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"What I cannot create, I do not understand."
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Abstract

In this thesis, UN-U
3

Si
2

nuclear fuel was fabricated using spark plasma
sintering and characterized to analyze the microstructure and crystal struc-
ture of the resulting pellets. This work was done in collaboration with
accident tolerant fuel research, an e�ort which aims at developing nuclear
fuel with superior safety and performance compared to currently used oxide
fuels.

Uranium silicide was manufactured by arc melting to produce U
3

Si
2

and uranium mononitride was synthesized by using the hydriding-nitriding
method. They were mixed in varying compositions (5 wt%, 10 wt%, 20
wt%, and 25 wt% U

3

Si
2

) in order to create composite fuel pellets. Char-
acterization of the resulting pellets showed an apparent ternary phase of
U-N-Si, prompting fabrication of four more pellets at varying temperatures
(1200 ¶C, 1300 ¶C, 1400 ¶C, and 1500 ¶C) to try and identify the temperature
of phase formation.

The presence of a probable ternary U-N-Si phase was confirmed to be
present in all fuel pellets. Therefore, further investigation into the thermo-
dynamic behavior of the ternary U-N-Si system is suggested before this fuel
can be recommended for use in a reactor.
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Chapter 1

Introduction

1.1 Accident Tolerant Fuel

Since the development of nuclear power in the 1950’s, many di�erent
materials have been considered for use as nuclear fuel. The fuel element is
essentially the core of a nuclear reactor, as it is responsible for producing
the heat that is eventually converted into electricity. The success of nu-
clear power as a safe, economical, and reliable source of energy is therefore
dependent upon the performance of the fuel. For this reason, many con-
siderations go into the fuel design, including the behavior during normal
reactor operation to behavior during potential accident conditions.

It is perhaps inherent to the field of engineering that vast improvements
in design are made after the occurance of an accident. In the same way,
the nuclear power industry is continuously enhancing the safety of nuclear
power plants, taking accidents as an opportunity to identify and eliminate
weaknesses in design. After the Fukushima Daiichi nuclear power plant
su�ered a severe accident in Japan in 2011, a high priority was placed on
the pursuit of a light water reactor (LWR) fuel system that can withstand
severe accident conditions. The hope is that significant improval in the fuel
and cladding properties can delay the onset of detrimental reactions, and
therefore increase the coping time to respond to an accident [1].

The key requirement for this so-called accident tolerant fuel (ATF) is
the ability to handle a loss of active cooling in the core for a longer time
period compared to the existing UO

2

-zircaloy fuel system. At the same
time, the fuel system must maintain or improve current fuel performance
during normal operating conditions. Changes to both the fuel and cladding
materials are being considered in order to meet this goal. The main foreseen
fuel performance improvements are enhanced fission product retention at
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high temperatures and improved thermal/mechanical physical properties.
Several materials and designs with these superior properties are currently
under investigation, including UN-USi composite fuel.

1.2 UN-USix Composite Fuel

Uranium nitride and uranium silicide fuels have been studied for a num-
ber of years as two separate fuel concepts. The advantage of these fuels
compared to uranium oxide fuel has been well established. However, the
idea to create a composite fuel containing both uranium nitride and ura-
nium silicide is relatively new.

Uranium nitride fuel refers to the use of uranium mononitride (UN) as
a nuclear fuel, which exhibits a number of favorable properties compared
to oxides. For instance, uranium nitride has a higher thermal conductivity,
melting temperature, and fissile density [2]. The enhanced heat removal
capabilities have made nitride fuel a promising potential fuel for future gen-
eration IV fast reactors. However, uranium nitride has a weakness when
considered for use in light water reactors (LWRs); studies have shown that
the corrosion rate of the fuel with steam may be unacceptable [3]. Oxida-
tion resistance is desired because of the possibility that the fuel itself may be
exposed to steam from the primary circuit during a severe accident scenario.

Research into uranium silicide fuels accelerated when the US Department
of Energy began the Reduced Enrichment for Research and Test Reactors
(RERTR) program in 1978, which aimed at converting the research reactors
to using a lower enriched fuel for non-proliferation purposes. The goal of
lower enrichment required the fuel to have a much higher fissile density,
which sparked interest into the higher density uranium silicides [4]. Mixed
results have been reported from the research into silicides, with swelling
under irradiation identified as a possible problem, specifically for the high
density U

3

Si [5].
The purpose of creating a fuel with both uranium silicide and uranium

nitride is the expectation that the composite could have more favorable
properties. Most importantly, the silicide may provide oxidation tolerance
through the formation of a protective layer of SiO

2

when exposed to air or
steam [6]. For this to happen, the silicide phase should be essentially coating
the surface of the nitride particles. Liquid phase sintering is a common
method used to achieve this wetting e�ect, with recent research showing
that spark plasma sintering allows even greater enhancement in particle
rearrangement [7].
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1.3 Spark Plasma Sintering

Spark plasma sintering (SPS) is a method used for powder consolida-
tion through the means of applied pressure and electrical current. The ad-
vantages associated with SPS compared to other sintering methods include
lower sintering temperatures, shorter holding times, and improved mechan-
ical properties [9]. For this method of sintering, powders are loaded into a
graphite die and heated by passing a DC electrical current through the die
while simultaneously applying a uniaxial pressure. The schematic for the
method is shown in Figure 1.1.

Figure 1.1: Schematic for spark plasma sintering method [10].

The discovery that sintering could be accomplished using an electrical
current is documented in reports from as early as the 1930’s [8]. However,
research in this field has increased dramatically in the last 25 years due
to increased availability of equipment. Based on numerous studies, it is
clear that SPS delivers the ability to sinter in a matter of minutes and at
temperatures 200≠500 ¶C lower than conventional methods of sintering [11].
Yet, currently there exists no clear explanation of the specific mechanism
providing these advantages. This is likely due to the complexity of the
thermal, mechanical, and electrical processes that may be involved with
SPS. For example, the mere existence of spark plasma during sintering is
one of the highly debated topics. However, it is now a generally accepted
theory that the current causes joule heating at the inter-particle contact
areas and the particles fuse upon the application of pressure [12].

Based on the apparent advantages, it is no wonder that the use of SPS
for sintering nuclear fuel is now under investigation. The successful process-
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ing of refractory materials has sparked interest in the applicability to fuel
manufacturing. Significant work is in progress globally to understand the
influence of individual parameters on fuel sintering behavior [13].

1.4 Thesis Objectives

The work done in this thesis aims to contribute to accident tolerant
fuel research through the fabrication of silicide-containing uranium nitride
fuel using the method of spark plasma sintering. Consequently, the findings
should be relevant to future development of ATFs and should add to the
presently growing knowledge on SPS behavior of nuclear fuel. The main
objectives of the project were (i) to successfully fabricate UN-USi

x

nuclear
fuel pellets using spark plasma sintering (SPS) and (ii) to characterize the
resulting pellets.



Chapter 2

Characterization Methods

Several analysis tools were used for characterization of the alloys and
pellets fabricated during this project. Priority was placed on evaluating the
density, microstructure, and crystal structure of the resulting samples.

2.1 Density Measurement

The density was measured using Archimedes’ principle, formulated after
Archimedes of Syracuse (287-212 BC), which states that the upward buoyant
force of a body immersed in a fluid is equal to the weight of the fluid displaced
by the body. Legend has it that Archimedes discovered the physical law
while trying to determine whether King Hiero II’s crown was counterfeit.
He allegedly immersed the crown and a piece of pure gold separately in
water and compared the volume of displaced liquid from each. As a result,
he was able to determine if the crown was pure gold by indirectly comparing
the densities of the two objects [14].

Using Archimedes’ principle with chloroform as the displacement fluid,
the density was determined using the equation,

fl
s

= m
s

m
s

≠m
chlo

ú fl
chlo

(2.1)

where fl
s

is the density of the object, m
s

is the dry mass of the object,
m
chlo

is the mass of the object while immersed in chloroform, and fl
chlo

is the density of chloroform (1.483 g/cm3). The setup used for density
measurement is shown in Figure 2.1.
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Figure 2.1: Setup used for density measurement.

2.2 Microstructure Characterization

Scanning electron microscopy (SEM) is an analysis tool that uses electron-
sample interactions to characterize microstructure. The microstructure anal-
ysis was done with a XL-30 Field Emission ESEM microscope, shown in
Figure 2.2. The microscope combines a high-brightness field emission gun
source with a conventional electron column to bombard a sample with ac-
celerated electrons. These electrons interact with the atoms in the sample,
producing signals that are detected and interpreted. Each type of signal
carries distinct information about the sample. For example, SEM imaging
is typically done using a combination of secondary electron and backscatter
electron detection. Secondary electrons provide information about the to-
pography of the sample and backscatter electrons are used for rapid phase
identification [15].

The samples were prepared for SEM analysis by mounting in bakelite,
grinding with silicon carbon paper, and then diamond polishing for a smooth
surface. The grinding and polishing were done with successively higher grits
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and polishing pastes to make the sample surface as smooth as possible. After
polishing, they were immersed in 95% ethanol and put into an ultrasonic
bath for 20 minutes for cleaning.

Figure 2.2: XL-30 field emission ESEM microscope.

2.3 Crystal Structure Characterization

X-ray di�raction (XRD) is used for characterizing crystalline materials
by providing information on phases, crystal orientations, and structural pa-
rameters present in the sample. A monochromatic beam is directed at a
sample, and the intensities and angles of the di�racted beams are measured.
Characteristic x-ray spectra are then used to analyze the material composi-
tion. XRD analysis was made with a Siemens D5000 X-ray di�ractometer,
using a Cu k-alpha target at a 40 mA current and 35 kV voltage. Powder
samples were prepared by first grinding fine with a mortar and pestle, then
smearing around 300 mg onto the flat surface of a sample holder.
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Figure 2.3: Siemens D5000 x-ray di�ractometer.

Electron backscatter di�raction (EBSD) is a SEM technique that is
able to provide quantitative microstructural information about the crys-
tallographic nature of materials, including the crystal structure, crystal ori-
entation, and phase. EBSD is done experimentally by connecting an EBSD
detector to a SEM, shown in Figure 2.4. The detector consists of a phosphor
screen, compact lens, and CCD camera. For analysis, the sample is placed
at a shallow angle incident to an electron beam. The di�racted electrons
create an EBSD pattern, which is measured by the phosphor screen and
converted into a light suitable for the CCD camera to record [16].
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Figure 2.4: LEO 1530-FESEM equipped with EBSD detector.

2.4 Elemental Analysis

Oxygen and nitrogen analysis were done with a LECO TC-136 inert
fusion gas instrument, pictured in Figure 2.5. Under a flow of helium gas, the
instrument measures gases released from the sample after combustion. With
these conditions, oxygen and carbon combine to form CO

2

and nitrogen is
released as N

2

[17]. The analysis is destructive, but only requires around
30-60 mg of the sample to be used.

X-ray fluorescence (XRF) is another elemental analysis tool that was
used. It measures the intensity of x-rays fluoresced by individual elements,
giving the ability to quantify the amount of an element in a sample. The
XRF analysis was done with a Thermo ARL 9800 instrument.

Energy dispersive spectroscopy (EDS) is a useful tool provided by the
SEM, and uses backscatter electrons to determine what elements are present
in the sample and their relative proportions. The EDS software quantifies
elements by associating the energy level of x-rays with the elements and
shell levels that generate them. However, there are some limitations on
the ability of certain instruments to quantify the very light elements [18].
Therefore, specific quantification results should be taken as representative
and not interpreted literally.
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Figure 2.5: LECO TC-136 inert fusion gas instrument.
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Alloying Uranium and
Silicon

Uranium metal has the extraordinary capability to be used as an abun-
dant source of energy. Unfortunately, pure uranium also has poor mechan-
ical properties and is chemically reactive. As a result, for nuclear fuel ap-
plications, uranium is typically alloyed with other materials in an attempt
to improve these properties. There are a number of requirements to be met
when considering which material to use as an alloy. First and foremost,
the alloying material must be able to withstand the harsh environment of
a nuclear reactor, including those conditions predicted in potential acci-
dent scenarios. This requires the material to have an acceptable ability to
handle exposure to extreme heat and high irradiation. In addition, it is
important to maintain a high uranium density in order to maximize fuel
loading, thereby increasing the economical sustainability of nuclear power
plants. Various other characteristics, such as compatibility with coolant and
cladding materials, must also be taken into consideration. Since there is no
perfect alloy, the choice is usually some compromise on the balance of these
desired properties.

Uranium Silicon
Density, fl 19.1 g/cm3 2.33 g/cm3

Melting Temperature, Tm 1132 ¶C 1414 ¶C
Boiling Temperature, Tb 4131¶C 3265 ¶C
Thermal Conductivity, k 27.5 W/mK 149 W/mK
Thermal Expansion, – 13.9 µ/mK 2.6 µ/mK

Table 3.1: Properties of elemental uranium and silicon.
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Table 3.1 contains some relevant properties of elemental uranium and
silicon. In the case of the uranium-silicon alloy, multiple intermetallic com-
pounds can be formed depending on the composition and alloying method
used [19]. Therefore, alloying must be approached with careful analysis of
the phase diagram and alloying technique.

3.1 U-Si Phase Diagram

The phase chosen for use in the composite fuel was U
3

Si
2

, due to the
number of potentially favorable fuel performance properties. These proper-
ties include a high uranium density, a high thermal conductivity, and the
possibility of performing well under irradiation compared to the other sili-
cides [20]. Table 3.2 shows some properties of U

3

Si
2

compared to uranium
oxide. The high thermal conductivity compensates for the relatively low
melting point of 1665 ¶C. The heat removal capability of this compound
should improve fuel performance under accident conditions in a nuclear re-
actor.

UO
2

U
3

Si
2

Density 10.96 g/cm3 12.2 g/cm3

Uranium number density 2.45 x 1022atom/cm3 2.86 x 1022atom/cm3

Thermal conductivity 2.5-6 W/mK 21-38 W/mK
Melting point 2847 ¶C 1665 ¶C

Table 3.2: Selected properties for uranium oxide and U
3

Si
2

fuels [21].

A phase diagram for the U-Si system is shown in Figure 3.1, which shows
that U

3

Si
2

will form at a composition of approximately 7.3 wt% Si. Due
to the narrow range of homogeneity, it is essentially impossible to create
an entirely homogenous alloy. Therefore, the silicides are always expected
to contain more than one phase [22]. The amount of each phase present is
directly related to alloy composition, homogeneity, and heat treatment. The
presence of impurities complicates the situation further. Oxygen and source
material impurities may interfere with the melting process and homogeneity
of the final product. The theoretical densities for the six uranium silicide
compounds are listed in Table 3.3. The formation of U

3

Si should be avoided
due to the alloy’s poor irradiation performance at high burnup [5].
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Figure 3.1: U-Si phase diagram [25].

Phase Density
U

3

Si 15.58 g/cm3

U
3

Si
2

12.20 g/cm3

USi 10.40 g/cm3

U
3

Si
5

9.25 g/cm3

USi
3

8.98 g/cm3

USi
2

8.15 g/cm3

Table 3.3: Theoretical densities for the uranium silicides [23].
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3.2 Arc Melting

The raw materials used for the alloys were depleted uranium and 99.98%
pure silicon, and the method chosen for alloying was triple arc melting. This
decision was based on a literature review of alloying methods and past ex-
perience in the KTH fuels laboratory [24]. The triple arc melting furnace,
shown in Figure 3.2, made the method of producing alloyed ingots quite
simple. First, the composition was chosen based on analysis of the phase
diagram and study of previous research in arc melting silicides [25]. The
amount of silicon used was 7.5 wt% in order to obtain U

3

Si
2

. This value was
higher than the one reported in the phase diagram, since previous studies
have shown that using a slightly Si-rich composition suppresses the forma-
tion of uranium solid solution (U

ss

) and U
3

Si [22]. The method used for arc
melting was:

1. Polish uranium pieces manually to remove oxide layer, then weigh.
2. Weight out desired amount of silicon.
3. Place materials in copper holder and place holder in arc melter.
4. Flush system with argon gas to create inert atmosphere.
5. Switch furnace on and melt materials together with the arcs until uniform
button is made.
6. Flip button and re-melt four times to ensure homogeneity.

Figure 3.2: Triple arc melter used for melting alloys.
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3.3 Resulting Alloys

Four silicides were created, with changes to composition made according
to properties observed in the final products. These properties are sum-
marized in Table 3.4. XRF analysis done on samples AUSi150224A and
AUSi150224B showed resulting silicon contents of 7.04 wt% and 4.45 wt%,
respectively. The extremely low silicon content observed in sample AUSi150224B
was believed to occur due to unmelted silicon left in the copper hearth com-
bined with a possible over melting of the alloy. The composition for the
remaining two alloys was raised to 7.8 wt% Si, due to the slight silicon loss
observed in sample AUSi150224A.

Sample Si Content Mass Loss Final Mass Density
AUSi150224A 7.67 wt% 44.0 mg 3.40 g 12.01 g/cm3

AUSi150224B 7.50 wt% 272.0 mg 10.82 g 11.63 g/cm3

AUSi150313A 7.80 wt% 2.0 mg 8.80 g 12.11 g/cm3

AUSi150512A 7.80 wt% 3.0 mg 8.85 g 12.11 g/cm3

Table 3.4: Properties of fabricated uranium silicide alloys.

EDS confirmed the bulk of the material to be U
3

Si
2

. SEM analysis
on the samples showed a fairly homogenous material, with some localized
impurities. The majority of impurities found were oxides and elemental
uranium, examples of which can be seen in Figures 3.4, 3.5, and 3.6. The
source of the oxides was most likely the raw uranium metal, which contained
a thick oxide layer that was polished o� to the best of ability. Furthermore,
some elemental uranium was expected in the alloys because of the absence of
heat treatment, which would have caused the uranium to react to form U

3

Si
at the peritectoid temperature of 925 ¶C [20]. Heat treatment was initially
attempted on one alloy then abandoned after the furnace proved to have an
unreliable atmosphere.

Secondary silicide phases, although expected to be present, were di�cult
to identify with SEM. For this reason, XRD analysis was also done for
phase identification. Figure 3.7 shows the di�raction pattern observed for
sample AUSi150512A, one of the alloys later mixed into the pellets. Peak
identification showed mostly U

3

Si
2

with the apparent presence of some USi,
which was expected due to the slightly silicon rich composition used.
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Figure 3.3: Alloyed sample AUSi150313A.

Figure 3.4: Impurities in alloyed sample AUSi150224B.
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!

(a) BSE image of oxide.

!

(b) Elemental composition showing silicon

(green), oxygen (red), and uranium (blue).

Figure 3.5: EDS line scan of AUSi150224B.

Figure 3.6: Unreacted uranium in alloyed sample AUSi150313A.



3.3. Resulting Alloys 18

Figure 3.7: XRD pattern for alloyed sample AUSi150512A, showing peaks
for U

3

Si
2

(red) and USi (blue).
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Synthesizing Nitride Powder

Uranium nitride can formally exist in three di�erent phases: uranium
mononitride (UN), uranium sesquinitride (U

2

N
3

), and uranium dinitride
(UN

2

). The simplicity of the phase system allows for ease in fabrication
of UN, especially the fact that the nitrogen rich phases decompose at high
temperatures [26]. There are several popular methods used for synthesis
of uranium mononitride, including carbothermic reduction of UO

2

and am-
monolysis of UF

4

. However, for this project, uranium mononitride was syn-
thesized using a method called hydriding-nitriding, which has been under
development at KTH. Whereas other methods of synthesis introduce im-
purities into the process, the major advantage of hydriding-nitriding is the
ability to fabricate large batches of high purity nitride directly from metallic
uranium.

4.1 Hydriding-Nitriding Method

For hydriding-nitriding, the synthesis of uranium mononitride is done by
initiating three consecutive reactions inside of a furnace, shown in Figure4.1.
First, metallic uranium is exposed to hydrogen gas at a temperature upwards
of 225¶C, which is the temperature required for uranium trihydride forma-
tion [27]. The temperature is ramped up to 325¶C then taken down and
held at 225¶C for 2.5 hours, or until the reaction reaches completion. Under
these conditions, uranium trihydride is formed according to the following
reaction:

2U + 3H
2

≠æ 2UH
3

�H¶
r

= ≠254 kJ/mol (4.1)

The di�erence in specific volume causes the UH
3

to spall o� as a fine
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powder [28]. The powder remains in the reaction chamber to limit exposure
to oxygen, since it is highly pyrophoric [29]. Nitriding can be done imme-
diately afterwards by exposing the uranium hydride to nitrogen gas, with
the reaction starting around 250¶C. The N

2

is introduced at an ascending
temperature ramp until reaching 500¶C, triggering the reaction:

2UH
3

+ 1.5N
2

≠æ U
2

N
3

�H¶
r

= ≠1013 kJ/mol (4.2)

Lastly, denitriding is done by exposing the sesquinitride to temperatures
above 1150¶C, causing the formation of a mononitride from the reaction:

U
2

N
3

≠æ UN + 0.5N
2

�H¶
r

= 1879 kJ/mol (4.3)

The nitride powder is then cooled to room temperature with a contin-
uous flow of argon gas and carefully transferred to a glove box to prevent
oxidation.

4.2 Powder Synthesis

The synthesis was done in a quartz tube which was placed inside of a
furnace, shown in Figure 4.1. The quartz tube was loaded with a 62.0 g
piece of uranium metal, sealed, and insulated. The progression of individual
reactions was determined by measuring the gas flow di�erence,

dF = F
out

≠ F
in

(4.4)

Figure 4.1: Furnace used for nitride powder synthesis.
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For hydriding, the gas flow was set to 0.5 L/min H
2

and 0.4 L/min Ar.
The temperature was taken to 325 ¶C then lowered to 225 ¶C at a rate of
5 ¶C/min, since hydrogen uptake was found to increase during cooling [28].
Figure 4.2 shows the flow di�erence as a function of temperature during
hydriding. The initial peak in this graph is from initiation of gas flow,
but the remaining ones represent the progression of the reaction. The time
required for the reaction to reach completion was 2.5 hours.

Nitriding is done by changing the gas flow to 0.5 L/min N
2

and ramping
the temperature up from 225 ¶C to 500 ¶C at a rate of 10 ¶C/min. This
reaction is highly exothermic, causing the temperature to increase faster
than the ramp rate. There is also an outgassing of hydrogen before the
uptake of nitrogen. These e�ects are demonstrated in Figure 4.3, which also
shows that the reaction took around 1 hour for completion.

Figure 4.2: Gas flow di�erence and temperature during hydriding.
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Figure 4.3: Gas flow di�erence and temperature during nitriding.

Denitriding is performed at high temperature and under an argon atmo-
sphere. The temperature was increased to 1150 ¶C and gas flow was switched
to 0.5 L/min Ar. The temperature is unfortunately limited by the perfor-
mance of the quartz tube, meaning the reaction will proceed more slowly.
The reaction is considered complete when there is no longer an outflow of
nitrogen detected, which can take upwards of 5 hours. In this case, the
reaction was even held some time after the zero-flow point was reached to
ensure that the reaction had reached completion. The graph of the flow
di�erence for the denitriding step is shown in Figure 4.4; the reaction was
actually held for 6 hours. The resulting powder, shown in Figure 4.5, was
measured to be 5.33 wt% nitrogen and 0.11 wt% oxygen.
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Figure 4.4: Gas flow di�erence and temperature during denitriding.

Figure 4.5: Resulting uranium nitride powder.



Chapter 5

Fuel Pellets - Composition
Optimization

Initially, four pellets with varied compositions were made in order to test
the sintering behavior of the materials. The initial goal with this approach
was to determine the maximum amount of silicide that could be added to the
fuel and successfully sintered. After sintering, a thorough characterization
and analysis was done on the resulting pellets.

5.1 Pellet Preparation

Powder preparation was done inside of a glove box, shown in Figure 5.1.
First, the uranium silicide was ground into a powder using a mortar and
pestle. The silicide was brittle, so grinding was done with ease. Next, four
di�erent compositions were mixed with uranium nitride powder in propor-
tions of 5%, 10%, 20%, and 25 wt% U

3

Si
2

. Due to the lack of access to a
proper milling device, the powders had to be manually mixed.

Figure 5.1: Glove box used for mixing powders.
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5.2 Sintering

Spark Plasma Sintering was done with a DrSinter SPS-5.40MK-VI (Fig-
ure 5.2), which was enclosed in a glove box. For each pellet, approximately
5.0 g of powder was loaded into a graphite foil, which was enclosed in a
graphite die of 12 mm diameter. The sintering parameters were chosen
based on past experience sintering nitride pellets at KTH [30]. The pa-
rameters were fixed for each pellet at a pressing pressure of 155 MPa, sin-
tering temperature of 1450 ¶C, and holding time of 3 minutes. Figure 5.3
shows the parameter profile during sintering of the four pellets. The z-axis
displacement curve, which measures the motion of the punch, reflects the
densification of the pellet. The similarity of this curve between the pellets
therefore indicates that they should have comparable densities.

Figure 5.2: DrSinter SPS-5.40MK-VI used for sintering.



5.3. Resulting Pellets 26

Figure 5.3: SPS parameter profile for pellets with varied silicide composition.

5.3 Resulting Pellets

The pellets were polished to remove the layer of graphite, which is formed
because the graphite foil fuses to the pellet surface during sintering. Figure
5.4a and Figure 5.4b are photos of a pellet before and after polish, respec-
tively. As expected, the densities of the pellets were very similar, indicating
that the high pressing pressure had a significant impact on densification.
The densities are listed in Table 5.1.

When removing the pellets after sintering, the higher silicide composi-
tion pellets (20 wt% and 25 wt%) deposited some melted metal onto the
surface of the graphite die. The metal was radioactive, which leads to the
conclusion that some liquid uranium phase, or perhaps even uranium sili-
cide, had melted during sintering. The result of this finding was to limit the
composition to 10 wt% for the remainder of the sintering experiments.
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(a) Before polish. (b) After polish.

Figure 5.4: Pellet SUNUSi150423A1 (5% U
3

Si
2

).

Pellet Composition Density
SUNUSi150423A1 5 wt% U

3

Si
2

13.92 g/cm3

SUNUSi150423A2 10 wt% U
3

Si
2

13.72 g/cm3

SUNUSi150423A3 20 wt% U
3

Si
2

13.72 g/cm3

SUNUSi150423A4 25 wt% U
3

Si
2

13.82 g/cm3

Table 5.1: Densities for pellets of varied silicide composition.

SEM analysis of the pellets revealed a distinct dark intergranular phase,
pictured in Figure 5.5. The initial observation was the similarity of mi-
crostructure to that seen in liquid phase sintering, which exhibits a distin-
guishable wetting behavior of a secondary phase on the grain boundaries
of solid particles. The possibility that liquid phase sintering occurred was
supported by the melt found on the graphite dies from the higher silicide
pellets.

The observed intergranular phase was originally assumed to be U
3

Si
2

,
but was discovered to be silicon-rich in comparison. In fact, EDS analysis
gave an average composition of 32 at% U, 54 at% Si, and 14 at% N. The
presence of nitrogen and the corresponding possibility of having a ternary
phase was very unexpected. However, the same characteristic phase was
found in all four pellets in varying proportions.
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(a) SUNUSi150423A3 (20 wt% U3Si2). (b) SUNUSi150423A4 (25 wt% U3Si2).

Figure 5.5: BSE images of observed intergranular phase.

The absence of milling actually gave some hints to the formation of this
unidentified phase. The particle size di�erence meant that large inclusions
of uranium silicide existed within the bulk of uranium nitride. Figure 5.6
and Figure 5.7 are two examples of these structures, all of which had the
same general characteristics. First, the dark outer material showed the
same characteristics as the previously introduced intergranular phase, with
an averaged composition of 32 at% U, 55 at% Si, and 13 at% N. However, the
inner material was uranium-rich, with an averaged composition of 60 at%
U, 35 at% Si, and 5 at% N. This phase more closely resembled the original
U

3

Si
2

, with the major di�erence being the apparent addition of nitrogen.

Figure 5.6: Silicide inclusion from pellet SUNUSi150423A2 (10% U
3

Si
2

).
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Figure 5.7: Silicide inclusion from pellet SUNUSi150423A1 (5% U
3

Si
2

).

There were also a few large inclusions of U
3

Si
2

found, an example of
which is shown in Figure 5.8. However, these unreacted silicide inclusions
were di�cult to locate. Figure 5.9 conveniently shows a U

3

Si
2

inclusion
directly adjacent to the unidentified silicon-rich phase. A line scan shows
a clear di�erence in silicon and uranium content between the two phases
(Figure 5.10).

Figure 5.8: U
3

Si
2

inclusion from pellet SUNUSi150423A4 (25% U
3

Si
2

).
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Figure 5.9: Adjacent silicide inclusions from pellet SUNUSi150423A2 (10%
U

3

Si
2

).

(a) Silicon content. (b) Uranium content.

Figure 5.10: Line scan of adjacent silicide inclusions from pellet
SUNUSi150423A2 (10% U

3

Si
2

).
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Another characteristic worth mentioning is that uranium nitride particles
seemed to have migrated into the inclusions (Figure 5.11). This attribute
further supports the idea that liquid phase sintering occurred, and suggests
that the solid uranium nitride has dissolved into the liquid uranium silicide
phase.

Figure 5.12 shows the XRD patterns for the 10 wt% U
3

Si
2

pellet before
and after sintering. The new peaks in the post-sintering spectrum suggest
the formation of a new phase during sintering. However, these peaks did
not seem to match the crystallographic data for any known phases.

In summary, the analysis of these four pellets suggested that some sort of
chemical reaction occurred during sintering, transforming the U

3

Si
2

into a
possible ternary U-N-Si phase. As a consequence, this observation took the
project in a new direction with an additional objective - attempt to identify
when this phase transition occurs.

Figure 5.11: UN particles sequestered inside of silicon-rich phase.
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(a) Powder before sintering.

(b) Pellet after sintering.

Figure 5.12: XRD patterns for sample SUNUSi150423A2 (10 wt% U
3

Si
2

)
before and after sintering.
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Fuel Pellets - Temperature
Optimization

After the discovery of the unidentified phase in all four of the previously
made pellets, the project was extended to try and identify the temperature at
which the phase change occurred. In order to do this, four more pellets were
sintered at varying temperatures: 1200 ¶C, 1300 ¶C, 1400 ¶C, and 1500 ¶C.

6.1 Pellet Preparation

The process for pellet preparation was altered with the intent of creating
a more similar particle size between the nitride and silicide, since previously
the silicide particle size was much larger due to the absence of milling. In
order to do this, the nitride powder was pre-compacted. The powder was
loaded with 7.0 g batches into a 10 mm die and pressed with 2 tons using a
MTI desk-top electromotion presser (Figure 6.1). The uranium silicide was
ground with a mortar and pestle, same as before. Afterwards, the nitride
and silicide were manually mixed with a fixed composition of 10 wt% U

3

Si
2

.

6.2 Sintering

Temperature aside, the sintering parameters were fixed at a pressing
pressure of 55 MPa and holding time of 3 minutes. The mass was also fixed
at approximately 5.0 g for each pellet. Figure 6.2 shows the SPS parameter
profile with temperature and z-axis displacement curves. The displacement
curves suggest increased densification with increased sintering temperature,
a feature which is confirmed later with density measurements.
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Figure 6.1: MTI desk-top electromotion presser.

Figure 6.2: SPS Parameter profile for pellets with varied sintering temper-
ature.
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6.3 Resulting Pellets

The densification curves accurately reflected the di�erence in density,
which increased as sintering temperature increased. Since the pressing pres-
sure was kept constant at a relatively low value, the temperature was clearly
the driving mechanism for sintering. The resulting pellets are shown in Fig-
ure 6.3 and their densities are listed in Table 5.1. Theoretical density was
not addressed, since at this point the phases resulting from sintering were
not fully defined.

Sample Temperature Density
SUNUSi150611A1 1200 ¶C 9.08 g/cm3

SUNUSi150611A2 1300 ¶C 10.80 g/cm3

SUNUSi150611A3 1400 ¶C 12.66 g/cm3

SUNUSi150611A4 1500 ¶C 13.78 g/cm3

Table 6.1: Density for pellets of varied sintering temperature.

(a) SUNUSi150611A1 (1200

¶
C).

(b) SUNUSi150611A2 (1300

¶
C).

(c) SUNUSi150611A3 (1400

¶
C).

(d) SUNUSi150611A4 (1500

¶
C).

Figure 6.3: Photo of the pellets from least dense (a) to most dense (b).
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First, a thorough SEM analysis was done on all of the pellets to determine
which phases could be observed. The first observation was the presence of
distinct inclusions of U

3

Si
2

in the lower temperature pellets (1200 ¶C and
1300 ¶C), shown in Figure 6.4. These inclusions had a very similar shade
compared to uranium nitride, and were di�cult to find if not for small
areas of a darker silicon-rich phase located in the center. It is important to
mention that there was no nitrogen dissolved into either of these phases.

EBSD analysis was done on the 1300 ¶C pellet, and was able to confirm
the presence of U

3

Si
2

located in some intergranular regions of the microstruc-
ture, pictured in Figure 6.5. Essentially, the U

3

Si
2

is located exactly where
the new phase is found in the higher temperature pellets. This indicates that
the phase transformation into a ternary phase is temperature dependent and
involves the exchange of uranium and nitrogen with the bulk uranium ni-
tride material. More specifically, the atomic composition of the ternary
phase would suggest that the U

3

Si
2

loses uranium and gains nitrogen.

Figure 6.4: BSE image of a U
3

Si
2

inclusion found in SUNUSi150611A2
(1300 ¶C) pellet.
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(a) BSE image.

(b) SE image.

Figure 6.5: EBSD images of SUNUSi150611A2 (1300 ¶C) pellet microstruc-
ture, with intergranular U

3

Si
2

.

The same unidentified silicon-rich ternary phase was found in all of the
pellets, having a very similar appearance to what was previously seen (Figure
6.6). However, it was much less abundant in the 1200 ¶C and 1300 ¶C pellets.
EDS characterized the phase again as containing nitrogen, with an average
composition of 44 at% U, 47 at% Si, and 9 at% N. Figure 6.7 shows an
example of the phase located between the grains in the bulk and Figure 6.8
shows a large inclusion. The 1400 ¶C sample was taken to do EBSD analysis
to try and identify this phase.

(a) SUNUSi150611A3 (1400

¶
C). (b) SUNUSi150611A4 (1500

¶
C).

Figure 6.6: BSE images of silicon-rich phase found in higher temperature
pellets.



6.3. Resulting Pellets 38

Figure 6.7: BSE image of dark intergranular phase found in
SUNUSi150611A3 (1400 ¶C) pellet.

Figure 6.8: BSE image of silicide inclusion found in SUNUSi150611A3
(1400 ¶C) pellet.
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EBSD, while able to produce beautiful pictures of the microstructure
topography (Figure 6.9), was unfortunately unable to match the suspected
ternary phase to any known phase patterns. This was not exactly surprising,
since the ternary phase system for U-N-Si has not yet been defined. These
results are still useful as they confirm that this is not a binary phase of
U-Si and reiterate the fact that nitrogen must be di�using. This nitrogen
di�usion is clearly temperature dependent, since an increase in the ternary
phase is seen in the higher temperature pellets.

(a) BSE image.

(b) SE image.

Figure 6.9: EBSD image of dark intergranular phase found in
SUNUSi150611A3 (1400 ¶C) pellet.

One interesting di�erence in the microstructure of the 1200 ¶C and 1300 ¶C
pellets was a very uranium-rich phase located in the intergranular regions,
shown as a bright phase in Figure 6.10. This phase was mostly observed in
the most dense regions of the pellet surface, highlighting the heterogeneity
of the pellets. EDS characterized the phase as 97.7 at% U, 2.0 at% Si and
0.3 at% N, which is very close to pure uranium metal. Figure 6.11 is a line
scan showing the decrease in nitrogen and increase in uranium in this region.
It is worth mentioning here that the line scan graph is purely representa-
tive of the relative compositional changes, since the quantification cannot
be trusted. This intergranular uranium could have its origins in the silicide
or the nitride. However, since the silicide is essentially losing uranium while
forming the new ternary phase, there is a high chance that this uranium is
a byproduct of that reaction.
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Figure 6.10: Light intergranular phase found in SUNUSi150611A2 (1300 ¶C)
pellet.

!

(a) BSE image of area containing light inter-

granular phase.

!

(b) Line scan results showing nitrogen

(green), uranium (red), and silicon (blue),

and oxygen (purple).

Figure 6.11: EDS line scan of SUNUSi150611A2 (1300 ¶C).
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Conclusions

The fabrication work done during the course of this project has brought
about results that are immediately relevant to the development of UN-USi

x

fuels. On the basis of these results and corresponding analysis, some gen-
eral remarks can be made to summarize the observed sintering behavior of
uranium nitride with uranium silicide.

First, the formation of a probable ternary U-N-Si phase during sintering
is observed. The emergence of a new phase in the resulting fuel is generally
unacceptable, since it can change the neutronics, irradiation behavior, me-
chanical, and thermal properties of the fuel during reactor operation. For
instance, the existence of intergranular uranium metal found in the low tem-
perature pellets would be detrimental to fuel performance. It is well known
that uranium metal has a low melting temperature and poor swelling per-
formance. The problem with having an unidentified phase in the fuel is that
the performance has not yet been analyzed. Nuclear fuel must be accurately
characterized before considering use in a reactor in order to predict behavior
during normal operation and accidental conditions.

Some suggestions can be made as far as attempting to avoid the forma-
tion of these undesired phases. The uranium metal could possibly be avoided
by using a uranium silicide with a lower U/Si ratio, such as U

3

Si
5

. However,
this may have no e�ect the di�usion of nitrogen into this phase. It appears
that the U-N-Si phase is formed at some threshold temperature, since the
amount observed in the pellets increases with increasing temperature. If
this is true, then the formation of the phase can easily be avoided by sinter-
ing below this threshold temperature. If the required sintering temperature
is so low that it prevents achieving a high-density fuel with conventional
sintering, then SPS may turn out to be a beneficial method of sintering.
It is very likely that SPS could produce a highly dense pellet sintering at
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an even lower temperature than 1200 ¶C. Of course, the pressing pressure
would have to be simultaneously increased to a substantially higher value
in order to achieve a fully dense material. Nevertheless, even if UN-U

3

Si
2

fuel is successfully manufactured, the possibility of a phase transformation
occurring at high temperatures within a reactor is still a remaining problem.
One goal of accident tolerance is that the fuel integrity should be maintained
as long as possible under accidental conditions.

As far as characterizing the ternary phase, it may not be possible un-
til the correct thermodynamic data on the ternary U-N-Si system has been
properly defined. Once the thermal analysis experiments have been com-
pleted to collect the necessary data, phase identification can be done and
thermodynamic modeling can predict the behavior of the system. Cur-
rently, the di�usion mechanism causing the phase transformation can only
be speculated and verification requires that the experiments be coupled with
modeling. Still, phase identification involves a significant amount of work
so this process could take a considerable amount of time.

The results also reveal some issues with using SPS to sinter nuclear fuel
without proper understanding of the mechanism involved in sintering. For
instance, one problem is the accuracy of temperature measurements during
sintering. It is well understood that localized temperatures are not identical
to the surface temperature recorded by the pyrometer. The temperature in-
duced by the electrical current at the grain boundaries is not clearly defined,
but is suspected to be much higher than the global temperature. In fact,
depending on thermal conductivity of the material, even the global temper-
ature can vary across the pellet by as much as 100 ¶C [31]. This temperature
discrepancy requires redefining the proper temperature for sintering mate-
rials. For example, the uranium silicide in these pellets appeared to have
melted at a surface temperature as low as 1200 ¶C, even though the melting
temperature is 1650 ¶C. This is indicative of the need to evaluate the point
at which liquid phase sintering occurs for individual materials while using
SPS.

This raises another concern that is associated with using SPS to sinter
composites, which is the distribution of current in two di�erent materials.
Experiments with SPS have shown that the presence of an electrically con-
ductive material aids with the sintering process. Although this can be an
advantage, it can also cause the sintered material to be highly heteroge-
neous. The current may have preference to flow through one material over
another and cause vast di�erences in local temperatures and sintering rates.
On the other hand, this could be beneficial if the desire to is to perform
liquid phase sintering with a more electrically conductive phase.
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In summary, an accident tolerant UN-USi composite may still be a fea-
sible fuel concept, but cannot be recommended for use in a reactor until
these issues are addressed and the phase transformation is fully character-
ized. High priority should be placed on thermodynamically evaluating the
U-N-Si ternary system in order to predict fuel behavior at elevated temper-
atures. In the same way, spark plasma sintering has a number of obstacles
that must be overcome before it becomes a practical method to manufacture
nuclear fuel. However, the increased interest in the scientific community is
largely closing the gap of knowledge, so it is not unreasonable to think that
one day the method could be widely used.
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