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Abstract

With respect to nitrides being considered as potential fast reactor fuels,
research is conducted on the out-of-pile thermophysical properties, sinter-
ing and fabrication processes, gas migration mechanisms, self-di�usion and
point defect behaviour of actinide nitrides, their surrogate materials, and the
inert matrix material ZrN . The experimental research, carried out in the
framework of qualifying fuel for the European Lead Cooled Training Reac-
tor (ELECTRA), shows that sintered ZrN and (Dy,Zr)N pellet densities are
influenced by the oxygen concentration in the material. The e�ect is con-
firmed in sintered (Pu,Zr)N pellets. Oxygen concentration also plays a role
in the thermophysical properties of inert matrix nitride fuels, but does not
have an impact on the electrical properties of these materials. With the fuel
fabrication methods applied here, clean nitride powders can be synthesized.
However, the subsequent fabrication phases, including milling and solid solu-
tion formation, increases the impurity levels significantly.

Research of equal importance is performed on materials free of fabrication-
induced impurities, whose properties are studied by employing first-principles
methods. ZrN, UN and (U,Zr)N are studied, whereas the results from ZrN
are expected to be applicable for actinide nitrides as a first approximation.
The migration of noble gases in ZrN, on the atomic scale, confirms the exper-
imentally observed tendency for noble gases with higher atomic number to be
retained in the fuel matrix, while the majority of He is released to the fuel pin.
Materials modelling implies that self-di�usion of nitrogen and metal atoms
in inert matrix nitride fuels is accelerated under irradiation, since noble gas
retention reduces migration barriers which govern self-di�usion. Unlike Kr
and Xe, He has the capacity to be released into the fuel matrix, after having
been trapped in a vacancy. The results are expected to aid in providing an
explanation to the macroscopic di�usion phenomena in nitride fuels, as the
di�usion behaviour of noble gases is sparsely studied. In addition, a study
on the miscibility of ZrN and UN in a narrow composition range suggests
solubility, based on the negative mixing energies.

The results obtained from research on inert matrix nitride fuel underline
several beneficial properties which are desirable in a fast reactor fuel. The
relevance of these results is analyzed and contextualized in the thesis, from
the perspective of current research and development in the field.
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Sammanfattning

Genom att tillämpa nitridföreningar som bränsle i snabba reaktorer kan
man förbättra både säkerhetsmarginaler och bränslets beteende under drift. I
denna avhandling studeras aspekter av ett nitridbränsle som avses att använ-
das i ELECTRA (European Lead Cooled Training Reactor), en försöksreaktor
utvecklad av KTH.

Det tänkta ELECTRA- bränslet: (Pu0.4, Zr0.6)N, dess zirkoniumnitrid-
komponent samt surrogatsammansättningen (Dy0.4, Zr0.6)N har undersökts
med experimentella metoder. Arbetet fokuserar på hur syreföroreningar upp-
står under tillverkningsprocessen, samt hur dessa påverkar den maximala tät-
heten som kan åstadkommas efter sintring av kutsar. Dessutom analyseras
inverkan av dessa föroreningar på bränslets termofysikaliska egenskaper.

Forskningen visar att syre har en viss positiv e�ekt på sintringsbarhe-
ten för nitridföreningarna, som ytterligare förbättras vid högre temperaturer.
Inverkan på nitridernas termofysikaliska egenskaper är försumbar.

Elektronstrukturberäkningar har använts för att studera ZrN samt (U,Zr)N.
Särskilt har ädelgasers beteende i ZrN, samt deras inverkan på själv-di�usion,
undersökts. Dessutom har blandbarheten mellan UN och ZrN uppskattats.

Beräkningarna visar att xenon och krypton binder till vakanser i kvä-
vegittret i ZrN, samt att barriärerna för att lämna dessa positioner genom
di�usion är höga. Självdi�usionsrater för kväve förhöjs i närvaro av ädelga-
ser, men är ändåtillräckligt låga för att dessa gaser inte skall lämna materialet.
Helium visas vara betydligt mer lättrörligt, i överensstämmelse med de höga
utsläpp av helium som observerats i experiment.
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Introduction

Nuclear energy has been employed for power generation since 1951, when the Ex-
perimental Breeder Reactor I (EBR-I) first generated a su�cient amount of energy
to power the building where it was operated. Over its brief lifetime, this metal-
fuel driven, fast-neutron reactor successfully confirmed the breeding concept and
generated electricity from plutonium, before its decommissioning in 1964. Over
the years, the economic and political priorities, and thereby the generally preferred
fuel and reactor concepts, have changed. Today, the nuclear fleet consists mainly
of oxide-fuel driven, light water reactors, whereas fast neutron reactors have so far
primarily remained as research facilities. However, in light of rapidly increasing
energy consumption, the growing spent nuclear fuel stock, and the global pressure
to reduce the lifetime of radioactive waste, the interest in commercial fast reactor
technology has been renewed.

Today, the vast majority of the fabricated, utilized and researched nuclear fuels
are oxides. While their fabrication routes have been well established and optimized
on an industrial scale, oxide fuels are not necessarily a perfect fuel for fast reactor
operation. The high light atom to metal ratio in oxides results in a softer neu-
tron spectrum which, in combination with their poor thermophysical properties, is
not desirable in a fast reactor fuel. Since alternative fuel types possess desirable
characteristics, particularly with respect to oxides, they have been continuously
researched, in the background. The potential application in powering space ex-
ploration vehicles, or as a nuclear submarine fuel, has driven nitride fuel research
in the USA and the Russian Federation for the past 60 years. It could be argued
that nitride fuels, while not mature enough to be employed in a commercial power
reactor, have been developed su�ciently to consider their application in the near
future.

The technical readiness of nitride fuels su�ers in the main from the lack of
research, as the costs for the latter have been di�cult to motivate, in light of
readily available cheaper oxide fuels. Even today, the acquired knowledge on nitride
fuel fabrication and operation is derived from a small number of isolated research
projects. This lack of consistency has led to a situation where some fundamental,
out-of-pile properties of nitride fuels are either little-studied, or are not understood
as a consequence of the highly scattered data. Needless to say, the obtained data on
in-pile properties are orders of magnitude lower. In addition, the limited attempts
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to design a well-functioning nitride fuel pin have led to the impression that utilizing
nitride fuel is an unsolvable engineering riddle due the remarkable swelling rate and
hardness of this fuel type.

Despite this, a number of good monographs on nitride fuels have been compiled
to date, each building on the experience of the previous. It is not the aim of this
thesis to recite all research conducted on nitride fuels, but rather, the goal is to
contribute to increasing the knowledge base required for licensing nitride fuels for
use in research and demonstration reactors. In particular, the origin and the im-
pact of impurity concentrations on nitride fuel fabrication and its thermophysical
properties are studied with experimental research. Additionally, the migration be-
haviour of noble gases in nitride fuel, as well as the impact of their incorporation
on self-di�usion, is analyzed with first-principles methods. Sinterability of these
fuels, studied with experimental methods, has an impact on the fuel temperature
which, in turn, influences gas migration,analyzed with theoretical tools. The even-
tual swelling and gas release phenomena, largely defined by gas migration, need to
be clearly understood to license these fuels. Therefore, the research presented in
this thesis contributes to the eventual design of a low swelling nitride fuel. The
emphasis is put on actinide mononitrides and zirconium nitride as an inert matrix
material.

In order to place this research into context, the relevant experience with and
properties of nitride fuels, established so far, are covered in Chapter 1. Therein,
the gaps and uncertainties in the knowledge base are emphasized, as they have
served as the motivation for this research. As the work has been carried out with
experimental and theoretical methods, they are accordingly divided. Chapter 2
describes the methods and tools used for the experimental research for papers III
and IV. The obtained results are thereafter given in Chapter 3. Similarly, the
tools used for theoretical research in papers I and II, and the results obtained, are
elaborated upon in Chapters 4 and 5. The implications that can be drawn from
this research are provided in Chapter 6, followed by general conclusions in Chapter
7.
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Chapter 1

Fuels for Fast Reactors

A good fast reactor fuel must satisfy a broad range of criteria, from the price of
fabrication to reprocessability. Of the currently considered fuel types, none is a
perfect candidate for a fast reactor. However, the out-of-pile properties and irra-
diation behaviour emphasize the characteristic advantages and drawbacks of each.
A desirable fuel for a fast reactor is defined by a combination of good fabricability,
low cost of the fuel and fabrication, good high temperature chemical and mechan-
ical stability, su�cient structural integrity, mechanical and chemical compatiblity
with the coolant and the cladding, negligible e�ect on the neutron economy and
reprocessability. The following is a comparison of fast reactor fuel candidates from
the nitride fuel perspective.

1.1 Nitride Fuel

The term nitride fuel refers most commonly to uranium mononitride, or a solution
of actinide nitrides, such as (U,Pu)N. The first has been primarily studied due to the
potential use of nitrides for space propulsion [Windes et al. 2007], whereas the latter
is more suitable as a fast breeder reactor fuel. In addition, the so-called uranium-
free nitride fuels, typically a solid solution between transuranium actinide (TRU)
nitrides and zirconium nitride, have been studied for their potential application in
Accelerator Driven Systems (ADS).

Nitrides are an attractive fuel option due to the high fissile nuclide density, an
e�ect of the low non-metal to metal atom ratio, and the compact rock-salt crystal
structure. Despite being refractory ceramic materials, nitrides have certain similar-
ities to metals. In particular, they are characterized by high thermal and electrical
conductivities. Therefore, linear ratings of up to 100 kW/m can be sustained by
nitride fuels. On the other hand, if moderate linear heat rating is opted for, a
safer, more reliable reactor core can be designed. The relatively hard neutron spec-
trum increases the fissioning probability of TRU in nitride fuels, whereas the higher
neutron yield per fission can be utilized for better breeding performance.
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The actinide nitrides are mutually soluble in a wide composition range [Benedict
1977; NEA 2005]. An additional advantage is their compatibility with liquid sodium
and lead [Bailly et al. 1999; Grishchenko et al. 2012], as well as with the cladding
material [Wallenius 2009; Hania 2011], provided that the impurity content is kept
su�ciently low. However, the fabrication of nitride fuels remains a challenge, as
TRU nitrides tend to dissociate at the required sintering temperatures [Ogawa et al.
1995]. Unlike oxide fuel, nitride fuel densities of over 90% over a short sintering
period cannot be obtained with conventional sintering methods, a likely e�ect of
low di�usion rate of metal atoms in these materials. The fabrication of nitrides
is hindered by the need to handle these materials in an inert atmosphere, as they
readily react with air and moisture. The pyrophoric nature of fine actinide nitride
powders is a further safety concern.

The high neutron capture cross section of 14N would deteriorate the neutron
economy, as well as produce the radioactive 14C isotope through neutron absorp-
tion by 14N, and a subsequent proton emission. Therefore, nitrogen gas used for
fuel fabrication must be enriched in 15N. This adds significantly to the cost, as
the natural abundance of 15N is a mere 0.4 % . It has been evaluated that the
enrichment would increase the fabrication price, in case of ADS nitride fuels, by
about 6 to 9 percent [CEA 2001].

Under irradiation, nitride fuels tend to swell significantly [Matthews 1993; Ross
et al. 1990], leading to pellet-clad mechanical interaction (PCMI), which has given
cause to the majority of the fuel pin failures in the past [Zabudko 2006]. It has
been suggested that, if in solution with ZrN, the performance of nitride fuels could
be improved, as the solution is more stable at high temperature which leads to
reduced dissociation [Thetford and Mignanelli 2003; Potter and Scott 1977]. It is
possible that nitride fuel, in solution with ZrN, exhibits reduced gas release and fuel
swelling under irradiation [Wallenius 2009; Zabudko 2006]. Namely, if the fraction
of ZrN in the inert matrix fuel exceeds 40 mol%, the material has a notably higher
thermal conductivity [Takano 2013]. The resulting lower thermal gradient over the
fuel radius is required, according to [Blank 1988], to minimize fission gas release
and swelling.

Depending on the fuel pin design, existing industrial methods could be applied
for the reprocessing. Aqueous reprocessing methods have been tested on unirradi-
ated mononitrides, which completely, and at a higher rate than oxides, dissolve in
nitric acid [Rogozkin et al. 2003a]. This method could only be applied to He-bonded
fuel pins, whereas the use of Na bonding would dictate the need for pyroprocess-
ing. The dissolution rate is slowed down by a high amount of oxygen and carbon
impurities [Burghartz et al. 2001; Rogozkin et al. 2003a].

1.2 Oxide Fuel

The extensive experience accumulated from the utilization of oxide fuels illustrates
the high-temperature stability of this refractory ceramic material, when compared
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to nitrides. Furthermore, neither swelling nor shape distortions are of a particular
concern for oxide fuel under irradiation [Bailly et al. 1999; Matzke and Blank 1989].
The fuel is reprocessable with aqueous methods, which have been developed and
optimized on an industrial scale. The fuels are relatively easy to fabricate and
handle, as they are stable in air. The fabrication of fast reactor fuel is considerably
more complex due to the handling of TRU. Nevertheless, a long experience from
MOX fuel fabrication exists.

The primary concern regarding oxide fuels is their poor thermophysical perfor-
mance, which translates into high centerline temperatures and extensive thermal
gradients, amounting to several hundreds of degrees [Ewart et al. 1984]. The re-
sulting material redistribution, where TRU tend to relocate towards the center of
the fuel pin, whereas uranium migrates towards the rim, is a cause for concern.
Such segregation in combination with the lower melting temperatures of TRU ox-
ides might cause a partial fuel melt [Bober et al. 1973; Maeda et al. 2009]. The
poor thermophysical behaviour of oxides limits their linear peak power to 65 kW/m,
whereas 40 kW/m should not be exceeded at normal operation [Matzke 1986]. In
that respect, fuel pins with smaller diameters would increase the safety margins .
However, the cost of fabrication dictates the minimal reasonable diameter of the
fuel pins.

The higher light atom content in oxides moderates the neutron flux, increasing
the generation of TRU by neutron capture in acitnides, which is a fast-reactor
specific disadvantage. The moderated flux also degenerates the breeding capacity,
as the doubling time increases due to the reduced neutron per fission yield. In the
fast neutron flux, steel cladding corrosion due to oxygen pickup has been reported,
but is considered manageable if the oxygen potential is kept su�ciently low [Bailly
et al. 1999].

1.3 Carbide Fuel

Monocarbide fuels, akin to nitrides, benefit from excellent thermophysical proper-
ties and high fissile-nuclide density. The disadvantages of carbides are similar to,
but more pronounced than, those of nitrides. Even more prone to spontaneous
rapid exothermic reaction with air, if in the form of powders, the fabrication of car-
bides is problematic. An ultra high purity cover gas (<20 ppm O2 and H2O) would
be needed for the fabrication [IAEA 2003], driving up the costs. The fabrication
is also complicated, since carbide phases, apart from the monocarbide of interest,
exist [Matzke 1986; Crawford et al. 2007]. The incorporation of AmC into the fuel
matrix is currently highly improbable, as its poor high temperature stability leads
to Am losses of over 70% during sintering [Vaudez 2008].

Concerning the irradiation behaviour, the fragmentation of fuel pellets is less
problematic, as carbides are a moderately softer material than nitrides. On the
other hand, their swelling under irradiation is more expansive and importunate,
since it contributes to the carburization of cladding [Sengupta et al. 2012]. The vast
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majority of carbide fuel pin failures has been caused by PCMI after the carburized
cladding has lost its initial ductility and is unable to withstand the mechanical
pressure. Compared to nitrides, carbide fuels also release a higher fraction of fission
gases and volatiles to the fuel pin, temporarily reducing the thermal conductivity
of the gap. Finally, a considerable drawback of carbide fuels, based on the goals
set by Generation-IV forum, is their incompatibitliy with the plutonium-uranium
extraction route (PUREX) used for industrial scale reprocessing [Bailly et al. 1999;
Matzke 1986; Sengupta et al. 2012].

1.4 Metal Fuel

Metal fuel has the highest fissile material density of all fuel types, keeping the
volume of spent nuclear fuel at a minimum. No moderation of the neutron flux
by light atoms results in the best breeding capacity. The clear advantage of this
fuel type is that regular metallurgical processes can be applied to fuel fabrication,
avoiding radioactive dust production or the need for pellets, as fuel slugs can be
manufactured instead [Crawford et al. 2007]

However, the high density of the metal fuel also implies rapid swelling under
irradiation, for which the smear density cannot exceed 75% [IAEA 2003]. The
actinide metals also have relatively low melting temperatures, and thus, the center-
line temperature must be kept low. To achieve good thermal conductivity over the
initially large gap, metal fuels are Na-bonded. The eventual drawback of sodium
bonding is, however, that the metal fuel must be reprocessed via pyroprocessing,
since sodium, absorbed by the fuel, would react violently with nitric acid. Metal
fuels cannot be used in lead-cooled reactors, as they are incompatible with the
coolant [Ogata 2012; Bailly et al. 1999].

1.5 History of Fast Reactors

The experience accumulated from fast reactor operation amounts to about 350
reactor-years from, predominantly, twelve experimental reactors (sized 10 to 400
MWth) and six commercial-size prototypes (sized 250 to 1200 MWth). Additional
knowledge, commonly not counted into the operational experience, can be drawn
from operated nuclear submarine reactors. The amount of reactors built and op-
erated is smaller than the reactor concepts developed and erected, as some were
never realized (CRBRP in USA), were merged with other projects (Super-Phenix 2
in France, SNR 2 in Germany), or are yet to be built (BN-1800 and BREST-1200 in
Russia, ALMR in USA). In certain cases (PEC in Italy and SNR-300 in Germany),
the fast reactor projects were cancelled after the construction had already begun
[IAEA 2006; 2012].

The list of operational fast reactors today is limited. The oldest fast reactor
currently in operation, BOR-60 in Russia, has contributed most to the acquired
expertise on UN and (Pu,U)N and fuels. It is, however, planned to be shut down by
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2014, after having received its second lifetime extension. Another lifetime extension,
until 2020, has been granted to the Russian BN-600, which is currently the largest
operating fast reactor. The Jōyō reactor in Japan, in operation since 1977, is
currently devoted to the development of sodium-cooled fast reactors (SFR). The
Japanese Monju, re-started in 2010, serves the same general purpose. The Fast
Breeder Test Reactor (FBTR) in India, in operation since 1985, is successfully
demonstrating the utilization of carbide fuels, and is expected to be in operation
at full power for a further 12 years. Additionally, the China Experimental Fast
Reactor (CEFR), operating on uranium dioxide fuel, reached criticality in 2011.
The construction of the 500 MWel Prototype Fast Breeder Reactor in India is
somewhat delayed, but is currently expected to become operational later in 2013.
The reaching of first criticality in the Russian BN-800 is scheduled for a year later,
in 2014 [IAEA 2006; 2012].

The majority of the reactors which have contributed to building knowledge on
fuel and structural material behaviour under fast neutron irradiation have been
shut down. Most recently, the French Phenix was shut down in 2009, after 35 years
in operation. The Russian BR-10, the only reactor to have a nitride driver fuel, was
shut down in 2002. The Experimental breeder reactor II (EBR-II), a continuation
of EBR-I, was shut down after a 40-year operation in 1998 [IAEA 2006; 2012]. The
stagnation in the research and development of fast reactor technology is currently
an acknowledged problem, since the built reactors and skilled personnel alike are
aging [IAEA 2008].

Of the metal-cooled reactors operated, most have relied on sodium (or sodium-
potassium) as a coolant, presumably because of its good thermal conductivity and
high boiling point. The only exceptions to this are the reactors providing propulsion
for submarines, and the terrestrial submarine nuclear system prototypes in the for-
mer Soviet Union, which were cooled with lead-bismuth eutectic [Poplavsky et al.
2009]. In addition, Clementine and BR-1 have used liquid mercury as a coolant
[IAEA 2006]. The gained experience from operating lead-cooled reactors for over 80
reactor-years is evident in the research interests in Russia today. Fast reactor con-
cepts utilizing lead or lead-bismuth in the primary cooling circuit (BREST-OD-300,
BREST-1200 and SVBR-75/100) are under development in Russia [Schedrovitsky
et al. 2009]. Lead-cooled reactor concepts are also being developed in Europe.
To name few, the 100MWth MYRRHA at SCK-CEN [Abderrahim et al. 2012]; a
scaled-down demonstrator for the ELFR (or ELSY), called ALFRED [Alemberti
et al. 2011]; and an education and training facility ELECTRA in Sweden [Wallenius
et al. 2012] are under development.

A major disadvantage of lead-bismuth-cooled reactors is the production of polo-
nium from bismuth via neutron capture. Lead as a coolant is problematic, as it
easily corrodes structural materials. On the other hand, sodium-cooled reactors
are a potential fire hazard, if exposed to oxygen or water, which has taken place on
numerous occasions during the operation of sodium reactors.
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1.6 Fast reactor fuel irradiation experience

In the early years of nuclear power generation, metal fuel was favoured for its high
density of fissile and fertile materials, as well as for its good breeding capacity.
The majority of the irradiation data on metal fuel has been obtained from the IFR
program [Chang 1989] and in total, over 130 000 pins have been irradiated in EBR-
II and FFTF alone [Crawford et al. 2007]. Several reactors, such as EBR-I, EBR-II
and DFR, have utilized metal fuel as a driver [IAEA 2006]. However, the achieved
burnup (BU) of early metal fuels was low, due to the rapid swelling of these fuels.
In combination with the emerging interest for oxide fuels, the focus was shifted
away from metal fuel development. At the time when an alternative was sought for
metal fuels, no valuable irradiation data on the nitrides and carbides existed, and
the methods for achieving dense fuel pellets was not known. Conversely, a significant
amount of data already existed on oxide fuel irradiation behaviour [Blank 1988].
Today, the majority of the data on fuel behaviour under fast neutron irradiation is
obtained from burning oxide fuels.

The experience of irradiating non-oxide ceramic fuels, compared to metal fuels,
is very limited. Currently, FBTR in India is utilizing mixed carbide as a driver
fuel. The only other reactor to have operated, for a time, on a carbide fuel core is
BR-10 [Sengupta et al. 2009]. The remaining experience is aquired from irradiating
helium and sodium-bonded carbide fuel pins, where burnups between 5 to 20 at%
have been reached [Sengupta et al. 2012]. The notable contributions come from the
irradiation of close to 750 pins in EBR-II and Fast Flux Test Facility (FFTF) reac-
tors [Crawford et al. 2007], and close to 100 pins in the KNK-II reactor [Kummerer
1984; Geitho� et al. 1992]

By comparison, the experience from nitride fuel irradiation is feeble. In addition,
the experiments carried out have mostly been limited to 20 at% Pu content [IAEA
2003]. The most significant contribution to nitride fuel irradiation comes from the
18 years of operating BR-10 in Russia, where two core loads with UN were operated.
Of the total of 1 250 He-bonded fuel pins, irradiated to a maximum burnup of 9
at% at a maximum linear power of 45 kW/m, more than 99 % reached the designed
BU without failure [Zabudko 2006; Zabudko et al. 2009].

The rest of the nitride fuel irradiation data comes from a short list of pro-
grammes, pursued in the USA, Russian Federation, France, Germany, United King-
dom and Japan.

• In the Liquid Metal Fast Breeder Reactor programme, over 140 (U,Pu)N fuel
pins have been irradiated in the FFTF and the EBR-II in the USA [Matthews
1993; Lyon et al. 1990]. He and Na-bonded fuel pins, with an average fuel
density of 80-90 %, were irradiated up to 8 at% BU. In these tests, a relatively
high fuel pin failure was seen, which was attributed to PCMI.

• For the development of the SP-100 space reactor, over 100 He-bonded UN
pins were irradiated in thermal reactors. The experience gained from this
experiment facilitated the fabrication of a further 90 UN pins, which were
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irradiated in the FFTF and EBR up to 6 at%. Out of the 90 pins, no failures
occurred, and the high density fuel pellets showed less structural damage and
redistribution of the material [Matthews 1993].

• Nitride fuel pins have been irradiated in the DFR reactor for the joint pro-
grammes of DN1 and DN2, by CEA and ITU. He-bonded, Na-bonded and
vibropacked fuel with pellet densities between 85 and 94 % were irradated
with the linear rating of 100 to 130 kW/m [Blank et al. 1989]. The research
on these materials, high in oxygen and carbon content, led to important im-
provements in nitride powder fabrication and pellet pressing methods. The
collaboration yielded an optimized fabrication procedure with <500 ppm of
oxygen and carbon in the nitrides.

• In collaboration between CEA, ITU and PSI, He-bonded (U, Pu)N fuel was
irradiated up to 12 at% in Phenix for the NIMPHE programme, with the
aim to compare the impact of three di�erent fabrication routes on the in-
pile behaviour [Bernard 1989; Fernandez et al. 2009; IAEA 2003; Pillon and
Pelletier 2000]

• Two (U,Pu)N fuel pins have been irradiated to 4.3 % burn-up in Jōyō in
Japan [Tanaka et al. 2004]

• In the NILOC experiment, 11 (U,Pu)N fuel pins with low oxygen and carbon
content (below 500 ppm) were irradiated to a burnup of 0.5 at% in HFR-
Petten, in order to study the behaviour of the materials in the beginning of
life [IAEA 2003; Fernandez et al. 2009].

• About 20 uranium nitride and mixed nitride fuel pins have been previously
irradiated in BOR-60 [Zabudko 2006]. Currently, 10 more UN and (U,Pu)N
test assemblies are under irradiation in BN-600 and BOR-60 [Zabudko 2012]

The irradiation experience from inert matrix nitride fuel is modest. A mere two
pins with (Pu,Zr)N pellets have been irradiated in the framework of the BORA-
BORA programme, where pellets with densities of 84 % reached a maximum burnup
of 19.2 at% at a maximum linear rating of 21 kW/m [Nikitin et al. 2009; Rogozkin
et al. 2011]. The inert matrix fuel showed significant di�erence to mixed nitride
performance, as the swelling was reduced to 0.1 % per 1 % BU, while the gas release
was kept under 1 % in total. Another contribution to the irradiation of ZrN-bearing
nitride fuels comes from the CONFIRM programme, where two (Pu0.3Zr0.7)N fuel
pins were irradiated at a linear rating of 49 kW/m to 10% BU in HFR-Petten.
Similar to the BORA-BORA experiment, fission gas was mostly retained in the
fuel pellets [Wallenius 2009]. A single (Pu0.1Zr0.9)N fuel pin has been irradiated at
JMTR [Arai et al. 2007]. Under the Advanced Fuel Cycle Initiative, inert matrix
nitride fuels [(Pu, Am, Np)0.42Zr0.58]N were fabricated and irradiated in the Ad-
vanced Test Reactor [Carmack 2006; Voit et al. 2005]. Two nitride fuel pins were
also irradiated in the FUTURIX-FTA experiment in Phenix [Donnet et al. 2005]
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1.7 Out-of-Pile Properties of Nitride Fuels

Due to the complexity and the cost of conducting irradiation experiments, the ma-
jority of nitride fuel research has been conducted out-of-pile. First and foremost,
the thermophysical properties, crystal structures and lattice parameters, thermal
expansion, hardness, melting and dissociation temperatures, thermal di�usion, dif-
fusivity of metals and nitrogen, miscibility and phase diagrams have been studied.
Excellent monographs exist on fast reactor fuels, and nitrides in particular, com-
piled by [Matzke 1986], [Blank 1994] and [Bailly et al. 1999]. Most recently, [Arai
2012] has summarized the known data on nitrides, based on the latest research
conducted. For the purpose of emphasizing the need for the research carried out
here, the relevant aspects of nitride fuel properties are discussed.

Nitride Fuel Microstructure
The majority of actinide nitrides only adopt the mononitride phase with rock-
salt crystal structure, with uranium being the exception. Other than UN, bcc-
structured (– ≠ U2N3) and hexagonal (— ≠ U2N3) exist. However, the sesquini-
tride phases are relatively unstable and easily converted to UN at moderate tem-
peratures. In that respect, nitrides di�er significantly from carbides, where highly
stable sesquicarbide phases exist at high temperatures [Arai 2012; Sengupta et al.
2012].

As an additional benefit, the lattice parameters of actinide nitrides are close in
value, with higher actinide nitrides corresponding to larger lattice parameters. The
lattice parameters of actinide nitrides and ZrN, as a function of temperature, have
been well established [Hayes et al. 1990a; Takano et al. 2008; 2007] and are provided
in Figure 1.1. Additionally, the lattice parameter of CmN, a = 0.5027 nm, has been
determined at room temperature [Minato et al. 2003]. The fabricated mononitrides
are often hypostoichiometric, with nitrogen deficiency reaching as high as 33 %
in ZrN [Massalski et al. 1990] without significant impact on the lattice parameter
[Christensen and Fregerslev 1977; Ashley et al. 2007]. In addition, a certain amount
of impurities always remain in the materials, modifying the lattice parameters.

Derived from the solubility of lanthanide and TRU nitrides into UN, a crite-
rion for their mutual miscibility, based on the relative lattice parameter di�erence
(RLPD), has been suggested. Relative to the lattice parameter of the solvent, the
lattice parameter of the solute can di�er, at most, by ≠10.2% Æ RLPD Æ +8.5%,
if solid solution is to be achieved [Benedict 1977]. Previously, good mutual solubil-
ity among actinide mononitrides has been shown [Minato et al. 2003; 2009]. The
solubility of actinide nitrides into ZrN, driven by the potential use as an ADS fuel
[Tsujimoto et al. 2004; Wallenius 2003], has been also investigated. It is known that
PuN and ZrN are completely soluble [Benedict 1977; Arai and Nakajima 2000]. The
upper limit of the solubitliy criterion was recently confirmed, by dissolving TRU
nitrides into ZrN matrix in the Zr/TRU range of 70/30 to 50/50 mol%. As indi-
cated in Figure 1.1, a substantial amount of minor actinides can be dissolved into
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Figure 1.1: Left: Lattice parameters of UN [Hayes et al. 1990a], NpN, PuN, AmN and ZrN
[Takano et al. 2008; 2007]. Right: The relative lattice parameter limit for a single-phase solid
solution formation with ZrN [Takano 2013].

ZrN matrix while remaining in the single phase region. In a fast reactor fuel, the
minor actinide (MA) to Pu concentration is much lower, thus maintaining a single
phase ought not be problematic.

Reactivity with air and moisture
Despite statements that UN reacts with water at room temperature [Sunder and
Miller 1998], other results lead to believe that the reaction onset is at 520K [Sug-
ihara and Imoto 1969; Sears 1970]. As a result of the reaction, UO2 is formed
and ammonia is released [Sunder and Miller 1998]. The reactivity with water and
oxygen intensifies with increasing atomic number, as higher actinides like AmN and
CmN rather resemble the lanthanide series in their reaction rates. A rapid reaction
between AmN and moisture in ambient air or in N2 gas flow has also been reported
[Takano et al. 2005].

On the other hand, ZrN has been reported not to react with boiling water
[Lyutaya and Kulik 1970]. It has been hypothesized [Takano et al. 2008] that the
chemical stability of ZrN might mitigate the hydrolytic feature of nitride fuels, if
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in solid solution, as has been observed from the experiments conducted on the
hydrolysis of (Am,Zr)N [Takano et al. 2003]. This further supports the choice of
ZrN as an inert matrix material.

High temperature stability

High temperature stability is a key concern during fuel fabrication, as well as dur-
ing operation. While nitrides have a very high melting temperature, the more
immediate concern is their dissociation. As indicated in Figure 1.2, the nitrogen
partial pressure in the system dictates the dissociation and melting temperatures
of nitrides, whereas actinide nitrides with the largest atomic numbers dissociate at
the lowest temperatures. In addition, elevated oxygen concentration has an adverse
e�ect on the dissociation behaviour of nitrides, lowering the temperature at which
the dissociation takes place, ceteris paribus [Olson and Mulford 1965; Eron’yan
et al. 1976]. As highlighted in Table 1.1, the congruent melting temperature of
actinide nitrides is reached under N2 overpressure, whereas determining the melt-
ing temperature of PuN has not been possible at 25 atm N2 overpressure [Olson
and Mulford 1964]. The correlations in Figure 1.2 also indicate that, in the event
of temperature cycling, a preferential dissociation of higher actinide nitrides would
occur.

It is likely that the fissile material in nitrides will be lost as a consequence of
evaporation of the actinides, rather than as dissociation. It is argued that the
dissociation of actinide nitrides is controlled by the N2 partial pressure, whereas
the partial pressure of actinides determines the evaporation of the material [Uno
et al. 2012]. In the case of the latter, it is likely that nitrogen remains in the fuel,
as it is often hypostoichiometric. The equilibrium partial pressures of actinides
are considerably higher and, unlike that of N2, cannot be deliberately created. In
general, the vapor species observed over actinide nitrides are mono-atomic metal gas
and N2 [Hayes et al. 1990b; Suzuki et al. 1992; Takano et al. 2008]. Similarly to the
dissociation behaviour, the higher actinides have higher equilibrium metal partial
pressures [Ogawa et al. 1995], where that of Am is several orders of magnitude
higher than that of U at the same temperature.

Due to the complexity of fabricating and characterizing AmN and CmN, very
little is known about the high temperature behaviour of these materials, although
the general behaviour can be speculated. There are no experimental data on the
melting temperature of minor actinide nitrides, aside from that of NpN. The dis-
sociation temperature of AmN in Table 1.1 is a prediction based on the thermal
expansion of the material.

Thermophysical properties

The advantage of burning nitride fuels, in comparison with oxides, is their high
thermal conductivity. It is therefore remarkable that the experimental work has
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Figure 1.2: Left: Decomposition pressures of UN [Olson and Mulford 1963], NpN [Olson and
Mulford 1966], PuN [Olson and Mulford 1964] and ZrN [Eron’yan et al. 1976] as a function of
reciprocal temperature above 2500 K. Right: Equilibrium metal partial pressures over UN [Suzuki
et al. 1992], NpN [Nakajima et al. 1997], PuN [Suzuki et al. 1992] and AmN [Takano et al. 2003].

Table 1.1: Melting temperatures of actinide nitrides and ZrN at listed N2 pressures, T m, and
dissociation temperatures of these materials at pN

2

= 1 atm, T d. IC for incongruent melt

T m [K] T d [K]

UN 3120 (2 atm) [Benz and Hutchinson
1970; Olson and Mulford
1963]

3050 [Bugl and Bauer 1964; Ol-
son and Mulford 1963]

NpN 3100 (10 atm) [Olson and Mulford 1966] 2960 [Olson and Mulford 1966]

PuN IC at (25 atm) [Olson and Mulford 1964] 2860 [Oetting 1967]

AmN NA 2700 [Takano et al. 2008]

ZrN 3520 (1 atm)
3970 (60 atm)

[Eron’yan et al. 1976] 3520 [Eron’yan et al. 1976]

13



500 1000 1500
T [K]

c p [
J 

m
ol

 -1
 K

 -1
]

T [K]
2000 2500

50

60

70

80

90

100

110

120

130

 

 

UN
NpN
PuN
AmN

UN
NpN
PuN
AmN

ZrN ZrN

300 500 700 900 1100 1300
45

50

55

60

65

70

 

 

Figure 1.3: Left: Heat capacities of UN [Hayes et al. 1990b], NpN [Nishi et al. 2008], PuN
[Oetting 1978], AmN [Nishi et al. 2008] and ZrN [Barin 2008] as a function of temperature.
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either yielded scattered data, as in the case of ZrN, or has been reported sparingly,
as in the case of TRU actinides.

The correlation to describe the heat capacity of UN, the most stable of the
actinide nitrides, has been derived for temperatures up to 2800 K [Hayes et al.
1990b], whereas those for other actinide nitrides remain below 1600 K. At these
temperatures, the heat capacities of actinide nitrides do not vary to a great extent,
with the exception of the lower heat capacity of AmN. The heat capacity of ZrN,
determined at approximately the same range by several authors [Basini et al. 2005;
Ciriello et al. 2009; Nishi et al. 2011], is lower than that of the actinides. The
correlations reported in the literature are presented in Figure 1.3 (left), whereas
the low temperature range is emphasized (right).

The uncertainty that needs to be resolved for the safe utilization of nitride fuels
is their thermal conductivity. To date, the influence of fabrication methods on
the measured values is not clearly understood. Figure 1.4 illustrates the tendency
for the thermal conductivity to decrease with the increasing atomic number of
the actinides, attributed to the increasing electrical resisitivity [Arai et al. 1998].
This also confirms that the thermophysical properties of the fuel will deteriorate
over time as a consequence of the changes in the elemental balance of the fuel. The
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Figure 1.4: Left: Thermal conductivities of UN , NpN, PuN [Arai et al. 1992] and AmN [Nishi
et al. 2008] as a function of temperature. Right: Thermal conductivities of di�erent ZrN samples,
as measured by [Nishi et al. 2011; Kireev 2006; Ciriello et al. 2007].

thermal conductivities of pure minor actinides are the least researched, whereas the
published data emanates predominantly from a single research group [Arai et al.
1992; Nishi et al. 2008; Arai et al. 1994]. In addition, data exists for mixed nitride
compositions such as (U,Pu)N [Arai et al. 1992; Ganguly et al. 1991], (U,Np)N,
(Np,Pu)N [Arai et al. 1998], (Np, Am)N, (Pu,Am)N [Uno et al. 2012]

While the thermophysical properties of ZrN are considerably easier to analyze,
the data quoted in literature has created more confusion. In Figure 1.4 (right),
the data di�ers by roughly a factor of three at a given temperature, in addition to
indicating di�erent trends. The likely cause for such discrepancy is the fabrication
method, i.e. carbothermic reduction of ZrO2 vs subsequent hydrogenation and
nitridation of the metal, as the latter yields a nitride considerably lower in oxygen
and carbon impurities. The materials are sintered to 70 to 95 %TD, which implies
a significant variation in the microstructure of the samples, including grain size and
the profile of the porosity. Additionally, the extrapolation of the data to 100 %TD
is a further cause for error.

Thermophysical data for inert matrix fuels is scarce, being limited to a few pub-
lications on (Pu,Zr)N [Basini et al. 2005]. Most recently, the thermal conductivities
of TRU nitride solid solutions with ZrN, with the emphasis on application in ADS,
have been reported [Nishi et al. 2011]. The experiments on mixed nitrides reveal
that a linear mixing rule, depending on the molar ratio of the pure actinide nitrides,
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cannot be applied to predict the thermal conductivity of the mixed nitride. It has
been demonstrated that the thermal conductivity of an actinide nitride (e.g. UN)
decreases disproportionately if in solution with an actinide nitride with a lower
thermal conductivity (e.g. PuN). A thorough study on the relationship governing
the thermal conductivity of inert matrix nitrides, as a function of ZrN content, has
been published [Nishi et al. 2011].

Chemical compatibility
The compatibility of nitride fuels with steels under irradiation has been studied by
several authors, in the temperature range of 820–1180 K. The compatibility of UN
and (U,Pu)N with a range of alloys (304, 306, 1.4919, EI 847, EI 68, EP 823, EP
450) has been confirmed in this temperature range, after a holding time of 10 000
h or longer [Kleykamp 1999; Matthews et al. 1988; Makenas et al. 1994; Blank
1988; Blank et al. 1989; Matthews 1993; Burghartz et al. 2001; Rogozkin et al.
2003a; Ganguly et al. 1991]. Nitriding of the inner surface of the steel cladding is
a possibility, provided that the fuel is not stoichiometric. However, a more emi-
nent concern is the carbon concentration in the nitride fuel, causing fuel-cladding
chemical interaction (FCCI), as the carbon impurities in particular lead to the em-
brittling carburization of metals. An upper limit for impurity concentration has
therefore been set to 0.15 wt%, or 500 ppm each, to avoid FCCI-caused pin-failure
[Rogozkin et al. 2003a; Matzke 1986].

Nitride fuel compatibility with sodium has been studied extensively, by im-
mersing the fuel into liquid sodium, where no sign of surface deterioration has been
observed [Blank 1988; Blank et al. 1989; Rogozkin et al. 2003a]. Compatibility with
lead has been investigated to a lesser degree. Studies with UN and (U,Pu)N in Pb
and Pb-Bi, up to 1570 K, have shown no material degradation [Rogozkin et al.
2003a]. More recently, out-of-pile experiments conducted on UN, in the tempera-
ture range of 770–1360 K, confirm this finding with the exception that degradation
was observed in oxygen-saturated lead [Grishchenko et al. 2012].

1.8 Crucial aspects of nitride in-pile behaviour

Irradiation tests of nitride fuels have indicated that the primary cause for a fuel
pin failure the mechanical degradation of the fuel pin, as a consequence of the fuel-
cladding mechanical interaction. The latter is driven by the typically low fission gas
release of nitride fuels, which in turn leads to excessive swelling. Additionally, the
already hard nitrides tend to show irradiation-induced hardening, making them
potentially more incompatible with the cladding [Matzke 1986]. The aspects of
nitride fuel behaviour under irradiation are subsequently elaborated upon.
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Figure 1.5: The predicted swelling behaviour of UN depends on the burnup, temperature and
the density of the fuel, as stated by [Ross et al. 1990].

Swelling

The swelling of nuclear fuel is driven by fission products in solid or volatile form.
The swelling caused by solid fission products, soluble or insoluble in the fuel, is
subject to control by porosity. On the other hand, the fission gases are mostly in-
soluble and di�use with greater ease through the matrix, as a consequence of which
gas bubbles within the material are formed. The latter phenomenon is responsi-
ble for the greater part of nuclear fuel swelling under irradiation. The intensive
free swelling in the initial phase of fuel irradiation is decelerated at establishing a
contact with the cladding, and by the release of gas from the fuel matrix.

Based on the irradiation data available at the time, a correlation to estimate
the free swelling of UN fuel has been compiled [Ross et al. 1990]. The correlation,
illustrated in Figure 1.5, depends on the initial porosity of the fuel, the burnup,
and the average fuel temperature. Nitride fuel swelling is sensitive to the fuel
temperature, rather than to the achieved burnup. Regrettably, the relationship
does not reflect the sensitivity to the impurity concentration, despite oxygen being
known to increase the swelling rates considerably.
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The intense swelling behaviour of UN is presumed to be the cause for 24 fuel pin
failures in the second core load of the BR-10 reactor, where burnups higher than 8 %
were reached. The pellet-cladding mechanical interaction did not give rise to fuel pin
failure in the first core load, where 99 % of the fuel pins reached their design burnups
of 8 % at a linear power rating of 45 kW/m [Zabudko et al. 2009]. Irradiation of
(Pu0.45U0.55)N fuel pins in the same reactor resulted in the estimated swelling of
0.5-0.7 % per 1% BU, which increased to 0.6-1.1 % per %BU in a fuel with a higher
Pu content, (Pu0.56U0.4)N [Zabudko et al. 2009; Zabudko 2006]. A considerably
higher swelling rate was measured in the NIMPHE irradiation of (Pu0.2U0.8)N
samples (ca 1.8 %/%BU ) and in the Japanese irradiation of (Pu0.2U0.8)N samples
(ca 1.7 %/%BU ), despite the high initial porosity (15 %) [Pillon and Pelletier 2000;
Tanaka et al. 2004].

Reported data from (Pu,Zr)N irradiation programmes indicate a drastically
reduced swelling behaviour, being as low as 0.2 % per %BU in (Pu0.2Zr0.8)N fuel
[Arai et al. 2007] and below 0.1 % per %BU in (Pu0.4Zr0.6)N [Rogozkin et al. 2011].
Such a low swelling rate is not necessarily caused by a fundamental change to the
mechanical properties of the fuel, but is mainly the consequence of reducing fissile
material per volume in the fuel. The addition of ZrN does, however, enhance the
thermal conductivity of the fuel and thereby decrease its average temperature. A
lower fuel temperature, as explained in Figure 1.5, has a notable e�ect on fuel
swelling. This is supported by the fact that, of the data sets obtained from fuel
irradiation, the lowest swelling occurs in fuels with the lowest linear rating.

Fission gas release
On the one hand, fission gas release would be desirable to reduce the rapid swelling
of nitride fuels, while on the other hand, release of Kr and Xe into the fuel pin would
reduce the thermal conductivity of the fuel gap and contribute to an increased
internal gas pressure. Similarly to irradiation-induced swelling, fission gas release
depends primarily on the temperature and the burnup of the fuel, but is also a�ected
by its grain size, porosity profile and impurity concentration. The fission gas release
is accelerated by higher oxygen and carbon concentrations [Rogozkin et al. 2003a;b;
Arai 2012].

Various data sets have been studied to derive correlations for fission gas release
from nitride fuels, four of which are illustrated in Figure 1.7. As an example, UN
fuel with 5 % BU, and with an initial density of 95%TD, is used. The variation in
the correlations demonstrates the scatter in the data sets, as the uncertainties for
the same average fuel temperature are considerable. In addition, the scant irradia-
tion data often inhibits the addition of impurity concentrations, stoichiometry and
microstructural features as variables. The correlation by [Rogozkin et al. 2003a]
does specify its validity for materials with 0.2 to 0.4 wt% oxygen and carbon. Since
it best describes fuel behaviour in BR-10 conditions, and is to be used for predic-
tions in the BREST reactor,it is currently considered the most reliable estimation
for fission gas release.
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Figure 1.6: The predicted fission gas release from UN fuel, depending on the average temperature
of the fuel and the burnup.

The available irradiation data on fission gas release from (Pu,Zr)N generally
indicates low fission gas release from the fuel pellets. Fission gas release from the
BORA-BORA experiments, as well as from the irradiation experiments at Jōyō, is
as low as 1% in total. In the CONFIRM experiments, less than 5 % of the Kr and
Xe was released [Wallenius 2009].

1.9 Motivation for Conducted Research

A considerable e�ort to characterize actinide nitrides has been done in the past.
Nevertheless, many of the results do not converge towards a consensus. This is
probably the result of nitrides being sensitive to synthesis methods, fabrication
parameters and impurity levels. For this purpose, these materials must be studied
systematically, considering the range of variables which have an impact on the
experimental results. In addition, the total amount of data available on inert matrix
nitride fuel is scarce, despite the many suggested benefits over pure actinide nitride
fuels. The limited knowledge on inert matrix nitride fuels hinders the application of
this, potentially successful fuel in fast reactors. The ultimate goal of this research
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is to contribute to the existing database of nitride fuels, and aid in the process of
utilizing nitride fuels in fast reactors.

Understanding the e�ect of impurities on the fuel properties is crucial for pre-
dicting the fuel behaviour under irradiation. Since this fuel type is likely to be used
in lead-cooled reactors, it has also defined the parameters for this research. Com-
mercial lead-cooled reactor concepts such as BREST and SUPER-STAR [Adamov
et al. 1997; Bortot et al. 2011] benefit from concept-specific research, which may not
be available in the open literature to protect corporate interests. Therefore, the ap-
plicability of nitride fuels is evaluated based on a small-scale training reactor which
is designed to employ nitride fuel analogous to that fabricated for this research. The
European Lead Cooled Training Reactor (ELECTRA) is a low power fast reactor
using inert matrix nitride fuel [Wallenius et al. 2012; 2013]. The reactor concept,
in development at KTH-Royal Institute of Technology (KTH) since 2009, aims to
leverage on research performed over the last 15 years on nitride fuels, liquid lead
cooling and advanced cladding materials. Currently, (Pu0.4Zr0.6)N fuel and 15-15
Ti steel, surface-alloyed with FeCrAl-RE to avoid lead corrosion, are considered as
reference materials.

The sinterability of nitride fuel, as a function of oxygen content, particle size,
milling equipment and sintering temperatures is studied in the framework of quali-
fying and licensing fuel for ELECTRA. The separation of phenomena is attempted
by individually studying ZrN, (Dy,Zr)N and (Pu,Zr)N pellets, where DyN serves
as a surrogate for PuN. Similarly, the electrical and thermophysical properties of
these materials are analyzed.

It is equally important to attempt to analyze nitrides entirely free of contami-
nation. While impossible with experimental methods, theoretical tools provide the
option of analyzing the fundamental properties of ideal materials. For example, it
has been shown that the experimental results on self-di�usion vary to a large degree
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[Desmaison and Smeltzer 1974]. Research on self-di�usion in UN and (U,Pu)N has
shown a strong correlation between stoichiometry and di�usion coe�cients [Matzke
1986]. The recent developments in computational technology, partnered with ap-
plied modelling methods, simplifies the investigation of stoichiometric, impurity-free
materials. The results from studying the inert matrix material ZrN can be used
to estimate the behaviour of actinide nitrides, far more complex to handle with
modelling tools.

A recent publication on irradiated (Pu,Zr)N reveals that the majority of fission-
induced Xe is retained in the material, while, to a large extent, He is released to
the fuel pin [Wallenius 2009]. This raises questions on the underlying di�erences of
inert gas behaviour in nitride fuel. Therefore, the migration of He, Kr and Xe in
ZrN, on the atomic scale, has been studied. The results of this work can provide
an explanation to the macroscopic di�usion phenomena in ZrN, as the di�usion
behaviour of noble gases in ZrN has not been previously studied. Neither the
atomic scale behaviour of fission gases, nor the macroscopic di�usion coe�cients
for nitride fuels are comprehensively understood. The stoichiometry of UN, ZrN
and (U, Zr)N of either U or Zr majority is studied with theoretical tools, in addition
to assessing the miscibility of ZrN and UN.
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Chapter 2

Nitride Fuel Fabrication

The broad range of the obtained experimental data on nitride fuel properties im-
plies sensitivity to the fabrication parameters, as discussed in the previous chap-
ter. The impurity concentrations, microstructure, stoichiometry and density of the
fabricated fuel pellets are influenced by factors such as the purity of the initial
materials, the pressure and purity of cover gases chosen, temperatures of sintering
and solid solution fabrication. Additionally, alternative routes exist for nitride fuel
fabrication, none of which are universally defined.

The fabrication of nitride fuels for fast reactors is inconvenient. As already dis-
cussed, these materials are susceptible to oxidation, and therefore must be manu-
factured in inert atmosphere, where cover gases low in oxygen and moisture content
are required. The possibility of handling nitride powders in air is limited not only
by the possibility of contamination, but also due to the pyrophoric nature of the
powders. From that perspective, the extremely reactive carbides are a much worse
fuel candidate. Handling plutonium carries a risk to human life, so that the fabri-
cation of fuel must be carried out remotely in an industrial size fabrication unit, or
under protective conditions in a laboratory scale. Glove boxes with lead glass are a
common practice for e�cient shielding from the, primarily, alpha-particle emission
of actinides.

Certain properties of actinide nitrides can be estimated by conducting research
on surrogate fuel materials, which would are easier, safer and cheaper to handle.
For example, dysprosium mononitride from the lanthanide series possesses similar
characteristics to PuN. Characterized by the same crystal structure and a similar
lattice parameter to PuN, DyN serves a valuable surrogate in certain conditions.
Similarly to PuN, DyN and ZrN are mutually soluble. The equilibrium vapour
pressures of DyN are comparable to those of PuN, facilitating the studies on ma-
terial loss during sintering. While DyN cannot be used as a substitute for minor
actinides regarding sintering behaviour, it can be used for research on hydrolysis.
Previous research has utilized these properties of DyN [Takano et al. 2001; 2007;
Takano 2013; Muta et al. 2009] to predict the behaviour of actinide nitrides.
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The materials fabricated for this research have utilized high purity N2 gas with
natural composition. However, if the fuel were to be utilized in a reactor, the gas
would have to be enriched in 15N. Previously, an isotope separation route has been
employed at Oak Ridge National Laboratory to reach this goal [Matzke 1986]. The
added cost and benefits are discussed in the previous chapter.

Quality research on actinide nitrides requires an expensive and extensive lab-
oratory, for which reason it is understandable that few research communities are
active in the field. Much of the original research on nitride fuel fabrication was car-
ried out in the national laboratories in the USA, and the Transuranium Institute
in Germany, whence many of the fabrication and sintering techniques to establish
high purity materials were derived. The more recent contributions to nitride fuel
fabrication and characterization research come from Japan and Russia. It can be
assumed that a wide knowledge base on nitrides exists in the Russian Federation.
To date, unfortunately not all of it is available in open literature.

2.1 Fabrication of nitride powders

Economically feasible and technologically easiest to manage on an industrial scale
[Bernard 1989], carbothermic reduction of actinide oxides (MO2) to yield nitride
powders is also the most common fabrication route. The process of carbothermic
reduction has been studied with the aid of crystal structure and thermogravimetry
analysis [Muromura and Tagawa 1977; 1979; Muromura 1982], indicating that the
carbonitride with nitrogen majority, initially formed from the dioxide, is finally
decarburized into a mononitride with oxygen and carbon impurities.

MO2 + 2C + 1
2 N2 æ MN + 2CO (2.1)

While the fabrication mechanism is relatively straightforward, as actinide oxides
are readily available after reprocessing, this method often yields materials high in
impurity concentrations. The concentration of typical oxygen and carbon impu-
rities, in the order of several thousand ppm, can be reduced if the initial carbon
to MO2 ratio is increased from 2 (theoretical) to typically 2.2-2.5 [Pautasso et al.
1988]. A high ratio is beneficial, as it facilitates the nitrogen di�usion controlled
nitridation, while the less stable actinide carbides can be removed during the decar-
burization stage, i.e. heating in N2 ≠ H2 stream to remove carbon as HCN [Suzuki
et al. 1983; Bardelle and Warin 1992; Jolkkonen et al. 2004].

Alternatively, the nitridation of actinide metals (M) through an intermediate
hydride phase

M + H2 æ MH2 (2.2)

MH2 + 1
2 N2 æ MN + H2 (2.3)

was studied in the 60s, but was considered to be of no practical interest, as scaling
up the production was deemed impractical. This method can yield materials with
very low impurity concentrations. However, the availability of very pure metals is
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the prerequisite. Additionally, this method utilizes exothermic reactions, so that
controlled heat treatment is necessary.

Other methods, such as the nitridation of uranium by arc-melting in N2 at-
mosphere, have been previously studied, but are not used in practice. Arc-melting
yields inhomogeneous materials enriched in W impurities, whereas long milling time
and very low product amounts are a mandatory for reactive milling [Matzke 1986;
Jaques et al. 2008].

In this research, high purity Zr and Dy metal ingots are used to fabricate ni-
trides by subsequent hydrogenation and nitridation. This method, applicable in
laboratory conditions, is chosen to minimize the impurity content. The potentially
oxidized surfaces of the ingots are cleaned mechanically prior to the heat treatment.
The hydrogenation is carried out under the 20%H2 ≠ Ar mixed gas flow, to yield
coarse, hypostoichiometric powders. The subsequent nitridation in purified N2 gas
flow yields hypostoichiometric ZrN, and near-stoichiometric DyN with low impu-
rity concentrations. The typical heating profiles are depicted in Figure 2.1, along
with the necessary reaction times. The obtained hydride and nitride powders are
illustrated in Figure 2.2.

Due to the availability of the oxide powder, carbothermic reduction of PuO2 is
used to fabricate PuN. The formation of fine plutonium hydride, if metal Pu were
to be used as a source material, is highly problematic. Therefore, refraining from
applying this fabrication method in practice is advised. 130% of the theoretically
required carbon is used to obtain a very pure, stoichiometric PuN powder. The
applied heating profiles are illustrated in Figure 2.1. Note that a decarburization
process, conducted by changing the cover gas from N2 to 4%He ≠ N2, is necessary
at the end of fabrication.

In order to study the behaviour of these materials, as a function of oxygen
content, oxygen concentration in the material is deliberately increased up to 1.2
wt%. The latter is accomplished either by heat treating a homogeneous mixture of
a mononitride and a small fraction of the corresponding dioxide until solid solution
is reached, or by exposing the sample to ambient air. In the latter case, the sample is
also subjected to moisture. The solid-solution (Dy,Zr)N and (Pu,Zr)N powders are
obtained by heat treating the homogenized mixture of corresponding mononitride
powders for 6 to 20 h at 1873 K in purified N2 gas flow.

The non-radioactive powders are milled with a high-speed planetary ball mill
for a period of 60 to 120 minutes, in order to obtain fine powders. The e�ect
of tungsten carbide (WC) and yttria-stabilized zirconia (YSZ) milling materials is
additionally studied. Using a ball mill to obtain fine Pu-bearing powders is, in
this case, not possible due to the small amount of powders handled, and therefore
manual grinding is necessary. A grinding time of 35 minutes is estimated to be
su�cient, based on the sintering testing carried out on (Dy,Zr)N under similar
conditions.

The materials fabrication is carried out in two separate facilities, resulting in
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Figure 2.1: The heat treatment profiles for the hydrogenation of Zr metal; for the nitridation
of ZrH2; and for the carbothermic reduction of PuO2. Isotherms are incorporated to maintain
control of the exothermic reactions. Cover gas atmospheres are indicated. Note that the gas is
changed during the carbothermic reduction of PuO2.

negligible di�erences in fabrication procedures. The fuel is fabricated in inert argon
atmosphere, where the O2 and H2O concentrations are kept below 4 ppm. A carbon-
carbon composite heater is used for the fabrication of ZrN and DyN powders, and
for the sintering of ZrN and (Dy,Zr)N pellets. An induction furnace is used for the
fabrication of PuN and for the sintering of(Pu,Zr)N pellets.

X-ray di�raction analysis (XRD) is used to determine the formation of mononi-
tride powders and to assess the solid solubility of the mixed nitrides. The obtained
lattice parameters, compared with those published in literature, are within the ex-
pected range. Depending on the material, the analysis is carried out in air (ZrN); in
a sealed, Ar-filled, container (DyN); or in a glove box under Ar atmosphere (PuN).
The O, C and N content of powders is estimated throughout the fabrication process
to establish the source of contamination of the fabricated materials.

2.2 Fabrication of nitride pellets

In comparison with oxide fuels, obtaining high density nitride fuel pellets is com-
plicated. The poor sinterability of nitrides is attributed to the low di�usion rate
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Figure 2.2: Zr metal (left), a coarse hydride powder (center) and a coarse nitride powder (right).
The color of the latter is significantly darker if fine.

of the metal atoms in mononitrides [Arai 2012; Matzke 1986]. In the early experi-
ments, pellet densities remained below 80 %TD [Evans and Davies 1963]. Further
research revealed that a long milling time, an intermediate compacting stage and a
long sintering period at high temperature is necessary to obtain densities of about
95 %TD [McLaren and Atkinson 1965]. In the same study, an inhibiting e�ect of
oxygen was claimed, whereas no evidence of adverse oxygen impact was witnessed
in a more recent study by [Arai et al. 1993]. Curiously, yet another study claims
that oxygen can aid in obtaining higher densities [Bernard 1989].

The sintered nitride pellet density is further influenced by the sintering atmo-
sphere. For example, densities achieved in high N2 pressures are lower than those
obtained in the Ar gas stream. However, if TRU actinides are to be sintered, a
substantial N2 pressure is required to prevent material dissociation. The latter also
e�ectively limits the sintering temperature, if the fuel contains TRU. The sintering
of UN in vacuum was shown to lead to the decomposition of the material at 1890
K, but that the threshold was increased to 2020 K if sintered in argon [Evans and
Davies 1963]. As already discussed, the loss of TRU occurs at lower temperatures.

Hot pressing has been suggested as one of the solutions to achieve high densities,
while reducing sintering time. Most recently, spark plasma sintering (SPS) has
been studied for the purpose of fabricating nitride fuels. This techniques combines
simultaneously pressing the powder into a pellet shape, and sintering with electric
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current, by which high density pellets (over 90 %TD) are achieved. In addition
to the short sintering time required (minutes), the sintering temperature can be
lowered (1773-1873 K). The potential drawback of SPS, yet to be studied, is the
matter of carbon pickup during this process, as the sintering is carried out in a
graphite dye. At this time, the developed SPS machines are suitable for sintering
only a few pellets at a time. It is possible that the pellets sintered with SPS have a
higher thermal conductivity than those sintered with conventional methods, despite
the smaller grain size in the first case [Muta et al. 2009].

For this research, a conventional fuel pellet fabrication route is adopted, i.e. cold
pressing, followed by heat treatment at high temperatures during several hours. The
milled and ground ZrN, (Dy,Zr)N or (Pu,Zr)N powders are pelletized at a pressure
of 300 MPa without a binding agent, using dies with diameters of 4.4 to 6.3 mm,
depending on the amount of the fabricated powder. The e�ect of oxygen on the
sinterability is studied by fabricating three samples of each characteristic powder.
The green pellets with an initial density of 62 ± 2 %TD are sintered for 6 h at 1923
and 1973 K, providing data on the sintering temperature sensitivity.

The bases of the sintered samples are selectively polished to be near-cylindrical,
to best determine the densities of the pellets, and to minimize surface resistance
during the electrical resistivity measurements. Centerless grinding would be re-
quired to achieve the true cylindrical shape. The dimensions of green and sintered
pellets are measured using a micrometer screw gauge, which, in combination with
the irregular shape of the pellet, is bound to introduce errors to the obtained results.

2.3 Analysis

In addition to the need for meticulously designing the fabrication route, thorough
characterization of the materials is important. Namely, scatter in the experimental
data could probably be reduced, if coupling between the data and all fuel properties
were possible. The results confirm, for example, that the thermophysical properties
of ZrN are similar amongst those samples fabricated from the metal, despite having
been fabricated by di�erent research groups. Therefore, investigating and reporting
all relevant characteristics of the fabricated fuels is recommendable.

The identification of materials throughout the fabrication process is performed
with XRD measurements. The latter is also used for monitoring the occurrence of
secondary phases and estimating the oxygen concentration in the materials through
its impact on the lattice parameters. A wide di�raction angle range is chosen to
adequately determine the lattice parameters, which are either obtained with a pro-
file fitting software employing the Pawley function, or have been determined from
the Nelson-Riley function, applicable due to the cubic structure of these nitrides.
The polished surfaces of the sintered pellets, as well as the fracture surfaces, are
additionally analyzed with an optical and a scanning-electron microscope (SEM).
Analysis of the fracture surface serves as an estimation of the grain size of the
fabricated materials, as it could not have been observed otherwise. The composi-
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tion of nitrides, when possible, is assessed with the aid of energy-dispersive X-ray
spectroscopy (EDX).

The nitrogen, oxygen and carbon concentrations are evaluated throughout the
fabrication with the quantitative analysis of light elements. On the milled ZrN
and DyN powders, surface area measurements are carried out with a surface area
analyzer, relying on the Brunauer-Emmett-Teller (BET) method. The sample cell
for surface area analysis is filled and sealed in an inert atmosphere and the expo-
sure to air is estimated to be negligible. Purified He + 30%N2 gas flow is used to
determine the specific surface area via measuring the adsorption and desorption of
N2. The analysis of powder properties is complemented with particle size distribu-
tion measurements by laser di�raction. The distribution of particle sizes, and the
maxima corresponding to the most frequent particle size or to the largest volume
contribution within the powder, are determined.

The thermal conductivities, Ÿ, of ZrN and (Pu,Zr)N, between 298 and 1273 K,
are calculated from thermal di�usivity –, specific heat capacity Cp and density fl:

Ÿ = –Cpfl (2.4)

The thermal di�usivities are determined by the laser flash method with Nd
glass laser of 10 J/pulse. The sample surface is coated with a thin graphite layer to
avoid transparency and to convert the laser energy to heat. Thermal di�usivity is
analyzed by a curve fitting method, which can cancel out the influence of radiation
heat loss at high temperatures. The values for heat capacities are obtained from
the literature, whereas the Neumann-Kopp rule is applied for estimating the values
for mixed nitrides.

The correction for obtaining thermal conductivities of fully dense materials is
carried out with the Schultz equation:

KTD = K (1 ≠ p)≠1.5 (2.5)

where 1.5 corresponds to randomly distributed spherical pores [Schultz 1981].
The often used Maxwell-Eucken correlation,

KTD = K 1 + —p
1 ≠ p , (2.6)

where K is the calculated thermal conductivity of a material with porosity p, is not
applicable in this case, as determining the paramater —, characterizing the shape
of the porositiy of the material, requires a larger sample size with varying porosity.
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Chapter 3

Experimental Results

3.1 Material Characterization

In accordance with the methods described in Chapter 2, ZrN, (Dy,Zr)N and (Pu,Zr)N
pellets have been fabricated. In addition, pellets with increased oxygen concentra-
tion, denoted Zr(N,O), (Dy,Zr)(N,O) and (Pu,Zr)(N,O), are made. A selection of
the fabricated green and sintered pellets are illustrated in Figure 3.1.

It has been argued that carbothermic reduction is a source of high impurity
concentrations in the fabricated nitride powders. As indicated in Table 3.1, PuN
with 0.08 wt% O and 0.02 wt% C can be fabricated with the methods described in
the previous chapter. Considering the very low remnant carbon concentration, it
is likely that the oxygen concentration could be further reduced with an optimized
fabrication route. The purity of the source metal, if the alternate fabrication route
is selected, clearly determines the purity of the product, as very clean ZrN (0.03
wt% O and 0.01 wt% C) can be fabricated. On the other hand, the Dy source
metal with a higher initial impurity ratio also results in less pure nitrides, although
an identical fabrication route was applied.

More importantly, the fabricated materials are contaminated during the long
milling time with YSZ or WC equipment, while the first raises oxygen concen-
tration in ZrN significantly more than the latter. Despite using the purified N2
gas flow for sintering and solid solution formation, oxygen pickup is significant, as
these materials are particularly susceptible to oxidation at elevated temperatures.
Characterization of oxygen pickup during the fabrication of ZrN pellets from a
moderately contaminated source material is illustrated in Figure 3.2.

Milling 8-10 g of ZrN powder in a 45 ml YSZ milling equipment yields powders
with specific surface areas of 4.13 and 6.49 m2 · g≠1 after a milling period of 60 or 120
minutes, respectively. Notably higher values, 5.86 and 7.68 m2 · g≠1, are achieved
when WC milling equipment is used, as a result of its comparatively higher density.
Particle size analysis confirms that a lower amount of large particles and a higher
amount of small particles contribute to the majority of the volume of the milled
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Figure 3.1: top left: green ZrN pellets; top right: sintered ZrN pellets; bottom left: sintered
(Dy,Zr)N pellets; bottom right: (Pu,Zr)N pellets

Table 3.1: The measured O, C and N concentrations of the cleanest obtainable as-fabricated
nitride powders and the respective increase in the impurities as a consequence of sintering. A
mononitride phase was identified in all cases with the corresponding lattice parameter.

Material O [wt%] C [wt%] N [wt%] a0 [nm] Phase

Fabricated ZrN 0.03 0.01 12.59 0.4575 MN

DyN 0.11 0.01 7.48 0.4901 MN

PuN 0.08 0.02 5.48 0.4905 MN

Sintered ZrN 0.20 0.03 12.98 0.4576 MN

(Dy,Zr)N 0.24 0.02 10.20 0.4688 MN

(Pu,Zr)N 0.34 N/A 8.18 0.4704 MN
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Figure 3.2: Increase in oxygen concentration during the fabrication process from Zr metal chips
to sintered ZrN pellets. The material is mostly contaminated after nitride has been fabricated.

powder. Due to the limited amount of PuN powder fabricated, similar analyses
could not be carried out.

In Zr(N,O) pellets, a secondary, oxygen-rich phase is detected with XRD and
microscopy at oxygen concentrations of 0.25 wt% and higher, if it is introduced
to the material as ZrO2 prior to homogenization. The occurrence of oxygen-rich
and nitrogen-deficient areas in ZrN are detected with EDX, as indicated in Figure
3.3. The markedly reduced nitrogen fraction implies that the oxygen-rich phase is
ZrO2, rather than an oxynitride. It is likely that the existence of the secondary
phase is a consequence of insu�cient heat treatment for dissolving ZrO2 into the
ZrN matrix. Oxygen concentration in ZrN, exposed to ambient air for up to 120
minutes, increases to 0.8 wt% without the formation of a secondary phase. In fact,
an XRD spectrum of ZrN powder, exposed to air for one week, does not reveal a
secondary phase as indicated in Figure 3.4.

3.2 Oxygen Impact on Sintered Densities

The sintered densities of ZrN, Zr(N,O), (Dy,Zr)N, (Dy,Zr)(N,O), (Pu,Zr)N and
(Pu,Zr)(N,O) pellets, averaged over the respective fabricated samples, are illus-
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Figure 3.3: A secondary, oxygen-rich phase in a sintered ZrN pellet.
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Figure 3.4: XRD spectra of coarse (60-minute milled) and fine (120-minute milled) ZrN powders
after one week’s air exposure.
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Figure 3.5: Sintered densities of ZrN, Zr(N,O), (Dy,Zr)N, (Dy,Zr)(N,O), (Pu,Zr)N and
(Pu,Zr)(N,O) pellets as a function of oxygen content in the material; milling times and equipment
used; and the sintering temperature.

trated in Figure 3.5. The true composition of each material is determined from
the calculated stoichiometry, impurity concentration and material loss as a conse-
quence of dissociation. Therefore, individual theoretical density values are used. It
is evident that YSZ milling equipment not only has a profound impact on the oxy-
gen contamination, but longer milling times are required to reach higher densities.
Ideally, handling highly radioactive powders is avoided, which is not possible by
employing these fabrication methods. If powders are fabricated, however, reducing
the milling times is advisable. In this respect, and considering the e�ect on material
contamination, use of YSZ equipment is not suitable.

The e�ect of oxygen solubility into the nitrogen sublattice is elucidated with
the obtained ZrN pellet densities in Figure 3.5. The powders, milled with YSZ-
equipment, were enriched in oxygen by blending in a fraction of ZrO2 and co-milled
prior to heat treating the mixture for several hours. Conversely, the oxygen levels
in WC-milled powders were increased by air-exposure. In the former case, no or
negligible improvement in the sintered density is seen. On the other hand, air-
exposed powders seem to lead to an increase in densities, whereas secondary phases
were either not detected or were detected to a near-negligible amount. Whether
a secondary phase occurs due to a poor homogenization during the fabrication of
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Zr(N,O) is not clear. The di�erences in obtainable densities of sintered ZrN seem
to be caused by the di�erent mechanism of oxygen inclusion in the material.

The improved sinterability becomes more evident from the densities of (Dy,Zr)(N,O)
and (Pu,Zr)(N,O) pellets, presumably due to the higher oxygen solubility limit. The
e�ect of oxygen on the material microstructure is also apparent from SEM images in
Fig 3.7. Axial fracture surfaces are represented, along with the moderately polished
surfaces, of the sintered (Pu,Zr)N and (Pu,Zr)(N,O) pellets. The increased oxygen
content evidently decreases both the number and the size of the pores. In Figure
3.6, a SEM image of a well-polished (Dy,Zr)(N,O) surface is shown, confirming the
high density obtained. Finally, values presented in Figure 3.5 indicate not only the
strong impact of sintering temperature, but that the e�ect of oxygen becomes more
prominent at higher temperatures.

Previous research implies that an increased oxygen concentration reduces the
grain size of (Pu,Zr)N, whereas no e�ect on the achievable densities has been re-
ported [Arai et al. 1993]. A decrease in grain sizes between materials with low
oxygen concentration (Fig. 3.7, a.-c.) and high oxygen concentration (Fig. 3.7,
d.-f.), is not observable in this study. Etching of polished surfaces, to reveal the
grain structure, has not been carried out.

5 !m

Figure 3.6: An SEM image confirms the high sintered (Dy,Zr)(N,O) pellet density.
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Figure 3.7: The SEM images indicate a clear di�erence between the microstructures of sintered
(Pu,Zr)N and (Pu,Zr)(N,O) pellets. Fracture surfaces are shown in a. b. d. and e., moderately
polished surfaces in c. and f.
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3.3 Oxygen Impact on Thermophysical Properties

Figure 3.9 reveals a near-linear increase in the thermal di�usivities of (Pu,Zr)N
and (Pu,Zr)(N,O) in the temperature range of 295 to 1273 K. To the contrary, the
thermal di�usivity in ZrN decreases with increasing temperature. The specific heat
capacities of ZrN and PuN have been reported earlier in the literature [Barin 2008;
Oetting 1978]. Assuming the Neumann-Kopp rule, the specific heat capacities of
(Pu0.4Zr0.6)N are calculated.
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Figure 3.8: Measured thermal di�usivities of ZrN, (Pu,Zr)N and (Pu,Zr)(N,O)

As illustrated in Figure 3.10, the calculated thermal conductivity of ZrN, nor-
malized to theoretical density, remains around 57 Wm≠1K≠1, which is somewhat
lower than, but comparable to, the data reported by [Nishi et al. 2011]. Given
that the fabrication methods and materials used were similar, this is an expected
outcome. Higher thermal conductivity is obtained that what is reported by [Kireev
2006], where Zr metal was also used as a source material. However, the data
reported by [Basini et al. 2005; Ciriello et al. 2009; Adachi et al. 2007] are con-
siderably lower. It must be noted that in the publication by [Basini et al. 2005],
the extrapolation to full density is done from 70 %TD, which introduces a consid-
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Figure 3.9: Heat capacities of ZrN [Barin 2008] and PuN [Oetting 1978] as obtained from
literature and of (Pu0.4Zr0.6)N, calculated assuming the Neumann-Kopp rule.

erable uncertainty. In addition, data on impurities and preparation methods have
not been fully disclosed. The commercially available ZrN, used in experiments by
[Ciriello et al. 2009], is high in impurities and is often severely hypostoichiometric.

The determined thermal conductivity of (Pu,Zr)N and (Pu,Zr)(N,O) is provided
in comparison with the available data on (Pu,Zr)N and PuN. It bears pointing out
that the thermal conductivity is not linearly dependent on the PuN amount. The
thermal conductivity of a solid solution must be lower than assumed from a linear
relationship, since the heavier actinide atoms introduced to the inert matrix metal
sub-lattice cause significant phonon scattering. This translates to the lower phonon
contribution to the total thermal conductivity.

[Nishi et al. 2011] have suggested the general relationship for the thermal con-
ductivity of a TRU nitride fuel, depending the ZrN fraction x, as follows.

Ÿ = A + B

1
exp

x

C

2
(3.1)

The coe�cients A, B and C are determined by data fitting. The relationship
suggests a rapid increase in the thermal conductivities at x > 0.8, whereas the
values are closer to those of TRU nitrides at x < 0.6. The thermal conductivity
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Figure 3.10: Left: Thermal conductivities of ZrN. Right: Thermal conductivities of (Pu,Zr)N
and (Pu,Zr)(N,O) (right) in comparison with the published data

determined here remains in the lower expectation value of this prediction.
The experiments show a minor influence of oxygen concentration on the thermal

conductivity of (Pu,Zr)(N,O), despite having nearly doubled the oxygen content. To
a small extent, the dissolved oxygen can lower the thermal conductivity of nitride
fuels. The e�ect of oxygen on fuel fabrication and thermophysical properties is
discussed further in Chapter 6, along with other implications from experimental
research.
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Chapter 4

Modelling of Nitride Fuel

4.1 Modelling of Nuclear Naterials

Experimental research is of key importance for characterizing nuclear materials,
in and out of pile. A careful design of experiments enables to control isolated
parameters of the material, such as the density or impurity content. However, as
this work is carried out by multiple research groups over many years, the fabrication
and analysis details vary. All relevant information on experimental research details
is not necessarily fully disclosed, which complicates reproducing the work.

On the other hand, studying the material properties with theoretical tools is
more straightforward in this respect. Within the past decades, materials simula-
tion, as a result of developments in computational technology, has become a stan-
dard tool for materials research. Material simulation packages and codes utilize
the formulations and relationships defined by quantum physics, in order to help
predict fundamental material properties and driving forces for processes such as
self-di�usion in cladding materials, or fission product solubility in nuclear fuels. To
an extent, these codes enable to isolate phenomena that are being studied, and to
establish the properties of theoretically perfect materials. Provided that the corre-
lations and approximations employed by these codes are valid, significant reduction
of time and expenses, inherent to experimental research on actinides, are possible.

Theoretical methods are in part restricted, as the computational power available
limits the complexity and the size of the crystals studied. Currently, the quantum-
mechanics-based modelling of materials is limited to crystal sizes of about 103

atoms, as the calculations are very demanding. The attempt to predict the elec-
tronic structures of actinides is particularly inconvenient, as the electronic binding
is di�cult to describe accurately. Therefore, the modelling is primarily limited to
the analysis of point defects and fission gases, often in mono- or diatomic materials,
extending to the analysis of gas bubble growth.

Similarly to the experimental research, the majority of nuclear fuel materials
simulation is conducted on oxide fuels and the inert matrix materials associated
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with oxides. Therefore, the relevant modelling work on nitride fuels is limited
to studying the defect formation in UN [Kotomin et al. 2007a;b; 2008] and ZrN
[Ashley et al. 2007] in relatively small crystal sizes. The structure of UN and its
magnetic properties have been studied by many authors [Samsel-Czeka≥a et al.
2007; Weck et al. 2007; Evarestov et al. 2008b;c;a; Petit et al. 2009; Lu et al. 2010].
Additionally, due to the nitrides readily reacting with oxygen, the inclusion of
oxygen in the lattice and on the surfaces has been modelled [Kotomin and Mastrikov
2008; Bocharov et al. 2011b;a; Zhukovskii et al. 2009a;b]. The research conducted
on defect migration and self-di�usion of U and N atoms has yielded valuable input
for thermal creep modelling by fuel performance codes such as TRANSURANUS
[Kotomin et al. 2009]. More recently, fission gas behaviour in UN has been studied
on the atomic scale [Klipfel and U�elen 2012]. To a certain extent, parrallels can be
drawn between nitrides and carbides, on which systematic modelling e�orts exist
[Freyss 2010; Bevillon et al. 2012; Ducher et al. 2011]. The modelling of di�usion
processes in these materials are comparable to the experimental work conducted
[Wallenius 2009; Desmaison and Smeltzer 1974; Matzke 1986; Tanaka et al. 2004;
Chubb et al. 1972; Klipfel and U�elen 2012].

To date, materials modelling on ZrN has been mainly conducted to study its
properties as a coating material. In order to help predict the properties of ternary
actinide-zirconium-nitride systems, the properties and behaviour of ZrN has to be
thoroughly investigated and well-understood. The results from this research can
further serve as a first approximation for interpreting actinide nitride properties.
While the latter can be modelled with codes employing the dynamical mean field
theory (DMFT) [Georges et al. 1996], applicable to determine the electronic struc-
ture of strongly correlated materials, its computational cost would be significantly
higher.

The atomic-scale modelling of these materials, in combination with experimen-
tal reserach, provides relevant input for the macro-scale fuel performance codes
such as TRANSURANUS, NITRAF or KONDOR. The statistical correlations on fuel
behaviour under irradiation are of assistance for defining future experimental re-
search parameters. The ability to predict fuel behaviour with these codes is of
particular value, as they are not computationally demanding. Furthermore, they
are of use when licensing nitride fuel, where a safe and reliable operation needs to
be demonstrated.

4.2 Density Functional Theory

The nuclear fuel modelling for this research has been conducted with the Vienna
Ab-Initio Simulation Package (VASP) [Kresse and Hafner 1993; 1994; Kresse and
Furthmüller 1996a;b], a computer programme which enables atomic scale modelling
of materials by employing density functional theory (DFT) [Hohenberg and Kohn
1964; Kohn and Sham 1965]. Many comprehensive overviews on DFT, and its
applications, can be found in the literature. Since this methodology has been used
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as a tool and no contribution has been made to develop it, only a brief introduction
to the field is provided here.

In order to describe the ground state properties of matter, the solution to the
time-independent Schrödinger equation must be found.

H� = E� (4.1)

The solution, or the quantum state with the lowest energy, must consider all
nuclei and electrons in the crystal, which is described by (a) the Hamiltonian op-
erator H; (b) the many-body wave function of electrons and nuclei, or a set of
eigenstates of the hamiltonian, �; and (c) an associated eigenvalue, a real number
E, representing the total energy of the system.

According to the Born-Oppenheimer approximation, derived from the drasti-
cally di�erent mass and response times of electrons and nuclei, the electrons and
nuclei in a system can be separated into two independent mathematical problems.
Therefore:

He�e = Ee�e (4.2)

Hn�n = En�n (4.3)

where the electron component is mathematically far more complex. The hamil-
tonian He consists of three components, describing the kinetic energy of each elec-
tron (T) the interaction energy between each electron and the nuclei in the crystal
(V), and the interaction between di�erent electrons (U):

He = T + V + U (4.4)

which is expressed more explicitly as:
S

U≠ ~2

2me

Neÿ

i=1
Ò2

i +
Neÿ

i=1
V (ri) +

Neÿ

i=1

ÿ

j<i

U(ri, rj)

T

V �e = Ee�e (4.5)

Here me is the mass of an electron, Ne is the number of electrons, ri is the coordi-
nate of an electron.

Unlike the particle-in-a-box thought experiments, where the Schrödinger equation
can be solved analytically, the eigenfunction for a real crystal would be a 3Ne-
dimensional wavefunction. The electron-electron interactions are particularly di�-
cult to manage, as it would require to consider individual electron wave functions
associated with all other electrons simultaneously.

On the other hand, the quantity of practical value is not the wave function, but
rather the probability to locate electrons at given coordinates r1...rN , which can
be expressed as a collection of single-electron wave functions:
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n(r) = 2
ÿ

i

�ú
i (r)�i(r) (4.6)

where �ú
i (r) is a complex conjugate of the wave function. The factor 2 describes

the Pauli exclusion principle of the existence of 2 electrons with the same wave
function, provided that they have di�erent spins. By definition, the electron density
over the entire system will equal the total number of electrons:

⁄
drn(r) = Ne (4.7)

The electron density defined in such a way simplifies solving the Schrödinger
equation considerably. According to the theorems developed [Hohenberg and Kohn
1964; Kohn and Sham 1965], the ground-state energy E is a unique functional of
the electron density

E [n (r)] (4.8)
The implication of this theorem is that the solution to the Schrödinger equation

can be found as a function of the electron density rather than a function of the wave
function, e�ectively reducing the number of dimensions to 3N. Hence, the name,
density functional theory.

The electron density, which corresponds to the solution of the Schrödinger equa-
tion, must minimize the energy of the functional E. The functional E, however, is
not known. Certain components of E can be described, i.e. the kinetic energies of
electrons, the Coulomb interactions between electrons and nuclei, between electron
pairs and between nuclei. The quantum mechanical e�ects not known are described
with an exchange-correlation functional in the DFT formulation.

The solution to the Kohn-Sham equations, or the approximate solution to the
Schrödinger equation, is a single-electron wave function that depends on the spatial
variables and is calculated considering variable potentials. An initial guess value
for the electron density must be assumed, as the process of reaching the ground
state of the system is iterative, during which the electron density values will be
modified to minimize E.

5
≠ ~2

2me
+ V (r) + VH(r) + VXC(r)

6
�i(r) = ‘i�i(r) (4.9)

The term VH describes the Couloumb interaction between an electron and the
total electron density, VXC refers to the exchange-correlation functional. To solve
this equation, the exchange-correlation functional must be defined, the most com-
mon ones being the local density approximation (LDA) and the generalized gradient
method (GGA). The fist, depending only on on the value of the electron density
at a given coordinate, is derived from the uniform electron gas, where n(r) is con-
stant. In addition to the local electron density, the GGA also incorporates the
local gradient in the electron density. There are multiple ways for including the
gradient of electron density into the potential, the most common options being

44



Figure 4.1: Maximal size of the crystal lattice employed in the calculations

the Perdew-Wang functional (PW91) and the Perdew-Burke-Ernzerhof functional
(PBE).

4.3 Nitride Fuel Modelling

The materials UN, ZrN, and their solid solutions have been modelled for this re-
search. The rock-salt crystal structure of ZrN and UN for the DFT-calculations
are described with supercells of 8 to 216 atoms, depending on the purpose of the
calculation. A small supercell is su�cient for ground state calculations, whereas the
largest possible supercell is preferred for complex defect calculations, and to model
defect migration. The size of the supercell is a compromise between computational
cost and image interference caused by the periodic boundary conditions. The unit
cell of of these materials consists of 4 metal and 4 nitrogen atoms, which is repeated
maximally in a 3 ◊ 3 ◊ 3 setup, as indicated in Figure 4.1. The crystal is subject
to periodic boundary conditions. The DFT-specific equilibrium lattice parameter,
achieved by stepwise alteration of the volume of the unit cell, is deduced. These
values, determined as the minimum on the energy vs lattice parameter relationship,
are in agreement with experimental data.

The defects, such as vacancies and interstitials, are introduced into the crystal
structure by either removing an atom of a particular species from its lattice site,
or conversely, adding an atom to an interstitial or substitutional position in the
lattice. The relatively small size of the modelled crystal and the relatively high
concentration of the defects, can be problematic. Therefore, the defect energies
as a function of intra-defect distance have been determined, where appropriate
and possible. The noble gas and He incorporation in nitrides has been studied by
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solving the equations for a system where a pre-existing vacancy has been filled with
either He, Kr or Xe atoms. Their migration behaviour in the crystal, considering
possible atomic di�usion paths, has been simulated with the nudged elastic band
method [Jonsson et al. 1998]. With the said method, it is possible to determine
the energy barriers an atom is required to cross as a prerequisite for interstitial or
vacancy-aided di�usion. The migration barrier, Em, is derived according to:

Em = Esp ≠ E0 (4.10)

Esp is the total energy of the saddle point image along the reaction path. E0
represents the lowest total energy at one of the end points of the reaction path.
During these calculations, the supercell volume is kept constant.

All calculations employ the scalar relativistic projector augmented wave (PAW)
pseudopotentials [Kresse and Joubert 1999] to describe the core electrons. Pre-
dominantly, GGA has been used in the calculations to describe the the exchange-
correlation e�ects. The plane wave cut-o� energy is set to 500 eV in all calculations.
A Monkhorst-Pack integration [Monkhorst and Pack 1976] set-up with a 3◊3◊3
k-point mesh in the Brillouin zone showed su�cient convergence in supercell cal-
culations. For determining the total energy of systems, the convergence criterion
is set so that the energy di�erence between two consecutive steps is less than 10≠5

eV for electronic relaxations and less than 10≠4 eV for ionic relaxations. ZrN is a
non-magnetic material and the ground state of UN is non-magnetic at any temper-
ature relevant for fuel applications [Solontsov and Silin 2005]. Therefore, results
from an anti-ferromagnetic set-up are seen to be of little practical value in nuclear
fuel development.

Previous research indicates that LDA and GGA methods describe incorrectly
the strong electron-electron correlation e�ects in systems containing 5f-electrons
[Devanathan et al. 2010; Dudarev et al. 1997; Baer and Schoenes 1980]. For exam-
ple, the standard DFT calculations predict a metallic ground state for UO2, which
is known to be an insulator [Petit et al. 1996]. Therefore, the Hubbard Hamil-
tonian U, describing the on-site Coulombic repulsion between the 5f-electrons is
used. This, commonly known as DFT+U methodology, improves in many cases
the description of electronic correlations and predicts the correct electronic struc-
ture properties of nuclear fuel materials [Brillant and Pasturel 2008; Zhang et al.
2010; Gupta et al. 2007]. On the other hand, application of DFT+U methods can
also converge the calculations in a metastable state [Bajaj et al. 2012; Dorado et al.
2009; Amadon et al. 2008].

Recent research on carbide fuels, in many aspects similar to nitrides, indicates
that neither GGA nor GGA+U correctly predicts the electronic strucutre of this
material [Ducher et al. 2011]. Employing the DFT+U method therefore has no
particular advantage, for which reason much of the research has been conducted
with standard DFT, it being computationally less demanding. The DFT+U method
has not been employed in this research, although the applicability of it on nitride
fuels should be investigated further.
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4.4 Binding and Mixing Energies

The binding energies, Eb, are found by determining the ground state energies of
four systems, of which three contain a defect:

Eb = ED + Eref ≠ ED1 ≠ ED2 (4.11)

Here ED is the energy of the supercell with two defects introduced into the material
in the interacting range. This represents a system with, for example, a substitu-
tional atom in a vacancy, or an interstitial atom near a vacancy. Eref represents
the energy of the bulk crystal, ED1 and ED2 the energies of the material with ei-
ther defect introduced to the lattice independently. In this formulation, a negative
binding energy indicates an attractive force between the defects. In order to verify
the validity of the binding energies as well as confirm that the supercell is large
enough for the introduced defects not to interfere with each other, the binding en-
ergies are additionally investigated with a direct method. The binding energy is
then determined from

Eb = ED ≠ E

ÕÕ

D (4.12)

where E

ÕÕ

D represents a similar configuration to ED, but with the two defects at
maximal distance in relation to each other.

The matter of solubility of UN and ZrN is addressed by studying the mixing
energy �Emix of UN and ZrN per formula unit (FU), which is defined as the
deviation between the ground state energy of a particular composition and the
presumable ground state energy derived from the ideal solution model (Eq. 4.13).
The latter assumes a linear relationship between the ground state energies of UN
and ZrN at 0 K [Christian 1975] as shown below:

�Emix =
EU

1≠x

Zr
x

≠ (1 ≠ x) · EUN + x · EZrN

nFU
(4.13)

Here EU
1≠x

Zr
x

represents the total energy for a particular mixed nitride composition
obtained from the DFT-calculations, EUN and EZrN the energy for pure UN and
ZrN, respectively, and nFU the number of nitride formula units.
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Chapter 5

Modelling Results

5.1 Self-di�usion in ZrN

The poor sintering capability of nitride fuels is primarily related to the poor self-
di�usion of metal atoms. The self-di�usion of nitrogen and metal atoms occurs
on two isolated face-centered cubic sublattices, as confirmed by the extremely high
energy penalties retrieved from anti-site defect calculations. The migration barrier
of self-di�usion for a N atom in its respective sub-lattice is 3.86 eV, corresponding
to the energy required to move a N atom to an adjacent, pre-existing N vacancy.
The respective self-di�usion barrier for Zr equals 4.50 eV (see Fig.5.1.c). For both
species, the migration route is rectilinear and the di�using atom mostly perturbs
its nearest neighbours. In other words, a di�using N atom primarily exerts force
on atoms in the surrounding Zr sub-lattice, and vice versa. In either case, the
required energy for passing the migration barrier is su�ciently high to confirm a
low mobility of metal and nitrogen atoms, or a low mobility of vacancies, in ZrN
not damaged by radiation.

In addition to a substantial amount of point defects, a nitride fuel matrix will
contain a significant amount of He, Kr and Xe atoms as a consequence of irradiation.
The point defects will function as sinks for these gas atoms, according to the calcu-
lated binding energies, given in Table 5.1. Any of these gas species would be more
easily accommodated in the lattice by occupying a vacant Zr rather than a N site,
were it not for the comparatively low fraction of Zr vacancies. The experimental
research indicates that these materials are often fabricated as hypostoichiometric,
despite a stoichiometric nitride being preferred from the high temperature stability
perspective. Additionally, the calculations reveal that the formation of N vacancies
is energetically more favourable, despite the formulation applied. It is furthermore
apparent that the probability of Kr and Xe atoms to be re-introduced into the
crystal as an interstitial defect, once absorbed to a vacant lattice site, is negligible.
This does not necessarily hold for He impurities, as the -0.50 eV binding energy
can be exceeded by thermal energy, consequently reimposing the He atom as an
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Figure 5.1: Migration barriers for self-di�usion of N and Zr atoms in their respective sub-lattices
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Table 5.1: The binding energies Eb of He, Kr and Xe atoms to a pre-existing N or Zr vacancy
(Vac.), calculated as stated in Eq.4.11. Values in brackets are calculated according to Eq.4.12.

Vac. He Kr Xe

N -0.50 (-0.46) -6.56 (-5.99) -7.73 (-7.96)

Zr -3.32 (-3.19) -8.73 (-8.67) -9.93 (-9.87)

interstitial defect.
The values in Table 5.1 confirm that, due to the sheer size of the noble gas

atoms, the decrease in ground state energy from absorbing the latter into vacant
lattice sites is times larger than that from absorbing He. The size of the vacant
site matters as well, as the gases are best fit into the metal atom vacancies. This
statement is, of course, strictly valid only in case of a pre-existing Zr vacancy, as
this method of calculation does not consider the Zr vacancy formation energy. The
matter of vacancy formation energies is investigated in detail in papers I and II.
The values in Table 5.1, calculated according to Eq.4.11 and Eq.4.12, are generally
in agreement between the two methods. Ergo, the supercell size can be considered
adequate to accommodate two defects with minimal perturbation, provided that
they are introduced at a maximal distance from each other.
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The migration barriers for N and Zr self-di�usion are significantly reduced when
in the near vicinity of a substitutional He, Kr or Xe atom, as indicated in Fig.5.1.
The migration barrier for N self-di�usion is lowered by a maximum of 1.82 eV,
given that, in relation to the substitutional He atom on the N sub-lattice, a N atom
di�uses from a first nearest neighnour (1nn) position to an equivalent position in
the crystal. Likewise, the migration barrier is reduced if the N atom di�uses as
a 1nn in relation to a substitutional Kr or Xe atom, although to a lesser extent.
A remarkable reduction for a self-di�usion migration barrier also occurs for Zr in
similar conditions, the energy barrier being halved to as low as 2.22 eV in the
vicinity of a He atom, compared to the 4.50 eV barrier in a gas-free supercell. Once
the crystal accommodates a substitutional gas atom, the di�usion path is no longer
rectilinear, but favors a trajectory which is curved towards the gas atom.

A substitutional gas atom will also modify the migration barriers if a N atom is
di�using away from, or towards the gas atom, as depicted in Fig.5.2. The migration
barrier for a N atom di�using away from the He atom, from 1nn to 2nn position, is
largely unaltered in comparison with N self-di�usion in a gas-free crystal. In similar
conditions, migrating away from a substitutional Kr or Xe atom, the migration
barrier is raised notably. The higher ground state energies on the 2nn position
could imply that the di�usion of N, in relation to the substitutional gas atom, is
directionally dependent. On the other hand, no relationship between the ground
state energy and the gas atom-to-vacancy distance could be detected.
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5.2 Gas Di�usion in Nitride Fuel

Due to the local restructuring of a crystal in the event of atoms fissioning, the He,
Kr or Xe introduced into the nitride matrix might occupy an interstitial position
in the lattice. For He atoms, interstitial di�usion is not exempt from being a
component of the overall migration mechanism. The scenario is relevant for Kr and
Xe migration in the event of no vacancies in the near vicinity of the interstitial gas
atom.

In the mononitride crystal structure, two types of equilibrium positions can be
occupied by an interstitial gas atom. The tetrahedral site is expected to provide
the lowest global energy of the system, while the octahedral site serves as a saddle-
point, as shown in Fig.5.3.a. The interstitial di�usion of inert gases from site A
to A’, over B, results in the migration barriers shown in Fig.5.3.b. The results
clearly illustrate that, for the described di�usion path, the migration barrier is at
the octahedral site, and that of He is significantly lower than those of the larger Kr
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an equivalent equilibrium position (ep), the energy cost is negligible. (c) A Kr or a Xe atom in
an equivalent initial setup is immobile; the required energy to reach an equivalent equilibrium
position is 2.29 and 2.44 eV, respectively.

and Xe.
While vacancy-aided self-di�usion is often investigated in monatomic crystals,

studying the di�usion of a third species in a diatomic crystal poses certain lim-
itations. Since self-di�usion occurs independently on two separate lattices, the
vacancies via which He, Kr and Xe di�use must be of the same species. Due to
the higher fraction of N vacancies, vacancy-aided di�usion occurs most likely on
the N sub-lattice. In a cluster of a single gas atom and two N vacancies, the gas
atom either a) adopts the site of one of the vacancies or b) is positioned between
the two vacancies in one or more equilibrium positions in the attempt to reach
the most stable configuration. As illustrated in Fig.5.4, the first is true for Kr
and Xe, while the second applies for He. The larger Kr and Xe atoms remain as
substitutional defects in the N sub-lattice, where they are nearly immobile. Thus,
a substitutional position serves as the global minimum for vacancy-aided di�usion
for these two species. The migration barriers are depicted in Fig.5.5, along with
the characteristic single-peak migration barrier.

As indicated in Fig.5.4, He may adopt more than one equilibrium position, if
in a cluster with two vacancies. That being said, there is a considerable degree of
freedom for He atom local relocation in all directions at no, or negligible cost in
energy. In the cluster of a single substitutional He, and two N vacancies, the energy
landscape within certain geometric boundaries is too flat to distinguish a singular
equilibrium point.Notably, a similar e�ect arises when attempting to estimate the
N self-di�usion in the vicinity of a He atom.

5.3 Helium release from ZrN lattice sites

In light of the reported binding energies, it is justifiable to assume that a substitu-
tional He atom can be released from a N lattice site. Therefore, the release of He
from a single vacant site or from a system including two vacancies is investigated,
as illustrated in Fig.6.1.a-c.
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The results in Fig.5.6.d reveal that the cost of releasing He from a single vacancy
is considerably lower than from a di-vacancy system, provided that reaction path
(b) is considered. Furthermore, the figure confirms the binding energy of a He
interstitial to a single vacancy. However, due to the very low migration barrier for
the reaction path (c) in Fig.5.6, this can be assumed to be the dominant mechanism
for releasing He from a di-vacancy into the lattice. It is important to note that all
three migration paths are more energy e�cient than vacancy-aided He di�usion.

5.4 Modelling of the Solid Solution of ZrN and UN

While atomic scale modelling of ZrN and UN has been published previously, the
properties of mixed nitride with said methods have not been studied. The modelling
of a solid solution (U,Zr)N crystal has considerable limitations. First, the capacity
of DFT to predict actinide nitride behaviour is poor, in addition to the calculations
not being time-e�cient if heterogeneity is introduced into the material. Therefore,
the supercell sizes employed for modelling are constricted by computational costs.
This complicates the modelling of random distribution of solid solutions. Numerical
artifacts may therefore occur, if the defect has a longer impact range than the
supercell length, so that it interacts with itself due to periodic boundary conditions.
Therefore, all possible configurations should be considered.

To study the solid solubility between UN and ZrN, modelling of (Zr1≠xUx)N
and (U1≠xZrx)N, where x is lower than 0.06, has been carried out. The results,
as illustrated in Figure 5.7, indicate full solubility in this range. Namely, the ob-
tained cohesive energies of these configurations remain lower than the energy of the
same composition from the ideal solution model. Furthermore, mixing energies of
(Zr1≠xUx)N decrease with increasing distance between the substitutional U atoms.
On the other hand, interdistance between substitutional Zr atoms in (U1≠xZrx)N,
has no clear e�ect on the cohesive energies.

The lattice parameters for these mixed nitrides are initially determined from
Vegard’s law, the validity of which is subsequently verified by relaxing the vol-
umes of the supercells. Deviation between the assumed lattice parameter and that
obtained from full volume relaxation is in the order of 0.1% for systems focused
on in this study. The maximal deviation of 0.23% between lattice parameters oc-
curs at U0.5Zr0.5N (see Fig. 5.8). The results are well in line with experimental
observations of (U, Zr)N closely following Vegard’s law.

Due to these results having been obtained from relatively small supercells, a
broader study employing larger supercells and higher computational cost is recom-
mendable. The repulsive behaviour of large U atoms in (Zr1≠xUx)N indicate no
tendency for agglomeration. However, the possible long range ordering is yet to be
disproved.
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Chapter 6

Discussion

The ultimate goal of this research is to investigate and understand the phenomena
which are essential for the safe operation and licensing of nitride fuels. As discussed,
the likely reactor type to employ nitride fuels is a lead-cooled reactor, therefore
the contribution of this research is assessed from the perspective of applying lead-
cooled fast reactor technology. Using the ELECTRA concept as a reference is
motivated by this research being applicable for characterizing and optimizing the
fuel fabrication route applicable in this concept. Furthermore, the results obtained
with first-principles tools aid in predicting and understanding the fission gas release
and swelling, point defect concentrations and di�usion properties in ELECTRA
fuel.

6.1 Fuel Fabrication, Characterization and Irradiation

From the economic and technological perspective, fabrication of PuN via carboth-
ermic reduction is currently defined as the most viable route for nitride fuel fabrica-
tion. On the other hand, the relative ease of Zr metal to ZrN conversion, combined
with the low impurity levels, suggests the application of this method. It must be
noted that the intrinsic di�culties of handling plutonium hydride dust which would
be fabricated in the latter case is strongly discouraged. Alternative routes, such as
applying sol-gel processes, exist for nitride fuel fabrication, the analysis of which is
not in the scope of this thesis.

Chemical analysis of the fabricated nitride powders indicate that the described
fabrication methods can yield clean materials, contrary to many reports claiming
that high impurity concentration remains as a consequence of carbothermic reduc-
tion. Despite the initially low impurity levels, milling and heat treatment a�ect
markedly the impurity content. It is likely that a significant fraction of the oxygen
contamination in (Pu,Zr)N fuel pellets is introduced by the oxygen-contaminated
mortar surface. Despite carefully designing fabrication methods, the fact that re-
sources are limited often demands that tools are used in a manner which introduces
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cross-contamination. It is very likely that the oxygen levels could have been kept
lower with task-specific tools.

As indicated by monitoring oxygen pick-up throughout the fabrication phases,
the as-fabricated nitride powders are relatively pure. Determining the quality of
the fabrication method by analyzing the oxygen concentration in a sintered pellet
can therefore lead to erroneous conclusions. To reduce oxygen concentration in the
sintered materials, the purity of cover gases, and the possible oxygen contamination
of the surfaces of tools and the furnace must be considered.

The obtained sintered (Pu,Zr)N pellet densities remain between 83.8-88.3 %TD,
depending on the sintering temperature and the fabrication parameters. According
to ELECTRA design parameters, this is not a su�cient inert matrix fuel pellet
density. The maximum burn-up in ELECTRA design remains below 8 % and, as-
suming a swelling rate of 1 % per %BU, a porosity of 10 % is deemed su�cient to
avoid the risk of PCMI Wallenius et al. [2012; 2013]. Commonly, the the suggested
porosity for nitrides lies in the 15-20 % range, in combination with the requirement
for burn-ups of 15 % or higher [Blank et al. 1989]. The powders used for fuel fabri-
cation are ground manually, as the powder amount used was not su�cient for ball
milling. The necessary grinding time of the (Pu,Zr)N powder is determined from the
sintered densities of (Dy,Zr)N pellets, pressed by manually ground powders. The
results suggest that the grinding time deduced from the preparatory experiments
on (Zr,Dy)N was not su�cient. It is possible that an increased grinding time could
have resulted in higher densities. It must also be noted that the densities reported
here are probably underestimated as a consequence of the irregular shape of the
samples and evaluating the dimensions with a micrometer screw gauge. This over-
estimation of the volume of the samples could be minimized by using alternative,
more advanced methods, unavailable at the time.

For nitride fuels without an inert matrix component, He-bonded pins with fuel
densities lower than 85 %TD, or Na-bonded pins with smear densities below 80 %
are recommended. These suggestions, among ohers (see Section 6.3), are made to
accommodate the swelling of nitride fuels and to minimize thermal gradients. Their
applicability on inert matrix nitrides with lower swelling rates and temperature
gradients should be revised.

A systematic powder characterization, such as agglomerate size and powder
flowability, has not been conducted for this research. The exceptions are the occa-
sional particle size distribution and surface area measurements conducted on ZrN
and (Dy,Zr)N, indicating that after reaching the surface area of about 6 m2 · g≠1,
the gain in sintered pellet density is negligible. In the case of (Dy,Zr)N, a smaller
particle size also leads to an increased DyN dissociation, predicting a similar be-
haviour in (Pu,Zr)N pellets. To fabricate nitride fuel with minimal dissociation
loss and fabrication time, milling duration and impurity concentrations, powder
properties need to be thoroughly assessed before an optimal route can be chosen.

The analysis also confirms that the obtained densities are strongly dependent on
sintering temperature. An optimal sintering temperature must be determined since,
although a higher temperature clearly yields higher densities and takes advantage of
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the O-improved sinterability, it simultaneously leads to higher actinide dissociation.
The high partial pressure of Am is particularly problematic for fabrication if it is
to be included, which has led to a significant loss of material in the past. It has
therefore been concluded that fuels containing minor actinides should be fabricated
under N2 overpressure [Jolkkonen et al. 2004]. The evaporation of Pu at moderate
temperatures is, in comparison, a lesser problem, although significant.

The applicability of spark plasma sintering, despite currently not being viable
as an industrial-scale fabrication method, might alleviate the dissociation problem.
A preliminary study on the applicability of SPS as the sintering method of UN
and (U,Zr)N is currently being carried out at KTH. Similar research on sintering
(Pu,Zr)N and (Pu,Am,Zr)N fuel compositions at Chalmers University of Technol-
ogy is to be carried out. Even in the event of SPS proving to be a suitable sintering
method, material loss during dissociation remains, as the solid solution of nitride
powder must be obtained by conventional heat treatment beforehand. The carbon
pickup from the graphite dye must also be studied for a complete evaluation.

This research indicates that an increased oxygen content, if dissolved into the
lattice, positively a�ects the sinterability of nitrides. On the other hand, carbon
and oxygen have negative e�ect on the fuel-cladding chemical interaction, as well
as on the irradiation behaviour. In light of the negative influence on the in-pile
operation, it is suggested that oxygen levels do not exceed 500 ppm and, despite
the positive increase on sinterability, cannot be seen as a sintering aid. Furthermore,
the poor sinterability of nitrides, due to the slow di�usion of metal atoms, is only
moderately improved at relatively high oxygen concentrations.

The recommended impurity concentration limits are valid for (U,Pu)N fuel, in
order to reduce the swelling rates as well as FCCI. However, the limitations govern-
ing inert matrix fuels ought to be reconsidered, as their thermophysical properties,
fission gas release and swelling di�er notably. Furthermore, oxygen dissolved into
the inert matrix nitride fuel lattice gives rise to di�erent behaviour than if precipi-
tated in a secondary phase. For example, irradiation of (Pu,Zr)N exhibits no FCCI,
despite the high oxygen concentration (1000-3000 ppm), when oxygen is in solid
solution with the nitride matrix [Wallenius 2009; Hania 2011]. On the other hand,
internal clad corrosion has been witnessed in the BORA-BORA experiment, where
the inert matrix nitride fuel contains precipitates of an oxide-rich phase [Rogozkin
et al. 2011]. It is also known that zirconia is not soluble in nitric acid, whereas
the full dissolution of irradiated (Pu,Zr)N in nitric acid has been demonstrated,
despite the high oxygen concentrations [Hania 2011]. Considering the above, more
lenient impurity concentration restrictions may apply for (Pu,Zr)N fuel, from which
the fabrication parameters such as sintering time and temperatures, and the over-
all fabrication cost, would benefit. These restrictions, provided that oxygen has
dissolved into the lattice, should be studied in detail in the future.

As discussed, the thermophysical properties of nitride fuels reported in the lit-
erature present a wide range of values for similar samples. By varying the oxygen
content in the fabricated materials, only moderate changes to the thermophysical
properties were seen. Therefore, it is presumably not only the oxygen concentration
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dissolved into the nitride lattice, which causes the inconsistencies in the measured
thermophysical and electrical properties. The latter is of interest, as the fabricated
materials di�er to a great extent in oxygen concentrations. On the other hand, it is
possible that thermophysial properties are a�ected if an oxide-rich phase has pre-
cipitated. If the latter is true, then the thermal conductivity of the nitride fuel can
also significantly change over the irradiation period, if the irradiation conditions
lead to phase segregation.

While the thermal conductivities of these nitrides have been previously cited in
literature, the thermal di�usivities are rarely published. The reason for obtaining
the thermal conductivity of (Pu,Zr)N at a lower expectation range, and very high
values for ZrN, must lie in the measured thermal di�usivities, as reference values
are used for heat capacity. The relatively flat profile of the thermal conductiv-
ity of ZrN is defined by the reverse temperature dependence of the specific heat
capacity increasing with temperature, and the thermal di�usivity decreasing with
temperature. While no published thermal di�usivity data on PuN has been found,
it can be concluded that similar temperature dependences cause the flat profile
for the thermal conductivity of PuN. However, as the thermal di�usivity data im-
plies, with increasing temperature the thermal di�usivity and thereby the thermal
conductivity of (Pu,Zr)N increases.

The heat capacity values are currently adopted from the literature. The exper-
imental determination of the heat capacity of the prepared nitrides, as a function
of temperature, is currently being studied. Heat capacity is one of the fundamental
properties determinable by first principles methods, and it would be of benefit to
study the latter without any impurity concentration to compare with the measured
data. Also, a recently published comprehensive publication on the thermophysical
properties of actinide nitrides [Uno et al. 2012] reports thermal conductivities of
PuN over a narrow temperature region from a two authors. While other studies no
doubt exist, they seem not to be available in the open literature. It is likely that
these results are subject to fabrication parameters, as can be seen from the scatter
in the reported values, and it is therefore recommendable that the thermophysical
properties of PuN be more thoroughly studied.

6.2 Swelling and gas release

A recent publication within the CONFIRM and EUROTRANS framework programmes
[Wallenius 2009; Hania 2011], reporting the results on post-irradiation examination
of Pu-bearing nitride fuel, has brought up the need to better understand some of the
observed phenomena. The results presented therein reveal that in nuclear fuel pel-
lets of composition of (Pu0.3Zr0.7)N, irradiated to the burn-up of 9.7% fissions per
initial metal atom (FIMA), about 80% of the produced He was released, whereas
the release of Xe remained under the detection limit of 5%. Therefore, the results
reported here help establish a foundation for explaining the underlying phenomena
of inert gas di�usion in nitrides.
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While the noble gases considered can di�use interstitially, a migration barrier
of 1.0 – 1.6 eV, in combination with the binding energies reported in Table 5.1,
suggest that noble gas atoms are trapped by vacancies. In the case of an atom
fissioning, the crystal structure is locally disorganised due to the high recoil energy.
Since the abundance of fission-induced vacancies largely surpasses the, on average,
two fission products created, all inert gas atoms are presumably trapped eventually.
The subsequent vacancy-aided di�usion of inert gases, on the grounds of the low
vacancy formation energies, equilibrium concentrations and migration barriers, is
mainly limited by nitrogen self-di�usion. Furthermore, the results illustrate that
the di�usion of inert gas atoms has a clear correlation to the size of these atoms,
as the deviation in migration barrier values cannot arise from bonding. The nature
of migration of He is consequently markedly distinguished from Kr and Xe.

The absorption of an interstitial He atom to a vacant lattice site promotes the
self-di�usion of atoms on the same sub-lattice. Namely, self-di�usion barriers of N
and Zr atoms are reduced in the near proximity of a substitutional He atom as well
as between the nearest and next-nearest lattice sites. This reduction of about 1.8
eV for N self-di�usion in turn creates favourable conditions for vacancy-aided He
di�usion. The latter is, in e�ect, immediate. Without a comparatively aggravated
N self-di�usion, He release from ZrN would be prompt. It is important to consider
that the binding energy of He to a N vacancy is considerably lower than that of Kr
and Xe. For the He atom to be released from the sink and di�use interstitially, it
requires somewhat less energy than for the vacancy-aided di�usion, including the N
self-di�usion dependency. It is thus possible that the following di�usion mechanisms
are employed (a) He exploits the system of two vacancies and N self-di�usion in
the vicinity of a He atom to advance in ZrN (Fig.6.1.a); (b) He is released from
a single vacancy and di�uses interstitially until it becomes trapped in the next
vacancy (Fig.6.1.b); (c) He is released from a system of two vacancies and di�uses
interstitially until it becomes trapped (Fig.6.1.c). It must be mentioned that once
trapped in a Zr vacancy, He is estimated to be immobile. Due to the di�usion
enhancing e�ect of a substitutional He, the cost of the the di�usion mechanism
(a) is about 2.05 eV, whereas it requires 1.41 eV to proceed with mechanism (b),
and 1.28 eV to proceed with mechanism (c), depicted in Fig.6.1. The latter value
represents a sum of the migration barrier reported in Fig.6.1.d (0.24 eV) and the
interstitial migration barrier (1.04 eV). Finally, it is reasonable to assume that
the flat energy landscape for He di�usion may lead to a mixed mechanism not
considered here.

Unlike He, the binding energy between a Kr atom and either a N or a Zr vacancy
is significant enough to render the gas atom immobile lest an additional vacancy
emerges in the vicinity of the Kr atom to be exploited for vacancy-aided di�usion.
As some fraction of Kr and Xe di�uses out of ZrN, this must occur through vacancy-
aided di�usion, albeit at a significantly lower rate than He. While the substitutional
Kr aids N self-di�usion strictly around the Kr atom, it has no or slightly adverse
e�ect on self-di�usion between the 1nn and 2nn neighbours. In other words, the Kr
atom remains at a fixed position until a 4.53 eV migration barrier has been surpassed
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Figure 6.1: Di�usion mechanism of inert gases in ZrN, a two-dimensional schematic. a) N
vacancy-aided gas di�usion, valid for Kr and Xe, at the total energy cost of 2.29 + 2.85 eV and
2.44 + 3.39 eV, respectively. One of the di�usion options for He (2.05 eV); b) He atom is released
from a single N vacancy at a cost of 1.40 eV, after which it di�uses interstitially ); c) He atom is
released from a di-vacancy system at a cost of 1.28 eV.

for attracting a second vacancy, in which case the mechanism illustrated in Fig.6.1.a
must apply. Pertaining to Xe di�usion, the same observations apply, except that a
substitutional Xe hinders N self-di�usion between 1nn and 2nn position in relation
to itself (by 0.36 eV), which further impedes di�usion.

It bears pointing out that a considerably simplified image of the atomic scale
migration mechanisms is considered here. This study has been limited to investi-
gating a maximum of two vacancies mediating the di�usion. While more elaborate
configurations, assisting di�usion, are not ruled out, the obtained binding energies
suggest that two repulsive vacancies in nearest neighbour positions assist in di�u-
sion, while a larger number of vacancies would preferentially agglomerate to form
immobile pores. Neither is this approach able to allow for e�ects introduced by high
temperature or the irradiation e�ects, e.g. rapidly forming and annealing defects
in the material. While the self-di�usion migration barriers in a bulk ZrN are quite
high, these are considerably reduced in an irradiated material, leading to a more
rapid reorganization of the material.

Unlike the material studied here, the nitride fuel investigated within the CON-
FIRM and EUROTRANS framework programmes contains a significant fraction of
Pu. Neglecting this species in the calculations may lead to a somewhat alternative
explanation of self-di�usion. However, one can assume that inert gas di�usion is
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largely unperturbed due to their chemical nature. It is beyond the scope of this
work to take the e�ect of Pu properly into account.

6.3 Future application of nitride fuels

Based on the irradiation experience, the maximum suggested nitride fuel density in
a He-bonded pin is 85 %TD. The fuel pellets, characterized by large pores, should
be irradiated at linear ratings less than 75 kW/m, in order to reduce swelling and
fragmentation-induced mechanical fuel pin failure. Ideally, a burn-up higher than
15 % is foreseen. These recommendations, suggested by [Blank 1988], correspond
to the cold fuel concept, characterized by low fission gas release and low swelling,
caused by poor mobility of vacancies and gaseous fission products. Irradiation
experiments with (Pu,Zr)N confirm that the inert matrix nitride fuel is a cold fuel
at the given parameters. On the other hand, the cold fuel concept prescribes a
maximal fuel pellet diameter of 6 mm, whereas that of ELECTRA fuel is nearly
the double. As pellet fragmentation is induced by temperature gradients and not
irradiation, the fragmentation behaviour can be studied out of pile with carefully
designed experiments. Its e�ect on the cladding, however, must be studied under
irradiation. It is possible that using wide fuel pellets requires the use of shrouds, or
that the fragmentation does not favour such design, in which case the ELECTRA
concept should be changed.

The complexity of nitride fuel fabrication will reflect in its cost. The need for
an inert atmosphere and remote fuel fabrication will slow down the fabrication and
increase the installation costs. The requirement to enrich nitrogen in 15N, combined
with the need for extremely pure cover gases is an expense not required for oxide
fuel fabrication. The applicability of this fuel will ultimately be decided by how low
the impurity concentration in this fuel must and can be driven. In light of these
uncertainties, a small-scale test reactor serves best in realistically estimating the
costs and hurdles at a reduced economic and environmental risk.

Prior to the commissioning and operation of any reactor operating on nitride
fuels, however, their safe operation must be demonstrated. It is of undeniable
importance that the fuel behaviour under irradiation can be predicted by fuel per-
formance codes, for which reliable input on nitride fuels is currently lacking. The
challenging task of coupling experimental and theoretical research has been carried
out, for example, under the F-BRIDGE [Valot et al. 2011] framework. Unfortu-
nately, the fraction devoted to nitride fuels is proportional to their current, as
opposed to their potential, application.

As nitride fuels are to be utilized in a lead-cooled reactor, it is not necessarily the
nitride fuel performance, but rather the incompatiblity between lead and steels at
high surface contact speed that limits the nitrides. No experience is reported in the
open literature from lead-operated reactors. While the question of steel corrosion
is not a topic of interest for this thesis, it does currently reduce the prospect of
this technology to be used in other than isolated irradiation experiences. For this
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purpose, the ELECTRA concept, relying on natural convection of lead, is a suitable
test bed for fuels during ongoing research on compatible steels.
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Chapter 7

Conclusions

The results from experimental research in this thesis indicate that ZrN with ex-
cellent thermophysical properties and low oxygen concentration can be fabricated
from a high purity Zr metal as a source material. The carbothermic reduction route
to obtain PuN can also yield, contrary to many reports, highly pure powders. Their
deliberate contamination with oxygen has no or little e�ect on the thermal di�u-
sivities and thermal conductivity, in e�ect indicating that oxygen content dissolved
into the nitride lattice does not cause the notable scatter in the reported data on
the thermophysical properties of these materials. The possibility remains that the
variation is caused by a segregated oxygen-rich phase in the material. The exact
underlying cause for the data discrepancy should be understood, if nitride fuel is
to be utilized.

Furthermore, oxygen dissolved into the nitrogen sublattice can behave as sin-
tering aid, most likely by facilitating a faster di�usion of metal atoms, the slow
migration of which is considered to be responsible for the poor sinterability of these
materials. Obtaining higher densities with identical fabrication parameters is ob-
served in (Pu,Zr)N and (Dy,Zr)N, and to a lesser extent in ZrN, provided that
the oxygen content is dissolved into the lattice, whereas the fuel density with a
segregated oxide phase remains constant. In light of the negative e�ect of oxygen
impurities, reported by other authors, it is not recommended that oxygen be used
as a sintering agent.

Modelling e�orts support the phenomena witnessed with experimental methods,
confirming that larger noble gases are likely to remain in the fuel matrix, unlike
He, which will migrate with realative ease through the material. The high energy
barriers corresponding to self-di�usion limit the mobility of vacancies and gas bub-
ble growth in these materials. The results indicate, however, that the self-di�usion
becomes more prominent at a higher burn-up. The modelling work, previously re-
stricted by computational costs, can be improved by investigating larger crystals in
the future. This applies particularly to the modelling of inert matrix nitride fuels.

In light of the low swelling rate of and negligible fuel-clad chemical interaction
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induced by inert matrix nitride fuels, the impurity concentration restrictions ought
to be thoroughly investigated. Research on the fission gas incorporation and migra-
tion in nitride fuel must be continued with first-principles methods and compared
to the experimental data available and to be obtained in the future. Further input
is required to ensure the safe operation of the fuel, and to predict its behaviour
under irradiation. Considering the previous experimental and modelling e�orts
on characterizing nitride fuels, as well as the inert matrix component improving
its thermophysical and irradiation behaviour, the future application of these fuels
seems feasible.
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