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In current nuclear industry, uranium dioxide (UO2) is the most widely used fuel 

material. However, the extremely low thermal conductivity of UO2 limits both efficiency 

and safety of the nuclear reactor. In order to increase the thermal conductivity of UO2, 

the idea of incorporating high thermal conductivity material into a UO2 matrix has been 

proposed. A new sintering technique called spark plasma sintering (SPS) has then been 

reported to fabricate the UO2 composite pellets successfully. The main objective of this 

research is to investigate the sintering evolution in SPS of fuel pellets and to study the 

feasibility of novel UO2-diamond composite fuel pellets. 

Firstly, master sintering curve (MSC) theory was utilized in order to study the 

densification evolution of UO2 and UO2 composites in SPS. For UO2-diamond 

composites, the theory was proven to be not suitable. For UO2 and UO2-SiC composite, 

MSC was successfully applied. The apparent activation energies for sintering is 

determined to be 140 KJ/mol for UO2 and 420 KJ/mol for UO2-SiC composite. The 

ability of the derived MSCs to control and predict final density in the sintered compact 

was demonstrated by additional experimental runs using the isothermal heating method.  
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Second, the microstructure and properties of UO2-diamond composites was 

investigated. High density UO2-5 vol% diamond composite pellets were fabricated using 

the spark plasma sintering (SPS) technique at 1300oC-1600oC with a hold time of 5 

minutes. The resultant density, chemical reaction, microstructure, thermal conductivity 

and elastic modulus of the sintered pellets were investigated.   

Third, micro-Raman spectroscopy (MRS) was utilized to study the phase 

transformation and residual stress in diamond particles within a UO2-diamond 

composite sintered by SPS. Graphitization of diamond was observed and the degree of 

graphitization was quantified. The relationship between Raman peak shift and stress 

intensity was derived.  

Last, high temperature aging test was performed for UO2-diamond composite 

pellet. The changes of microstructure and thermal property were investigated.
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CHAPTER 1 
INTRODUCTION 

As one of the most fundamental requirements for all human activities, energy is 

the key to sustainable development. With global development of economy and society, 

the demand for energy is increasing dramatically year by year. Traditional energy 

sources such as coal and oil promote economic growth but lead to numerous negative 

effects on the environment and climate. In addition, we have to face the exhaustion of 

the coal and oil as they are nonrenewable resources. For these reasons, the energy 

crisis has become one of the biggest challenges for humanity. It is of great importance 

to consider alternatives.  

Nuclear energy is one of the best energy sources discovered in the last century 

which may be able to address the present energy crisis. Compared with other energy 

sources, nuclear energy has lots of advantages. First of all, nuclear power is very cost 

effective. Figure 1-1 shows the cost of US electricity production in recent years reported 

by the US Nuclear Energy Institute (NEI) [1]. According to the data, the cost of electricity 

produced by nuclear power plant is only 1.9c/KWh in 2008, while electricity generated 

by coal, gas or oil cost 3.2 c/KWh, 8.1c/KWh or 17.8c/KWh, respectively. Secondly, 

nuclear energy has low environmental impacts compared to the other aforementioned 

energy sources. Due to excessive use of fossil fuels, the amount of greenhouse gases 

has significantly increased in the last century. Due to this, the danger of global warming 

has been emphasized nowadays. Nuclear power has been proven to be the most 

environmentally benign way of producing electricity on a large scale. With nuclear 

energy, the use of fossil fuels can be diminished and the emission of greenhouse gas 
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can be limited. Only a small amount of land is needed to isolate the waste generated by 

nuclear energy stations. 

Commercial nuclear power started in the United States. Yankee Rowe, designed 

by Westinghouse, was the first fully commercial pressurized water reactor (PWR) and 

started operation in 1960. It had a capacity of 250 MWe [2]. During the past half 

century, significant progress has been made in the development of the nuclear industry. 

Figure 1-2 shows rapid growth of nuclear electricity production from 1971 to 2013. At 

present, over 435 commercial nuclear power reactors are operating in 31 countries and 

more are under construction. Figure 1-3 shows the percentage of nuclear electricity 

generation in different countries. The total production provides over 11% of the world’s 

electricity [3].  

Nuclear power is created by splitting of uranium atoms (235U) in a process which 

is called fission. Uranium was discovered in 1789 by Martin Klaproth and named after 

the planet Uranus. The energy generated by fission releases can be used to generate 

electricity. In nuclear reactors, the compounds of uranium are often used rather than the 

metal uranium itself because the melting point of metal uranium is relatively low 

(1132oC). Among all uranium compounds such as uranium nitride, uranium phosphide 

and uranium carbide, uranium dioxide (UO2) is the most widely used fuel material. 

Compared to other materials, UO2 has the advantage of high melting point(2865oC) [4], 

good high-temperature stability, good chemical compatibility with both cladding and 

coolant and resistance to radiation [5].  

However, the main drawback of a UO2 fuel pellet is its extremely low thermal 

conductivity.  A review of thermal conductivity of uranium dioxide will be given in 
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Chapter 2.1. Due to its poor thermal conductivity, UO2 fuel pellets will lead to a fairly 

high centerline temperature during operation in a reactor and a steep radial temperature 

gradient from centerline to the edge, typically around a 500oK drop within a pellet radial 

distance of 4-5 mm. Many harmful phenomena can occur under such condition. First, a 

large thermal stress can be induced by the temperature gradient. The stress will lead to 

plastic deformation of the fuel pellets. If the stress intensity is higher than the toughness 

of UO2, micro-cracks will also be formed within the pellets. Second, the high 

temperature encourages fission gases such as such as krypton and xenon to be 

released, which would swell the fuel pellets because of insolubility. Additionally, in a 

loss-of-coolant accident (LOCA), wherein the zirconium cladding rapidly reacts with 

steam, the reaction is accelerated due to the high temperature of the fuel pellets and 

insufficient coolant. Hydrogen gas can be released through this reaction: 

Zr + 2H2O  ZrO2 + 2 H2 

A build-up of hydrogen gas can lead to an explosion. On March 11, 2011, the reaction 

above occurred in boiling water reactors of the Fukushima Daiichi Nuclear Power Plant 

in Japan after the cooling system was interrupted by an earthquake, leading to the well-

known Fukushima Daiichi nuclear disaster. After that, the concept of accident tolerant 

fuel (ATF) was proposed and a variety of approaches are being examined. The 

attempted approaches can be divided into two categories, some of which focus on the 

improvement of Zr cladding, such as use of coatings or replacement of Zr alloy with 

other materials, while others focus on the improvement of the fuel material [6]. 

Therefore, UO2 fuel with enhanced thermal conductivity is of great interest. The 

importance of increasing the thermal conductivity of UO2 fuel cannot be over 
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emphasized. If high thermal conductivity UO2 fuel can be achieved, all the problems 

mentioned above can be significantly mitigated. Moreover, the total power and 

efficiency of a reactor can be increased and the safety of a reactor can be enhanced as 

a result.  

In order to increase the thermal conductivity of UO2, the idea of incorporating 

high thermal conductivity material into a UO2 matrix and making a composite has 

gained popularity in recent years. With the addition of a second phase material (particle, 

fiber, etc), high heat conducting percolation pathways can be formed, which make the 

heat conduction more efficient [7]. The idea of a high thermal conductivity composite 

has been successfully applied to many materials. Hasselman et al., [8] fabricated silicon 

carbide-particulate-reinforced alumina composite with good density and interfacial 

thermal conductance. Zhou et al., [9] added 1-20vol% Si3N4 particles into polyethylene 

matrix and increased the thermal conductivity from 0.2 to 1.0 W m-1K-1. For UO2 matrix, 

numerous other second phase materials have been proposed in the literature. Ishimoto 

et al., [10] considered BeO as a second phase and sintered UO2-BeO composite in a 

reducing atmosphere at 2073K successfully. Yeo et al., [11, 12] and Cartas et al., [13] 

investigated the feasibility of silicon carbide (SiC) and carbon nanotube (CNT), 

respectively. Lee et al., [14] proposed the idea of UO2-graphene composite and studied 

the thermal properties through numerical simulation. 

In order to successfully fabricate UO2–based composite fuel with enhanced 

thermal properties, the sintering method is of great importance. The conventional 

sintering method for fabrication of pure UO2 fuel pellets is pressureless sintering. In a 

reducing atmosphere (argon-hydrogen), a maximum sintering temperature of 1700oC is 
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required. While in an oxidizing atmosphere, pellets can be fully sintered at 300-400oC 

lower. However, UO2-based composite is very difficult to fabricate using conventional 

pressureless sintering method. Initial attempts to sinter UO2 powder with second phase 

high conductivity materials such as SiC have been met with limited success, especially 

in terms of reaching the desired 96.5% of the theoretical density (TD) in the final pellet 

[15]. The thermal conductivity of low density composite pellet prepared by conventional 

sintering method is even lower than pure UO2 pellet [11].  

In order to solve this problem, a non-traditional sintering method, spark plasma 

sintering (SPS), is used. SPS is a novel sintering technique which utilizes an electrical 

field and uniaxial pressure to facilitate sintering. A review of this technique can be seen 

in Chapter 2.4. In 2013, Ge et al., [16] first shows the feasibility of UO2 fabrication using 

SPS.  Compared to conventional sintering methods, SPS has many advantages. In 

conventional sintering of UO2, it is required that the pellet be held at maximum sintering 

temperature (1300oC-1700oC) for 2-4 hours. The entire temperature cycle (heating time, 

hold time, and cooling time) may take 10-15 hours due to a slow heating rate of only 

around 5oC/min [17-19]. However, SPS of UO2 only requires a maximum sintering 

temperature of 1050oC and a hold time as short as 30 seconds. The heating rate can be 

up to 200oC/min. thus significantly reducing the total processing time. A detailed 

comparison between SPS and traditional sintering of UO2 can be found in the work of 

Ge et al [20]. Using SPS, high density UO2-SiC composite pellets [11] and UO2-CNT 

composite pellets [13] with minimum chemical reaction and excellent interfacial contact 

have also been fabricated. The maximum sintering temperature for fabricating UO2-
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based composites is found to be as low as 1350oC and the hold time is found to be as 

low as 5 minutes. 

With the previous success of UO2-based composites and the improvement of its 

thermal conductivity, many other second phase materials are being considered. Among 

all potential candidates, diamond has an extremely high thermal conductivity (about 22 

W/cm·K at room temperature), which is the highest of any solid material [21]. Because 

of its sp3 hybridization bond structure, diamond is found to be resistant to the radiation 

environment [22]. Due to the superior properties, diamond has been widely used as a 

reinforcing phase in either metal matrix or ceramic matrix composites for elevated 

thermal conductivity. Hasselman et al., [23] added 15 vol% particulate diamond in a 

cordierite matrix with different diamond particle sizes. The variation of thermal 

conductivity from room temperature to 700oC is shown in Figure 1-4. A maximum 

increase of 75% in thermal conductivity at 700oC was obtained. This new composite 

significantly improved the thermal performance of the substrate material for electronic 

packaging. In addition, diamond-reinforced composites have also been used for heat 

sink applications. Schubert et al., [24] and Chu et al., [25] fabricated Cu/diamond 

composite using powder metallurgy and spark plasma sintering (SPS), respectively. 

They both emphasized the effect of Cr on the improvement of Cu-diamond interfacial 

bonding and thermal conductivity. The performance of diamond in multiphase material 

has also been evaluated. Tavangar et al., [26] studied a diamond-reinforced Al-Si 

composite system and discussed the effect of heat treatment condition on its thermal 

conductivity. However, to the author’s knowledge, diamond has never been used as 

nuclear fuel and UO2-diamond composite has never been considered. From the 
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economic perspective, the price of synthetically produced diamond powder is much 

lower (~$2.5/g) than that of CNT (~$270/g) or graphene (~$125/g), which is beneficial 

for commercialization in the future. Therefore, diamond makes an ideal second phase 

for incorporation into UO2 pellets to achieve a higher thermal conductivity in the 

composite. 

The main purpose of this work is to study the nature of the SPS process for 

nuclear fuel pellets and to evaluate the feasibility of novel UO2-diamond composite fuel. 

First, the densification evolutions of UO2, UO2-SiC and UO2-diamond composites are 

explored. Although UO2 and UO2-based composites have been successfully fabricated, 

densification evolutions of them during SPS have never been investigated. The master 

sintering curve theory is attempted to describe the densification evolution on SPS of 

nuclear materials. Second, an investigation into the microstructure and properties of 

UO2-diamond composite pellets is presented. The appropriate diamond particle size 

and sintering parameters are determined. Third, the change of diamond particles in a 

UO2-diamond composite during SPS is studied. Graphitization of diamond and residual 

stress in diamond particles are observed. Micro-Raman spectroscopy (MRS) is utilized 

for quantitative analysis of graphitization degree and residual stress intensity. The 

structure-property variation within a pellet is also discussed. Lastly, the performance of 

UO2-diamond composite after a high temperature aging test is evaluated.  
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Figure 1-1. US electricity production costs in 1995-2008 [1].   
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Figure 1-2. Nuclear electricity production in recent years [3]. 

 
Figure 1-3. The percentage of nuclear electricity generation in different countries in 

2012 [27]. 
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Figure 1-4. Thermal conductivity of 15 vol% particulate diamond reinforced cordierite 
matrix composites for a range of diamond particle size [23]. 
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CHAPTER 2 
LITERATURE REVIEW 

Structure and Properties of UO2 

The structure and properties of uranium dioxide (UO2) have been intensively 

studied. Natural uranium dioxide is a crystalline powder which has a calcium fluorite 

(CaF2) crystal structure. The structure belongs to the Fm3m space group where U 

atoms reside in face-centered cubic (FCC) sites and O atoms occupy tetrahedral 

interstitial sites. A schematic of UO2 crystal structure is shown in Figure 2-1. The 

theoretical density of UO
2  

is 10.96 g/cm3 [28]. The ionic bonding between U and O 

atoms gives UO2 a high melting point of 2850°C [4] and good chemical stability, which 

makes this material a good candidate for nuclear fuel. 

Due to the crystal structure of UO2, excess oxygen atoms are easily dissolve into 

or escape from the crystal. Therefore, either hypo-stoichiometric UO2 (UO1.65- UO2.00) or 

hyper-stoichiometric UO2 (UO2.00-UO2.25) can be achieved under different oxygen 

potentials [29]. Boyarchenkov et al., [30] investigated the cation self-diffusion 

mechanisms in UO2±x using molecular dynamics. He found that the cation would diffuse 

via different mechanisms under different conditions, either by formation of Frenkel 

defects of Schottky defects. The diffusion of oxygen atoms can lead to the accumulation 

of defects. Therefore, the stoichiometry has a large influence on the thermal and 

mechanical properties of uranium dioxide.  

In nuclear reactors, the thermal conductivity of fuel pellet is one of the most 

important properties, as mentioned in Chapter 1. Therefore, the thermal conductivity of 

solid UO2 has been studied since 1960s. Brandt et al.,[31] first reported a temperature 

dependence of the thermal conductivity of UO2 in 1967. Unlike typical materials, in 
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which thermal conductivity increases or decreases monotonically with the increase of 

temperature, thermal conductivity of UO2 decreases with temperature and reaches its 

minimum value at about 2000K, then increases until the melting point 3140K. Hyland 

[32] also showed similar results. Fink [33] summarized a variety of reported 

experimental results and concluded that the temperature dependent thermal 

conductivity can be calculated using the following equation 

𝑘 =
100

7.5408+17.692𝑡+3.6142𝑡2
+
6400

𝑡5/2
exp(

−16.35

𝑡
)     (2-1) 

where 𝑘 is the thermal conductivity and t=T(K)/1000, where T is the absolute 

temperature. 

The results are plotted in Figure 2-2. In order to diminish the effect of density, all 

experimental values were already converted to 95% of the theoretical density of UO2 

using the following equation 

𝑘0 =
𝑘𝑝

1−𝛼𝑝
; 𝛼 = 2.6 − 0.5𝑡     (2-2) 

where p is the porosity fraction, 𝑘𝑝 is the thermal conductivity of UO2 with porosity p, 𝑘0 

is the thermal conductivity of 100% dense UO2 and t=T(K)/1000. 

As mentioned earlier, the thermal conductivity of UO2 is also influenced by the 

O/U ratio. Both hyper-stoichiometric and hypo-stoichiometric phase have significantly 

lower thermal conductivity than stoichiometric UO2 [34]. Therefore, stoichiometric UO2 

pellets are required for use in order to get relatively high thermal conductivity. 

In this study, UO2 and UO2-based composites were fabricated using SPS, an 

electric field assisted sintering technique. For this reason, the electrical properties of 

UO2 should also be discussed. UO2 is an excellent semiconductor. The bandgap of UO2 
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is comparable to conventional silicon and GaAs [35]. The dielectric constant is almost 

double that of Si and GaAs. Although UO2 has never been considered for 

semiconductor devices, UO2-based semiconductors are possible and could offer better 

performance. Figure 2-3 [35] shows the electrical conductivity of single crystalline UO2 

as a function of temperature. With increases in temperature, the electrical conductivity 

decreases significantly. Therefore, during the spark plasma sintering process of UO2, it 

is expected that the current going through the UO2 powder will gradually decrease and 

the current going through the graphite die will gradually increase. The current 

distribution during SPS leads to a temperature gradient within the powder and affects 

the microstructure of sintered pellet [36].  

Structure and Properties of Diamond 

Diamond is a metastable allotrope of carbon. The crystal structure is also FCC 

and it belongs to Fd3̅m space group. Unlike graphite, which is formed by sp2 

hybridization between two carbon atoms, diamond has sp3 hybridization bond structure, 

which leads diamond to be more resistant to radiation-rich environments [22].  

Diamond has an extremely high thermal conductivity (about 22 W/cm·K at room 

temperature), which is the highest of any solid material [21]. Wei et al., [37] summarized 

the experimental data for natural and isotopically modified single crystal diamond and 

studied the temperature effect on the thermal conductivity, see Figure 2-4. It is found 

that the thermal conductivity increases with the increase of temperature in the low 

temperature range (below 100K), while it starts to decrease with the increase of 

temperature in the high temperature range (above 100K). Under the same temperature 

conditions, a higher concentration of 12C in diamond leads to a higher thermal 
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conductivity. Similar results were also obtained from the work of Che et al., [38] who 

calculated thermal conductivity of diamond from molecular dynamics simulations. 

Besides ultrahigh thermal conductivity, diamond also has superior mechanical 

properties. It is well-known that diamond is the hardest natural material. The Young’s 

modulus of diamond is around 1050-1200 GPa [39], and the toughness of diamond has 

been measured as 7.5–10 MPa·m1/2 [40].  

Effective Thermal Conductivity of Particulate Composites 

Thermal conductivity is a parameter which describes the heat conduction 

capability of a material. In a particle-reinforced composite, the effective thermal 

conductivity of the composite has been systematically studied and several models have 

been constructed to predict its thermal conductivity value. 

Kapitza Resistance 

In a composite containing two constituents, the interfacial characteristics play a 

significant role in the thermal conductivity. Kapitza [41] firstly studied interfacial thermal 

behavior in liquid helium and found that the temperature difference at the interface was 

proportional to the normal part of heat flux. The proportionality coefficient was then 

defined as interfacial thermal resistance. The resistance is also called Kapitza 

resistance, which is a property of an interface to resist heat flow. In solid materials, heat 

is conducted by energy carriers, either phonons or free electrons. Due to the difference 

in vibrational properties in different materials, the energy carrier will scatter at the 

interface when it attempts to traverse from one material to the other. Therefore, the 

Kapitza resistance exists even at an atomically perfect interface. In ceramic matrix 

composites, phonons are the dominant carrier due to a lack of free electrons. Phonon-
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phonon scattering occurs due to crystalline defects and lattice imperfections, which 

determines the thermal conductivity of ceramic composites. 

Effective Thermal Conductivity Models 

Theoretical and empirical models have been constructed for various kinds of 

composite systems. In this study, only models suitable for ceramic matrix composites 

are discussed. A well-known classical theoretical model was derived by Maxwell [42]: 

𝑘𝑐 = 𝑘𝑚
𝑘𝑝+2𝑘𝑚+2∅(𝑘𝑝−𝑘𝑚)

𝑘𝑝+2𝑘𝑚−∅(𝑘𝑝−𝑘𝑚)
      (2-3) 

where 𝑘 is the thermal conductivity, ∅ is volume fraction of second phase, the 

subscripts c, m and p represent composite, matrix and second-phase particles, 

respectively. Maxwell’s model is the theoretical basis of many other models. However, 

the applicability of this model is limited by several assumptions made during its 

derivation. First, the model is valid only for spherical shaped particles. Secondly, second 

phase particles should be randomly distributed in a homogeneous continuous medium 

with no interaction. Last, the effect of Kapitza resistance is ignored. 

Fricke [43] extended the theory to homogeneous ellipsoidal particles and 

modified the equation as: 

𝑘𝑐 = 𝑘𝑚
1+[𝐹

𝑘𝑝

𝑘𝑚
−1)

1+∅(𝐹−1)
      (2-4) 

where  

𝐹 =
1

3
∑ [1 + (

𝑘𝑝

𝑘𝑚
− 1)𝑓𝑖]

−13
1       (2-5) 

The 𝑓𝑖 in Eq (2-5) represents the semi-principal axis of the ellipsoid.  
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Hasselman and Johnson [44] then modified Maxwell’s model and took the effect 

of particle size and Kapitza resistance into account. In his model, the effective thermal 

conductivity can be calculated in the following equation: 

𝑘𝑒𝑓𝑓 = 𝑘𝑚
2(

𝑘𝑝

𝑘𝑚
−
𝑘𝑝

𝑎ℎ𝑐
−1)∅+

𝑘𝑝

𝑘𝑚
+2

𝑘𝑝

𝑎ℎ𝑐
+2

(1−
𝑘𝑝

𝑘𝑚
+
𝑘𝑝

𝑎ℎ𝑐
)∅+

𝑘𝑝

𝑘𝑚
+2

𝑘𝑝

𝑎ℎ𝑐
+2

     (2-6) 

where 𝑎 is the radius of particle and 1/ℎ𝑐 is the Kapitza resistance. According to Eq (2-

6), the thermal conductivity of a composite would decrease with the decrease in size of 

second phase particles. Benvensite [45] also obtained the same result from on a 

micromechanical model. These models have been widely used and validated in 

literature by comparing experimental values with predicted results [23]. 

Spark Plasma Sintering 

The development of the spark plasma sintering (SPS) technique can be divided 

into three stages [46]: 1) 1930s-1970s: A sintering process using electrical energizing 

was developed in the United States in the 1930s. Little research was done on this 

process due to the lack of application technology. 2) 1980s-1990s: Small experimental 

systems were developed with a maximum pressure of 5 tons and a maximum current of 

800 A. 3) 2000s-present: Large experimental systems were developed with a maximum 

pressure of 10-100 tons and a maximum current of 2000-20,000A. A variety of powders, 

such as metals [47], ceramics [48], polymers [49] and composite powders [50] have 

been compacted by the SPS technique. Even materials which are considered to be 

difficult to sinter by conventional methods can be sintered in short times and at relatively 

low temperatures to full density.  
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The configuration of SPS is similar to conventional hot press (HP) sintering. In 

both cases, powder is loaded into a graphite die with upper and lower punches. A 

uniaxial pressure is applied during sintering. The main difference is the heating method. 

In HP, the die is heated by heating elements in the chamber, while in SPS, it is heated 

by a pulsed direct current (DC) which goes through the die and punches. Figure 2-5 

shows a picture of Dr. Sinter® SPS-1030 system and a schematic of the die-assembly.  

Munir et al., [51] concluded the significant features of SPS as a) high heating 

rate, b) the application of pressure and c) the effect of the current. Due to these 

features, the importance and advantages of the SPS has been proven by a large 

number of publications. Compared with conventional sintering methods which several 

hours of sintering time are needed, typical sintering times in SPS are on the order of 1 

to 10 minutes at significantly lower processing temperatures. Other advantages such as 

small grain size and homogeneity of final product are reported as well. 

The mechanisms of SPS have been studied in recent years. It is proposed that 

during SPS, pulsed current causes joule heating at the inter-particle contact areas and 

upon application of pressure, these particles fuse to form the final compact. Tokita [46] 

later concluded that the impacts of pulsed direct current (DC) energizing as: a) spark 

plasma, b) spark impact pressure, c) Joule heating and d) an electrical field diffusion 

effect. While b)-d) have been accepted by most researchers now, it is still in question as 

to whether a plasma is created in the SPS process [52]. In Groza’s study [53] on SPS of 

Fe-Al alloy, the formation of plasma is proved by electrical discharge effect. However, 

according to the study of Hulbert et al [54], no plasma can be detected using in situ 

atomic emission spectroscopy or in situ voltage measurements.  
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Based on the understanding of SPS, several modeling studies have also been 

performed. Graeve et al., [55] constructed a model to describe the effect of a current on 

the reaction between powders in a compact. Anselmi-Tamburini et al., [56] modeled the 

temperature and current distribution in the SPS for conducting and non-conducting 

samples separately. Giuntini et al., [57] investigated the effect of graphite die/punch 

geometry and the amount of graphite spacers on the temperature distribution. It should 

be noted that up to now, the role of current is limited to Joule heat in all current models. 

Therefore, improvement on these models is still in progress. 
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Figure 2-1.  Schematic of UO2 structure. White circles are uranium atoms and black 

circles are oxygen atoms. 

 

  

Figure 2-2. Thermal conductivity of a 95% relative density UO2 pellet [33]. 
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Figure 2-3. Electrical conductivity of single crystalline UO2 [35].
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Figure 2-4. Thermal conductivity of natural abundance (1.1% 13C) diamond and 
isotopically enriched (0.1% 13C and 0.001% 13C) diamond as a function of 
temperature [37]. 
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Figure 2-5.  Dr. Sinter® SPS-1030 system and schematic drawing of the die-assemble.  
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CHAPTER 3 
DENSIFICATION EVOLUTION STUDY OF UO2 AND UO2-BASED COMPOSITES 

DURING SPS  

Background 

As discussed in Chapter 1 and Chapter 2, spark plasma sintering (SPS) has 

become a fairly promising approach for processing difficult-to-sinter powders. Recently, 

the application of SPS has been expanded to the area of nuclear fuel. Ge et al., [16, 20] 

successfully fabricated uranium dioxide (UO2) pellets with 96% of the theoretical density 

(TD) by SPS at a sintering temperature of 1050°C and a hold time as low as 0.5 

minutes. These sintering conditions are significantly lower than the conventional 

sintering conditions of 1600°C for 4 hours [58]. Yeo et al., [11, 12] later utilized SPS to 

fabricate UO2-SiC composite fuels with high density, which could not be sintered by 

conventional methods.  

While these nuclear fuel pellets have been successfully fabricated, the sintering 

kinetics during SPS have not been investigated. The control of the sintering process 

and the reproducibility of sintered compacts are crucial for quality assurance and, 

therefore, it is essential to understand the densification kinetics during the SPS process. 

Based on the type of diffusion mechanism, many sintering models have been proposed 

to describe the sintering process. Coble [59] developed an intermediate-late stage 

sintering model for lattice diffusion. Johnson [60] derived the governing equations for 

calculating volume, grain boundary, and surface diffusion coefficients. Kang and Jung 

[61] modified Coble’s model for final stage sintering and considered the influence of 

grain boundary diffusion. These theories were verified by experimental examinations; 

however, they are either just limited to a single sintering stage, i.e., either initial, 

intermediate or final stage, or only applicable to single-phase systems. The master 
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sintering curve (MSC) concept, which was first proposed by Su and Johnson [62], 

describes the sintering process in a new perspective. It is an experimentally-derived 

model that regards sintering as a continuous process. Unlike the models mentioned 

above, MSC does not aim to describe sintering behavior in general, but describes the 

shrinkage behavior of a specific powder system. This makes MSC a useful engineering 

tool. In addition, MSC is applicable to multi-phase systems, both metals and ceramics. 

Su and Johnson [63] constructed the MSC for Al2O3-TiO2 and Al2O3-ZrO2 systems, and 

Park et al. [64] successfully applied this theory to tungsten heavy alloys. In addition, 

MSC has been introduced in industry to guide the manufacturing process. For example, 

Deborah et al., [65] demonstrated the applicability of master sintering curve theory in an 

industrial furnace.  

While MSC theory has been widely used to control and understand 

microstructure development in a conventional sintering process, to the author’s 

knowledge, the theory is only recently beginning to be applied for SPS process [66, 67] 

and has never been applied to nuclear materials. Field assisted sintering methods such 

as SPS and microwave sintering, have been known to utilize significantly lower 

processing times and temperatures compared to conventional methods. Therefore, the 

activation energy and the kinetics of densification are expected to be dramatically 

different. To further understand these issues, the current manuscript deals with the 

development of MSCs for nuclear materials fabricated by SPS. The primary goal of the 

present work is to investigate the applicability of master sintering curve theory to spark 

plasma sintering of UO2, UO2-SiC and UO2-diamond powders. The apparent activation 

energies for UO2 and UO2-SiC composite are determined and the MSCs are 
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constructed. The approach has been validated by using isothermal heating methods. 

However, the MSC of UO2-diamond is proven not to be constructed. Finally, the 

activation energy of sintering UO2 derived for SPS process is compared to that for the 

conventional sintering method and the difference in these values are rationalized. 

Master Sintering Curve (MSC) Theory 

Master sintering curve theory is derived from a combined stage sintering model 

originally proposed by Hansen et al [68]. In the development of MSC, two major 

assumptions were made [62]. First, the microstructural evolution depends on density 

only; and second, one of the diffusion mechanisms, i.e, either volume diffusion or grain 

boundary diffusion, dominates the sintering process. It should be noted that another 

assumption, i.e., the sintering body undergoes isotropic linear shrinkage, was made in 

the original work of Su and Johnson [62], but this assumption was found to be 

unnecessary by Diantonio and Ewsuk [69]. As mentioned earlier, the MSC was derived 

from the densification rate equation of the combined-stage sintering model [68]. Based 

on the assumptions above, the sintering rate equation can be expressed in the following 

form [62]: 

𝑑𝜌

3𝜌𝑑𝑡
=
𝛾𝛺𝐷0Г(𝜌)

𝑘𝑇(𝐺(𝜌))
𝑛 𝑒𝑥𝑝(−

𝑄

𝑅𝑇
) 

(3-1) 

Where 𝜌 is the relative density, t is the sintering time, 𝛾 is the surface energy, 𝛺 

is the atomic volume, 𝐷0 is the diffusion coefficient, Г is lumped scaling parameter that 

relates geometric features, G is the grain diameter, n is a constant which depends on 

the sintering mechanism, Q is the apparent activation energy, R is the gas constant, 

and T is the absolute temperature. 
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By separating all the micro-structural and material parameters from thermal 

parameters, Eq. (3-1) can be rearranged and integrated as 

𝑘

𝛾𝛺𝐷0
∫

𝐺𝑛

3𝜌Г(𝜌)
𝑑𝜌

𝜌

𝜌0
= ∫

1

𝑇

𝑡

0
𝑒𝑥𝑝 (−

𝑄

𝑅𝑇
) 𝑑𝑡        (3-2) 

The term on the left hand side represents the evolution of microstructure, which 

is independent of the thermal history of the powder compact, and can be expressed as 

a function of density, 𝛷(𝜌). The right hand side represents the thermal history, which 

can be expressed as ‘work of sintering’, 𝛩(𝑡, 𝑇). Therefore, Eq. (3-2) can be reduced to 

𝛷(𝜌) = 𝛩(𝑡, 𝑇)      (3-3) 

The above empirical relationship between ρ and 𝛷(𝜌) is then defined as the 

master sintering curve (MSC), which is distinct for a given powder. For the construction 

of a MSC of a given powder, the experimental density evolution data, i.e., the integral 

on the left hand side of Eq. (3-2), should be known. This requires careful experimental 

measurement of the volume change of powder during the sintering process. The goal of 

this study is to develop MSC for different powder systems mentioned above based on 

such experimental data. The experimental procedure and results will be discussed in 

detail in the following. 

Experimental 

Starting Powders 

UO2 powder, obtained from AREVA, Hanford, WA, was reported to have a bulk 

density of 2.3g/cm3, tap density of 2.65g/cm3, mean diameter of 2.4µm, and a BET 

surface area of 3.11m2/g. The oxygen to metal (O/M) ratio was determined to be UO2.16 

using ASTM equilibration method (C1430-07). In the next step, β-SiC and diamond 

powder particles were used as second phase to fabricate UO2-SiC and UO2-diamond 



 

42 

composite respectively. The SiC powder was obtained from Alfa Aesar Inc, Ward Hill, 

MA, and had a mean particle diameter of 1µm. The diamond powder was obtained from 

Advanced Abrasives, Pennsauken, NJ and had a mean diameter of 3μm. Figure 3-1(a)-

(c) reveals SEM images of as-received UO2, SiC and diamond powders.  

A 5 vol% SiC powder or 5 vol% diamond powder was blended with UO2 powder 

in a SPEX 8000 shaker for 1 hour, respectively. The SPEX jar is of 38 mm (1.5 inch) 

internal diameter and 45.7 mm (1.8 inch) length, and is made of zirconium oxide. To 

disperse the second phase particles, a blending aid, 2,3-Dihydroperfluoropentane, 

which acted as a lubricant for powder particles [70], was used. The blending aid 

evaporated in air after the mixing process, and no residual contamination was left in the 

final mixture [11]. 

Spark Plasma Sintering 

A Dr. Sinter® SPS-1030 system was used to perform the spark plasma sintering 

process. For SPS, 4g of the mixture powder was loaded into a graphite die with 12.7 

mm inner diameter, and then graphite punches were inserted into both ends of the die.  

The assembly was placed into the SPS chamber, and a vacuum of 10 Pa was 

maintained in the chamber during the sintering process. An axial pressure of 36 MPa 

was applied on the punches and sintering was carried out at prescribed conditions. The 

temperature was measured by a pyrometer focused on the surface of the graphite die. 

The programmed heating schedule initiated at 600oC, as that is the lower detection limit 

of the pyrometer. More details of these method can be found in the work of Ge et al[16]. 

Two different heating schedules were used: (i) the constant heating rate method 

and (ii) the isothermal heating method. The constant heating rate method was used to 

construct the master sintering curve. Three heating rates of 50oC/min, 100oC/min and 
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150oC/min were used to reach the maximum sintering temperature of 1200oC for pure 

UO2 and 1400oC for UO2–based composite. The current was then turned off, and the 

pellets were naturally cooled down in the vacuum chamber. If the MSC can be 

constructed, the isothermal heating method was employed to validate the constructed 

master sintering curve. The powders were sintered by heating at a rate of 75oC/min up 

to a maximum temperature of 750oC to 1050oC and then hold for 5 minutes at the 

prescribed maximum sintering temperature. Details on selection of maximum sintering 

temperature will be discussed later. The heating profiles for UO2 powder under the two 

methods are plotted in Figure 3-2, which clearly illustrate the difference between these 

two sintering method. 

Shrinkage Data Process 

For the development of time-dependent relative density curves, actual shrinkage 

data of the given powder compact was required. In SPS, the axial displacement data of 

the bottom punch during sintering of the powder can be recorded. However, in order to 

take into account the thermal expansion of punches and the die blocks [71-73], the 

following procedures were adopted for each sample.  

Initially, the powder was sintered in the graphite die and the axial displacement of 

the bottom punch was recorded. This displacement data was a combination of powder 

densification and the total expansion of graphite punches and die at high temperatures. 

To separate the graphite expansion, the entire die assembly was cooled down to room 

temperature and reheated to the same temperature with the sintered compact inside the 

die. As the length of sintered pellet is only about 3 mm, 30 times less than the length of 

punches, the thermal expansion of sintered pellets can be assumed negligible. 

Therefore, the displacement recorded in this second cycle corresponds only to the 
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thermal expansion of the graphite punches and die. The length of the sintered sample 

was measured after the first and second run and found to be the same, indicating that 

no further densification of the sintered sample occurred during the second run. Finally, 

the powder shrinkage data were obtained by subtracting the thermal expansion of the 

graphite during the second run from the original displacement data in the first run. 

Typical raw data for UO2 and the graphite are shown in Figure 3-2. In terms of the die 

displacement, positive values indicate shrinkage while negative values indicate 

expansion. The powder shrinkage curve (solid line) was obtained by subtracting the 

graphite expansion curve (dash line) from the original total specimen plus graphite 

shrinkage curve (dash-dot line).  

With regard to the convention of shrinkage evolution being considered positive, it 

is extremely common in SPS literature to depict powder shrinkage as a positive quantity 

[16, 48]. However, most of these papers do not report the die expansion (which is 

opposite in sign for shrinkage) and hence no confusion was generated.  However, the 

recent results by other authors [71, 73] which considered die expansion have followed 

the norm of powder shrinkage as positive and reported the die expansion as a negative 

quantity. Thus, the adopted sign convention confirms to the established norm.  

The time-dependent relative density data was then calculated based on the 

following equations: 

𝜌𝑖 = (𝜌𝑓 ∗ 𝑙𝑓)/𝑙𝑖      (3-4) 

𝑙𝑖 = 𝑙𝑓 − ℎ𝑖       (3-5) 

Where 𝜌𝑖 is the instantaneous relative density, 𝜌𝑓 is the final density which is 

measured by the Archimedes method, 𝑙𝑓 is the final length of the sintered pellet, 𝑙𝑖 is the 
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instantaneous length, and ℎ𝑖 is the displacement difference between final state and 

instantaneous state, i.e., actual UO2 shrinkage curve which can be read from Figure 3-

2. 

Results and Discussion 

Construction of MSC 

The time-dependent relative densities of the sintered powder versus temperature 

for different heating rates for UO2, UO2-SiC composite and UO2-diamond composite are 

plotted in Figure 3-4(a) to 3-4(c) respectively. The temperature started from 600oC, at 

which point no densification has taken place. It can be seen that for all powder systems, 

the relative density at any temperature showed a modest dependence on the heating 

rate for a given powder. However, the shapes of densification curves are different. For 

pure UO2 and UO2-SiC composite, all densification curves have regular sigmoidal 

shape, while for UO2-diamond composite, a plateau can be seen when the density is 

about 85% TD. The reason why this plateau appeared will be discussed later. 

At the same heating rate, all powder systems started to densify at about the 

same temperature, but the densification rates of UO2-SiC and UO2-diamond composites 

were much lower than that of UO2. For a constant heating rate of 50°C/min, 95% of the 

TD could be achieved at 1100°C for sintering a pure UO2 pellet, whereas a 1350°C 

temperature was required for sintering a UO2-SiC pellet and 1400oC was required for 

sintering a UO2-diamond composite. This difference can be quantified by the MSC, if 

applicable, and will be discussed later. Ge et al., [16] reported that the densification 

range for UO2 (where rapid increase of densification occurred) was around 720°C to 

1000°C , whereas from Figure 3-3, obvious further densification could still be seen until 

1100°C.  It is more appropriate to modify this range to 1100°C, as the shrinkage curve 
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in the present study also accounts for punch and die expansion at high temperature, 

which was not considered in the previous study [16]. Thus, the current study provided 

more accurate limits for the densification process. 

A typical microstructure for sintered UO2, UO2-SiC and UO2-diamond pellet at a 

rate of 150°C/min is shown in Figure. 3-5(a) to 3-5(c) respectively. Low levels of 

porosity (95.5% of TD for UO2, 96.0% of TD for UO2-SiC and 95.7% for UO2-diamond) 

are seen in all images, showing that high density pellets can be achieved under current 

sintering conditions. It is instructive to note here that no more than 96.5% of TD is 

needed in the UO2 pellet used in nuclear industry [74]. Therefore, the curves in Figure 

3-4 can represent the entire densification evolutions of the given powder and can be 

used to construct the MSC.  

Another important parameter for constructing the master sintering curve is the 

apparent activation energy Q in Eq. (3-2). As discussed earlier, for a given powder 

compact, with the appropriate value of Q, the densification behavior becomes 

independent of thermal history, which means that the data with different heating rates 

can converge to a single curve. To accomplish this, various values of activation 

energies were chosen, and 𝛩(𝑡, 𝑇) values were calculated from Eq. (3-2). The ρ-𝑙𝑛𝛩 

curves of UO2 with selected activation energy values for all heating profiles are shown 

in Figure 3-5. It is seen that the three curves do not converge when Q equals 50 KJ/mol 

and 250 KJ/mol, whereas they tends to almost collapse into a single curve for all three 

heating rates when Q is around 150 KJ/mol. 

To obtain more precise values of activation energy, detailed analyses were 

performed on UO2, UO2-SiC and UO2-diamond powder systems for a range of Q values. 
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To quantify the convergence, various statistical analysis methods and tools have been 

used by many researchers. Teng et al., [75] performed a sigmoidal curve fit for the data 

and developed a Visual Basic macro in Microsoft Excel and automated the computation. 

Pouchly and Maca [76] stated an alternative criterion, the so-called Mean Perpendicular 

Curve Distance (MPCD), and developed specific software for calculation. In our study, a 

polynomial curve fit was made to all the data points by Origin, and the mean of residual 

squares of all points with respect to that line were calculated. Figure 3-6 reveals the 

mean residual squares with different assumed values of Q, from which the minimum is 

identified when Q=140KJ/mol for pure UO2, Q=420 KJ/mol for UO2-SiC composite and 

Q=480 KJ/mol for UO2-diamond composite. Note that the mean residual squares of 

UO2-diamond composite remains high compared to UO2 and UO2-SiC composite, and 

the results directly influence the construction of MSC.  

The ρ-𝑙𝑛𝛩 curves with calculated Q were plotted in Figure 3-8. It is seen that for 

UO2 and UO2-SiC composite, despite a 3-fold difference in heating rates, individual 

curves have merged reasonably close to a single curve. While for UO2-diamond 

composite, curves with different heating rates cannot merge. Recall that in Figure 3-

3(c), a plateau showed in the densification curves of UO2-diamond composite. 

Therefore, it can be assumed that potential chemical reaction occurred during the 

sintering of this composite. As the MSC theory is based on the assumption that only one 

of the diffusion mechanisms dominates the sintering process, the violation of this 

assumption may lead to the failure of construction of MSC. The potential chemical 

reaction during spark plasma sintering of UO2-diamond composite will be studied in next 

chapter.  
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Validation and Application of MSC 

As discussed before, the MSC cannot be applied to UO2-diamond composite 

successfully. Therefore, in this and next section, the discussion towards the validation 

and application of MSC is only within UO2 and UO2-SiC composite. Before applying 

MSC to guide a manufacturing process, the validity of the constructed curves should be 

verified with various experimental runs. To accomplish this, a new set of experiments in 

which pellets were sintered by isothermal hold at maximum sintering temperature was 

conducted. With a heating rate of 75°C/min, which was chosen randomly, pellets were 

heated up to a selected temperature and held for 5 minutes. Compared with the 

constant heating rate method used previously, lower maximum sintering temperatures 

were used here to guarantee that the powders were in the sintering range during the 5-

minute hold time. According to the densification curves in Figure 3-3, the densification 

range (where rapid increase of densification occurred) was around 720°C to 1100°C for 

UO2, and 750°C to 1350°C for UO2-SiC composite. Therefore, in the isothermal 

sintering method, 750°C, 800°C  and 850°C  were selected as the maximum sintering 

temperatures for UO2, and 900°C, 1000°C and 1050°C were selected for UO2-SiC 

composite. After sintering, the final densities were measured by the Archimedes 

method. The results are shown in Figure 3-8, where the relative densities of pellets 

made in this method are now plotted on the MSC obtained from the previous method. It 

can be seen that the relative densities of the pellets made using these new conditions 

fall right on the constructed MSCs, confirming the validity of the MSCs derived from the 

earlier experiments.  

Typical microstructures of the selected pellets produced under isothermal 

conditions are shown in Figures. 3-9(a) and 3-9(b). Note that significantly lower 
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temperatures were used in this method, and hence the densities obtained in these 

pellets were lower than what were obtained previously. Compared with Figure 3-4, it is 

clearly seen that the levels of porosities, especially the inter-granular porosities, are 

much higher. 

Discussion 

The constructed MSC can be a useful tool to model and control the spark plasma 

sintering process. First, as any given heating profile corresponds to a specific value on 

the MSC, the final density is predicted. Second, if a desired density is given, the way to 

design various heating profiles for this objective is achievable. An example of designing 

the heating profiles which can be utilized to achieve a UO2 pellet with 90% of the TD is 

discussed here. With the goal of 90% of the TD, the corresponding value of work of 

sintering, lnΘ, can be easily found to be -16.6 through Figure 3-7. Then, a combination 

of heating rate, maximum sintering temperature and hold time can be determined by Eq 

(3-2), to achieve the required Θ. The data corresponding to these heating profiles are 

shown in Table 3-1.  

In addition to the ability to predict processing conditions for a given theoretical 

density, the presence of the rapid grain growth regime can also be detected by the 

MSC. Note that in Figure 3-7, the curves of sintering UO2 with different heating rates do 

not converge well in the high density range (>95% of the TD). Recall that MSC is valid 

only when one sintering mechanism dominates the process. It is reasonable to conclude 

that when the density exceeds 95%, rapid grain growth occurs during sintering, and the 

dominant diffusion mechanism is different. Ge et al., [20] studied the microstructure 

evolution of UO2 during SPS process, and concluded that the grain size remains nearly 

the same (0.4 µm to 1 µm)  in the medium density range (70% TD-95% TD), while it 
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increased rapidly (3 µm to 9 µm) in the high density range (96% TD-97% TD), which is 

consistent with the statement here. On the contrary, the curves for UO2-SiC composites 

fit well in the entire density range, which shows that no exaggerated grain growth 

occurred in UO2 matrix due to the pinning effect of SiC particles. This result was also 

consistent with the work of Yeo et al., [11], where very small grain sizes were observed 

even in a pellet with 97.8% of the TD of UO2-SiC pellet. 

The MSC is unique for a given powder, as clearly seen in Figure 3-7. With the 

addition of 5 vol% SiC particles, the apparent activation energy increases dramatically 

from 140 KJ/mol to 420 KJ/mol, and the MSC is drastically different. The MSCs for both 

UO2 and UO2-SiC give a quantitative description on the sinterability and densification of 

these two materials. Table 2 shows an example of the density results of UO2 and UO2-

SiC pellets sintered at 850°C and held for 2 minutes. Under the same heating profile, 

the extent of densification of different materials can be easily compared. Due the 

presence of the SiC particles, the grain boundary diffusion path of UO2 grains was 

diminished and thus led to the poor densification of the composite. Similar behavior was 

also seen in Si3N4 based ceramics as well [77]. In other words, compared to UO2, more 

energy, either higher sintering temperature or longer hold time, was required for 

sintering the UO2-SiC composite to the desired high density. Thus, MSC provides a 

quantitative analysis to characterize the effect of second phase particles on the 

densification during the sintering process. 

Finally, a brief discussion on the apparent activation energy Q of UO2 by SPS is 

warranted. As master sintering curve is a model that describes the whole densification 

process, the Q value calculated in this study can be seen as an average value for the 
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entire temperature range. It is noted that compared with the Q value calculated for 

conventional sintering methods (299 KJ/mol-429 KJ/mol) [78], the activation energy 

during SPS (140 KJ/mol) is significantly lower, which could possibly be attributed to the 

presence of coupled direct current field and pressure field in SPS. The effect of the 

current field has been noted and discussed most recently by many researchers. 

Cologna et al., [79] proposed that an avalanche of Frenkel point defects, both anions 

and cations, can be nucleated under an electric field, and this phenomenon has been 

observed in ceramics, such as yttria [80] and titania [81]. The aggregation of these point 

defects accelerates the diffusional transport rate and lowers the activation energy. 

Second, the pressure is also a significant factor that distinguishes SPS from 

conventional sintering methods. The presence of pressure could increase the number of 

grain-grain contacts and change the grain shape [82]. This effect has also been 

observed in SPS by Ge et al., [20] during their studies on densification and grain 

growth. All of these effects could lead to a lower activation energy. However, it is still 

difficult to quantify the effect of current field and pressure on activation energies. Raj et 

al. [83] stated that the current field, as compared with the applied pressure, cannot 

significantly influence activation energy for diffusion during ceramic sintering in SPS. 

The above studies clearly indicate that further study is required on the role of pressure 

and electric field in SPS. 

Conclusion 

MSC theory has been applied to UO2 and UO2 based composites sintered by 

SPS. Due to potential chemical reactions, the master sintering curve of UO2-diamond 

composite cannot be constructed, while the MSCs of UO2 and UO2-SiC composite were 

constructed sufccessfully. Utilizing just one temperature and time dependent parameter 
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(Θ), the densification process was quantified. The activation energy for SPS has been 

determined to be 140 KJ/mol for UO2 and 420 KJ/mol for UO2-SiC composite. 

The master sintering curve is proven to be an effective tool to describe the 

densification behavior of UO2 and UO2-SiC powder compact during SPS. The ability of 

MSC to control and predict density has been demonstrated by a few experimental runs 

using the isothermal method. In addition, it is shown that the MSC can be used to 

compare the sinterability of different powder compacts in SPS. 
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Table 3-1. Parameters of the heating profiles to sinter a UO2 pellet with 90% of the TD in 
SPS 

  Goal: 90% of the TD  

Sintering 

profile 

Heating rate 

(°C/min) 

Maximum sintering 

temperature (°C) 

Hold time 

(min) 

1 75 800 6.0 

2 75 850 2.6 

3 125 850 3.0 

 

 

Table 3-2. Density comparison of UO2 and UO2-SiC pellets under the same heating 
profile in SPS 

 Heating 

rate 

(°C/min) 

Maximum sintering 

temperature 

(°C) 

Hold 

time 

(min) 

Predicted 

density 

(% of TD) 

Experimental 

density 

(% of TD) 

UO2 100 850 2 88.8 89.8+/-0.4 

UO2-SiC 100 850 2 69.0 70.8+/-1.0 
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A)  

B)  

C)  

 
Figure 3-1. SEM images of starting powders. A) UO2 powder. B) SiC powder. C) 

Diamond powder. Photo courtesy of author.  
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Figure 3-2.  Heating profiles for UO2 pellets under the constant heating rate method and 

isothermal method 
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Figure 3-3. Shrinkage curves of UO2 and the graphite during SPS. The actual shrinkage 
curve for UO2 is obtained by subtracting graphite expansion from total 
shrinkage curve. 
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Figure 3-4. Evolution of relative density as a function of temperature for different heating 

rates. A) UO2, B) UO2-SiC composite. C) UO2-diamond composite.  Note that 
a plateau appeared in densification curves of UO2-diamond composite.  
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A)  

B)  

C)  

Figure 3-5. SEM images of fracture surfaces. A) UO2 sintered to 1200°C at 150°C/min, 
B) UO2-SiC sintered to 1400°C at 150°C/min C) UO2-diamond sintered to 
1400°C at 150°C/min. Photo courtesy of author.  
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Figure 3-6. ρ-𝑙𝑛𝛩 curves for selected value of activation energy of UO2. Note that for 
Q=150 KJ/mol, the relative density values tend to collapse into a single curve 
for all three heating rates. 
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Figure 3-7. Mean residual squares for various estimated activation energy values  
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Figure 3-8. Master sintering curve construction. A) Pure UO2 and UO2-SiC composite. 
B) UO2-diamond composite 
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Figure 3-9. Comparison of MSC predicted relative density and experimental value of 

UO2 and UO2-SiC pellets using isothermal heating method 

  



 

62 

A)  

B)  
Figure 3-10. SEM images of pellets sintered by isothermal heating method. A) UO2 

isothermal at 800°C for 5 minutes. B) UO2-SiC isothermal at 1000°C for 5 
minutes. Photo courtesy of author. 
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CHAPTER 4 
MICROSTRUCTURE AND PROPERTY OF DIAMOND-REINFORCED URANIUM 

DIOXIDE COMPOSITE FUEL PELLETS  

Background 

In Chapter 3, UO2-diamond composite was fabricated using SPS and the 

densification evolution was studied. However, the microstructure and properties of UO2-

diamond composite pellet has never been investigated. Compared to other second 

phase materials such as silicon carbide or carbon-nanotube, whether diamond would be 

a better candidate is remain unknown. Therefore, the objective of this work is to 

fabricate UO2-diamond fuel pellets using SPS using different diamond particles and 

investigate the microstructure and properties of this novel composite fuel.  

Experimental 

Powder Preparation 

Figures 4-1 and 4-2 show SEM images of the as-received UO2 and diamond 

powders, respectively. The uranium dioxide powder was obtained from AREVA Federal 

Services, Hanford, Washington, USA. The powder was reported to have a bulk density 

of 2.3g/cm3, mean particle diameter of 2.4µm and a BET surface area of 3.11m2/g. The 

grain size was determined to be 200-400 nm, see Figures 4-1. The O/U ratio was 

determined to be 2.11 using ASTM equilibration method (C1430-07). The diamond 

powder was obtained from Advanced Abrasives, Pennsauken, NJ. Four sizes of 

diamond particles with a mean particle size of 0.25 µm, 3 µm, 12 µm and 25 µm, were 

used in this study.  

A SPEX-8000 shaker was used to blend UO2 and a 5vol% diamond powder for 1 

hour with a blending aid 2,3-Dihydroperfluoropentane. The use of a blending aid was 

proven to be effective and non-contaminative to the final powder, see Chapter 3.  
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Spark Plasma Sintering 

A graphite die with inner diameter of 12.7 mm and outer diameter of 31.5 mm 

was used to sinter the mixed powder. A thin graphite foil was inserted into a graphite die 

and then 4g of UO2+diamond mixture was poured into the die. Graphite punches were 

used on either side of the die to hold the powder. The graphite foil prevents reaction 

between the powders and the die. A Dr. Sinter® SPS-1030 spark plasma system (SPS) 

machine was used to sinter the blended powder. The entire die assembly with powder 

and punches was placed in the SPS chamber. During sintering, a vacuum of less than 

10 Pa was maintained in the chamber and the temperature was measured using a 

pyrometer that focused on the surface of the graphite die. A temperature ramp rate of 

100oC/min was employed and the maximum sintering temperature was varied from 

1300oC to 1600oC with a hold time of 5 minutes for various powder mixtures. An axial 

pressure of 36 MPa was applied when the maximum sintering temperature was 

reached, and the pressure was released when the cooling process started. More 

detailed description of this method can be found in recent publications [11, 12, 16, 84]. It 

is important to note that although the stoichiometry of the starting uranium dioxide 

powder was 2.11, the O/U ratio has changed to be 2.00 due to the reducing 

environment in SPS. Similar result was first observed in fabricating pure UO2 pellets 

using SPS [20] where a detailed analysis regarding the change in stoichiometry in UO2 

during SPS can be found. Thus, SPS eliminates additional post-sintering steps 

commonly used in conventional sintering method of UO2 pellets. 

Characterization Methods 

Upon cooling to room temperature, the pellets were removed from the graphite 

dies. The density of each sintered pellet was measured by the Archimedes method and 
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converted to relative density. The theoretical density of the composite can be calculated 

from the rule of mixture, i.e., 

𝜌𝑐 = 𝜌𝑑𝑉𝑑 + 𝜌𝑢𝑜2(1 − 𝑉𝑑)     (4-1) 

where 𝜌𝑐 is the theoretical density of the composite, 𝜌𝑑,𝑉𝑑 and 𝜌𝑢𝑜2 are density of 

diamond, volume fraction of diamond, and density of UO2, respectively. The density and 

relevant values of diamond and UO2 are listed in Table 4-1. 

X-ray diffraction (XRD) measurements were conducted to investigate the 

chemical reactions which may have occurred between UO2 and diamond during the 

sintering process. As the detection limit of XRD is around 5wt% of chemical compounds 

and the short processing time of 5 minutes may not be enough to form reaction 

compounds at sufficient quantity, the volume fraction of diamond was increased to 70% 

in the composite for this specific study only. The mixing process and sintering 

procedures were the same as the other pellets. X-Ray diffraction patterns were 

recorded with a PANalytical X’Pert Powder® diffractometer at room temperature. The 2θ 

angle was scanned from 20o to 80o with a step size of 0.005o. The software X'Pert 

HighScore Plus® was used for peak fitting. 

To characterize the microstructure of the sintered pellets, scanning electron 

microscopy (JEOF-6335L and FEI XL-40 FEG-SEM) was used. The secondary electron 

mode was chosen for the images and the accelerating voltage was varied between 10 

to 15 KV. 

The thermal conductivity of the sintered composite pellets were calculated using 

the following equation 

𝐾𝑐 = 𝛼𝑐𝑝𝜌𝐶      (4-2) 
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where 𝛼 is the thermal diffusivity, 𝑐𝑝 is the specific heat and 𝜌𝐶 is the density of the 

composite.𝛼 was measured at three different temperatures, i.e., 100oC, 500oC and 

900oC, using a laser flash method (Anter Flashline®-3000). Specific heat was calculated 

using the Neumann-Kopp rule[85]:  

𝑐𝑝 = 𝑐𝑑𝑓𝑑 + 𝑐𝑢𝑜2(1 − 𝑓𝑑)      (4-3) 

where  𝑐𝑑 and 𝑐𝑢𝑜2 are the specific heat of diamond and UO2, respectively, and 𝑓𝑑 is the 

weight fraction of diamond.  

The Young’s modulus was determined using the ultrasonic measurement 

method, an accurate and non-destructive technique. Using a pulser/receiver system 

(Model 5072PR, Olympus, Waltham, MA), both longitudinal velocity 𝑉𝐿 and shear 

velocity 𝑉𝑠 of the pellets were measured. The Young’s modulus is then calculated by the 

following equation[86]: 

𝜈 =
1−2(

𝑉𝑠
𝑉𝐿
)2

2−2(
𝑉𝑠
𝑉𝐿
)2

      (4-4) 

𝐸 =
𝑉𝐿
2𝜌(1+𝜈)(1−2𝜈)

1−𝜈
     (4-5) 

where 𝜈 is Poisson’s ratio, E is Young’s modulus and 𝜌 is the density of the pellet. Four 

measurements were performed on each composite and the average value was 

calculated. 

Results and Discussion 

Density 

Density has a huge influence on the thermal and mechanical properties of the 

composites. Therefore it is important to obtain high-density composite pellets. Figure 4-

3 shows the variation in the relative density of the UO2-diamond composites as a 
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function of sintering temperature and diamond particle size. A horizontal line at 96.5% of 

the theoretical density (TD), which is the requirement for a fuel pellet to be used in a 

nuclear reactor[87], is plotted as the reference density. For all diamond particle sizes, 

the density of the sintered pellets increased with increasing sintering temperature up to 

1500oC. While when the maximum sintering temperature achieve 1600oC, a slightly 

decrease in density can be observed. The decrease may be due to the formation of 

micro-cracks and the chemical reaction at high temperature, which will be discussed in 

the following sections. For nano-size diamond particles (0.25 µm), the pellet density is 

consistently lower than other composites sintered under the same sintering conditions. 

A pellet with a 96.5% of the TD cannot be achieved even at a temperature of 1600oC. 

While for micro-size diamond particles (3 μm, 12 μm, and 25 μm), high density pellets 

can be achieved when the maximum sintering temperature is 1400oC or above. The 

poor densification behavior of UO2-0.25 µm diamond composite could be explained by 

the microstructure of the sintered pellet, which will be discussed later. 

Chemical Reaction 

Understanding the potential chemical reactions between diamond and UO2 

during SPS is critical to an evaluation of the performance potential of the composite 

pellet in the reactor environment. The chemical reaction products, (if any) may badly 

influence the thermal and mechanical performance of the sintered pellets. Figure 4-4 

shows the XRD spectra of UO2 and diamond powder as well as the UO2-Diamond 

composite at four different temperatures. For the spectra of starting powders, all 

characteristic peaks of UO2 (Powder Diffraction File (PDF) 00-005-0550) and diamond 

(PDF 01-075-0223) were clearly detected, revealing the cubic structure of UO2 and 

diamond. The crystal planes were identified and marked in the plot. For the UO2-70 
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vol% diamond composite sintered at 1300oC, no other peaks, except UO2 and diamond 

peaks, were observed. However, when the maximum sintering temperature was 

increased to 1400oC, a clear graphite peak was detected. The formation of graphite 

may be an indication of the graphitization of diamond. Although it is known that the 

graphitization rate of diamond is extremely slow below 1600oC in an inert gas 

environment[88], this temperature could decrease significantly if high pressure is 

applied. During SPS, a pressure of 36 MPa was applied at the maximum sintering 

temperature, which could facilitate the graphitization process. When the maximum 

sintering temperature reached 1500oC or higher, not only graphite, but also uranium 

carbide (UC) peaks were observed. The following reactions between UO2 and carbon 

are expected [89]: 

𝑈𝑂2+𝑥 + 𝑥𝐶 → 𝑈𝑂2 + 𝑥𝐶𝑂      

𝑈𝑂2 + 4𝐶 → 𝑈𝐶2 + 2𝐶𝑂         (4-6) 

3𝑈𝐶2 + 𝑈𝑂2 → 4𝑈𝐶 + 2𝐶𝑂      

Note that there is CO gas formed in these reactions. Recall that slightly decrease 

in density was observed in pellets sintered at 1600oC, which may be due to the 

formation of gas. During the hold time at such high temperature, the sintering process 

was almost done, but some micro holes were left because of the formation of CO. The 

increase of porosity thus led to a decrease in final density. Clearly, higher sintering 

temperatures are not preferable due to the formation of graphite and other reaction 

products. Sintering temperatures well below 1500oC are recommended for fabrication of 

UO2-diamond composite pellets. 
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Microstructure 

Dispersion of diamond particles 

The dispersion of diamond particles in the composite pellets sintered at 1400oC 

can be seen in Figure 4-5. The diamond particles with mean size of 3 μm, 12 μm and 25 

μm were seen to be relatively uniformly distributed in the UO2 matrix from Figures. 4-

5(b) to 4-5(d), while the agglomeration of 0.25 µm nano-size diamond particles was 

observed in Figure 4-5(a). The agglomeration could be due to the poor mixing. Longer 

mixing time (6 hour) was also attempted but no obvious improvement was observed. 

Therefore, the current milling process is proven not to be an appropriate approach for 

mixing nano sized diamond in UO2 powder.  The agglomeration of diamond particles 

may be a reason for the poor densification observed in Figure 4-3 in UO2-diamond 

composite with a diamond particle size of 0.25 µm. In the region of diamond 

agglomeration, UO2-diamond interfaces were replaced instead by diamond-diamond 

interfaces. Because the diamond is the most covalently bonded material, the sintering of 

diamond particles is much more difficult. As a result, the pellets did not sinter fully and 

loose diamond powder regions were seen in the microstructure of UO2-0.25 µm 

composite pellet, see Figure 4-5(a). This led to a poor measured density in the sintered 

nano-diamond composite pellets as well. 

UO2-diamond interface 

The UO2-diamond interfaces in various UO2-diamond composites are shown in 

Figure 4-6. The diamond particles had good interfacial contact with the UO2 matrix in 

pellets containing 0.25 µm, 3 μm and 12 μm diamond particles, but several micro-cracks 

were observed in pellets containing 25 μm diamond particles. The formation of micro-

cracks were due to a mismatch in coefficients of thermal expansion (CTE) between the 
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UO2 and the diamond particles. It is noted that the CTE of UO2 and diamond is 9.93×10-

6 K-1 and 1×10-6 K-1 at room temperature, respectively. Although the CTE would slightly 

change with temperature, a large difference in CTE between UO2 and diamond existed 

at all temperatures [90, 91]. Due to this mismatch, diamond particles were subjected to 

a large compressive stress during the cooling process. The larger the particle size was, 

the greater the compressive stress would be. Micro-cracks are initiated from the 

interface when the tensile stress in UO2 exceeds a critical value in the UO2 matrix. 

Similar phenomena were also seen in UO2-SiC composites where such CTEs mismatch 

existed between matrix and second phase particles [12]. The induced micro-cracks 

adversely influence the thermal and mechanical properties of the composite pellets, 

which is discussed next. 

Grain size 

Figure 4-7 reveals the polished and thermally-etched surfaces of UO2-diamond 

composite pellets sintered at 1400oC with a hold time of 5 minutes. Uniform grain sizes 

were revealed in pellets with 3 µm diamond (2.6 µm, Figure 4-7(d)), 12 µm diamond 

(2.9 µm, Figure 4-7(e)) and 25 µm diamond (3.1 µm, Figure 4-7(f)), while an obvious 

non-uniform grain size distribution was observed in the UO2-0.25 µm diamond pellet 

(Figure 4-7(a)-4-7(c)). Typical UO2 grain sizes were no larger than 3.5 µm in all these 

microstructures. However, in the work of Ge et al [20], it was shown that the grain size 

of UO2 pellets sintered by SPS can be as large as 8.9 µm, much larger than the current 

UO2 grain sizes in UO2-diamond composites. The results are reasonable when the 

pinning effect of second phase particles are considered. During sintering, the UO2 

grains start to grow and once grain boundary reaches a diamond particle, the grain 

boundary migration was pinned by that particle. Therefore, smaller grains were formed 
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in the UO2 matrix. Since the volume fraction of diamond is the same in all composites, a 

higher surface to volume ratio of diamond particles exists in composite containing 

smaller diamond particles. Therefore, the intensity of pinning effect would be more in 

composite with 0.25 µm diamond. It can be seen that within these four UO2-diamond 

composites, the pellet with 25 µm diamond particles has the largest grain size, which is 

in agreement with the above argument.  

The formation of the non-uniform grain size in Figure 4-7(a) can be owing to the 

uneven distribution of nano diamond particles. Recall that in Figure 4-5(a), the 

agglomeration of diamond particles was observed. Therefore, the region A which lacks 

diamond particles has much larger grain size (2.5 µm) than the region B (0.7 µm) which 

has well distributed diamond particles.  

Thermal Conductivity 

As discussed in the previous section (Eq. (4-2)), the thermal conductivity is a 

product of thermal diffusivity, specific heat and pellet density. The specific heat of UO2-5 

vol% diamond composite was calculated, using Eq. (4-3) and the values listed in Table 

4-1,  to be 266.3, 327.5 and 339.7 J/kg·K at 100oC, 500oC and 900oC, respectively, and 

then the thermal conductivity was calculated. Figure 4-8 shows the thermal conductivity 

for UO2-diamond composites sintered at 1400oC with various sizes of diamond particles. 

The dashed lines represent the thermal conductivity of pure UO2 in the literature at the 

specified temperatures. Compared to pure UO2, an increase in thermal conductivity was 

observed for composite pellets which containing 0.25 µm, 3 μm or 12 μm diamond 

particles, on the contrary, the pellets which contained 25 μm diamond showed a lower 

thermal conductivity than pure UO2. The maximum increase in thermal conductivity was 
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observed in pellet containing 3 μm diamond particles, which is found to be 41.6%, 

38.3% and 34.2% at 100oC, 500oC and 900oC, respectively.  

For particle reinforced composites, several theoretical models were utilized for 

estimating the effective thermal conductivity [44, 92]. Hasselman and Johnson’s model 

[44], which has been proven to be effective by many researchers, is given by the 

following equation: 

𝜆𝑐 = 𝜆𝑚

[2 (
𝜆𝑑
𝜆𝑚

− 1 −
𝜆𝑑
𝑎 ∙ ℎ

)𝑉𝑑 + (
𝜆𝑑
𝜆𝑚

+
2𝜆𝑑
𝑎 ∙ ℎ

+ 2)]

[(1 −
𝜆𝑑
𝜆𝑚

+
𝜆𝑑
𝑎 ∙ ℎ

)𝑉𝑑 + (
𝜆𝑑
𝜆𝑚

+
2𝜆𝑑
𝑎 ∙ ℎ

+ 2)]
 

(4-7) 

where λ is the thermal conductivity, subscripts c, d and m are composite, particle and 

matrix, respectively, Vd is the volume fraction of particles, a is the radius of particle, and 

h is the interfacial thermal conductance. If the volume fraction of particles is fixed, it is 

easy to prove that the thermal conductivity of the composite is a monotonically 

increasing function of 𝑎 ∙ ℎ. Theoretically, the interfacial thermal conductance between 

matrix and second phase particles is related to the density and phonon velocity of the 

two materials [93]. Therefore, the interfacial thermal conductance between UO2 and 

diamond is assumed to be a constant. The thermal conductivity, then, would increase 

with the increase in diamond particle size based on this model. However, the 

experimental values in Figure 4-8 show a different trend. Pellets with 12 μm diamond 

and 25 μm diamond showed lower thermal conductivity than the UO2-3 μm diamond 

pellet. This result is because of the imperfections in the microstructure. Recall from 

Figure 4-6(c) and 4-6(d) that at the interfaces between the UO2 and diamond of sintered 

pellets, micro-cracks were observed in UO2-12 μm diamond and UO2-25 μm diamond 

composite. These micro-cracks have an adverse influence on the thermal conductivity. 
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When the diamond particle size is larger than 12 μm, more cracks were formed and 

result in even lower thermal conductivity values. 

A comparison of the thermal conductivity of the UO2-diamond composite and 

other UO2-based composites published in literature is shown in Figure 4-9. The density 

of these pellets were not normalized to the same value because a density of 96%-98% 

was achieved in all the pellets discussed.  Among these composites, UO2-diamond was 

found to have the highest thermal conductivity at the same measured temperature.  

Young’s Modulus 

Although an increase in the thermal conductivity is the primary motive for 

fabricating UO2-diamond composite pellets, the mechanical property of the pellets is 

also important for a successful application in nuclear reactors. Young’s modulus of UO2-

diamod composites, therefore, is measured and compared with pure UO2 pellets. 

Figure 4-10 shows the Young’s modulus of UO2-5 vol% diamond composite 

pellets with different diamond particle sizes. All pellets were sintered at 1400oC with a 

hold time of 5 minutes. The values of pure UO2 pellets from different publications are 

also plotted for comparison. Note that Gatt et al [94], and Padel and Noyion [95] 

fabricated the pellets using conventional sintering method, while Ge et al [16] used 

spark plasma sintering (SPS) technique to sinter UO2 pellets. Due to the good 

agreement between their results, it has been concluded that the sintering technique has 

no influence on the Young’s modulus of UO2 pellets. The UO2-diamond composites are 

expected to have higher Young’s modulus than pure UO2 due to the extremely high 

Young’s modulus of diamond (1220 GPa) and pellets with different particle sizes should 

theoretically have the same value if the diamond concentration is the same. However, it 

is seen in the figure that only pellets with the 3 µm diamond particles revealed a higher 
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Young’s modulus than the pure UO2 pellets, while the pellets with 0.25 µm, 12 µm and 

25 µm diamond showed a much lower value. It is known that the Young’s modulus is 

highly sensitive to the micro-cracks, therefore, the results are consistent with the 

observation of micro-crack presence in those pellets. For UO2-0.25 µm diamond pellet, 

no cracks were revealed by SEM (Figure 4-6(a)). The low Young’s modulus for this 

composite may be due to its low density compared to other pellets. The variation in 

Young’s modulus is consistent with the thermal conductivity results shown in Figure 4-8. 

Clearly, both thermal and mechanical properties are strongly influenced by the 

formation of micro-cracks, and therefore the significance of avoiding them is self-

evident. 

From the above experimental and characterization results, it is seen that 3 µm 

diamond particles provide optimal density, microstructure, thermal conductivity, and 

mechanical property. Such composites are candidate materials for accident tolerant fuel 

because those pellets can operate at lower temperatures, reduced fission gas release 

and can dissipate residual heat more quickly in a loss-of-coolant accident (LOCA) in 

nuclear reactor. For the design of UO2-diamond composite pellet, the content of 

diamond is to be optimized in the future. It is a trade-off because more diamond may 

theoretically give a better thermal conductivity but lower nuclear reactivity due to the 

reduction in UO2 content in the pellet. Therefore, more studies and calculations are still 

needed. In addition, our future research will include investigation of mechanical integrity 

and chemical stability of these composite pellets at long-duration high temperature 

exposure and eventually testing their effectiveness in advanced test reactor at Idaho 

National Lab. 
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Conclusion 

The concept of high thermal conductivity UO2-diamond composite fuel pellets 

has been demonstrated. Using the spark plasma sintering technique, UO2-5 vol% 

diamond composite fuel pellets were successfully sintered. A maximum sintering 

temperature of 1400oC and a hold time of 5 minutes are recommended in order to 

achieve a high density pellet with minimal UO2-diamond chemical reaction. Four 

diamond particle sizes ranging from 0.25 µm to 25 µm were investigated. However, 

pellets with 0.25 µm diamond particles were not acceptable due to the poor mixing and 

the resulting low densification. On the other hand, micro-cracks were observed when 

the diamond particle size was larger than 12 μm, which adversely influenced both the 

thermal and mechanical properties of the composites. Therefore, a 3 µm diamond is 

recommended for the UO2-diamond composite pellet in order to obtain the best thermal 

and mechanical performance.  

For the UO2-diamond composite pellets, the maximum increase in thermal 

conductivity was found to be 41.6%, 38.3% and 34.2% at 100oC, 500oC and 900oC, 

respectively.  These results are higher than those reported in literature for other UO2-

based composites. Therefore, diamond could probably be a more effective candidate for 

UO2 composite fuel pellets.   
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Table 4-1. Properties of UO2 and diamond. 

Materials Density 

(g/cm3) 

Specific heat, 𝑐𝑝(J/Kg•K) [96, 97] 

100oC 500oC 900oC 

UO2 10.96 258 305 314 

Diamond 3.52 757 1687 1849 

 
 
 

 

Figure 4-1. SEM image of as-received UO2 powder. Photo courtesy of author.  
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 A)  

B)  

C)  

Figure 4-2. SEM images showing morphologies of diamond powder. A) 0.25 µm, B) 3 
µm, C) 12µm, and D) 25 µm. Photo courtesy of author. 
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D)  

Figure 4-2. Continued. 
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Figure 4-3. Influence of sintering temperature and diamond particle size on the density 
of UO2+5vol% diamond composite fuel 
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Figure 4-4. XRD spectra of starting powder and UO2-70 vol% diamond pellets sintered 
at various temperatures. Note that formation of UC and graphite phases is 
revealed at higher temperature.  
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A)  

B)  

Figure 4-5. Fracture surfaces of UO2-diamond pellets sintered at 1400oC with different 
mean diamond particle sizes. A) 0.25 µm, B) 3 μm, C) 12 μm, and D) 25 μm. 
Note that agglomeration of diamond particles is seen in A). Photo courtesy of 
author. 
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C)  

D)  

Figure 4-5. Continued. 
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A)  

B)  

Figure 4-6. UO2-diamond Interface in composite pellets sintered at 1400oC with different 
mean diamond particle sizes. A) 0.25 µm, B) 3 μm, C) 12 μm, and D) 25 μm. 
Photo courtesy of author. 
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C)  

D)  

Figure 4-6. Continued.  
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A)  

B)  

C)  

Figure 4-7. Polished and thermally etched surfaces of UO2-diamond composites with 
different mean diamond particle sizes. A) 0.25 µm, D) 3 μm, E) 12 μm, and F) 
25 μm. B) and C) are enlarged pictures of areas in A).The grain sizes are 
indicated on the top left of each image. Photo courtesy of author. 
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D)  

E)  

F)  

Figure 4-7. Continued.  
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Figure 4-8. Thermal conductivity UO2-diamond pellets with various sizes of diamond 
particles. The dotted lines refer to UO2 literature values[96] at each 
temperature. 
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Figure 4-9. Comparison of thermal conductivity of UO2 and various UO2-based 

composites 
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Figure 4-10. Young’s modulus of UO2-diamond composites as a function of mean 

particle size of diamond. Note that arrays represent the Young’s modulus of 
pure UO2 pellets reported from literature. 
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CHAPTER 5 
MICRO-RAMAN STUDY OF PHASE TRANSFORMATION AND RESIDUAL STRESS 

IN UO2–DIAMOND COMPOSITE FUEL 

Background 

 The development of enhanced thermal conductivity and accident tolerant 

uranium oxide (UO2) fuel is a major priority in the nuclear industry. In an effort to 

increase the thermal conductivity of UO2, the concept of fabricating UO2-based 

composites by adding a high thermal conductivity second phase, has been investigated 

in recent years. Many materials such as silicon carbide (SiC) [11], carbon nanotubes 

(CNT) [13] and diamond have been investigated and high density composites pellets 

have been successfully fabricated utilizing a new sintering technique called spark 

plasma sintering (SPS).  

Among these materials, UO2-diamond composite pellets are of particular interest 

best due to the extremely high thermal conductivity of diamond. Nevertheless, changes 

in the state of diamond particles and their properties during the SPS processing of UO2-

diamond composites remains a concern. It is known that diamond is a metastable 

allotrope of carbon and it has a propensity to convert to graphite even under normal 

atmospheric conditions[98]. Although the conversion rate is negligible under room 

temperature, the rate is expected to increase by orders of magnitude under high 

temperatures. In order to fulfill the density requirement of a nuclear fuel pellet (at least 

96.5% of the theoretical density), a temperature of 1400oC or above is required for 

processing of UO2-diamond composite pellets using SPS [99]. Under such high 

sintering temperatures, graphitization of diamond may be possible. The formation of 

graphite has a huge influence on the thermal and mechanical properties of the 
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composite fuel and therefore, the understanding of graphitization of diamond in UO2-

diamond composites is of considerable interest. 

Due to superior thermal properties, diamond and diamond related materials have 

been used in many high temperature devices such as light emitters, high temperature 

electronics and micro-electromechinal systems (MEMS) [100]. In operation of a nuclear 

reactor, fuel pellets are subjected to a high temperature up to 1600oC [101]. The high 

temperature stability of diamond is an important consideration in all these applications. 

Another factor that influence properties and performance of any composite 

material is residual stress in its constituent phases. As a composite, the thermal 

expansion mismatch between the matrix and the second phase particles can always 

lead to the formation of residual stress. In UO2-diamond composite fuel pellets, due to 

the large difference in the coefficient of thermal expansion (CTE) between UO2 

(9.9.1×10-6 K-1) and diamond (1.1×10-6 K-1) [90, 91], the diamond particles are subjected 

to a large compressive stress upon cooling from high processing temperature during the 

SPS. The residual stress may cause interfacial debonding and micro-cracks which 

negatively impact the properties of the composite during the reactor operation and 

throughout spent fuel waste disposal process [102]. Therefore, determination of the 

processing-induced residual stress in diamond particles is a necessary first-step in 

assessing the implementation of this new composite fuel. 

Micro-Raman spectroscopy (MRS) is a powerful technique for chemical and 

mechanical analysis for inorganic materials. Utilizing MRS, phase transformation [103-

105] and residual stresses [104, 106-108] have been effectively studied in various 

ceramics. Gogotsi et al., [104] studied phase transformation and residual stress and 
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silicon thin films. Jannotti et al., [105, 107] characterized the residual stress and 

compositional change in B4C ceramics. Ghosh et al., [103] observed the amorphization 

of B4C during dynamic indentation by the appearance of amorphous carbon peaks in 

the Raman spectrum. DiGregorio et al., [106] measured the residual stress in SiC 

whiskers within an alumina matrix. Shafiq and Subhash [108] studied surface biaxial 

stress in ZrB2-SiC composites using MRS and verified the accuracy of MRS results 

using digital image correlation (DIC) technique. Diamond, which is also a Raman active 

material, can be characterized through MRS as well. The residual stress in diamond 

particles can be characterized based on the shift of diamond peak in a Raman spectrum 

[109], and the formation of graphite can be characterized by the appearance of 

characteristic graphite peaks [110].  

Unlike other characterization techniques such as X-ray diffraction (XRD), MRS 

can be used to analyze micro-scale features due to its high spatial resolution. 

Therefore, the purpose of this study is to utilize MRS and analyze the phase 

transformation and residual stress of diamond particles within a UO2-diamond 

composite pellet. As a first step we will derive a relationship between Raman peak shift 

and the induced residual stress in the particle. We will utilize this relationship to 

measure the level of residual stress at several locations in a UO2-diamond pellet. In the 

next step, we will investigate if diamond has undergone graphitization during high 

temperature processing of the composite by noting the appearance of graphitic peaks in 

the Raman spectrum. 
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Derivation of Relationship between Raman Peak-Shift and Residual Stress in 
Diamond Particles 

It is known that the residual stress can be characterized using MRS by noting the 

shift in Raman peaks from the virgin state (stress-free state) to its current state. If the 

peak shifts to the left of the virgin state in the Raman spectrum, a tensile stress is 

indicated; while if the peak shifts to the right, a compressive stress is indicated. The 

relationship between stress and Raman peak-shift can be expressed: 

𝜎 = 𝛼 ∗ 𝛥𝑊       (5-1) 

where 𝜎 is the residual stress, 𝛼 is a coefficient and 𝛥𝑊 is the difference in  Raman 

peak position between virgin state and stressed state. The main objective here is to 

derive the value of 𝛼 for diamond particles in SPS. 

Recall that Raman scattering is a result of interaction between the incident light 

and the phonons in the sample. The frequencies of three optical phonon modes are the 

Eigen values of the following secular equation [111]. 

|

𝑝𝜀𝑟 + 𝑞(𝜀𝜃 + 𝜀𝑧) − 𝜆 𝑟𝛾𝑟𝜃 𝑟𝛾𝑟𝑧
𝑟𝛾𝑟𝜃 𝑝𝜀𝜃 + 𝑞(𝜀𝑟 + 𝜀𝑧) − 𝜆 𝑟𝛾𝜃𝑧
𝑟𝛾𝑟𝑧 𝑟𝛾𝜃𝑧 𝑝𝜀𝑧 + 𝑞(𝜀𝜃 + 𝜀𝑟) − 𝜆

| = 0   

     (5-2) 

where p, q and r are material constants, ɛ and ɣ are residual normal and shear strain 

tensor components, respectively. Based on Hooke’s Law, 

{
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    (5-3) 

where Sij are the compliance constants. 
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For diamond, which has cubic structure 

𝑆11 = 𝑆22 = 𝑆33 

𝑆12 = 𝑆13 = 𝑆21 = 𝑆23 = 𝑆31 = 𝑆32     (5-4) 

𝑆44 = 𝑆55 = 𝑆66 

For simplicity, one neglects all shear component of stress and strain, substituting 

(5-3) (5-4) into (5-2) and solving for the eigenvalue, 

𝜆1 = (𝑝𝑆11 + 2𝑞𝑆12)𝜎𝑟 + (𝑝𝑆12 + 𝑞𝑆11 + 𝑞𝑆12)(𝜎𝜃 + 𝜎𝑧)    (5-5) 

It is known that diamond has a triple degenerate optical phonon with F2g 

symmetry [112], therefore the three eigenvalues should be the same. 

The values of p and q are not experimentally available in the literature, but they 

can be calculated by physical properties of diamond below. 

The mode Grüneisen parameter ɣ0 and anharmonicity parameter ɣs was defined 

and measured by the following equations [113],  

𝛾0 = −
𝑝+2𝑞

6𝑤𝑜
2 = 1.06        (5-6) 

𝛾𝑠 = −
𝑝−𝑞

2𝑤𝑜
2 = −0.52        (5-7) 

where W0 is the Raman peak position of stress-free diamond.  

Solving (5-6) and (5-7) gives, 

𝑝 = −4.9915 × 10−6𝑐𝑚−2       (5-8) 

𝑞 = −3.1463 × 10−6𝑐𝑚−2       (5-9) 

The diamond compliance constants needed in Eq (5-5) are reported as [109] 

𝑆11 = 9.524 × 10
14𝑐𝑚2/𝑑𝑦𝑛       (5-10) 

𝑆12 = −0.9913 × 10
14𝑐𝑚2/𝑑𝑦𝑛        (5-11) 
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For small deformation, the relationship between the frequencies of deformed 

crystal and undeformed crystal can be expressed by the peak shift (∆𝑊𝑗), peak position 

of the stress-free diamond (∆𝑊𝑗0), and its Eigenvalue (𝜆𝑗) 

∆𝑊𝑗 =
1

2𝑊𝑗0
𝜆𝑗 ,𝑗 = 1,2,3       (5-12) 

Substituting (5-5),(5-8)-(5-11) to (5-12),  

∆𝑊 =
1

2663𝑐𝑚−1 [−47.54 × 10
−8𝜎𝑟 − 21.90 × 10

−8(𝜎𝜃 + 𝜎𝑧)]  (5-13) 

Assuming each diamond particle to be a sphere and subjected to a bi-axial stress 

condition during SPS, 

𝜎𝑟 = 𝜎𝜃, 𝜎𝑧 = 0        (5-14) 

Substituting (5-14) into (5-13), the relationship between residual stress and 

Raman peak shift can be expressed as 

𝜎 = −383.10(𝛥𝑊)𝑀𝑃𝑎       (5-15) 

The negative represents that a peak shift to a higher wavenumber indicates 

compressive stress. 

Experimental 

Pellet Fabrication 

The uranium dioxide powder obtained from AREVA Federal Services (Hanford, 

Washington, USA) had a grain size 100-400nm. The diamond powder was obtained 

from Advanced Abrasives (Pennsauken, NJ, USA) and had a mean particle size of 3 

µm. Figures 5-1(a) and 5-1(b) show SEM images of the as-received UO2 and diamond 

powders, respectively. 

A SPEX-8000 shaker was used to blend UO2 and a 5 vol% diamond powder for 1 

hour with a blending aid 2,3-Dihydroperfluoropentane. The use of a blending aid was 
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proven to be effective and non-contaminative to the final powder after dried in an oven 

at around 40oC. The powder was placed in a graphite die and Dr. Sinter® SPS-1030 

spark plasma sintering (SPS) system was used to sinter the blended powder at a 

maximum sintering temperature of 1400oC for 5 minutes at a pressure of 36MPa. These 

sintering parameters were chosen because they were found to provide the best thermal 

and mechanical properties for UO2-diamond composite pellets as discussed 

previously[114]. The resulting pellet has a diameter of 12.5 mm and a thickness of 3.5 

mm, see Figure 5-2(a). A more detailed description of this method can be found 

elsewhere [11, 12, 16, 84]. 

Raman Spectroscopy 

A Raman spectrometer (Renishaw Invia® model. Hoffman Estates, IL) with a 532 

nm laser and spectral resolution as low as 0.38 cm-1 was used. In order to avoid the 

influence of laser heating and assure sample integrity, only 10% of the total laser power 

was used. A Si standard was used for calibration of peak position before testing the 

UO2-diamond sample. The pellet was cut vertically and the cross-section of the pellet 

was polished by successive smaller grinding medium. Raman scanning was performed 

at five locations (A-E) along the centerline of the pellet shown in Figure 5-2(b). 

Results and Discussion 

The spectrum of as-received pure diamond powder is shown in Figure 5-3. Only 

a sharp peak centered at around 1331.6+/-0.3 cm-1 was observed between 900 cm-1 to 

1700 cm-1 range. It is well known that diamond has a triple degenerate peak at around 

1332 cm-1 and the result here is in good agreement with other literatures [115, 116]. 
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Graphitization of Diamond within the Pellet 

An image of location A is shown in Figure 5-4(a). The white region is UO2 matrix 

while dark regions are diamond particles. A Raman map scan was performed at this 

location and a schematic is shown in Figure 5-4(b). Raman spectra of all grids were 

obtained. Obviously some grids are on the UO2 matrix and some grids are on the 

diamond particles. The spectra showing information of diamond particles were then 

collected in order to study the phase change of diamond. Similar experiments were 

performed on other locations and around two hundred spectra which measured the 

surfaces of diamond particles were collected for each location. Three types of spectra 

are observed and the typical Raman spectra are shown in Figure 5-5(a)-5-5(c). Only 

one peak is observed in Figure 5-5(a). The sharp peak at around 1332cm-1 is the 

characteristic peak of diamond as shown before. In Figure 5-5(b), however, not only 

diamond peak, but a peak at around 1580cm-1 is shown. This peak is a characteristic 

peak of graphite and is called G (graphite) peak [117]. In Figure 5-5(c), another peak at 

around 1350cm-1 was observed. It is also a characteristic peak of graphite which is 

called D (disordered graphite) peak [117]. The appearance of D peak and G peak 

clearly indicated that some diamond has been changed to graphite. 

In order to study the degree of graphitization, a quantitative analysis was 

performed. Wang et al., [109] studied the relative intensities of diamond and graphite 

peaks in Raman spectroscopy and derived the following relationship 

𝐶𝑑 = 100𝐴𝑑 (⁄ 𝐴𝑑 +
∑𝐴𝑖

50
)     (5-16) 

where Cd is the diamond purity, Ad is the area of the curve beneath the 1332cm-1 

diamond peak and Ai are the areas of peaks corresponding to the graphitic bands. 
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Ferreira, et al., [118] later used Equation (5-16) and studied the graphitization in 

diamond film grown on a silicon substrate. Utilizing the method above, the degree of 

graphitization in UO2-diamond composite can be calculated.  All peaks were fitted by 

mixed Gaussian and Lorentzian functions and the peak areas were calculated using the 

software WiRE 3.4 supplied by the manufacturer of Renishaw spectrometer. The 

degree of graphitization for each location along the centerline of the cross section was 

then determined by averaging Cd of all spectra and the result is shown in Figure 5-6. 

At all locations within the pellet, more than 10% of the diamond has been 

transformed to graphite. However, a large difference in the degree of graphitization was 

observed between the surface and the interior of the pellet. On both surfaces, around 

22% of the diamond was transformed to graphite, while in the interior of the pellet, only 

12%-14% of diamond was transformed. 

The graphitization of diamond has been a subject of interest since 1960s. Davies 

and Evans [119] showed that under zero pressure and below 1500oC, the 

transformation of diamond to graphite was not detectable experimentally and the 

graphitization rate is relatively slow between 1500oC-1960oC. Below 1900oC, only 5% of 

diamond was transformed after 40 minutes of exposure. Howes [120] also stated the 

rate of graphitization would not start to increase rapidly until 2100oC. In our study on 

SPS processed UO2-diamond composite, however, the graphitization of diamond did 

occur at a maximum sintering temperature of 1400oC and a significant amount of 

diamond has been transformed for a hold time as short as 5 minutes. 

The reason for this difference could be explained by the nature of spark plasma 

sintering process. First of all, the programmed temperature of 1400oC is controlled by a 
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pyrometer, which measures the temperature on the surface of the die during SPS but 

not directly on the powder being sintered. However, there is a temperature gradient 

between the surface of the die and the surface of the UO2-diamond pellet and the 

temperature difference can be several hundred degrees [121]. Secondly, as UO2 is a 

semiconductor, current still passes through the pellet during SPS and significant Joule 

heat can be generated along the particle interfaces within the pellet. Therefore, the 

actual temperature in pellet can be significantly higher than 1400oC. Last but not the 

least, as a field assisted sintering method, the existence of electric field in SPS may 

also facilitate the phase transformation of diamond to graphite. But this assumption has 

not been verified yet, since no literature has reported the effect of electrical field on 

graphitization to the authors’ knowledge. It should also be mentioned that unlike the 

zero pressure environment in literature, a uniaxial pressure of 36 MPa was applied 

during SPS. High pressure may retard the graphitization process based on the 

pressure-temperature phase diagram of carbon [122]. Davies and Evans [119] studied 

the transformation of diamond under 4.8 GPa. Compared to zero pressure environment, 

an increase of 90oC-130oC of temperature was required in order to achieve the same 

graphitization rate. However, the pressure in SPS is relatively low and the effect of 

pressure should be limited. Because of the above complexities in SPS, it is reasonable 

to assume that graphitization indeed occurs under the current sintering conditions. 

The large variation in the degree of graphitization of diamond within the pellet is 

also expected to be a result of SPS. Due to the low thermal conductivity of the UO2, the 

temperature on the surfaces of the pellet, which are in contact with the graphite 

punches, can be much higher than the temperature in the interior of the pellet. Similar 
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result was observed by Ge [36] in sintering pure UO2 using SPS. Exaggerated grain 

growth occurred only on the very top surface of the pellet, due to higher temperature 

than in the interior of the pellet.  

Residual Stress of Diamond within the Pellet 

In section 5.2, it was shown that the residual stress in diamond particle is related 

to the shift of diamond peak, see Equation (5-15). The peak range (1315 cm-1-1345 cm-

1) was then checked carefully for diamond particles in all locations in Figure 5-2(b) and 

a typical spectrum is shown in Figure 5-7. Compared to the stress-free diamond 

powder, the peak of diamond particles in the composite clearly shifts to higher 

frequencies, indicating a compressive stress in the diamond particle. 

In order to study the variation of stress within diamond particles, line-scans 

across a diamond particle at each location were performed. A typical scan position is 

shown in Figure 5-8(a) and the variation of the diamond peak position is shown in 

Figure 5-8(b). The shifts have been related to stress values using Equation (5-15). The 

negative sign indicates that the stress is compressive.  

For diamond particles at all locations, it is observed that the distribution of stress 

is not uniform in a given diamond particle and varies within the region. The edges of the 

diamond particles are subjected to a higher compressive stress than the interior. The 

stress intensity also shows a difference between the surface and the interior of the 

pellet. On both surfaces (Location A and E), the maximum stress value (950 MPa and 

1.16 GPa) are higher than the maximum stresses in the interior of the pellet (Location B: 

314 MPa, C: 625 MPa & D: 732 MPa). Recall that in Section 5.4.1, it was discussed that 

during SPS, the temperatures on the pellet surfaces were much higher. The diamond 
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particles were cooled down from a higher temperature and therefore led to a larger 

residual stress after SPS.  

Thermal stress in a particulate composite can also be predicted by the equation 

below using the classical theory of elasticity [123], 

𝜎 =
(𝛼𝑚−𝛼𝑝)𝛥𝑇

[
0.5(1+𝑣𝑚)+𝑉𝑝(1−2𝑣𝑚)

𝐸𝑚(1−𝑓𝑝)
+
1−2𝑣𝑝

𝐸𝑝
]
     (5-17) 

where α, 𝑣, and E are the coefficient of thermal expansion, Poisson’s ratio and Young’ 

modulus, respectively. Subscript m and p represent matrix and particulate materials, 

respectively. 𝑉𝑝 is the particle volume fraction. 𝛥𝑇 is the change of temperature. The 

corresponding values for UO2 matrix and diamond particles are listed in the Table 

below. The processing induced stress 𝜎 is then calculated to be 2.87 GPa in UO2-

diamond composite. 

The experimental result does not agree with the value predicted by classical 

elasticity theory. On one hand, a uniform stress distribution was expected within a 

diamond particle based on elasticity theory. However, an obvious variation of stress 

intensity in a particle was observed. This may be due to the irregular shape of the 

diamond particles. Similar phenomenon was also observed in Jannotti’s residual stress 

study on silicon [107]. Note that although few points on some diamond particles indicate 

tensile stress, it is conceivable that such small tensile stress indeed develops in 

diamond. On the other hand, the experimental stress is smaller than the predict value. 

The difference could probably be explained by the assumptions made in the derivation 

of Eq (5-15). In theoretical calculation, the matrix was assumed to be infinite and 

uniform everywhere, however, the conditions could not be satisfied in the UO2-diamond 
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composite pellet. In addition, the matrix was assumed to be pure UO2 and only one 

diamond particle was analyzed, while in the UO2-diamond composite pellet, diamond 

particles were evenly distributed everywhere (see Figure 5-4(a)). Last but not the least, 

Young’s modulus of diamond was assumed to be 1200GPa during calculation, but the 

graphitization of diamond which has been discussed in Section 5.4.1 could lead to a 

significant decrease of the Young’s modulus of diamond.  

According to the experimental results above, both severe graphitization and large 

residual stress are observed on the surfaces of UO2-diamond pellet, which will have a 

negative influence on the thermal and mechanical properties of the pellet. Therefore, 

post-processing of the pellet to remove the surface may be required, if necessary. 

Conclusion 

Micro Raman spectroscopy was utilized to study the phase transformation and 

residual stress in diamond particles within a UO2-diamond composite fabricated by 

spark plasma sintering. An equation relating Raman peak shift and induced-stress 

intensity was derived. A non-uniform distribution of compressive residual stress was 

observed in diamond particles at all locations within the pellet. For the study of phase 

transformation, the graphitization of diamond occurred at all locations within the pellet. 

Quantitative analysis was performed to calculate the degree of graphitization. Severe 

graphitization and large residual stress were found in the diamond particles on both 

surfaces of the pellet.  
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Table 5-1. Physical properties of UO2 and diamond 

 UO2[94, 96] Diamond[97, 124] 

Thermal expansion coefficient, 𝛼 9.9×10-6 /oC 1.1×10-6 /oC 

Poisson’s ratio, 𝑣 0.316 0.2 

Young’s Modulus, 𝐸 200 GPa 1200 GPa 

Temperature change, 𝛥𝑇 1375oC 
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A)  

B)  

Figure 5-1. SEM image of as-received powders. A) UO2 and B) diamond. Photo 
courtesy of author.  
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 A)  

B)  

Figure 5-2. Image of SPSed pellets. A) UO2-diamond composite pellet sintered by SPS. 
Photo courtesy of author. B) Schematic diagram showing the cross section of 
the pellet and the locations being measured.   
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Figure 5-3. Raman spectrum of as-received diamond powder.  
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A)  

B)  

Figure 5-4. Image of location A. A) Image of location A in UO2-diamond composite 
showing UO2 matrix and diamond particles; B) Scheme of map scan 
performed on location A. Photo courtesy of author. 
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Figure 5-5. Typical Raman spectra of on diamond in UO2-diamond composite. A) UO2 
peak and Diamond peak only. B) UO2, Diamond and G-peak. C) UO2, 
Diamond, G-peak and D-peak. 
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Figure 5-5. Continued 
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Figure 5-6. Graphitization degree in UO2-diamond composite pellet  
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Figure 5-7. Comparison of diamond Raman peak position between as-received 
diamond powder and sintered pellet  
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Figure 5-8. Raman line scan. A) Schematic of Line scan across a diamond particle. 

Photo courtesy of author. B) Line scan results showing stress distribution at 
location A-E. 
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CHAPTER 6  
PERFORMANCE OF UO2-DIAMOND COMPOSITE PELLET UNDER HIGH 

TEMPERATURE AGING TEST 

Background 

UO2-diamond composite fuel pellets has been successfully fabricated using SPS 

and the microstructure and properties of the composite pellets has been studied in 

Chapter 4. However, the environment in a nuclear reactor is relatively different. First, 

the temperature of a nuclear fuel is high. While the edge of fuel is just about 300oC, 

there is a steep temperature gradient in the fuel and centerline temperature can be up 

to 1600oC -1700oC. Second, a high radiation level is maintained in the reactor. In 

addition, the fuel pellets would be subject to external pressure during operation. Under 

such complicated environment, the microstructure and properties of the composite 

pellets could be changed easily. Therefore, it is important to evaluate the performance 

of this novel composite under such environment. 

Due to the limitation of laboratory conditions, it is impossible to fully simulate the 

environment in a nuclear fuel. In this study, a thermal aging test was performed and the 

influence of high temperature on the performance of UO2-diamond composite was 

investigated.  

Experimental 

The uranium dioxide powder was obtained from AREVA Federal Services 

(Hanford, Washington, USA) with a grain size 100-400 nm. The diamond powder was 

obtained from Advanced Abrasives (Pennsauken, NJ, USA) with a mean particle size of 

3 µm. The mixed powder was fabricated with a maximum sintering temperature of 

1400oC at a constant heating and cooling rate of 100oC/min using SPS. At the 
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maximum temperature, a pressure of 36MPa was applied and held for 5 minutes. 

Detailed powder mixing and SPS procedures can be found in section 3.3 or section 4.2. 

A Lindberg® blue M tube furnace was used for the thermal aging test. The 

furnace was heated up to 1400°C for held for 10 hours. 1400°C was chosen because it 

was the predicted fuel centerline temperature of UO2-diamond composite in operational 

nuclear reactor environment. The atmosphere is ultrahigh purity argon gas (no more 

than 1 ppm O2). The heating/cooling rate was set to be 2.6°C/min. Therefore, the total 

furnace utilization time was about 27 hours.  

The pellet was polished by successive smaller grinding medium before aging 

test. The microstructure of the pellet was characterized by scanning electron 

microscopy (SEM) (JEOF-6335L and JEOF-6400). The potential chemical reaction was 

characterized using X-Ray diffraction (PANalytical X’Pert Powder® diffractometer).The 

thermal diffusivity was measured by a laser flash method (Anter Flashline®-3000). 

Results and Discussion 

Figure 6-1(a) and 6-1(b) shows the picture of the pellet before and after aging 

test, respectively. After The high temperature aging, the pellet is still intact and no 

obvious cracks or chips can be seen. The change of weight and density is shown in 

Table 6-1. A slight decrease of weight and a slight increase of relative density is 

observed.  

In order to investigate the reason of those changes, microstructure of the pellet 

was characterized. Figure 6-2(a) and 6-2(b) shows the SEM images of the polished 

surface of the pellet before and after aging test, respectively. It can be seen from Figure 

6-2(b) that many diamond particles on the surface are disappeared and some dents are 

left. Note that the diamond particles were on the surface with good interfacial contact 
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before aging test, see Figure 6-1(a). Therefore, it is proven that the diamond particles 

were not removed during polish process. The only reason could be the existence of 

minor oxygen. Despite less than 1 ppm in the atmosphere, the diamond particles were 

oxidized and became carbon oxide/dioxide at such high temperature. The oxidation of 

diamond can be the explanation of the decrease of weight. The image of the interior of 

the pellet is shown in Figure 6-3. Diamond is still in good contact UO2 matrix, showing 

that the composite can survive under current environment. 

Figure 6-4 shows the XRD spectra of the composite pellet before and after 

thermal aging test. Note that only characteristic peaks of UO2 (PDF 00-005-0550) were 

detected, while the diamond peaks were not detected. It may be due to detection limit of 

XRD. The diamond content is just 5vol% so that the signal of diamond is relatively low. 

Compared to the spectrum before aging test, no new peaks was observed, which can 

prove that there was no detectable chemical reaction during the thermal aging test. 

The change of thermal diffusivity was also measured and the result is shown in 

Figure 6-5. After high temperature aging test, the thermal diffusivity was reduced by 

2.3%, 1.9% and 0.9% at 100oC, 500oC and 900oC, respectively. A possible reason for 

the decrease is the loss of surface diamond. However, the thermal diffusivity of the 

composite pellet is still higher than pure UO2 due to the existence of diamond in the 

interior. 

Conclusion 

UO2-3 um diamond composite pellet can survive after 10 hours duration at 

1400oC. While the pellet remained intact in appearance, oxidation of surface diamond 

was observed, which led to a slight decrease of weight and thermal conductivity. No 

potential chemical reaction was occurred during the thermal aging process. Despite the 
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changes on the surface, the interior of the pellet remained unchanged and the thermal 

diffusivity of the composite after thermal aging was still higher than pure UO2 pellet.  

 
Table 6-1. Weight and density change of UO2-diamond pellet after aging test 

 Weight (g) Relative Density (%) 

Before test 3.6637 96.3 
After test 3.6604 96.6 
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A)  

B)  
Figure 6-1. Appearance of UO2-diamond composite pellet. A) Before thermal aging test. 

B) After thermal aging test. Photo courtesy of author.  
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A)  

B)  
Figure 6-2. SEM images of surface of UO2-diamond composite pellet. A) Before aging 

test. B) After aging test. Photo courtesy of author.  
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Figure 6-3. SEM images of interior of UO2-diamond composite pellet after aging test. 

Photo courtesy of author. 
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Figure 6-4. XRD spectra of UO2-diamond composite pellet before and after thermal 

aging test. 
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Figure 6-5. Change of thermal diffusivity of UO2-diamond composite after aging test. 
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CHAPTER 7 
CONCLUSION AND FUTURE WORK 

Conclusion 

The densification evolution in SPS of fuel pellets and the feasibility of SPS of 

novel UO2-diamond composite fuel pellets has been investigated. 

Master sintering curve (MSC) theory was utilized in order to study the 

densification evolution of UO2 and UO2 composites in SPS. For UO2-diamond 

composites, the theory was proven to be not suitable. For UO2 and UO2-SiC composite, 

MSC was successfully applied. By applying the constant heating rate method, the 

apparent activation energies for sintering was determined to be 140 KJ/mol for UO2 and 

420 KJ/mol for UO2-SiC composite. The ability of the derived MSCs to control and 

predict final density in the sintered compact was demonstrated by additional 

experimental runs using the isothermal heating method. The reason for significantly 

lower activation energy in SPS processed UO2 pellets compared to conventional 

sintering has been rationalized on the basis of field activation in SPS process.  

The microstructure and properties of UO2-diamond composites were 

investigated. High density UO2-5 vol% diamond composite pellets were fabricated using 

the spark plasma sintering (SPS) technique.  Diamond particles with nano-size (0.25 

µm) and several micro-sizes (3 μm, 12 μm and 25 μm) were mixed with UO2 powder 

and sintered using SPS at 1300oC-1600oC with a hold time of 5 minutes. The resultant 

density, chemical reaction, microstructure, thermal conductivity and Young’s modulus of 

the sintered pellets were investigated.  The pellets with 3 μm diamond particles had a 

uniform distribution of particles as well as better thermal and mechanical properties 

compared to others. An increase in thermal conductivity of up to 41.6%, 38.3% and 
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34.2% at 100oC, 500oC and 900oC, respectively, was measured in the UO2-diamond 

composite pellets compared to the pure UO2 fuel pellets. 

Micro-Raman spectroscopy (MRS) was utilized to study the phase transformation 

and residual stress in diamond particles within a UO2-diamond composite sintered by 

spark plasma sintering (SPS). Graphitization of diamond was observed and the degree 

of graphitization was quantified. The relationship between Raman peak shift and stress 

intensity was derived. A non-uniform distribution of compressive residual stress was 

shown in diamond particles. Severe graphitization and large residual stress were found 

in the diamond particles on both surfaces of the pellet. 

The performance of UO2-diamond pellets after high temperature aging test was 

investigated. The composite pellet was proven to survive after 10 hours duration at 

1400oC. While the pellet remained intact in appearance, oxidation of surface diamond 

was observed, which led to a slight decrease of weight and thermal conductivity. No 

potential chemical reaction was occurred during the thermal aging process. Despite the 

changes on the surface, the interior of the pellet remained unchanged and the thermal 

diffusibity of the composite after thermal aging was still higher than pure UO2 pellet. 

Future Work 

Washout Behavior Study 

In operation of a nuclear reactor, the reliability of the fuel pellets plays a 

significant role on the availability factor of nuclear plants. In recent years, fuel washout 

was observed due to the direct contact of the fuel pellets with the coolant and became a 

severe issue. The washout of fuel pellets can cause the increase of background activity, 

which may take up to ten years to be eliminated. 
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The fuel washout is mainly due to the oxidation of the fuel pellets. Carter and 

Lay[125] investigated the oxidation-reduction quality of UO2 and found that oxidation 

rate of UO2 was very fast under CO2-CO mixtures. Verrall et al.[126] did further study 

and showed that the oxidation of UO2 started and propagated along grain boundaries. 

The grains finally stripped from the pellets and led to dissolution when they were in 

contact with the cooling water.  

In order to study washout behavior of fuel pellets, Delafoy and Zemek [127] from 

AREVA performed two experiments. In the first part, the oxidation behavior of the 

pellets under different oxygen partial pressures (0.01% to 1%) was studied. 

Thermogravimetric analyzer (TGA) was used and the oxidation rate was determined. In 

the second part, the corrosion behavior of the pellets was studied by autoclave leaching 

test. An autoclave was used to simulate the in-reactor environment (pressure, 

temperature and oxygen potential) in the case of a cladding failure. After the test, the 

mass change of the pellets was measured and phase change was characterized. 

In the preliminary experiment, full size pure UO2, UO2-10vol% SiC composite and 

UO2-10vol %diamond composite were fabricated by SPS. The detailed fabrication 

procedures can be found in previous chapters. The β-SiC whiskers were obtained from 

Advanced Composite Materials, Greer, SC and the 3µm diamond was obtained from 

Advanced Abrasives, Pennsauken, NJ.  

The washout test was conducted in a Lindberg blue M tube furnace in 0.1% O2-

99.9% N2 atmosphere at 380°C. For characterization requirement, pellets with flat 

surfaces (no dish and chamfer) were fabricated. One surface of each pellet was 

polished. 
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First, three pellets (1 UO2, 1 UO2-SiC and 1 UO2-diamond composite) were 

tested with a hold time of 5 hours. All pellets were intact and there was on change in 

appearance after test, see Figure 7-1. Second, another three pellets (1 UO2, 1 UO2-SiC 

and 1 UO2-diamond composite) were tested with a hold time of 15 hours. After test, 

UO2-SiC and UO2-diamond composite pellets were intact but the pure UO2 pellet was 

broken into two pieces, see Figure 7-2. 

The change of weight for each pellet is listed in the Table 7-1. The decrease of 

weight is probably due to the oxidation of residual graphite. CO or CO2 was formed and 

escaped as gas. Diamond in UO2-diamond composite could also have been oxidized to 

CO or CO2, which led to a larger decrease of weight in UO2-diamond pellets, see Table 

7-1. 

X-Ray diffraction technique was used to characterize the phase and crystal 

structure of all pellets. The results are shown in Figure 7-3(a)-7-3(c). All UO2 

characteristic peaks are observed while SiC or diamond peaks are not observed due to 

the detection limit of XRD. It is seen in Figure 7-3(a) that a small peak appeared next to 

each characteristic peak of UO2 after 5 hours. It is known that when UO2 is exposed in 

the oxidizing atmosphere, oxygen is easily dissolved into the fluorite structure and 

transforms to the hyper-stoichiometric phase UO2+x, Teske et al., [128] found that the 

lattice parameter a of UO2+x subjected to the equation a=-0.132x + 5.4705 and 

decreases with the increase of x. In a cubic structure, the interplanar spacing d 

decreases with the decrease of lattice parameter a. Then, according to Bragg diffraction 

Equation 𝑑𝑠𝑖𝑛𝜃 = 𝑛𝜆, the diffraction angleθ is expected to increase. Therefore, the new 

peaks which appeared on the right of each original UO2 peak clearly indicate the 
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formation of UO2+x. When the hold time increased to 15 hours, the intensity of all new 

peaks were much higher and even larger than original UO2 peaks, indicating a more 

severe oxidation of UO2. Similar results are seen in UO2-SiC and UO2-diamond 

composites, see Figure 7-3(b) and 7-3(c). Original UO2 peaks also shifted to the right 

with the increase of hold time, which indicated that the amount of UO2.00 was reduced 

gradually. The XRD spectra of UO2, UO2-SiC and UO2-diamond after 15 hours washout 

test is summarized in Figure 7-4. 

It should be noted that a peak at around 22 degree appeared in all pellets after 

washout test, which is not a characteristic peak of UO2. The reason is still unknown and 

more study on it is required. 

Another test was performed in 1% oxygen-99% helium gas atmosphere at 380°C 

for 20 hours. After experiment, it is found that all pellets were crumbled into powders 

after the oxidation test, see Figure 7-5. The total weight of all pellets before test is 

13.6587g, while the weight after test is 14.0480g. The increase of weight indicated the 

oxidation of UO2. The resulting products was analyzed by XRD and the spectrum is 

shown in Figure 7-6. U3O8 and SiO2 peaks are clearly observed. While UO2, SiC and 

diamond peaks are disappeared. It is shown that the UO2 has been completely oxidized 

to U3O8 and the pellets could not survive under current condition.  

Future work will be focused on the improvement of oxidation behavior of the fuel 

pellets. It has been proved that for fuel pellets fabricated by conventional sintering 

method, the matrix grain size has a large decisive influence on the oxidation behavior 

[127]. However, whether the conclusion can be applied to SPSed fuel pellets and the 
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way to improve the oxidation behavior are still in question and should be studied in the 

future. 

Compression Test 

Compressive strength is the capacity of a material to withstand loads tending to 

reduce size, which is another important property for nuclear fuel. Also in industry, it is 

normal required that the pellets are capable of surging 100lbs force without chipping or 

cracking. Therefore, to get accurate compressive strength for the new UO2 composite 

pellet is important.  

In the initial study, a static compression test for UO2-diamond composite pellet 

was performed using a servo-hydraulic universal testing machine (MTS) and followed 

by ASTM standard 1424-10. After polishing both top and bottom surfaces, UO2-diamond 

pellets were sandwiched between two tungsten carbide discs and subject to uniaxial 

loading with a constant displacement rate. The compressive strength was then 

determined by the maximum compressive stress which a pellet was capable of 

sustaining. Figure 7-7 shows a stress-strain curve of UO2-5 vol% diamond composite 

pellet under compression test and a maximum stress of 433 MPa is obtained. It should 

be noted that some small “steps” are shown on the curve, which may be due to the non-

parallelism and non-perpendicularity of the sample. It is difficult to guarantee the 

parallelism perpendicularity using the current hand polish method. Therefore, sample 

preparation process is still need to be improved and the second phase effect on the 

compressive strength of UO2 composite fuel pellets is to be systematical studied. 
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Table 7-1. Change of pellet weight before and after washout test 

Materials Hold 
Time (h) 

Weight before 
test (g) 

Weight after 
test (g) 

Percentage 
change of weight 

UO2 5 4.4822 4.4813 -0.020% 

UO2-10vol% SiC 5 4.7120 4.7094 -0.055% 

UO2-10vol% 
diamond 

5 4.6069 4.6034 -0.076% 

UO2 15 4.7047 4.7023 -0.051% 

UO2-10vol% SiC 15 4.7327 4.7016 -0.023% 

UO2-10vol% 
diamond 

15 4.6841 4.6800 -0.086% 
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A)  

B)  
Figure 7-1. Images of pellets (From left to right: UO2, UO2-SiC and UO2-diamond 

composite) under 5h washout test. A) Before test. B) After test. Photo 
courtesy of author. 
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A)  
 

B)  
Figure 7-2. Images of pellets (From left to right: UO2, UO2-SiC and UO2-diamond 

composite) under 15h washout test. A) Before test. B) After test. Photo 
courtesy of author. 
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Figure 7-3. XRD spectra of pellets before and washout test. A) UO2 pellet. B) UO2-SiC 

composite C) UO2-diamond composite. 
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Figure 7-3. Continued. 
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Figure 7-4. XRD spectra of UO2 and UO2 composite pellets after 15 hours holding at 

380oC in 0.1% O2. 
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Figure 7-5. Crumbled UO2 and UO2 composites pellets after oxidation test. Photo 

courtesy of author. 
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Figure 7-6. XRD spectrum of crumbled UO2 and UO2 composite pellets after 20h 
washout test in 1% O2. 
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Figure 7-7. Stress-Strain curve of UO2-5 vol% diamond composite pellet under 
compression test. 
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