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Abstract
The interest in producing high performance fuel for nuclear reactors has

increased dramatically in the recent years. Such fuel alternatives to UO
2

as

UN and U
3
Si

2
have already been successfully produced and investigated as

potential candidates for light water reactors (LWRs).

The very high-density UN pellets have been produced in a number of ex-

perimental studies conducted worldwide using spark plasma sintering (SPS)

technique. The sintered pellets of UN of low porosity, however, have a ten-

dency to react with water and steam under reactor operating temperatures,

and this fact poses a great di�culty in employing the UN pellets in the ex-

isting reactors, which use water as coolant. The products of interaction be-

tween UN and steam exert mechanical stresses and accelerate the degrada-

tion of the fuel pellet.

In order to improve the resistance of UN fuel to steam corrosion it has

been suggested to add elements that will create protective oxide coatings

around the UN granules. The oxide coatings are supposed to work as a

"shield", preventing the steam/fuel interaction. The possible additive for this

purpose is UO
2
. Composite pellets containing micro-spheres of UN embed-

ded in UO
2

have been proposed for investigation and research.

In this thesis the attempt has been made to observe possible chemical and

physical interactions between solid phases of UN and UO
2
. Four composite

pellets containing pieces of UN mixed with uranium dioxide powder, UO
2
,

were sintered using SPS method. The pellets were analyzed using scanning

electron microscopy (SEM). Interdi�usion of nitrogen and oxygen was ob-

served. After the initial analysis the pellets were annealed under argon at

1600 ◦C. Further nitride migration and extensive degradation of the mate-

rial were observed after annealing. Formation of secondary precipitates of

uranium nitride was observed and investigated using energy dispersive X-

ray spectroscopy (EDS) analysis. The interaction between the components

was also investigated by the di�usion couple technique, using pure UN and

UO
2

pellets in contact at 1000 ◦C under argon atmosphere. The presence of

oxide phase was observed in the UN pellet after annealing at the depth of

about 80 microns. Based on the results obtained from this project, it would

be interesting to investigate the possibility of decreasing the di�usion rate of

nitrogen through the matrix of UO
2

by coating the pieces of UN in protective

material. If, instead of using small pieces of UN, micro-spheres are used in

composite pellets, the di�usion rate of nitrogen is likely to be very similar to

what has been observed in present work.
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Chapter 1

Introduction

The accident tolerant fuels (ATFs) have been under development in the re-

cent years in an attempt to improve the safety and economics of the existing

commercial light water reactors (LWRs). Although the combination of Zr al-

loy cladding and U-Pu oxide fuels presently used in LWRs has for a long time

been demonstrating good performance under normal operation conditions,

their behavior under beyond design base (BDB) accident scenarios exhibits

shortcomings. One of the downsides of the UO
2
-Zr alloy fuel/clad system

is the pellet-cladding interaction (PCI) failures of the cladding. PCIs usually

include both mechanical and chemical interactions between the fuel and the

cladding. Mechanical interactions occur as a result of changes that take place

in the fuel due to power increase. The nonuniform temperature distribution

across the fuel pellet results in the pellet’s shape change from cylindrical to

hourglass con�guration. Thermal stresses cause the pellet to crack, and the

redistribution of the fuel pieces is responsible for the tangential stresses ap-

plied to the cladding [1]. The stress corrosion cracking (SCC) of Zr alloys is

an example of the fuel/clad chemical interaction. Fission product iodine is

responsible for chemical reactions with Zircaloy cladding and the formation

of the ZrI
4

[2].

The alternative suggestions for possible fuel and cladding candidates in-

clude the high-thermal conductivity monolithic nitride fuels [3] and the oxi-

dation resistant cladding options, such as silicon carbide �ber-reinforced SiC

composites. The much higher thermal conductivity of the UN fuel, compared

to UO
2
, will allow to reduce the temperature gradient across the fuel pellet.

This, in turn, will decrease thermal stresses inside the pellet, which is the

main cause of pellet "hourglassing".

The proposed candidates for ATFs are expected to perform better under

1



2 CHAPTER 1. INTRODUCTION

the reactivity induced accident scenarios than the existing fuels by ensur-

ing better retention of �ssion products and improving thermal/mechanical

properties. However, in order to be immediately economically bene�cial for

the nuclear industry, ATFs have to be compatible with the existing reactors,

fuel fabrication processes and the used fuel disposal procedures.

The advantage of using uranium nitride fuels for light water reactors

(LWRs) is its potential to be more economically bene�cial for nuclear plant

operation. The 30% increase in density of the UN fuel, compared to UO
2
, al-

lows to load more �ssile material in the reactor core. This fact will make

it possible to increase the fuel residence time. Recent simulation studies

for boiling water reactor (BWR) cores showed that it would be possible to

increase the availability of the plant by 1.4% if the UN fuel is to be used

instead of UO
2

[4]. In addition to longer operational periods, switching to

UN fuel would not require any design changes to the existing BWRs, nor

will it require extra additions of burnable poisons at the beginning of the

fuel cycle [4]. Improved economic performance of a nuclear power plant,

achieved by switching to the UN fuel, is also claimed to be possible by reach-

ing higher powers and uprates in existing LWRs with some design changes to

the thermo-hydraulic systems [5]. When considering the use of the nitride

fuels in fast reactors, the higher �ssile density of the UN fuel and its high

thermal conductivity o�er a possibility of using lower uranium enrichments

and smaller cores and improve the safety performance of the reactor.

On the other hand, some issues must be dealt with when considering

the UN fuel as a candidate for ATFs. Firstly, uranium nitride will have to be

enriched to at least 90% in N
15

to avoid the parasitic neutron absorption in N
14

and therefore maintain the neutron economy. Secondly, hot uranium nitride

pellets readily react with water at reactor operation temperatures and are

prone to oxidation in air. Interaction of UN with steam is accompanied by

production of such products as UO
2
, UN and U

2
N

3
, leading to the formation of

the “sandwich structure” within the fuel pellet [6]. Ammonia and hydrogen

gas, produced in the reaction, pose additional complications. Hydrolysis of

uranium nitride progresses according to the following reaction [7]:

2UN + 4H2O −−→ 2UO2 + 2NH3 +H2 (1.1)

In order to make UN fuel waterproof various concepts have been proposed.

Two pathways that were investigated by Westinghouse include manufactur-

ing of the UN pellets with additions of triuranium disilicide U
3
Si

2
and ura-

nium dioxide UO
2
. The composites of UN and U

3
Si

2
have been produced and

analyzed by researchers including Ortega et al. [8], who noticed the voids
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on the interface between UN and U
3
Si

2
in the sintered pellet of the compos-

ite, which might a�ect the performance of the fuel in the reactor. Similar

research is required to investigate the mechanical properties of the compos-

ites of UN and UO
2
. In this thesis interaction of UO

2
and UN is investigated

using the di�usion couple technique. Pellets of UO
2

and UN were brought

into contact with each other in the furnace with argon at 1 bar under the

temperature of 1000 ◦C for 20 hours. The interface area between the pellets

was then analyzed using SEM. Composite pellets containing small granules

of previously sintered UN were obtained by mixing of the crushed UN pellet

and the UO
2

powder. The manufactured pellets were studied using SEM.



Chapter 2

Literature review

The important aspect that needs to be considered when dealing with com-

posite fuels is the physical-chemical interactions between the phases that

will constitute the composite pellet. Secondary phases, for example, which

might appear as a result of chemical interaction between UN and UO
2

during

sintering, are likely to have an e�ect on fuel performance during irradiation.

The presence of uranium sesquinitride, U
2
N

3
, in the sintered pellet would be

undesirable because during irradiation U
2
N

3
will dissociate releasing nitro-

gen [9].

Presence of gaseous nitrogen in the fuel during irradiation will lead to the

pressurization of the fuel pin, cladding embrittlement and fuel cracking [9].

In order to consider some of the possible physical and chemical interactions

between the solid phase of UN and UO
2

it is bene�cial to investigate such

aspects of fuel chemistry as nitrogen solubility in UO
2
, oxygen solubility

in UN, interdi�usion of nitrogen and oxygen in UN-UO
2

system and also

uranium-nitrogen phase system.

2.1 Uranium-nitrogen system
In the uranium-nitrogen system the following compounds have been iden-

ti�ed: UN, U
2
N

3
and UN

2
. Even though the compounds of U

2
N

3
and UN

2

are structurally dissimilar, they belong to the same phase on the phase dia-

gram [10]. In fact, uranium sesquinitride, U
2
N

3
, can be obtained from UN

2
by

removing nitrogen and slightly changing the atomic structure [11]. Phase di-

agram presented in Figure 2.1, presumably at 1 bar (unfortunately, not clear

from the reference) demonstrates the transition between the phases and their

decomposition temperatures.

4
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Figure 2.1: Phase diagram of U-N system [12]

It has been reported in previous research that UN is always substoichio-

metric with the maximum nitrogen content being 0.999 (UN
0.999

) at 1630 ◦C

[12]. The mononitride phase has a structure of rock-salt NaCl-type fcc (face-

centered cubic) with a lattice parameter of 4.8895 ± 0.0005 Å [12]. The

sesquinitride phase U
2
N

3
has 2 modi�cations: cubic α-U

2
N

3
with composi-

tions ranging between UN
1.54

and UN
1.75

and hexagonal β-U
2
N

3
with compo-

sitions ranging from UN
1.45

to UN
1.49

[12]. According to Tagawa [12] trans-

formation from α-phase to β-phase occurs when the temperature reaches

800 ◦C and can be described by the following equation.

α U
2
N

3+x

−−→←−− β U
2
N

3–y
+

1

2
(x + y)N2 (2.1)

Sesquinitride decomposes at the temperature of 1350 ◦C in 1 atm nitro-

gen and at temperatures above 600 ◦C in vacuum according to the following

equation [12]:

U2N3+x
−−→←−− 2UNs +

1

2
(1 + x)N2 (2.2)

The excess nitrogen in the sesquinitride phase is present in the lattice in

the form of interstitials. Interestingly, the solubility of oxygen is higher in

sesquinitride compared to mononitride. It was reported by Matzke [13] that

solubility of oxygen in UN is 7 at% (oxygen is dissolved in UN in the form of

UO). Other researches reported that solubility in solids increases with tem-

perature and suggested that the solubility of oxygen in mononitride at a spe-

ci�c temperature will be equal to 900 ppm [7]. Javed conducted experiments
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to investigate the solubility of oxygen in mononitride in the temperature

range between 1600 ◦C and 1900 ◦C. His results suggested that about 3.5 at%

(4400 ppm) of oxygen is soluble in UN at 1600 ◦C [14]. According to Javed,

mononitride containing dissolved oxygen with the formation of U(N
0.93

O
0.07

)

is thermodynamically more stable, compared to pure UN [14]. When oxygen

concentration in UN exceeds the solubility limit a secondary phase of UO
2

can appear [7]. In the case with sesquinitride, solid solution of U
2
N

3
-UO

2
is

formed at temperatures of 1200 ◦C - 1400 ◦C when oxygen is dissolved in

the lattice of U
2
N

3
[12]. Nitrogen solubility in UO

2
, on the other hand, was

obtained when U UN UO
2

system was studied. It was reported to increase

from 4 at% at 1500 ◦C to 12 at% at 2000 ◦C [7].

2.2 Uranium oxynitride compounds
Recent research into the possible reason for good corrosive resistance to oxy-

gen of nitrogen-rich uranium nitrides such as UN
2–x

and U
2
N

3
indicates the

presence of a ternary compound, uranium oxynitride, namely UN
x
O

y
. This

ternary compound, formed on the surface of the thin UN
2–x

�lm exposed to

air in a study conducted by Long et al., tends to protect the bottom layers

of the material from further oxidation [15]. The structure of the oxynitride

layer UN
x
O

y
is described as a solid solution of UO and UN or UO

2
and UN

2

[16]. Experiments and calculations were performed to study the mechanism

of formation of oxynitride layers. According to Long et al. oxygen di�uses

into the uranium lattice of the nitrogen-rich uranium nitrides in the form of

interstitials or partially substituting nitrogen atoms. The fact that oxygen

di�usion, responsible for formation of oxynitride layers, does not distort the

uranium atoms arrays makes it di�cult to distinguish the phase structure

between UN
x
O

y
and UN

2–x
using X-ray di�raction (XRD) technology [15].

2.3 Di�usion rates in UO2 and UN
Physical interactions between solid phases brought into contact with each

other can be due to interdi�usion, which is “a mutual di�usion of species

across the common boundary” [17]. The di�usion couple technique is ap-

plied in order to investigate the interdi�usion between uranium dioxide and

uranium nitride. When considering uranium dioxide, we can focus on the

self-di�usion, which includes the migration of host ions (uranium and oxy-

gen) via the lattice defects and the impurity di�usion [17], which in our case
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will be the di�usion of nitrogen through the lattice of UO
2
. In general, di�u-

sion rates in oxides depend on oxygen activity, total oxygen pressure, tem-

perature and the chemical activity of the components and the defect con-

centration [17]. The defect concentration in the lattice of UO
2

is associated

with presence of Schottky and Frenkel disorder reactions and will rely on

the stoichiometry of the uranium dioxide [18]. Therefore, the stoichiometry

of the dioxide pellet will have to be established with precision in order to be

able to approximate the interdi�usion rate of the couple. Oxygen, as well as

other impurities that might be present in the uranium dioxide di�uses at a

much faster rate than the metal atoms. Faster di�usion rates of impurities

correspond to the quicker migration of interstitial defects, responsible for

the impurity di�usion.

As far as the di�usion of nitrogen through the lattice of UO
2
is concerned,

it is interesting to recall the results obtained by H. M. Ferrari in his experi-

ments with di�usion kinetics of nitrogen in UO
2

[19]. Ferrari’s experiments

were based on the model earlier applied by Booth who studied the rate of

release of �ssion gases xenon and krypton from uranium dioxide [20]. In

Ferrari’s experiment nitrogen was uniformly distributed through the pellets

of UO
2

in the form of UN
x
, with nitrogen concentration being 1800 ppm [19].

The pellets were sintered to less than 94% of theoretical density in order to

ensure that di�usion rate estimation model would work, as the model relies

on a very small fraction of closed porosity present in the pellets of UO
2
. Using

the solution of the di�usion equation for Fick’s second law, Ferrari was able

to connect the fraction of nitrogen released with the di�usion coe�cient.

Using the obtained values for di�usion coe�cient of nitrogen in UO
2
,

Ferrari constructed the Arrhenius plot, connecting the di�usion coe�cient

with the temperature, corresponding to it. The relation between the di�usion

coe�cient of nitrogen in UO
2

and the temperature was proposed to follow

the expression [19]:

D = 2.25× 10−9 × e−A/RT
(2.3)

where

D - di�usion coe�cient for nitrogen in UO
2
;

A - activation energy of nitrogen di�usion in UO
2
, equal to 139.84 kJ/mole;

R - universal gas constant;

T - temperature in Kelvin;

Ferrari proposes also that the di�usion mechanism of nitrogen is similar

to oxygen self-di�usion in uranium dioxide. The activation energy of oxygen
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self-di�usion varies depending on the stoichiometry of the UO
2
, being in

the range between 272.14 kJ/mole for stoichiometric UO
2

and 125.6 kJ/mole

for non-stoichiometric [19]. The mechanism of self-di�usion of oxygen in

uranium dioxide is governed by migration of anion interstitials through the

lattice of UO
2
. Similar process is suggested by Ferrari for di�usion kinetics

of nitrogen in uranium dioxide.



Chapter 3

Materials and methodology

3.1 Di�usion couple experiment
In order to investigate possible physical and chemical interactions between

UN and UO
2

the di�usion couple experiment was performed. Originally,

the experiment was supposed to be conducted using steel vacuum capsule,

which was designed to expand thermally in the furnace in order to apply

a certain amount of pressure onto the pellets. The heat treatment of the

di�usion couple was supposed to be performed at the temperature of 800 ◦C

for a period of one month. Unfortunately, the vacuum capsule didn’t get

manufactured in time, and the alternative solution was applied in order to

conduct the experiment. The heat treatment temperature was increased to

1000 ◦C, whereas the holding time was reduced to 20 hours.

Molybdenum crucible was used for the experiment. The pellets of UN

and UO
2

were polished and brought into contact with each other inside the

crucible. The setup for the experiment is presented in Figure 3.1.

Pressure applied onto the di�usion couple by the molybdenum rod was

calculated to be 68 kPa (with the mass of the rod being 393 g and the diameter

of the UO
2

pellet being 8.5 mm). The crucible with the di�usion couple was

placed in the furnace, shown in Figure 3.1(b), and was heated in argon at 1

bar. The steps of the procedure are presented in Table 3.1.

When cooled the pellets were removed from the furnace. The surfaces of

the pellets that were in contact with each other were analyzed using SEM.

It is important to note that surfaces of the pellets were not polished anew

prior to SEM in order to retain the possible traces of interaction between two

phases. The results of the SEM analysis of the di�usion couple experiment

are presented in the Results and Discussion section of the thesis.

9
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(a) Molybdenum crucible (b) Furnace

Figure 3.1: Experimental setup for di�usion couple experiment

Table 3.1: Di�usion couple heat treatment procedure

Step Start temperature,
◦C End temperature,

◦C Time

1 20 1000 1 h 40 min

2 1000 1000 20 h

3 1000 20 1 h 40 min

3.2 Density Measurement
The density measurement of the produced composite pellets was done using

the Archimedes’ principle. The principle can be used to measure densities of

objects with irregular shapes by submerging them in the liquid with a known

density. According to Archimedes’ principle, the volume of the submerged

object will be equal to the volume of the displaced �uid [21]. This principal

is also known as the physical law of buoyancy, because the buoyancy force

acting upward on the submerged body is equal to the weight of the displaced

�uid. In this experiment chloroform was used as the �uid of known density

(density of chloroform was taken as 1.489 g/cm3
). The mass of each pellet
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was measured �rst when the pellet was suspended in air and then when the

pellet was submerged in chloroform. The setup for the density measurement

is presented in Figure 3.2. The density of the pellet was calculated using the

Figure 3.2: Density measurement setup [22]

following expression:

ρs = ms/(ms −mchlo) ∗ ρchlo (3.1)

where

ρs - pellet density;

ms - dry mass of pellet;

mchlo - mass of the pellet submerged in chloroform ;

ρchlo - density of chloroform;

3.3 Reduction of uranium dioxide (UO2)
Uranium dioxide used for the experiment was provided originally by ASEA-

Atom, obtained from the nuclear chemistry laboratory of KTH. The UO
2

powder was black in color and super-stoichiometric with excess of oxygen.
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In order to reduce uranium dioxide the following procedure was carried out.

The uranium dioxide powder was weighed in the container, Figure 3.3, and

29.96 g of the powder was transferred into the quartz tube.

Figure 3.3: Uranium dioxide powder before reduction

The tube was then placed into the furnace, equipped with an external

thermocouple, and connected to gas intake and exhaust channels. Tempera-

ture and gas �ow were logged. The powder was �ushed with hydrogen (H
2
)

at the intake rate of 0.1 dm3/min while the temperature was increased grad-

ually from 30 ◦C to 500 ◦C at a rate of 10 ◦C/min and then from 600 ◦C to

810 ◦C at a rate of 5 ◦C/min. It could be observed that the reduction reac-

tion took place when small droplets of water appeared on the inner walls at

the cold end of the quartz tube. The water droplets formation on the quartz

tube coincided with the peak on the �ow di�erence graph, indicating that

intake of hydrogen exceeded the exhaust since some hydrogen reacted with

uranium dioxide and formed water droplets, as seen in Figure 3.4.

When the gas �ow di�erence stabilized and the reaction was complete

the quartz tube was cooled from 804 ◦C to 512 ◦C in hydrogen (H
2
) and then

from 512 ◦C to 21 ◦C in �owing argon. The quartz tube was then removed

from the furnace. The uranium dioxide powder was transferred from the

tube into the intermediate holding container that was �rst �rmly attached

to the top end of the tube to prevent the powder getting in contact with

air. The intermediate holding container was placed in the glove box and the

powder was transferred into the labeled storage tube. It was noticed that the

color of the powder has changed. The uranium dioxide powder became light

brown in color, as can be seen from Figure 3.5.
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Figure 3.4: Condensation on the walls of the quartz tube

Figure 3.5: Uranium dioxide powder after reduction

3.4 Spark Plasma Sintering (SPS)
The method that was used to press the powder consisting of uranium dioxide

and small pieces of uranium nitride is called Spark Plasma Sintering (SPS).

This particular method of sintering includes applying pulsed DC current

and pressure to the material [23]. The composite powder was loaded into
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graphite die with top and bottom graphite presses being used for pressing

the powder into pellets. The schematic of the SPS process is presented in

Figure 3.6.

Figure 3.6: Schematic of SPS process [24]

The SPS method has proven to be very e�ective in pressing the ceramic

fuel powders into very dense pellets in short periods of time. Four main

stages of the process have been identi�ed as follows: all gases are removed

from the chamber and vacuum is created, the required pressure is applied to

the sample through the punches, resistance heating is applied, and the last

stage being the cooling of the sintered pellet [24].

Although the mechanism behind the SPS remains controversial [25], the-

ories behind it have been proposed and tested by a number of scientists and

researchers. According to Zhang et al. [25], the name of the method be-

ing Spark Plasma Sintering re�ects the fact that plasma is generated in the

material. The presence of plasma is explained by the spark discharge that

occurs in the gap between the particles of the material in the presence of the

pulsed electric current. Plasma is created as a result of high temperatures

and leads to localized melting and formation of inter-particular bonds [26].

If sintering powder is electrically conductive pulsed DC current will �ow

directly through the sample along a speci�c path (if the powder is not ho-

mogeneous). Hot spots may occur along these paths and Joule heating will

be responsible for high local heating rates. Joule heating is present when

an electric �eld is applied to the conductive liquids [27]. In addition to that,

thermal di�usion of the particles within the material is enhanced due to the

fact that the protective surface oxide layers are removed from the material

by the spark discharge [25].

According to Guillon et al., compressive stress applied to the sintering

powders through graphite punches e�ects the existing di�usion mechanism

such as lattice di�usion and grain boundary di�usion but also creates new
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forms of di�usion such as plastic deformation and grain boundary sliding

[28]. Guillon et al. also suggests that enhanced densi�cation of the sintering

powder occurs at the beginning of the sintering process and can be explained

by the presence of punch vibrations correlating to the pulsed current [28].

On the other hand, experimental studies conducted by Hulbert et al. pro-

vide su�cient evidence of absence of spark and plasma in the SPS sintering

process [29]. In order to observe a spark during the sintering process, re-

searches conducted in situ atomic emission spectroscopy, accompanied by

direct visual observations and in situ voltage measurements. In the number

of experiments, including sintering nanoscale powders and coarse powders

of various impurities, they were able to conclude that "no spark, arc, glow

discharge or other anomalous feature was directly observed visually or de-

tected using AES throughout the entire observed SPS process" [29].

Despite the dispute and the controversial nature of the mechanism be-

hind the SPS process, the advantages of the SPS method over the more tradi-

tional sintering techniques include fast heating rates and short holding times

(0-10 min) [25]. In one study conducted at the Royal Institute of Technology

pellets sintered by SPS method had the average porosity of 0.2 %. The pellets

were sintered at 1650 ◦C for 3 mins [30].

3.5 Composite Pellets sintering
Stoichiometric uranium dioxide powder, obtained in the described above re-

duction process was mixed with pieces of uranium nitride (UN). The pre-

viously sintered pellets were crushed and sieved in order to separate large

pieces and small pieces of the pellet. Larger pieces were between 335 and

1000 microns, smaller pieces were between 125 and 335 microns. Four com-

posite pellets were sintered using the Spark Plasma Sintering (SPS) method at

the national SPS facility at Stockholm University. Sintering was done using

Dr. Sinter SPS-5.40MK-VI machine, integrated with glove box and sintering

furnace SPS530ET. SPS machine is presented in Figure 3.7.

Graphite dies were �lled with composite powder in a glove box under

argon. Graphite punches of 9.1 mm in diameter secured the powder at the

top and the bottom of each die. Dies �lled with powder were placed in-

side the vacuum chamber of the SPS between two electrodes. The applied

pressure during sintering was 46 MPa. The pellets were sintered at temper-

atures of 1400 ◦C and 1600 ◦C. The progression of the sintering process for

pellet A1 containing larger pieces of UN is demonstrated in Figure 3.8. As

can be seen from Figure 3.8, very rapid powder densi�cation starts approx-
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Figure 3.7: SPS machine

imately 6 minutes after the start of sintering, which corresponds to approx-

imately 900 ◦C. Z axis displacement corresponds to the upward movement

of the lower graphite punch, indicating the reduction in powder volume and

densi�cation. Z axis displacement remains relatively unchanged when tem-

perature remains at 1400 ◦C. During the cooling process both sample and

graphite punches thermally contract.

The sintering process of pellet A2 is demonstrated in Figure 3.9. Similar

behavior of axis displacement of the lower graphite punch was observed.

The sintering temperature of A2 pellet was set at 1600 ◦C.

Sintered pellets were removed from the SPS machine after sintering. The

pellets were covered by graphite paper as can be seen from Figure 3.10(a).

Graphite residue was removed from the pellets by grinding them with

silicon carbide paper. The resulting pellet can be seen in Figure 3.10(b).

Composition information and sintering temperatures for each pellet are

presented in Table 3.2. Pellets diameters and heights were then measured as

well as the densities. Archimedes’ principle, as described in 3.2, was used

to determine the densities of the produced pellets. In order to compare the
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Figure 3.8: Sintering of pellet A1 (red line - Z axis displacement, black line -

sintering temperature)

obtained densities of the pellets with their theoretical densities the calcula-

tion was made taking into account the masses of UN and UO
2

powders used

for each batch, as well as their respective theoretical densities. For batch A,

containing larger pieces of UN, 8.003 g of UO
2

was mixed with 2.516 g of

UN, whereas for batch B, 8.001 g of UO
2

was mixed with 2.694 g of UN. The-

oretical densities of UN and UO
2

used in the calculations were taken as 14.33

g/cm3
[31] and 10.963 g/cm3

[32] respectively. Theoretical densities of the
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Figure 3.9: Sintering of pellet A2 (red line - Z axis displacement, black line -

sintering temperature)

composite pellets were calculated using the following formula:

ρth = m1 +m2/(m1/ρ1 +m2/ρ2) . (3.2)

where

ρth - theoretical density of the composite pellet;

m1 - mass of UN in composite powder;

ρ1 - theoretical density of UN;

m2 - mass of UO
2

in composite powder;

ρ2 - theoretical density of UO
2
;

Archimedean and theoretical densities are presented in Table 3.3.
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(a) Sintered pellet with graphite paper (b) Composite pellet after grinding

Figure 3.10: Composite pellets after sintering

Table 3.2: Composition of sintered pellets

Pellet UN pieces size, µm Powder �lling weight, g Sintering temperature,
◦C

S180410A1 335-1000 4.019 1400

S180410A2 335-1000 4.195 1600

S180410B1 125-335 3.978 1400

S180410B2 125-335 4.146 1600

3.6 Annealing of composite pellets
After obtaining the unexpected results in regards to nitrogen di�usion dur-

ing SPS sintering (results will be discussed in the Results and Discussion

section),we decided to perform an additional experiment that was not origi-

nally planned as part of the project. The annealing of the sintered composite

pellets in argon at 1600 ◦C for 20 hours was supposed to help investigate

the behavior of nitrogen and oxygen within the pellets in isothermal condi-

tions without the presence of non-equilibrium processes (pulsed direct cur-

rent during SPS).

In order to conduct the experiment composite pellets B1 and B2 were

placed in the alumina crucible and lowered down into the furnace, see Fig-

ure 3.11. The annealing procedure followed the steps presented in Table 3.4.
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Table 3.3: Densities of produced composite pellets

Pellet Archimedean density Theoretical density Percent theoretical density

g/cm3 g/cm3
%

S180410A1 11.235 11.616 96.7

S180410A2 11.291 11.616 97.2

S180410B1 11.150 11.653 95.7

S180410B2 11.313 11.653 97.1

Figure 3.11: Alumina crucible with pellets inside the furnace (view from

above)

After annealing and cooling, the pellets were removed from the furnace.

It was observed that the outside surface of the alumina crucible was covered

by a layer of white �aky substance. It was proposed that the substance came

from the crucible itself, as it was used for the �rst time in present experiment.

When the pellet was removed from the crucible, it was noticed that the pellet

was also covered by the same substance. Annealed composite pellet can be

seen in Figure 3.12.



CHAPTER 3. MATERIALS AND METHODOLOGY 21

Table 3.4: Composite pellets annealing procedure

Step Start temperature,
◦C End temperature,

◦C Time

1 20 1600 1 h 45 min

2 1600 1600 20 h

3 1600 20 1 h 45 min

Figure 3.12: Composite pellet after annealing

3.7 Characterization

3.7.1 SEM
In order to investigate the chemical composition of the interface layer of

the di�usion couple and to obtain high-resolution images of the surface the

scanning electron microscopy (SEM) can be used. The sample to be ana-

lyzed is placed into the vacuum chamber and is bombarded by an electron

beam. The incident electrons usually have the energies between 4 and 20 keV

[33]. When incident electrons from the beam fall onto the sample, they in-

teract with the surface of the sample. These interactions are accompanied by

production of X-rays, secondary electrons (SE) and backscattered electrons

(BSE), which can be analysed with the help of various detectors.

Secondary electrons (SE) are the electrons that get knocked out from the

orbits of the atom by high-energy incident beam. They usually appear as a

result of incident beam interaction with the top surface of the sample. Sec-

ondary electrons provide information mainly about the topography of the



22 CHAPTER 3. MATERIALS AND METHODOLOGY

sample, while backscattered electrons (BSE) show the density of the mate-

rial. Backscattered electrons (BSE) are the same electrons that were present

in the incident beam. They travel deeper into the sample and get de�ected

from the atom’s nucleus. Both secondary electrons and backscattered elec-

trons then get directed into the corresponding detectors in order to provide

information required for producing images of the surface of the sample.

The chemical composition of the sample can be analysed using the energy-

dispersive X-ray spectroscopy (EDS) that is usually incorporated within SEM.

When incident electrons bombard the sample, they knock out the electrons

from the inner shell of the atomic orbit. The vacancy is then �lled by an

electron from the outer shell, and the energy di�erence between the shells

is emitted in the form of a characteristic X-ray. These characteristic X-rays

are directed into the EDS detector where the energy spectrum is produced.

The spectrum allows to determine the presence of speci�c elements and to

identify the chemical composition of the material [34]. Before conducting

the SEM analysis of the produced pellets they were embedded in bakelite

and polished. SEM was performed using Philips XL-30 ESEM microscope,

presented in Figure 3.13. The polished pellet from batch "A" with pieces of

Figure 3.13: Philips XL-30 ESEM microscope
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UN larger that 335 µm is presented in Figure 3.14. The tape at the bottom of

the bakelite cylinder visible in Figure 3.14 was attached for SEM analysis. It

can be noticed that pieces of UN (lighter material) are visible on the surface

of the pellet, embedded in the matrix of UO
2
.

Figure 3.14: Polished pellet embedded in bakelite before SEM
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Results and discussion

4.1 Di�usion couple experiment
SEM analysis of the unpolished surface of the UO

2
pellet didn’t reveal any

signs of interaction between the solid phases of UN and UO
2
. The UN pellet,

however, showed some indications of the presence of oxide phase after being

subjected to the heat treatment. As the pellets used in the di�usion couple

experiment were of di�erent sizes (UO
2

pellet being smaller in diameter than

the UN pellet), the unpolished surface of the UN pellet was visually di�erent

in color in the middle of the pellet (area of contact between the pellets), as

can be seen in Figure 4.1.

The EDS spectra analysis of the unpolished surface of the UN pellet pro-

vided us with scattered data on the amount of carbon, nitrogen and oxygen.

No trend in reporting of the concentrations of the elements was observed.

This is due to the fact that X-ray lines for the lighter elements are not re-

solved because of the poor resolution of the EDS spectrometers and the close

proximity in energy peaks [35]. And even though we can not exclude the

possibility of carbon being present in the system, it is also possible that it is

just an artifact, associated with the detection sensitivity bias of SEM when

detecting light elements.

In order to analyze the depth of interaction between the phases the straight

edge of the half of the UN pellet was polished at an angle of 15 degrees. The

angle was determined at a later stage using optical imaging technique. As

can be seen from Figure 4.2 and Figure A.2, the darker “spot” is visible on

the polished surface of the pellet. The depth of the “spot” was determined

knowing the angle and the scale of the image. The calculated depth is ap-

proximately 0.079 mm. Similar spots are also visible on the unpolished sur-

24
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Figure 4.1: SEM image of unpolished surface of UN pellet after annealing

face of the pellet but could not be seen anywhere else within the polished

area.

EDS spectrum analysis was conducted in the area around the “spot”. EDS

sampling points are presented in Figure 4.3. Corresponding concentrations

of nitrogen, oxygen and uranium are shown in Table 4.1. Oxygen concentra-

tion for spectra 4, 5 and 6 are considerably higher than for spectra 1,2 and 3.

Due to the detector sensitivity bias when detecting light elements, the con-

version ratio had to be worked out by comparing the concentrations of light

elements to pure references.

The di�usion couple experiment produced some interesting results. How-

ever, based on the outcome of the experiment, it is very di�cult to make any

conclusions about the possible chemical or physical interactions between the

phases. No ternary phase formation between the pellets was observed, ei-

ther visually or using SEM and EDS. UO
2

pellet did not appear to contain

any signs of nitrogen di�usion across the interface border into the matrix

of UO
2
. And even though we observed a small concentration of oxygen in

the UN pellet, it is di�cult to exclude the possibility of oxygen being the

traces of impurity, present in the UN powder used for sintering. The avail-

able data for UN powder suggests the presence of 0.10% (mass percent) of

oxygen impurity.
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Figure 4.2: Polished area of the UN pellet

Figure 4.3: EDS analysis of UN pellet
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Table 4.1: EDS spectra analysis of UN pellet (in atomic %)

Spectrum Nitrogen Oxygen Uranium

Spectrum 1 65.4 6.49 28.11

Spectrum 2 67.16 5.56 27.29

Spectrum 3 67.30 4.93 27.77

Spectrum 4 11.82 56.79 31.40

Spectrum 5 10.60 63.50 25.90

Spectrum 6 30.82 30.90 38.28

By looking at the enlarged image of the darker “spot” in the matrix of UN,

see Figure A.2, it is possible to notice that the structure of the surface of the

a�ected area is identical to that of pure uranium nitride. An assumption that

the darker “spot” was formed when oxygen di�used across the border into

the UN matrix and recombined with uranium there would suggest di�erent

molar densities of two areas and, therefore, di�erent surface structures.

4.2 Composite pellets
The images of the surface of the composite pellet A1 produced by XL-30

ESEM microscope are presented in Figure 4.4. As can be seen from these

images the UO
2

matrix around UN pieces is very porous. This observation

suggests that adding pieces of UN into UO
2

powder and sintering the com-

posite pellets lead to reduced density of UO
2

around the inclusions of UN.

In addition to that, a large void could be visible between two neighboring

pieces of UN on the left of Figure 4.4(a). Small cracks are also visible on the

surface of the pellet.

It can also be noticed from the SEM images of the composite pellet that

each piece of UN included in the UO
2

matrix is surrounded by a "di�usion

border", as shown in Figure 4.5. This is the area where small UN "islands"

are clearly visible on the matrix of UO
2
. It appears as if nitrogen di�used

into UO
2

and, by combining with uranium, created small UN precipitates in

the uranium dioxide. Similar reaction also happened with oxygen, which

di�used from the UO
2

side into the UN area. However, it can be seen from

Figure 4.5 that nitrogen traveled quite far in into the UO
2

matrix, whereas

most of the oxygen remained in the di�usion border area.
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(a) (b)

Figure 4.4: SEM images of UN-UO
2

composite pellet A1

Figure 4.5: SEM images of di�usion area of UN-UO
2

composite pellet A1

EDS spectrum of the surface of the pellet A1 provides information about

concentrations of the elements present in the material. As can be seen from

Figure 4.6, uranium concentration remains entirely unchanged when mov-

ing from UN pieces to UO
2

matrix, whereas nitrogen and oxygen concentra-

tion spectra interchange visibly (higher nitrogen concentration in UN pieces)

when moving from UN to UO
2

on the surface of the pellet. Di�usion areas

are also visible on the EDS spectrum of Figure 4.6, where nitrogen spectrum

drops on the border between UN pieces and UO
2

matrix.

Similar behavior can also be observed in the di�usion border area, as seen

from Figure 4.7. Transitions between small "islands" of UN to UO
2
matrix cor-

respond to respective drop of nitrogen concentration on the EDS spectrum.

The opposite is true for oxygen, concentration of which rises when moving

into UO
2

area.
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Figure 4.6: EDS line analysis of A1 pellet

Figure 4.7: EDS line analysis of di�usion area of A1 pellet

When analyzing pellet A2 it was noticed that, similar to A1, porous areas

of UO
2

were visible on the surface of the pellet between the UN pieces. One

distinctive feature present in this pellet could be seen in Figure 4.8.

It appears that nitrogen from UN migrated in large quantities towards the

void in the UO
2

matrix and precipitated into secondary UN around the edges

of the void. However, it is also possible that UN nucleates were the reason

voids were created in UO
2
matrix, because the molar volume of the secondary

precipitates of the UN phase would be smaller than the molar volume of the

original UO
2
. If later is the case, nitrogen di�usion would cause degradation

of fuel material, but it remains uncertain at this point what caused the voids

to appear. Figure 4.8 also demonstrates that nitrogen traveled very far into

the UO
2

matrix as very small pieces of UN can be observed at large distances

from original UN pieces. The map of the void phenomenon surrounded by
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Figure 4.8: SEM image of void in A2 pellet

UN nucleates is presented in Figure 4.9. As can be seen in Figure 4.9(d),

uranium is present in relatively equal concentrations everywhere around the

void, whereas nitrogen and oxygen are present in higher concentrations in

the areas corresponding to the UN nucleates (Figure 4.9(b)) and UO
2

matrix

respectively (Figure 4.9(c)).

SEM analysis of the pellet samples B1 and B2, containing smaller pieces

of UN in UO
2

matrix revealed some features that were not present in the

A1 and A2 samples. Figure 4.10 shows the di�erence in the di�usion stage

between the small pieces of UN and larger pieces. As can be seen, large

pieces still have the di�usion border around them, whereas smaller pieces

of UN have turned into "archipelago" of UN, surrounded by the uranium

dioxide UO
2
. It can be observed that porosity is present in the UO

2
matrix

between the UN pieces (similar to pellets A1 and A2). The di�usion border

area which is closer to the more porous section of UO
2

matrix is narrower

compared to the di�usion area of the opposite side of UN piece, which is

surrounded by more dense UO
2

matrix. This can be caused by the fact that

UO
2

was being "consumed" from both directions causing the depletion of

volume. However, it is also possible that the obstruction caused by UN pieces
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(a) SEM image of the void (b) Nitrogen concentration

(c) Oxygen concentration (d) Uranium concentration

Figure 4.9: SEM map of the void

led to poorer mechanical compaction of the material in those areas. It is also

interesting to note that secondary formation of UO
2

in the area of di�usion

between the two phases is much denser than the original UO
2

matrix. This

phenomenon could be explained by the fact that secondary UO
2

occupies

more volume than the original UN. Therefore, UO
2
, which was formed there

is more compressed, than in the areas of primary UO
2

matrix.

Figure 4.11 demonstrates three pieces of uranium nitride UN that dif-

fused di�erently, even though the di�erence in size between the pieces is

rather small. It is di�cult to know why the pieces di�used di�erently but

one possible explanation could be the di�erent paths the current takes when

traveling through the powder during SPS process.

Similar to pellets from batch A, pellet B1 also contains uranium nitride,

which appears to have formed when nitrogen migrated along the grain bound-

aries of uranium dioxide matrix and recombined with uranium. Figure 4.12(a)
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Figure 4.10: SEM image of di�usion area in B1 pellet

demonstrates the presence of uranium nitride nucleates that could have been

formed due to di�usion of nitrogen into the uranium dioxide matrix. Some

of the voids can also be observed near the uranium nitride nucleates, see

Figure 4.12(b).

As in the case with pellets from batch A, pellet B1 also exhibited the

void formation in the areas where nitrogen, di�used into the uranium diox-

ide matrix, recombined with uranium to form secondary uranium nitride. If

Figure 4.12(b) is compared to Figure 4.8 it can be noticed that the pattern

of void formation, which was present in A2 pellet, is not present in the B1

pellet. The voids are still visible in the areas �lled with secondary UN but

the positioning of the voids is random. The precipitation of nitrogen along

the grain boundaries of uranium dioxide is also observed in Figure 4.12(a).

When pellet B2 was analyzed it was observed that pieces of uranium

nitride exhibit di�erent behavior in regards to interdi�usion of nitrogen and

oxygen. As can be seen from Figure B.2, the oxide phase appears to have

formed throughout the UN phase in the smaller pieces. However, the larger

pieces are surrounded by the di�usion border but remain intact.

Figure B.6 demonstrates the di�usion of nitrogen from UN into the ma-
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Figure 4.11: SEM image of di�usion area in B1 pellet

(a) Di�usion along grain boundaries (b) Void formation

Figure 4.12: SEM image of di�usion along grain boundaries and void forma-

tion in B1 pellet

trix of uranium dioxide UO
2

from the entire piece. Di�used nitrogen then

recombined with uranium to form UN along the grain boundaries in UO
2

matrix. It could be observed that small voids were formed along the original

boundary between UN and UO
2
.
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Presence of voids of irregular shape was also observed and is demon-

strated in Figure 4.13. Small voids are visible around the boundary between

UN and UO
2
. Larger void is also visible in the bottom left corner of the im-

age. The position of the void is rather interesting. It appears to have formed

in the area between two pieces of UN. However, it is di�cult to determine

that with certainty because of the increased interdi�usion of nitrogen and

oxygen in this sample. The formation of these voids could be explained by

the di�erence in molar densities of uranium dioxide UO
2

and uranium ni-

tride UN, but their locations prove more di�cult to explain. If Figure 4.13

demonstrates the formation of a larger void on the borderline between the

pieces of UN, Figure B.7 demonstrates void formation in the area originally

occupied by uranium nitride UN. Smaller voids, seen in the uranium dioxide

matrix, also seem to have formed in the areas occupied by uranium nitride

UN, although not original UN pieces but secondary nucleates, formed after

the di�usion of nitrogen into the matrix of UO
2
.

Figure 4.13: SEM image of void formation in B2 pellet

Another fact that makes it di�cult to establish the mechanism behind

the void formation is the presence of areas free of void. As demonstrated in

Figure 4.14, large areas of uranium dioxide matrix with precipitates of sec-
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ondary uranium nitride, formed after the di�usion of nitrogen, exist with

almost negligible in size areas occupied by void. Figure 4.14 also shows part

of the original piece of uranium nitride UN with inclusions of UO
2

after dif-

fusion, as well as the UN precipitates (secondary UN), formed along the grain

boundaries of uranium dioxide UO
2
. An interesting observation can be made

about the thin boundary layer between the primary and the secondary UN,

which is relatively free from the secondary UN nucleates.

Figure 4.14: SEM image of di�usion along grain boundaries in B2 pellet

Another interesting observation was made when analyzing pellets from

batch B. It was observed that areas occupied by uranium nitride UN included

small amounts of uranium dioxide UO
2

in them, see Figure 4.15. The image

was obtained from secondary electrons detector and shows the matrix of

uranium nitride (lighter area in the image) and small inclusions of darker

material, dispersed throughout the UN matrix. EDS spectrum, obtained from

one of these inclusions, con�rms the presence of oxygen in them.

The SEM image of one of the inclusions is presented in Figure 4.16(a).

Small voids could also be seen in the UN matrix. The di�erence between

the voids and the inclusions is observable from the image. Voids are much

darker in color than the inclusions and have no surface texture in them. The

EDS spectrum of the inclusion, presented in Figure 4.16(b), con�rms the in-

creased concentration of oxygen in the inclusion (green line), and the de-
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Figure 4.15: SEM image of UO
2

inclusions in UN matrix

creased amounts of nitrogen in that area. It is, however, di�cult to say with

100% certainty that these inclusions represent the di�usion of oxygen from

the areas occupied by uranium dioxide UO
2

into the areas of UN. It is possi-

ble that during sample preparation (polishing of the pellets) particles of UO
2

were extracted from the uranium dioxide matrix and transfered into the ar-

eas of UN. Similar inclusions of UO
2

phase in the UN matrix were observed

by Pertti Malkki, who sintered uranium nitride pellets using SPS technique

from uranium nitride powder. The powder used for sintering in his case

contained oxygen impurities that exceeded 0.30 wt% [7]. SEM image of the

sintered by Malkki UN pellet is presented in Figure 4.17. Visible similari-

ties between SEM images presented in this work and in Malkki’s work could

indicate that UO
2

phase inclusions visible in the UN matrix were present in

the original pieces of UN used for composite pellet manufacturing. UN pellet

that was used in this work was sintered from the powder with oxygen levels

of 0.22% (mass percent).
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(a) SEM image of UO
2

inclusions in UN (b) EDS analysis of UO
2

inclusions in UN

(c) Nitrogen concentration (d) Oxygen concentration

Figure 4.16: EDS line analysis of UO
2

inclusions in UN

Figure 4.17: UN pellet produced in earlier work, SEM image in BSE mode [7]
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4.3 Fuel composites a�er annealing
The annealed pellets B1 and B2 were analyzed using SEM, and the following

features were observed. First of all, the structure of the pellet degraded sig-

ni�cantly. As can be seen from Figure 4.18, there are a lot of fractures formed

in UO
2

matrix. There are also additional voids that were not present in the

pellets before annealing. If we look closely at the primary pieces of UN, see

Figure C.2 and Figure C.3, that seemed intact before annealing with only a

small amount of uranium dioxide phase and almost no voids, we could notice

that oxide and nitride phases are now being mixed in those areas, and a lot

of voids have formed there as well. By looking closely at the newly appeared

fractures it is possible to notice de�ned porosity pathways that are present

along the same lines as the fractures themselves. In most cases the fractures

do not follow straight lines but instead choose curved trajectories as can be

seen in Figure 4.19.

Figure 4.18: SEM image of the surface of annealed B1 pellet

Another interesting feature that was not present in the sintered pel-

lets could be seen in Figure 4.20. Relatively large voids of various shapes

were formed towards the edge of the pellet. Some of these voids are partly
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�lled with uranium nitride, but there are also areas that appear to have been

completely �lled with UN. The area in the middle of the image is occupied

by small secondary precipitates of uranium nitride as shown in Figure C.6,

which were not present in the UO
2

matrix before annealing. The EDS spec-

trum analysis of these precipitates provided us with the concentrations of

nitrogen, oxygen and uranium inside the agglomerates and in the areas sur-

rounding them. The results of the analysis are presented in Table 4.2.

Figure 4.19: SEM image of fracture formation path in B1 pellet

The results of the annealing experiment were unexpected. As there were

no non-equilibrium conditions or temperature gradient during the anneal-

ing, we expected that the process of di�usion of nitrogen into the matrix

of UO
2

would be reversed, and the small secondary precipitates of UN will

recombine into larger nucleates due to the Gibbs-Thomson e�ect. What we

observed, however, was the opposite. Nitrogen continued di�using into UO
2
.

It appears as if nitrogen traveled quite far in the matrix of UO
2

towards the

newly formed voids in order to �ll them. The reason behind the fact that

some voids got completely �lled with UN and some remained empty is not

obvious. It also appears that nitrogen di�used out from the primary nitride

pieces, recombined with uranium to form UN nucleates and agglomerated
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Figure 4.20: SEM image of voids �lled with UN in B1 pellet

into larger secondary formations, possibly upon cooling. This assumption is

supported by the shape of the secondary precipitates of UN, as demonstrated

in Figure C.5.

The concentrations of oxygen, nitrogen and uranium in these secondary

precipitates, see Table 4.2, were compared with the reference mononitride.

The conversion ratio adjusting the detector sensitivity bias provided us with

the corrected ratio of nitrogen to uranium atoms in these secondary agglom-

erates. The adjusted ratio was worked out to be 1.56, suggesting the presence

of sesquinitride in the secondary precipitates. The assumption that sesquini-

tride was formed in the pellets on the annealing poses a number of questions.

First of all, if sesquinitride was formed in the pellet, we should be able to ob-

serve metal uranium that was left behind. We were not able to observe any

metal uranium in the annealed pellets. Another explanation would be the

presence of excess oxygen in the system during the annealing. The annealing

of the pellets was performed in �owing argon that was puri�ed with NuPure

system to sub-ppbs (part per billion) of impurities. However, we can not ex-

clude the possibility of small amounts of oxygen getting into the furnace by

di�using in along the pipes, hoses and seals. If we accept the assumption that
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Figure 4.21: EDS spectra analysis of secondary UN precipitates in B1 pellet

sesquinitride was formed in the annealed pellet, it is important to consider

the stability limit of this compound. As the annealing temperature was held

at 1600 ◦C, it is unlikely that sesquinitride was formed at that stage, because

the stability limit of 1100 ◦C for this compound was exceeded at the hold-

ing temperature. Therefore, one possible explanation for this phenomenon is

that sesquinitride was formed in the pellet during the cooling stage, when the

temperature dropped to approximately 800 ◦C. Interestingly, the presence

of U
2
N

3
phase was also observed by Malkki in sintered UN pellets [7]. One

of the hypothesis proposed by him was that oxygen and carbon impurities

present in the powder that was used for sintering "knocked-out" the atoms

of nitrogen from the lattice of UN. These atoms then di�used further into the

bulk of UN matrix forming U
2
N

3+x
[7]. The presence of hyper-stoichiometric

phase of UN (UN
1+x

) was also observed in the work of Jaques et al., who mixed

UN powder with 10% UO
2

powder and sintered composite pellets using cold

press sintering method at pressure of 550 MPa and temperature of 1900 ◦C

[9]. Jaques points out that hyper-stoichiometric nitride should be reduced

to UN and N
2

at temperatures greater than 1100 ◦C, and that the presence of

UN
1+x

in the sintered composite pellet could be explained by the formation

of oxynitride phase or by the fact that addition of UO
2

managed to stabi-
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Table 4.2: EDS line analysis of annealed pellet B1 (in atomic %)

Spectrum Nitrogen Oxygen Uranium

Spectrum 1 74.95 4.58 20.47

Spectrum 2 75.37 4.57 20.07

Spectrum 3 9.01 66.39 24.60

Spectrum 4 9.12 66.33 24.55

lize the hyper-stoichiometric UN [9]. Primary pieces of UN degraded with

some voids being formed in them. The shape and direction of the fractures

formed in the matrix of UO
2

suggest that they are not simply mechanical

fractures but were formed as a result of a more complex process following

the formation of voids on annealing.
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Conclusions and outlook

The main conclusion that could be made based on the results obtained from

this project is that there is physical interaction between solid phases of UN

and UO
2
, when phases are brought into contact with each other at elevated

temperatures. The analysis of the composite pellets revealed that nitrogen is

very mobile in the matrix of UO
2

and travels long distances within it. It was

also observed that secondary precipitates of UN were formed along the grain

boundaries in the uranium dioxide matrix. It is, however, di�cult to know

whether nitrogen di�used interstitially through the matrix of UO
2
, as was

suggested by Ferrari [19], but recombined into UN in the spaces between the

grains or whether it di�used along the grain boundaries. The explanation

for the grain boundary di�usion could lie in the sintering method used in

this project. The pulsed current used in SPS technique could be responsible

for the change in di�usion mechanism. The di�usion of nitrogen through

UO
2

is accompanied by formation of secondary UN precipitates, which, be-

ing smaller in molar volume than uranium dioxide, caused the formation of

voids in the areas that were previously occupied by UO
2
. The general struc-

ture of the composite pellets appeared to consist of a lot of porosity in the

UO
2

matrix. The compaction of UO
2

around the UN pieces appeared to be

very poor, often containing voids between the neighboring pieces of uranium

nitride.

The results of the annealing experiment showed that even in the absence

of non-equilibrium conditions (the energetic pulsed current of spark plasma

sintering) or temperature gradient the di�usion of nitrogen through UO
2
ma-

trix still takes place. Severe degradation of the pellets was observed after the

annealing experiment with an increased number of fractures and voids, com-

pared to the as sintered pellets. Pieces of UN did not remain intact, and, as a

43
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result of the annealing, became a mixture of both oxide and nitride phases.

As a result of nitrogen di�usion, associated with sintering and annealing of

the pellets, the surface area, occupied by UN, increases, which is the opposite

of the expectations from the experiment.

The annealing experiment also indicated the possibility of the chemical

interaction between the nitride and the oxide phases, accompanied by the

formation of sesquinitride.

Although the results obtained in this project are very interesting and

somewhat unexpected, there are certain factors that could have been con-

trolled prior or during the experiment to exclude the in�uence of impurities

that might have been present in the original materials on the results of the

experiments. If there was an opportunity to repeat these experiments, it

would be bene�cial to use pieces of uranium nitride that were sintered from

powders containing less oxygen impurities. As in the case with the di�usion

couple experiment, it still remains unclear whether the oxide phase we saw

inside the UN pellet was the result of oxygen di�usion or was present in the

UN pellet from the beginning.

It would also be interesting to sinter the composite pellets using the tra-

ditional sintering method in order to exclude the in�uence of spark plasma

sintering on the di�usion mechanism and the di�usion rates of nitrogen in

the matrix of UO
2
. Although the annealing experiment revealed that nitro-

gen di�usion takes place in the system without non-equilibrium conditions,

it would be interesting to conduct this experiment using traditional sintering

techniques.

More advanced elemental analysis techniques would be bene�cial to con-

�rm the presence of sesquinitride in the annealed pellets. And in order to

investigate the process of formation of sesquinitride (if it was con�rmed to

be sesquinitride) the quenching experiment could be performed. The pellets

would be sintered at temperatures of 1600 ◦C and cooled rapidly, avoiding

the stage when sesquinitride could be formed during slow cooling.

The concept of using composite UN-UO
2
pellets could still be very promis-

ing and bene�cial but, in order to prevent very high rates of nitrogen di�u-

sion through the UO
2

matrix, it would be useful to conduct similar research

with coated pieces of UN. Special coatings could be applied to pieces of UN

in order to create the protective layers around them. The main goal of the

coating would be to decrease the di�usion rates of nitrogen from UN phase

into UO
2

matrix.



Appendix A

SEM images of the di�usion cou-
ple experiment

Figure A.1: SEM image of the surface of UO
2

pellet
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Figure A.2: The dark "spot" in the matrix of UN



Appendix B

SEM images of composite UN-UO2
pellets

Figure B.1: SEM image of the surface of A2 pellet
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Figure B.2: SEM image of the surface of B2 pellet

Figure B.3: SEM image of di�usion in B2 pellet
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Figure B.4: SEM image of formation of UN precipitates in A2 pellet

Figure B.5: SEM image of UO
2

phase inclusions in UN matrix
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Figure B.6: SEM image of void formation along UN-UO
2

boundary

Figure B.7: SEM image of various voids present in B2 pellet



Appendix C

SEM images of annealed UN-UO2
pellets

Figure C.1: SEM image of the surface of the annealed B1 pellet
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Figure C.2: SEM image of the void on the surface of the B1 pellet

Figure C.3: SEM image of the primary UN phase after annealing in B1 pellet
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Figure C.4: SEM image of the surface of annealed B1 pellet

Figure C.5: SEM image of secondary UN precipitates in B1 pellet
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Figure C.6: SEM image of secondary UN precipitates in B1 pellet
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