders.

Both objectives have been fulfilled by the experiments performed, and they
are covered through the pages of this document. Mixed powders can indeed
be produced directly from alloys. Therefore, when this procedure is used,
many troublesome operations that involve the handling of radioactive and very
atmosphere sensitive powders are omitted, which makes the job at the nuclear
fuel production laboratories much easier. In addition, at least in one occasion,
the mixed powder produced after the synthesis had the two nitrides forming
solid solution. This very promising feature could be considerably helpful for
the pressing and sintering of pellets if the solid solution from the powder was
not affected by those processes. Very long diffusion controlled processes that
need heat treatment at very high temperatures could be avoided if the solid
solution lasted after sintering the pellets from the synthesized powders.
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Chapter 1

Introduction

Nowadays, the nuclear industry classifies the designs of nuclear power plants (NPP)
in different groups called generations, depending on the type of their reactors, when
they were built and what their function is (Figure 1.1). Thus,

• Generation I NPP are the ones built in the beginning of the nuclear power era,
between the end of the 1940s and the end of the 1970s. They were prototype
plants mostly built both as power plants and as producers of plutonium for
nuclear weapons. Their output power was relatively low and most of them
are already decommissioned, even though some Magnox plants in the United
Kingdom are still operating.

• Generation II NPP were built between the 1970s and the end of the 1990s.
These NPP are completely commercial designs with an already high power
output, such as typical pressurized water reactors (PWR or VVER), boiling
water reactors (BWR), Canadian deuterium uranium reactors (CANDU)
or advanced gas-cooled reactors (AGR). Most of the reactors are currently
operating all over the world and, since they were designed to last 40 years,
the newest of them will continue with their operation until 2030. Many of
the countries, though, are deciding to approve or have already approved life
extensions in this kind of reactors (like the U.S.A. [6]), in which case they
could operate up to 20 more years, or even 40 years in some cases.

• Generation III NPP are the ones built after 2000 and are still being built.
These NPP are similar to the Generation II ones, but they introduce some
improvements in the design that were discovered during the 30 years of
operation of those. Such improvements include better fuel economics and
technology, increase in safety parameters, superior thermal efficiency and
improvements in terms of availability, making this new kind of NPP more
competitive.

• Generation III+ NPP were licensed few years after Generation III and they
are also currently under construction. These NPP provide some of the so-

1
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Figure 1.1. Generation IV roadmap [11]

called evolutionary improvements regarding Generation III, such as passive
safety systems and higher simplicity in their modular design, that allows them
to adapt easily to different locations and standardize parts. Thus, they are
expected to be even more cost competitive than the previous.

• Generation IV NPP are currently under design and research and they are
not expected to be available until after 2030. These reactors are expected to
provide solutions to some of the most important issues that arose during
the several decades of experience in the operation of NPP for electricity
production. Some of these goals are, for example, improving the nuclear
weapons proliferation resistance or minimizing the amount, dangerousness
and longevity of the nuclear waste.

This thesis is part of the research that is being done concerning Generation IV
systems, therefore they will be further described in this Introduction chapter,
together with the objectives of the thesis and some other key topics such as nitride
fuels and uranium-zirconium alloys.

1.1 Generation IV Systems
The term Generation IV was first used by the US Department of Energy (DOE)
Office of Nuclear Energy, Science and Technology in 2000, when they proposed to
eight other countries (Argentina, Brazil, Canada, France, Japan, the Republic of
Korea, the Republic of South Africa and the United Kingdom) to begin discussions
in the development of Generation IV in what they called the Generation IV
International Forum (GIF) in 2001. Three other countries (Switzerland, People’s
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Republic of China and the Russian Federation) and the European Atomic Energy
Community (Euratom) also joined the GIF between 2001 and 2006 [1].

A roadmap to guide the Generation IV international effort derived from those
discussions, in which eight goals in four different work areas for the success of these
nuclear energy systems were established:

• Sustainability:
1. Resource Utilization: Generation IV nuclear energy systems

will provide sustainable energy generation that meets clean air
objectives and promotes long-term availability of systems and
effective fuel utilization for worldwide energy production.

2. Waste Minimization and Management: Generation IV nuclear
energy systems will minimize and manage their nuclear waste
and notably reduce the long term stewardship obligation,
thereby improving protection for the public health and the
environment.

• Economics:
3. Life Cycle Cost: Generation IV nuclear energy systems will

have a clear life-cycle cost advantage over other energy sources.
4. Risk to Capital: Generation IV nuclear energy systems will

have a level of financial risk comparable to other energy
projects.

• Safety and Reliability:
5. Operational Safety and Reliability: Generation IV nuclear

energy systems operations will excel in safety and reliability.
6. Core Damage: Generation IV nuclear energy systems will have

a very low likelihood and degree of reactor core damage.
7. Offsite Emergency Response: Generation IV nuclear energy

systems will eliminate the need for offsite emergency response.
• Proliferation Resistance and Physical Protection:

8. Proliferation Resistance and Physical Protection: Generation
IV nuclear energy systems will increase the assurance that
they are a very unattractive and the least desirable route for
diversion or theft of weapons-usable materials, and provide
increased physical protection against acts of terrorism. 1

After those goals were identified and defined, they discussed about which of
the existing reactor concepts could be “more promising and worthy of collaborative
development”. Six of the proposed nuclear energy systems were selected to Gen-
eration IV [12]: Very-High-Temperature Reactor System (VHTR), Sodium-Cooled

1The list is quoted from [11]



4 CHAPTER 1. INTRODUCTION

Fast Reactor System (SFR), Gas-Cooled Fast Reactor System (GFR), Lead-Cooled
Fast Reactor System (LFR), Molten Salt Reactor System (MSR) and Supercritical-
Water-Cooled Reactor System (SCWR). Some of those reactors could use, due to
their features, ceramic nitride fuels in their cores, so several research projects in
that field that had already started in the 1960s, and continued in the 1980s in the
field of space exploration and space power reactors, were resumed.

1.2 Nitride fuels

The always increasing demand of energy resources in the world and therefore the
very likely shortage of fissile material in the earth crust led to the need to design
more sustainable fast breeder reactors such as SFR, LFR or GFR, that are able to
breed new fissile material to fission from the more abundant fertile material. One of
the big challenges for that kind of reactors is, though, finding a type of fuel that has
a good breeding performance as well as strong thermal properties that strengthen
or assure a safe operation even in the most extreme conditions to which it could
be subjected. And that is where nitride fuels appear as one of the most promising
candidates.

The breeding performance of a design is measured by the so-called Conversion
Ratio (CR) which is the relation between the total amount of fissile material
produced and the total amount of fissile material consumed [23] (equation 1.1).

CR = Mfissile(Produced)
Mfissile(Consumed) (1.1)

Thus, for CR = 1 the system would be self-sustaining, which means that as much
fissile material would be produced as it would be consumed. However, for CR > 1
more fissile material would be created than consumed, and this extra material could
later be extracted and used, for example, in other non-breeding reactors.

To increase the CR two things can be done: harden the neutron spectrum and
increase the fuel density. By avoiding as much light nuclide in the fuel and the
coolant as possible, the moderation of the fast neutrons would decrease and so the
spectrum would harden, increasing the probabilities of fission for uneven atomic
mass number nuclide and thus, the neutron economy. A denser fuel would lower
the leakage of neutrons, increasing as well the neutron economy. Since most of the
actinide nitrides have typically one atom of nitrogen (the light nuclide) per atom of
metal instead of two like oxides, so they are denser, they become a very reasonable
option for fuel in terms of breeding performance, even though they are not as good
as pure metallic fuels in that aspect.

Nitride fuels thermal properties can also be good enough for the purpose that
fuels have in Generation IV reactors, especially when they contain a small fraction
of zirconium nitride that has even better properties than the actinides nitrides
themselves. The most important features are:
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Figure 1.2. Thermal conductivities of the actinide nitrides and dioxides [23]

• Good thermal conductivity: it is around 10 times higher for uranium nitride
than for uranium dioxide and, in addition, it increases with the temperature up
to 30 W/(můK), softening the centerline temperature of the fuel considerably,
which is obviously good for the reactor safety (Figure 1.2).

• High melting point: 2630℃ for UN while it is only 1132℃ for metallic uranium.

• High thermal stability when UN is in solution with enough amount of zirco-
nium nitride (ZrN) [22]. ZrN is used to avoid vaporization or dissociation
of nitrogen and formation of liquid uranium at high temperatures, and so, it
enhances the stability of the nitride.

Some other properties that make nitride fuels attractive for fast reactors:

• Uranium and plutonium nitride have a very high solubility rate in nitric acid,
which makes them compatible with PUREX process, the most common and
cheap process for fuel recycling and reprocessing.

• A high burn-up of 20% have been proven in the test reactor BOR-60 (Russia).

• Low fission gas release to the fuel pin plenum compared to oxide fuels, which
reduces the pressure in the plenum and the contact of chemically active
elements with the clad.

Although they also have some drawbacks:
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• 14N is the most common nitrogen isotope, and it can become 14C by
(p,n)-reaction, adding a new long life radioactive isotope to the nuclear waste.
Such reaction forces the production process for commercial use of the fuel to
enrich the nitrogen supply to 15N, which means an extra cost that can not be
ignored. This issue will cause some extra problems with the PUREX process,
since the dissolution of the fuel elements is done in nitric acid (HNO3) and
the enrichment of nitrogen could be lost.

• The very high affinity of the nitrides for oxygen forces the whole production
process to be done in a very controlled inert atmosphere. This is sometimes
very difficult (specially in a laboratory production scale), so the products will
normally be exposed to oxygen during the process.

• As a ceramic fuel, it has a small creep rate induced by irradiation that has to
be taken into account to avoid pellet-clad mechanical interaction (PCMI).

• Swelling processes with nitride fuels are still not completely understood and
they need extra research.

1.3 Thesis objectives
Since uranium is mostly available in form of UO2, the most common way to
produce uranium–zirconium (U–Zr) mixed nitride, (U,Zr)N, is getting uranium
nitride from its oxide form through carbothermic nitriding (equation 1.2). This
process needs high reaction temperatures together with long reaction periods and
the resulting product is quite uneven, having relatively high levels of oxygen and
carbon impurities that may not be acceptable for research purposes.

UO2 + 2C + 1
2N2 → UN + 2CO (1.2)

In the fuel laboratory of the Reactor Physics Department (Royal Institute of
Technology, KTH) the process used is slightly different and consists in getting
separate uranium nitride and zirconium nitride from their pure metallic form
through synthesis in first hydrogen and then nitrogen atmosphere and mixing them
in the desired proportion once they are in powder form in order to press and sinter
them into pellets afterwards. This process has several problematics such as:

• Alpha-emitters such as uranium and its compounds are especially dangerous
and harmful for human health once they get inside the organism, either
through the digestive or the respiratory system, since internal organs are not
protected by the epidermis from the inside and will absorb all the dose from
alpha radiation. Uranium nitride is handled in form of powder and these
particles are easy to breathe or ingest by mistake, making such operation very
inconvenient.
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• Both zirconium nitride and uranium nitride powders are pyrophoric, meaning
that they could ignite spontaneously in air under normal conditions. This
implies the need to execute all operations under controlled inert atmosphere.

• Both zirconium nitride and uranium nitride have a very high affinity to oxygen,
so once again all operations have to be executed under a very pure non oxygen
atmosphere to avoid the minimal impurity in the powders.

• Producing zirconium nitride is very delicate itself, since the process consists
in milling the metallic zirconium or zirconium hydride into powder, which are
also pyrophoric and easily oxidized in that form, and then nitriding it once it
has the desired grain size.

These issues are not, in principle, very difficult to handle once the process is
implemented to an industrial production scale. But it makes it very expensive,
difficult and unconvinient for research in laboratory production scale. One way to
reduce these costs or difficulties is to decrease as much a possible the handling of
nitride powders until the last stage of the process. Thus, if it was possible to mix
both components (uranium and zirconium) in a metallic alloy before synthesizing
them in nitrogen atmosphere and the resulting powder was the same, or at least
similar enough, to the one obtained by the previous process, some operations
handling powders could be avoided (milling the zirconium, nitriding it and mixing
the different nitride powders).

So, the main objective of this master thesis is assessing and evaluating the
production of mixed U–Zr nitride fuel powders directly from metallic U–Zr binary
alloys, instead of using separate nitride powders. Another secondary objective, if
the main one is fulfilled at all, is assessing if it is easier to get the two nitrides in
solid solution when obtained from the alloyed materials than when mixed from two
nitride powders.





Chapter 2

Alloying Uranium and Zirconium

As has been told in the previous chapter, the main objective of this master thesis is
assessing and evaluating the production of mixed U–Zr nitride fuel powders directly
from metallic U–Zr binary alloys, instead of using separate nitride powders. To do
so, it is first needed to alloy the two metallic components. The process of alloying
uranium and zirconium will be explained in this chapter.

Firstly, the main relevant properties of the metals will be described, together
with the binary phase diagrams. Secondly, some literature review of previous
experiences alloying uranium and zirconium will be made. Thirdly, a description
of the melting equipment of the department of Materials Science and Engineering
that is at the disposal of the Nuclear Fuel Lab. Fourthly, the alloying experiments
that have been performed and the results obtained will be explained. And finally,
the relevant conclusions observed will be explained.

2.1 Properties of the metals

2.1.1 Uranium

Uranium (U) is a dark silvery metallic actinide chemical element that is normally
obtained by reduction reactions of uranium tetrafluoride (UF4) or uranium oxides
(UO2 and UO3) with calcium or magnesium as reducing agents [13].

Uranium is in the solid state under normal conditions (figure 2.1), and its density
is ρs(U) = 19.1 g/cm3. The melting point of uranium is Tm(U) = 1132.2 ℃
and the boiling point is Tb(U) = 4131 ℃. Some other thermal properties at room
temperature are the thermal conductivity k(U) = 27.5 W/(můK) and the thermal
expansion αL(U) = 13.9 µm/(můK).

One undesirable feature of metallic uranium is the facility with which it is
attacked or corroded by many liquids and gases (it is quite electropositive), up
to the point that an dark oxide layer appears very easily in a metallic piece just
because of standing in air under normal conditions. Furthermore, some compounds
of uranium, like oxides, are very stable. Actually, there is no metallic uranium in

9
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Figure 2.1. Metallic Uranium in 10mm diameter discs

the Earth’s crust since all of it reacted long time ago with the surrounding elements
creating several different kinds of uranium ores that are now being mined.

Some more properties of uranium are:

• It is weakly radioactive, decaying by α–emission.

• As a metallic element, it is conductor of electricity, and its electrical resistivity
at room temperature is ρ(U) = 0.280 µΩům, which is relatively high for a
metal (it is a poor electrical conductor).

• It is a weakly paramagnetic material.

• It is a hard material, just slightly softer than common steels.

• It is ductile and malleable.

• Its Young’s Module is E(U) = 208 GPa, about the same as common steels.

Considering all these properties, on one hand one can tell that the melting
temperature of uranium is rather low, achievable by most of the melting lab
equipment and in principle it would not mean any big issue. On the other hand,
though, the reactivity of uranium with the surrounding materials, already high
itself, increases significantly with temperature, so the major issue when melting
uranium is to find a very stable compound or element for the crucible that will
not react with the molten metal. Water cooled metallic copper, yttria (yttrium
dioxide), zirconia (zirconium dioxide) or even high density graphite (coated or not)
may be good candidates as crucibles to melt uranium in them, due to their proven
high stability at high temperatures.

2.1.2 Zirconium

Zirconium (Zr) is a white silvery transition metal chemical element, similar to
titanium (Ti), that is normally obtained from the mineral zircon (ZrSiO4) by
chlorination and further reduction with magnesium [18].



2.1. PROPERTIES OF THE METALS 11

(a) Massive zirconium (b) Sponge zirconium

Figure 2.2. Metallic reactor grade zirconium

Zirconium is in the solid state under normal conditions, but it may appear in two
different shapes, depending on the industrial reduction procedure used to produce it:
as a massive metallic material (figure 2.2(a)), which density is ρs(Zr) = 6.42 g/cm3,
and as a metallic sponge with high porosity (figure 2.2(b)) that has density up to
35% lower. The melting point of zirconium is Tm(Zr) = 1855 ℃ and the boiling
point is Tb(U) = 4409 ℃. Some other thermal properties at room temperature
are the thermal conductivity k(U) = 22.6 W/(můK) and the thermal expansion
αL(U) = 5.7 µm/(můK).

Metallic zirconium is even more electropositive than uranium, which would also
mean that it is easily oxidized or corroded by liquids or gases. In fact, only a
very fine layer (a few microns) of the surface in contact with the oxidizing agent
is oxidized. This oxide layer very effectively protects the bulk of the piece from
corrosion, which is why zirconium is very commonly used as an alloying metal for
materials that are exposed to corroding agents. In powder form, though, it is highly
pyrophoric in air.

Some more properties of zirconium are:

• Two of the five isotopes of zirconium found in nature are weakly radioactive,
decaying by β–emission (table 2.1).

• As a metallic element, it is conductor of electricity, and its electrical resistivity
at room temperature is ρ(Zr) = 421 nΩům, which is twice that of uranium
(it is a poor electrical conductor).

• It is a weakly paramagnetic material.
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Isotope Half-life Natural Abundance
90Zr Stable 51.45%
91Zr Stable 11.22%
92Zr Stable 17.15%
94Zr >1.1·1017 y 17.38%
96Zr 2.0·1019 y 2.80%

Table 2.1. Natural isotopic composition of zirconium [24]

• It is slightly softer than uranium.

• It is ductile and malleable.

• Its Young’s Module is E(U) =88 GPa, around a half of the common steels.

The issues that can appear while melting zirconium are similar than the ones
that appear with uranium, although its melting temperature is 1855 ℃, around
700 ℃ higher than for uranium, and that is a temperature most common laboratory
melting furnaces are not capable to reach. When alloyed with uranium, though,
the melting temperature will drop depending on the mass relation between both
components.

2.1.3 Phase diagrams
According to L. Leibowitz and R.A. Blomquist in the reference [17], even though
there are not many phase diagrams for the U–Zr system in the literature, their
theoretical analysis of the phase diagrams showed general agreement with those,
with small disagreements, especially the one calculated by R.I. Sheldon and D.E.
Peterson [20], which was calculated experimentally and is shown in figure 2.3.

This phase diagram shows four interesting areas:

1. In the uranium rich part, uranium with small amounts of diluted zirconium
appears with three different allotropes: αU, βU and γU. αU is the room
temperature allotrope of uranium, it has an orthorhombic structure and it is
carachteristic by its very low solubility of alloying elements, even when they
have very similar atomic radius. βU has a tetragonal structure and appears
between 660 ℃ and 776 ℃. γU is the high temperature allotrope, appears
between 776 ℃ and the melting point and has a body centered cubic (bcc)
structure [13].

2. In the zirconium rich part, zirconium appears with two allotropes: αZr
and βZr. αZr is the room temperature allotrope of zirconium and has a
hexagonal close-packed crystal structure, also with very low solubility of
alloying elements. βZr appears between 863 ℃ and the melting point and
has a body centered cubic structure, as does γU [18].
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3. The high temperature region shows full mutual solubility of uranium and
zirconium for all compositions, which makes sense considering that both γU
and βZr have the same bcc structure.

4. The low temperature area around 66 at% of zirconium shows an inter-metallic
δ–phase that has the stoichiometry of the compound uranium dizirconide
(UZr2) with some solubility of zirconium on it.

But, according to references [7] and [8], this δ–phase seems to form very slowly
for U–rich alloys (up to 10 wt% Zr). This may explain why it has not been observed
in this kind of alloys even after long term annealing. The authors claim instead that
the alloy’s as-cast structure allows the remaining zirconium in solution with αU,
forming what they call a “Zr–supersaturated α–phase”. This meta-stable α–phase
could actually allow the direct production of mixed U–Zr nitrides in the wanted
solid solution.

Figure 2.3. U-Zr Phase diagram, calculated by R.I. Sheldon and D.E. Peterson [17]
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2.2 Previous experience

According to reference [13], the most common procedure of producing metallic
uranium fuel bars in the nuclear industry of all the producing countries involves
melting the uranium in vacuum induction furnaces with graphite crucibles and
pouring the molten uranium inside a graphite ingot mold. This procedure gives
rather good products for the industry, but a part of the material has to be cropped
due to the segregated dross, shrinkage cavities and entrapped impurities. Even
when the ingot has been cropped the analysis of the impurities in the uranium
shows around 400 p.p.m. of carbon. That level of impurities is quite high for
research purposes and the cropping or machining of uranium is not acceptable at
all, due to the limited amounts of uranium available in the laboratory. In addition,
the smaller is the molten sample, the higher is the level of impurities due to the
crucible, since the contamination depends on the area/volume ratio.

For zirconium melting [18], many types of furnaces have been tried. For large
scale production, the most common type of furnace is an inert atmosphere arc
melting furnace with consumable electrodes made of pressed zirconium sponge and
a water cooled copper crucible, achieving reasonably low levels of impurities, most
of them coming from the elements in the atmosphere and the copper crucible.
Unfortunately, these kinds of furnaces are not available for lab scale production
at a reasonably low cost, so other more achievable melting methods have to
be investigated. Arc melting furnaces with non-consumable electrodes made of
tungsten were also used in the past and gave good product quality, but some
tungsten impurities could be found due to pickup from some spattering of the molten
zirconium to the electrode tip. Induction furnaces and resistance furnaces, so far,
have not succeeded in producing good quality zirconium due to a noticeable uptake
of material from the crucible, which are normally made of graphite, the material
best considered.

Regarding melting U–Zr binary alloys, a big part of the research work has been
done for the fabrication of metallic fuels for test and research reactors and TRIGA
hydride high leakage fuels for the use of the leaked neutrons. Some other research
centers have used U–Zr alloys in order to investigate their properties and their
behavior while alloying. For thar purpose, they produced all kinds of samples
and the information that they give about them may be useful for this thesis when
running alloying experiments. Some examples are:

• Reference [21] reports data about 20 at% Zr alloy samples for TRIGA fuels
produced either by a vacuum consumable-electrode arc furnace with water
cooled copper crucible or a vacuum induction melting furnace with graphite
crucibles. The result showed that the alloy samples produced by arc melting
had much less impurities than the ones produced by the induction melting
furnace, even though it was necessary to remelt the ingot a second time and
the process needed more effort (especially for the production of the consumable
electrodes).
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• Reference [7] investigates phase transformations in the U–Zr system in the
metallic fuel context. For U-rich alloys (up to 10 wt% Zr) they used a vacuum
induction melting furnace. However, they did not specify the type of crucible
they used. For Zr-rich alloys (around 50 wt% Zr) they used a non-consumable
electrode vacuum arc melting furnace, instead. In this case, alloy buttons (the
molten metal) were melted several times to ensure chemical homogeneity.

• Reference [8] investigates the formation of the δ-phase in the U–Zr system.
They produced their 50 wt% Zr samples melting the metals up to 6 times in a
highly purified argon atmosphere arc melting furnace, presumably in a water
cooled copper crucible, and turning the button upside down each time.

• Reference [5] reports about the hydrogen absorption properties of U–Zr and
U–Ti alloys and they also used arc melting furnaces to produce their samples
with several kinds of concentration (U2Zr, UZr, UZr2).

• Reference [2] investigates about the δ-phase crystal structure and stability.
To produce their samples they also melted the metals in several proportions
(between 18 and 95 at% Zr) up to 6 times in an arc melting furnace, also
turning the alloy button upside down between meltings. They report data
about impurities concentrations adding up to less than 100 p.p.m. in weight,
that was about the same amount of impurities of the raw metals.

After this literature review it seems reasonable to think that the most common
melting procedure for alloys, and the one that has managed to produce U–Zr alloy
samples with minimal levels of impurities, is the one using arc furnaces (presumably
with water cooled copper crucibles, which is the common type of crucibles for those
kinds of furnaces), either in vacuum or in an inert gas atmosphere, like argon. The
ideal solution would be using consumable U-Zr electrodes instead of non-consumable
tungsten electrodes, but that is not feasible in the context of this research project.

2.3 Melting equipment
The Nuclear Fuel Lab of the Nuclear Reactor Physics Department currently has
three pieces of equipment able to melt and cast metals at its disposal, belonging to
the Engineering Material Physics (EMP) division and the Casting of Metals (CM)
division, both in the Department of Materials Science and Engineering (MSE). Two
of the pieces of equipment are arc melting furnaces: a single-arc melting furnace,
called Automatic Casting Machine (ACM), and a triple-arc melting furnace. The
third piece is an induction furnace called controlled rapid quenching machine.

2.3.1 Single-arc melting furnace: Automatic Casting Machine
The Automatic Casting Machine (figure 2.4(a)) is an inert atmosphere arc melting
furnace with one single sharp-pointed tungsten electrode which is attached to the
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(a) Automatic Casting Machine (b) Melting chamber and copper crucible

Figure 2.4. Single-arc melting furnace: Automatic Casting Machine

top of the melting chamber. The inert atmosphere is achieved by emptying the –in
principle– gas-tight melting chamber and flushing it with argon gas several times.
However, the machine is old and the gas system seems to be damaged, so the
atmosphere is not as clean and pure as it could be.

The copper crucible, which is not water cooled, is designed in two separate pieces
that are held together by a trigger, in order to be opened automatically after up to
one minute of arc heating, pouring the molten metal inside the orifice of a copper
mold and thereby casting it (figure 2.4(b)). The maximum heating time is set to
one minute and is not adjustable, since the copper mold is not cooled and it could
suffer damage, as well as contaminate the molten sample. However, it is possible to
melt the sample several times before casting it, but it is necessary to let the copper
crucible cool down in between. The power of the arc is not controllable neither.

According to the information given by the owners, this furnace should be able
to melt up to 20 grams of material, and they have experience melting all kinds of
steels and also other alloys.

2.3.2 Triple-arc melting furnace

This furnace (figure 2.5(a)) is an inert atmosphere arc melting furnace with three
sharp-pointed tungsten electrodes that can be moved manually and so, adjust the
position of the electrode tips inside the melting chamber. Because of this, it is
possible to heat the sample in three different points at the same time and change
them while melting. The melting chamber (figure 2.4(b)) is a clear quartz cylinder
mounted over a wooden structure with water cooled copper parts on it. The gas-
tightness is a little bit precarious, achieved only by the use of O–rings. The inert
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(a) Triple-arc melting furnace (b) Melting chamber and electrodes

Figure 2.5. Triple-arc melting furnace

atmosphere in it is also achieved by emptying the gas-tight melting chamber and
flushing it with argon gas several times.

The copper crucible is introduced in the chamber through a hole in the base of
it, and it is cooled by heat conduction to the parts of copper of the structure of
the chamber, that are cooled by water. To improve the heat conduction, and also
the gas-tightness of the chamber, one can use any kind of heat conducting paste,
like copper paste (figure 2.6). The melting procedure can last –in principle– as long
as desired, since the crucible is constantly cooled. Furthermore, the procedure can
be repeated several times in order to obtain a better mixed product. Due to the
furnace configuration, the alloyed product can not be cast in an actual mold, so it
will always keep the shape of the molten button.

Another feature of this furnace is that it has a control wheel for the power of
the electric arc, which probably makes this furnace the one with more flexibility
of operation. However, the weight of the material to melt is limited to around 10
grams for a homogeneous and complete melt, so the melting batches would have to
be relatively small.

2.3.3 Induction furnace: Controlled Rapid Quenching Machine

This induction furnace (figure 2.7(a)), that is called Controlled Rapid Quenching
Machine (CRQM) is the one that is supposed to achieve the best inert atmosphere.
It it is equipped with a rotating pump and a diffusion pump that, when combined,
can achieve a vacuum in the melting chamber such as 10−5 Torr, even though the
emptying process takes almost two hours. Then, argon gas is introduced in the
chamber and the melting process can start.
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To heat and melt the raw metals, the CRQM uses a small water cooled copper
coil (figure 2.7(b)). The crucibles are made of quartz and are shown in figure 2.8.
They have the shape of a test tube with conical bottom and a small hole at the tip.
The raw metals are introduced inside the crucible, and the crucible is placed into
the coil for melting. Once the metals are molten, the liquid metal can be blown out
of the crucible, through the hole, using pressurized argon gas. The liquid metal can
either be cast in a copper mold or fall directly on a copper wheel rotating at high
speed for a super-rapid quenching of the alloy.

The advantage of this furnace is the possibility to use a very clean inert
atmosphere. However, it has also some disadvantages, mainly due to the crucible.
The crucibles have such a special shape that are only fabricated in glass or quartz
(figure 2.8). If the molten uranium or zirconium reacted with the silicon of the
quartz, then there could be some contamination of the sample that may not be
acceptable, in which case the clean inert atmosphere would be useless. Also some
of the material from the sample could stick to the walls of the crucible, which is
undesirable.

In addition, there is no certainty about the furnace being capable to reach the
temperature at which zirconium melts, since according to the owners of the furnace,
the melting point of zirconium is really in the limit of what the CRQM can reach.
Anyways, the amount of material that can be melted at once is limited to less than
10 grams by the small size of the crucible.

2.4 Performed Experiments and Results
In order to investigate the behavior of uranium and zirconium alloys produced
using the different kinds of equipment available, several melting experiments were
performed during the development of this master thesis. Relevant information
about the experiments and the results obtained will be described in detail in this

Figure 2.6. Copper crucible and heat conducting copper paste
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(a) Controlled Rapid Quenching
Machine

(b) Melting chamber and coil

Figure 2.7. Induction furnace: Controlled Rapid Quenching Machine

Figure 2.8. Quartz crucibles for the CRQM

section, organized by the melting equipment they were performed with. However,
complete information about all procedures and protocols of the experiments, as
well as the complete X-Ray Diffraction (XRD) and Scanning Electron Microscope
(SEM) analysis results, can be found in the appendix A.

2.4.1 Experiments performed with the Automatic Casting Machine

Two experiments were performed using the Automatic Casting Machine with disap-
pointing results. It turned out that the gas system, that was supposed to maintain
an inert atmosphere in the melting chamber while melting, was damaged. Thus,
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(a) Red oxides (b) Blue oxides

Figure 2.9. Severe oxidation in the sample AUZr100915 and the copper crucible

oxygen got in the chamber and the two molten samples and even the copper crucible
were severely oxidized in different color shades, as one can see in figure 2.9(a) and
figure 2.9(b). In addition, some other issues arose that could not be solved.

For the first experiment (AUZr100910 ) around 21 g of raw materials were placed
in the crucible with the intention of melting them all together. The furnace could not
melt all the material, though. The result was an oxidized big lump of molten metals
in the middle (where the arc had struck) with some non-molten pieces embedded in
it. It seemed that most of the material that was more than a few millimeters away
from the arc was not heated enough, and did not reach the melting point.

Thus, for the second experiment (AUZr100915 ), less than 9 g of material were
carefully piled up in the crucible, just in the spot where the arc was going to strike.
On this occasion, the furnace did manage to melt all the raw material in only a
few minutes. However, the casting of the molten metals in the copper mold did not
succeed even after several attempts, even though the copper crucible opened when it
was triggered. The molten metal was probably too viscous fall through the opening
of the crucible and fall inside the copper mold. Then, it stuck to the crucible and
solidified there. The resulting sample is shown in figure 2.4.1. The lump was also
very irregular shaped and very oxidized, although it looked much better than the
previous.

XRD and SEM analysis were not considered to be worth the effort due to the
bad shape of the lumps. Thus, they were not made.

2.4.2 Experiments performed with the Controlled Rapid Quenching
Machine

Two experiments were performed using the Controlled Rapid Quenching Machine.
The results were also quite disappointing. As expected, the main problem expe-
rienced by this melting equipment was the reaction between the molten metals
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Figure 2.10. Produced lump of alloy by the experiment AUZr100915

Figure 2.11. Produced lump of alloy by the experiment AUZr101112

and the crucible material. The silicon in the quartz chemically reacted in various
ways with the hot materials, introducing silicate impurities to the sample and even
getting the alloy stuck to the crucible.

Furthermore, other issues arose that suggested against the use of this equipment
for further alloy production in larger amounts.

• In the first experiment (AUZr101112 ) the raw materials (a bit less than 6 g
and 27 wt% Zr) were placed inside the quartz crucible in several massive pieces.
The pieces of uranium melted completely, while the pieces of zirconium did
only partially, only where they were in touch with uranium. It seemed that
zirconium melting point was way too high for the furnace maximum achievable
power.

• In the second experiment (AUZr101201 ) a previously alloyed sample of around
21 % and 29 wt% Zr was used instead of separate raw materials. This way,
the melting point would be appreciably lower than the one of pure zirconium.
During the experiment, the sample was observed completely molten. However,
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Figure 2.12. Reaction between the alloy and the quartz crucible on experiment
AUZr101201

Sample Weight (g) U wt% Zr wt% U at% Zr at%
AUZr101123 6.741 76.7 23.3 55.8 44.2
AUZr101124 5.684 73.1 26.9 51.0 49.0
AUZr101126 21.353 70.9 29.1 48.3 51.7
AUZr101207 10.270 89.1 10.9 71.1 28.9
AUZr101208 10.065 94.9 5.1 87.6 12.4

Table 2.2. Weights and weight and atomic compositions of samples produced with
the triple-arc melting machine

the reaction between the molten material and the crucible was considerably
more severe.

• In none of the experiments, was the casting process successful. In the first
one most of the sample stayed stuck to the crucible walls, inside the crucible,
while, in the second one, all of it did. It seemed either that the liquid alloy
was too viscous to be ejected through the hole of the crucible, or that the
reaction between the molten metals and the quartz was strong enough to keep
them stuck.

The product of the first experiment could be extracted from the quartz crucible
easily, and is shown in figure 2.11. The sample was then molten again in another
experiment with the triple-arc melting furnace (AUZr101124 ). The product of the
second experiment, though, stayed very stuck to the crucible and could not be
extracted, as one can see in figure 2.12.

XRD and SEM analysis were not considered to be worth the effort due to the
bad shape of the lumps. Thus, they were not made.

2.4.3 Experiments performed with the triple-arc melting furnace

Five experiments were performed using the triple-arc melting furnace (AUZr101123,
AUZr101124, AUZr101126, AUZr101207 and AUZr101208. The weights and
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compositions of the samples can be found in table 2.2. All of the experiments
could be considered successful. The machine turned out to be very adjustable and
easy to use. It was even possible to re-melt previous failed experiments from the
other furnaces, like AUZr100910 and AUZr101124. Only one issue was found with
the use of this furnace as an alloy producing machine in a little bit larger scale: the
fact that no more than 10 g of material could be molten at once. Also, an exhaust
argon gas pipe to the ventilation system had to be improvised in order to avoid the
risk of inhaling atomized uranium. Atomized uranium could form due to the high
temperatures reached under the melting arc and would flow with the argon gas of
the chamber. However, many benefits were observed by this machine.

• The melting process took very little time compared to the other furnaces. The
process of achieving an inert gas atmosphere took only very few minutes. In
addition, the copper crucible was cooled by water, so there was no need to
wait a long time in between melts. Thus, at the end, the process could be
easily repeated many times in relatively short periods.

• The inert atmosphere achieved seemed considerably better than the one in
the Automatic Casting Machine. No severe oxidation was observed in any of
the samples produced. They all looked shiny and brilliant.

• No chemical reaction was observed between the molten materials and the
copper crucibles. At least, not a conspicuous one. However, very small
amounts of radioactivity were measured by a Geiger counter, which could
indicate some absorption of uranium by the crucible at high temperatures.
No detectable amounts of copper were found in any composition analysis
performed after melting, though.

• The feature of having three electrodes and the possibility of adjusting the
position of their tips turned out to be very useful. Because of them one was
able to control and see the mixing of the alloy while the arc was on, and the
results were pretty impressive.

Most of the produced alloys with this furnace were like drop-shaped buttons,
like the one shown in figure 2.13. The cooling of the molten alloy obviously took
place because of heat conduction to the water-cooled copper crucible. Thus, the
surface in contact with the crucible cooled faster than the rest of the sample.

Some of the alloys were analyzed using SEM and XRD analysis. For that
purpose, their plane surfaces were diamond polished.

The results showed general agreement with the literature. No evidence of
δ–phase formation was found in any of the as-cast samples, regardless of the amount
of zirconium they contained. Figure 2.14 shows a typical XRD pattern of an alloy
sample. The red lines show characteristic diffraction peaks for αU phase, the green
ones show characteristic diffraction peaks for δ–phase of the U–Zr system, and the
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Figure 2.13. Pictures of the produced alloy button by the experiment AUZr101208

Figure 2.14. XRD pattern of the sample AUZr101208
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(a) General view of AUZr101208 (b) Detail view of AUZr101123, Zr dendrites

Figure 2.15. SEM micrographs of U–Zr alloy samples

blue ones show the peaks for αZr. It seems reasonable to think that the pattern
shows only good agreement with the αU, and not with the other two phases.

Then, one of the samples (AUZr101207 ) was annealed in argon atmosphere up
to 1000℃ for some 2 hours and cooled down very slowly to room temperature. As
a result of the annealing, the crystal structure did not seem to change considerably,
only very few spots were discovered to have the δ–phase stoichiometry, definitely
not representative of the whole sample.

The best samples obtained were AUZr101123, AUZr101207 and AUZr101208 ).
As seen in SEM micrographs (figure 2.15(a) and 2.15(b)), they were mainly formed
by a uranium phase with zirconium dissolved in it (the brighter in the micrographs)
and a secondary phase forming zirconium-rich very small sized dendrites (the darker,
almost black, in the micrographs). In metallurgy, dendrites are produced in two
phase systems when the grains grow rapidly along their more energetically favorable
directions, which are also where the zirconium is less depleted in the uranium, while
the molten metal freezes, especially when supercooled. The resulting uranium phase
seemed to have a variable capacity of dissolving zirconium, depending on the initial
amount of zirconium in the sample. The more zirconium the sample had, the more
zirconium its uranium phase was able to dissolve (up to 43 at% for the sample
AUZr101123, which had 44.2 at% of Zr in it). The remaining zirconium formed the
secondary dendride-shaped phase.

The sample AUZr101124, that was previously molten by the Controlled Rapid
Quenching Machine, showed a very different crystal structure in the SEM micro-
graphs taken. It turned out —as imagined— that, due to the reaction with the
quartz crucible, the alloy took quite an amount of silicon from it. The silicon
seemed to had reacted with the zirconium of the sample and it formed a third
phase of, presumably, zirconium silicide. This phase can be seen as the darkest in
figure 2.16, since is the one the one less dense. Complete information about the
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composition analysis can be read in the appendix A.5.

2.5 Conclusions
The main conclusion reached after all these melting experiments is that the best
available melting machine that can be used in the future to produce good quality
alloys is the triple-arc melting machine, which is the only one that has already
proven that is able to do so.

Neither the Automatic Casting Machine nor the Rapid Controlled Quenching
Machine seemed reliable for production. The first one showed considerable deficien-
cies regarding the melting atmosphere, which turned out to be strongly oxidizing.
The second showed important problems of contamination in the samples due to
chemical reactions between the molten metals and the quartz of the crucibles.

Regarding the objectives of the thesis, some of the produced samples seemed
promising for the obtaining of good mixed nitride powders. The fact that no
evidence of δ–phase formation was found in the analysis even after some hours
of annealing meant that most of the exceeding amounts of zirconium that should
be in the δ–phase in a stable system were arranged in solution with the αU phase,
even though they were not supposed to. This new meta-stable αU phase was called
in the literature as a “Zr super-saturated α–phase” ([7] and [8]).

The best samples obtained had a smaller amount of zirconium (up to 30 at%). In
them, the micrographs showed very small (microscopic) spots where the zirconium
had settled forming its own dendritic phase. Thus, the very most of it was in
solution with the αU. It could be possible that, although it is not strictly a solid
solution, when nitriding these samples, the resulting product would turn into one,
or show a similar behaviour.

Figure 2.16. SEM micrography of a detailed area of the sample AUZr101124



Chapter 3

Synthesizing Nitride Powders from
U–Zr Alloys

Once the production process of U–Zr alloys is clear and some conclusions have arisen
from the performed melting experiments, it is time to transform the metallic alloys
into nitride powders, or synthesize them. The process of synthesizing mixed U–Zr
nitrides and the results obtained are described in this section.

Firstly, the theory on how to make nitrides from metals will be described, as a
literature review. Secondly, a description of the synthesizing equipment available
will be done, with a summary of the previous experience achieved in the Nuclear
Fuel Lab with it. Thirdly, the synthesizing experiments that have been performed
and the results obtained will be described. And finally, the relevant conclusions
observed will be explained.

3.1 How to make a nitride from raw metallic materials

Nowadays, several methods of producing nitride powders from metallic uranium and
zirconium are available. Different methods produce different powders in quality.
For the research in the Nuclear Fuel Lab, it is essential to produce good quality
powders in order to sinter good quality U–Zr nitride fuel pellets. A good quality
nitride should not contain large amounts of oxygen or carbon impurities (ideally,
below 0.15 wt%), since a higher impurities concentration could worsen the thermal
propierties of the sintered pellets considerably [19]. In addition, in order to get a
homogeneous and dense sintered pellet it is very important that the particle size of
the powders is very small, so they can flow properly.

The nitriding methods that are gathered in the literature are:

• Direct nitriding: The metal is nitrided directly in a nitriding atmosphere.
This reaction is exothermic and it generally requires very high reaction
temperatures (up to 1500℃). The reaction is diffusion controlled, which means
that very long times at high temperature are needed to complete the reaction,

27
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unless the raw material is already a very fine powder. When nitriding, a
very dense layer of nitride is formed in the surface of the metal, slowing the
diffusion of nitrogen and protecting the bulk from the nitrogen atmosphere
[13] [18].

• Steel ball milling: This method consists in milling the metallic metals directly
in a high pressure nitrogen atmosphere. The reaction happens when the
milling balls hit each other, producing very high point temperatures in the
spot where they hit that allow the direct nitriding of the metallic particles
[14].

• Hydriding-nitriding: In this method, zirconium and uranium hydrides are used
as an intermediate compound to facilitate the later nitriding. First, the raw
metallic materials are hydrided in hydrogen atmosphere at a low temperature
compared to the one for direct nitriding. Then, the synthesized hydrides react
very vigorously with a nitrogen atmosphere, at a low temperature as well. This
way, on the one hand, the synthesis is divided in two reaction steps, which
might involve some extra complications. On the other hand, the reaction
temperatures needed are much lower, so the amount of energy needed and the
endurance of the furnaces decreases considerably. However, some researchers
have reported that both reaction steps don’t have to be separate steps [15].
A mixed hydrogen and nitrogen atmosphere, or even ammonia (NH3) can
be used to synthesize the hydrides and the nitrides all at once, although the
reaction would be quite much harder to monitor in that case.

For this master thesis the hydriding-nitriding method was used, so more detailed
theoretical explanation of the process will be given.

3.1.1 How to synthesize uranium mononitride (UN)

As it has been told, an easy way to produce UN from metallic uranium is first
hydriding the metal to get uranium hydride (commonly UH3) and then nitriding
the produced hydride to get uranium sesquinitride (U2N3). Finally, the sesquinitride
can be transformed into UN, which is the desired compound, by a process called
denitriding.

Uranium hydride (UH3)

The UH3 forms when heating the metal up to between 200℃ and 300℃ in hydrogen
atmosphere (equation 3.1), depending on the hydrogen partial pressure. It has been
reported that the reaction rate up to 250℃ follows a linear law, which indicates that
the hydride flakes off the metal turning into powder and constantly exposing new
metallic surface to the reacting atmosphere [3]. This has been proven to work for
small quantities of uranium (1-5 g, up to 40 g of uranium rods in the Nuclear Fuel
Lab), but not for larger quantities, since the hydride powder does not manage to fall
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off the metallic piece, and the reaction stops. However, the reaction is reversible at
higher temperatures of around 350℃ when UH3 dissociates in metallic uranium and
hydrogen again. This way, the sample can be hydrided and dehydrided cyclically
so that in every cycle some of the metallic uranium falls off the piece and some new
surface gets exposed to a new hydriding until the whole sample is powderized.

2U + 3H2 ⇀↽ 2UH3 (3.1)

After hydriding, UH3 appears in form of a very fine dark brown or black dust-
like powder [9]. This is obviously a very good feature that can help in the next step
to increase the surface area for nitriding considerably. It is also a very good particle
size for pressing and sintering of pellets. And, finally, is also very good in the sense
that no milling of uranium is needed, avoiding contamination from the sample to
the equipment and also minimizing the exposure to impurities.

Uranium nitride (UN)

Once the metallic uranium is turned into UH3 and powderized, it can be heated up
once again in nitrogen atmosphere to turn it into U2N3 as shows equation 3.2.

4UH3 + 3N2 → 2U2N3 + 6H2 (3.2)

This reaction takes place at the temperatures between 300℃ and 400℃. The
reaction is very exothermic and the production of hydrogen and consumption
of nitrogen normally takes place very vigorously, so the reaction completes very
rapidly. In that case, the particle size of the powders may grow considerably if the
temperatures reached by it manages to sinter some particles together. However, in
principle that does not entail any big issue because the initial particle size is already
very small and the particle sizes after nitriding are normally less than 10 µm, which
is an acceptable size for sintering pellets.

Figure 3.1. UN powder
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The U2N3 dissociates at very high temperature (1000 or more) in inert atmo-
sphere forming UN (equation 3.3, which is the desired compound for the nitride
nuclear fuel. The dissociation rate increases with temperature, which means that
the higher the temperature is, the less time is needed to fully transform U2N3 in
UN. For example, reference [10] reports complete denitration after 30 minutes at
1100℃.

2U2N3 ⇀↽ 2UN + 3N2 (3.3)

As the denitriding is complete, UN looks like a very fine black dust-like powder,
as shown in figure 3.1.

3.1.2 How to synthesize zirconium nitride (ZrN)

As it is for uranium, an easy way to produce ZrN from metallic zirconium is first
hydriding the metal to get zirconium hydride, whose stoichiometry varies between
ZrH1.33 and ZrH2, and then nitriding the produced hydride to get zirconium nitride,
which’s stoichiometry also varies between ZrN0.55 and ZrN. However, although
reference [16] has reported that zirconium turns into powder when hydriding massive
metallic rods, this has not been able to be reproduced in the Nuclear Fuel Lab
experiences. Neither the massive metallic rods, nor the zirconium sponge becomes
powder when hydriding, so it has to be milled to the desired particle size, and
that is troublesome work. Metallic zirconium is too ductile that the milling of it
is impossible. Zirconium hydride, though, is very brittle and can be mechanically
milled. Anyway, the worst problem with zirconium is that it is always very easy to
oxidize or even self-ignite when turned into very small particles, like powders, either
in its metallic, hydride or nitride form.

Zirconium hydride

Zirconium hydride forms when metallic zirconium is heated at about 500℃ in a
hydriding atmosphere (equation 3.4). The reaction is very exothermic and vigorous,
which causes large increases in volume, and also cracks the samples. However, the
reaction can be controlled just by adding, for example, argon gas to the gas mixture
of the atmosphere, and thus, reducing the partial pressure of hydrogen in it. This
way, the hydrogen is slowly admitted to the chamber, so one can control the amount
of hydrogen that reacts with the zirconium. The reaction is also reversible at higher
temperatures of about 800℃.

2Zr +H2 ⇀↽ 2ZrH2 (3.4)

Zirconium hydride, when obtained from a massive crystal rod looks like it is
shown in the figure 3.2. It is a cracked, very brittle, metallic dark gray material.
This kind of material is the one that can be milled easily by mechanical methods
to the desired particle size. When powderized, it looks like a dark gray dust-like
powder.
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Figure 3.2. Zirconium hydride rod

Zirconium Nitride (ZrN)

Zirconium nitride forms, like UN, when the zirconium hydride is heated up in
nitrogen atmosphere (equation 3.5) at about the same temperatures. When the
hydride is in a massive form, this reaction is difussion controlled, which means that
when a first nitride layer is formed in the surface, this layer prevents the nitrogen to
reach the bulk of the rod, and the reaction proceeds much slowly. However, when
the hydride is in sponge or powder form, the surface area is considerably larger,
what allows nitrogen to reach more of the sample and complete the reaction much
faster.

2ZrH22 +N2 → 2ZrN + 2H2 (3.5)

Figure 3.3. Zirconium nitride rod

When zirconium nitride is produced from a crystal rod, it looks like it is shown
in figure 3.3, where one can even see that, due to the slow nitrogen difussion
phenomena, the bulk of the rod has not reacted into nitride. ZrN is a very hard
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metallic golden material that is very difficult to mill as well. When produced from
zirconium hydride powder, however it looks like a very dark scorched brown powder.

3.1.3 Uranium nitride and zirconium nitride in solid solution

A very important feature that has to be guaranteed in the nuclear nitride fuel
pellets, is that both UN and ZrN are in solid solution with each other, so that the
ZrN can enhance the global thermal properties of the mixed nitrides. This would
not happen properly if both compounds were not in solid solution, but forming
different phases. But, what does it mean that two nitrides are in solid solution?

When two nitrides have the same type of crystal structure and a similar
lattice parameter, the metallic atoms of the solute can incorporate to the solvent
substitutionally, forming a single substitutional solid solution instead of two separate
phases. In this case, both UN and ZrN have the same type of crystal structure: face
centered cubic. The lattice parameter of UN is a = 0.4885 nm and the one for ZrN
is a = 0.4578 nm. Thus, they are able form a single phase in solid solution, instead
of two.

Traditionally, the two separate nitrides (UN and ZrN) are mixed and pressed
in a pellet. Therefore, they are present as separate grains forming two phases. To
force the solid solution in these kind of pellets, it requires many hours of sintering
near 2000℃, because it is a difussion-controlled process (the atoms of the solute
have to slowly find their way to substitute the atoms of the solvent).

Now, how can one know if a nitride powder or a nitride pellet is formed by a
single phase of UN and ZrN in solid solution instead of two separate phases?

Since both UN and ZrN have different lattice parameters, the characteristic
diffraction angles will be different (patterns 2 and 5 in figure 3.5), so when analyzing

Figure 3.4. Variation of the lattice parameter of (U,Zr) nitrides in solid solution,
constructed in analogy with experimental data for the Pu–Zr system [4]
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Figure 3.5. XRD patterns of UN, ZrN and (U,Zr)N in solid solution and as separate
phases, constructed in analogy with experimental data for the Pu–Zr system [4]

in XRD a powder with two present phases, all the peaks will be visible in in the
measured pattern (pattern 1 in figure 3.5). However, if the two nitrides form a
substitutional solid solution, the lattice parameter of the new single phase will have
to change to a new value between the one of UN and the one of ZrN, depending
linearly on the atomic proportion of every metallic element, as shown in figure 3.4.
Then, when analyzing a powder or a pellet like that, the peaks of the solute and
the solvent will converge together somewhere in the middle, depending on the new
lattice parameter (patterns 3 and 4 in figure 3.5).

The secondary objective of this master thesis will be fulfilled if the XRD patterns
of the powders produced (if produced at all) show the behavior explained, which
will mean that they will have synthesized directly in solid solution.

3.2 Synthesizing equipment

The Nuclear Fuel Lab of the Nuclear Reactor Physics Department is equipped with
the synthesizing furnace shown in figure 3.6. The furnace itself is a cylindrical
electrical heating element with a hole in the middle coated with refractory material
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Figure 3.6. Synthesis furnace at the Nuclear Fuel Lab

in the inside and covered by steel plate in the outside. The heat (a maximum of
1200℃) is produced in the hole, where there is a 25 mm diameter quartz tube with
the sample inside. The tube itself is connected to a gas supplying system that
constantly supplies the desired gas for the synthesis. The gas supplying system
is connected to the gas system of the building and it can supply three different
gases: hydrogen (H2), nitrogen (N2) and argon (Ar). The gases always have to flow
through a gas cleaning system that reduces their moisture and their oxygen levels,
therefore increasing their purity and quality. Once the gases are clean, they flow
through the reaction tube from the bottom to the top, reacting with the hot sample
in the middle. Then, the gases normally flow through a home made glass wool
filter so that dust or powder particles that may flow up with the gas get trapped in
the glass wool and do not contaminate the rest of the piping or the electronic flow
meters. However, for safety reasons, after the home made filter there is another
commercial filter.

The instrumentation consists on a platinum S-type bendable thermocouple,
one electronic flow meter and two electronic flow regulators. The function of the
thermocouple is to measure the temperature in the furnace right next to the sample
and therefore control the power of the furnace to program the desired temperature
ramps. The two electronic flow regulators are placed at the inlet of gases from the
gas system of the building. One of them controls the flow of hydrogen, and the
other one controls either the flow of nitrogen or the flow of argon. The flow meter
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measures the gas flow at the outlet of the reaction tube.
All the instrumentation is connected to a data acquisition card in a computer

that processes the information via LabView. The program in LabView developed
by Tobias Hollmer that processes and logs all the data gathered is called ScrAM.
This program not only allows the operator to both control the temperature of the
furnace and the gas supply, but also to monitor on line the course of the reactions
(or no reactions) of the sample by calculating the flow difference between the inlet
and the outlet of the reaction tube, and even give an approximate quantitative idea
of the amount of gas consumed or produced by integrating the flow difference in
time. Knowing the amount of gas consumed, one can tell if the reaction of the
sample is completed or not, when comparing it to the theoretical incorporation of
gas of the fully reacted sample.

Since this data acquisition system was recently installed, not much operational
experience with it has been obtained. Thus, the experiments that will be performed
in this project will work both to familiarize with it and to investigate the behavior
of the alloys through synthesis.

3.3 Performed experiments and results

A total of five experiments were performed in order to use the produced alloys:
UA100921, UA101025, UA101207, UA100224 and UA110301. Each experiment
took between one and six days to finish, and the knowledge obtained in each one
of them was used to modify the following synthesizing procedures and optimize the
reaction of the sample and, therefore, the resulting products.

UA100921

For the first experiment, UA100921 (appendix B.1 for all the protocol information
and figures), the alloy AUZr100915, with 55.5 at% Zr, produced with the Automatic
Quenching Machine was used. The alloy had not a good quality to begin with, so
there was no hope to get a good product after the synthesis. However, the intention
of this experiment was to gather data about the reaction temperatures both for the
hydriding process and for the nitriding process, and also an idea of how and when
the gas consumptions or productions started and finished.

The hydriding was designed as a slow temperature ramp between room temper-
ature and 900℃ in a mix of H2 and Ar, so that the flow meters could measure at
which temperature the reaction started and the gas was consumed. Surprisingly,
the flow meters did no measure any special flow difference. The same gas mixture
was flowing while cooling down back to room temperature and there was still no
sign of the reaction. However, some black powder was observed in the glass wool
filter, what definitely meant that some reaction had happened. The reaction may
had happened only partially or at a very slow rate, thus the flow meters could not
discern the flow difference from the noise readings.
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Figure 3.7. XRD pattern of the powder produced by the experiment UA100921

Anyways, it was decided to nitride the product following a similar procedure, just
in case there was hydride powder in the reaction tube. Another slow temperature
ramp was executed from room temperature to 1000℃ in a constant nitrogen flow,
where the sample would stay for two hours and denitride to mononitride. In
this occasion, a very exothermic reaction was measured at around 280℃ that
heated up the thermocouple by almost 50℃. The flow meters showed a very high
gas production peak of hydrogen from the sample and immediately then a small
consumption of nitrogen. At 1000℃ nothing special was measured. At the highest
temperature the gas was switched a couple of times between nitrogen and argon and
the expected behavior of the flows was observed. When introducing argon, a gas
production peak was observed, while when introducing nitrogen, a gas consumption
peak of the same size was observed, which corresponds with equation 3.3. Finally,
argon gas was introduced and the sample cooled down to room temperature.

The product resulting of the experiment contained a certain amount of rather
fine gray-black powder but still with a massive metallic lump that had not reacted
or turned into powder. A small weight increase was measured that was quite less
that the theoretical one, which meant that the reaction was incomplete.

Both the powder and the massive piece were analyzed in XRD. The powder
contained mostly U2N3 and ZrN but it had a very poor quality, since many of the
measured peaks could not be identified and were probably due to oxides or other
impurities (figure 3.7). In the massive piece at least four phases were identified: the
metals U and Zr, and the nitrides U2N3 and ZrN. Not much that one could do with
a powder of that inferior quality. However, the metallic lump was synthesized again
in the next experiment.
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UA101025

For the experiment UA101025 (appendix B.2 for all the protocol information and
figures), the massive unreacted metallic lump from the previous experiment was
introduced in the quartz tube again and a new experiment was executed. First,
one hydriding similar to the one in the previous experiment was programed. The
temperature increased from room temperature to 700℃, where it stayed for a while,
and then it decreased back to room temperature. Surprisingly, no reactions were
observed while heating nor while staying at 700℃, but a gas consumption was
detected while cooling that started at around 300℃. The sample was inspected
through the quartz tube and it seemed to have reacted, at least partially, the powder
was not that fine as in the previous experiment and had some sort of flakes in it.
Then, it was decided to repeat the process, to make sure that all the sample had
reacted. Argon gas was used while increasing the temperature and a gas production
peak was measured by the flow meters at around 400℃, which meant that the sample
was dehydriding. Then, a hydriding mixture was introduced and the temperature
decreased from 700℃ to room temperature. The same gas consuming reaction was
observed at around 300℃. The sample was again inspected through the quartz tube,
and the new powder had better aspect, it seemed fully reacted.

For the nitriding, the sample was heated up in nitrogen atmosphere from room
temperature to 750℃, then maintained at that temperature for a while and finally
cooled down back to room temperature. The reaction happened in the same way
as the previous experiment. A very exothermic reaction was measured at around
280℃ that heated up the thermocouple for almost 150℃. The flow meters showed

Figure 3.8. Hydridings 1 to 3 plot in the experiment UA101207
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a very high gas production peak of hydrogen from the sample and immediately
then a small consumption of nitrogen. No denitriding was performed. Instead, the
nitrogen atmosphere was maintained while cooling down to see if the sample had
fully reacted in the first ramp, and it seemed that it did, because no more reactions
were observed.

The product of the synthesis was a rather fine powder, black colored, but it had
some small, dark gray, metallic-looking flakes in it. The measured weight increase
was a bit bigger than the theoretical one, which would mean that the powder would
contain a certain amount of U2N3 —which was expectable, since no denitriding step
was performed—. The powder was not analyzed.

UA101207

For the experiment UA101207, the alloy samples used were both AUZr101123 and
AUZr101124, with 44.2 at% Zr and 49.0 at% Zr respectively. Two hydriding-
dehydriding steps and one last hydriding were executed as shown in the plot of
figure 3.8. The sample was inspected through the quartz tube after each of the
hydridings. After the first one, it seemed unreacted. After the second one, it
seemed partially powderized. After the third one, it looked completely reacted and
turned into powder. The same behavior in the flow measurements as in the previous
experiments was observed. However, it was noticed a increase in the size of the gas
production and consumption peaks between the second and the third hydridings.
This phenomena could indicate that the surface area exposed to the gas increased
gradually with every hydriding-dehydriding cycle, as more quantity of the sample

Figure 3.9. Nitridation plot in the experiment UA101207
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Figure 3.10. Mixed powder produced by the synthesis experiment UA101207

became powder. Thus every cycle was making the reaction more eficient and turning
more of the metal into a smaller hydride powder.

The nitriding-denitriding step proceeded as shown in the plot of figure 3.9.
No change in the behavior of the flow measurements when nitriding was seen
when compared with the previous experiments. The same kind of exothermic
reaction was observed, although this time the temperature increase measured by the
thermocouple was of more than 200℃, probably because the reaction also happened
more efficiently due a smaller size of the powder particles.

The denitriding, that lasted for two hours at 1150℃, however, was not detectable
by the flow difference measurements. So, it may be reasonable to think that the
kinetics of the dissociation of U2N3 into UN are so slow that the amounts of nitrogen
produced by the sample are not discernible from the natural oscillations of the
measurements.

Figure 3.11. XRD pattern of the powder produced by the experiment UA101207
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(a) Whole product (b) Gray brittle lumps

Figure 3.12. Produced powder by the experiment UA110224

The product of the experiment was a very fine black powder (figure 3.10.
micrographs of its particles showed an average particle size of less than 5 µm,
which is a very good particle size for pellet pressing and sintering. XRD analysis,
however, showed that the two nitride phases were not in solid solution, but
separate (figure 3.11). Also a U2N3 phase was visible, together with some other
peaks, probably due to impurities (like the silicon that was found in the sample
AUZr101124 ) or oxides (like UO2).

UA110224

For the experiment UA110224 (appendix B.4 for all the protocol information and
figures), the alloy sample used was AUZr101207, with 28.9 at% Zr. This time,
seven hydriding-dehydriding steps and one last hydriding were executed. The same
behavior in the flow measurements as in the previous experiment was observed,
including the increase in size of the gas consumption and production peaks with
every cycle until the sixth, when it seemed to have reached the maximum. Up
to this point, it was reasonable to think that this behavior was common when
hydriding this kinds of alloys. Thus, the protocol for hydriding samples should
always be formed by as much hydrididation-dehydriding cycles as needed to level
off the size of the gas consumption or production peaks.

The nitriding-denitriding also followed a similar procedure as in the previous
experiment, although the denitriding temperature raised to 1200℃ and lasted for
almost 5 hours. The flow measurements showed the same behavior as well.

In this case, the resulting powder (figure 3.12(a)) was mainly a very fine dark
powder with several bigger pale gray particles or lumps that were extremely brittle
(figure 3.12(b)). It was possible to crush them very easily just applying some
pressure on them. The weight increase was a bit lower than the theoretical one.
This might mean that the sample had not fully reacted, which could explain the
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presence of the gray massive particles. However, no reason was found that would
explain why those particles did not react properly. It might have to do with the
annealing treatment that the original alloy was subjected to, although this is only
speculation, since the composition of the gray lumps still remains unknown. The
powder could not be analyzed in XRD because of them, so they should be crushed
together with the rest of the powder in a mortar to a smaller particle size to allow
XRD analysis and gather some evidence about their nature.

UA110301

For the experiment UA110301 (appendix B.5 for all the protocol information and
figures), the alloy sample used was AUZr101208, with 12.4 at% Zr. This time,
eight hydriding-dehydriding steps and one last hydriding were executed. The same
behavior in the flow measurements as in the previous experiments was observed, as
shown in the plots of figures 3.13 and 3.14.

After hydriding the sample, the common nitriding procedure was executed.
Surprisingly, no reaction was measured according to the calculated flow difference.
After that, it was decided to perform a new nitriding and the reaction triggered
at a very low and unexpected temperature, less than 100℃. Two more nitriding
steps were executed afterwards, in order to observe any other special behavior of
the sample, but nothing seemed to happen. No explanation was found for the weird
behavior.

Then, the sample was subjected to denitriding at 1200℃ for some hours, but
the thermocouple broke at high temperature and the procedure had to stop.

Figure 3.13. Hydridings 1 to 4 plot in the experiment UA110301
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Figure 3.14. Hydridings 5 to 9 plot in the experiment UA110301

Figure 3.15. Powder produced by the experiment UA110224
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Figure 3.16. XRD pattern of the powder produced by the experiment UA110301

The produced powder was the best one obtained of all, no doubt. It looked
like a very fine black powder (figure 3.15). Some of the powder was used for XRD
analysis and the results of the analysis turned out to be excellent. As one can
see in figure 3.16, no phase of ZrN was found in the pattern of the powder and, in
addition, the peaks of the UN phase had shifted towards the ZrN one. This definitely
meant that the two nitrides were indeed in solid solution, as it was explained in
section 3.1.3. However, it seemed that the denitriding was not completely successful.
It seems obvious that to fully dissociate the U2N3 into UN, a more powerful furnace
is needed, so the denitriding temperature can be a little bit higher. Also some
oxygen attacked the powder while transferring it from the furnace to the glove-
box. Thus, a new transferring method should be found in the future to avoid the
contamination of the samples.

3.4 Conclusions
Many interesting conclusions can be drawn from the synthesizing experiments that
were performed.

• When hydriding, the alloys start to turn into powder or flakes from the
surface to the bulk, but the reaction seems to stop spontaneously after a
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certain point, when no more metallic material is exposed to the hydriding
atmosphere, probably because the hydrided material blocks the access of
hydrogen. Therefore, to be able to continue with the reaction until the bulk
of the metal, it is necessary to hydride and dehydride cyclically, so that the
hydrided surface flakes of gradually with every dehydriding, exposing new
metallic surface to a new hydriding. With these cyclic reactions, also powder
particles seem to break in smaller pieces, decreasing the average particle size
of the powder and, thus, increasing the surface area exposed to the gas and
the efficiency of the reaction and the quality of the product. However, the
increase in the surface area seems to level off after a certain number of cycles,
probably meaning that the particles can not divide any more. The number
of cycles needed obviously depends on the size of the alloy, the bigger it is,
the more cycles will need to achieve the most efficient reaction. For alloys of
around 10 g, five or six cycles seem to be a reasonable number.

• When nitriding, instead, the reaction itself is very efficient, and the quality of
the produced nitride seems to depend more on the quality of the hydride that
is synthesized from than on the nitriding procedure.

• A proper denitriding, however, has been proved impossible with the furnace
used, since it can not go further in temperature than 1200℃ in order to speed
up the dissociation rates of the uranium sesquinitride. Traces of U2N3 have
always been found in all the powders analyzed.

• Also, oxidation is unavoidable with the current transferring methods of the
powders from the synthesis furnace to the glove-box where they are inspected
and handled. It is usual to see sparks coming from the powders when small
amounts of air manage to attack them. A new way to do this operation is
urgently needed to avoid important levels of contamination of the samples.

• Different qualities of the powders produced have been observed. The first
powders produced were definitely not formed by a single phase of UN and
ZrN in solid solution, and some of them had even bigger particles. However,
the last experiment performed UA110301 turned out to produce a very good
quality powder forming solid solution, according to XRD analysis. One can
guess that the main reason to get such a good powder is the quality of the alloy
synthesized, that was the best one made. Thus, in order to get the nitrides
in solid solution, it is a key issue to produce good quality alloys, mainly —or
only, if possible— formed by the meta-stable uranium Zr-supersaturated α–
phase, that can dissolve much bigger amounts of zirconium, disseminating it
homogeneously all over the volume of the alloy, and therefore helping to the
solid solubility of the nitrides.



Chapter 4

Evaluation of the Objectives

Although some more research should definitely be done following this master thesis
to confirm the results, the established objectives at the beginning have been fulfilled.

The first and main objective was assessing the production of U–Zr mixed pow-
ders from U-Zr metallic alloys. This has been achieved positively. Mixed powders
can indeed be produced directly from alloys. Therefore, when this procedure is
used, many troublesome operations that involve the handling of radioactive and
very atmosphere sensitive powders are omitted, which makes the job at the nuclear
fuel production laboratories much easier.

The secondary objective was assessing if it was easier to get the two nitrides
in solid solution when obtained from the alloyed materials than when mixed from
two nitride powders. This has also been achieved. At least once, the mixed powder
produced after the synthesis had the two nitrides forming solid solution. This very
promising feature could be considerably helpful for the pressing and sintering of
pellets if the solid solution from the powder was not affected by those processes.
Very long diffusion controlled processes that need heat treatment at very high
temperatures could be avoided if the solid solution lasted after sintering the pellets
from the synthesized powders.
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Appendix A

Alloying Protocols

Every experiment will be described according to the following protocol:

• ID Code: The code used to identify all the alloying experiments and samples
is formed by the letters “AUZr”, that stands for “Alloy of Uranium and
Zirconium”, followed by the date of execution (according to ISO 8610 norm).

• Alloying furnace type

• Material composition and origin: Desired sample weight and composition.
Origin and other relevant facts of the raw materials used.

• Procedure: Detailed explanation of the melting process.

• Description of the product: Alloyed product weight. Visual description of the
alloyed product and pictures of it, if taken.

• Analysis results: XRD spectrum and SEM micrographs, if performed.

• Additional notes and comments

47



48 APPENDIX A. ALLOYING PROTOCOLS

A.1 AUZr100910
Alloying furnace type

This experiment was performed using the Automatic Casting Machine.

Material composition and origin:

The raw materials added up to 21.428 g, of which 15.193 g were natural metallic
uranium in form of discs, and the remaining 6.235 g were reactor grade metallic
zirconium. Therefore, the composition of the alloy would be 29.1 wt% Zr or
51.7 at% Zr.

Procedure

1. The Uranium discs were manually polished with polishing paper in the hood
in order to eliminate, as much as possible, the oxide layer they had in their
surface, so the impurities would be minimal while melting. Then they were
weighted.

2. The raw materials were piled up in the copper crucible in a “homogeneous”
form, and the crucible was placed inside the melting chamber, a few millime-
ters under the tip of the electrode.

3. The chamber was purged for three times with argon gas and the materials were
arc melted twice for about 55 seconds each, waiting 10 minutes in between.

4. After 15 minutes the chamber was opened and the sample, that did not melt
completely, was turned upside down in the crucible. The crucible was placed
again in the chamber.

5. The chamber was purged for three times with argon gas and the sample was arc
melted twice more for about 55 seconds each, waiting 10 minutes in between.

6. After 15 minutes the chamber was opened and the sample, that still had not
molten completely, was turned upside down again in the crucible. This was
placed again in the chamber.

7. The chamber was purged again for three times with argon gas and the sample
was arc melted once more for about 60 seconds.

8. After 15 minutes the chamber was opened. The experiment had failed.

Description of the product

The melting experiment failed. The furnace was not able to melt all the raw
material. The resulting product was a lump of molten material in the middle (where
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the electric arc had struck) with several visible non-molten metallic pieces embedded
on it. It weighted 21.480 g, thus, there was a weight increase of 52 mg.

The lump was colored in several different color shades: brown, black, yellow,
blue and red; which, together with the weight increase, indicated heavy oxidation
while melting and confirmed the suspicion about the poor tightness of the chamber,
despite the fact that it was purged many times.

Additional notes and comments

Even though the owners of the furnace told that they managed to melt 20 grams of
material in it, it could not melt this entire sample. Thus, the next experiment in
this furnace should melt a considerably smaller sample.

The resulting lump was later used as a raw material for the melting experiment
AUZr101126, because otherwise it would have to be treated as radioactive waste,
meaning a considerable loss of material.
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A.2 AUZr100915
Alloying furnace type

This experiment was performed using the Automatic Casting Machine.

Material composition and origin:

The raw materials added up to 8.772 g, of which 6.609 g were natural metallic
uranium in form of discs, and the remaining 2.113 g were reactor grade metallic
zirconium. Therefore, the composition of the alloy would be 29.1 wt% Zr or
45.5 at% Zr.

Procedure

1. The Uranium discs were manually polished with polishing paper in the hood
in order to eliminate, as much as possible, the oxide layer they had in their
surface, so the impurities would be minimal while melting. Then they were
weighted.

2. The raw materials were piled up in the copper crucible in a “homogeneous”
form (figure A.1(a)), and the crucible was placed inside the melting chamber,
a few millimeters under the tip of the electrode (figure A.1(b)).

3. The chamber was purged for three times with argon gas and the materials were
arc melted twice for about 55 seconds each, waiting 10 minutes and purging
with argon gas in between.

4. The sample was melted one more time for 60 seconds, expecting the automatic
casting of the sample in the copper mold.

5. After 15 minutes for cooling, the chamber was opened. Although the sample
had melted and the casting trigger had been pulled, the sample had somehow
stuck on the crucible (figure A.1(c)). It seemed it was too viscous to fall inside

(a) (b) (c)

Figure A.1. Pictures of the procedure of the experiment AUZr100915
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(a) (b)

Figure A.2. Pictures of the produced lump of alloy by the experiment AUZr100915

the mold and cast as desired. Also heavy oxidation was observed both in the
sample (black, gray) and the crucible (red, yellow).

6. Two more melting and casting attempts of 60 seconds were done afterwards,
that were not successful. By the end of the procedure, the oxide on the crucible
had become blue colored (figure A.2(a)).

Description of the product

The resulting product of the experiment was an irregular lump. The alloyed lump
was heavily oxidized with different color shades (brown, black, yellow, blue, red) as
one can see in figure A.2(b). It weighted 8.752 g, so there was a weight increase of
30 mg due to oxidation.

Additional notes and comments

The melting experiment was more succesfull that the previous one (AUZr100910 ),
although the casting of the product in the copper mold as desired was impossible.
In addition, the very bad melting atmosphere, which is apparently unavoidable for
this machine, suggested the use of any other melting equipment available for later
experiments.
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A.3 AUZr101112

Alloying furnace type

This experiment was performed using the Controlled Rapid Quenching Machine.

Material composition and origin:

The raw materials added up to 5.806 g, of which 4.242 g were natural metallic
uranium in form of discs, and the remaining 1.564 g were reactor grade metallic
zirconium. Therefore, the composition of the alloy would be 26.9 wt% Zr or
49.0 at% Zr.

Procedure

1. The Uranium discs were manually polished with polishing paper in the hood
in order to eliminate, as much as possible, the oxide layer they had in their
surface, so the impurities would be minimal while melting. Then they were
weighted.

2. The raw materials were introduced in a quartz crucible.

3. The chamber reached a vacuum of 4.5ů10−5 Torr, then argon gas was intro-
duced.

4. The power of the coil was slowly increased up to the maximum (16 A and
260 V) and stayed there for three minutes, while the sample was melting.

5. The casting procedure was activated, but the casting in the copper mold was
unsuccessful. Most of the zirconium piece did not actually melt, thus it kept
almost its original shape. However, the uranium did melt completely, and
some of it fell inside the mold.

6. The material that got stuck in the quartz crucible could be extracted from
it easily and was placed inside another crucible, with the cast pieces above
the unmelted material, so, when melted again, would lower the melting
temperature of the rest of the lump.

7. The same melting procedure was executed once again, but this time it stayed
at the maximum power for around ten minutes, and then cast.

8. The casting was also unsuccessful. The same phenomena occurred. Some of
the material was melted and fell into the copper mold, but most of it got
stuck to the crucible. There was no problem to extract the material from the
crucible.
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Figure A.3. Produced lump of alloy by the experiment AUZr101112

Description of the product

The total weight of the product was 5.752 g, so the weight decrease was of 55 mg
in this case. Probably due to the reaction with the crucible, some metal could
have stuck to the walls. Some of the product had dust or powder shape, probably
mixed with some rests of the quartz crucible surface. The major metallic parts
(figure A.3) were taken apart. The dust was useless and therefore classified as
waste. The metallic pieces taken apart had not a terrible aspect. No oxide was
found apparently in the surface, although the surface in contact with the quartz
crucible seemed to have formed some sort of white or gray compound.

Additional notes and comments

The result was disappointing. It seems that the literature was right about the
difficulty of using induction furnaces to melt zirconium. In principle it would be
possible to melt it if it could bath completely in liquid uranium, but as the uranium
melts, it goes to the bottom of the crucible and some of the zirconium surface loses
contact with the liquid uranium, thus, it stays solid.

The metallic pieces taken apart could easily be melted back together by any
other method, so they were later used as a raw material for the melting experiment
AUZr101124.
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A.4 AUZr101123
Alloying furnace type

This experiment was performed using the triple-arc melting furnace.

Material composition and origin:

The raw materials added up to 6.741 g, of which 5.173 g were natural metallic
uranium in form of discs, and the remaining 1.568 g were reactor grade metallic
zirconium. Therefore, the composition of the alloy would be 23.3 wt% Zr or
44.2 at% Zr.

Procedure

1. The Uranium discs were manually polished with polishing paper in the hood
in order to eliminate, as much as possible, the oxide layer they had in their
surface, so the impurities would be minimal while melting. Then they were
weighted.

2. The raw materials were placed together in the copper holder.

3. The copper holder was smeared with copper conducting paste in its surface in
order to facilitate heat conduction with the water cooling system and improve
the vacuum in the melting chamber.

4. The air inside the chamber was pumped out by a vacuum pump.

5. Argon gas was flushed in the chamber at a constant flow rate.

6. The power of the furnace was switched on and the materials were molten with
the arcs until there was a uniform alloyed button.

7. The button was turned upside down and the melting process was executed a
second time.

Description of the product

The resulting alloyed button had a very good aspect, the best of all until then
(figures A.4(a) and A.4(b)). It weighted 6.732 g. No severe oxidation was
conspicuous. The alloy had a metallic luster that had not ever been seen still
in any other alloy produced.

Sample analysis results

The sample was diamond polished in its bottom surface for XRD and SEM analysis
and both of them were performed.
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(a) (b)

Figure A.4. Pictures of the produced alloy button by the experiment AUZr101123

Figure A.5. XRD pattern of the sample AUZr101123
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Figure A.6. SEM micrography of a general view of the sample AUZr101123

Figure A.7. SEM micrography of a detailed area of the sample AUZr101123
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Point U at% Zr at%
1 84.9 15.1
2 57.5 43.5
3 0.0 100.0

Area U at% Zr at%
4 57.1 43.9

Table A.1. Point and area composition analysis on the sample AUZr101123
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A.5 AUZr101124
Alloying furnace type

This experiment was performed using the triple-arc melting furnace.

Material composition and origin:

The raw materials added up to 5.684 g, and they came from the previous failed
experiment AUZr101112. Therefore, the composition of the alloy should be
approximately 26.9 wt% Zr or 49.0 at% Zr (some material had been lost in the
previous experiment as waste, so the composition could have changed slightly).

Procedure

1. The Uranium discs were manually polished with polishing paper in the hood
in order to eliminate, as much as possible, the oxide layer they had in their
surface, so the impurities would be minimal while melting. Then they were
weighted.

2. The raw materials were placed together in the copper holder.

3. The copper holder was smeared with copper conducting paste in its surface in
order to facilitate heat conduction with the water cooling system and improve
the vacuum in the melting chamber.

4. The air inside the chamber was pumped out by a vacuum pump.

5. Argon gas was flushed in the chamber at a constant flow rate.

6. The power of the furnace was switched on and the materials were molten with
the arcs until there was a uniform alloyed button.

7. The button was turned upside down and the melting process was executed up
to four times.

Description of the product

The resulting alloy had a very good aspect. The sample weighted 5.678 g. The
melting procedure was fast and easy, no problems appeared. Figure A.8(a) and
figure A.8(b) show the alloy button.

Sample analysis results

The sample was diamond polished in its bottom surface for XRD and SEM analysis
and both of them were performed.
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(a) (b)

Figure A.8. Pictures of the produced alloy button by the experiment AUZr101124

Figure A.9. XRD pattern of the sample AUZr101124
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Figure A.10. SEM micrograph of a general view of the sample AUZr101123

Figure A.11. SEM micrograph of a detailed area of the sample AUZr101124
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Point U at% Zr at% Si at%
5 85.5 14.5 0.0
6 0.0 100.0 0.0
7 0.0 72.5 27.5

Area U at% Zr at% Si at%
8 57.1 43.9

Table A.2. Point and area composition analysis on the sample AUZr101124
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A.6 AUZr101126
Alloying furnace type

This experiment was performed using the triple-arc melting furnace.

Material composition and origin:

The raw materials added up to 21.353 g, and they came from the previous
failed experiment AUZr100910. Therefore, the composition of the alloy should
be approximately 29.1 wt% Zr or 51.7 at% Zr.

Procedure

1. The failed alloy lump was destroyed in several pieces by hammering it in a
controlled way with a heavy steel bar.

2. One half of the raw materials were placed together in the copper holder.

3. The copper holder was smeared with copper conducting paste in its surface in
order to facilitate heat conduction with the water cooling system and improve
the vacuum in the melting chamber.

4. The air inside the chamber was pumped out by a vacuum pump.

5. Argon gas was flushed in the chamber at a constant flow rate.

6. The power of the furnace was switched on and the materials were molten with
the arcs until there was a uniform alloyed button.

7. The button was turned upside down and the melting process was executed up
to four times.

8. The process was repeated for the other half of the raw material.

Description of the product

The resulting alloy was, thus, divided in two halves (11.432 g and 9.892 g, 21.324 g in
total) and both of them had a good aspect, much better than before the experiment.
The melting procedure was fast and easy, no problems appeared. Figure A.12(a)
and figure A.12(b) show the two alloyed buttons.

Additional notes and comments

Since the lump had to be divided in halves at the very beginning, the information
about the composition of each of the halves got lost. In order to melt the two
buttons back together, they were used on melting experiment AUZr101201.
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(a) (b)

Figure A.12. Pictures of the produced alloy buttons by the experiment AUZr101126
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A.7 AUZr101201
Alloying furnace type

This experiment was performed using the Controlled Rapid Quenching Machine.

Material composition and origin:

The raw materials were two alloy lumps and added up to 21.324 g, they came
from the previous experiment AUZr101126. Therefore, the composition of the alloy
should be approximately 29.1 wt% Zr or 51.7 at% Zr.

Procedure

1. The raw materials were introduced in a quartz crucible.

2. The chamber reached a vacuum of 4.5ů10−5 Torr, then argon gas was intro-
duced.

3. The power of the coil was slowly increased up to the maximum (16 A and
260 V) and stayed there for ten minutes, while the sample was melting.

4. The casting procedure was activated, but the casting in the copper mold was
unsuccessful. All the material stayed stuck in the crucible.

Description of the product

In this occasion, very severe reaction occurred between the metals and the quartz
of the crucible, as one can see in figure A.13.

Additional notes and comments

The resulting material had to be cataloged as waste. No solution or other use was
found for it.

Figure A.13. Reaction between the alloy and the quartz crucible on experiment
AUZr101201



A.8. AUZR101207 65

A.8 AUZr101207
Alloying furnace type

This experiment was performed using the triple-arc melting furnace.

Material composition and origin:

The raw materials added up to 10.270 g, of which 9.147 g were natural metallic
uranium in form of discs, and the remaining 1.123 g were reactor grade metallic
zirconium. Therefore, the composition of the alloy would be 10.9 wt% Zr or
28.9 at% Zr.

Procedure

1. The Uranium discs were manually polished with polishing paper in the hood
in order to eliminate, as much as possible, the oxide layer they had in their
surface, so the impurities would be minimal while melting. Then they were
weighted.

2. The raw materials were placed together in the copper holder.

3. The copper holder was smeared with copper conducting paste in its surface in
order to facilitate heat conduction with the water cooling system and improve
the vacuum in the melting chamber.

4. The air inside the chamber was pumped out by a vacuum pump.

5. Argon gas was flushed in the chamber at a constant flow rate.

6. The power of the furnace was switched on and the materials were molten with
the arcs until there was a uniform alloyed button.

7. The button was turned upside down and the melting process was executed up
to four times.

Description of the product

The resulting alloyed button had a very good aspect(figure A.14). It weighted
10.265 g. No severe oxidation was conspicuous.

Sample analysis results

The sample was diamond polished in its bottom surface for SEM analysis. Then,
the sample was annealed in argon gas atmosphere at around 1000 ℃ for 2 hours
and then cooled down very slowly to room temperature. Then it was analyzed in
SEM again, and XRD.
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Figure A.14. Pictures of the produced alloy button by the experiment AUZr101207

Figure A.15. SEM micrograph of a general view of the sample AUZr101207 before
annealing
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Figure A.16. SEM micrograph of a detailed area of the sample AUZr101207 before
annealing

Point U at% Zr at%
1 83.5 16.5
2 95.5 4.5
3 84.0 16.0

Area U at% Zr at%
5 81.1 18.9

Table A.3. Point and area composition analysis on the sample AUZr101207 before
annealing

Point U at% Zr at%
1 2.4 97.6
2 84.1 15.9
3 80.2 19.8
4 36.1 63.9

Area U at% Zr at%
4 83.0 17.0

Table A.4. Point and area composition analysis on the sample AUZr101207 after
annealing
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Figure A.17. XRD pattern of the sample AUZr101207 after annealing

Figure A.18. SEM micrograph of a general view of the sample AUZr101207 after
annealing
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Figure A.19. SEM micrograph of a detailed area of the sample AUZr101207 after
annealing

Additional notes and comments

According to the composition analysis, it seems that the surface of the alloy used
for the analysis was not representative of the bulk of the sample. Thus, this analysis
can not be taken too seriously.



70 APPENDIX A. ALLOYING PROTOCOLS

A.9 AUZr101208
Alloying furnace type

This experiment was performed using the triple-arc melting furnace.

Material composition and origin:

The raw materials added up to 10.065 g, of which 9.547 g were natural metallic
uranium in form of discs, and the remaining 0.518 g were reactor grade metallic
zirconium. Therefore, the composition of the alloy would be 5.1 wt% Zr or
12.4 at% Zr.

Procedure

1. The Uranium discs were manually polished with polishing paper in the hood
in order to eliminate, as much as possible, the oxide layer they had in their
surface, so the impurities would be minimal while melting. Then they were
weighted.

2. The raw materials were placed together in the copper holder.

3. The copper holder was smeared with copper conducting paste in its surface in
order to facilitate heat conduction with the water cooling system and improve
the vacuum in the melting chamber.

4. The air inside the chamber was pumped out by a vacuum pump.

5. Argon gas was flushed in the chamber at a constant flow rate.

6. The power of the furnace was switched on and the materials were molten with
the arcs until there was a uniform alloyed button.

7. The button was turned upside down and the melting process was executed up
to four times.

Description of the product

The resulting alloyed button had a very good aspect(figure A.20). It weighted
10.063 g. No severe oxidation was conspicuous.

Sample analysis results

The sample was diamond polished in its bottom surface for SEM and XRD analysis.
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Figure A.20. Pictures of the produced alloy button by the experiment AUZr101208

Figure A.21. XRD pattern of the sample AUZr101208

Point U at% Zr at%
1 96.4 3.6
2 13.2 86.8
4 7.6 92.4

Area U at% Zr at%
8 88.3 11.7

Table A.5. Point and area composition analysis on the sample AUZr101208



72 APPENDIX A. ALLOYING PROTOCOLS

Figure A.22. SEM micrograph of a general view of the sample AUZr101208

Figure A.23. SEM micrograph of a detailed area of the sample AUZr101208



Appendix B

Synthesizing Protocols

Every experiment will be described according to the following protocol:

• ID Code: The code used to identify all the synthesizing experiments and
samples is formed by the letters “UA”, that stands for “Uranium Analysis”,
followed by the date of execution (according to ISO 8610 norm).

• Sample origin and description

• Sample weight and calculated weight change: Weight of the metallic sample at
the beginning of the experiment and calculated weight change to turn all of it
into mononitride powders (UN and ZrN). The weight change can be calculated
using equation B.2.

∆m(%) =
(
mN +mU +mZr

mU +mZr
− 1

)
× 100 (B.1)

=


(

mU
MU

+ mZr
MZr

)
MN +mU +mZr

mU +mZr
− 1

× 100 (B.2)

Where,

– ∆m(%) is the weight change in percentage.
– mU , mZr, mN are the masses of U, Zr and N respectively.
– MU , MZr, MN are the molar masses of U, Zr and N respectively.

• Procedure: Detailed explanation of the hydriding, nitriding and denitriding
processes. Gas flow rates, temperatures, duration of each step.

• Description of the product: Synthesized product weight. Visual description
and pictures of it, if taken.

• Analysis results: XRD spectrum and SEM micrographs, if performed.

• Additional notes and comments

73
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B.1 UA100921
Sample origin and description

The alloy sample used for the synthesis was AUZr100915. It had an approximated
composition of 29.1 wt% Zr or 45.5 at% Zr. It was severely oxidized in its surface.

Sample weight and calculated weight increase

The sample weighted 8.751 g before the experiment. The calculated weight increase
was of 8.64%, so, after nitriding, the sample should weight around 9.507 g.

Procedure

1. Hydriding: (figure B.1)

a) A constant mixed H2/Ar gas flow rate was established through the
furnace. 1.200 L/min of H2 and 1.500 L/min of Ar gas.

b) The temperature raised from room temperature to 200℃ in 20 minutes.
No gas consumption was observed.

c) The temperature raised from 200℃ to 600℃ in 80 minutes. No gas
consumption was observed, neither.

Figure B.1. Hydriding plot in the experiment UA100921
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d) The temperature raised from 600℃ to 900℃ in 60 minutes. Still no gas
consumption noticeable.

e) The temperature dropped from 900℃ to room temperature. Some gas
consumption was noticeable, but very little.

f) The the H2 flow was eliminated below 100℃.

2. Nitriding: (figure B.2)

a) A constant N2 flow rate of 1.500 L/min was established through the
furnace.

b) The temperature raised from room temperature to 1000℃ in 200 minutes.
The flow difference signal was oscillating above and underneath the offset
level all the time. A gas production peak (presumably hydrogen from
the sample) was observed at about 280℃ when an exothermic reaction
heated the thermocouple from 280℃ to 330℃. Right after the production
peak a consumption peak of nitrogen was noticeable.

c) The temperature stayed constant at 1000℃ for 30 minutes with N2 flow.
d) The gas flow was switched from N2 to Ar gas for 10 minutes. A

gas production was seen right when the gas was switched (presumably
nitrogen from the sample).

Figure B.2. Nitridation plot in the experiment UA100921
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e) The gas flow was switched from Ar to N2 gas for 14 minutes. A N2
consumption was seen right when the gas was switched.

f) The gas flow was switched from N2 to Ar gas for 11 minutes. A
gas production was seen right when the gas was switched (presumably
nitrogen from the sample).

g) The gas flow was switched from Ar to N2 gas for 15 minutes. A N2
consumption was seen right when the gas was switched.

h) The temperature dropped from 1000℃ to room temperature with Ar
gas flow. A gas production was seen right when the gas was switched
(presumably nitrogen from the sample).

Description of the product

The result weighted 9.136 g and contained a certain amount of gray-black powder,
rather fine, with one massive metallic piece. It seemed that the reaction had not
been complete. The weight increase was only of 0.385 g (about 4.4%). The massive
piece had kept the drop-like shape and weighted 5.899 g in the glove-box. Thus, all
the powder weighted 3.237 g.

Analysis results

Some of the powder was used for XRD analysis (figure B.3). Some oxidation of the
powder was unavoidable during the analysis.

Figure B.3. XRD pattern of the powder produced by the experiment UA100921
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Figure B.4. XRD pattern of the massive piece remaining from the experiment
UA100921 with characteristic peaks of the metals

Figure B.5. XRD pattern of the massive piece remaining from the experiment
UA100921 with characteristic peaks of the nitrides
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The massive metallic piece was manually polished on one surface and was also
analyzed in XRD (figures B.4 and B.5).

Additional notes and comments

The massive piece of metallic alloy was taken apart and synthesized once more in
the experiment UA101025.
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B.2 UA101025
Sample origin and description

The alloy sample used for the synthesis was the massive piece that was left from
the previous synthesis experiment UA100921. It had an approximated composition
of 29.1 wt% Zr or 45.5 at% Zr. It had metallic luster on its surface.

Sample weight and calculated weight increase

The sample weighted 5.702 g before the experiment. The calculated weight increase
was of 8.64%, so, after nitriding, the sample should weight around 6.195 g.

Procedure

1. Hydriding 1: (figure B.6)

a) A constant mixed H2/Ar gas flow rate was established through the
furnace. 1.500 L/min of H2 and 1.500 L/min of Ar gas.

b) The temperature raised from room temperature to 200℃ in 10 minutes.
No reaction was observed.

c) The temperature raised from 200℃ to 700℃ in 50 minutes. No reaction
was observed.

d) The temperature was held constant at 700℃ for 45 minutes. No reaction
was observed.

Figure B.6. Hydridings 1 and 2 plot in the experiment UA101025
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e) The temperature dropped from 700℃ to room temperature. A gas
consumption started at around 300℃.

f) The the gas flow was stopped below 100℃.

g) The sample was visually inspected through the quartz of the tube.
It looked like gray-brown powder mixed with flake-shaped pieces and
probably an unreacted core underneath.

2. Hydriding 2: (figure B.6)

a) A constant mixed H2/Ar gas flow rate was established through the
furnace. 1.500 L/min of H2 and 1.500 L/min of Ar gas.

b) The temperature raised from room temperature to 200℃ in 10 minutes.
No reaction was observed.

c) The temperature raised from 200℃ to 700℃ in 50 minutes. A gas
consumption started at around 300℃, then, at 420℃ a gas production
peak started (presumably of hydrogen).

d) The temperature was held constant at 700℃ for 120 minutes. No reaction
was observed.

e) The temperature dropped from 700℃ to room temperature. A gas
consumption started at around 300℃.

f) The the gas flow was stopped below 100℃.

g) The sample was visually inspected through the quartz of the tube. It
looked like a dark black-brown powder. All of the sample seemed to
have turned into hydride powder.

3. Nitriding: (figure B.7)

a) A constant N2 flow rate of 1.500 L/min was established through the
furnace.

b) The temperature raised from room temperature to 650℃ in 60 minutes.
The flow difference signal was oscillating above and underneath the offset
level all the time. A gas production peak (presumably hydrogen from
the sample) was observed at about 280℃ when an exothermic reaction
heated the thermocouple from 280℃ to 420℃. Right after the production
peak a consumption peak of nitrogen was noticeable.

c) The temperature stayed constant at 650℃ for 120 minutes with N2 flow.
No reaction was observed apart from the regular oscillating signal.

d) The temperature dropped from 650℃ to room temperature. No reaction
was observed.
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Figure B.7. Nitriding plot in the experiment UA101025

Description of the product

The result weighted 6.199 g and was an almost black powder, rather fine, with some
metallic-looking flakes in it. It seemed that the reaction had been complete. The
weight increase was of 1.087 g (about 8.72%), a little bit more than the calculated,
so the powder would probably contain a certain amount of sesqui-nitride.

Analysis results

No analysis was made to the powder.
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B.3 UA101207

Sample origin and description

The alloy samples used for the synthesis were both AUZr101123 and AUZr101124.
Sample AUZr101123 had an approximated composition of 23.3 wt% or 44.2 at% Zr.
Sample AUZr101124 had an approximated composition of 26.9 wt% or 49.0at % Zr
and also a certain amount of silicon as an impurity from the melting process.

Sample weight and calculated weight increase

Both alloys added up to 11.942 g before the experiment. The calculated weight
increase was of 8.14%, so, after nitriding, the sample should weight around 12.914 g.

Procedure

1. Hydriding 1: (figure B.8)

a) A constant mixed H2/Ar gas flow rate was established through the
furnace. 0.700 L/min of H2 and 0.215 L/min of Ar gas.

b) The temperature raised from room temperature to 340℃ in 34 minutes.
No reaction was observed.

c) The temperature was held constant at 340℃ for 60 minutes. No reaction
was observed.

Figure B.8. Hydridings 1 to 3 plot in the experiment UA101207



B.3. UA101207 83

d) The temperature raised from 340℃ to 650℃ in 60 minutes. No reaction
was observed.

e) The temperature was held constant at 650℃ for 60 minutes. No reaction
was observed.

f) The temperature dropped from 650℃ to room temperature in 0.215 L/min
of Ar gas. No reaction was observed.

g) The sample was visually inspected through the quartz of the tube. It
seemed unreacted.

2. Hydriding 2: (figure B.8)

a) A constant mixed H2/Ar gas flow rate was established through the
furnace. 0.700 L/min of H2 and 0.215 L/min of Ar gas.

b) The temperature raised from room temperature to 950℃ in 90 minutes.
A gas consumption was observed at around 200℃. Right after, at around
430℃ a gas production peak was observed (presumably hydrogen from
the sample).

c) The temperature was held constant at 950℃ for 60 minutes. No reaction
was observed.

d) The temperature dropped from 950℃ to 250℃ in 45 minutes. A gas
consumption peak was observed at around 350℃.

e) The temperature was held constant at 250℃ for 60 minutes. No reaction
was observed.

f) The temperature dropped from 250℃ to room temperature in 0.215 L/min
of Ar gas. No reaction was observed.

g) The sample was visually inspected through the quartz of the tube. It
seemed partially powderized, although it was hard to tell if there was an
unreacted core underneath.

3. Hydriding 3: (figure B.8)

a) A constant Ar gas flow rate of 0.215 L/min was established through the
furnace.

b) The temperature raised from room temperature to 950℃ in 90 minutes.
A gas production peak started at around 350℃, it was considerably
higher than the previous production peak.

c) The temperature was held constant at 950℃ for 30 minutes. No reaction
was observed.

d) The gas flow was switched to a mix of 0.700 L/min of H2 and 0.215 L/min
of Ar gas.
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Figure B.9. Nitriding plot in the experiment UA101207

e) The temperature dropped from 950℃ to room temperature in 180
minutes. A gas consumption peak was observed at around 350℃, it
was considerably higher than the previous consumption peak.

f) The sample was visually inspected through the quartz of the tube. It
seemed fully powderized.

4. Nitriding: (figure B.9)

a) A constant N2 gas flow rate of 1 L/min was established through the
furnace.

b) The temperature raised from room temperature to 700℃ in 130 minutes.
A very high gas production peak (presumably hydrogen from the sample)
was observed at about 280℃ when an exothermic reaction heated the
thermocouple from 280℃ to 500℃. Right after the production peak a
consumption peak of nitrogen was noticeable.

c) The temperature was held constant at 750℃ for 10 minutes. No reaction
was observed.

d) The temperature raised from 750℃ to 1150℃ in 45 minutes.

e) The temperature was held constant at 1150℃ for 10 minutes in order to
denitride the sesqui-nitrides. No reaction was observed.

f) The temperature dropped from 90℃ to room temperature in 120 minutes.
No reaction was observed.
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Figure B.10. Mixed powder produced by the synthesis experiment UA101207

Description of the product

The product weighted 12.968 g and it looked like dark earth-like dust, somewhat
coarse (figure B.10). The weight increase was of 1.026 g (about 8.6%), a little
bit more than the calculated weight change. Thus, the denitriding was not fully
succesful and the stoichiometry of the (U,Zr)N was not achieved properly.

Analysis results

Some of the powder was used for XRD analysis (figure B.12). Some oxidation of
the powder was unavoidable during the analysis.

Certain amount of the powder was stuck to a copper conducting tape and some
micrographs were taken with SEM in order to have an idea of the particle size of
the powder. The results can be seen in figure B.11.

Figure B.11. SEM micrographs of the powder produced by the experiment
UA101207
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Figure B.12. XRD pattern of the powder produced by the experiment UA101207
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B.4 UA110224

Sample origin and description

The alloy sample used for the synthesis was AUZr101207. It had an approximated
composition of 10.9 wt% Zr or 28.9 at% Zr. This sample had been annealed at high
temperature for some hours in order to analyze the effect of the annealing in the
crystal structure of the alloy.

Sample weight and calculated weight increase

The sample weighted 9.940 g before the experiment. The calculated weight increase
was of 6.91%, so, after nitriding, the sample should weight around 10.627 g.

Procedure

To fully hydride the sample, it was subjected to seven complete cycles of hydriding–
dehydriding and, finally, to one last hydriding, as it is shown in the figures B.13
and B.14. Each one of the cycles consisted in:

• Hydridings:

1. A constant mixed H2/Ar gas flow rate was established through the
furnace. 0.700 L/min of H2 and 0.215 L/min of Ar gas.

Figure B.13. Hydridings 1 to 4 plot in the experiment UA110224
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Figure B.14. Hydridings 5 to 8 plot in the experiment UA110224

2. For the first hydriding, the temperature raised from room temperature
to high temperature (500-600℃) in 40 minutes and then dropped to low
temperature (100-200℃).

3. For the rest of the cycles, the temperature dropped from high tempera-
ture (500-600℃) to a low temperature in around 50 minutes (100-200℃).

• Dehydridings:

1. A constant flow of 0.215L/min of Ar gas was set when the furnace was
at low temperature.

2. The temperature raised from the low temperature (100-200℃) to a high
temperature (500-600℃) in around 50 minutes.

During the consecutive hydriding-dehydriding cycles, an evolution on the flow
difference measurements was observed. For the first cycle no reactions were noticed,
but from the second to the last one, the gas consumption and gas production peaks
were growing noticeably.

After the last hydriding, the sample was subjected to nitriding and denitriding
(figure B.15).

• Nitriding:

1. A N2 flow of 1.000 L/min was set through the furnace.
2. The temperature raised from room temperature to 400℃ in 40 minutes.

A very high peak of gas production (hydrogen from the sample) was
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Figure B.15. Nitriding and denitriding plot in the experiment UA110224

observed at around 180℃ when an exothermic reaction heated the
thermocouple from 180℃ to 400℃. Right after the production peak a
consumption peak of nitrogen was noticeable.

3. The temperature dropped from 400℃ to room temperature in 40 more
minutes. No more reaction was observed.

• Denitriding:

1. An Ar gas flow of 0.360 L/min was set through the furnace.

2. The temperature raised from room temperature to 1200℃ in 60 minutes.
A very low peak of gas production was seen at the highest temperature.

3. The temperature was held at 1200℃ for almost 5 hours. No reaction was
observed.

Description of the product

The produced powder (figure B.16(a)) weighted 10.522 g and was mainly a very fine
dark powder with several bigger pale gray particles or lumps that were extremely
brittle (figure B.16(b)). It was possible to crush them very easily just applying
some pressure on them. The weight increase was of 0.582 g (5.86%), which was
a bit lower than the calculated weight change. This might mean either that the
sample had not fully reacted or that some of the material was lost when transfering
from the quartz tube to a sample tube.
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(a) Whole product (b) Gray brittle lumps

Figure B.16. Produced powder by the experiment UA110224

Analysis results

This powder was not analyzed in XRD because of the bigger particles.

Additional notes and comments

The bigger gray particles should be crushed in a mortar as much as possible in order
to get a fine powder and be able to analyze it in XRD. These unexpected particles
might had appeared due to the annealing that the sample was subjected to before
synthesis.



B.5. UA110301 91

B.5 UA110301
Sample origin and description

The alloy sample used for the synthesis was AUZr101208. It had an approximated
composition of 5.1 wt% Zr or 12.4 at% Zr.

Sample weight and calculated weight increase

The sample weighted 9.940 g before the experiment. The calculated weight increase
was of 6.37%, so, after nitriding, the sample should weight around 10.704 g.

Procedure

The hydriding procedure was very similar to the one used in the experiment
UA110224, but nine hydriding-dehydriding cycles were performed instead of seven,
as shown in figures B.17 and B.18. The sample behaved in the same manner as in
the previous experiment. Gas consumption peaks measured by the flow difference
signal when hydriding and production peaks when dehydriding followed a similar
growing evolution than then.

However, for the nitriding, some variations were introduced. As it is shown in
figure B.19, the procedure was:

1. A constant N2 flow of 1.000 L/min was set through the furnace.

2. The temperature raised from room temperature to 250℃ in 20 minutes.

Figure B.17. Hydridings 1 to 4 plot in the experiment UA110301
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Figure B.18. Hydridings 5 to 9 plot in the experiment UA110301

3. The temperature was held at 250℃ for 40 minutes.

4. The temperature dropped from 250℃ to room temperature.

5. These last three steps were repeated three times. The nitriding reaction
happened at around 80℃ during the second time. A large gas production (pre-
sumably hydrogen from the sample) peak was observed at that temperature,
when an exothermic reaction heated the thermocouple from 80℃ to around
100℃. Right after that, nitrogen consumption peak started. No explanation
was found for this unexpected behavior.

6. After the third time, a forth nitriding step started. The temperature raised
from room temperature to 650℃. No more reactions were observed.

7. The temperature dropped from 650℃ to room temperature.

After the nitriding, the same denitriding procedure as in the experiment
UA110224 was reproduced, but the thermocouple broke at high temperature and
the temperature readings that was giving were wrong.

Description of the product

The product weighted 10.126 g and it looked like very fine black powder (fig-
ure B.20). The weight increase was not measurable because some of the powder was
lost while transferring it from the quartz tube to the glove-box in a beaker covered
by gloves to avoid the oxidation of it. However, the powder was, visually, the best
one obtained up to date.
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Figure B.19. Nitridings 1-4 and denitriding plots in the experiment UA110224

Figure B.20. Powder produced by the experiment UA110224

Analysis results

Some of the powder produced was used very carefully for XRD analysis to avoid
oxidation of it. The XRD pattern measured is shown in figure B.21.
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Figure B.21. XRD pattern of the powder produced by the experiment UA110301
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