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ABSTRACT 

Processing and characterisation of depleted UO2-based Simulated Spent Nuclear Fuel (SIMFuel), which 

aims to replicate both chemistry and microstructure of Spent Nuclear Fuel (SNF) discharged from a UK 

Advanced Gas-cooled Reactor (AGR) after a prolonged cooling time is described in this thesis. 

Thirteen fission product surrogates were blended with depleted UO2 and sintered to simulate the 

composition of fuel pellets after burn-ups of 25 and 43 GWd/t U. Pure depleted UO2 pellets were also 

investigated as a reference. The fission product (FP) inventory was calculated using the FISPIN code 

provided by the UK National Nuclear Laboratory. 

Experiments were conducted in two phases, during which SIMFuel pellets were sintered for 5 and 12 h 

at 1730 °C in reducing atmosphere. Some pellets were also heat-treated to simulate microstructural 

changes in SNF while in the reactor. SIMFuel pellets were up to 92% dense, with grain sizes between 1.5 

µm and 5 µm and porosity 4% and 10%. Undoped reference pellet density was ~96.5%, with grain size of 

10.3±3.0 µm and ~4.5 area% porosity. Heat treatment of the UO2 samples increased grain size by ~50%, 

while little change occurred in the doped samples. 

The chemistry of the various FPs was reproduced with limitations. Notably, during the sintering 

process oxide precipitates ((Ba,Sr)ZrO3 perovskite phase) and Pd-Ru-Rh-Mo metallic precipitates formed 

within the UO2 matrix, as originally sought. Spherical oxide precipitates measured up to 30 µm in diameter, 

while the metallic precipitates were 0.8±0.7 µm. FPs with high solubility in UO2, such as La, Nd and Y, 

dissolved into the UO2 matrix. ICP-MS analysis showed that some dopants, e.g. Cs and Te, evaporated from 

the pellets, while the concentration of other elements had also changed during sample fabrication. 

Very scarce information on real PWR and AGR SNF are reviewed and compared to AGR SIMFuel 

fabricated in this project. Thorough analysis reveal the severe limitations of the SIMFuel technique in 

general and call for more experimental work and accessible publications on SNF. 
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1 Introduction and literature review 
 

1.1 Research problem and motivation 
 

Nuclear waste storage and management has been a major issue since the dawn of commercial nuclear 

power generation due to the highly toxic and radioactive species generated in the fission process. Although 

about 95 wt.% of nuclear fuel that goes into the reactor stays unchanged, the remaining portion is enough 

to cause difficulties when handling spent nuclear fuel (SNF). The most significant types of radiation in SNF 

are γ-radiation, β-radiation and neutrons posing high risk to workers and researchers. However, building 

research laboratories protective against these radiations at the level of SNF activity and conducting 

research with such constraints is costly and only a few laboratories (such as NNL Central Laboratory – 

Sellafield, UK; KIT – Karlsruhe, Germany; Studsvik – Sweden) around the world are capable of handling such 

material. Further risks include dispersal of radioactive material during examination work that adds to the 

cost and complexity of working with these materials. 

It was realised early in the civil nuclear programmes that it is possible to fabricate artificial SNF, in 

which the most radioactive species are surrogated by stable isotopes of the same element or by another 

element with similar properties when all isotopes of an element are radioactive (e.g. Tc) [1]. By doing this, 

the chemical behaviour of the element remains the same but the threat due to radiation is eliminated, 

which allows research to be done on the simulated SNF without serious safety precautions. 

As nuclear power plants (NPP) differ depending on type and operating conditions, SNFs produced by 

their operation are also different, and modelling them requires adjustment on the appropriate simulated 

SNF. Although the most common nuclear reactor type around the world is the Light Water Moderated 

Reactor (LWR), in the UK the majority of SNF arises from Advanced Gas-Cooled Nuclear Reactors (AGR) in 

which the fuel pin design and reactor conditions differ from those in LWRs. Therefore the possible 

implications of these differences in SNF have to be explored if, as planned, the UK disposes directly some of 

its AGR SNF. 

Feasibility studies conducted on the operation costs of reprocessing and direct disposal of AGR SNF 

shows that the ideal route is to partly reprocess the current SNF stockpile, but the remaining part is 

considered as waste and will eventually be disposed of in a deep geological repository [2, 3]. Although the 

location of the UK`s future disposal facility is still to be decided, studies on its properties and research on 

the SNF behaviour under repository conditions need to be conducted prior to implementation to comply 

with international safety regulations. 

To do such specific research, the UK Spent Nuclear Fuel research group was established, where 

Imperial College London, Cambridge University and Lancaster University are collaborating with professional 

support from The UK`s National Nuclear Laboratory and the Nuclear Decommissioning Authority (NDA). The 
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latter is also the funding body for the group along with the Engineering and Physical Sciences Research 

Council (EPSRC). The research is divided into 6 work packages and two PhD students from each university 

are working on different aspects of examining the durability of UK AGR SNF in a repository environment. 

This thesis is part of a work package whose aim is to develop a material that mimics the AGR SNF as well as 

possible to the actual SNF but largely stripped of radioactivity. The resemblance needs to be achieved 

particularly on the microstructural and chemical aspects. Samples produced during this project were 

directly used in other work packages for corrosion and irradiation tests. The project`s aim is also to answer 

the question of how relevant SNF studies on LWR are to AGR`s SNF. 

In chapter 1 a general introduction to the history and science of nuclear power generation is given, 

followed by an overview of SNF management and radioactive waste disposal. The designs of both AGR and 

LWR reactors are also introduced to show key differences leading to variations in SNF characteristics. A 

brief introduction to the SIMFuel technique follows with several fabrication methods detailed and 

compared, to provide a knowledge base for the AGR SIMFuel fabrication. In the literature review 

microstructural and chemical characteristics of actual SNF, sintering behaviour of UO2 and SIMFuel, as well 

as the second phase chemistry are discussed. 

A brief introduction to fuel inventory codes is provided in chapter 2, along with the radiological and 

composition analysis of fuel inventory code outputs relevant to AGR SNF calculated by FISPIN, which was 

key to determining the composition of the UO2 based AGR SIMFuel to be prepared. 

Detailed preparation routes for all SIMFuel samples created during this project are given in chapter 3, 

where characteristics of the starting materials as well as the characterisation techniques are also described. 

Results of all the measurements and characterisations done on the SIMFuel samples are given in chapter 4, 

including density measurements, visual inspection of the pellets, optical and scanning electron microscopy, 

grain size and porosity, chemical analysis (EDX and ICP-MS) as well as results from the heat treatment 

experiments. These observations and data will then support the case in the Discussion that follows in 

Chapter 5 examining the characteristics and composition of AGR SIMFuel and evaluating its usefulness for 

disposal studies. 

1.2 Nuclear power and nuclear fuel cycle 
 

Since nuclear fission was discovered and published in 1939 [4], this phenomena continues to have a 

great impact on our life. Big challenges and great solutions eventually led to control of a potentially 

destructive force and now uses it to harvest energy from one of the most powerful energy sources mankind 

has ever handled. In the last ~70 years, nuclear science and engineering evolved from experimenting with 

prototype instruments to build safe, environmentally friendly, economically viable, large nuclear reactors 

based on one of the only naturally occurring fissile isotopes: 235U. 
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In the following sections, a brief history of nuclear power generation is presented, followed by a 

description of the present day nuclear fuel cycle. Later, the AGR and LWR type designs are compared, then 

the waste management issues related to these nuclear reactors are explained. 

 

1.2.1 The brief history of civil nuclear power generation 
 

Uranium was discovered in 1789 by Martin Heinrich Klaproth (1743-1817) [5], but not until the 20th 

century was its importance recognised. Knowledge of the elemental particles increased notably, thanks to a 

number of great scientists, such as Wilhelm Rontgen (discovery of ionising radiation), Henri Becquerel 

(discovery of α and β radiation), Pierre and Marie Curie (isolation of Po and Ra), Ernest Rutherford (showed 

that radioactivity creates a different element), Frederick Soddy (discovered the radionuclides) and James 

Chadwick (discovery of neutron). By the end of 1938, Otto Hahn, Lise Meitner and Friedrich Strassman 

showed that nuclear fission occurred when Enrico Fermi bombarded uranium with neutrons [6], producing 

barium and other light elements. It was recognised quickly that uranium fission produces enormous 

amount of energy (~200 MeV or 2.3·10-11 J for 235U fission [7]), as well as more free neutrons than necessary 

to initiate another fission reaction – giving the potential for a chain reaction (See Figure 1). Niels Bohr 

examined the fission process and summarised his findings in his paper in September, 1939 [4], pointing out 

that fission is much more likely to occur in the 235U isotope than in 238U. 

 

 
Figure 1: Fission process of 235U nuclei (Image: [8]). 

 
As World War II. started in Europe in 1939, attention quickly turned towards weapons development 

that was based on the instantaneous release of energy produced by uranium in a chain reaction. Due to the 

war effort and the large number of scientists working on this field (e.g. Manhattan Project [9]), nuclear 

science developed rapidly and as a result the first experimental nuclear reactor went critical on 2nd 

December, 1942 [10]. This reactor was the Chicago Pile No.1, a graphite moderated reactor, (Figure 2) 
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developed under the supervision of E. Fermi, which was the first to demonstrate a self-sustaining chain 

reaction. 

 

 
Figure 2: The first controlled atomic pile at the University of Chicago on 2nd December 1942 (Manhattan Project) [11]. 

In the next few years, several experimental reactors were built in North America and, in 1947, the first 

British reactor came online. This was GLEEP (Graphite Low Energy Experimental Pile), a graphite 

moderated, air-cooled reactor, that used uranium metal fuel in aluminium cladding, built at Harwell, 

Berkshire (now Oxfordshire), and was in operation until 1990 [12, 13]. Even though World War II ended in 

August, 1945, the Cold War started soon after, still focusing on weapons technology, so that the first 

commercial electricity-producing nuclear reactor only started in 1956 in Calder Hall A, England with an 

initial capacity of 50 MW [14]. This moment marked an important milestone in human history: a new 

energy source became available to the public. 

The rest of the world followed soon after. From the 1950`s a number of civil nuclear programmes 

started and commercial energy producing reactors came online from the 1960`s in the USA, Canada, Russia 

and France. China started its first reactor in 1970 [15]. These research programmes identified a number of 

reactor designs, including the most common water cooled/water moderated and gas cooled/graphite 

moderated ones. In Britain, and contrary to most of the nuclear electricity generating countries, the 

research was focusing on the latter, and as a result, the first generation British gas-cooled Magnox reactors 

[16] came online between 1956 and 1971 (26 reactors) [17]. The last one, Wylfa 1 (Figure 3) is still in 

operation in 2015. From 1976, the second generation AGR reactors [18] were built (AGR), 14 in total (See 

an example: Figure 4). There is also a pressurized water reactor (PWR), Sizewell B [19] that was built in 

1995 which is contributing almost 1200 MWe to the national grid (Figure 5). The development of the 

different generations of nuclear power reactors is outlined in Figure 6. 
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Figure 3: The first generation Wylfa 1 nuclear power station (Source: BBC [20]). 

 
Figure 4: The second generation power stations with four AGR at Heysham (Source: Wikipedia [21]). 

 
Figure 5: The third generation Sizewell B nuclear power station (Source: Telegraph [22]). 
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Figure 6: Outline of nuclear reactor generations and development (Image: [23]). 

 

1.2.2 The nuclear fuel cycle 
 

The various activities associated with the production of electricity from nuclear reactions are referred 

to collectively as the nuclear fuel cycle [24, 25]. The nuclear fuel cycle is one of the most complex industrial 

process series` existing and became increasingly complex to improve economics, ecological footprint and 

safety. It starts with the mining of uranium ore and, through several steps, uranium is transformed into fuel 

for nuclear reactors. These steps are collectively referred to as the front-end of the fuel cycle. The steps 

after the SNF removal from the nuclear reactor to the point where the nuclear waste is disposed of in a 

final repository, are referred to as the back-end of the fuel cycle. Upon reprocessing and optional recycling 

of SNF, all of these processing steps form a true fuel cycle. 

Although uranium is a relatively abundant element in the Earth`s crust (approximately 0.0004 %, 

1000X more abundant than gold [26]), mining it is only economical where uranium ore deposits are found. 

Uranium is also a trace element in granite and in seawater. The primary uranium mineral is uraninite 

(pitchblende; UO2), but several other secondary minerals are known (e.g. autunite and torbernite) (Figure 

7).  

 
Figure 7: Uranium minerals. A: uraninite; B: autunite; C: torbernite (Source: Wikipedia [27]). 

A C B 
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The largest uranium mines are operating in Kazakhstan, Canada and Australia, contributing to over 

60% of the world`s total uranium production [28]. There are three ways to mine uranium. When ore 

deposits are located close to the surface, open cast mining is a viable option to collect the ore after the top 

soil layer is removed. This type of mining, however, has significant impact on the surface environment. If 

the ore is several hundred metres underground, then conventional underground mining is applied. This 

technique poses a relatively small surface disturbance. In-situ leaching is used, where the host rock is 

porous and the extracting solvent, which is pumped to the mined area, can migrate through the rock, leach 

out the uranium mineral phase and reach the surface again to be processed further. This latter technique is 

only an option, where no drinking water is pumped from underground within the vicinity of the mine. After 

reaching the surface in either open cast or underground mining operations, the uranium ore is milled to 

reduce its particle size and the uranium containing mineral is separated from the host rock. The product 

after the milling is U3O8 and is called “yellow cake”. This material contains ~ 80 wt.% uranium and can be 

sold on the market. 

The next step in the fuel cycle is conversion, during which U3O8 is converted into UF6 gas using HF. This 

phase is necessary, as uranium has to be in a gaseous form before feeding it into the isotopic enrichment 

process. 

Natural uranium consists of two major isotopes: ~99.28 wt. % 238U and ~0.72 wt. % 235U. As only 235U 

undergoes fission after n0 absorption, this isotope is the valuable component of uranium. However, the 

level of 235U is usually insufficient to run a nuclear reactor efficiently, so enrichment of this isotope in the 

naturally occurring uranium is necessary. To enrich uranium to reactor grade, the isotopes can be 

separated in a gaseous centrifuge, where the heavier 238U gravitates more to the edges than 235U. In 

practice, a large number of centrifuge units are connected to each other, feeding the uranium hexafluoride 

gas into one another, achieving higher and higher enrichment each time. For commercial use of uranium, 

less than 5 wt. % of uranium is enough – most nuclear reactors are operating with 2,5-3,5 % 235U. 

Once the UF6 is enriched to the necessary level, it is converted into UO2 and the fuel cycle continues to 

fuel fabrication. The most common types of nuclear reactor (such as PWR, BWR –boiling water-moderated 

reactor –, as well as the UK AGR) use UO2 as a fuel – in a ceramic pellet form. Additives are used to help 

control pellet structure and to control neutron production (Gd) and grain size (Cr). The powder blend is 

then pressed into pellets – whose shape and size depends on the reactor design – and sintered at high 

temperature (typically 1700 °C). These pellets are then loaded into a holder called cladding and the 

cladding tubes bundled together to form a fuel assembly. This fuel assembly can go into the reactor, where 

it spends several years, before the 235U concentration decreases to < 1 wt. %, at which point it is not 

economical to keep the fuel in the reactor, so it is removed and thereafter called SNF. 
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The back end of the fuel cycle starts with the storage of the SNF. This storage may last a few years, 

during which time the activity of the irradiated fuel decreases significantly. After this initial temporary 

storage the SNF is either reprocessed or considered as a waste and disposed of (See section 1.3 for more 

details). If the SNF is reprocessed, about 96 % of the original uranium content (238U) can be fed back to the 

enrichment process after conversion into UF6; the 235U content of this reprocessed uranium is still higher 

than that of natural uranium. If the decision is not to reprocess uranium, but to temporarily store then 

permanently dispose of it, then the latter could be done in purpose-built geological repositories – although, 

none are yet in operation in the world. The whole nuclear fuel cycle is illustrated in Figure 8, highlighting 

the main stages of uranium processing from mining through energy generation till the eventual disposal. 

The back end of the fuel cycle is described in more detail in Section 1.3 – “Spent nuclear fuel management 

and radioactive waste disposal”. 

 

 
Figure 8: Schematic of the nuclear fuel cycle (Source: IAEA [29]). 
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1.3 Spent nuclear fuel management and radioactive waste disposal 
 

Three ways have been identified to manage spent nuclear waste. All of these have their own 

advantages and disadvantages, and pose different types of risk. 

The majority of the spent fuel arising from today`s nuclear reactors is stored on site in either a wet or a 

dry store. This phase of storage takes several years and its primary purpose is to allow short-lived isotopes 

to decay away and the SNF to cool down, so that it may be prepared for transportation to another facility, 

e.g. for reprocessing. Storage of SNF is never a final solution, but an intermediate step, before the decision 

of its fate is made. This could take decades, but during this time the radioactivity of the SNF is decreasing, 

making it easier to handle. In the UK, AGR SNF is transported – after some initial wet storage on site – to a 

central storage facility at Sellafield (Figure 9). 

 

 
Figure 9: Spent fuel ponds for wet storage and cooling of SNF at Sellafield [8]. 

After storage of SNF in wet storage ponds for some time (< 5 years), three options are available: 1) dry 

storage, 2) reprocessing and 2) final disposal. 

There are only a few countries that reprocess uranium, even though there are several, well-known 

reprocessing routes available. UK, Russia, France and Japan are among the few that do [30], (and these 

countries may also reprocess other countries SNF); the USA stopped reprocessing SNF in 2002 [31]. The 

main advantage of reprocessing is that ~96% of the uranium (238U isotope) is recovered from the fuel and 

can be used for other purposes, significantly decreasing the weight and volume of the radioactive waste. 

Almost all plutonium can also be recovered (~1w.% of SNF) and used in either mixed U-Pu (MOX) fuel or for 

other purposes (e.g. space applications, thermal batteries [32]). The remaining 3% of the original SNF 
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contains the highly radioactive and short lived (t1/2 ≤ 30 years) FPs (e.g. 90Sr and 137Cs) and long lived minor 

actinides, MAs (e.g. 241Am, 243Am, 246Cm) in an acidic solution that is subsequently dried and transformed 

into a suitable waste form (vitrified high level waste – described later in this Section). In the SNF this 3 % of 

material accounts for over 90% of the total activity, but it can be further separated into two parts: FPs and 

MAs. As for the FP stream, due to the short half-life of the radioisotopes present, the radiotoxicity could 

reach the level of uranium ore within 300 years. If not separated, however, the radiotoxicity due to the 

MAs would be kept high for several thousands of years (243Am t1/2 ≈ 7388 years; 246Cm t1/2 ≈ 4760 years). 

Without any recycling process at all, SNF could pose a considerable risk to the environment for up to 

100 000 years, as shown in Figure 10. 

 
Figure 10: Radiotoxicity of the different components of spent nuclear fuel [33] 

In the UK, reprocessing is currently performed in the Thermal Oxide Reprocessing Plant (THORP) at 

Sellafield (Figure 11). This plant combines all facilities necessary for reprocessing spent oxide fuel in a single 

building. Its construction started in 1985 and the first fuel assembly was cut in 1994 [34]. To reprocess 

about 1500 tonnes of SNF (AGR and LWR) a year, the PUREX process (Plutonium Uranium Redox EXtraction) 

is used. In this process the SNF rod is chopped into pieces and dissolved in nitric acid. Then, after several 

extraction process, using contacts of aqueous and organic phases, the uranium and plutonium are 

separated from the aqueous phase containing the FPs and MAs [25, 30, 35]. In theory, using different types 

of nuclear reactors, all reprocessed uranium and plutonium can be reused several times until they 

completely fission. 

On the other hand FPs and MAs are immobilised in a glass wasteform to be eventually transferred to a 

GDF. 
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Figure 11: The THORP reprocessing facility at Sellafield [34]. 

If reprocessing is not a viable option for a country, the SNF can be directly disposed of in a proposed 

concept, the so-called repository or deep geological disposal facility (GDF). 

A GDF is a facility that would be built for permanently disposing of radioactive materials safely. This 

facility would have two main sites: surface facilities and underground disposal vaults; the connection 

between them would be through access drifts. The purpose of a geological repository is to isolate the waste 

deep inside a suitable rock formation to ensure that no significant quantities of radioactivity ever reach the 

surface environment before the radioactivity settles back to that of natural uranium ore (From 300 to 

1 million years depending on fuel burn-up and reprocessing). An illustration of such a facility can be seen on 

Figure 12.  

 
Figure 12: Illustration of a geological disposal facility [36]. 
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The size of a GDF is variable: the depth of it is typically below 300 m, its area footprint is from 1 to 

3 km2 and the underground disposal vaults differ depending on the type of radioactive waste to be placed 

into them. 

Such facilities have not been built yet, but a number of countries (Finland, Sweden, France, USA) have 

already made progress towards implementing geological disposal. Finland is the most advanced in the field 

and has been building a GDF at Onkalo, close to the Olkiluoto Nuclear Power station [37]. The USA also had 

a programme investigating Yucca Mountain as a potential site for hosting a GDF [38]. Geological disposal is 

the UK Government`s preferred long-term approach to managing higher activity radioactive waste [39, 40] 

and in the UK geological disposal is supported by the Royal Society, the Royal Society of Chemistry and the 

Geological Society. Currently, Japan is the only country that is aiming to close the nuclear fuel cycle and 

reuse all the uranium and plutonium it has [41]. The country is also planning to build a GDF, from which the 

SNF is retrievable, so when suitable technology became available, the disposed material can be considered 

as a resource. 

To make a wise decision on the fate of radioactive waste and SNF in the UK – as well as worldwide – 

these materials have to be comprehensively studied, and their properties need to be understood. 

Radioactive wastes have many categorisations, however in the UK – which will be solely considered 

here – wastes are high, intermediate and low level [30, 42, 43]. They have different characteristics and 

need to be managed and disposed of in different ways, as described below. 

 
High level waste (HLW) 

 
Figure 13: (A) High level nuclear waste steel canister (dimensions: 1.34x0.43 m) [36] and (B) storage facility for these 

canisters at Sellafield (Image: BBC [44]). 

HLW arises from SNF reprocessing. It is intensely radioactive for several hundred years and produces 

significant levels of heat as it undergoes radioactive decay. At Sellafield high level liquid waste is being 

incorporated into borosilicate glass, using a process called vitrification. The waste is heated to dryness 

B A 
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leaving a fine powder (calcine), which is mixed with crushed glass in an induction heated furnace to 

produce a molten product incorporating the waste. This is then poured into stainless steel canisters, which 

hold approximately 150 litres, and a stainless steel lid is welded on (Figure 13) To date nearly 650 cubic 

metres of vitrified HLW have been produced, and the resulting 4300 canisters placed in a modern, 

engineered air-cooled store. The UK policy is for vitrified HLW to be stored for at least 50 years before 

disposal. 

 
Intermediate level waste (ILW) 

 
Figure 14: Intermediate level waste 

in 500 litre steel drum [36]. 
 

ILW arises from the reprocessing of SNF and from the operation, 

maintenance and decommissioning of nuclear facilities – including power 

stations. The waste is either packed and stored on site, or conditioned and 

stored at Sellafield, pending a GDF being available. For most ILW, 

packaging consists of immobilisation in cement-based materials within 

500 litre stainless steel drums (Figure 14). There are a number of ILW 

packaging plants operating at Sellafield. These plants are packaging a 

variety of solid and sludge wastes from SNF reprocessing and other 

decommissioning operations. ILW packaging plants are also operating at 

Dounreay, Harwell, Trawsfynydd, Windscale and Winfrith in the UK [30]. 

To date about 21,000 cubic metres of ILW have been packed, producing about 40,000 packages that are 

held in modern engineered stores. 

 
Low level waste (LLW) 

 
Figure 15: Low level waste in steel 

drum [36]. 

LLW includes clothing, plastic, paper and metal (e.g. Figure 15) that have 

become contaminated during maintenance and monitoring of nuclear 

operations at NPPs and research facilities including hospitals and 

universities. In this waste the radioactive content does not exceed four 

GBq per tonne (GBq/te) of alpha or 12 GBq/te of beta/gamma activity 

[43].  

 
The majority of LLW is disposed of at the Low Level Waste Repository near the village of Drigg in West 

Cumbria. Some very low level waste can be disposed of in ordinary landfill sites. However some long-lived 

LLW will need to go to a GDF. 
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A vast number of studies have been carried out on SNF up to now to get a better understanding of its 

behaviour under both dry and wet storage, on safe handling and of its recyclability. Two of the main 

information sources on AGR SNF in the UK are NNL and the NDA as these institutions are currently working 

on possible options for disposing SNF in a GDF. The UK radioactive waste inventory is regularly assessed 

and summarised by NDA and these reports are available online [45, 46]. 
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1.4 Design of advanced gas-cooled nuclear reactor and nuclear fuel 
 

As of 2015 there are 16 nuclear reactors in operation generating about 18 % of the UK`s electrical 

energy need with the capacity of ~11 GWe [47]. Table 1 shows all commercial power generating nuclear 

reactors currently operating in the UK. 14 of these are twin AGR reactors, while Wylfa is the last operating 

reactor of the large Magnox fleet that the UK had. Sizewell B is the first PWR type NPP based on 

Westinghouse technology and was supposed to be the first plant of a large nuclear build programme, but 

no other PWR`s have since followed. This issue, however, have been taken up by the Government and new 

reactors are planned to be built in the next 10-20 years. 

The AGR reactors are the second generation of British gas-cooled reactors developed from the Magnox 

reactor. The first commercial AGR started to operate in 1976, however the first prototype had been 

operating since 1962. 

Plant Type Present capacity (MWe net) Start up 
Wylfa 1 Magnox 490 1971 
Dungeness B 1&2 AGR 2 x 545 1983 & 1985 
Hartlepool 1&2 AGR 2 x 595 1983 & 1984 
Heysham I-1 & I-2 AGR 2 x 580 1983 & 1984 
Heysham II-1 & II-2 AGR 2 x 615 1988 
Hinkley Point B 1&2 AGR 2 x 610, but operating at 70% (430 MWe) 1976 
Hunterston B 1&2 AGR 2 x 610, but operating at 70% (420 MWe) 1976 & 1977 
Torness 1&2 AGR 2 x 625 1988 & 1989 
Sizewell B PWR 1188 1995 
Total: 16 units  10,038 MWe  

Table 1: Power reactors operating in the UK [47]. 

This section aims to introduce and describe the UK`s indigenous AGR reactors, their working 

fundamentals and the nuclear fuel necessary for their operation. Briefly, these reactors use graphite as the 

neutron moderator and carbon dioxide as coolant. The operating temperature is higher than in other 

reactor types which gives improved energy conversion efficiency. As a result of the higher temperature 

stainless steel is used as the fuel cladding. 

Figure 16 illustrates the fundamental reactor design for AGR. In this design both the core and the 

steam generator are placed within a concrete and steel pressure vessel (`integral` design). Carbon dioxide is 

circulated through the core with the help of circulators, reaching 650 °C and then passing over the steam 

generator tubes. The chain reaction is controlled by inserting graphite rods into the core and a secondary 

safe shutdown system involves injecting nitrogen to the coolant, which is also a good neutron absorber 

[48]. 
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Figure 16: Illustration of the advanced gas cooled reactor design [48]. 

 
Figure 17 shows an actual AGR reactor core (the graphite bricks) before nuclear fuel insertion. In this 

core 37 channels are available for the fuel elements, and in between these channels, spaces for control 

rods can be seen. 

 
Figure 17: AGR reactor core before fuel insertion [49]. 
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Figure 18 shows a commercial AGR fuel element that is about 1 m long and about 25 cm in diameter, 

while Figure 19 illustrates the various parts of these AGR fuel elements in detail. 

 
Figure 18: Commercial AGR fuel element [50] 

Typically, 36 pins are assembled into such fuel elements, each of them filled with hollow cylindrical 

UO2 fuel pellets. One pin contains 64 pellets and its length is about 960 mm. Both the outer diameter and 

the height of these pellets are ~14.5 mm, while the inner diameter is ~6.4 mm. The fuel pellet material is 

enriched in uranium up to between 2.5-3.5 wt. %. The stoichiometry of the virgin fuel is UOx where x is 

between 2.000 and 2.004, and the average grain size is ~12 µm for the sintered pellets [51]. The cladding 

material is 20/25/Nb stainless steel, which refers to 20 % Cr, 25 % Ni concentration in the stainless steel 

with Nb stabilizer present. Figure 19 details the design of a commercial AGR fuel element through a cross 

section of a fuel assembly, where the locations of the fuel pins and all the supporting components are 

highlighted. 
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Figure 19: Components of a commercial AGR fuel element (single sleeve design) [51] 
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1.5 Design of light water moderated reactors and nuclear fuel 
 

Light water moderated reactors are the most common reactor type. Two designs are commercially 

employed to generate electricity and these are the Pressurized Water Reactor (PWR) and the Boiling Water 

Reactor (BWR). Out of 434 nuclear reactors online around the world, currently there are 273 PWR units in 

operation, mainly in the USA, France, Russia, Japan and China, producing about 253 GWe. Some 81 units of 

BWR are also employed by the USA, Japan and Sweden, adding 76 GWe to their national grids. 

Both of these reactor designs use enriched UO2 as fuel, and light water as both coolant and moderator. 

In the primary cooling circuit the water flows through the reactor core under high pressure (15-16 MPa) to 

the heat exchanger where steam is generated in the secondary circuit to drive the turbines. The fuel 

cladding is Zircalloy, which is a good neutron transparent alloy and strong enough to withstand reactor 

conditions. Fuel rods ~3.6 m long and ~9.5 mm in diameter, are filled with solid cylindrical pellets, which 

are ~95 % of theoretical density (TD) and enriched to 3.1%. 

Each PWR has fuel assemblies of 200-300 fuel rods, arranged vertically in the core, and about 150-250 

such fuel assemblies make up a large reactor, containing 80-100 tonnes of uranium in total [48]. Water 

temperature in the core reaches about 325 °C, hence the high (15-16 MPa) pressure to prevent it from 

boiling. 

The main difference between PWRs and BWRs is that the latter has only one circuit in which the 

pressure is kept at about 75 atm (7.8 MPa), so that it boils in the core at about 285 °C. This steam is then 

directed to the turbines, which means that these are also part of the reactor circuit and must be shielded. A 

BWR reactor core comprises up to 750 assemblies, each having 90-100 fuel rods. The whole core contains 

about 140 tonnes of uranium. 

 
Figure 20: Typical PWR fuel assembly [52]. 

In Figure 20 a typical PWR fuel assembly is shown, 

explaining the complex structure of such a structure. 

In Figure 21 and 23 the schematics of a PWR and a 

BWR shown, respectively. These illustrations highlight 

further differences in the designs, such as the 

water/steam circulating system and the location of 

control rods. 
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Figure 21: Illustration of the pressurized water reactor design [48]. 

 
Figure 22: Illustration of the boiling water reactor design [48]. 
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1.6 The SIMFuel technique 
 

Studying the characteristics and the chemical behaviour of SNF is necessary, so that safe recycling or 

disposal options can be investigated. Actual SNF is highly radioactive and studying such material is 

complicated, expensive and requires purpose-built nuclear research facilities. 

To overcome such difficulties, simulated SNF (SIMFuel) has been developed [1, 53] to provide a 

convenient method to study high burn-up fuel, without the complication of the intense radiation field 

surrounding the actual SNF. This material is produced by doping a natural or depleted uranium dioxide 

(UO2) matrix with a series of non-radioactive elements in appropriate proportions to replicate the chemical 

composition and phases of irradiated fuels. These compositions can be varied to reflect the effects of 

different burn-ups and cooling times. Non-radioactive elements in SIMFuel can represent most FPs present 

in an irradiated SNF. A number of these FPs will segregate from the UO2 matrix once their solubility limit is 

exceeded, forming various metallic and oxide precipitates or being released from the fuel entirely. 

However, other FPs with high solubility limits remain dissolved in the UO2 matrix. 

A typical classification for FPs in SNF is [53, 54]: 

1. Metallic precipitates: Ru, Pd, Rh, Tc, Mo, Ag, Cd. 

2. Oxide precipitates and ionic compounds: Ba, Zr, Mo, Sr, (Rb, Cs, Te, I). 

3. Oxides dissolved in the UO2 matrix: Zr, Y, La, Ce, Sm, Nd, Pu, Np, Am, Cm. 

4. Inert gases and volatile elements: Xe, Kr, He; Br, (Rb, Cs, Te, I). 

Some elements, such as Rb, Cs, Te and I, have dual behaviour and can be either volatile or form ionic 

solids with oxygen or with other anions (CsI, Cs2O, Cs2Te, Cs2I2) and accumulate close to the pellet-clad 

interface. 

Each of these FP classes are widely studied, because their increasing concentration with time has 

various effects on fuel performance in the reactor (e.g. neutron absorbers: section 2.1) and after discharge 

from the reactor (e.g. corrosion behaviour: section 1.10). These effects have to be taken into consideration, 

when planning a recycling process or constructing a deep geological repository in which SNF is going to be 

disposed. Investigating the behaviour of these FPs is also important, to ensure that doped UO2 ceramics 

(SIMFuel) are capable of modelling one or more desired SNF qualities (e.g. density, porosity, grain size, size 

and composition of secondary phases), so that analysis results on SIMFuel can be directly related back to 

actual SNF. 

As shown later in section 2.2.2, ~90-95 wt.% of the SNF is still uranium oxide (238U isotope) at the time 

of discharge from reactor, so it seems logical to study the properties of pure uranium oxide as a first 

attempt, with regards to the microstructure, chemical behaviour, dissolution, thermal conductivity, etc. 

Some of these properties change when dopants are added to the UO2, making it possible to follow these 

changes and make predictions (e.g. long term behaviour in GDF).  
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The characteristics of SNF arising from different types of nuclear reactors, e.g. PWR, BWR, AGR, is 

different, and consequently the SIMFuel, that mimic the characteristics of these types of SNF as best as 

possible, must be different. 

 

1.6.1 SIMFuel preparation methods 
 

SIMFuel has been made in several ways, and six of these are given here to provide an initial review and 

later a comparison to AGR SIMFuel prepared in this study. 

In the first paper on SIMFuel by Strausberg and Murbach, UO2 was doped with 13 FP surrogates 

representing 2 %, 4 %, 6 % and 8 % burnups [1]. The powder blends were dried, granulated and pressed 

into pellets (using 0.5 % zinc-stearate as die lubricant) and sintered at 1750 °C for 12 h in H2 atmosphere. 

Densities of these pellets were near 98 % Theoretical density (TD) and grain sizes ~15 µm. The aim of this 

study was to evaluate the feasibility of refabricating high burnup UO2 to a cumulative level of 100 GWd/t U 

using a multicycle reprocessing and refabrication scheme. The results indicated that methods for UO2 with 

FPs were no different from those required for pure UO2, and the sinterability increased with increasing FP 

concentration. 

In 1991 another experiment was conducted by Lucuta et al. [53] to study the microstructural features 

of LWR SIMFuel. Similar concepts to the previous study were applied: UO2 was doped with 11 fission 

product surrogates in appropriate proportion to simulate 3 at.% and 6 at.% burnups. These values were 

selected to depict a reasonable target burn-up for CANDU and LWR fuels, respectively. The ORIGEN (Oak 

Ridge Isotope Generation and Depletion) code was used to calculate fission product inventories. Vacuum 

dried high-purity additives were dry mixed with UO2, then wet ball milling was used to form a uniform 

dispersion. This slurry was then spray dried, the granulates precompacted, granulated, pressed and 

sintered at 1650 °C for 2 h in H2 atmosphere. The immersion densities ranged between 10.31 and 

10.47 g/cm3 for these SIMFuel pellets, while the grain size was between 8 and 15 µm. Additives, such as Zr, 

Sr, Nd, Ce, Y and La were fully or partially dissolved in the matrix. Metals formed ε-(Mo,Ru,Pd), α-(Mo, Ru, 

Pd) metallic alloys and σ-Mo0.7Ru0.3 intermetallic compounds. Oxide precipitates were also detected with a 

general composition of (Ba,Sr)ZrO3. 

Cobos et al. used the ORIGEN code again to calculate FP inventory at several burn-ups (25, 70, 115, 

150 and 200 GWd/t U) and prepared SIMFuel pellets with 18 dopants included [55]. They used planetary 

mill for 24 h in alcoholic media to reduce particle size and achieve good mixing. The dried mixture was 

prereacted at 950 °C for 24 h in Ar, then the composite was granulated, pelletized and sintered at 1640 °C 

in Ar-6% H2 atm. for 32 h. They determined that Ce, La, Sr, Y, Pr and Nd were dissolved in the UO2 matrix, 

Ru and Mo formed metallic precipitates and Ba and part of Zr existed as oxide precipitates. According to 
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this study the lattice parameter decreases from 0.54701±0.0001 nm (stoichiometric UO2) to ~0.5457 nm 

(200 GWd/t U), as burn-up increases. 

Park et al. prepared SIMFuel and simulated DUPIC pellets (DUPIC: Direct Use of spent PWR fuel In 

CANDU reactor) to study the effects of impurities on the microstructure [56]. In this experiment they also 

used the ORIGEN code to calculate the FP inventories at 35 GWd/t U and 60 GWd/t U. 12 oxides were 

added to the UO2 and wet milled for 4 hours, pressed into green pellets at 300 MPa and sintered at 1700 °C 

for 6 hours in Ar-4%H2 atmosphere. Then these pellets were milled again into powder and the OREOX 

process was applied, requiring the cyclic oxidation and reduction of the powder. Oxidation was performed 

at 500 °C in air and reduction at 700 °C in Ar-4%H2. This oxidation-reduction cycle was repeated three 

times. Once the so-called DUPIC powder was prepared this way, green pellets were pressed at 300 MPa 

and sintered at 1700 °C for 6 h in Ar-4%H2. This study shows that regardless of the impurity content the 

sintered pellet densities were above 95% TD. The grain size, however, significantly decreased with 

increasing amount of dopants. The average grain size (AGS) for pure UO2 was measured as ~8 µm, while the 

35 GWd/t U SIMFuel and the 60 GWd/t U SIMFuel pellet AGS were 6.1-3.8 µm and 5.4-2.8 µm, respectively. 

Kang et al. also produced SIMFuel to study its thermal conductivity (at 3 at.% , 6 at.% and 12 at.% 

simulated burn-ups) [57]. They only included 6 FPs into the UO2 matrix: Sr, Y, Zr, La, Ce and Nd. Pellets were 

pressed at 300 MPa and sintered at 1900 °C for 4 h in a flowing 100% H2 gas. In all cases high density pellets 

were produced (10.213-10.291 g/cm3). Average grain sizes varied significantly: 18.4 µm (3 at.% burn-up), 

11.5 µm (6 at.% burn-up) and 16.5 µm (12 at.% burn-up). 

In another work Kang et al. fabricated SIMFuel with an equivalent burn-up of 60 GWd/t U to measure 

thermal expansion[58]. This time the sintering temperature was 1700 °C (for 4 h in 100 % H2 atm.). The UO2 

density was measured to be ~10.43 g/cm3 and the SIMFuel density was ~10.35 gcm-3. The AGSs of UO2 and 

the SIMFuel were measured to be 12.5 and 13.0 µm, respectively.  

As seen from the methodologies described above, the basic concepts to prepare SIMFuel is the same 

with variations related to initial powder processing. The resulting pellets show high density and various 

AGSs, and they were used for many purposes ranging from microstructural characterisation to studies of 

thermo physical properties. 
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1.7 Early work on UO2 ceramics and spent nuclear fuel 
 

FP chemistry in irradiated UO2 fuel has been of interest since the early days of harvesting nuclear 

power. The very first research article in the Journal of Nuclear Materials in 1959 is actually dedicated to this 

topic and talks about “Transformation temperatures and structures in uranium-fissium alloys” [59]. Early 

work included uranium oxide sintering in various atmospheres – Ar, N2, H2, CO, CO2 and vacuum [60, 61], 

the investigation of uranium carbides [62], the effect of Cr2O3 [63], the effect of U/O ratio on UO2 sintering 

[64], and several works on FP chemistry [65-69] focusing mainly on metallic precipitates. The first research 

article on SIMfuel [1] (summarised earlier in section 1.6.1) also emerged in the 1960`s. 

It was recognised that the sintering atmosphere has a significant impact on the final density of UO2 

pellets along with the overstoichiometry of the UO2. Comparing Ar, N2, CO2, CO, H2 and vacuum, it was 

shown that UO2+x can be readily reduced to UO2, while reaching ~10.0 g/cm3 (~91% TD) at around 1400 °C 

[60]. It was also shown that U3O8 can be reduced to UO2 at above 750 °C in H2 atmosphere [61]. Metallic 

precipitates were observed in SNF`s and their composition was determined to be Mo-Ru-Tc-Rh and Mo-Ru-

Tc-Rh-Pd. The same study identified grey phase with Ba and Ce content, while in the UO2 matrix Nd, Zr and 

La were found. Studies on UO2-Cr2O3-O2 system between 1200 °C and 1600 °C showed that CrUO4 may 

form, but it is susceptible to volatilization [63]. 

More publications dealt with UO2 sintering properties [70-73] and UO2 ceramic performance in LWR 

reactors [74, 75], but the chemistry of SNF was also further investigated [76, 77] in the 1970`s. 

Since these works were done more sophisticated analytical techniques have become available 

supported by modelling capabilities to find answers for the fundamental reasons for such observations. 

 

1.8 UO2 and SNF microstructure 
 

In this section three of the most important microstructural properties are reviewed: density, porosity 

and grain structure. These are key properties that influence the in-reactor performance of the fuel, and 

have to be well-understood and controlled when preparing fuel for nuclear reactors or investigating 

disposal options for SNF. It has been recognised that thermophysical properties of UO2 nuclear fuel are 

greatly affected by the density and the grain size of the fuel; increasing density and grain size will improve 

e.g thermal conductivity. Investigations are continuously under way to prepare the best ceramics for these 

uses. 

The theoretical natural UO2 density calculated from cell dimensions is 10.96 g/cm3 at 25 °C [78], while 

the highest fabricated UO2 density can reach 10.85 g/cm3 at 25 °C. The minimum density required for an 

AGR fuel pellet after sintering is 10.65 g/cm3, but the typical production density is ~10.80 g/cm3 [79]. 
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Pellet type – fuel description Density (g/cm3) Reference 
ENIGMA prediction for AGR pellet density (Mean case) ~96.3 %.TD [80] 
UO2 BWR fuel (Leibstadt NPP, Switzerland); 
Enrichment: 3.9 % 235U; Burnup: 57.5 GWd/t U 

10.52±0.19 
10.48-10.54 (as 
fabricated) 

[81] 

UO2 PWR fuel (Gösgen NPP, Switzerland); 
Enrichment: 4.3 % 235U; Burnup: 62.2 GWd/t U 

~10.45 (as fabricated) 

UO2 MOX PWR fuel (Gösgen NPP, Switzerland); 
Enrichment: 5.5 % Pufiss; Burnup: 63.0 GWd/t U 

10.45±0.15 (as fabricated) 
~9.903 (after irradiation) 

PWR SNF (AREVA) 
Enrichment: 2.8-4.3 % 235U; Burnup: 45-70.2 GWd/t U 

~10.41 [81] 

BWR SNF (AREVA/Westinghouse) 
Enrichment: 3.5-4.25 % 235U; Burnup: 50.2-59.1 GWd/t U 

~10.52 

LWR SIMFuel (3 at.% burnup); Lucuta et al. 10.31-10.47 
(theoretical: 10.79) 

[53] 

LWR SIMFuel (6 at.% burnup); Lucuta et al. 10.25-10.34 
(theoretical: 10.61) 

Sintered UO2 pellets (Lahiri et al.); O/U ratio: 2.00 10.58-10.61 [82] 
Advanced doped UO2 (LWR) (Arborelius et al.):  
Standard UO2 

10.52 (96.0%TD) [83] 

Advanced doped UO2 (LWR) (Arborelius et al.):  
Cr-doped UO2 

10.67 (97.3%TD) 

Table 2: Density data for various SNF`s and SIMFuels. 

Table 2 shows density data from various sources. Even though the histores of the samples in Table 2 

are vastly different, almost all measured densities are above 10.0 g/cm3 (>91 % TD). This shows that the 

densities of various SNFs are not much lower than the production density, and the different SIMFuels 

prepared using slightly different approaches can also reach that desired ~94-98% TD. 

Porosity values on actual SNF`s, LWR SIMFuels and other nuclear fuels are collected in Table 3 and 

provides a comparison to the AGR SNF characterised in this thesis. 

Fuel description Mean pore 
diameter 

Area % 
porosity 

References 

AGR SNF (NNL memorandum) 2.98±0.45 µm 2.19±0.84 [84] 
PWR SNF – Rim (Burn-up: 40.3 GWd/t U) ~1.42 ~13.4 [85] 
PWR SNF –radial position: r/r0=0.75 (Burn-up: 40.3 GWd/t U) ~1.31 ~2.4 
PWR SNF – Rim (Burn-up: 66.6 GWd/t U) - ~14.1 
PWR SNF –radial position: r/r0=0.50 (Burn-up: 66.6 GWd/t U) ~1.72 ~5.9 

Table 3: Porosity values for various SNF`s. 

Grain size is also a key characteristic of ceramic fuel, as it has a significant effect on heat transfer and 

the integrity of the fuel. In Table 4 AGS values from literature references are shown along with those 

measured for SIMFuel, and range from 3 to 55 µm. These differences are due to the starting particle size of 

the UO2 powder, the reactor operating or sintering temperature, the reactor conditions and the sintering 

conditions, as well as the amount of dopants added to the UO2. 
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Fuel description Grain size (µm) References 
AGR SNF (From NNL memorandum) 3-30 [84] 
UO2 BWR fuel (Leibstadt NPP, Switzerland); 
Enrichment: 3.9 % 235U; Burnup: 57.5 GWd/t U 

6-25 [81] 

PWR SNF (AREVA) 
Enrichment: 2.8-4.3 % 235U; Burnup: 45-70.2 GWd/t U 

5-40 [81] 

BWR SNF (AREVA/Westinghouse) 
Enrichment: 3.5-4.25 % 235U; Burnup: 50.2-59.1 GWd/t U 

6-25 

LWR SIMFuel (Lucuta et al.) 8-15 [53] 
DUPIC SIMFuel (Park et al.); Simulated burnup: 35 GWd/t U 6.1-3.8 [56] 
DUPIC SIMFuel (Park et al.); Simulated burnup: 60 GWd/t U 5.4-2.8 
Advanced doped UO2 (LWR) (Arborelius et al.): Standard UO2 10-12 [83] 
Advanced doped UO2 (LWR) (Arborelius et al.): Cr-doped UO2 40-55 
High burnup PWR SNF (3.5 % 235U; ~100 GWd/t U) 9-12 [86] 

Table 4: Grain sizes of various SNF`s and SIMFuels 

To show how grain size varies with radial position and burnup within one fuel rod Manzel and Walker 

studied the microstructure of a high burnup PWR SNF and these SEM images are presented in Figure 23 and 

Figure 24. The difference between these morphologies is obvious and describing SNF with a single AGS 

value is therefore not sensible. 

 
Figure 23: SEM micrographs showing the microstructure of the fuel at different radial positions in the high power sample (pellet 
burnup ~102 GWd/tHM) from a PWR fuel rod, about 3 metres from the bottom of the fuel rod [86]. (r/r0 = position from centre 
of pellet/pellet radius) 
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Figure 24: SEM micrographs showing the microstructure of the fuel at different radial positions in the low power sample (pellet 
burnup ~69 GWd/tHM) from a PWR fuel rod, about 0.5 metres from the bottom of the fuel rod [86]. 

 
To modify the UO2 microstructure and make the average grain size larger in AGR and PWR nuclear fuel, 

a number of methods were investigated aiming to decrease the number of grain boundaries and so 

increase thermal conductivity and FP retention. Some focused on the sintering techniques [87, 88], while 

others doped the UO2 with other oxides of U, e.g. U3O8 [60, 89-91], or with other elements. One study 

shows the significance of sources for UO2 (difference in production route), and the effect of thermal 

treatment [72]. 

Joung et al. showed that it is even possible to fabricate pellets with grain size up to 6 mm [87] by 

changing the atmosphere during the sintering process. They used ~0.40 µm UO2.15 powders, pressed green 

pellets under 300 MPa pressure. The first stage of this sintering was a 3 °C/min heating in CO2, then a hold 

period at 1700 °C for 1 h in air followed by a cooling period back to 1200 °C in CO2. Finally, the pellets were 

reduced to stoichiometric UO2 in H2 at 1200 °C for 2 h and cooled down to room temperature. Timmermans 

et al. studied the effect of thermal treatments on different UO2 powders, acquired from a number of 

suppliers, under flowing Ar+5% H2 for 4 h at 500 °C, 800 °C, 1000 °C and 1200 °C [72]. After such treatment 

the powders were compacted into green pellets and sintered in Ar+5%H2 for 4 h at 1640 °C. Microstructural 

analysis revealed that sintered density decreased as the initial powder heat treatment temperature was 
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increased. The significance of sources for UO2 (difference in production route) was also highlighted in this 

paper. Song et al. published several papers on the effects of U3O8 on UO2 sinterability [89, 90]. They 

showed that U3O8 seeds can act as a promoter for rapid grain growth even though high U3O8 content 

generally decreases the sintered pellet density. An optimal 4 wt.% U3O8 seed content was shown to 

enhance the average grain size with ~75% (From ~8 µm up to ~14 µm). Increasing the seed content further 

did not result in larger grain size, when sintering pellets at 1700 °C in H2 atmosphere for 4 h. An addition of 

Nb2O5 however, can allow for higher U3O8 content under the same sintering conditions. It was shown that 

even 100 wt.% U3O8 can be sintered above 94% TD with only 0.5 wt.% Nb2O5 additive.  

Chromium in nuclear fuel has been examined since the early days of nuclear power generation [63, 92-

96], as it is a good sintering aid for making the average UO2 grain size larger, but other elements have also 

been investigated as dopants or additives. The effects of these dopants on the UO2 microstructure is 

summarised in Table 5. Modelling and thermodynamic assessment of UO2 systems with these dopants have 

been performed [97-101] to create phase diagrams and study various interactions between dopant and 

UO2. 

Dopant 
element 

Conclusions References 

Ti >0.1 wt.% TiO2 addition into various compositions of UO2+U3O8 mixtures 
keep the density~94% TD, with significant grain growth from ~10 µm to 60-
70 µm. 

[102] 

Nb 0.5 mol% Nd additive significantly increases the grain growth, an effect 
much more pronounced in reducing (H2) than in oxidizing atmosphere (CO2).  

[89, 103] 

Al Pellets with the composition of UO2+500 ppm Cr2O3+200 ppm Al2O3 sintered 
at 1800 °C for 14 h in a H2/CO2 atmosphere. Pellet densities reached 97.3 % 
TD (10.67 g/cm3) and grain sizes were measured between 40-55 µm, and 
these values were higher than those measured for standard UO2 pellets 
prepared in the same experiment. 

[83] 

Gd Analysis of Gd2O3 doped UO2 pellets prepared by dry mechanical blending 
method shows that Gd is a densification inhibitor, explained by the 
Kirkendall effect: a significant difference in the interdiffusion coefficients of 
Gd into UO2 and of UO2 into Gd causes an imbalance in material 
interdiffusion transport during solid solution formation. As a consequence, 
pores form at sites where Gd particles were originally present, but 
densification occurs in the UO2 matrix. Despite this effect, Gd is highly 
soluble in UO2 because of the almost identical ionic radii. 

[104, 105] 

Th ThO2-30% UO2 and ThO2-50% UO2 powders made by co-precipitation, 
sintered at 1400 °C in air for 6 h. Pellet densities 96-98% TD, proving the 
effectiveness of preparation method. Grain sizes were 4.5-5.7 µm. 

[106] 

Ti, Nb, V, 
Ca, Ba, Sr 

About 0.5 wt.% of Nb, Ti and V increase the grain size of UO2 fuel pellets 
significantly, but lead to lower density by the introduction of large (>20 µm 
diameter for Nb) pores. 
Ba and Sr increase level of fine porosity and decrease density. 

[107] 

Table 5: Collection of dopants and their effect on UO2 sinterability. 
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The microstructure of UO2 ceramic pellet changes significantly during irradiation. A very significant 

change is the formation of high burnup structure at the pellet edges and this can be clearly seen in Figure 

25A from an early study [67]. Further examples of pellet cross section are shown in Figure 26 (typical AGR 

fuel pin cross section), Figure 27 (UO2 test pellet cross sections) and Figure 25B (typical etched cross section 

of a PWR SNF), where high burn-up regions can also be identified. Several studies on the SNF 

microstructure and high-burn-up structure were conducted [85, 108-113] and they all conclude that 

generally there is a radial change in microstructure with regards to grain size, porosity, local burn-up, Pu 

content and FP chemistry (the latter is described in Section 1.9 in more detail) primarily driven by radial 

variations in temperature and neutron flux. Grains are larger in the centre than the periphery for two 

reasons. Firstly, in the middle of the pellet the temperature may rise to 1400 °C [84] in service, while on the 

outer surface it is ~300 °C in water cooled reactors and ~800 °C for AGR reactors, due to the poor thermal 

conductivity in UO2, resulting in preferential grain growth in the centre. Secondly, as fission takes place 

more frequently in the outer regions due to self-shielding, the concentration of FP`s is also higher in this 

region [54], meaning that the UO2 matrix is more “doped”, thus lowering grain boundary mobility. 

 

 
Figure 25: A: Transverse section of a mixed-oxide fuel irradiated in EBR-II, showing central void, columnar grains, 
cracking and high burnup structure at the rim region. (EBR: Experimental Breeder Reactor) [67]. B: Chemically etched 
macrograph of a radial cut of a PWR SNF showing cracks and high burn-up structure in the outer part of the pellet 
(Burn-up: 83 GWd/t U)[108] 
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Figure 26: As-polished macrograph of a transverse section through a spent AGR fuel pin showing (A) circumferential and 
radial cracks, and (B) an etched macrograph showing variations in fission gas porosity [84]. 

 
Figure 27: Post ramp ceramographic cross section of mid pellet regions showing radial cracks towards the pellet 
periphery. Circumferential cracks separate the high burn-up structure from the central, more denser regions [83].(Fuel 
diameter: 9.0 mm). A: Pure UO2 pellet for PWR; B: 1000 ppm Cr2O3 doped UO2 pellet. 

 

1.9 Spent nuclear fuel chemistry 
 

FPs are randomly generated on an atomic level within the UO2 structure by the fission process, during 

which two different elements appear on the uranium site within the lattice and will have chemical 

behaviour different from uranium. As mentioned in Section 1.6, FPs are classified into groups based on 

their chemical behaviour in the UO2 matrix. Some elements, such as the rare earth (RE) oxides (including 

Nd, Ce, La, Y, Pr, Sm) and actinides (Pu, Np) are completely miscible in the UO2 matrix [54, 114, 115]. 

Others, such as Ba and Zr have limited solubility in UO2 [115] and prefer forming perovskite type oxide 

A B 
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precipitates, such as BaZrO3 [54, 116]. Metals, such as Mo, Ru, Rh, Tc and Pd form metallic precipitates [54, 

115, 117, 118]. 

Oxygen potential of the various metal/oxide systems also plays a key role in FP behaviour and Figure 

28 illustrates the phase changes for the most important FP elements along with different uranium oxides 

and U-Pu mixed oxides, with rising temperature. Within the area above each line the element exists in its 

oxide form, and below the line the element prefers to be in its reduced (typically elemental) form. These 

boundaries represented by the lines sometimes cross other lines, notably those for UxPuyOz compounds. 

The implication for such a crossing is that the FP behaviour changes depending on temperature and oxygen 

potential. The Mo/MoO2 system is a great example, as – based on this graph – it exists in a metallic form 

below ~1300 °C in UO2+x, but a portion of it may be in oxide form when the matrix reaches higher 

temperatures (see crossing of red and green lines on Figure 28). Such dual behaviour has been observed 

several times and the literature suggests the existence of a number of compounds, such as BaMoO3 or 

Cs2MoO4 [53, 54, 114, 118]. Ionic compounds may also be present in gaps between the fuel material and 

the cladding, and these include CsI, Cs2Te and Cs2O [53, 54]. Modelling studies also support measurements 

and observations on FP stability [119-121].  

A number of studies are available that describe the multi-component oxide phases in SNF [67, 116, 

120]. They all agree that these phases crystallize in the cubic perovskite type ABO3 and contain Ba, Sr and 

Cs in the lattice sites A, as well as Mo, Zr, RE, U and Pu in the lattice sites B [116]. These studies are based 

on computational modelling and experiments on pure phases assuming that equilibrium is reached. With 

these limitations in mind phase diagrams for binary and ternary systems can be used to describe oxide 

phases observed in SNF. 

Phase diagrams for the pseudoquaternary BaO-UO2-ZrO2-MoO2, and the pseudoternary BaO-UO2-ZrO2, 

BaUO3-BaZrO3-BaMoO3 and BaUO3-BaZrO3-MoO3 systems are described in [116], and supported by 

experiments on pure artificial systems (not SNF). Phase diagrams that may be relevant to AGR SIMFuel are 

shown in Figure 29. The end member phases (e.g. BaUO3, BaZrO3, BaMoO4 and others) are rarely detected 

in actual SNF, and even though they are thermodynamically stable, there is little proof that they exist in 

SNF. Some publications, however, looked deeper into this topic describing some oxide phases found, but 

these data are also controversial: one of the first studies only identified the following elements in the grey 

phase – Ba, Sr and Ce [67]. Another study looked at a Fast Breeder Reactors (FBR) fuel pin section, where 

(Ba,Sr)O and (Ba, Sr, Cs)(U,Pu,Zr,Mo)O3 were identified using X-ray microanalysis [116]. Thomas et al., 

however, did not find grey phase precipitates when examining LWR spent fuel [122, 123]. As a result of this 

controversy, simulated systems using UO2 doped with BaO, SrO and ZrO2 additives were studied, to 

evaluate the most likely compounds forming in actual nuclear fuels [76]. Experiments successfully identified 

the expected phases: BaZrO3, SrZrO3, BaUO3 and SrUO3, but these are yet to be found in SNF. Theoretical 
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calculations were conducted to evaluate the solubility and the migration mechanisms of Ba and Zr to see if 

it is kinetically possible to form grey phase precipitates. According to calculations the Ba concentration in 

the outer part of the grains must exceed 0.2 wt.% before BaZrO3 type phases can form, and Ba can migrate 

to this position either through thermal diffusion or evaporation-condensation as modes of mass 

transportation [124]. 

 

 
Figure 28: Relative partial molar Gibbs free energies of oxygen (ΔGo2) of UO2, UO2+x, and FP`s (d: oxide decomposes; sb: 

oxide sublimates) [114] 
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The reason for the missing grey phase in LWR fuels is the lower operating temperature compared to 

AGR, and that there is not enough mobility for grey phase forming FPs to migrate within the fuel matrix 

[125]. 

 

 
Figure 29: Isothermal section of (A) the pseudoternary BaO-UO2-ZrO2,(B) the BaUO3-BaZrO3-BaMoO3 and (C) the BaUO3-BaZrO3-MoO2 

systems at 1700 °C [116]. These phases may form in SNF from FPs under reactor conditions. 

A 

B C 
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Metallic precipitates have been extensively studied because they are easy to observe and analyse, and 

also present in both actual and simulated SNFs. The most frequently detected phase is the five-metal 

ε-phase [53, 66-68, 117, 122, 123] containing Mo-Ru-Tc-Rh-Pd. The ratio of these elements within each 

precipitate, however, varies greatly depending on reactor design and burnup. The size of the precipitates 

also varies from tens of nm to several microns, as shown in Table 6. 

 
Description of sample material Size Reference 
LWR SIMFuel (Lucuta et al.) 0.5-1.5 µm [53] 
DUPIC SIMFuel (Park et al.) ~1 µm [56] 
PWR SNF (Cui et al; ~23 GWd/t U, 3.5 % 235U) 0.1-1 µm [126] 
PWR spent fuel (~48 GWd/t U) 10-100 nm [122] 
PWR SIMFuel (~35 GWd/t U) – not irradiated 0.5-1.5 µm [127] 
PWR SIMFuel (~33 GWd/t U) – irradiated 2.5-3.0 µm 
SNF – Dounreay Fast Reactor ~5 µm [66] 

Table 6: Size of metallic precipitates measured in different SNF and SIMFuel. 

The main metallic phase that exists in SNF is the ε-phase (HCP: hexagonal close packed) but at higher 

(>65 GWd/t U) burn-up α-phase (FCC: face centered cubic) can form. β-phase (BCC: body centered cubic) 

might be present at low concentration below 30 GWd/t U [128]. Thermodynamic considerations for these 

noble metal FPs are presented by Kaye et al. [121], and their models fit available experimental data for SNF. 

Cui et al. analysed alloy particles extracted from BWR SNF [126] using phosphoric acid dissolution to 

keep the precipitates as intact as possible. Their findings on fission product alloy composition is shown in 

Table 7 along with ORIGEN and FISPIN fission yield calculations for comparison. 

 
Fission 
Product 

Composition [at.%] 
SEM-WDS analysis average 
of eight 0.5-1 µm particles 

TEM-EDS analysis average of nine 
10-20 nm clustered particles 

ORIGEN 
calculation 

FISPIN 
calculation 

Mo 32.7±1.9 26.5±4.4 42.9 39.9 
Ru 40.5±1.7 32.7±5.4 26.0 25.4 
Tc 7.0±0.8 7.6±3.0 10.1 9.3 
Pd 11.7±1.6 23.1±3.0 10.9 16.5 
Rh 4.2±0.4 6.3±3.9 5.9 4.5 
Te 3.8±1.4 3.8±3.4 4.3 4.4 

Table 7: SEM-WDS analysis on 0.5-1 µm sized particles and TEM-EDS analysis on 10-20 nm sized particles (±σ), and composition 
calculated by Origen (~23 GWd/t U, 3.5 % 235U) from [126]and by FISPIN (~25 GWd/t U, 2.65 % 235U) – this study. 
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Figure 30 shows two phase diagrams for the Pd-Mo-Ru system at two temperatures. At 1700 °C the 

main phase is the HCP structured ε-phase, which becomes liquid when the precipitate is Pd-rich (L and L+ε 

phases). The Mo-rich regions are BCC structured, but form two- or three-phase regions as Mo 

concentration decreases (β→β+σ→β+σ+ε phases). At lower temperature the ε-phase region shrinks in 

favour of a Pd-rich α-phase, and completely disappears below 1370 °C [117]. 

 

 
Figure 30: Isothermal sections of the Mo-Ru-Pd system at 1700 °C and at 1450 °C [117]. 

 
More binary and ternary phase diagrams calculated by FactSage were collected from its official online 

database [129]. These include the binary phase diagrams for Pd-Ru, Pd-Rh, Rh-Ru, Mo-Rh Mo-Ru and 

ternary phase diagrams for Pd-Rh-Ru, Mo-Rh-Ru, Mo-Pd-Rh as well as the Mo-Pd-Ru (shown above) 

systems at 1700 °C. The binary phase diagrams (Figure 31) show that the melting point of these alloys are 

generally above 2000 °C with the exception of the Mo-Pd binary system, which melts at around 1700 °C if 

Pd content is above 50 at.%. Ternary phase diagrams (Figure 32) reveal that these four metals (Pd, Ru, Rh 

and Mo) can form various alloys with FCC, BCC and HCP crystal structures as well as mixed phases at high 

temperature. Pd-rich phases, however, have the potential to melt at 1700 °C and this may lead to liquid 

phase sintering during SIMFuel production. 
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Figure 31: FactSage calculations showing binary phase diagrams for the Pd-Ru, Pd-Rh, Rh-Ru, Mo-Rh, Mo-Ru and Mo-Pd systems 
[129]. Any of these phases could potentially occur in SNF, because all of these metals are generated through the fission process. 
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Figure 32: FactSage calculations showing ternary phase diagrams for the Pd-Rh-Ru, Mo-Rh-Ru, Mo-Pd-Rh and Mo-Pd-Ru systems 
at 1700 °C [129]. 

 
A good summary of the general microstructure and on the possible phases is shown in Figure 33 by 

Bruno and Ewing [130]. In this illustration the bulk of the SNF is distinguished from the rim structure, which 

is enriched in Pu and has a smaller grain size than the inner part of the fuel; this rim formation occurs only 

above a burnup threshold (that is different for different types of fuels). Oxide precipitates and metallic 

precipitates are randomly distributed along grain boundaries, while fission gas bubbles can also form within 

grains. FPs, such as actinides (An) and lanthanides (Ln) are dissolved as oxides within the UO2 grains, while 

grain boundaries are enriched in volatile FPs (e.g. I, Cs, Se). Such volatile FPs tend to migrate towards the 

gap region between the fuel and the clad and these are the elements, which are released instantly upon 

failure of the fuel element (forming the so-called Instant Release Fraction (IRF)). 
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Figure 33: Schematic illustration of actinides and FPs within the SNF microstructure 

after burnup in the reactor. (Figure adapted from Bruno and Ewing [130]) 
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1.10 Other UO2, SNF and SIMFuel studies relevant to GDF studies 
 

SNF dissolution and corrosion is of prime importance, when discussing final disposal options for 

vitrified high level nuclear waste and SNF. Numerous studies have looked into this issue and studied actual 

SNF [131], SIMFuel [132-134] and UO2 behaviour under repository conditions [135], evaluating the effect of 

the stoichiometry of SNF as well as the chemical composition of the groundwater. CeO2 has also been used 

as an analogue to study the dissolution of fcc-type structures [136]. A corrosion study on AGR SIMFuel is 

also available [137], which uses the AGR SNF analogue material described in this thesis. A comprehensive 

review by Shoesmith on fuel corrosion processes under disposal conditions [138] summarises earlier works. 

He points out that fuel corrosion is enhanced under oxidising conditions, due to the much higher solubility 

of U6+ compared to that of U4+, and reviewed the effect of O2, H2O2 and other oxidants. The influence of pH, 

oxygen concentration, temperature, water radiolysis, and the formation of corrosion product deposits were 

evaluated among other factors and parameters. 

Measuring the thermophysical properties of UO2 fuel pellets and SNF is also important for the deeper 

understanding of heat transport within these materials and the design of more advanced nuclear reactors 

with higher thermal efficiencies. Measurements on UO2 pellets are relatively easy, but to take FP 

contribution into account, SIMFuel is needed. The thermophysical properties of UO2 are summarised by 

Fink [139], and similar studies were done on SIMFuel by Lucuta et al. [140-142] focusing on thermal 

conductivity and specific heat.  

Thermal expansion and thermal conductivity of SIMFuel were also measured by Kang et al. [57, 58]. 

They concluded that the thermal expansion of the SIMFuel samples as well as the UO2 increase 

monotonically up to 1.8 ΔL/L0 within the temperature range of 400 °C and 1800 °C. The thermal 

conductivity decreases with dopant level at low temperature (300 K) from ~6 W/mK to ~3.2 W/mK. As the 

temperature increases to ~1500 K the thermal conductivity approaches ~2 W/mK for every simulated 

burnup. 

To understand the effect of FPs on the nuclear fuel, the most common grey phase forming elements 

(BaZrO3 and BaCeO3) were also investigated [143] and melting points determined: Tm(BaZrO3) =  ~2978 K; 

Tm(BaCeO3) = ~2016 K. 
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2 FISPIN code analysis 
 

One of the most important pieces of information needed for research on AGR SNF is its composition as 

a function of time. An inventory calculation provides the basis to get a better idea on derived properties, 

e.g. mass, activity or heat production of isotopes present in SNF. These calculations are made using so-

called fuel inventory codes and are helpful for predicting reactor conditions during operation or dealing 

with nuclear waste. 

In the following sections a general overview is given on fuel inventory codes, then the FISPIN code and 

its output files are described in more detail.  

 

2.1 Introduction to fuel inventory codes 
 

In nuclear fuel the composition during irradiation and storage evolves. The change in fuel composition 

is due to nuclear fission, neutron capture and radioactive decay and is referred to as “burnup” [144]. The 

changes occurring on the nuclear fuel characteristics in the reactor core have to be closely followed and 

most importantly precisely predicted for core lifetime and reactor behaviour analysis. 

To accurately model evolution of fuel composition in nuclear fuel, the five main phenomena have to 

be taken into consideration: 

1. Depletion of fissile nuclides: The number of fissile nuclides (e.g. 235U or 239Pu) decreases by fission 

as time goes on. 

2. Conversion of fertile (non-fissile) nuclide to fissile nuclide: The number of fissile nuclides increases 

due to neutron capture and beta decay during irradiation. 

3. Production of FPs: During fission various FPs are generated, which are neutron absorbers and 

therefore have a negative impact on fuel reactivity. 

4. Radioactive decay: Many isotopes produced during irradiation are unstable and they transform 

into other nuclides through α-, β-decay, spontaneous fission and other processes. This phenomena 

has various impacts on the fuel reactivity depending on the nuclides generated. 

5. Transmutation of nuclides due to neutron absorption: Numerous nuclear reactions can occur upon 

absorption of a single neutron, including various numbers of neutron emission, γ radiation, proton 

or α particle emission and so on. This phenomena is important, as it has considerable effects on 

core neutronics. 

The first three phenomena take place simultaneously in the reactor core, but all of these overlap somewhat 

and distinct categorisation is impossible. 
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To get closer to modelling composition evolution, nuclear reaction chains have to be identified based 

on the various transmutations that occur in the reactor core during irradiation. One example is the 

conversion of 238U into fissile 239Pu: 
238U (n,γ) → 239U(β) → 239Np(β) → 239Pu 

This is a typical burnup chain, which appears in reactor analysis. Considering, however, that there are 

thousands of isotopes present in the nuclear fuel and they are being generated or used up in multiple 

nuclear reactions, the actual nuclear transmutation is highly complicated and calculating all of them is not 

feasible. Therefore the most significant burnup chains need to be identified to simplify the system, make 

computation possible, and simplifying fuel evolution. Different approaches to this simplification provides 

one of the key differences in inventory codes, and each has its advantages and disadvantages depending on 

the number of nuclides, decay chains and transmutations considered. 

Another important factor when designing a burnup chain is the evaluation of FP yield. There are 

nuclear data files available (e.g. JNDC nuclear data library issued by the Japanese Nuclear Data Committee 

[145-147]) with yield values for more than a thousand FPs. In fuel inventory codes a maximum few hundred 

of these FPs are independently treated, so selecting the appropriate yield data for the already simplified set 

of nuclides is crucial. Many nuclides can be generated through various processes, and such cumulative yield 

has also been included into the codes. There are few approaches to tackle this problem, e.g. the utilization 

of small codes that calculates independent and cumulative yields, but this still remains a very complicated 

task. 

Further complications include the estimation of the branching ratio. Depending on the incident 

neutron energy, one isotope can produce different daughter nuclides – however, there are not many 

experimental results on this relationship, so this can be a source of error. 

Once all the events and phenomena are identified, described and appropriately simplified, a general 

form of the burnup equation can be described by: 

 

𝑑𝑑𝑁𝑁𝑖𝑖
𝑑𝑑𝑑𝑑

= production rate− absorption rate− decay rate (1) 

 

Its extended form, taking into account direct production from a fission, the production due to neutron 

capture ((n,γ) reaction), production due to decay of other nuclides (α and β), disintegration by the neutron 

absorption and the decay of the nuclei, is written as follows [144]: 

 

𝑑𝑑𝑁𝑁𝑖𝑖
𝑑𝑑𝑑𝑑

= �𝛾𝛾𝑗𝑗𝑖𝑖𝜎𝜎𝑓𝑓,𝑗𝑗𝑁𝑁𝑗𝑗𝛷𝛷
𝑗𝑗

+ 𝜎𝜎𝑐𝑐,𝑖𝑖−1𝑁𝑁𝑖𝑖−1𝛷𝛷 +�𝜆𝜆𝑘𝑘𝑖𝑖𝑁𝑁𝑘𝑘
𝑘𝑘

− 𝜎𝜎𝛼𝛼,𝑖𝑖𝑁𝑁𝑖𝑖𝛷𝛷 − 𝜆𝜆𝑖𝑖𝑁𝑁𝑖𝑖  (2) 
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where 

Ni: number density of nuclide i [cm-3], 
γji: yield of nuclide j from a fission of nuclide i [-], 
σf,j: microscopic cross section of nuclide j [cm2] 
Φ: neutron flux [cm-2s-1] 
σc,i-1: capture cross section of nuclide i-1 [cm2] 
λki: decay constant of nuclide k to nuclide i [s-1] 
λi: decay constant of nuclide i [s-1] 
σa,i: absorption cross section of nuclide I [cm2] 

This equation is a differential equation of the first order [148] and can be written in a more general 

form: 

𝑑𝑑𝑁𝑁��⃗
𝑑𝑑𝑑𝑑

= 𝑨𝑨𝑁𝑁��⃗  (3) 

where 

𝑁𝑁��⃗ : vector of nuclide number density, 
A: the burnup matrix 

 
When the burnup matrix is constant, the analytical solution of the equation above is given as: 

𝑁𝑁��⃗ (𝑑𝑑) = exp(𝐀𝐀𝑑𝑑)𝑁𝑁��⃗ (0) (4) 

This can be derived for a single nuclide, e.g. 235U: 

𝑁𝑁 U235 (𝑑𝑑) = 𝑁𝑁 U235 (0)exp (−𝜎𝜎𝛼𝛼𝛷𝛷𝑑𝑑) (5) 

However, analytical expression for a general case for the matrix exponential (exp(At)), where more 

than one nuclide is present, cannot be obtained. Therefore, it is necessary to seek a numerical solution for 

the above equation. 

Over the years a number of scientists have investigated various solution methods for the problem and 

these are listed here [144]: 

• The Euler Method 
• The Runge-Kutta Method 
• The Matrix Exponential Method 
• The Matrix Decomposition Method 
• The Bateman Method 
• The Padé Approximation 
• The Krylov Subspace Method 

 
All of these methods provide valid solutions for the same problem, but have their advantages and 

disadvantages. Definitions for the burnup and burnup time and the normalization of neutron flux is 

necessary, and potential errors can occur, e.g. connected to the reaction rate (production, absorption and 

decay rates), initial fuel composition or normalization error of thermal output.  
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The most well-known burnup analysis code is the ORIGEN2 code, in which all the major results from 

the above methods and approaches are implemented, and so it provides good estimation for how isotopes 

are changing in the fuel during burnup. Inventory changes are closely linked to the local neutron spectra 

and neutron flux and therefore inventory codes need data from core neutronics codes for accurate 

inventory prediction. 

 

2.2 The FISPIN code 
 

The FISPIN code was written in the early 1970`s [149] to calculate the production and removal of FPs, 

actinides and structural materials during reactor operation and after spent fuel discharge from the reactor. 

The program has gradually been improved upon by NNL and AMEC [150] and now it provides information 

on the SNF FP distribution, burnup, activity and gamma spectra after certain reactor and cooling times. To 

do this, FISPIN uses various dataset libraries, which include atomic numbers, weights of nuclides, half-lives, 

decay chain data and fission yield data. These libraries can be modified or changed in accordance with the 

type of calculation needed. Due to the large number of isotopes and the possible interlinks between them, 

it is necessary to make simplifications in the calculations, e.g. only decays with high probability are taken 

into account, or only the main decay schemes are followed. These simplifications may have an impact on 

certain radioisotopes, but do not have a negative impact on the overall results. 

The basic equations solved by FISPIN are those giving rate of change of nuclide number density (N) 

with time (t); for ith nuclide it is: 

 
𝑑𝑑𝑁𝑁𝑖𝑖
𝑑𝑑𝑑𝑑

= −𝑁𝑁𝑖𝑖(𝜆𝜆𝑖𝑖 + 𝜎𝜎𝑖𝑖𝜑𝜑) +�𝑁𝑁𝑗𝑗�𝜆𝜆𝑖𝑖𝑗𝑗 + 𝜎𝜎𝑖𝑖𝑗𝑗𝜑𝜑�
𝑗𝑗

+ �𝑁𝑁𝑘𝑘𝜎𝜎𝑓𝑓𝑘𝑘𝜑𝜑𝑌𝑌𝑘𝑘𝑖𝑖
𝑘𝑘

 (6) 

 
where:  

λi = decay constant (s-1) 

λij = decay constant of decay of nuclide j producing nuclide i (s-1) 

σi = absorption cross section (cm2) 

σij = cross section of nuclide j for a reaction producing nuclide i (cm2) 

σf = fission cross section (cm2) 

ϕ = neutron flux (cm-2s-1) 

Yki = yield of nuclide i from fission of nuclide k 

 
Using equation (6), the amount of each significant radionuclide is constantly followed along with those 

producing it as well as the daughter isotopes. Additional settings in the program include fuel enrichment, 
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requested fuel burn-up and irradiation time (or cooling time) at which point the program calculates an 

output file. 

The datasets provided by NNL in this project are just such FISPIN calculation outputs, containing 

information on isotope composition, radiation of total SNF and individual FPs and gamma-spectra. The 

calculation covers the life of nuclear fuel from load to the reactor through discharge to 100,000 years of 

cooling time (25 different calculation points within this period). These datasets have been analysed 

focusing on a number of important aspects, such as the abundance of important radionuclides and their 

radiotoxicity. The exact composition of spent AGR fuel after various times was also calculated to be able to 

produce a simulated SNF that will mimic as far as possible the real SNF. These tables are presented in this 

chapter. 

 
The following datasets are available: 

• 25 Gigawatt·day/tonne U initial burn-up fuel after 0, 100, 1000, 10000 and 100000 years cooling 

time. 

• 43 Gigawatt·day/tonne U initial burn-up fuel after 0, 100, 1000, 10000 and 100000 years cooling 

time.  

 
The different burnups represent the “mean case” and “peak case” pin scenarios. The “mean” case is 

designed to be representative of average reactor conditions:  

• Enrichment of 235U is set to 2.65 wt%. 

• Power rate is constant at 15 W/g U. 

• Irradiation time ( ~4.57 y) is chosen to give an end-of-life burnup of 25 GWd/t U. (2.60 wt.%). 

The “peak case” is identical to the mean case except for two changes: 

• Enrichment is set to 3.2 wt%. 

• Irradiation time ( ~7.84 y) is chosen to give an end-of-life burnup of 43 GWd/t U. (4.44 wt.%). 
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2.2.1 Radiological analysis of spent nuclear fuel 
 

Apart from knowing the composition of SNF, it is also important to understand some of its main 

radiological features. In this section these are highlighted and described in detail. To produce the tables and 

figures below the 43 GWd/t U burnup dataset was used. 

 

 
Figure 34: Number of isotopes within SNF as a function of time. 

In Figure 34 the number of isotopes can be seen after various times following discharge from the 

reactor. The number of inactive isotopes is constant but the number of radioactive isotopes is decreasing 

due to radioactive decay. The most important (for radiation protection) short half-life isotopes, such as 90Sr 

and 137Cs decay within the first 1000 years, but some of the isotopes with longer half-lives are present even 

after geological times, including minor actinides, such as Pu and Am isotopes. 
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Figure 35: Weight distribution of first 20 most common isotopes in 1 tonne of SNF (fuel burn-up: 43 GWd/t U, cooling time: 
100 years) excluding 238U. 

Figure 35 shows the weight distribution of the most abundant elements in 1 tonne of SNF excluding 
238U, calculated by FISPIN. Oxygen isotopes are not considered in this calculation. Only seven isotopes are 

radioactive and all of them have long half-lives (Table 8). The weight of the rest of the isotopes present in 

the spent fuel is less than 1000 grams – typically only a few grams – per tonne of SNF. Radioisotopes in the 

first twenty isotopes have a long half-life which means that their specific activity is low. However, they pose 

various threats to the environment: while 144Nd and 142Ce can be considered as stable elements, and 235U 

and 236U are naturally-occurring elements, the plutonium isotopes are manmade and highly radiotoxic. 

These isotopes also have heavy metal properties, so their radio toxicity is complemented by chemical 

toxicity. 

 
Isotope: Half-life (years): 
236U 2.3437·107

240Pu 6567.1 
239Pu 24125 
235U 7.04·108 
144Nd 2.293·1015 
142Ce 50·1015 (theorised) 
99Tc 2.1125·105

Table 8: Half life of the most abundant radioisotopes in SNF after 
100 years of storage. 
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Figure 36: Isotopes with highest activity content in SNF (fuel burn-up: 43 GWd/t U, 100 years after discharge) 

In Figure 36 the radioactive isotopes with the highest activities present in the SNF can be seen at 100 

years of cooling time after discharge from reactor (fuel burn up: 43 GWd/t U). It is striking that four species 

(137Cs, 137mBa, 90Y and 90Sr) have much greater activity than the rest of the active isotopes. The level of the 

activity is similar in the first and second (Cs – Ba pair) as it is in the third and fourth (Y – Sr pair) cases. 

 

Isotope Average weight (g) in 
1 tonne of SNF 

137Cs 147.15 
137mBa 2.25·10-5 

90Y 0.0148 
90Sr 58.98 

241Am 771.79 
238Pu 78.21
241Pu 6.87 
240Pu 29930 
239Pu 2664.50 
235mU 5.37·10-6 

Table 9: Weights of the most radioactive isotopes in 
1 tonne of AGR SNF calculated by the FISPIN code 
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Table 9 indicates the weight of isotopes which have high activity in 1 tonne of SNF. One of the 

members of the highly radioactive pairs (137mBa and 90Y) has very low weight. It is also revealed that the first 

four isotopes have negligible mass but account for more than 95% of the activity of the SNF. 

 

 
Figure 37: Most radioactive isotopes in SNF (fuel burn-up: 43 GWd/t U, cooling time: 100,000 years) 

Figure 37 shows the most radioactive elements after 100,000 years of cooling time. There are 

significant differences, when comparing this data to Figure 36. After such a long storage, the main 

contributors to radioactivity in SNF are 99Tc, 239Pu and 235mU, as 90Sr and 137Cs have already decayed away. 

Note the scale on the Y-axis; the most active isotopes are just above ~10 Ci activity, while – after only 

100 years of cooling time – the most active isotopes reach over 12,000 Ci. The total activity of the SNF is 

not even close to that of only 100 years of cooling time. 

  
Figure 38: 90Y and 137Cs decay chains [151]. 
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Investigating the connection between the 90Sr and 90Y and the 137Cs and 137mBa it is now clear that the 
90Y is a daughter isotope of the 90Sr and similarly the 137mBa is a daughter isotope of the 137Cs (Figure 38), 

which is a dominant primary fission product. Referring to Table 9, 90Y and 137mBa have negligible weight in 1 

tonne of SNF because they are short-lived isotopes; as soon as the mother core decays into these isotopes 

they immediately decay further into stable isotopes-which are present in the FPs in significant weight. This 

phenomena is called transient equilibrium. 

 
Figure 39: 235U fission fragment distribution [152]. 

When investigating the origin of these hazardous radioisotopes it is necessary to study the 235U fission 

fragment distribution. From Figure 39 it is clear where Cs and Sr isotopes originate: these isotopes are the 

primary 235U fission fragments and their yield is high, almost 10 at.%. Two examples for typical decay chains 

are also presented in Figure 39, yielding stable 140Ce and 94Zr isotopes. 
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Figure 40: Total activity/tonne of AGR SNF with cooling times of 0, 55 y, 100 y, 1000 y, 10.000 y and 100.000 y using logarithmic 
representation. 

Analysing the total activity of the AGR SNF after various cooling times it is clear that the activity 

decreases rapidly with longer cooling times. This is illustrated well in Figure 40, where log(A) gives near 

linear correlation with log(time), showing the importance of initial SNF storage after discharge. 

 

2.2.2 Analysis of the FISPIN code from the composition perspective 
 

To understand the chemical behaviour of SNF, its composition must be determined as a function of 

time. In this section the calculation of SIMFuel composition from the isotope distribution is illustrated. 

From the FISPIN output files – supplied by NNL – the amount of each FP can be extracted. Some of the 

FPs are present in kilogram quantities in one tonne of spent AGR fuel; some of them are present at levels of 

less than 10-3 mol. In this study, isotopes higher than 10-1 mol are taken into consideration, as the rest of 

the FPs have only negligible presence in SNF. Table 10 shows the number of isotopes in the SNF for both 25 

and 43 GWd/t U burn-ups that reach this threshold. 

By comparing the substantial isotopes for 100, 1000, 10 000 and 100 000 years of cooling time, the 

1000 and 10 000 y elemental compositions are not that much significantly different from the two others, so 

for further study only the 100 and the 100,000 years datasets were used. 
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Fuel burn-up 
[GWd/t U] 

Cooling time [years] 
100 1000 10,000 100,000 

25 82 79 78 78 
43 90 87 87 91 

Table 10: Number of substantial isotopes present in AGR SNF. 

 
Analysing the FISPIN code further, Table 11 and Table 12 can be generated as a general overview of 

the AGR SNF based on the output files. These tables illustrate some of the features of the SNF after various 

times, showing the number of active and inactive isotopes present, the mass and amount of 238U, and the 

substantial and the negligible isotopes.  

These numbers highlight the fact that the majority of the SNF is in fact 238U, and that only about 60 kg 

of FP is generated from 1 tonne of UO2 nuclear fuel. A significant portion of these FPs are already stable 

isotopes. Isotopes present in substantial amounts make up most of this mass, while the mass of the 

negligible isotopes only totals about 130 – 200 grams and by doing so, this only causes 0.25-0.50 % error in 

the calculations. Therefore, this portion was left out when calculating SIMFuel composition. 
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43 GWd/t U burnup 
Cooling time (years) 

0 100 1000 10000 100000 
Total mass (g): 1000117.17 1000094.85 1000076.30 1000041.00 999980.61 
Total amount (mol): 4392.10 4392.01 4392.10 4392.05 4392.09 
Total number of isotopes 1076 337 313 300 294 
Inactive isotopes 170 170 170 170 170 
Active isotopes 906 167 143 130 124 
Number of isotopes that has 
significant amount in the SF 104 90 87 87 91 

Total mass of 238U isotope (g): 940700 940680.0 940680.0 940700.0 940810.0 
Total amount of  238U isotope (mol): 3952.5 3952.4 3952.5 3952.5 3953.0 
Total mass of substantial isotopes - 
238U(g): 59210.08 59288.05 59273.26 59201.77 59024.42 
Total amount of substantial isotopes - 
238U (mol): 437.99 438.57 438.56 438.42 437.95 

Total mass of negligible isotopes (g): 207.10 126.80 123.03 139.23 146.20 
Total amount of negligible isotopes 
(mol): 1.587 1.039 1.045 1.135 1.137 
Inaccuracy in mass [negligible 
/(substantial-238U)*100] % 0.350 0.214 0.208 0.235 0.248 
Inaccuracy in amount [negligible 
/(substantial-238U)*100] % 0.362 0.237 0.238 0.259 0.260 
Table 11: General overview of AGR SNF composition and activity for the 43 GWd/t U AGR SNF. 

25 GWd/t U burnup 
Cooling time (years) 

0 100 1000 10000 100000 
Total mass (g): 1000036.92 1000038.46 1000026.38 999991.08 999943.02 
Total amount (mol): 4313.35 4313.39 4313.39 4313.37 4313.35 
Total number of isotopes 1076 337 313 300 294 
Inactive isotopes 170 170 170 170 170 
Active isotopes 906 167 143 130 124 
Number of isotopes that has 
significant amount in the SF 95 82 79 78 78 

Total mass of 238U isotope (g): 958400.0 958400.0 958400.0 958400.0 958430.0 
Total amount of  238U isotope (mol): 4026.9 4026.9 4026.9 4026.9 4027.0 
Total mass of substantial isotopes - 
238U(g): 41433.39 41492.79 41482.88 41422.50 41283.25 
Total amount of substantial isotopes 
- 238U (mol): 284.92 285.33 285.33 285.20 284.71 

Total mass of negligible isotopes (g): 203.53 145.68 143.51 168.58 229.77 
Total amount of negligible isotopes 
(mol): 1.541 1.155 1.160 1.276 1.640 
Inaccuracy in mass [negligible 
/(substantial-238U)*100] % 0.491 0.351 0.346 0.407 0.557 
Inaccuracy in amount [negligible 
/(substantial-238U)*100] % 0.541 0.405 0.406 0.447 0.576 
Table 12: General overview of AGR SNF composition and activity for the 25 GWd/t U AGR SNF. 
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The ultimate goal for analysing the FISPIN output files is to calculate the composition of a simulated 

spent AGR nuclear fuel, in which radioisotopes are surrogated by stable isotopes of the same element. An 

approach [53, 54, 153] for calculating the SIMFuel composition is to tabulate the substantial isotopes based 

on their chemical behaviour in SNF (Table 13). Once the groups are determined, every substantial isotope 

can be included in one of these groups. 

 
Elements: 

Gaseous (Kr, Xe, He) La 
U (+Pu + Np + Am + Cm) Sr 

Nd (+ Sm + Eu + Gd + Pr + Tb) Y 
Zr Rb + Cs 

Mo I + Br 
Ru (+ Tc) Te + Se 

Ba Sn + Sb 
Ce Cd + Ag 
Pd Pb + Nb 
Rh Rest of the elements 

Table 13: List of main types of isotopes present in SNF 

The reasons for grouping the elements in this way are as follows: 

• U, Np, Pu and Am (Cm) represented by UO2. In general, the rare earths (La, Ce, Pr, Nd, Pm and Sm) 
and the actinides (Pu, Np) are completely miscible in UO2 [54]. Moreover, their location within the 
Periodic Table makes UO2 the best surrogate material for Pu, Np and Am (237Np is the only 
substantial isotope) 

 
• Tc and Ru represented by RuO2. 99Ru is the daughter element of 99Tc (the only Tc isotope present in 

SNF), and they are neighbours in the Periodic Table.  
 

• Nd and other rare earth elements from atomic number 59 to 71. Although all of these elements can 
be found in the datasets only a few of them (Nd, Sm, Eu, Pr, Tb and Gd) are present in significant 
amounts in SNF. They are represented by using Nd2O3 because of their similar chemical behaviour, 
all being f-group elements, and because Nd is a very predominant element amongst RE whatever 
the burnup and cooling time is. 

 
• Zr, Mo, Ba, Ce, Pd, Rh, La, Sr, Y are represented by their own inactive oxides and carbonates. 

 
• Cs and Rb represented by CsCO3. Cs and Rb have similar chemical behaviour as both are alkali 

metals. 
 

• Te and Se represented by TeO2. Te and Se have similar chemical behaviour as both are 
chalcogenides [80]. Tellurium has a significant presence in SNF and Se is a trace element for 
detecting radioactive leakage into groundwater. 

 
• Xe, Ar, He, Br and I: They are treated as inert gases and volatile elements, and therefore not 

included in calculations. They may, however, be added via ion irradiation[80]. 
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Other elements in the isotope lists at levels greater than 0.1 mol include Sn, Sb, Cd, Ag, (Nb and Pb). 

They are present in relatively small amounts in SNF and some are present only during the first few years of 

SNF life, while others appear after 100000 years as daughter elements (Pb, Nb). As a result these were 

neglected in this study. 

Table 14 and Table 15 summarize the total amount of each tabulated element group after different 

cooling periods. For simple referencing, each group was allocated with a number (1-20). 

Table 14 shows how the amount of these element groups` changes over time, at a fuel burn up of 

25 GWd/t uranium. These data indicate that, in most of the cases, there is no significant change between 

100 and 100 000 years of cooling time. Exceptions are Zr and Sr, as within the first 100 years all 90Sr decays 

away into 90Zr, so while the amount of Sr decreases, the amount of Zr increases. After really long cooling 

time, e.g. >100 000 years, the amount of 93Nb isotope climbs above the 0.1 mol threshold level. All isotopes 

with substantial level (~80 isotopes for 25 GWd/t U AGR SNF) are included in the first 19 groups, and the 

last group (Code: 20) is the total of the rest of the isotopes FISPIN calculates (about 220-230 isotopes). The 

total amount of this group is relatively low compared to most of the other element groups, so neglecting 

these isotopes does not cause significant error when calculating SIMFuel composition (See Table 11 and 

Table 12). Similar trends are observed for the 43 GWd/t U burn-up fuel (Table 15). 

 >0.1 mol;25 GWd/t 

Code Elements: Amount (mol) 
(100 yrs) 

Amount (mol) 
(1000 yrs) 

Amount (mol) 
(10000 yrs) 

Amount (mol) 
(100000 yrs) 

1 Gaseous (Kr, Xe, He) 32.22 32.22 32.22 32.22 
2 Uranium + Pu + Np + Am + Cm 4093.94 4093.96 4093.85 4093.66 
3 Nd+ Sm + Eu + Gd + Pr + Tb 32.53 32.53 32.53 32.53 
4 Zr 33.93 34.36 34.34 34.10 
5 Mo 26.26 26.26 26.26 26.26 
6 Ru + Tc 21.89 21.87 21.89 21.89 
7 Ba 14.01 14.66 14.66 14.66 
8 Ce 12.72 12.72 12.72 12.72 
9 Pd 8.33 8.33 8.33 8.32 

10 Rh 3.44 3.44 3.44 3.44 
11 La 6.67 6.67 6.67 6.67 
12 Sr 3.46 3.03 3.03 3.03 
13 Y 4.08 4.08 4.08 4.08 
14 Rb + Cs 13.30 12.65 12.64 12.57 
15 I + Br 1.46 1.46 1.46 1.46 
16 Te + Se 3.12 3.12 3.12 3.12 
17 Sn + Sb 0.152 0.151 0.142 0.000 
18 Cd + Ag 0.727 0.727 0.727 0.727 
19 Pb + Nb 0.000 0.000 0.000 0.265 
20 Rest of the elements 1.155 1.160 1.276 1.640 

Table 14: The amount of element groups after various cooling times for the 25 GWd/t U burn-up. 
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 >0.1 mol;43 GWd/t 

Code Elements: Amount (mol) 
(100 yrs) 

Amount (mol) 
(1000 yrs) 

Amount (mol) 
(10000 yrs) 

Amount (mol) 
(100000 yrs) 

1 Gaseous (Kr, Xe, He) 55.35 55.35 55.35 55.35 
2 Uranium + Pu + Np + Am + Cm 4016.63 4016.76 4016.65 4016.50 
3 Nd+ Sm + Eu + Gd + Pr + Tb 55.601 55.60 55.60 55.60 
4 Zr 55.26 55.92 55.88 55.49 
5 Mo 44.49 44.49 44.49 44.49 
6 Ru + Tc 38.65 38.62 38.65 38.65 
7 Ba 24.95 26.02 26.02 26.16 
8 Ce 21.61 21.61 21.61 21.61 
9 Pd 18.42 18.42 18.42 18.39 

10 Rh 4.96 4.96 4.96 4.96 
11 La 11.10 11.10 11.10 11.10 
12 Sr 5.47 4.81 4.81 4.81 
13 Y 6.44 6.44 6.44 6.44 
14 Rb + Cs 21.45 20.37 20.36 20.25 
15 I + Br 2.55 2.55 2.55 2.54 
16 Te + Se 5.65 5.65 5.65 5.81 
17 Sn + Sb 0.443 0.441 0.423 0.291 
18 Cd + Ag 1.956 1.956 1.956 1.956 
19 Pb + Nb 0.000 0.000 0.000 0.560 
20 Rest of the elements 1.039 1.045 1.135 1.137 

Table 15: The amount of element groups after various cooling times for the 43 GWd/t U burn-up. 

Detailed composition calculations of AGR SNF for 25 GWd/t U and 43 GWd/t U burn-up can be seen in 

Table 16 and Table 17, respectively. In these tables the total amount and the mass of each of the element 

groups are given. Considering only those element groups, which can actually be surrogated in a real SNF 

(groups 2-13), the at.% was calculated. The weights of the stable oxide (or carbonate, oxalate) forms of 

these elements required to produce the desired composition are also included. 

Not every element group can be surrogated by stable oxides or other compounds. The most important 

example of such a group is the noble gases (Code: 1). Other groups include volatile species (e.g I, Cs or Te); 

these elements could theoretically be included in the SIMFuel powder blend when fabricating SIMFuel, but 

they leave the sample bulk during the sintering stage. Another group include hazardous metals (Cd, Ag) 

that are difficult to work with under laboratory conditions and whose concentrations is low. 

To make sure that these simplifications and neglected isotopes do not cause significant differences 

when calculating the final composition an “accuracy” factor was calculated showing that >98 % of the 

elements were taken into account for SIMFuel production; and the majority of the remaining 2 % are the 

gaseous species and the volatile 133Cs. 
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Isotope threshold: 0.1 mol;25 GWd/t Time: 100000 years Time: 100000 years 

Code Elements: Amount [mol] Mass [g] m(oxide) [g] at% 
1 Gaseous (Kr, Xe, He) 32.22 4140.11     
2 Uranium + Pu + Np + Am + Cm 4093.66 974132.19 259.404 96.065 
3 Nd+ Sm + Eu + Gd + Pr + Tb 32.53 4716.50 1.284 0.763 
4 Zr 34.10 3166.11 0.986 0.800 
5 Mo 26.26 2561.54 0.887 0.616 
6 Ru + Tc 21.89 2214.68 0.684 0.514 
7 Ba 14.66 2013.88 0.679 0.344 
8 Ce 12.72 1792.60 0.514 0.298 
9 Pd 8.32 880.44 0.239 0.195 

10 Rh 3.44 353.88 0.102 0.081 
11 La 6.67 927.62 0.255 0.157 
12 Sr 3.03 266.65 0.125 0.071 
13 Y 4.08 362.98 0.108 0.096 
14 Rb + Cs 12.57 1519.32     
15 I + Br 1.46 177.69     
16 Te + Se 3.12 382.85     
17 Sn + Sb  0.000 0.000     
18 Cd + Ag 0.727 79.605     
19 Pb + Nb 0.265 24.607     
20 Rest of the elements 1.640 229.770     

  Total: 4313.35 999943.02 265.2665 100 

 
Total-gases-(groups 14-20) 4261.36 993389.07 

  
 

Accuracy (%) (groups 2-13/total) 98.79 99.34 
  

 
Substantial isotopes 4311.71 999713.25 

  Table 16: Detailed calculation for calculating the SIMFuel composition (25 GWd/t U, 100,000 years cooling time) 

 
Isotope threshold: 0.1 mol;43 GWd/t Time: 100000 years Time: 100000 years 

Code Elements: Amount [mol] Mass [g] m(oxide) [g] at% 
1 Gaseous (Kr, Xe, He) 55.35 7130.69     
2 Uranium + Pu + Np + Am + Cm 4016.50 955793.51 251.981 93.316 
3 Nd+ Sm + Eu + Gd + Pr + Tb 55.60 8073.05 2.173 1.292 
4 Zr 55.49 5154.32 1.589 1.289 
5 Mo 44.49 4341.78 1.488 1.034 
6 Ru + Tc 38.65 3912.91 1.195 0.898 
7 Ba 26.16 3589.87 1.199 0.608 
8 Ce 21.61 3046.20 0.864 0.502 
9 Pd 18.39 1945.84 0.523 0.427 

10 Rh 4.96 510.83 0.146 0.115 
11 La 11.10 1542.40 0.420 0.258 
12 Sr 4.81 423.42 0.196 0.112 
13 Y 6.44 573.22 0.169 0.150 
14 Rb + Cs 20.25 2450.40     
15 I + Br 2.54 311.02     
16 Te + Se 5.81 716.29     
17 Sn + Sb  0.291 36.378     
18 Cd + Ag 1.956 215.367     
19 Pb + Nb 0.560 66.931     
20 Rest of the elements 1.137 146.196     

  Total: 4392.09 999980.61 261.943 100.000 

 
Total-gases-(groups 14-20) 4304.20 988907.34 

  
 

Accuracy (%)(groups 2-13/total) 98.00 98.89 
  

 
Substantial isotopes 4390.95 999834.42 

  Table 17: Detailed calculation for calculating the SIMFuel composition (43 GWd/t U, 100,000 years cooling time) 
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3 Experimental 
 

In this chapter the methodology employed to produce UO2-based SIMFuel is described along with the 

chemicals used, followed by the techniques applied to characterise these materials. 

A non-standard ceramic powder processing route called “masterbatching” was applied for the 

production of UO2-based AGR SIMFuel. In this process the additives are first mixed to produce a 

concentrated mixture and this batch is then mixed with the larger component, in this case UO2. The 

fundamental steps of this technique are to prepare a powder that might consist of one or more compounds 

(matrix material and dopants), shape it to the form desired using either a uniaxial or isostatic press and 

sinter it to the required density. Once made the product is then characterised in terms of its phase content 

and microstructure. SIMFuels for LWR type reactors had already been produced using this technology and 

on that basis AGR SIMFuel processing has been developed and is described here. 

 

3.1 Experimental limitations 
 

There are several limitations involved in SIMFuel fabrication, which are challenging to overcome. In 

this section these are listed with the best possible solution to minimize the difference between actual SNF 

and the model material. 

Under real conditions the evenly distributed 235U fissile isotope fissions into two smaller fragments 

called fission products (FP). These FPs are therefore generated on an atomic scale within the UO2 crystal 

structure. Simulating such a system directly is not possible because the radioactive FPs cannot be 

surrogated with stable elements directly on the same atomic scale. The only viable option is to use fine 

powders as dopants, where the particle size can only be as low as 10-50 nm. Due to chemical stability 

reasons the FP surrogates are added to the UO2 matrix in the form of oxides or oxide precursors 

(carbonates and oxalates), which decompose at higher temperature. As these additives cannot be 

distributed into UO2 on an atomic scale, from the beginning of the experiment they are present as larger 

aggregates (1-100 µm), providing seeds for many different chemical reactions which may otherwise not 

occur in actual SNF. The minimum size of any secondary phase is also predetermined in those cases where 

the element is not soluble in UO2. This might give misleading information on the size distribution of certain 

secondary phases, which form in the SNF. 

Not every material can be surrogated in SIMFuel. Noble gases and volatile elements provide the vast 

proportion of the FPs, having significant impact on the SNF properties, producing fission gas bubbles within 

UO2 grains and forming exotic chemical compounds at the interface of the fuel and the cladding. As these 

elements cannot be incorporated into the UO2 matrix using the normal ceramic processing routes, they 

have to be simply ignored. Attempts were made to include tellurium and cesium, but as described later in 
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this thesis elemental analysis showed complete volatilization of these elements. Future work, implanting 

volatile species by ion implantation, could be considered (Chapter 6). 

In a nuclear reactor the fuel sees an extremely high radiation field including all possible types of 

radiation. The radiation effect on the fuel is significant, but the aim of developing SIMFuel is to avoid or 

minimize this radiation field so as to be able to handle the material easily. The long-term irradiation effect 

on the microstructure is therefore not considered in this study. 

While only the doped UO2 is produced and fabricated in this study, in reality the fuel is in contact with 

other materials. The most important from this perspective is the fuel cladding, which can initiate several 

beneficial or non-beneficial chemical reactions. Due to the fabrication route of the SIMFuel, the effect of 

the cladding could not be studied on the fuel within the time of this PhD, but again could be considered in 

future work (Chapter 6). 

In a real nuclear fuel pellet a temperature gradient and chemical inhomogeneity exists between the 

middle of the pellet and its outer surface, along with differences in O/U ratio. Also, there is a temperature 

difference longitudinally in the AGR fuel pin. Due to these differences, the pellet microstructure will be 

inhomogeneous, meaning that radial and circumferential cracks occur and a so-called “core-rim structure” 

evolves. In our experimental setup this effect of the temperature gradient cannot be simulated without 

great difficulties, therefore the core-rim structure does not form. 

 

3.2 Materials used 
 

The composition of UO2-based AGR SIMFuel is complex and more than 10 dopants were blended with 

UO2 to simulate the major FPs and reproduce the expected secondary phases. 

3.2.1 Depleted UO2 
 

Depleted UO2 used for the experiments was provided by NNL and received in a powder form and not 

treated in any way prior to usage. This powder was manufactured in 1997 by BNFL at Springfields from 

depleted UF6. Even though the actual UO2 powder was not characterised before the experiments, NNL 

provided details on enrichment, grain size and morphology of typical depleted UO2 powder they use. The 

depleted UO2 used for both phase 1 and phase 2 experiments was from a batch called TDU/OH/22. Average 

particle size distribution for TDU/OH/21 and TDU/OH/23 batches are included in Table 18 but data is not 

available for TDU/OH/22, though powder properties are likely to be very similar to batches 21 and 23. 

Therefore the best assumption made to determine the average particle size distribution for the used 

powder is to calculate the average of the other known powders. In such way the average particle size for 

TDU/OH/22 is assumed to be: (3.98±0.53+3.62±0.20)/2=3.8±0.4 µm. 
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 Average Volume Mean (D(4,3)) Average 50% < (D(V,0.5)) 
TDU/OH/21 7.26±0.50 µm 3.98±0.53 µm 
TDU/OH/23 5.81±1.07 µm 3.62±0.20 µm 

Table 18: Typical values of average grain size for depleted UO2 used by NNL. 

Figure 41 shows depleted UO2 granulates, as supplied in a glass jar and later used to produce the first 

set of AGR SIMFuel pellets. 

 

 
Figure 41: Depleted UO2 granulates in a glass jar used for production of the 

1st batch of AGR SIMFuel pellets. (Batch TDU/OH/22, outer diameter of 
glass jar: 5 cm) 

 
The morphology of depleted UO2 is well characterised by SEM, but pictures are only available from 

another batch of UO2 and not exactly the same powder used in these experiments. The typical powder 

morphology is shown in Figure 42A and B. The morphology of these powders (large µm aggregates 

comprised of 50-500 nm ultimate crystals) is typical of a ceramic powder derived from a vapour phase 

route. This observation is consistent with the deconversion route of UF6 on an industrial scale. In this 

process, the UF6 is first vaporised with steam then the product UO2F2 is reacted with hydrogen at 700 °C to 

chemically reduce uranium to yield UO2 powder and HF [52]. 
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Figure 42: SE SEM image showing morphology of depleted UO2. 
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3.2.2 Fission product surrogates 
 

A number of different compounds were used during SIMFuel production. These compounds were 

mainly metal oxides, and in some cases carbonates and oxalates. 

Every chemical, apart from UO2, was supplied by AlfaAesar (Heysham, Lancashire, UK) and their purity, 

stated by the supplier, is given in Table 19 and 20 along with other information for phase 1 and phase 2 

samples respectively. 

 
Chemicals used in phase 1 experiments 
Oxide Description 
Palladium (II) oxide anhydrous, 99.9 % (metals basis), Pd 85% min 
Yttrium (III) oxide REacton ® ,99.999% (REO) 
Neodymium (III) oxide REacton ® ,99.99% (REO) 
Lanthanum (III) oxide REacton ® ,99.99% (REO) 
Cerium (IV) oxide REacton ® ,99.9% (REO) 
Rhodium (III) oxide anhydrous, 99.9 % (metals basis), Rh 80.6% min 
Molybdenum (VI) oxide 99.95% (metal basis) 
Barium carbonate 99.80% 
Zirconium (IV) oxide 99% (metals basis excluding Hf) (Hf: >3 %) 
Strontium oxide 99.5 % (metals basis), SrO ≥97% 
Ruthenium (IV) oxide anhydrous, 99.9% (metals basis) 
Cesium carbonate Puratronic, 99.994% (metals basis) 

Tellurium (IV) oxide 99.995% (metals basis) 
Table 19: Purity and description of the chemical used for the first set of samples. 

Chemicals used in phase 2 experiments 
Oxide Description 
Palladium (II) oxide anhydrous, 99.9 % (metals basis), Pd 85% min 
Yttrium (III) oxide nanopowder, <50 nm particle size 

Neodymium (III) oxide nanopowder, <100 nm particle size (BET) 99.9% trace 
metals basis 

Lanthanum (III) oxide nanopowder, <100 nm particle size (TEM) 99% trace 
metals basis 

Cerium (IV) oxide nanopowder, <50 nm particle size (BET), 99.95 % trace 
rare earth metals basis 

Rhodium (III) oxide anhydrous, 99.9 % (metals basis), Rh 80.6% min 
Molybdenum (VI) oxide nanopowder, 100 nm (TEM), 99.5 % trace metals basis 
Barium carbonate 99.80% 
Zirconium (IV) oxide nanopowder, <100 nm particle size (TEM) 
Strontium oxalate 99.999% trace metals basis 
Ruthenium (IV) oxide anhydrous, 99.9% (metals basis) 

Chromium (III) oxide nanopowder, >100 nm particle size (TEM), 99% trace 
metals basis 

Table 20: Purity and description of the chemical used for the second set of samples. 

Secondary electron SEM images of each dopant powder (FP surrogates) used for preparation of the 1st 

set of pellets are shown in Figure 43.  
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As industrial production of these powders vary so does the microstructure for each of these dopant 

powders. Some powders, e.g. CeO2 and SrO are agglomerated, the agglomerates are cracked and are in the 

size range of 10-30 µm. The La2O3 consist of flakes, while the MoO3 micrograph shows well-defined flat 

crystallites up to ~30 µm. The Nd2O3 and Y2O3 powders have similar characteristics. In both cases sharp 

edged crystals can be seen with particle sizes up to 20 µm, most likely due to milling operations. Rh2O3 and 

RuO2 are both nanopowders, and perfect resolution was not achieved with the SEM used. The ZrO2 powder 

consist of spheroidal agglomerated particles, which is typical of a spray dried powder processing route. 

These agglomerates can be as large as 30 µm in diameter. The BaCO3 powder made up of uniform, 

submicron size crystallites that are not agglomerated in contrast to experience with handling bulk material. 

Figure 43K and L both show PdO powder particles. These particles are typically elongated, rod shaped 

agglomerates (up to 100 µm in length) of submicron crystallites. 

Based on these images, which were taken after the completion of phase 1 experiments, most of the 

powders are too large to be used as fine dopants, which can explain some of the phenomena seen during 

the characterisation of the samples (see chapter 5 for more details) 
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Figure 43: SEM micrographs of dopant powders used for phase 1 pellet preparation. A: CeO2, B: SrO, C: La2O3, D: MoO3, 
E: Nd2O3, F: Y2O3, G: Rh2O3, H: RuO2, I: ZrO2, J: BaCO3, K: PdO, L: PdO agglomerate. 

 
Secondary electron SEM images of each dopant powders (FP surrogates) used for the 2nd set of pellet 

preparation are shown in Figure 44 The image set is not complete, but 8 of the oxide compounds are 

represented here. Note, that some of the oxides used in the fabrication of the 2nd set of pellets were the 

same as those used before: BaCO3, and PdO, therefore no new images were taken. In the case of RuO2 and 

Rh2O3, however, better high resolution images were captured. 
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Figure 44: SEM micrographs of dopant powders used for phase 2 pellet preparation. A: CeO2, B: Nd2O3, C: La2O3, D: 
Rh2O3, E: MoO3, F: RuO2, G: Y2O3, H: ZrO2 agglomerate, I: ZrO2, J: SrC2O4. 

 
These micrographs show that – compared to those dopant powders used in the phase 1 experiment – 

the particle size of the dopants was significantly smaller, and most of them are submicron sized. CeO2, 

Nd2O3 and La2O3 consist of loose agglomerated nano crystallites, similarly to Rh2O3 and RuO2, where 

improved images were taken. These morphologies suggest similar production route. The MoO3 micrograph 

shows significantly larger (up to 10 µm long), elongated grains along with submicron sized crystallites. The 

Y2O3 powder consists of flakes, which suggest a processing route involving foams. The ZrO2 morphology is 

typical of that produced by spray drying, but the size of agglomerates is significantly smaller (up to 5 µm in 
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diameter). Figure 44H shows nanocrystallites as building blocks for the spherical agglomerates. SrC2O4 is 

made up of irregular shaped particles with various sizes up to 50 µm. 

These micrographs clearly show that improvements were made regarding particle size of the dopant 

powders for the Phase 2 powders, although they typically form agglomerates, which might not break up 

during the applied mixing procedures. 

Table 21 shows the average particle size (APS; given as a mean value ± one standard deviation) of the 

FP surrogates used for the production of phase 1 and phase 2 samples. APS of phase 1 dopant powders 

were measured using a Mastersizer 2000 instrument (Malvern Instruments Ltd, Malvern, UK) at Imperial 

College London, while the other measurements were done at Springfields, using a Mastersizer 3000 unit. 

The latter unit is able to measure particle size in both wet and dry dispersion, and powders were measured 

under both of these conditions to compare the results and see how the analysis technique affects the APS 

results. Average particle size is given as D50, which represents the median diameter, meaning that 50% of 

the particles are smaller and 50% of them are larger than the given value. In this table none of the 

compounds, except SrO and CsCO3, are water soluble. Error ranges are associated with instrumental errors. 

Average particle size [µm] 

Oxides: 
Phase 1 dopants Phase 2 dopants 
Wet dispersion (in water) Wet dispersion (in water) Dry dispersion(in air) 

Nd2O3 21.68±0.32 88.7±11.9 - 
ZrO2 15.24±0.01 9.99±0.02 9.78±0.17 
MoO3 21.42±0.34 2.96±0.09 3.51±0.351 
RuO2 3.88±0.07 4.11±0.03 2.24±0.217 
BaCO3 - 4.59±0.39 55.95±7.07 
CeO2 22.87±0.11 6.30±0.07 7.77±0.02 
PdO 46.12±0.24 41.00±0.54 ~31.6 
Rh2O3 0.70±0.25 1.23±0.19 - 
La2O3 17.16±0.08 22.46±0.19 15.6±0.22 
SrO - n/a n/a 
Sr(COO)2 n/a 20.1±0.316 19.3±1.01 
Y2O3 7.79±0.01 50.78±0.70 55.3±17.3 
Cs2CO3 - n/a n/a 
TeO2 - n/a n/a 
Cr2O3 n/a 3.37±0.11 4.81±0.38 
Table 21: Average particle size (D50) of dopant powders used in phase 1 and phase 2 experiments. Also, there is a comparison 

between 2 measurement techniques effecting the results on APS. 

Powder XRD was conducted on powders used for phase 1 experiments, and the XRD-pattern matched 

with the reference patterns stored in the XRD Reference Software. The analysed powders were crystalline 

and pure. XRD analysis was done at Imperial College London using the X`Pert Pro experimental unit 

(PANalytical, Cambridge) operating at 40 kV and 40 mA, using Ni-filtered CuKα radiation. 
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The measurement principles for the Mastersizer 3000 instrument at Springfields are Mie theory and 

Fraunhofer approximation [154]. Its detection system works with a red light (maximum 4 mW He-Ne laser; 

632.8 nm, used for forward scattering, side scattering and back scattering) and a blue light (maximum 

10mW light emitting diode, 470 nm), used for wide angle forward and back scattering. The size range for 

the measured particles is between 0.01 and 3500 µm, and the accuracy is better than 1 % (sample and 

sample preparation dependent). The instrument uses the full Mie theory that solves the equations for 

interaction of light with matter. It assumes that the particle is spherical and needs the refractive indices. 

This calculation works along with the Fraunhofer approximation that has three assumptions: 1) the particle 

is much larger than the wavelength of light employed, 2) all sizes of particle scatter with equal efficiencies 

and 3) the particle is opaque and transmits no light. As these assumptions are incorrect for many materials 

and for small particles, the errors associated with the measurements can be as high as 30 %. 

It is important to know that the fundamental size distribution derived by this technique is volume-

based. Both of the theories applied during the measurements assume spherical particles, and uses the 

particle volume to measure its size. When a particle has an irregular shape, its so-called “equivalent 

sphere” is calculated and the diameter of this sphere would be the result given by the instrument. 

There are practical challenges associated with the sample preparation, when measuring the APS of the 

compounds listed in Table 21. As SEM images indicate, most of these powders are agglomerated and only a 

portion of these agglomerates break up during sample preparation. The effect of this is clear on the 

distribution curves (e.g Figure 45), when agglomerates are represented with a peak or coarse shoulder at 

larger APS and the finer crystallites form another peak with smaller APS. One single peak was rarely 

detected during measurements, and if so, APS was larger than expected, typically within the 2-25 µm 

range. Generally, there is good agreement between wet and dry dispersion measuring methods, and the 

instrumental error for subsequent measurements is not significant. However, when measuring duplicate 

samples APS can be completely different, suggesting reproducibility is not good. Therefore, APS data can be 

regarded as only indicative, and represent the agglomerated particle size (of the equivalent sphere) 

distribution of the powder batches, as they were used in the experiments. 
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Figure 45: Distribution curves and measured values for APS, for BaCO3 in wet dispersion showing decrease in agglomerations as 

the measurement progresses. 

 
Table 22 collects basic physical and chemical data on the compounds and elements used during 

production of SIMFuel, as well as those believed to be forming during sintering. This table includes molar 

mass, density, melting point and boiling point, as well as crystal structure. This collection of data helps to 

understand the behaviour of certain elements, oxides and other compounds during the experiments, 

whether a particular compound decomposes at a given temperature, sublimes, evaporates or remains 

unchanged. 
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Compound Molar Mass [g/mol] Density [g/cm3] Melting point [°C] Boiling point [°C] 
UO2 270.028 10.97 2865 - 
Nd2O3 336.478 7.24 2272 3760 
ZrO2 123.223 5.85 2710 4300 
MoO3 143.940 4.69 795 1155 – Subl. 
RuO2 133.069 7.00 - 1200 – Subl. 
BaCO3 197.336 4.286 811 1360 – Decomp. 
CeO2 172.114 7.65 2400 3500 
PdO 122.419 8.7 870 – Decomp. - 
Rh2O3 253.809 8.2 1100 – Decomp. - 
La2O3 325.809 6.51 2315 4200 
SrO 103.619 4.7 2430 3200 – Decomp. 
Y2O3 225.810 5.03 2439 4300 
Cs2CO3 325.820 4.24 610 – Decomp. - 
TeO2 159.60 5.75/6.04 733 1245 
Sr(COO)2 175.64 2.08 200 – Decomp. - 
Cr2O3 151.990 5.22 2330 4000 
Mo 95.94 10.28 2622 4639 
Ru 101.07 12.45 2546 ~4400 
Rh 102.91 12.41 1966 3695 
Pd 106.42 12.023 1555 3167 
BaO 153.326 5.72 2013 2000 

Table 22: Basic physical and chemical data of compounds and elements used or generated in the SIMFuel manufacture [155]. 
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3.3 SIMFuel pellet preparation 
 

Two batches of simulated SNF pellets were produced. The first batch of samples (Phase 1) were 

prepared to prove the concept described in the literature for PWR SNF [53] but with modified composition 

to be representative of spent AGR nuclear fuel. The second batch of samples (Phase 2) were prepared after 

most of the results from analysis of the first batch of samples became available and it was possible to fine 

tune the production route and fabricate a better product in terms of second phase chemistry and pellet 

microstructure. 

For AGR SIMFuel fabrication the principal steps are as follows: 

1. FP surrogate characterisation and mixing (masterbatch production) 

2. Blending dopant mix with UO2 

3. Green pellet preparation 

4. Pellet sintering 

 

3.3.1 Preparation of the 1st set of pellets (Phase 1) 
 

The first part of the sample preparation was to calculate the exact powder composition using data 

provided by NNL and calculated using the FISPIN FP inventory code. Such calculations were made for 2 

different average burn-ups, after 100 years cooling time, that represent the mean case (25 GWd/t uranium; 

low-doped blend) and the peak case (43 GWd/t U; high-doped blend). The results of this calculation are 

given in Table 23. Other cooling time data (1000 years, 10000 years and 100000 years) gave similar 

compositions, so for the first experiment it was decided to use the 100 years cooling time isotope 

distribution only. 

 
SIMFuel composition 100 years cooling time (at.%) 100 years cooling time (wt.%) 

Oxides: 
25 GWd/t U 
(Low-doped) 

43 GWd/t U 
(High doped) 

25 GWd/t U 
(Low-doped) 

43 GWd/t U 
(High doped) 

UO2 95.705 92.748 97.588 95.869 
Nd2O3 0.761 1.284 0.483 0.827 
ZrO2 0.793 1.276 0.369 0.602 
MoO3 0.614 1.027 0.334 0.566 
RuO2 0.512 0.892 0.257 0.455 
BaCO3 0.328 0.576 0.244 0.435 
CeO2 0.297 0.499 0.193 0.329 
PdO 0.195 0.425 0.090 0.199 
Rh2O3 0.080 0.115 0.038 0.056 
La2O3 0.156 0.256 0.096 0.160 
SrO 0.081 0.126 0.032 0.050 
Y2O3 0.095 0.149 0.041 0.064 
Cs2CO3 0.311 0.495 0.191 0.309 
TeO2 0.073 0.130 0.044 0.080 

Table 23: SIMFuel composition (at.% and wt.%) after 100 years cooling time for both 25 and 43 GWd/t U burnup. 
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60.00 g batches were prepared for each composition in addition to a pure depleted uranium (DU) 

oxide reference blend. Using the metal oxides and carbonates listed in Table 23 except for UO2, the 

mixtures of all additives (the masterbatches) were prepared at Imperial College. The preparation included 

weighing of materials and an overnight ball milling with ZrO2 milling media under dry conditions. When 

ready, the exact amount of masterbatch was separated into a sealable cylindrical glass container and 

transported to Springfields, NNL active laboratory. At Springfields DU oxide was available to carry out the 

experiments. The amount of uranium oxide mixed with the additives made up 60.00 g of blended material 

ready for pellet preparation. 

The same concept for thorough mixing is used not only in the ceramics industry [156], but for 

preparing dyes (for automobiles, pharmacy [157], polymers, etc.), soaps, or carbon nanotubes [158] among 

others. In all of these cases a concentrated mixture is prepared, e.g. pigment, dye or oil, that can be as 

concentrated as 60 wt.% or higher. This concentrated solution or dry mixture than added to a bulk material 

in low concentration (e.g. 1 wt.%) to prepare the final product. 

“Force sieving” was applied to carry out sufficient mixing of the DU and the dopants using 0.1 mm 

mesh size sieves and a brush. The procedure was repeated 4 times to get a homogeneous distribution. The 

next step was the precompaction of the powder to produce granulates, after subsequent sieving through a 

1.14 mm sieve, to achieve a good flow of the material. About 75 MPa pressure was used for 

precompaction. Even though “force sieving” is not a recognised mixing operation, it is widely used in 

Springfields for mixing uranic powders with additives. 

As a granule lubricant, 0.2 w% of zinc stearate was added (British Rema Processing Ltd., Chesterfield, 

UK) and slowly mixed with the material for 5 minutes using rotation mixer. The lubricant was used to get a 

good grain flow, which makes the blend easier to handle and reduces friction with the die walls. Thereafter 

for pressing the granulate to green pellets a pressure of 400 MPa was applied with a uniaxial pressing 

machine. The inner diameter of the die is 11.30 mm. 28 pellets in total, 10 pellets of pure uranium oxide 

pellets, and 9 each of the low- and high-doped pellets, were prepared in this way (compositions given in 

Table 23). 

For pellet sintering a high temperature, vacuum/controlled atmosphere, front loading, cold wall, 

refractory metal furnace was used supplied by Cambridge Vacuum Engineering (Cambridge, UK). The 

furnace consists of a double walled stainless steel, water cooled chamber. The inside of the furnace 

comprises a resistance heated tungsten (W) heating element, W work stand and concentric layers of 

radiation shielding. Mo sheathed thermocouples are used to measure temperature. The furnace chamber is 

355 mm wide, 405 mm high and 300 mm deep. 

Some of the tools and equipment used for pellet preparation and sintering are shown in Figure 46. 
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Figure 46: Equipment and tools used for pellet production. A: Sieve and brush for powder blending; B: press used for pre-

compaction; C: Press used for pellet pressing; D: Tungsten stage within the sintering furnace showing the pellet sets before 
sintering; E: Sintering furnace chamber showing the layout of the heating elements. 

 

All pellets were sintered at the same time at a heating rate of 5 °C/min to 300 °C and then 15 °C/min to 

1730 °C. The holding time was 300 min and the cooling rate was constantly 15 °C/min until room 

temperature was reached. The furnace atmosphere contained 99.5 at% H2 and 0.5 at% CO2 for safe 

operation. As-produced pellets are shown Figure 47. 

The particle size (D50) of the depleted uranium oxide used is 3.8 µm. This data is supplied by the NNL 

and was measured using Mastersizer Microplus instrument (Malvern Instruments Ltd, Malvern, UK). The 

particle sizes of other additives are not available after ball milling as some of the components are soluble in 

water. 

 

A B 

D 

C 

E 

90 
 



 
Figure 47: Visual appearance of the three pellet sets prepared in phase 1. Pellet diameter is ~11.5 mm. 

One pellet from each composition (pure UO2 pellet, low-doped and high-doped pellets) was mounted 

in resin, polished and characterised at Springfields. A Struers Accutom-2 precision cut-off machine (Struers, 

Catcliffe, UK) with a Struers MOD13 diamond cut-off wheel (Struers, Catcliffe, UK) was used to cut the 

pellets first into half, then cut one of these halves into two again. In this manner, a longitudinal section and 

two vertical pieces were prepared from one pellet of each composition. Water lubrication was used and the 

wheel was running at ~2000 rpm and the feeding speed was about 0.5 mm/s. MetPrep Vari-Set 20 acrylic 

resin (MetPrep Ltd, Coventry, UK) was used to mount the samples (Figure 48). 

 
Figure 48: Resin mounted UO2 based SIMFuel cross section. (Grid 

is 3 cmx3 cm) 

To achieve a good surface for SEM characterisation, different polishing techniques were applied. 

Firstly, a Struers MD Piano 220 grinding disc on a Struers MD magnetic platen on a Struers Rotopol machine 
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(Struers, Catcliffe, UK) was used to grind samples flat. This was done by hand with water lubrication with no 

mechanical rotation for approximately 20 minutes. In the next step, a Struers Largo grinding disc was used 

on the same machine, also done by hand with MetPrep 6 micron monocrystalline diamond paste and 

Struers DP Green water-based lubricant. After the grinding methods, MetPrep Durasilk cloth (MetPrep Ltd, 

Coventry, UK) with the same paste and lubricant as before, for about 20 minutes, was used as intermediate 

polishing step. The fine polish was conducted in the same way, but using 1 micron monocrystalline 

diamond paste. Finally, 0.25 micron monocrystalline diamond paste was used for approximately 5 minutes. 

A 30 minute ultrasonic clean in deionised and degassed water and then drying using a curtain of blown 

cold air made the samples ready for SEM characterisation. For these samples coating with Au – to make 

samples conductive and avoid charging of the sample surface – was not necessary, as they were examined 

in an environmental SEM used in low vacuum mode (0.6 Torr / 80 Pa). 

 

3.3.2 Preparation of the 2nd set of pellets (Phase 2) 
 

The preparation method for phase 2 samples was based on the first pellet preparation with three 

important changes that aimed to improve the quality of the SIMFuel pellets representing average burn-up 

and high burn-up. As a side-experiment, two other pellet batches (“modified composition”) were prepared 

to test the validity of predictive calculations by Michael Cooper, another Imperial PhD student also working 

on SIMFuel [159]. The aim of his research was to calculate energies necessary to remove FPs from UO2 and 

UO2+x and incorporate them into ZrO2, BaZrO3 and SrZrO3 using atomic scale simulation [120], among others 

[160-162]. It was also shown that excess of Cr3+ as a fuel additive element makes the partition into the 

BaZrO3 phase more favourable for larger trivalent cations, such as Lu3+, Er3+,Dy3+, Gd3+ and Y3+, and similarly 

in SrZrO3 for FPs, like Sm3+, Nd3+, Pr3+ and La3+. This effect can be shown because Y, Nd and La is included in 

the dopant mix. 

The first change was the composition of the SIMFuel samples, which was based on the FISPIN 

calculations for 100,000 years cooling time that is thought to be a more representative timescale for SNF 

disposed in a repository. The other important change was that the samples were sintered in two stages, 

first for 5 h and then 7 extra h, giving a total of 12 h sintering and allowing more time for species to migrate 

and form different phases. The third change was the use of nanopowders for the production of these 

pellets. The use of nanopowders aimed to improve homogeneity, pellet compaction and densification. 

Average particle sizes of dopants used for phase 1 and phase 2 experiments were given in Table 21. 

Comparing these values with the SEM micrographs of the dopants, it is clear that they form agglomerates 

(and the UO2 is doped with micron size agglomerates rather than nanopowders). Compositions of the 

second set of SIMFuel pellets are given below in wt.% (Table 24) and in at.% (Table 25). 
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  Wt.% of all components in SIMFuel 
  Real SNF composition Modified composition 
Oxides: 25 GWd/tU 43 GWd/tU Without Cr With Cr 
UO2 97.790 96.197 91.993 91.932 
Nd2O3 0.484 0.830 3.166 3.167 
ZrO2 0.372 0.606 0.598 0.598 
MoO3 0.334 0.568 0.560 0.560 
RuO2 0.258 0.456 0.450 0.450 
BaCO3 0.256 0.458 0.451 0.452 
CeO2 0.194 0.330 0.325 0.325 
PdO 0.090 0.200 0.197 0.197 
Rh2O3 0.039 0.056 0.110 0.110 
La2O3 0.096 0.160 1.226 1.227 
SrC2O4 0.047 0.075 0.074 0.074 
Y2O3 0.041 0.064 0.850 0.850 
Cr2O3 0.000 0.000 0.000 0.057 
Total: 100.000 100.000 100.000 100.000 

Table 24: Composition of the four batches of SIMFuel in wt.% - 2nd batch of samples. 

  At.% of all components in SIMFuel 
  Real SNF composition Modified composition 
Oxides: 25 GWd/tU 43 GWd/tU Without Cr With Cr 
UO2 96.065 93.316 90.515 90.415 
Nd2O3 0.763 1.292 2.500 2.500 
ZrO2 0.800 1.289 1.289 1.289 
MoO3 0.616 1.034 1.034 1.034 
RuO2 0.514 0.898 0.898 0.898 
BaCO3 0.344 0.608 0.608 0.608 
CeO2 0.298 0.502 0.502 0.502 
PdO 0.195 0.427 0.427 0.427 
Rh2O3 0.081 0.115 0.115 0.115 
La2O3 0.157 0.258 1.000 1.000 
SrC2O4 0.071 0.112 0.112 0.112 
Y2O3 0.096 0.150 1.000 1.000 
Cr2O3 0 0 0 0.100 
Total: 100.000 100.000 100.000 100.000 

Table 25: Composition of the four batches of SIMFuel in at.% - 2nd batch of samples. 

The precisely weighed masterbatch was prepared again at Imperial College and transported to NNL, 

Springfields without any further treatment, mixing or milling. Three glass vials were filled with the 

appropriate amount of these masterbatches, so that 50.0 g of UO2 was required to produce the low-doped 

SIMFuel blend and similarly 50.0 g of UO2 was necessary to produce the highly-doped SIMFuel blend. As for 

the modified compositions (similar to the composition for 43 GWd/t U burn-up, but with higher Nd, Y and 

La content), 100.0 g UO2 was mixed intimately with the remaining dopant mixture, divided into two 50.0 g 

parts, and Cr2O3 was added to one half of this blend. In such a way the four SIMFuel powder blends were 

prepared, weighing ~50.0 g each. Figure 49 shows the flowchart of these procedures. For reference, 2 pure 

depleted UO2 pellets were also pressed and sintered with the doped pellet batches. 
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A total of 8 pellets as well as a short (2 g) pellet was pressed from each composition. Some powder 

sample from each of the four compositions was also retained for ICP-MS analysis. 

The sintering profiles for the production were as follows: 

Stage 1: 
-Heating rate 5 °C/min. to 300 °C and then 15 °C/min. to 1700 °C  
-Hold this temperature for 5 h 
-Cooling rate 15 °C/min. 

Visual observation of the pellets, as well as density measurements. 
Stage 2: 

-Heating rate 5 °C/min. to 300 °C and then 15 °C/min. to 1700 °C  
-Hold this temperature for 7 h 
-Cooling rate 15 °C/min. 

 

Once the pellet batches had been prepared, one pellet from each of the four compositions was cross-

sectioned and prepared for SEM-EDX analysis. 

 
Figure 49: Schematic of the mixing procedure of phase 2 samples. (S25: Masterbatch for the 25 GWd/t U burnup SIMFuel; S43: 

Masterbatch for the 43 GWd/t U burnup SIMFuel; S-RE: Masterbatch for the extra rare-earch doped SIMFuel) 
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These pellet sets, just like in the first batch of pellets, were allocated with an internal code by NNL 

which is used henceforth in this thesis. These codes are: 

V257: Low-doped pellet sets, numbered from 1 to 8. 

V258: Highly-doped pellet sets, numbered from 1 to 8. 

V259: Highly-doped pellet sets with extra amount of Nd, Y and La, numbered from 1 to 8. 

V260: Highly-doped pellet sets with extra amount of Nd, Y, La as well as Cr, numbered from 1 to 8. 

 

Figure 50 shows the as-made sets of pellets after sintering. Apart from some surface colourisation and 

anomaly described later in the Results chapter, all pellets appeared uniformly sintered and suitable for 

further analysis.  

 

 

 
Figure 50: Visual appearance of the four pellet sets after sintering for 12 h. (A: SIMFuel pellet set V257; B: SIMFuel pellet 
set V258; C: SIMFuel pellet set V259; D: SIMFuel pellet set V260). The pellet diameter is ~11 mm in all cases. 

 
One pellet from each composition was prepared for SEM-EDX characterisation. Just like for the phase 1 

samples, a Struers diamond cut-off wheel was used to cut the pellets longitudinally. One half of each pellet 

was then resin mounted using MetPrep Kleerset polyester resin with Ni powder (weight ratio 1:1) as 

A 

D C 

B 
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conductive filler (Buehler Conductive Filler; 100 % powdered metallic Nickel, Buehler, Lake Bluff, Illinois, 

USA). 

The grinding operation started using a Struers MD Piano 220 grit size steel-backed grinding disc and 

water lubrication, applying contrary rotation with sample holder, 10 N force for 2 minutes. This initial step 

was followed by using Struers Piano MD 500 grit side disc for 3 minutes, Struers Piano MD 1200 grit size 

disc at 20 N for 4 minutes and finally Struers Piano MD 2000 grit size at 20 N for 8 minutes. 

MetPrep Trounoire steel-backed polishing cloth with MetPrep 9 micron diamond paste and Struers DP 

Green lubricant was used to start the polishing phases. The machine was set to complimentary rotation, 

applying 20 N force for 20 minutes (4 x 5 minute cycles). After all grinding scratches had been removed 

(sample surface was regularly checked with a small optical microscope next to the polishing machine), 

polishing continued with the same set-up, but using 3 micron diamond paste for another 20 minutes and 

then 1 micron diamond paste for further 20 minutes. The applied force by the polishing head was reduced 

to 15 N for the fourth, 0.25 micron diamond paste, polishing step. Lastly, Struers Chemicloth steel-backed 

polishing cloth with MetPrep 0.05 micron gamma alumina powder, mixed into a suspension in 

demineralised water, was used for fine polish. The applied force for the polishing head was kept at 15 N 

during the 20 minutes total polishing time. 

The polished, resin mounted samples were then cleaned for 1 h in an ultrasonic cleaner and gently 

wiped using blue lab tissue. An example of the final product, a highly polished uranic sample mounted in 

resin is shown in Figure 51. The shiny square feature in the middle of the resin is the actual sample. 

 
Figure 51: One of the conductive resin mounted samples (SPF83.4) that has 

been prepared for SEM-EDX characterisation. 
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3.4 Heat treatments 
 

Heat treatment experiments were performed on three samples from the first batch and its main 

purpose was to follow temperature aging processes. One pellet from each composition (undoped, low-

doped and high doped) was longitudinally cut, resin mounted and polished for SEM characterisation. The 

resin used for this purpose was MetPrep Kleer-Set resin, a clear coloured epoxy resin (MetPrep Ltd, 

Coventry, UK), which can soften if heated in water. This property of the resin allowed the samples to be 

fixed and polished and the removed from the resin before continuing with the first stage of heat treatment. 

This heat treatment was conducted in H2 atmosphere at 825 °C (the typical temperature on the surface of 

the AGR fuel rods) for 48 h. Once this stage of the experiments had been done, the second stage followed 

with significantly higher temperature, but shorter time. At this stage the samples were heated to 1800 °C 

and kept at this temperature for 12 h. This stage could be regarded as another sintering stage. 

All three samples were characterised by an FEI Quanta SEM at Springfields (FEI UK Limited, Cambridge, 

UK) after they had been polished, between the two heat treatment stages as well as after the second heat 

treatment. Using different sample features as landmarks, the same areas were examined every time to 

capture any possible changes in the grain structure or secondary phases, resulting in image triplets shown 

in the Results chapter. 

The steps for the heat treatment experiments are summarised in Figure 52. 

 

 
Figure 52: Flow chart of the experimental steps for the heat treatment experiments. 

After the first heat treatment (hereafter referred to as “low temperature heat treatment”) the 

longitudinally cut pellet sections were characterised by SEM. The aim for this characterisation was to 

capture any changes initiated by the applied heating parameters. After the second heat treatment 

(hereafter referred to as “re-sintering”) the longitudinally cut pellet sections were again characterised by 

97 
 



SEM and average grain size was determined based on a number of images and reported in the Results 

chapter. The shape and size of the actual re-sintered samples are shown in Figure 53. 

 

 
Figure 53: One of the heat treated samples that has been resin mounted, polished, taken out from the resin and 

characterised by SEM-EDX. 

 

3.5 SIMFuel pellet characterisation techniques 
 

A number of characterisation techniques have been used to gain basic information on the physical and 

chemical properties of the SIMFuel, and these techniques and methods are described below. 

3.5.1 Density and pore connectivity 
 

Densities of fired pellets from phase 1 experiments were determined using three different methods 

[163]. First, the pellet dimensions were measured and the bulk densities were calculated based on the 

pellet volume. (This method includes both open and closed porosity and assumes that pellets are perfectly 

cylindrical). The formula, that was used to calculate geometric densities (ρ) was ρ=m/(l·r2·π), where 

l=length, m= weight and r=d/2=half diameter (radius) of the pellet. Later, immersion density measurement 

was applied (Archimedes method), which allowed more precise measurements. Finally, the vacuum 

impregnation (or evacuation) technique described below was applied on selected pellets. Open porosity 

volume was also determined for one pellet from each composition, using the vacuum impregnation that is 

well-established at NNL Springfields Laboratory. This technique only includes closed porosity, which is why 

these density values are higher than those of derived from geometric measurements. For phase 2 samples, 

the immersion density measurement technique was applied, and three pellets from each composition were 

selected for open porosity measurements using evacuation. The errors associated with the density 

measurement were calculated using mean plus one standard deviation (±σ), on a number of samples. 
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However, when it was possible, average density and other dimensions were calculated using this method to 

check the reproducibility. 

To measure open porosity, a glass flask fitted with a vacuum pump connection and a dropping funnel 

was used, and the setup was located within a fume cupboard (Figure 54). The dropping funnel allows the 

user to introduce water into the evacuated flask before breaking the vacuum. When a porous material is 

immersed in a fluid – in this case water – with its open porosity filled by that fluid the upthrust is 

determined by the apparent solid volume (ASV) of the material. This ASV is the sum of the solid volume (SV) 

and the volume of closed pores (CPV). This ASV can also be calculated by measuring the difference between 

the dry weight of specimen and the weight of specimen immersed in water – when open pores are filled 

with water. The open pore volume (OPV), that is the volume (equal to the weight, when ρwater=1 g/cm3) of 

water in the pores, is the difference in weight of the sample saturated with water and in dry conditions, 

measured in air. The bulk volume (BV) is the sum of the ASV and the OPV. Once all of these data are 

measured and calculated, the open porosity fraction can be determined from the ratio between the open 

pore volume and the bulk volume. 

 
Figure 54: Open porosity test rig at NNL (Courtesy for Chris Hartley, NNL) 

 
As there have been significant improvements on the instrumentation at NNL since the project started, 

samples prepared from the 1st batch of pellets were not examined in exactly the same way as the samples 

of the 2nd batch of pellets. However, the techniques are comparable. 
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3.5.2 Optical microscopy 
 

For optical characterisation [164] of all the SIMFuel samples, a Leica DM-RX light microscope (Leica 

Microsystems, Milton Keynes, UK) was used in reflected light mode to collect images via a compatible Leica 

Charge Coupled Device (CCD) camera. This microscope is also fitted with an automated stage for creating 

mosaic images. X5, X10, X20, X50 and X100 objective lenses are available, although the latter was rarely 

used for characterisation purposes. Images captured by this system were analysed by an image analysis 

software that is described in Section 3.5.5. 

 

3.5.3 SEM-EDX 
 

For microstructure imaging, a scanning electron microscope (SEM) was used [165]. This technique uses 

secondary electrons for imaging at much higher resolution than available with light in an optical setup. The 

SEM generates a beam of incident electrons in an electron column above the sample chamber. The 

electrons are produced by a thermal emission source, such as a heated tungsten filament, or by a field 

emission cathode. 

The SEM at Springfields NNL laboratory is an FEI Quanta Environmental SEM (FEI UK Limited, 

Cambridge, UK) operated in low vacuum mode (which covers the range of chamber pressures between 

~0.1-1 torr.) using water vapour. This enables insulating materials to be imaged using both backscattered 

and secondary electron detectors without the need to coat the sample with a conductive layer (e.g. Au). 

Imaging modes used BSED (Back Scattered Electron Detector) and GAD (Gaseous Analytical BSED), whilst 

LFD (Large Field Detector) is a secondary electron detector. In this SEM the electrons are produced by a 

field emission cathode, containing ThO2 on tungsten substrate. 

The LFD is a surface sensitive detector used for capturing high definition surface images. BSED image 

mode is applied when information on elemental composition is needed, as the intensity of the back 

scattered electrons is proportional to the mean atomic number of the sample (elastic scattering). 

Channelling contrast can also be observed on back scattered electron (BSE) images, where differently 

oriented grains exhibit different contrast. This is due to incident electrons penetrating either deep into the 

crystal structure causing low BSE emission rates, or interact near the surface causing high BSE rate [166]. 

The Energy Dispersive X-ray (EDX or EDS) spectroscopy unit used for elemental analysis is an Oxford 

Instruments INCA system (Abingdon, UK) with an SDD (Silicon Drifted Li Detector). EDX is a chemical 

microanalysis technique used in conjunction with scanning electron microscopy (SEM). The EDX technique 

detects X-rays emitted from the sample during bombardment by an electron beam to characterise the 

elemental composition of the analysed volume. When the sample is bombarded by the SEM`s electron 

beam, electrons are ejected from the atoms comprising the sample`s surface. The resulting electron 

vacancies are filled by electrons from a higher state, and an X-ray photon is emitted to balance the energy 
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difference between the two electron`s states. The X-ray energy is characteristic of the element from which 

it was emitted. The EDS X-ray detector measures the relative abundance of emitted X-rays versus their 

energy. When an incident X-ray strikes the SDD detector, it creates a charge pulse that is proportional to 

the energy of the X-ray. The charge pulse is converted to a voltage pulse by a charge sensitive preamplifier. 

The signal is then sent to a multichannel analyser where the pulses are sorted by voltage. The energy, as 

determined from the voltage measurement, for each incident X-ray is sent to a computer to display and 

further data evaluation. Qualitative EDX analysis indicates the presence of an element in the sample by 

comparing the sample X-ray energy values from the EDX spectrum with known characteristic X-ray energy 

values. Quantitative analysis can be done by comparing spectra obtained in unknown samples to those 

obtained using standard (known) targets. 

Two modes of visual representation were used during sample analysis, these are elemental mapping 

and line profile analysis. When elemental mapping is applied, characteristic X-ray intensity is measured 

relative to the lateral position of the sample. Variations in X-ray intensity at any characteristic energy value 

indicate the relative concentration for the applicable element across the surface. During line profile analysis 

the SEM electron beam is scanned along a preselected line across the sample while X-rays are detected for 

discrete positions along the line. Analysis of the X-ray energy spectrum at each position provides plots of 

the relative elemental concentration for each element versus position along the line. 

Samples were mainly examined in Springfields, however three resin-mounted samples from phase 1 

were characterised at Imperial College. 

 

3.5.4 ICP-MS 
 

Inductively coupled plasma mass spectrometry (Elan DRC-e ICP-MS, Perkin Elmer, Viscount Centre 2, 

Coventry, UK) was also used to gain more accurate compositional information [167]. 

Representative pellet fragments were separated from every batch of SIMFuel pellets prepared during 

phases 1 and 2. The aim of these analyses was to determine changes in pellet chemical composition after 

sintering compared to batch compositions when blending dopants with UO2. The sampling method is 

illustrated in Figure 55. In phase 2, powder samples were also separated, to provide further data on powder 

blend composition just before sintering. The sampling method for phase 2 samples is illustrated in Figure 

56. 
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Figure 55: Sampling method for ICP-MS analysis while fabricating SIMFuel pellets in phase 1. 

 
Figure 56: Sampling method for ICP-MS analysis while fabricating SIMFuel pellets in phase 2. 

Pellet fragments from each composition of phase 1 samples were sent to the Analytical Chemistry lab 

at Springfields for ICP-MS analysis (analysis was done by Colette Holmes), focusing on 20 elements. Many of 

these elements were dopants in the SIMFuel samples but others (e.g. Fe, Ni, Ti) were included because they 

are commonly found as impurity elements in uranium compounds. The samples were weighed, then mixed 

with nitric acid in a beaker. The undoped UO2 dissolved completely, but the doped ones did not. Aqua regia 

and fuming nitric acid were added to the samples in an attempt to dissolve the residue remaining, but this 

was also unsuccessful. The samples were then filtered, the filter paper ashed and a sodium peroxide fusion 

performed; dissolution of the remaining residue was still unsuccessful. The samples were filtered again, the 

filter paper ashed and a sodium carbonate fusion performed at 1000 °C; some solid residue remained 

undissolved however. The samples were filtered again, the remaining residue accurately weighed and the 

filters retained. The elemental composition of the solutions obtained from the above dissolution processes 

was determined by ICP-MS. The instrument was calibrated with suitable multi-element standards and 

validity was tested using quality control standards, spikes and blanks. The samples were diluted to within 

the calibration range (0.1-100 µgl-1 for Ti, Cr, Mo, Cs and Nd; 0.1-50 µgl-1 for Ba; 1-100 µgl-1 for Fe, Ni, Sr and 

Zr; 5-100 µgl-1 for Al and Si) of the instrument and/or to remove matrix interferences. The uncertainties are 

quoted at the 1σ confidence level and are based on instrument statistics only.  

The methodology for analysing phase 2 samples was simpler. Two samples from each batch were 

separated from the main materials during the production process, which includes a powder sample from 

each doped UO2 blends as well as pellet fragments from the sintered pellet sets (as illustrated in Figure 56). 

The samples were accurately weighed and transferred to a new PTFE (polytetrafluoroethylene) beaker with 
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deionised water until all the powder was wetted. Concentrated nitric acid (10 ml) was then added to the 

samples before the beakers were gently warmed on a hot plate until dissolution was complete. The 

samples remained on the hotplate for 30 minutes after production of NOx ceased, but were not allowed to 

boil. Insoluble material was observed in all of the samples. The solution was then cooled and filtered 

through Whatman 542 papers. The filters were dried to constant weight and the proportion of insoluble 

material retained calculated. 

All uncertainties are given at the 1σ confidence level based on instrument statistics only – and in one 

case based on duplicate samples. The error associated with instrument statistics is minimal, however, when 

analysis on duplicate samples is done, the real error associated with the measurements can be estimated. 

Such an error on duplicate samples can be as high as 50 % (making them different samples effectively). NNL 

reports their ICP-MS results typically with 20 % confidence level. Therefore, results given in Section 4.9 

have to be carefully considered. 

Environmental SEM-EDX was used to determine the composition of the residual solids. 

3.5.5 Size distribution analysis of microstructural features 
 

Image-Pro Premier (Version 9.0 for Windows) image analyser software (MediaCybernetics, Rockville, 

MD, USA) is used to provide instant analysis options for images. 

For porosity analysis, images with clearly distinguishable pores are essential, and on any black and 

white SEM or optical microscopy images this colour is usually black while any other feature have other 

colours ranging from dark grey to white. This colour difference provides the basis for porosity analysis. 

A standard 8-bit digital image carries 256 intensity levels, ranging from pure black (lowest intensity = 0) 

to pure white (highest intensity = 255). When analysing an image based on its grey colourisation, thresholds 

are set to only work with features of a selected grey level (e.g. features that have grey level in between 0 

and 100). The software is then able to count the number of pixels of the right grey level (essentially 

outlining or selecting the features of interest, called an element) and calculate area, diameter and other 

geometric values and statistics based on this selection – providing that the area of one pixel on the image is 

known (e.g. 1 pixel = 0.1 µm2). 

When porosity was analysed on phase 1 samples, one mosaic image was captured from each 

composition. These mosaic images were comprised of 3x3 single images in the case of the undoped 

reference UO2 sample (SPF10.8) surface, 5x6 single images of the low-doped sample (SPF9.8) surface and 

4x6 single images of the high-doped sample (SPF8.8) surface. On all of these images porosity is represented 

as black features and carefully chosen threshold level for these images were set to select them. Setting the 

correct grey level threshold for the program to run the statistical analysis is therefore crucial. To overcome 

the human error factor connected to setting up the right threshold level, the program was set for two 
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thresholds, which are fairly close to each other and represent a lowest and the highest threshold level, 

which still selects the pores correctly. Using this method, the real value will fall between the values 

measured for porosity. On those images analysed, surface features, holes and voids are present, which are 

significantly larger than the features considered as representation of uniform porosity. Therefore three 

groups were distinguished based on feature area. Features smaller than 0.1 µm2, which is about 3 pixels on 

the images, were not considered because features at this size could be mistaken for background noise. 

Features exhibiting an area between 0.1 µm2 and 20 µm2 were considered as fine porosity. Features larger 

than 20 µm2 in area size were considered as holes, voids and cracks. 

To exclude long polishing scratches from the calculations, the maximum aspect ratio (the ratio 

between the longest and shortest axis of a rounded feature) of the selected features was limited to 4. This 

limitation does not modify the results significantly, as over 98% of the measured elements were still in 

range. Over 20,000 individual features were analysed on every image. In one case the number of elements 

was as high as 134,000. 

ImagePro was also used to determine the metallic precipitate count and distribution based on a 

representative image of the polished surface of the doped samples. Metallic precipitates showed bright 

contrast under reflected light, so every feature with a grey level between 190 and 255 was selected. 

Features with area equal to or less than 3 pixels were excluded from the analysis. Even after these 

restrictions, still over 90 % of the originally selected precipitates were available for analysis. 

The porosity of phase 2 samples was analysed differently from those of phase 1. Micrographs were 

captured using optical microscopy and SEM and a number of images (2-7) were taken from the same 

sample but from different locations to take into account any surface heterogeneity. Also, in the case of 

optical images, 50X and 100X objective lenses were used to capture any effect related to magnification. As 

a result, 52 different optical images and 17 SEM images were studied. Every image was analysed with 2 or 3 

different grey level threshold settings, to apply the correction methodology described earlier. 

3.5.5.1 Numerical examples for porosity calculation 
 

Figure 57 shows an optical image before and after the selection of pores. Due to lens aberrations – 

which cause the upper left and the lower right corners to be out of focus, and have darker background – 

only the green outlined region was used for image analysis. Even though only part of the image was used 

for analysis, the porosity results are still representative for the whole image. The grey level threshold was 

set to 140, after which all pores were highlighted, as seen in Figure 57 B. 
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Figure 57: An optical image before (A) and after (B) selecting the pores within the area outlined by green line. Grey level 

threshold is set to 140. 

 
The area distribution of pores highlighted in Figure 57 is displayed in a graph using logarithmic axes, 

like the one in Figure 58. In this particular case the area statistics are displayed, where each column 

represents 1/64th of the area between 0 µm2 and the largest measured pore area value (~9 µm2). The 

minimum area value was set to 0.025 µm2, (i.e.> 3 pixels). Setting up a minimum level for area means, that 

98.14 % of all features with the right grey scale level are analysed; in this case 843 pores. All other optical 

images were analysed following the same routine. 

 

 
Figure 58: Pore area distribution of the image analysed (Figure 57). Axis X: µm2; axis Y: Number of objects counted. 

 
Figure 59 shows a raw SEM image, which is to be analysed here to show the importance of setting up 

the correct grey level thresholds and demonstrate the validity of the analysis method applied in this study. 

In most cases there is no sharp outline between the pore with dark colour and the UO2 matrix with light 

grey colour, so the decision on the pore-material boundary is complicated. There are cases, when 

A B 
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increasing the grey level threshold by only a couple of units does not make any visible difference, but this 

could still add tens or even hundreds of extra pixels to each pore highlighted, resulting in significant area 

growth for the whole image. 

 
Figure 59: SEM image used as an example for porosity calculation. 

 
Figure 60 shows the pore sizes highlighted in red, when threshold level was set from 60 up to 120, 

respectively. Comparing these areas, the difference between the sizes of individual pores is hardly visible, 

and both could be regarded as correct selection of the features. However, numerical values derived from 

these two selections are completely different, as indicated by Table 26 the % of porosity changes from 3.49 

to 5.17 %. Based on these data, it is clear that the Area % porosity is significantly affected by manual user 

setup. In this study, these statistical values were averaged, assuming that the real value has to be between 

the two extremes, with the appropriate standard deviation. 

 
Porosity statistics 
Image No. Threshold No. of 

elements 
Pore area [µm2] Pore diameter [µm Area % porosity 

25322 0-60 182 0.429±0.531 0.591±0.357 3.49 % 
 0-80 191 0.446±0.548 0.606±0.357 3.80 % 
 0-100 216 0.475±0.521 0.635±0.349 4.56 % 
 0-120 243 0.479±0.548 0.632±0.366 5.17 % 

Table 26: The effect of different threshold levels to the statistical values on porosity. 
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Figure 60: Pores are highlighted on this SEM image, which shows the same area with grey level threshold set to: A: 60 and 

B: 120. 

In this study all SEM images were treated the same way described in this section. Results from the 

measurements are given in the Results chapter (Section 4.6). 

 

3.5.6 Grain size analysis 
 

Average grain size was determined based on SEM images using Lince Linear Intercept 2.4.2β 

(Technische Universität Darmstadt, Germany) software. This software uses the average grain intercept 

method. To calculate average grain size a set of randomly positioned line segments are drawn on the 

micrograph and the number of times each line segment intersects a grain boundary is counted. Intersection 

can be a normal intersection, second phase boundary or at triple junctions (where 3 grains are connected). 

To provide good statistics, at least 50 intersections have to be marked. 

SEM images were used to determine the average grain size of the SIMFuel samples. Some of those 

images were taken from the surface of an intact SIMFuel pellet, which had been previously sintered but not 

treated in any other way prior to the analysis. This surface is essentially a thermally etched surface. Other 

A 

B 
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SEM images were taken from the polished surface of a cut sample that is representative of the bulk grain 

structure of the SIMFuel. 

When thermally etched samples are characterised, the grain boundaries are well-outlined and so the 

intersection with the line segments are well-defined. This is not the case for images taken from the bulk of 

the samples after polishing. As no chemical or thermal etching was applied for the latter, channelling 

contrast was used to make grains visible. UO2 grains with different orientation reflect electrons with 

different efficiency (some electrons are being channelled deeper into the grain than others, and are not 

reflected back), giving different grey-scale contrast to them. In this way, grain boundary intersections can 

be counted. 

Figure 61 shows 2 examples for (A) as-sintered pellet surface and (B) polished (with channelling 

contrast) sample surfaces. 

 
  

Figure 61: Examples for suitable SEM images to determine average grain size. A: As-sintered pellet surface of the undoped pellet 
U404-5; B: Polished sample surface of the SPF81.4 sample showing channelling contrasts. The black features are porosity in both 
cases, they are much more frequent in polished bulk samples. 

 
Figure 62 shows the user interface of the Lince Linear Intercept 2.4.2β software with a micrograph, 

where normal intersections (green marks) and triple junctions (blue marks) are marked on 3 randomly 

oriented lines. On the original image 343 pixels are equal to 20 µm. This particular image is an example and 

shows the results of one of the four average grain size measurements done on the surface of the U404-5 

pellet. Those four values were later averaged and are shown in the results chapter. 

 

A B 
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Figure 62: User interface of Lince Linear Intercept 2.4.2β software with a micrograph and the sheet of statistical values. On the 

original micrograph 343 pixel is equal to 20 micrometres. 
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3.6 Sample coding & Sample family tree 
 

In this section a summary on the sample coding system is given, explaining the name and number of 

pellets produced during each phase, as well as the identification of each sample derived from those pellets 

(Table 27). Other pellets were either cross-sectioned or transported as whole pellets to Cambridge University 

and Lancaster University for irradiation and corrosion studies. 

 
Sample name Pellet code Sample code Comments 
Phase 1 UO2 reference U404-P1 – U404-P10 

(10 pellets) 
-SPF10.8 (from U404-P1) 
-SPF51.5 (from U404-P4) 
-SPF51.6 (from U404-P4) 

-SEM-EDX sample 
-heat treated 
-for Bristol 

Low doped U405-P1 – P9 
(9 pellets) 

-SPF9.8 (from U405-P1) 
-SPF52.5 (from U405-P4) 
-SPF52.6 (from U405-P4) 

-SEM-EDX sample 
-heat treated 
-for Bristol 

Highly doped U406-P1 – P9 
(9 pellets) 

-SPF8.8 (from U406-P1) 
-SPF52.5 (from U406-P4) 
-SPF52.6 (from U406-P4) 

-SEM-EDX sample 
-heat treated 
-for Bristol 

Phase 2 Low doped V257-P1 – P8 
(8 pellets) 

-SPF80.4 (from V257-P1) -SEM-EDX sample 

Highly doped V258-P1 – P8 
(8 pellets) 

-SPF81.4 (from V258-P1) -SEM-EDX sample 

Extra RE doped V259-P1 – P8 
(8 pellets) 

-SPF82.4 (from V259-P3) -SEM-EDX sample 

Extra RE+Cr doped V260-P1 – P8 
(8 pellets) 

-SPF83.4 (from V260-P6) -SEM-EDX sample 

Table 27: Summary of the samples produced from both phase 1 and phase 2 experiments. 
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4 Results 
 

The purpose of this chapter is to show experimental results measured on SIMFuel samples. The 

success of the SIMFuel preparation can then be evaluated. 

The first section of this chapter presents data on the pellet densities after sintering. In the following 

sections, representative examples after visual inspection are given, followed by optical microscopy image 

analysis and SEM characterisation. Grain size and porosity data are shown later, based on both optical 

microscopy and SEM images. An SEM-EDX study of SIMFuel comes next, followed by the results and images 

of the heat treatment experiments. The chapter ends with the ICP-MS analysis, providing information on 

bulk elemental composition of the SIMFuel samples. 

4.1 Density measurements 
 

Density is an important pellet property measured after sintering. In the following sub-sections the 

results of these measurements are given, based on the three measuring techniques used (and described in 

Section 3.5.1). 

4.1.1 Phase 1 pellets 
 

Table 28-24 show the dimensions and bulk densities along with the weight of each prepared pellet. 

Table 28 is for pellets of the reference composition; Table 29 is for the low doped and Table 30 is for the 

high doped compositions. The length dimension of the last member of each set is greater because all of the 

remaining powder was utilised. The dimension of the pellets was measured only once, as a result the 

measurement errors could not be calculated and the instrumental error is constant, 0.03 mm for the digital 

calliper. The weights of the pellets were measured also once and the samples are not available as a whole 

pellet for further study. Therefore, error ranges are not included in Tables 28-30. 

The data show that the pellets are uniformly sintered and there are no significant discrepancies 

between pellets within each pellet set. 

Reference pellets were sintered to high density (97-98 %TD), which is similar to those fuel pellets 

sintered for nuclear reactors but it is also similar to various SNF pellet densities reported in the literature 

(see Table 2). Both the low doped and the highly doped SIMFuel pellets reached about 91-92%TD, which is 

lower than that of the calculated value (~96 %TD) for AGR SNF [84]. 
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Reference pellets:          

Pellet ID: 

Geometric 
Green 

Density 
(g/cm3) 

Green Pellet 
Dimensions (length X 

dia) (mm) 

Mean Bulk 
Density 

(Archimedes) 
(g/cm3) 

Mean Bulk 
Density 

(Geometric) 
(g/cm3) 

Sintered Pellet Dimensions  
(dia X length) (mm) 

Sintered Pellet 
Weight (g) 

Relative Density 
(Archimedes), % 

Relative Density 
(Geometric), % 

U404-1 6.01 10.27 11.46 10.69 10.58 9.38 8.59 6.28 97.7 96.7 
U404-2 - - - 10.69 10.53 9.39 8.61 6.28 97.7 96.3 
U404-3 - - - 10.69 10.58 9.38 8.56 6.26 97.7 96.7 
U404-4 - - - 10.69 10.54 9.39 8.52 6.22 97.7 96.4 
U404-5 - - - 10.69 10.55 9.39 8.54 6.24 97.7 96.4 
U404-6 - - - 10.70 10.52 9.39 8.55 6.23 97.8 96.2 
U404-7 - - - 10.70 10.54 9.39 8.55 6.24 97.8 96.3 
U404-8 - - - 10.69 10.53 9.39 8.54 6.23 97.7 96.3 
U404-9 - - - 10.69 10.55 9.39 8.61 6.29 97.7 96.4 

U404-10 - - - 10.68 10.49 9.37 14.23 10.29 97.7 95.9 
Mean for the first 9 pellets: 10.69±0.004 10.55±0.03 9.39±0.00 8.56±0.03 6.25±0.03 97.7±0.03 96.4±0.19 

Table 28: Reference pellet green and sintered dimensions, densities and weights 

Low-doped pellet:          

Pellet ID: 

Geometric 
Green 

Density 
(g/cm3) 

Green Pellet 
Dimensions (length 

X dia) (mm) 

Mean Bulk 
Density 

(Archimedes) 
(g/cm3) 

Mean Bulk 
Density 

(Geometric) 
(g/cm3) 

Sintered Pellet Dimensions  
(dia X length) (mm) 

Sintered Pellet 
Weight (g) 

Relative 
Density 

(Archimedes), 
% 

Relative 
Density 

(Geometric), % 

U405-1 5.96 10.38 11.45 9.83 9.71 9.60 8.88 6.24 91.4 90.2 
U405-2 - - - 9.82 9.73 9.59 9.01 6.33 91.3 90.4 
U405-3 - - - 9.81 9.68 9.60 8.93 6.26 91.2 90.0 
U405-4 - - - 9.82 9.71 9.59 8.97 6.29 91.3 90.2 
U405-5 - - - 9.82 9.72 9.59 8.99 6.31 91.2 90.3 
U405-6 - - - 9.81 9.70 9.59 8.96 6.28 91.2 90.2 
U405-7 - - - 9.82 9.71 9.59 8.87 6.22 91.2 90.2 
U405-8 - - - 9.80 9.60 9.59 8.96 6.21 91.1 89.2 
U405-9 - - - 9.77 9.64 9.59 12.54 8.73 90.8 89.6 

Mean for the first 8 pellets: 9.82±0.009 9.69±0.04 9.59±0.00 8.95±0.05 6.27±0.04 91.2±0.09 90.1±0.38 
Table 29: Low-doped pellet green and sintered dimensions, densities and weights 

High-doped pellet:          

Pellet ID: 

Geometric 
Green 

Density 
(g/cm3) 

Green Pellet 
Dimensions (length 

X dia) (mm) 

Mean Bulk 
Density 

(Archimedes) 
(g/cm3) 

Mean Bulk 
Density 

(Geometric) 
(g/cm3) 

Sintered Pellet Dimensions  
(dia X length) (mm) 

Sintered Pellet 
Weight (g) 

Relative 
Density 

(Archimedes), 
% 

Relative 
Density 

(Geometric), % 

U406-1 5.91 10.31 11.45 9.76 9.63 9.60 8.81 6.14 91.9 90.7 
U406-2 - - - 9.75 9.62 9.60 8.99 6.26 91.8 90.6 
U406-3 - - - 9.73 9.58 9.60 9.16 6.35 91.6 90.2 
U406-4 - - - 9.73 9.61 9.60 9.06 6.30 91.6 90.5 
U406-5 - - - 9.76 9.61 9.60 9.03 6.28 91.9 90.5 
U406-6 - - - 9.75 9.62 9.60 8.95 6.23 91.8 90.6 
U406-7 - - - 9.72 9.60 9.60 9.08 6.31 91.6 90.4 
U406-8 - - - 9.72 9.56 9.60 9.02 6.24 91.5 90.0 
U406-9 - - - 9.70 9.51 9.60 12.30 8.47 91.3 89.6 

Mean for the first 8 pellets: 9.74±0.016 9.60±0.04 9.60±0.00 9.01±0.10 6.26±0.06 91.7±0.15 90.4±0.22 
Table 30: High-doped pellet green and sintered dimensions, densities and weights 
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Table 31 compares the average values for the different densities for each pellet set from the first batch 

of pellets. It is clear based on their higher relative density values, that the reference pellets (pure UO2) have 

sintered better than the doped pellets. 

 

Theoretical 
density [TD] 

(g/cm3) 

Geometric 
Green 

Density 

Mean Bulk 
Density 

(Archimedes) 
(g/cm3) 

Mean Bulk 
Density 

(Geometric) 
(g/cm3) 

Relative Green 
Density 

(geometric) (%) 

Relative 
Density 

(Archimedes) 
(%) 

Relative 
Density 

(geometric) 
(%) 

Reference pellet 10.94 6.01 10.69±0.004 10.55±0.03 54.94 97.7±0.04 96.44±0.25 
Low-doped pellet 10.76 5.96 9.82±0.017 9.69±0.04 55.39 91.2±0.16 90.06±0.40 
High-doped pellet 10.62 5.91 9.74±0.021 9.60±0.04 55.65 91.7±0.20 90.40±0.35 

Table 31: Theoretical, geometric, bulk and relative densities of the differently doped samples 

 
To compare density measurement techniques, one pellet from each composition was measured using 

the vacuum impregnation method (described in 3.5.1). This technique also provides information on the 

open porosity of the sintered pellets. Table 32 shows these results along with the weight of the pellets as 

well as the ASV and BV of the pellets. Based on data from Table 31 and Table 32, it can be concluded that 

there is good agreement between the densities of the pellets, also there is no measurable open porosity 

associated with them. 

 
Open porosity measurements – 1st set of samples 

Pellet ID: Air weight [1] Immersed 
weight [1] 

Saturated 
weight (in 
air) [1] 

ASV 
[cm3] OPV [cm3] BV [cm3] Open Porosity 

[%volume] 
Density 
[gcm-3] 

U404-P4 6.2225 5.6412 6.2225 0.582 0.000 0.582 0.000 10.689 
U405-P4 6.2846 5.6455 6.2845 0.640 0.000 0.640 0.000 9.821 
U406-P4 6.2978 5.6509 6.2977 0.648 0.000 0.648 0.000 9.723 
Table 32: Open porosity and density measurements for the 1st set of samples (ASV: Apparent Solid Volume; OPV: Open Pore 
Volume; BV: Bulk Volume) Pellets held under vacuum for 2 h. 

 

4.1.2 Phase 2 pellets 
 

Sintering of the phase 2 pellets was conducted in two stages. The first stage took 5 h, while the second 

lasted 7 h. Density measurements were done on each pellet after both stages, so the effect on density due 

to the second sintering could be studied. Table 33 gives the sintered density of two UO2 reference pellets 

that were sintered along with the SIMFuel pellets and provide good indication of the general success of the 

sintering process. As the weights of the pellets were measured only once, error ranges for the individual 

pellets could not be calculated. 

Reference pellets 
Pellet No. Sintered density (Immersion) [gcm-3] 
Pellet no. 1 10.553 
Pellet no. 2 10.569 

Average: 10.561±0.011 
Table 33: Sintered densities of two reference pellets prepared 

together with the 2nd batch of doped pellets. 
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Density data (Table 33) on the reference pellets shows no significant difference for phase 1 and phase 

2, suggesting that they were successfully sintered and the additional 7 h sintering time does not increase 

the UO2 pellet densities further. 

Geometric green density values were measured for one pellet from each of the four pellet sets (Table 

34). Values are again close to those measured for the phase 1 pellets (Table 31). 

 
Pellet green density (geometric) before sintering [gcm-3] 
Pellet No. V257 V258 V259 V260 
1 5.92 5.87 5.67 5.68 

Table 34: Green pellet densities for one selected pellet from each composition. 

 
Table 35 and Table 36 shows all the density values for every pellet after 5 h and 5+7 h sintering, 

respectively revealing that unlike for UO2 samples in the SIMFuels significant densification occurred due to 

the extra 7 h sintering. Average values for the low-doped (V257) and for the high-doped (V258) pellet sets 

after 5 h sintering are comparable with those from phase 1 (Table 31), suggesting that there was no 

significant difference between the densification process up to this point. The extra 7 h sintering stage was 

planned to produce denser pellets and this proved to be successful, as relative densities for V257 and V258 

pellets increased by about 2 % (from ~90%TD to ~92%TD). However, densities of individual pellets are not 

as uniform as those for phase 1 pellets, which is represented by the larger error in the average densities of 

each pellet sets. The densities for individual pellets were measured only once, so measurement error for 

Table 33 and Table 34 cannot be calculated. 

 
Sintered pellet density (Immersion) after 5 h sintering [gcm-3] 
Pellet No. V257 V258 V259 V260 
1 9.752 9.670 9.361 9.651 
2 9.652 9.486 9.643 9.402 
3 9.995 9.514 9.557 9.608 
4 9.582 9.932 9.344 9.549 
5 9.682 9.505 9.572 9.512 
6 9.647 9.680 9.289 9.756 
7 9.722 9.818 9.691 9.441 
8 9.575 9.632 9.579 9.578 
Average 9.701±0.134 9.655±0.158 9.505±0.151 9.562±0.114 

Table 35: Sintered bulk densities for the 2nd batch of pellets after 5 h of sintering. 
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Sintered pellet density (Immersion) after 5+7 h sintering [gcm-3] 
Pellet No. V257 V258 V259 V260 
1 9.986 9.907 9.755 9.934 
2 9.889 9.824 9.808 9.812 
3 10.143 9.804 9.781 9.878 
4 9.839 10.11 9.703 9.806 
5 9.918 9.816 9.760 9.803 
6 9.944 9.972 9.647 9.908 
7 10.036 10.074 9.951 9.766 
8 9.852 9.917 9.888 9.807 
Average 9.951±0.102 9.928±0.117 9.787±0.097 9.839±0.059 

Table 36: Sintered bulk densities for the 2nd batch of pellets after 5+7 h of sintering. 

 

 
Figure 63: Average densities for phase 2 pellet sets after 5 h and 5+7 h sintering. 

 
Figure 63 show the average densities for phase 2 pellet sets after 5 h sintering (blue) and after 5+7 h of 

sintering (red). The graph shows, that the average density increased in every case due to the extra 7 h 

sintering stage. Some pellets reached exceptionally high (~10.00 g/cm3) density (e.g. V257-P3 pellet), while 

others from the same set only have ~9.50 g/cm3 density (e.g. V257-P8). However, the second sintering 

tends to narrow the scattering of achieved density as seen by the diminution of standard deviations of 

average values. 

Table 37 shows the open porosity measurements for 3 selected pellets from each composition. Higher 

open porosity values were generally associated with visible cracks of the pellets, but good agreement is 
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seen between densities measured by the Archimedes technique and by vacuum impregnation. The lowest 

densities can be seen for the V259 pellet set, with the highest level of dopants, but this effect is countered 

when chromium is present (V260 pellet sets), increasing the average density close to that of V257 (when 

measured by vacuum impregnation and cracks are taken into account). The reason for lower density when 

dopants are present is that not all the dopants can be accommodated into the UO2 lattice, and some of 

them precipitate out in the form of either oxide or metallic secondary phases (more about the analysis of 

such secondary phases can be found in section 4.7). Such disruption within the UO2 results in an overall 

lower density than the theoretical value. 

 

Open porosity measurements – 2nd set of samples 

Pellet ID: Air weight 
[1] 

Immersed 
weight [1] 

Saturated 
weight (in 

air) [1] 

ASV 
[cm3] OPV [cm3] BV [cm3] Open Porosity 

[%volume] 
Density 
[gcm-3] 

V257-1 5.4795 4.9330 5.4797 0.548 0.000 0.548 0.0 10.003 
V257-2 5.6909 5.1174 5.6918 0.575 0.001 0.576 0.2 9.888 
V257-3 5.5658 5.0190 5.5657 0.548 0.000 0.548 0.0 10.160 
V258-1 5.4996 4.9464 5.5000 0.554 0.000 0.555 0.1 9.914 
V258-2 5.5722 5.0081 5.5735 0.565 0.001 0.567 0.2 9.836 
V258-5 5.4972 4.9389 5.4980 0.559 0.001 0.560 0.1 9.813 
V259-1 6.0200 5.4062 6.0218 0.615 0.002 0.617 0.3 9.760 
V259-3 6.1461 5.5210 6.1472 0.626 0.001 0.627 0.2 9.795 
V259-5 6.0937 6.0949 6.0949 0.623 0.001 0.624 0.2 9.762 
V260-1 6.0101 5.4078 6.0117 0.604 0.002 0.605 0.3 9.932 
V260-3 5.9881 5.3854 5.9888 0.604 0.001 0.605 0.1 9.904 
V260-5 5.9709 5.3650 5.9716 0.607 0.001 0.608 0.1 9.824 

Table 37: Open porosity and density measurements for the 2nd set of samples (ASV: Apparent Solid Volume; OPV: Open Pore 
Volume; BV: Bulk Volume; Water temp: 18 C; Temp. factor: 0.9986) Pellets held under vacuum for 2 h. 
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4.2 Visual inspection of the pellets 
 

On removal from the sintering furnace pellets are inspected by eye and images may be taken using a 

small magnifying apparatus and a camera to record any visible surface features. Even though pellets from 

both phase 1 and phase 2 were inspected in this way, images were only captured for phase 2 pellets. 

4.2.1 Visual appearance of phase 2 pellets 
 

A number of pictures were taken of the cylindrical pellets, including both ends and sometimes the 

sides, after the first then the second sintering stage. Surface features are visible in many cases and the 

effect of the second sintering on the evolution of these features could be identified. In the following 

paragraphs representative examples are shown from every pellet set. The diameter of the pellets is 9 mm 

in every case. 

4.2.1.1 V257 pellet set – representative examples of pellet appearance after 5 h and 12 h of 
sintering 

 
The first pellet from the low-doped pellet set sintered well. As shown in Figure 64, Figure 65 and Figure 

66, the pellet surface is even after 5 h of sintering and no visible changes occur after the second stage of 

the sintering process. The side of the pellet is shiny and smooth, and does not show any anomalies. This 

pellet illustrates the morphology of a well-sintered pellet. 

 
Figure 64: Photographic image of V257-P1 pellet after 5 h sintering (A: top; B: bottom; diameter: 9 mm). 
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Figure 65: Photographic image of V257-P1 pellet after 12 h sintering (A: top; B: bottom; diameter: 9 mm). 

 
Figure 66: Photographic image of side of V257-P1 pellet after 12 h sintering. 
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Not all pellets in this set sintered as well as V257-P1. Surface deformation is visible on the bottom and 

side of pellet V257-P7 (Figure 67) after 5 h of sintering and this feature evolved and grew during the next 

sintering stage (Figure 68). 

 

 

 
Figure 67: Photographic image of V257-P7 pellet after 5 h sintering showing defects originating from the pellet (A: top; B: 
bottom; C: side; diameter: 9 mm). 

 
Figure 68: Photographic image of V257-P7 pellet after 12 h sintering showing the evolution of the sintering defect on the pellet 
bottom (A: top; B: bottom; diameter: 9 mm). 
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4.2.1.2 V258 batch – representative examples of pellet appearance after 5 h and 12 h of 
sintering 

 
The first pellet from the high-doped pellet set (V258) shows a good surface and there are no 

macroscopic surface changes observed during the second stage of sintering (See Figure 69 and Figure 70). 

 

  
Figure 69: Photographic image of V258-P1 pellet after 5 h sintering (A: top; B: bottom; diameter: 9 mm). 

  

Figure 70: Photographic image of V258-P1 pellet after 12 h sintering (A: top; B: bottom; diameter: 9 mm). 

 
Unlike the first example, (Figure 69 and Figure 70) significant changes occurred on the surface of the 4th 

member of the V258 pellet set. Extensive black colourisation and cracks originate from the bottom of the 

pellet and partly cover its side, and later even the top of the pellet. SEM-EDX analysis (4.4.2.1) was 

conducted to find out more about this skin type feature (See Figure 71, Figure 72 and Figure 73). 
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Figure 71: Photographic image of V258-P4 pellet after 5 h sintering showing extensive colourisation at the bottom (A: top; B: 
bottom; diameter: 9 mm). 

 
Figure 72: Photographic image of V258-P4 pellet after 12 h sintering showing the evolution of the colourisation on the bottom as 
well as on the top (A: top; B: bottom; diameter: 9 mm). 

 
Figure 73: Photographic image of V258-P4 pellet after 12 h 
sintering showing a surface reaction front moving from left 
(bottom of pellet) to right (top of pellet). 
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4.2.1.3 V259 batch – representative examples of pellet appearance after 5 h and after 12 h of 
sintering 

 
Two examples are given here for the high RE doped SIMFuel pellets. No surface anomalies were 

observed for the first member of the V259 pellet set (Figure 74) after 5 h sintering, but cracks through the 

diameter appear after the second stage of sintering (Figure 75). 

 

 
Figure 74: Photographic image of V259-P1 pellet after 5 h sintering (A: top; B: bottom; diameter: 9 mm). 

  
Figure 75: Photographic image of V259-P1 pellet set after 12 h sintering showing crack evolution with longer sintering time (A: 
top; B: bottom; diameter: 9 mm). 

 
As for the second example, there is already a visible surface effect after 5 h sintering, as seen in Figure 

76 and Figure 77 and this effect becomes greater as sintering proceeds. Similarly to the first example, 

visible cracks appear on the top of the pellet after the second sintering stage (Figure 78 and Figure 79). An 

evolution of a chemical reaction is also visible on the side of the pellet. 

 

A B 

A B 

122 
 



 
Figure 76: Photographic image of V259-P7 pellet after 5 h sintering showing extensive colourisation at the bottom (A: top; B: 
bottom; diameter: 9 mm). 

 
Figure 77: Photographic image of V259-P7 pellet after 5 h 
sintering showing extensive colourisation and reaction front on 
the side. 

 
Figure 78: Photographic image of V259-P7 pellet after 12 h sintering showing the evolution of extensive colourisation at the 
bottom and crack development at the top (A: top; B: bottom; diameter: 9 mm). 
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Figure 79: Photographic image of V259-P7 pellet after 12 h sintering 
showing evolution of colourisation and reaction front on the side. 

 

4.2.1.4 V260 batch – representative examples of pellet appearance after 5 h and after 12 h of 
sintering 

 
When doping SIMFuel with chromium, none of the pellets showed surface anomalies and reactions 

during the 5 h and the 5+7 h long sintering, in contrast to pellets from the V259 pellet set (Figure 77). 

Figure 80 and Figure 81 shows a pellet with smooth and shiny surface. The high level of dopants cannot be 

accommodated into the UO2 matrix, and likely due to mismatch of thermal expansion between secondary 

phases formed and the UO2 matrix, cracks appear in the pellets. 

 
Figure 80: Magnified image of V260-P1 pellet after 5 h sintering (A: top; B: bottom; diameter: 9 mm). 

 
Figure 81: Magnified image of V260-P1 pellet after 12 h sintering showing crack evolution (A: top; B: bottom; diameter: 9 mm). 
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4.3 Optical microscopy 
 

After visual inspection of the pellet macrostructure, reflected optical microscopy was used to study the 

microstructure of the SIMFuel samples. An earlier model of the Leica microscope was used to capture some 

images at NNL after the phase 1 pellets were produced. The optical microscopy system has since been 

upgraded, so the option to take better images became available. Details of these microscopes were given in 

Section 3.5.2. 

4.3.1 Phase 1 samples 
 

Figure 82 shows the polished surface of the undoped reference UO2 pellet taken using the upgraded 

Leica microscopy system. Porosity is homogeneously distributed throughout the pellet and, apart from 

porosity and occasional polishing scratches, there are no other surface features or secondary phases 

visible. 

 
Figure 82: Mosaic micrograph of the polished surface of the reference sample (SPF10.8). This particular image was also used to 
determine porosity. 
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Figure 83 is a single image (as opposed to the previously shown mosaic images) of the surface of the 

reference pellet sample showing uniform micro porosity throughout the sample. 

 
Figure 83: Reflected light optical image of polished surface of reference sample showing uniform microporosity. 

 
All previous optical images were used to determine the porosity of the samples using the ImagePro 

image analyser software (described in Section 3.5.5) and results on the porosity of these samples are given 

in Section 4.6. 
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Figure 84 shows a mosaic image of the SPF8.8 sample (highly doped SIMFuel). The white contrast 

features uniformly distributed over the polished surface are metallic precipitates, while black features are 

holes, voids and porosity. Other secondary phases have similar grey contrast to the UO2 matrix, so their 

number on this image cannot be easily calculated. Elongated dark features are associated with polishing 

scratches that occurred during sample preparation. The three dark vertical stripes (in this and the following 

images) are caused by optical aberration within the optical microscope itself, but their presence did not 

affect measurements. 

 
Figure 84: Mosaic micrograph of the polished surface of the highly doped SIMFuel sample (SPF8.8). This particular image was 
also used to determine porosity. 
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Figure 85 shows the polished surface of the low doped SIMFuel (SPF9.8). Comparing Figure 84 to this 

image, the most significant difference is the surface area and number of white features (representing 

metallic precipitates) visible on the surface. There are 2870 objects/mm2 for the high doped sample, while 

only 1110 objects/mm2 for the low doped sample (Section 4.7.1.3: Table 47). 

 

 
Figure 85: Mosaic micrograph of polished surface of low doped SIMFuel sample (SPF9.8). This particular image was also used to 
determine porosity. 
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4.3.2 Phase 2 samples 
 

Phase 2 samples were thoroughly characterised using optical microscopy. While mosaic images 

provide a general overview on the whole sample surface, highlighting occasional cracks, holes and voids, 

higher magnification images were used to calculate porosity and metallic precipitate distributions. In the 

next four subsections, three images are shown: one of the whole sample surface, while the other two are 

from a representative area, using X50 and X100 objective lenses (for details see Section 3.5.2) 

4.3.2.1 V257 – low doped SIMFuel 
Figure 86 shows a 4X5 mosaic image of the whole V257 sample surface. For this image a generally 

dense microstructure can be seen with occasional voids in the structure. The sample body is otherwise free 

of cracks and scratches, suggesting that the sample preparation was appropriate. 

 

 
Figure 86: Mosaic image of polished surface of sample V257 (SPF80.4). 
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Figure 87 shows typical reflected light optical microscopy micrographs. In this image, uniform micro 

porosity dominates the sample surface. The large (>10 µm) black features represent holes and voids in the 

microstructure, while the white features are metallic precipitate particles. Round, dark grey features can 

also be seen. These are `grey phase` particles, and they are described in detail in Section 4.7. This image 

was also used to determine sample porosity. 

 

 
Figure 87: Typical reflected light micrograph of sample V257 used to determine porosity. 
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4.3.2.2 V258 – highly doped SIMFuel 
 

The polished surface of the V258 sample is shown in Figure 88. This image is similar to the one taken 

from V257, but in this particular case the sample is cracked (see bottom left corner). This, however, does 

not affect the analysis in any way. 

 

 
Figure 88: Mosaic image of polished surface of sample V258 (SPF81.4). 
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Figure 89 again, offers a general view of the typical sample surface of V258. White metallic precipitates 

are more frequent in this image. Other secondary phases (dark grey round features) and voids are as 

common as in the previous case, V257. 

 

 
Figure 89: Typical reflected light micrograph of sample V258 used to determine porosity. 
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4.3.2.3 V259 – extra RE doped SIMFuel: 
 

More cracks are visible on the polished surface of V259 (Figure 90) consistent with visual observations 

of the whole pellets (see paragraph 4.2.1.3). 

 

 
Figure 90: Mosaic image of the polished surface of sample V259 (SPF82.4). 
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High magnification images indicate that larger features, such as voids and holes have elongated shape 

(Figure 91). Micro cracks are visible and the porosity is not as uniform as it is for V257 and V258. A possible 

reason for such elongated voids is the high uniaxial pressure during green pellet production that introduces 

preparation artefacts – such as this die pressing fault – into the starting microstructure, which do not 

disappear during the long sintering process. 

 

 
Figure 91: Typical reflected light micrograph of sample V259 used to determine porosity. 
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4.3.2.4 V260 – extra RE doped SIMFuel with Cr: 
 

The whole surface of the Cr-doped V260 sample is shown in Figure 92. Large cracks are clearly visible 

similar to V259. However, the sample surface is more uniform compared to Figure 90. 

 

 
Figure 92: Mosaic image of the polished surface of sample V260 (SPF83.4). 
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Figure 93 shows a cracked sample with various microstructural features, including elongated pores, 

voids and round metallic precipitates. 

 

 
Figure 93: Typical reflected light micrograph of sample V260 used to determine porosity. 
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4.4 SEM characterisation of sintered pellet surfaces 
 

The surfaces of some as-sintered pellets were studied using SEM to see the effect of sintering on the 

grain structure and to characterise any features that had developed during sintering, including pores or 

cracks. One pellet from each composition was studied from both phase 1 and phase 2 pellet sets. 

4.4.1 Surface images of phase 1 samples 

4.4.1.1 Surface characterisation of a reference UO2 pellet (U404-P5) 
 

Figure 94 shows a typical microstructure of the reference pellet surface of U404-P5. Due to the 

sintering process causing thermal etching the grain boundaries are clearly visible on this image and the 

average grain size can easily be determined (AGS: 4.45±0.41 µm, Table 38). 

 

 
Figure 94: Typical microstructure of the surface of the reference pellet (U404-P5). 
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4.4.1.2 Surface characterisation of a low-doped pellet (U405-P3) 
 

Figure 95 reveals a typical microstructure of the surface of the as-sintered low-doped SIMFuel pellet 

U405-P3. The grains are considerably smaller (AGS: 2.29±0.63 µm) than those of the reference pellet. 

 

 
Figure 95: Typical surface microstructure of the low-doped pellet (U405-P3). 

Comparing the numbers of open pores for samples U404 and U405, Figure 94 and Figure 95, it is clear, 

that pores are more common in the latter. The number of images captured and analysed (less than 10), 

however, does not provide a strong statistical basis, hence only a general comparison is provided here. 

Figure 96 shows a surface region, where the uniform grain structure is disturbed by a metallic particle. 

This feature seems to be growing out of the surface to form this complex shape. 

Figure 97 shows a crack penetrating the body of the low-doped pellet, as it propagates through the 

grain boundaries rather than intragranularly. Such cracks are relatively common for doped samples and 

presumably occur because of thermal expansion mismatch between UO2 and the secondary phases. 
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Figure 96: Complex structure of a metallic precipitate on surface of the low-doped pellet (U405-3). 

 
Figure 97: Typical intergranular crack is running through the body of low-doped pellet (U405-3). 
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4.4.1.3 Surface characterisation of a high doped pellet (U406-P3) 
 

 
Figure 98: Typical surface microstructure of the high doped pellet (U406-P3). 

 

Figure 98 shows the typical microstructure of the highly doped pellet, where the surface is dominated 

by small (<2-3 µm) grains commonly found around larger (>3-4 µm) grains. Open pores can also be seen. 

4.4.2 Surface images of phase 2 pellets 
 

The surfaces of the phase 2 pellets have also been characterised to capture suitable images for AGS 

measurements. Two images from each of the four compositions are shown here, capturing typical grain 

structures, pores and metallic precipitates on the surface. 

Figure 99 and Figure 100 show grain structures with AGS of ~2-5 µm. Metallic precipitates are visible in 

all images, but they are more frequent on the surface of the V258-8 pellet (115 precipitates in Figure 100 

compared to 72 precipitates in Figure 99). Such precipitates, which are both inter- and intragranular, are 

marked on Figure 100.  
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Figure 99: Typical microstructures of the surface of V257-P7 pellet, showing grains with a variety of AGS, as well as pores. 

 
Figure 100: Typical microstructures of the surface of V258-P8 pellet, showing metallic precipitates mainly at grain boundaries 

and triple points.  
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Figure 101 and Figure 102 reveal typical surface microstructures for the extra RE-doped SIMFuel 

pellets. The AGS of these pellets is significantly lower (< 2 µm) and less uniform than those seen before for 

V257 and V258 pellets. Submicron grains are often present at triple junctions, especially in the case of the 

Cr-doped SIMFuel (Figure 102). Some examples of open porosity are marked on Figure 102. 

 

 
Figure 101: Typical microstructures of the surface of V259-P5 pellet, showing submicron grains. 
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Figure 102: Typical microstructures of the surface of V260-P5 pellet, showing submicron grains as well as pores 
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4.4.2.1 Skin effect 
 

Dark surface colourisation, a so-called “skin” developed on a number of pellets, and some examples 

are given in Section 4.2.1.2. One pellet with such a surface feature was characterised and the results are 

briefly described below. 

Figure 103 shows two areas from the surface of the pellet V258-P4 (shown in Figure 73). Figure 103 A 

shows the UO2 grain structure from the middle region of the pellet (close to the reaction front, as it evolves 

from the bottom of the pellet to the top.), covered by a layer of material that is cracked, revealing the 

intact UO2 pellet structure underneath. Figure 103 B shows an area closer to the bottom of the pellet, 

suggesting that this is an evolved version of an area similar to that in Figure 103 A. The white particles are 

UO2 crystallites, associated with cracks on the “skin” covering the highly doped UO2 pellet. 

EDX analysis shows high Ba and Al content with oxygen that suggest this skin to be a BaO-Al2O3 

compound. Further analysis on this anomaly was not conducted, because it was regarded as an occasional 

phenomena and not representative for all the pellets and samples, but more importantly not 

representative of usual SNF surface. Therefore, this feature will from this point onward be disregarded. 

 

 
Figure 103: Morphology of the black colourisation seen on the surface of some of the phase 2 pellets. 
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4.5 Grain size measurements 
 

Measuring grain size of the SIMFuel samples is of high importance, as this is one of the key 

characteristics that has to match with that of the real SNF. Grain size measurements were done based on 

SEM images as described in Section 3.5.6, and the next two sections compare these data gathered from 

phase 1 and phase 2 samples. 

4.5.1 Phase 1 pellets. 
 

The effect of the dopants on the grain structure is revealed in BSE SEM images (Section 3.5.3). Three 

image pairs are shown in Figure 104-106 comparing doped and undoped as well as surface and in-pellet 

(bulk) grain structures. 

Figure 104 A shows a well-sintered undoped UO2 grain structure, where larger (6.0±1.0 µm) grains are 

generally surrounded by smaller (2.5±0.5 µm) grains. The black features are pores that are open to the 

surface. Figure 104 B was taken from the polished bulk of an undoped UO2 sample and using channelling 

contrast (Section 3.5.3), where differently oriented grains exhibit different contrast, the average grain size 

was determined. Although these pictures were not taken from the same sample, the pellets originate from 

the same batch and so the grain structure of every pellet within the particular batch is expected to be the 

same. 

Figure 105 A and B, show the microstructure of the low-doped samples on the surface of the pellet 

and inside the bulk of the sintered body. It is clear that the doped pellet has significantly smaller average 

grain size than the undoped pellets (Figure 104), but these values are again larger inside the pellet 

(~5.0 µm) than on the surface (~2.5 µm, Table 38). Figure 106 A and B show the general grain structure on 

the surface and inside the high-doped pellet. The average grain size is even smaller than for the low-doped 

samples (~3.6 µm bulk and 1.8 µm surface, Table 38). 

In actual AGR SNF the grain size varies between 3-30 µm, with the majority of the grains ranging 

between 10-20 µm (Section 1.8). This means that AGS values for phase 1 SIMFuel samples are close to the 

lowest measured values for AGR SNF, therefore increase in SIMFuel AGS is necessary. This can be achieved 

by the combination of longer sintering time, as applied for phase 2 samples, and using starting powder with 

larger (>4.0 µm) APS. 
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Figure 104: Surface (A) and in-pellet (B) microstructure for undoped UO2 samples using BSE detector. 

 
Figure 105: Surface (A) and in-pellet (B) microstructure for low-doped UO2 samples using BSE detector. 

 
Figure 106: Surface (A) and bulk (B) microstructure for high-doped UO2 samples using BSE detector. 
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A number of SEM images were used to determine average grain sizes both on the surface of the 

SIMFuel pellet and in the bulk. Table 38 shows these values which reveals that the more the fuel is doped, 

the smaller the grain size on the pellet surface. Values for the pellet bulk show a similar trend, but average 

grain sizes are about twice as large as on the surface. A graphical representation of this table is given in 

Figure 107, where the average grain sizes of phase 1 and phase 2 samples are compared. 

 

Average grain sizes – Cylindrical pellet surfaces Average grain sizes – Bulk grain size statistics 

U
nd

op
ed

 

Sample Code/Image 
No. 

Average grain size 
[µm] 

Sample Code/Image 
No. 

Average grain size 
[µm] 

U404-5/24603 4.482±0.734 SPF51.5/24134 9.611±3.732 
U404-5/24608 5.157±1.153 SPF51.5/24130 10.926±2.299 
U404-5/24612 4.447±0.413   
U404-5/24613 5.535±0.335   
Average: 4.91±0.66 Average: 10.27±3.02 

     

Lo
w

 d
op

ed
 Sample Code/Image 

No. 
Average grain size 
[µm] 

Sample Code/Image 
No. 

Average grain size 
[µm] 

U405-3/24634 2.630±0.569 SPF52.5/24081 5.022±0.820 
U405-3/24636 2.288±0.626   
U405-3/24639 2.443±0.213   
Average: 2.45±0.47 Average: 5.02±0.82 

     

Hi
gh

 d
op

ed
 Sample Code/Image 

No. 
Average grain size 
[µm] 

Sample Code/Image 
No. 

Average grain size 
[µm] 

U406-3/24649 1.769±0.481 SPF53.5/24159 3.559±0.845 
U406-3/24651 1.717±0.500   
U406-3/24653 1.825±0.563   
Average: 1.77±0.52 Average: 3.56±0.85 

Table 38: Whole pellet surface grain size and bulk grain size statistics – Phase 1 pellets. 
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4.5.2 Phase 2 samples: 
 

AGS values for phase 2 samples were determined as for phase 1. Table 39 gives surface and bulk AGS, 

which illustrates that these values on the pellet surface for the low doped samples (U405 & V257) are in 

good agreement, while AGS for the high doped samples (V258) is higher than those measured for U406. 

Undoped reference pellets were not produced in phase 2 experiments, so there is no option for comparison 

with relevant phase 1 samples. AGS is larger on the surface than in the bulk for V257, but the same is not 

true for the other compositions, V258 and 259. Doping SIMFuel with Cr (SPF83.4) increases AGS compared 

to the sample (SPF82.4), which was not Cr doped [92]. A graphical representation of the average AGS of 

phase 2 samples is presented in Figure 107, compared to the phase 1 AGS values. 

 
Average grain sizes – Cylindrical pellet surfaces  Average grain sizes – Bulk grain size statistics 

Lo
w

 d
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ed
 Sample Code/Image 

No. 
Average grain size 
[µm] 

 Sample Code/Image 
No. 

Average grain size 
[µm] 

V257-7/24749 2.609±0.624  SPF80.4/25341 3.881±0.796 
V257-7/24751 3.275±0.690  SPF80.4/25344 4.273±1.566 
V257-7/24753 1.853±0.461  SPF80.4/25345 3.330±0.600 
Average: 2.579±0.592  Average: 3.828±0.987 

      

Hi
gh

 d
op

ed
 

Sample Code/Image 
No. 

Average grain size 
[µm] 

 Sample Code/Image 
No. 

Average grain size 
[µm  

V258-8/24757 3.884±0.799  SPF81.4/25322 4.135±1.148 
V258-8/24759 4.114±1.097  SPF81.4/25323 3.704±1.553 
- -  SPF81.4/25328 4.145±1.149 
- -  SPF81.4/25335 4.225±1.144 
Average: 3.999±0.948  Average: 4.052±1.249 
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+ 
RE

 

Sample Code/Image 
No. 

Average grain size 
[µm] 

 Sample Code/Image 
No. 

Average grain size 
[µm] 

V259-5/24766 1.681±0.243  SPF82.4/25310 1.623±0.409 
V259-5/24768 1.693±0.334  SPF82.4/25311 1.614±0.311 
Average: 1.687±0.289  Average: 1.619±0.360 

      

Hi
gh

 d
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ed
 

+ 
RE

 +
 C

r 

Sample Code/Image 
No. 

Average grain size 
[µm] 

 Sample Code/Image 
No. 

Average grain size 
[µm] 

V260-5/24664 1.482±0.526  SPF83.4/25267 2.004±0.456 
V260-5/24666 1.462±0.448  SPF83.4/25269 1.908±0.653 
Average: 1.472±0.487  Average: 1.956±0.555 

Table 39: Whole pellet surface grain size and bulk grain size statistics – Phase 2 pellets. 

 
Figure 107 summarizes surface and bulk average grain sizes for both phase 1 and phase 2 samples. 

Based on these values it can be concluded that longer sintering resulted in larger bulk AGS, but these AGS 

are still in the lower regime of the measured grain sizes for real SNF (~10-20 µm). 
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Figure 107: Comparison of surface and bulk average grain sizes for phase 1 (U404: undoped; U405: low doped; U406: high doped) 
and phase 2 (V257: low doped; V258: high doped; V259: high doped+RE; V260: high doped+RE+Cr) samples. 

Figure 107 also shows that AGS for every doped sample is lower than 5 µm, which might not be 

enough to be representative for actual AGR SNF. To be more representative for AGR SNF, SIMFuel should 

have had grain sizes between 10-20 µm. 
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4.6 Porosity 
 

Porosity is a key aspect of SNF affecting the mechanical and thermal properties of the fuel and so 

needs to be accurately modelled when fabricating simulant SNF. In the subsections below porosity 

measurements on the phase 1 and phase 2 samples are revealed along with a general comparison of these 

results to porosities in actual AGR and LWR SNF. 

 

4.6.1 Phase 1 samples 
 

Table 40 shows that the mean pore areas for both low and high doped samples are ~1.5 µm2, while the 

mean pore diameters are ~1 µm. The porosity area percentage for values below 20 µm2 is close to 15% in 

both cases with little variety. The total porosity area can be calculated by summarising the fine porosity and 

the hole/void areas, which is close to 17 % in both types of samples. 

There is a significant difference between the doped and the undoped samples, however. The mean 

pore area and the mean pore diameter values for doped samples are about half those for the doped 

samples. The area percentage of holes and voids is negligible within the area analysed, although highly 

porous regions occur occasionally within the undoped sample (Figure 108), compared to the average 

porosity. 

Table 40 reveals that the presence of dopants increases the mean pore area and diameter and as a 

result the area porosity is increased compared to the reference pellet. Holes and voids, with mean pore 

area larger than 20.0 µm2, occur more frequently in the doped samples and these are significantly larger 

(> 60 µm2) than those in the reference sample ( ~30 µm2). 

 

 
Figure 108: Representative highly porous region occuring randomly in 

undoped UO2 samples.  
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Porosity data – phase 1 samples 
Sample Mean Pore Area (µm2) Mean Pore Diameter (µm) Area % 

Fine porosity – Highly doped sample 1.58±2.00 1.16±0.60 14.21±1.92 
Fine porosity – Low doped sample 1.39±1.96 1.08±0.59 15.39±2.09 
Fine porosity – Reference sample 0.69±1.15 0.79±0.40 4.31±0.63 

Holes/voids – Highly doped sample 68.83±107.50 7.71±4.03 4.83±0.94 
Holes/voids – Low doped sample 63.58±105.92 7.28±3.97 5.45±2.94 
Holes/voids – Reference sample 31.24±14.36 5.77±1.17 0.28±0.12 

Table 40: Mean pore areas, diameters and area percentages on SIMFuel samples. 

 

4.6.2 Phase 2 samples 

4.6.2.1 Porosity from optical microscopy images 
 

In Table 41 average pore areas, pore diameters and %area porosity are given based on the number of 

elements stated, with the threshold shown, as described in Section 3.5.5. These values belong to a 

particular image (stated under “Image name”, which was taken from one of the four sample batches) and 

show that the average pore diameter is below 1 µm, while the average area porosity varies between 4% 

and 10%. The average pore area is close to 1 µm2, but the inaccuracy can be as large as 3 µm2 in some 

cases. In this table data for only low doped and highly doped (SPF80.4 and SPF81.4, respectively) samples 

are shown using a representative example detailing measurements on individual images; SPF82.4 and 

SPF83.4 data are not shown because of the large number of very similar data from these samples. Average 

values on these data, however, are included in Table 42. 
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Image analysis from optical microscopy images 
Sample code Image name Threshold No. elements Pore area (µm2) Pore diameter (µm) %area 

SPF80.4 X50-1 0-110 2840 0.9075±1.7880 0.8792±0.5043 6.24% 
SPF80.4 X50-2 0-110 675 0.8588±1.5273 0.8839±0.4641 6.98% 
SPF80.4 X50-3 0-110 2909 0.9393±2.3248 0.8867±0.5295 6.62% 
SPF80.4 X50-4 0-120 1241 0.8115±1.1329 0.8641±0.3987 6.56% 
SPF80.4 X50-5 0-130 2811 1.2984±2.0372 1.0582±0.5525 13.80% 
SPF80.4 X100-1 0-140 684 0.9071±1.4042 0.8620±0.5000 10.14% 
SPF80.4 X100-2 0-140 827 1.0365±1.8252 0.9206±0.5500 10.29% 
SPF80.4 X100-3 0-140 631 0.9205±2.4636 0.8357±0.5650 8.23% 
SPF80.4 X100-4 0-140 647 0.9570±1.2909 0.8958±0.5054 9.38% 
SPF80.4 X100-5 0-140 807 0.9372±1.1386 0.8942±0.4976 9.68% 
SPF81.4 X50-1 0-110 1355 1.0526±3.4515 0.8967±0.6083 5.88% 
SPF81.4 X50-2 0-110 2241 1.1592±2.5750 0.9765±0.5809 9.14% 
SPF81.4 X50-3 0-110 863 1.0904±2.1474 0.9471±0.5619 7.04% 
SPF81.4 X50-4 0-110 1979 1.1385±2.5976 0.9715±0.5679 8.51% 
SPF81.4 X50-5 0-110 1314 1.0062±2.0500 0.9208±0.5374 5.66% 
SPF81.4 X100-1 0-120 698 0.7313±1.3116 0.7522±0.4938 4.85% 
SPF81.4 X100-2 0-140 538 1.0458±1.5051 0.9232±0.5478 7.51% 
SPF81.4 X100-3 0-120 666 0.6682±0.8855 0.7473±0.4235 4.23% 
SPF81.4 X100-4 0-130 431 0.8925±1.5358 0.8242±0.5564 5.12% 
SPF81.4 X100-5 0-120 428 0.8301±1.2511 0.8082±0.5091 4.59% 
SPF81.4 X100-6 0-120 668 0.7946±1.4890 0.7862±0.5270 5.04% 

Table 41: Image analysis settings and results on optical microscopy images of phase 2 samples. SPF80.4/X50-5 was excluded 
from the analysis due to its large deviation (SPF80.4: Low doped SIMFuel; SPF81.4: Highly doped SIMFuel – See section 3.6 for 

sample coding). 

 
Table 42 summarises average area porosities of images at two magnifications (identified as X50 and 

X100 by the objective lenses used) for each doped sample, also giving the number of images on which the 

analysis is based. With the exception of SPF80.4, the lower magnification image (X50) gives a higher value 

for average area% porosity (~5 %), while this value approaches 7% when X100 images are studied. This 

discrepancy shows the importance of choosing images for porosity analysis and even carefully chosen 

images with correct analysis could return different results. 

 
Optical images – Porosity 

Sample/image code Average area% porosity No. of images 
SPF80.4 X50 6.60±0.26% 5 
SPF80.4 X100 9.54±0.73% 5 
SPF81.4 X50 7.25±1.39% 5 
SPF81.4 X100 5.22±1.06% 6 
SPF82.4 X50 6.48±1.10% 7 
SPF82.4 X100 5.16±0.95% 5 
SPF83.4 X50 7.01±0.84% 4 
SPF83.4 X100 5.00±0.89% 5 

Table 42: Summary of sample porosities derived from measurements on individual 
images for each doped sample. 
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4.6.2.2 Porosity from SEM images 
 

Pore area, pore diameter and area% porosity for both low-doped (SPF80.4) and highly doped (SPF81.4) 

samples are shown in Table 43. From these data it can be concluded, that setting a higher grey level 

threshold when analysing the image (more detail on image analysis and grey level is given in Section 3.5.5) 

more elements, such as pores, are included in the analyses, and their pore area, pore diameter and area % 

porosity also increases slightly. When these values are averaged out the results are representative for the 

images analysed. Due to similarities of the data for all four sample compositions, values only for SPF80.4 

and SPF81.4 are detailed and shown as representative examples; SPF82.4 and SPF83.4 are excluded from 

Table 43. A summary of all the measured values is given in Table 44. 

 

Sample code Image No. Threshold 
No. of 
elements Pore area (µm2) Pore diameter (µm) % area 

SPF80.4 25345 0-40 233 0.3666±04599 0.5568±0.3266 3.80% 
  

 
0-60 240 0.3874±0.4815 0.5722±0.3367 4.13% 

  
 

0-80 257 0.4010±0.5817 0.5727±0.3570 4.58% 
  

 
0-100 274 0.4129±0.6004 0.5802±0.3619 5.03% 

SPF80.4 25344 0-40 233 0.3062±0.6665 0.4920±0.3072 3.18% 
  

 
0-60 234 0.3305±0.6816 0.5163±0.3081 3.45% 

  
 

0-80 244 0.3451±0.6929 0.5275±0.3151 3.76% 
  

 
0-100 260 0.3547±0.7113 0.5336±0.3233 4.12% 

SPF80.4 25341 0-40 290 0.4768±0.4879 0.6387±0.3503 6.15% 
  

 
0-60 298 0.4943±0.5155 0.6527±0.3618 6.55% 

  
 

0-80 308 0.5127±0.5265 0.6653±0.3586 7.03% 
    0-100 326 0.5201±0.5510 0.6679±0.3780 7.54% 
SPF81.4 25322 0-60 182 0.4294±0.5311 0.5907±0.3566 3.49% 
  

 
0-80 191 0.4463±0.5482 0.6064±0.3571 3.80% 

  
 

0-100 216 0.4752±0.5207 0.6347±0.3488 4.56% 
  

 
0-120 243 0.4789±0.5484 0.6320±0.3657 5.17% 

SPF81.4 25323 0-60 188 0.4439±0.4765 0.6513±0.3314 3.71% 
  

 
0-80 197 0.4642±0.4973 0.6308±0.3391 4.06% 

  
 

0-100 216 0.4752±0.5207 0.6347±0.3488 4.56% 
  

 
0-120 243 0.4789±0.5484 0.6320±0.3657 5.17% 

SPF81.4 25335 0-60 186 0.4497±0.4581 0.6202±0.3415 3.72% 
  

 
0-80 192 0.4759±0.4771 0.6421±0.3484 4.06% 

  
 

0-100 208 0.4849±0.4950 0.6432±0.3641 4.48% 
    0-120 225 0.5108±0.5562 0.6566±0.3814 5.11% 
Table 43: Porosity of the phase 2 samples (only for SPF80.4 and SPF81.4) from SEM images. 

 
Table 44 shows the average values of area % porosity and pore diameter for the individual images 

analysed (calculated from data in Table 43), as well as the total averages for the differently doped samples, 

including SPF82.4 and SPF83.4. Values indicate that the area% porosity is about 5% in all cases regardless of 

dopant level, while the average pore diameter fluctuates between 0.5 and 0.8 µm without any clear trend. 
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SEM images - Porosity 
Sample SPF80.4 Average %area porosity Average pore diameter (µm) 

Image 25345 4.39±0.46% 0.5705±0.3456 
Image 25344 3.63±0.35% 0.5174±0.3134 
Image 25341 6.82±0.52% 0.6562±0.3622 

Total Average 4.94±0.45% 0.5814±0.3404 
Sample SPF81.4 Average %area porosity Average pore diameter (µm) 

Image 25322 4.26±0.66% 0.6160±0.3571 
Image 25323 4.38±0.55% 0.6372±0.3463 
Image 25335 4.34±0.52% 0.6405±0.3589 

Total Average 4.32±0.58% 0.6312±0.3541 
Sample SPF82.4 Average %area porosity Average pore diameter (µm) 

Image 25352 4.51±0.73% 0.6325±0.4568 
Image 25353 6.13±0.77% 0.7118±0.4875 
Image 25354 4.42±0.75% 0.6015±0.4458 
Image 25355 6.15±0.84% 0.6221±0.4896 
Image 25356 6.25±0.71% 0.7402±0.5303 
Image 25357 4.75±0.67% 0.7600±0.4955 

Total Average 5.37±0.75% 0.6780±0.4843 
Sample SPF83.4 Average %area porosity Average pore diameter (µm) 

Image 25348 5.05±0.71% 0.7009±0.4938 
Image 25349 5.38±0.79% 0.6600±0.5387 
Image 25350 4.16±0.62% 0.6795±0.4642 
Image 25351 5.16±0.70% 0.6595±0.5825 

Total Average 4.94±0.71% 0.6312±0.3541 
Table 44: Summary table for phase 2 sample porosity (based on SEM images) 

 
Comparing the values obtained using different methods, it seems that the lower the magnification of 

image analysed, the larger the value of area% porosity. As magnification is increased using optical 

microscope or SEM images are analysed, these values stabilise; for these SIMFuel samples, this value is 

about 5% area% porosity. 

Figure 109 provides a graphical overview of the average percent porosity values derived from the 

different images: optical and SEM. Values vary between 4 and 10 area% porosity, and all but one cases (an 

exception is SPF80.4) porosity determined using a low magnification image (indicated by blue) provide 

higher values (>6.5 %), while porosity from the high magnification optical image and SEM (indicated by red 

and green, respectively) tends to be lower, between 4.5 and 5.5 %. 
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Figure 109: Comparison of area percent porosity values for phase 2 samples from optical and SEM image analysis, derived from 

Table 42 and Table 44 (SPF80.4: low doped; SPF81.4: high doped; SPF82.4: high doped+RE; SPF83.4: high doped+RE+Cr). 
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4.7 SEM-EDX 
 

The bulk of the resin mounted and polished SIMFuel sample characterisation was done using the 

environmental SEM at Springfields (FEI UK Limited, Cambridge, UK), although some images were captured 

using SEM at Imperial College (JEOL 6500; JEOL (UK) Ltd, Welwyn, UK). The aim of the SEM characterisation 

is to observe, analyse and describe the microstructure of the SIMFuel samples on a micron scale level and 

gain data on grain structure, porosity and secondary phases that formed during the sintering process 

(described in the Experimental chapter Section 3.5.3). 

This section is divided into two main parts and summarises the results on phase 1 and phase 2 

samples. Within these parts, findings on each sample are described using representative illustrations as 

examples for the various observed phenomena. 

 

4.7.1 SEM-EDX characterisation of phase 1 samples 
 

Three samples were prepared for SEM-EDX characterisation: SPF10.8 (undoped reference sample), 

SPF9.8 (low-doped SIMFuel sample) and SPF8.8 (highly doped SIMFuel sample). For more information 

about sample coding and family tree see Section 3.6. 

 

4.7.1.1 Undoped reference sample 
 

The undoped depleted UO2 sample was produced to act as a reference and to provide baseline 

information on sintered pellet characteristics. Features found in this sample were compared to the doped 

SIMFuel samples to indicate the significance of doping. As this sample is pure depleted UO2 secondary 

phases are not expected to be present. Porosity, density and grain size have not been influenced by the 

presence of any dopant element, therefore any observation in change of these characteristics in doped 

samples must be due to the dopant presence. 
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Figure 110: SEM-BS image of reference UO2 pellet showing a typical porous surface. 

The polished surface of the pure UO2 reference sample (Figure 110) shows a largely uniform submicron 

porosity (area C) with occasional regions of 3-5 µm pore clusters (area A). Area B illustrates a region with 

higher porosity level and porosity size of 2-3 µm. As there are no additives within this fuel, there are no 

secondary phases present. The percentage of surface area porosity within area B is about 8 % while in area 

C it is ~1 %. 
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4.7.1.2 Low-doped SIMFuel sample 
 

The low-doped SIMFuel sample (SPF9.8) was cut from the U405-P1 pellet with 25 GWd/t U burnup. 

Comparing Figure 111 to Figure 110 the difference between the low-doped and the reference sample 

is clearly visible. Figure 111 shows a general area of a low-doped uranium sample revealing higher porosity 

level and the presence of various secondary phases appearing with dark grey contrast. A large pore, 

10-15 µm diameter, is present in the middle of the image. The more typical well distributed, uniform 

porosity with the percentage of surface area porosity of ~6 % is highlighted at the bottom of this image.  

 

 
Figure 111: SEM-BS image from cross-section of the low doped sample (25 GWd/t U burnup), showing typical microstructure. 
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Figure 112: SEM-BS image showing thermally-etched grain structure in the low doped sample (25 GWd/t U). 

Figure 112 shows the UO2 grain structure observed inside a large (~50 µm diameter) pore in the low-

doped sample, where the polishing method did not affect the area. A well sintered submicron to 5 µm grain 

microstructure can be seen in this thermally etched region. Small, submicron size grains are often observed 

at triple junctions. 
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Figure 113: SEM-BS image of a typical oxide precipitate present in the low doped sample. 

 
Figure 113 reveals one of the secondary phase regions. This globular body comprises according to EDX 

(Figure 114 region B) a zirconium and barium rich dark region. This is consistent with previous studies [53, 

54]; this particle is likely an oxide precipitate (perovskite = `grey phase`; BaZrO3). The point analysis from 

the same particle but from the brighter inner region A shows higher uranium content indicating that 

uranium may have been in solid solution in the grey phase at sintering temperature, but separated out as 

cooled. Within this brighter region a decrease in barium content is also detectable. The uranium-rich light 

region (A in Figure 113) also contains neodymium (Figure 114 A) which is expected as neodymium is most 

likely to go into solution in the uranium matrix due to the higher oxygen potential of the mixed oxide [54]. 

This phase could therefore be a UO2-ZrO2-Nd2O3 ternary phase. 
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Figure 114: EDX spectra of the oxide precipitate in Figure 113, a) from light region A, b) from dark region B. 

 

4.7.1.3 High doped SIMFuel sample 
 

The high doped fuel sample was cut from pellet U406-P1, ground, polished and analysed by SEM-EDX. 

Figure 115 shows a general overview of this SIMFuel sample revealing a high level of porosity and with 

greater open pores and secondary phases. Comparing Figure 115 to Figure 110 and Figure 111 reveals that 

the microstructure of the high doped sample is less homogeneous with pores and secondary phases 

present, arising from the higher level of dopants added to the UO2 at the beginning of the experiments. 

Region A in Figure 115 is a ~60x35 µm hole (potentially pull out) with an adjacent oxide precipitate 

with darker grey contrast. The black region within region B, indicated by the blue arrow, is contamination 

from a light element compound (possibly carbon), while the light grey feature (red arrow) is a metallic 

precipitate. Regions C, D, E, G and J are examples of typical pores and voids distributed across the sample 

microstructure with various sizes and depths. Dark grey features within regions F, H, I, K, M and N are all 

(Ba,Sr)ZrO3 precipitates. Their size is typically between 5 and 15 µm and their number in this image gives an 

indication of their concentration that is about 150 precipitates/mm2, but based solely on this one image (as 
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for Figure 111 a similar approximation gives ~100 precipitates/mm2). Region L is a complex feature, as it 

comprises a large pore (~15-20 µm) and at least two adjacent globular oxide precipitates. 

The typical shape and size of secondary phases do not differ significantly between the high and low 

doped samples, they are only observed more frequently for high doped samples, as indicated above. The 

most significant difference is the pore and void size and concentration, which is also indicated by the lower 

density of the high doped pellets. 

 

 
Figure 115: SEM-BS image showing general microstructure in the highly doped UO2 based SIMFuel sample (representative for 43 

GWd/t U burnup). 
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Figure 116 reveals a thermally-etched grain structure of the high doped SIMFuel sample, located inside 

an open void. The diameter of these rounded grains ranges from submicron to 5 µm in diameter, and larger 

(>3 µm) grains are generally surrounded by smaller (<2 µm) ones. Pores are located in the junctions of 

three or more grains. 

 
Figure 116: SEM-SE image showing thermally-etched grain structure of the high-doped SIMFuel sample evolved within a large 

void of the sample bulk. 
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Figure 117: Spherical secondary phase particle in UO2 matrix. (Highly doped sample) 

 
A secondary phase system (Figure 117) sitting inside an almost spherical pore, reveals the surface of an 

oxide precipitate. The precipitate and the matrix are only connected at a few locations. The globular body 

also contains brighter inclusions which EDX reveals are uranium dioxide containing inclusions within the 

barium zirconate. 

Some of the pores in Figure 117 and Figure 118 are angular. This is believed to be due to 

thermodynamics of pore-boundary interactions. When the pore is surrounded by fewer than 6 grains, the 

pore shrinks, has convex sides and this shrinkage gives the angular shape. If the pore is surrounded by 6 

grains, it is metastable and in other cases it grows and has concave sides [168]. Angular pores can also be 

due to grain pull out during polishing, but such phenomena occur only on the sample surface.  
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Figure 118: SEM BSE image of different secondary phases in the highly doped SIMFuel sample. EDX from labelled areas are 

shown in Figure 119. 

 
In Figure 118 two different secondary phases are visible, also there are two variations of the oxide 

precipitates. Submicron pores that are distributed uniformly throughout the UO2 matrix also exist in the 

secondary phases. The light grey region is the UO2 matrix (Figure 119.D) with traces of Nd also detected. At 

the bottom of the image, C is a metallic precipitate, with middle grey contrast, which contains Mo, Ru and 

Pd (Figure 119.C). The dark region B is a BaZrO3 containing oxide precipitate (Figure 119.B) with low level of 

Sr. The larger, darker region (A) is another type of precipitate, which contains more strontium and its likely 

composition is (Ba, Sr)ZrO3 (Figure 119.A). 
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Figure 119: EDX spectra taken from regions shown in Figure 118. 
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Figure 120 shows two examples of the nature of these grey phase particles and the locations of EDX 

analysis. All spectra taken from within the marked areas are similar in composition, which suggests that the 

BaZrO3 compound formation is strongly favoured once all elements are available for the reaction. Such 

precipitates are so common in the doped samples that finding them in the sample microstructure requires 

no effort and every general view image contains some of these. 

 

 
Figure 120: Examples of grey phase particles and areas, from where EDX spectra were taken. A: 4 spectra were taken from within 
the marked area. B: 3 spectra were taken from within each of the marked areas. The elemental compositions derived from these 
spectra are given in Table 45 (e.g. “Analysed area No.1” average composition is given in the first row of Table 45). 

Semi-quantitative EDX analyses results for grey phase particles (Table 45) reveal that the Sr and U 

content is ~1 at% and the dominant elements are Ba, Zr and O with a ratio of 1:1:3, respectively. This 

suggests that BaO derived from BaCO3, and ZrO2, prefer to accumulate together in a stoichiometric form. 

 

No. 
Element composition (at.%) 
Ba Zr Sr U O 

1 18.85±0.41 19.01±0.39 1.13±0.05 0.36±0.05 60.63±0.36 
2 19.89±0.16 19.16±0.21 0.67±0.06 0.26±0.06 60.03±0.35 
3 19.56±0.23 18.81±0.23 0.85±0.12 0.39±0.07 60.40±0.42 
4 19.58±0.15 18.50±0.31 0.68±0.07 0.37±0.15 60.87±0.36 
5 18.22±0.11 18.30±0.08 0.49±0.12 0.33±0.10 62.66±0.16 

Table 45: Composition of grey phase particles analysed for the high-doped SIMFuel. 
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Another common type of oxide precipitate was investigated using line analysis and is shown in Figure 

121. 

 
Figure 121: Core-shell type microstructure of an oxide precipitate – low doped sample. (Red: Zr, Blue: U, Yellow: Ba, Green: Ce, 

Purple: O) 

 
Such a feature was named “core-shell type” oxide precipitate and is usually found among larger 

(>10 µm) particles with more spherical and rounded shape. The line analysis suggests that the centre of this 

feature contains a high level of Zr (that could be in the form of ZrO2), while the light grey layer around it is 

rich in uranium too. The outer thick (1-5 µm) layer shows an increased level of Ba and Ce, but Zr is still 

present. The whole particle is surrounded by the porous UO2 matrix. 
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Metallic precipitates which form spherical bodies on the surface or filled pores within the depleted 

UO2 matrix were examined in detail. 28 metallic precipitates were characterised using EDX and the 

elemental composition of each is given in Table 46. Although the composition varies between precipitates 

the molybdenum content is 35-45 at%; the ruthenium content is generally below 20 at% and the palladium 

makes up the balance. Some precipitates consist almost entirely (>90 at.%) Mo with some Pd. 

 
Particle Concentration (at.%) Particle Concentration (at.%) 
No. Mo Ru Pd No. Mo Ru Pd 
1 97.88 0 2.12 15 45.17 9.58 45.25 
2 97.43 0 2.57 16 35.90 10.15 53.95 
3 95.88 0 4.12 17 37.09 10.84 52.07 
4 93.31 0 6.69 18 38.19 10.85 50.95 
5 91.34 0 8.66 19 44.92 11.22 43.85 
6 90.88 0 9.12 20 39.58 12.69 47.73 
7 45.24 0 54.76 21 48.06 13.30 38.64 
8 62.72 14.29 22.99 22 44.89 17.17 37.95 
9 30.26 6.47 63.27 23 41.88 27.2 30.92 
10 41.13 7.83 51.04 24 43.63 28.00 28.37 
11 46.81 8.34 44.85 25 39.27 38.32 22.41 
12 42.22 8.51 49.27 26 39.23 45.88 14.89 
13 44.93 9.03 46.03 27 36.62 51.57 11.81 
14 43.70 9.48 46.82 28 37.09 52.20 10.71 

Table 46: Composition of metallic precipitates analysed. Measurement errors are not included, because 
only one spectrum was collected from each spot, and the instrumental error is constant: <1.0 %. 

 
Figure 122 shows examples of some of the metallic precipitates revealing the great variety of 

morphologies and composition. The compositions of the numbered locations of these precipitates are 

included in Table 46. 

These examples for morphologies are not entirely representative of the usual precipitates in the high 

doped sample, because they are much larger than an average particle (mean diameter for metallic particles 

based on reflected light microscopy images is 0.8±0.8 – Table 47 ), but these are easy to find in the 

microstructure and, due to their size, more reliable EDX data can be collected without unintentionally 

including signals from UO2. In this image quartet Figure 119D is the closest to those found everywhere 

within the sample but with even smaller size (below 2 µm). 

Figure 122A and C illustrates phase separation within the precipitates, resulting in an almost pure Mo-

containing inner region with darker contrast and an alloy type outer region with lighter contrast. Based on 

phase diagrams available in the literature No.1 and No. 6 are β-phases with BCC crystal structure, while 

No.7 and No.11-14 are ε-phases with HCP structure (Figure 30 and reference [117]). This separation has 

probably happened because the system was cooled slowly enough for phase separation to occur. Figure 

122B represents a situation where precipitates with two completely different compositions exist close to 
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each other within a pore. Figure 122D shows a lone precipitate with a composition that is well within the 

region of -phase compositions (Figure 30). A more detailed analysis of these metallic precipitates is given 

in the Discussion (Chapter 5). 

 

 
Figure 122: Location of metallic precipitates, from where EDX spectra were taken. Numbers on these images represents the 
numbered compositions in Table 46. 
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Image analysis on reflected light microscopy images reveal that for the low-doped sample the metallic 

precipitate density is ~1110 precipitates/mm2 and for the high-doped sample it is ~2870 precipitates/mm2. 

Other statistical values are given in Table 47. This table shows that the mean areas and diameters of 

the precipitates are ~1 µm, but these are associated with significant errors due to the logarithmical 

decrease of the object number towards the larger area or diameter regime. Comparison of this value to 

those measured for SNF`s is given in Table 6 (page 51) from which it can be concluded that the size of 

typical precipitates are in the range of those measured in real systems – even though in Figure 122 

precipitates larger than 1 µm are shown as examples. 

 
Feature name Low-doped sample High-doped sample 
Number of elements analysed 1295 2684 

Mean area (µm2) 1.00±3.40 1.12±4.84 
Mean diameter (µm) 0.80±0.71 0.81±0.79 
Mean aspect ratio 1.34±0.29 1.34±0.31 
Area% of all metallic precipitates 0.11% 0.32% 

Analysed image area (mm2) 1.17 0.94 

Metallic precipitate density (object/mm2) 1110 2870 

Largest precipitate area (µm2) 53.15 132.38 
Largest precipitate diameter (µm) 7.76 11.36 

Table 47: Statistics on metallic precipitate analysis. 
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4.7.2 SEM-EDX characterisation of Phase 2 samples 
 

In the following sections low magnification images are shown to provide a general overview of a 

typical microstructure as well as a comparison with the phase 1 samples. Later, the secondary phases are 

analysed, starting with the oxide precipitates and then the metallic precipitates. Other types of features, 

such as RE-rich regions in the UO2 matrix are also shown at the end of this section. 

 

4.7.2.1 Typical sample surfaces 
 

Figure 123-126 show low magnification images from each of the phase 2 compositions (SPF80.4, 

SPF81.4, SPF82.4 and SPF83.4, respectively). In Figure 123 from a low doped phase 2 sample (SPF80.4) the 

distribution of porosity is more uniform and cracks and voids are found less frequently than in Figure 124, a 

highly doped phase 2 sample (SPF81.4). The same trend is true for the number of oxide precipitates visible 

in the image (over 50 precipitates) – 3 examples on each image are marked with red circles. Another 

difference is the “orientation” of the larger pores and holes. For the low doped sample (SPF80.4) these 

features are randomly distributed in the microstructure, but in SPF81.4 they appear to follow certain 

orientations and even the large (10-50 µm) pores are elongated towards that direction (for Figure 124 the 

direction is diagonal). Such orientation is also easily noted for SPF82.4 (Figure 125; extra RE-doped sample), 

where these voids are larger and cover a greater volume and so often connect to one another, breaking up 

the texture of the bulk. In this particular image only a few oxide precipitates are seen, which is not 

representative of the oxide precipitate density – the area was selected to show the UO2 matrix texture. 

Figure 126 shows the typical surface of the SPF83.4 sample that was also doped with extra RE and Cr. This 

image was taken at a higher magnification than the previous three images, but the orientation and 

connectivity of the pores are still visible. This area was selected to show the microstructure that is not 

disrupted by second phase formation, hence it does not show any oxide precipitates. 

Metallic precipitates are generally smaller features (<10 µm) and their colour is closer to the shade of 

the UO2 matrix, so their number cannot be estimated using this magnification. One, however, is outlined 

with blue, in Figure 124. By comparing these four images, it is clear that SPF80.4 has an even texture as a 

result of small and uniform porosity and low concentration of second phases (Figure 123). Figure 125 (RE 

doped), by contrast, exhibits elongated porosity and uneven texture, which is due to high dopant level 

resulting in insufficient densification. 
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Figure 123: Typical microstructure of the low-doped SIMFuel sample from phase 2 (SPF80.4). 

 
Figure 124: Typical microstructure of the high doped SIMFuel sample from phase 2 (SPF81.4). 
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Figure 125: Typical microstructure of the extra RE-doped SIMFuel sample from phase 2 (SPF82.4). 

 
Figure 126: Typical microstructure of the extra RE and Cr-doped SIMFuel sample from phase 2 (SPF83.4). 
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Figure 127 shows a typical grain structure (A) as well as a structural anomaly (B) within the low-doped 

sample (SPF80.4). The AGS is 3.9±0.8 µm for image A, but decreases significantly around voids like the one 

shown in image B. The middle region in Figure 128B however only contains a few large (5-10 µm) grains, 

and these grains are rich in either Zr or Nd. Cracks are frequently associated with this type of region, along 

with voids surrounding the feature. 

Figure 128 displays the same type of features in the high-doped SIMFuel. Figure 128 A shows a typical 

grain structure with 4.3±0.5 µm AGS, while Figure 128 B shows another cracked region with excess of RE 

elements according to EDX. These features are uncommon compared to either the population of the oxide 

or the metallic precipitates of these samples, but these are the features in which the yttrium, lanthanum 

and neodymium are concentrated. The reason for this concentration is likely to be the size of the 

agglomerates in the initial dopant powders (see Figure 44B, C and G, respectively); these powders dissolved 

partly into the UO2 matrix, but did not have enough time for complete dissolution. 

 
Figure 127: Typical grain structure (A) and cracked region (B) of the low-doped sample (SPF80.4) 

 
Figure 128: Typical grain structure (A) and cracked region (B) of the high doped sample (SPF81.4)  

A 
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Figure 129 is a high magnification image of the SPF82.4 (extra-RE doped) sample, showing uniform 

grain structure, but uneven porosity with occasional holes and voids. This particular image is focusing on a 

region where intergranular cracks originating from a central point run through the sample body. There is no 

detectable difference in chemical composition at the origin of these cracks, neither does it seem to be 

associated with pores. Similar cracks are common throughout the sample surface and the propagation of 

these could possibly have led to larger cracks visible in Figure 75 and Figure 90. This is presumably caused 

by the excess amount of dopants added to the UO2 (Discussed in details in chapter 5). 

 
Figure 129: Typical grain structure and cracked region of the extra RE-doped sample (SPF82.4) 
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Figure 130 A shows some grains around a metallic precipitate in the SPF82.4 sample (high doped with 

extra RE doped) at high magnification. In the middle of most of these grains contrast difference can be 

seen, and one grain with a similar feature is enlarged in Figure 130 B. Nanosized pores are always 

associated with these features, which can be found in the vast majority of grains in the extra RE-doped 

samples (including the Cr-doped SPF83.4, Figure 131). Due to the submicron size of these features, 

chemical composition difference was not detected using EDX. 

 
Figure 130: Grain anomaly in SPF82.4. A: Low magnification image showing three grains with representative inner grain anomalies 
(marked with circles). B: Structure of a grain anomaly (marked). 

 
Figure 131: Grain anomaly in SPF83.4 
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In certain areas within the extra RE-doped samples, where much larger (5-15 µm) grains are found the 

stress is inducing grain boundary separation, causing cracks, and one example is shown in Figure 132. 

Similar features typically have RE elements dissolved into the UO2 structure (e.g. Y, La, Nd), but there are 

exceptions for which EDX only detected UO2. This particular area in Figure 132 was not analysed with EDX. 

 

 
Figure 132: Cracked region with large grains on the surface of the extra RE-doped sample (SPF82.4) 

 
Figure 133 shows a high magnification image of a typical grain structure of the SPF83.4 sample, which 

includes Cr as a dopant. The grain structure is uniform, but the porosity is uneven and pore sizes vary 

significantly. Intergranular cracks are frequently observed, such as the one in this image. The dark grey 

features are metallic precipitates, and two examples are marked. 
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Figure 133: Typical grain structure and cracked region of the extra RE and Cr-doped sample (SPF83.4) 
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4.7.2.2 Analysis of the UO2 matrix 
 

Every occasion, when a new area was analysed using SEM-EDX, a few (1-4) spectra from the UO2 

matrix were also collected, resulting in a database of 107 spectra. In the majority of cases only uranium and 

oxygen were detected, but as the amount of dopants increased from sample to sample, other elements 

dissolved in the UO2 matrix were also found. Table 48 shows the elemental composition of the various 

samples analysed from phase 2 experiments, along with the number of spectra actually collected from each 

composition. These data reveal that the rare earth elements (such as Nd and La) are detected more 

frequently as the level of dopants increased. It is therefore safe to assume that RE elements are uniformly 

dissolved into the UO2 matrix; although they are only detected when the dopant level is high enough. Other 

elements, such as Ce and Y were also detected on a couple of occasions only, presumably because of their 

lower initial concentration. 

 

Sample 
No. of 

spectra 
Elements analysed 

O U Nd La Zr 
SPF80.4 20 69.30±0.68 30.23±1.06 

   SPF81.4 26 70.46±0.73 29.26±0.78 
   SPF82.4 37 68.44±0.71 29.81±1.09 1.27±0.30 0.66±0.12 

 SPF83.4 24 69.15±1.29 28.12±1.04 1.55±0.41 0.68±0.14 1.27±0.29 
Table 48: Elemental composition of UO2 matrix for the Phase 2 samples. 

 
Even though EDX is not suited for determining U/O ratio, a rough estimate can be done based on the 

Table 48, which gives a ratio between oxygen and uranium is about U:O = 1:2.3 in all cases, which is a 

compound between UO2 and U3O8. The values indicate that the uranium on the sample surface might not 

be in stoichiometric UO2, despite the pellets being sintered in H2 atmosphere. 
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4.7.2.3 Analysis of oxide precipitates 
 

5 oxide precipitates from each of four pellet compositions were analysed using EDX, and 3 to 6 spectra 

were recorded from every precipitate – along with 1 to 4 spectra from the UO2 matrix, as described in the 

previous section. 

One representative example is shown in Figure 134 along with the individual EDX measurements 

(Table 49) and finally a table that summarises data from analysis of all oxide precipitates, for the SPF80.4 

sample (Table 50). 

 

 
Figure 134: Typical oxide precipitate showing the location where spectra were taken. (25945: Image No.; s: "spectrum"; 1-4: No. 
of spectrum) 

Figure 134 shows – as already introduced – a typical oxide precipitate, in which individual grains are 

also visible. The bright region, surrounding the spherical body, is the UO2 matrix, but similar bright regions 

can be seen within the precipitate, too. Due to the small size of these features, EDX analysis does not give 

181 
 



entirely reliable information on the composition, however measurements suggest that these are UO2 

clusters within the precipitate. Spectra were collected from all four regions marked on this image, and the 

results of the measurements are given in Table 49, in at.%. The values from spectra 25945s1-3 indicate that 

the composition of the precipitate is very similar everywhere in the bulk of the precipitate, and the 

elemental ratio is Ba:Sr:Zr:O ≈ 0.9:0.1:1:3, that again suggests the compound is (Ba,Sr)ZrO3. Spectrum 

25945s4 is one of the 107 spectra used for analysis in Section 4.7.2.2. Hafnium is also detected in the 

system at really low concentration, even though it was not deliberately added to the dopant mix. Hf, 

however, is an element that always follows Zr as a contaminant, and the separation of these two elements 

is extremely difficult. Even though this element was detected by the EDX, it was eventually declared 

insignificant and therefore was neglected. 

 
Spectrum Label 25945s1 25945s2 25945s3 25945s4 
O 57.70 58.19 57.67 69.70 
Sr 1.94 1.13 1.01  
Zr 21.05 20.75 20.99 0.58 
Ba 18.55 19.08 19.62  
Hf 0.43 0.36 0.34  
U 0.34 0.49 0.38 29.73 
Total 100.00 100.00 100.00 100.00 

Table 49: Summary of the elemental composition of an oxide precipitate, given in at.%, 
measured by EDX (Figure 134). 

Following similar analysis approach, spectra from each of the 5 precipitates (from SPF80.4) were 

averaged and summarised in Table 50. Values in Table 50 indicate, that there is hardly any variation 

between the compositions of these five oxide precipitates. The grey phase precipitate composition in this 

case is (Ba0.92Sr0.08)ZrO3. 

 
Element Image No. and number of spectra analysed 

25945s1-3 25942s1-3 25941s1-4 25944s1-5 25943s1-4 
O 57.85±0.24 58.08±0.41 57.94±0.44 57.83±0.35 57.53±0.44 
Sr 1.36±0.41 1.48±0.34 1.92±0.26 1.77±0.21 1.54±0.18 
Zr 20.93±0.13 21.12±0.16 21.26±0.19 21.07±0.13 21.34±0.16 
Ba 19.08±0.44 18.75±0.52 18.11±0.39 18.79±0.28 18.85±0.61 
Hf 0.38±0.04 0.36±0.02 0.33±0.02 0.28±0.15 0.31±0.03 
U 0.40±0.06 0.21±0.15 0.25±0.15 0.26±0.14 0.43±0.17 

Table 50: Summary of all measurements taken from oxide precipitates from the SPF80.4 SIMFuel sample. 
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Similar measurements were taken from five oxide precipitates of the SPF81.4 sample, and one of the 

precipitates is shown in Figure 135. EDX measurements are summarised in Table 51. The measured values 

only differ in the concentration of Sr, which is slightly higher for oxide precipitates found in SPF81.4 sample 

compared to those in SPF80.4. The composition in this case is (Ba0.9Sr0.1)ZrO3. 

 

 
Figure 135: Representative example of SPF81.4 oxide precipitates 

Element Image No. and number of spectra averaged 
25919s1-4 25932s1-3 25921s1-4 25926s1-6 25939s1-4 

O 59.80±0.50 58.63±0.16 57.84±0.66 58.42±0.29 59.31±0.28 
Sr 2.45±0.95 1.57±0.08 2.07±0.17 2.15±0.22 1.55±0.08 
Zr 19.59±1.07 20.87±0.13 21.21±0.28 21.13±0.24 20.79±0.20 
Ba 16.91±0.92 18.48±0.13 18.38±0.29 17.92±0.16 18.35±0.08 
Hf 0.31±0.04 0 0.23±0.13 0.29±0.04 0 
U 0.93±0.75 0.45±0.05 0.29±0.22 0.10±0.14 0 

Table 51: Summary of all measurements taken from oxide precipitates from the SPF81.4 SIMFuel sample. 

Oxide precipitates found in the bulk of SPF82.4 sample, that is the high doped composition with 

additional RE-content, were analysed similar to those shown earlier. Figure 136 shows one of the five 

precipitates, from which 16 spectra were taken, and data is summarised in Table 52. There is no detectable 

discrepancy between the composition of these precipitates and those analysed previously. 
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Figure 136: Representative examples of SPF82.4 oxide precipitates 

Element Image No. and number of spectra averaged 
26175s1-3 26181s1-3 26177s1-3 26178s1-3 26182s1-4 

O 56.42±0.54 57.34±0.05 56.04±0.09 57.34±0.05 56.97±0.66 
Sr 1.38±0.17 1.38±0.22 1.78±0.47 1.38±0.22 1.13±0.62 
Zr 19.51±0.28 19.15±0.50 20.63±0.73 19.15±0.50 18.46±0.92 
Ba 20.20±0.60 19.79±0.35 19.91±0.59 19.79±0.35 20.51±1.13 
Hf 0.34±0.04 0.28±0.05 0.30±0.02 0.28±0.05 0.35±0.03 
U 2.15±0.31 2.06±0.37 1.35±0.58 2.06±0.37 2.59±0.75 

Table 52: Summary of all measurements taken from oxide precipitates from the SPF82.4 SIMFuel sample. 

 
There were six oxide precipitates analysed for the SPF83.4 sample, and some are shown in Figure 137, 

while the measured data of 20 spectra is summarised in Table 53. The most significant difference between 

this sample and the other three is that minor presence of La was detected within the oxide precipitate. 

Considering, that SPF82.4 and SPF83.4 samples only differ in terms of Cr additive in the latter, the 

appearance of La in the secondary phase could be the consequence of this difference, as Cr3+ ions are able 

to effect partition energies of FPs between the UO2 matrix and the grey phase (through the formation of 

vacancies or clusters within the UO2 lattice) [120]. In this case the La may prefer to go into the grey phase 

due to Cr3+ ions present in the system. 
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Figure 137: Representative examples of SPF83.4 oxide precipitates 

Element Image No. and number of spectra averaged 
26221s1-3 26224s1-4 26225s1-3 26226s1-4 26227s1-3 26228s1-3 

O 57.19±0.31 56.80±0.31 57.01±0.16 56.74±0.69 57.07±0.15 57.22±0.52 
Sr 1.60±0.57 2.79±0.29 3.57±0.73 3.03±0.90 3.21±0.68 2.96±0.64 
Zr 19.82±0.66 21.01±0.19 21.15±0.46 21.45±0.55 21.10±0.58 20.87±0.19 
Ba 19.50±0.73 18.10±0.48 17.01±1.38 17.65±1.51 17.36±0.98 17.75±1.06 
Hf 0.41±0.04 0.34±0.04 0.34±0.03 0.36±0.04 0.29±0.03 0.23±0.16 
La 0 0.47±0.27 0.26±0.36 0.46±0.47 0.51±0.37 0.20±0.28 
U 1.49±0.36 0.49±0.15 0.72±0.37 0.33±0.56 0.46±0.50 0.78±0.14 

Table 53: Summary of all measurements taken from oxide precipitates from the SPF83.4 SIMFuel sample. 

Table 54 shows the summarised data for all four compositions, with regards to oxide precipitate 

composition. There are slight variations in O and Zr concentration, but they keep the same level, along with 

the Hf contamination. The U signal is picked up in almost every case, but its level is generally low and 

possibly arises from surrounding UO2 grains and inner-precipitate clusters. The Sr and Ba concentration 

adds up to ~20 at.%, and when the level of one increases, the other decreases. In all cases the oxide 

precipitates are therefore (Ba1-xSrx)ZrO3, where 0.06 ≤ X ≤ 0.14, with UO2 inclusions. The best example for 

this connection can be seen in the case of SPF82.4 and SPF83.4 (line 3 and 4 in Table 54). 
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Sample 
No of 
spectra 

Elements analysed 
O Sr Zr Ba Hf U 

SPF80.4 19 57.83±0.42 1.64±0.34 21.15±0.21 18.70±0.56 0.34±0.04 0.37±0.11 
SPF81.4 21 58.77±0.80 1.99±0.55 20.75±0.77 17.97±0.71 0.30±0.04 0.57±0.51 
SPF82.4 16 56.79±0.62 1.30±0.49 19.23±1.00 20.22±0.76 0.31±0.04 2.15±0.67 
SPF83.4 20 56.98±0.46 2.86±0.88 20.93±0.69 17.89±1.32 0.35±0.05 0.86±0.47 
Table 54: Summary of all the measurements taken from all the oxide precipitates. 

 

4.7.2.4 Analysis of metallic precipitates 
 

Ten metallic precipitates were analysed for each phase 2 SIMFuel composition, and up to 10 spectra 

were taken from each of these precipitates. The shape and size of these metallic precipitates vary greatly 

up to ~30 µm, but they generally have diameters less than 5 µm. They mainly contain Mo, Ru, Rh and Pd, as 

these elements were added to the SIMFuel powder blend during fabrication (Table 23). Eight other 

elements were also detected: Si, Al, Fe, Cr, Ti, P, O and U. Uranium and oxygen are likely to be picked up 

from the surrounding of the precipitate as well as O from water vapour. Iron and chromium are common 

and controlled impurities in commercial UO2 powder, and during sintering these elements are likely to 

migrate into the metallic phase. Titanium and phosphorus were rarely detected, and with limited 

concentrations (Ti: <5 at.%; P: <10 at.%), so they were disregarded. Aluminium has also low concentration 

(<5 at.%) in the analysed particles but was detected for ~75% of the cases in SPF80.4 and SPF81.4 samples, 

making it significant, especially considering that this is also one of the elements found in the pellet skin 

(4.4.2.1). For SPF82.4 and SPF83.4 Al was rarely detected and its concentration remained below 2 at.%. 

Silicon was not deliberately added to the SIMFuel powder blend, but still some metallic particles or inner 

regions of those particles contain up to 30 at.% of this element. The origin of the Al and Si contamination is 

unknown, but polishing and usage of glassware were excluded from possible causes. 

In the coming sections results from every EDX measurement are summarized and shown in four tables, 

along with six metallic precipitates as representative examples for each composition (4x6 SEM 

micrographs). Locations where EDX spectra were taken are marked and numbered matching with the 

spectra numbers in the first column of the respective tables. 

Measurement error is included, where more than one spectra was taken from the same area. 

Spectrum labels include the image numbers (5 digit numbers), which match with those numbers identifying 

each SEM micrograph, making it possible to locate the origin of many measurements. Spectra with the 

same image number indicate that all of those spectra were collected from the same precipitate, or 

precipitates in close proximity. 
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SPF80.4 samples 

Figure 138 shows six of the ten metallic precipitates that were analysed from the SPF80.4 sample. The 

size of these precipitates varies from ~5 µm (images A, B, C and D) to 20-30 µm (images E and F). Smaller 

(<10 µm) particles are typically homogenous, but larger (>10 µm) metallic precipitates may consist of more 

than one phase (images E and F) shown by different grey level regions. The chemical composition of the 

precipitates vary greatly and include mainly Mo, Ru, Rh and Pd, but elements such as Al, Fe, Si, Cr and Ti can 

also be detected – based on 30 spectra collected from these regions (Table 55). Precipitates with high (20-

30 at.%) Si content are generally associated with Pd, while Mo and Ru precipitates do not contain this 

element. 

 

 
Table 55: Elemental composition of metallic precipitates analysed in SPF80.4 sample (Low doped SIMFuel). No. 7, 8, 15 and 18 

give average values of several spectra. 

Mo Ru Rh Pd Si Al Fe Cr Ti O U
1 25949s1 33.61 32.49 25.62 8.28
2 25949s2 85.66 1.83 4.9 7.61
3 25950s1 16.99 57.36 20.46 2.8 1.38 1
4 25950s2 10.32 64.28 21.55 2.57 1.28
5 25950s3 3.01 33.93 6.24 9.94 1.17 44.25 1.46
6 25951s2 98.97 1.03
7 25952s1-s3 17.82±0.26 67.96±0.30 1.02±0.06 2.88±0.11 1.03±0.07 9.64±0.39
8 25952s4-s9 42.08±1.90 26.29±1.82 30.70±0.19 0.94±0.17
9 25952s10 4.98 70.82 18.59 5.61

10 25952s11 8.7 66.17 21.37 3.76
11 25952s12 6.74 80.21 1.94 3.28 7.82
12 25953s1 94.75 1.42 3.82
13 25954s1 54.99 12.22 28.76 3.43
14 25954s3 3.43 3.27 76.48 3.07 0.95 1.53 1.13 1.78 2.22 6.14
15 25955s2-s4 47.77±0.17 29.94±0.06 22.28±0.11
16 25956s1 76.4 19.21 3.21 1.18
17 25957s1 1.88 84.06 3.19 4.15 6.71
18 25957s2-s4 37.25±0.84 30.83±1.06 29.95±0.28 1.11±0.14
19 25958s2 29.67 10.47 55.02 0.7 3.18 0.97
20 25958s3 2.94 74.2 17.44 2.72 2.7

Element
No. Spectrum label
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Figure 138: Six examples of metallic precipitates from SPF80.4 sample showing various shapes, sizes and compositions. 
Spectra were collected from the locations marked and the allocated numbers are matching with the elemental composition 
in Table 55. 
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SPF81.4 sample 

 
43 spectra from 10 metallic precipitates were collected and the elemental composition given by EDX is 

shown in Table 56. In Figure 139 six of those precipitates are shown and the 31 locations, from where 

spectra were taken, are marked and the reference numbers for each location can also be found in the first 

column of Table 56, similarly to the previous section. 

Figure 139 reveals complex metallic precipitates, where two or more phases are present. However, all 

but one (location 27) contain Pd and most of the time as the main constituent. These phases differ 

significantly within the same precipitate, e.g. image A, where a Pd rich (location 5), a 4-metal Mo-Ru-Rh-Pd 

containing (location 6), and a Si rich Pd-Si (location 7) phases are present. Similarly to SPF80.4, high Si 

content is generally associated with high Pd level, suggesting that these two elements can easily form 

alloys. The Al and Fe contents are below 5 at.%, but detected within every precipitate. Cr and Ti were found 

in three precipitates, not exceeding 1.5 at.% 
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Table 56: Elemental composition of metallic precipitates analysed in SPF81.4 sample (High doped SIMFuel) 

Mo Ru Rh Pd Si Al Fe Cr Ti O U P
1 25920s1 87.47 1.61 3.32 7.6
2 25920s2 86.29 2.66 3.81 7.24
3 25920s3 31.75 7.63 59.11 1.5
4 25920s5 19.83 4 71.32 1.17 2.66 1.01
5 25922s1 5.5 82.12 1.95 2.83 7.59
6 25922s2 27.91 17.9 42.51 10.82 0.86
7 25922s3 5.39 69.27 17.17 6.1 2.07
8 25922s4 23.75 15.07 37.38 9.12 0.6 14.08
9 25923s1 25.61 11.5 38.67 11.91 11.75 0.56

10 25923s2 2.51 83.84 2.22 3.25 1.46 6.71
11 25924s1 49.72 14.12 36.16
12 25925s1 0.93 87.19 1.82 2.61 7.45
13 25925s2 13.57 10.22 15.27 49.5 9.59 1.86
14 25925s3 20.36 16.44 18.38 38.93 5.02 0.87
15 25925s4 1.16 86.8 1.37 2.66 8.02
16 25925s5 1.04 86.38 1.6 2.57 0.79 7.62
17 25925s6 74.23 19.07 5.84 0.87
18 25925s7 1.22 86.26 0.95 1.94 0.81 7.98
19 25925s8 77.27 19.26 3.47
20 25925s10 76.27 13.05 9.11 1.57
21 25933s1 77.53 18.79 3.67
22 25933s2 22.23 8.02 8.1 59.91 1.74
23 25933s3 87.15 2.62 3.11 7.12
24 25934s1 79.53 19.04 1.43
25 25934s2 88.37 1.08 2.56 8.00
26 25934s3 33.92 63.92 2.16
27 25934s6 36.23 58.36 2.17 3.24
28 25934s7 87.45 2.14 2.71 7.69
29 25935s1 80.16 10.71 2.97 6.15
30 25935s2 1.98 86.97 2.31 1.96 6.78
31 25935s3 75.28 13.46 5.2 2.19 3.88
32 25935s4 1.93 85.96 2.6 2.64 6.87
33 25935s5 33.4 33.4 4.57 28.63
34 25938s1 77.38 16.73 5.89
35 25938s2 2.07 86.13 2.21 2.57 7.02
36 25938s3 25.73 11.35 62.92
37 25938s4 1.98 86.25 1.83 2.72 7.21
38 25938s5 84.60 5.78 2.5 7.12
39 25938s6 1.98 86.41 2.54 1.91 7.17
40 25938s7 25.21 11.36 62.11 1.32
41 25940s2 87.02 2.43 4.24 6.31
42 25940s3 87.47 1.58 4.23 6.72
43 25940s4 72.46 17.93 2.97 6.64

No. Spectrum label
Element
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Figure 139: Complex metallic precipitates are common for the SPF81.4 sample. 32 of the 43 spectra collected are 
marked on these micrographs and the allocated numbers are matching with the elemental composition in Table 56 
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SPF82.4 sample 

 
Based on the analysis of 10 metallic precipitates and the total of 46 EDX spectra a decline in Al content 

is detected in the extra RE-doped sample. Complex metallic precipitates (such as image A and B in Figure 

140) are not as common as in the two precious cases, but when these are analysed, up to 30 at.% of Si 

content is detected. Single phase precipitates are generally small (< 5µm), and usually contain a single 

metal, such as Ru (Figure 140 C and D). Unless Si is present, the Mo-Ru-Rh-Pd content accounts for over 90 

at.% of the content of the metallic precipitates. 

 

 
Table 57: Elemental composition of metallic precipitates analysed in SPF82.4 sample (Extra RE doped SIMFuel) 

Mo Ru Rh Pd Si Al Fe Cr Ti O U P
1 26176s1 28.66 49.65 15.24 1.3 0.89 4.27
2 26176s2-s4,s9 9.1±2.03 80.21±2.16 1.96±0.25 8.49±0.63
3 26176s5-s8 71.93±2.54 25.65±2.28 28.95±0.33 1.05±0.27 1.10±0.18
4 26180s1-s3 32.40±1.70 34.40±1.39 25.98±0.44 1.04±0.17 3.90±0.09
5 26180s4 14.59 72.85 0.8 2.34 9.42
6 26180s5 13.12 74.26 1.3 1.86 0.65 8.82
7 26180s6 22.03 15.06 46.41 5.08 1.04 10.37
8 26180s7 41.96 4.86 14.15 26.23 12.8
9 26184s1 100

10 26185s1-s3 99.77±0.33
11 26186s1-s3 98.85±1.05 1.53 1.01
12 26187s1-s2 49.82±0.07 20.84±0.04 3.59±0.25 25.57±0.03
13 26188s1 99.28 0.72
14 26188s2 100
15 26188s3 99.14 0.86
16 26189s1-s3 39.43±0.64 38.48±0.18 18.61±0.19
17 26191s1 48.36 2.37 23.12 26.15
18 26191s2 42.52 2.17 20.04 23.33 0.61 11.33
19 26191s3 40.03 1.92 18.68 21.39 0.94 17.04
20 26192s1 47.84 23.84 0.84 1.56 1.19 5.51 19.22
21 26192s2 51.27 25.38 1.92 1.15 20.28
22 26192s3 50.91 27.09 1.98 20.03
23 26192s4 1.54 3.36 72.03 9.56 6.61 4.4 1.27 1.25
24 26192s5 1.97 3.43 71.82 9.2 0.5 6.61 3.83 1.37 1.26
25 26192s6 7.17 4.38 71.52 6.98 4.82 2.92 1.38 0.84
26 26192s7 39.82 26.32 26.54 0.8 2.32 4.2
27 26192s8 40.25 25.42 25.77 0.77 3.74 4.06
28 26193s1 43.74 5.18 3.01 48.08
29 26193s2 32.42 53.97 9.64 3.97
30 26193s3 22.32 71.82 5.1 0.76

No.
Spectrum 

label
Element
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Figure 140: Six examples of metallic precipitates from SPF82.4 sample showing various shapes, sizes and 
compositions. Spectra were collected from the locations marked and the allocated numbers are matching with the 
elemental composition in Table 57. In image D, E and F three spectra numbers are referred to one area, meaning 
that each measurement from the same region gave slightly different elemental composition. 
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SPF83.4 samples 

Complex metallic precipitates are rarely found in the SPF83.4 sample and all six examples in Figure 141 

are single phase precipitates, 4 of them are also smaller than 5 µm. Chromium is detected in every 

precipitate, as it was deliberately added to the SIMFuel powder blend before sintering. The Si content is not 

significant, based on 34 spectra taken from 10 precipitates. Metallic particles with significant oxygen 

content were also detected (spectrum label: 26198s1-s3, 26199s1-s3 and 26200s1-s3) for the first time, 

associated with high (>50 at.%) Mo. 

 

 
Table 58: Elemental composition of metallic precipitates analysed in SPF83.4 sample (Extra RE + Cr doped SIMFuel) 

 

Summary: 

Various metallic precipitates were found in phase 2 SIMFuel samples. Most of them consist of the four 

metal Mo-Ru-Rh-Pd alloy, but there are examples where these elements can be found in an almost pure 

form. Up to 30 at.% of Si is detected in ~35 % of the spectra taken for the SPF80.4, SPF81.4 and SPF82.4 

samples, but this dropped significantly for the Cr-doped SPF83.4 (Table 58). Low Al and Fe content was also 

picked up with a concentration below 5 at.%. As for the Cr doped sample, Al and Fe were rarely detected, 

but the Cr content was significant in these precipitates (~15-30 at.%). 

The variety of these precipitates makes grouping challenging, as no trends or typical behaviours can be 

identified. These metallic precipitates are considered further in Chapter 5. 

 

Mo Ru Rh Pd Si Al Fe Cr O P
1 26196s1-s3 2.30±0.15 1.34±0.12 39.93±0.72 27.60±1.05 0.55±0.07 2.48±0.09 25.80±0.25
2 26197s1-s3 2.03±0.23 1.13±0.20 43.92±1.31 22.86±1.78 2.25±0.03 24.02±0.21 3.39±0.47
3 26198s1-s3 50.56±0.78 1.97±0.03 2.33±0.08 2.28±0.10 42.85±0.90
4 26199s1-s3 50.89±1.86 8.43±0.33 2.61±0.26 5.88±0.39 3.62±0.09 27.94±1.23
5 26200s1-s3 61.59±0.60 4.68±0.16 2.62±0.16 3.85±0.36 3.74±0.03 23.41±0.63
6 26201s1 76.69 4.05 19.26
7 26201s2 79.69 20.31
8 26201s3 75.96 3.74 1.24 19.06
9 26202s1-s3 54.09±1.25 16.82±1.70 1.02±0.06 28.06±0.49

10 26202s4 8.81 66.35 18.67 1.91 1.49 2.77
11 26202s5 8.85 45.82 22.47 4.49 18.37
12 26202s6 1.66 1.58 46.09 28.24 1.1 21.34
13 26203s1-s3 81.12±0.02 18.88±0.02
14 26204s1-s3 2.05±0.34 39.93±2.62 30.57±3.03 1.66±0.28 25.62±0.32
15 26223s1 79.92 20.08
16 26223s2 79.96 20.04
17 26223s3 5.09 75.90 19.01

No. Spectrum 
label

Element
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Figure 141: Six examples of metallic precipitates from SPF83.4 sample showing various shapes, sizes and 
compositions. Spectra were collected from the locations marked and the allocated numbers are matching with the 
elemental composition in Table 58 
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4.8 Heat treatment experiments 
 

In this section results from heat treatment experiments performed on phase 1 samples are given, 

separated into 4 subsections. In the first section the samples are described before any heat treatment to 

provide a reference for potential changes observed later due to the heat treatments. The second section 

gives details of the microstructure and average grain sizes after the first heat treatment (825 °C, 48 h), 

while the third describes the microstructure after the high temperature heat treatment (re-sintering, 

1800 °C, 12 h). The last section includes image pairs or triplets showing exactly the same areas from the 

sample surface before and after the heat treatments. The aim for these experiments was to gain a better 

understanding on the microstructural evolution of the SIMFuel samples at the reactor operation 

temperature, at the surface of the cladding (~825 °C) and in the bulk of the pellet, where temperature may 

rise as high as 1800 °C. The SEM images shown in this section were also used to determine the average 

grain size of those samples. 

 

4.8.1 Sample characterisation before 48 h heat treatment at 825 °C 
 

Samples prepared for heat treatment experiments had to be characterised in detail, focusing 

particularly on the AGS. When capturing images, unique markers (e.g. cracks, voids or pores) on the surface 

were used to locate exactly the same areas, so that changes – that might occur during the consecutive heat 

treatments – could be followed. 

Table 59 shows the AGS for each sample, based on one image from each composition. Values show 

that the undoped reference sample has the highest AGS of all (~10 µm) but with significant spread. There 

are smaller grains (AGS: ~5 µm) in the low doped SIMFuel sample, while in the high doped SIMFuel AGS is 

only about 3.5 µm. These measurements are in good agreement with those values given in Section 4.5 from 

SEM. 

 
Grain size statistics – Before 48 h heat treatment 
Sample Code/Image No. Average Grain size (µm) 
SPF51.5/24134 – Reference  9.611±3.732 
SPF52.5/24081 – Low doped 5.022±0.820 
SPF53.5/24159 – Highly doped 3.559±0.845 

Table 59: Grain size statistics on the bulk samples before heat treatment – Reference sample 
(SPF51.5), low-doped (SPF52.5) and highly-doped (SPF53.5) samples. 

All three images considered in Table 59 are included here to show the areas analysed for the reference 

sample (Figure 142), for the low doped SIMFuel sample (Figure 143) and for the high doped SIMFuel (Figure 

144). In Section 4.8.2 these areas are analysed again to identify changes that occurred in the microstructure 

during heat treatment. Features, that helped identify the same areas after the low temperature heat 
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treatment, are marked with squares on the respective image pairs. (Figure 142 and Figure 145; Figure 143 

and Figure 146; Figure 144 and Figure 147) 

 
Figure 142: SEM-BS images of polished surface of reference sample (SPF51.5) before heat treatment. 

 
Figure 143: SEM-BS images of polished surface of low-doped sample (SPF52.5) before heat treatment. 
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Figure 144: SEM-BS images of polished surface of high doped sample (SPF53.5) before heat treatment. 

 

4.8.2 Sample characterisation after 48 h heat treatment at 825 °C. 
 

Grain sizes are shown in Table 60 where SPF51.5 refers to the sample created from a reference pellet 

(see Section 3.6), while SPF52.5 is a low-doped sample and SPF53.5 is highly doped. Average grain sizes 

decrease with increasing amount of dopant, but there is no significant difference between measurements 

before (Figure 58) and after (Figure 59) the low-temperature heat treatment presumably because the heat 

treatment temperature was too low for microstructural changes to occur. 

Grain size statistics – After 48 h heat treatment 
Sample Code/Image No. Average Grain size 
SPF51.5/24727 – Reference 9.738±2.309 
SPF51.5/24735 – Reference 9.849±2.936 
SPF51.5/24743 – Reference 8.547±2.532 
Average: 9.378±2.592 
  
Sample Code/Image No. Average Grain size 
SPF52.5/24681 – Low doped 3.839±0.709 
  
Sample Code/Image No. Average Grain size 
SPF53.5/24705 – Highly doped 2.953±1.314 

Table 60: Grain size data from the bulk of the 48 h heat treated samples - Reference sample 
(SPF51.5), low-doped (SPF52.5) and highly-doped (SPF53.5) samples. 

One image from each SIMFuel composition, which was used to determine AGS, is shown to prove that 

the microstructure did not change during the low temperature heat treatment (See Figure 145, Figure 146 
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and Figure 147). The grey scale of these images is slightly different, than their respective counterparts 

(Figure 142, Figure 143 and Figure 144) due to the different brightness and contrast settings, and long 

polishing scratches can also be found, but these did not affect analysis.  

 

 
Figure 145: One of the SEM images of the low temperature heat treated reference sample 

(SPF51.5). 

 
Figure 146: SEM image of the low temperature heat treated low-doped sample (SPF52.5). 
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Figure 147: SEM image of the low temperature heat treated highly doped sample (SPF53.5). 
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4.8.3 Sample characterisation after further 12 h heat treatment at 1800 °C. 
 

The second stage of the heat treatment experiments was conducted as outlined in Figure 52, and the 

same pellet pieces were exposed to a much higher temperature this time. As a result, the sample 

microstructure has changed, most notably the AGS. The conditions during this heat treatment are similar to 

those reached in the centre of an AGR fuel pellet during irradiation (~1400 °C). 

Grain sizes are shown in Table 61 after 12 h heat treatment at 1800 °C (referred hereafter as “re-

sintering”). In this table SPF51.5 refers to the sample created from a reference pellet, while SPF52.5 is a 

low-doped sample and SPF53.5 is a highly doped one. Average grain sizes are clearly decreasing with 

increasing amount of dopant keeping the same trend as before re-sintering, but there is a considerable 

increase in grain sizes compared to those obtained after the low-temperature heat treatment (48 h at 

825 °C), shown in the previous section. Reasons for this will be considered further in Chapter 5. 

 

Average grain size – 12 h heat treatment 
Sample code/Image No. Average grain size 

SPF51.5/25252 – Reference 17.339±4.458 
SPF51.5/25248 – Reference 14.182±3.090 
SPF51.5/25245 – Reference 14.631±4.307 

Average: 15.384±3.952 
  

Sample code/Image No. Average grain size 
SPF52.5/25215 – Low doped 4.066±1.270 
SPF52.5/25214 – Low doped 3.487±1.272 

Average: 3.777±1.271 
  

Sample code/Image No. Average grain size 
SPF53.5/25240 – highly doped 3.696±0.983 
SPF53.5/25239 – Highly doped 3.593±1.198 

Average: 3.645±1.091 
Table 61: Average grain size values measured on images taken from the 
reference, the highly doped and the low doped samples after 12 h of re-

sintering at 1800 °C. 

Figure 148, Figure 149 and Figure 150 show examples of the surface development after the re-

sintering of SPF51.5, SPF52.5 and SPF53.5 samples, respectively. On these images significant changes are 

observed compared to the microstructures after low temperature heat treatment, e.g. the majority of the 

porosity disappeared. All of these images were used to determine AGS (Table 61). 
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Figure 148: An example showing reference sample (SPF51.5) after re-sintering, but without any 

surface treatment prior to analysis. 

 
Figure 149: An example showing the low-doped sample (SPF52.5) after re-sintering, but without 

any surface treatment prior to analysis. 
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Figure 150: An example showing the highly doped sample (SPF53.5) after re-sintering, but 

without any surface treatment prior to analysis. 

 

4.8.4 Quantification of surface changes during heat treatment 
 

A number of images were taken from the heat treated samples before heat treatment, after heat 

treatment and after re-sintering. Specific sites were identified with unique surface features, so that the 

same area could be found again to see any direct change. As a result, image triplets are available, and the 

most significant ones are shown in the following sections. 

4.8.4.1 U404 – reference samples 
 

Figure 151 shows surface evolution initiated by the subsequent heat treatment steps, and the region 

was identified by local porosity features. Figure 151 A is a porous area on the polished surface of the 

undoped sample (SPF51.5 ) providing a reference for initial porosity and grain size distribution, and this 

does not change significantly after the 48 h low temperature heat treatment at 825 °C (Figure 151 B). 

However, when high temperature re-sintering was conducted on the same sample, the porosity 

disappeared almost entirely and the grain structure changed highlighting the re-sintering. 

Other images – more suitable for AGS analysis – shows that AGS increased by some ~50% (e.g. IMG-

24727: 9.7±2.3 µm – Table 60; IMG-25245: 14.6±4.3 µm – Table 61;) due to re-sintering, based on grain size 

measurement on images not shown here. 
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Figure 151: Image triplet of the SPF51.5 reference sample, showing a high porosity region from the same area before heat 

treatment (A), after heat treatment (B) at 825 °C for 48 h. and after re-sintering (C) at 1800 °C for 12 h. 

 

4.8.4.2 U405 – Low-doped samples 
 

There are five image sets in this section highlighting the main changes that occurred during heat 

treatment of the low doped samples (SPF52.5) 

Figure 152 shows how the grain structure changes during consecutive heat treatment steps. Little 

change occurs during the first heat treatment step (Figure 152 B), but – as for the reference samples 

(Section 4.8.4.1) – pores close and grains grow during re-sintering. In Figure 152 C larger (5-15 µm) grains 

can clearly be located and these are generally surrounded by smaller (<5 µm) grains that are being 

consumed during the grain growth process. The AGS is smaller (3.8±1.3 µm) than that of the reference 

sample (15.4±4.0 µm), after re-sintering (Table 61). 
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Figure 152: Image triplet of the SPF52.5 low doped sample, showing typical grain structure from the same area before heat 

treatment (A), after heat treatment (B) at 825 °C for 48 h. and after re-sintering (C) at 1800 °C for 12 h. 

 

Figure 153 A shows a void in the pellet bulk, where metallic particles and oxide precipitates can be 

found before sintering. Low temperature heat treatment does not significantly effect this feature (Figure 

153 B), however after re-sintering (Figure 153 C), a complete transformation of this area can be seen. The 

grain structure completely changes around the void with larger grain diameters than the surrounding 

typical grains. The void almost closes completely and decreased in size, and the secondary phases can no 

longer be detected. 
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Figure 153: Image triplet of the SPF52.5 low doped sample, showing a void in the grain structure from the same area before heat 

treatment (A), after heat treatment (B) at 825 °C for 48 h. and after re-sintering (C) at 1800 °C for 12 h. 

 
A low porosity region within the porous sample with large grains is shown in Figure 154. Figure 154 A 

and B show the area before and after the heat treatment, respectively. After re-sintering, as observed 

previously, the pores close up, but in this case the growth of individual grains can also be analysed. Figure 

154 C and D show the same area, but using different magnification, to identify any changes in grain size. 

Eight grains are numbered in Figure 154B and D, identifying them before and after re-sintering. 

Measurements show that straight grain boundaries did not move significantly during re-sintering, e.g. 

between grain 2 and 3. Grain 4 however grew for the expense of grain 5, because the centre of curvature is 

within grain 5 and that is the direction where grain boundaries migrate [169]. 

Figure 155 A and B shows two of numerous examples when spherical cavities in the grain structure are 

found to contain micron or submicron metallic precipitates. These cavities were likely filled with metallic 

precipitates that later evaporated leaving holes behind. Metallic precipitates covering the inner surface of 

both of these features provide evidence for this hypothesis. Similar features were observed in the highly 
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doped sample, with partly evaporated and melted metallic precipitates inside the cavity, supporting the 

hypothesis even further (see later in Figure 158D). 

 

 
Figure 154: Image quartet of the SPF52.5 low doped sample, showing the same area of large grains before heat treatment (A), 
after heat treatment (B) at 825 °C for 48 h. and after re-sintering (C, D) at 1800 °C for 12 h. 

 
Figure 155: Round cavities with metallic precipitates scattered around the cavity surface (SPF52.2 after re-sintering). 
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4.8.4.3 U406 – Highly-doped samples 
 

A typical microstructure is shown in Figure 156, highlighting a void as a reference point. There was no 

significant change in porosity during heat treatment (Figure 156 B), but only a few pores remained after re-

sintering (Figure 156 C). After re-sintering, grain growth occurred and grain boundaries became visible due 

to thermal etching. 

 

  

 
Figure 156: Image triplet of the SPF53.5 high doped sample, showing typical grain structure from the same area before heat 

treatment (A), after heat treatment (B) at 825 °C for 48 h. and after re-sintering (C) at 1800 °C for 12 h. 

 
Figure 157 shows an oxide precipitate in the highly doped sample. Figure 157A and B show the 

spheroidal precipitate before and after heat treatment, respectively. Figure 157 C shows the same area 

after re-sintering, but there is no sign of the oxide precipitate in that area. Instead, uranium dioxide 

emerged from the surface. Closer observation reveals crystal facets now present in the bulge and, –because 

there is free surface available for growth – the crystals can adopt their characteristic shapes. 
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Figure 157: Image triplet of the SPF53.5 high doped sample, showing the same oxide precipitate before heat treatment (A), after 

heat treatment (B) at 825 °C for 48 h. and after re-sintering (C) at 1800 °C for 12 h. 

 

Figure 158 shows various features observed in the microstructure of the highly doped SIMFuel sample 

after re-sintering. Figure 158 A is an open pore, in which metallic precipitates are found. This feature is 

similar to those in the low-doped samples (Figure 155). Figure 158 B is a round feature, which seems to be 

embedded in the UO2 matrix. Based on observations on numerous similar features, this is the remnant of a 

similar size oxide precipitate. Figure 158 C and D show the same void in the grain structure, and inside the 

void a rounded, possibly melted metallic precipitate is found. Images taken from the same area before re-

sintering show this void to be completely filled with metallic precipitate. Figure 158 E and F are examples of 

metallic precipitates, which possibly melted during re-sintering, and recrystallized upon cooling.  
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Figure 158: Special features, including (A) a cavity with metallic precipitates; (B) a remnant of an oxide precipitate; (C,D) a 

void with melted metallic particle inside; (E,F) metallic precipitates on the surface of the re-sintered sample. 
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4.9 ICP-MS analysis 
 

ICP-MS analyses on the SIMFuel powder blends and pellets were used to obtain compositional data 

from a technique separate from microscopy and X-ray techniques and which gives bulk compositional 

information. ICP-MS measurements were done differently on phase 1 and phase 2 samples, as described in 

Section 3.5.4, and shown schematically in Figure 55 and Figure 56, respectively. 

4.9.1 Phase 1 samples 
 

Before analysing results from ICP-MS measurements, the calculated elemental composition has to be 

considered, as this provides a basis for comparison with the measured data. The elemental composition for 

phase 1 SIMFuel samples is in Table 23. 

The elemental composition of the SIMFuel samples measured using ICP-MS including an estimate of 

the proportion of residue which remained undissolved is provided in Table 62. This table shows that the 

concentration of every element (except Cs) is higher in the doped samples. This is expected for most 

elements, as they were added to the depleted UO2 as surrogate elements, e.g. Y, Zr, Mo, Ru, Ba, La, Ce and 

Nd. Other elements (Al, Si, Ti, Cr, Fe and Ni) are common impurities in UO2, so their concentrations were 

also measured as a routine procedure. Even though the concentration of these elements was supposed to 

remain similar after doping the UO2 with various other elements, they still increased. The most notable 

impurity, that later became an important contamination is Si, whose concentration was higher than that of 

most of the dopants. Te and Cs were included in the dopant powder mix, but elemental analyses did not 

show any significant concentration, suggesting evaporation during sintering. 

 
Sample ID U404 U405 U406 

Sample name Undoped reference 
sample 

Low-doped SIMFuel 
sample 

Highly doped SIMFuel 
sample 

Element µg/g µg/g µg/g 
Nd <1.4 19500±530 33900±1100 
Zr <8.0 5420±340 14400±370 
Sr <2.5 267±3.3 421±3.6 
Ba 3.64±0.40 1620±31 2960±17 
La 0.590±0.10 739±7.5 1190±16 
Ce 1.52±0.10 1410±25 2290±33 
Y 0.280±0.10 281±3.0 447±5.7 
Mo 3.54±0.70 1330±47 2940±48 
Pd 4.96±1.0 437±7.9 1310±33 
Ru 1.67±0.30 427±13 1400±18 
Rh 0.340±0.10 59.7±5.3 93.6±1.3 
Te 3.56±0.30 23.9±0.70 36.1±3.0 
Cs 8.96±0.10 1.00±0.10 2.32±0.10 
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Al 7.12±0.20 114±1.8 159±0.65 
Si <4.0 692±20 2740±340 
Ti <1.6 10.7±1.2 21.9±1.5 
Cr 1.66±0.40 9.66±0.90 14.1±1.2 
Fe <16 104±9.3 135±17 
Ni 3.58±0.40 10.4±0.30 22.1±0.75 
Hf <5.0 126±5.7 208±1.3 
Insoluble Not applicable <4320 3240 

Table 62: Elemental composition of the SIMFuel samples. 

 
Results from Table 62 are transferred to Table 63 and compared with the theoretical values, derived 

from Table 23, there. Possible reasons for the varying concentrations of each element are discussed in 

connection with Table 63. 

Table 63 shows the measured composition of the low doped (UO405) and high doped (UO406) 

samples along with the theoretical compositions based on compounds added to the UO2 (“Theoretical 

metal content”). When the ratio of actual measured and theoretical composition is calculated there are 

three value ranges possible: 

Ratio > 1: The element has higher concentration in the actual SIMFuel than was originally intended. 

Ratio ~ 1: Element concentration ratios close to 1 mean that the measured concentration is close to 

the theoretical, thus it is satisfactory. Given the ±20% confidence level for ICP-MS measurements, ratios 

between 0.8 and 1.2 are acceptable here. 

Ratio < 1: The element has lower concentration in the actual SIMFuel than was originally intended, 

meaning that elements went “missing” during preparation of ICP-MS samples. There can be three reasons 

for this: the element is not in the SIMFuel after sintering (evaporation, or diffusion into the furnace W 

plate), the compound that holds the element did not go to solution during ICP-MS sample preparation or, 

measuring error during masterbatch preparation. 
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UO405 pellet 
[µg/g] 

Theoretical metal 
content [µg/g] 

Measured/ 
theoretical 

 

 

UO406 pellet 
[µg/g] 

Theoretical metal 
content [µg/g] 

Measured/ 
theoretical 

Nd 19500 4143.8 4.71  Nd 33900 7087.4 4.78 
Zr 5420 2726.8 1.99  Zr 14400 4454.1 3.23 
Sr 267 267.8 1.00  Sr 421 422.8 1.00 
Ba 1620 1693.5 0.96  Ba 2960 3027.4 0.98 
La 739 824.3 0.90  La 1190 1364.3 0.87 
Ce 1410 1573.9 0.90  Ce 2290 2672.9 0.86 
Y 281 315.0 0.89  Y 447 511.8 0.87 
Mo 1330 2221.8 0.60  Mo 2940 3777.0 0.78 
Pd 437 782.4 0.56  Pd 1310 1738.6 0.75 
Ru 427 1949.4 0.22  Ru 1400 3455.8 0.41 
Rh 59.7 310.8 0.19  Rh 93.6 446.0 0.21 
Te 23.9 346.4 0.07  Te 36.1 639.6 0.06 
Cs 1 1563.7 0.00  Cs 2.32 2515.4 0.00 
Al 114 0 

 
 Al 159 0 

 Si 692 0 
 

 Si 2740 0 
 Ti 10.7 0 

 
 Ti 21.9 0 

 Cr 9.66 0 
 

 Cr 14.1 0 
 Fe 104 0 

 
 Fe 135 0 

 Ni 10.4 0 
 

 Ni 22.1 0 
 Hf 126 0.0 

 
 Hf 208 0.0 

 insoluble <4320 
  

 insoluble 3240 
  Table 63: Comparative table for ICP-MS results on phase 1 samples. 

Elements in the first group (ratio>1) include zirconium and neodymium. The measured concentration 

of these elements is 2-5 times higher than the theoretical value. One possible explanation is that local 

concentration differences favour these elements in this particular measurement. For milling, zirconia balls 

were used but it was assumed that the contamination from the balls is negligible compared to the amount 

of ZrO2 added to the system. 

Elements in the second group (ratio ~1) include Sr, Ba, La, Ce and Y. For these elements the measured 

concentration is very close to those of theoretical, meaning that the concentrations of these elements are 

as intended. This would be ideal for every FP surrogate. 

Another group of elements include the white particle forming metals: Mo, Ru, Rh, Pd. The less than 

theoretical concentration of these elements is explained by the fact that metallic precipitates do not 

dissolve well under the applied dissolution techniques during ICP-MS sample preparation, so some of these 

elements are simply in the insoluble part, and the achieved concentrations in the samples are presumably 

as expected. 

The final two FP surrogates include caesium and tellurium. The measured data suggest that these 

elements are completely volatilized from the pellets. This is why these elements were not included in the 

dopant powder mix when planning the phase 2 samples.  

The rest of the elements are Al, Si, Ti, Cr, Fe, Ni and Hf. Measuring the concentration of these elements 

is common practice for UO2 ceramics, but these elements were not intentionally included into the SIMFuel 

powder blend, and so regarded as impurities and contaminations. 
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A hypothesis for the composition of the insoluble particles is given here. Four elements had significant 

differences between their theoretical and measured concentration. These are: Mo, Pd, Ru and Rh. The sum 

of these differences is in good agreement with the µg/g value of the insoluble remnants. Table 64 shows 

the calculations and a possible composition of the metallic precipitates in at%. 

 
43 GWd/tU Weight mismatch µg/g Amount of metal (mol) at% 
Mo 837 8.7E-06 24 
Rh 352 3.4E-06 9 
Ru 2056 2.0E-05 56 
Pd 429 4.0E-06 11 
SUM: 3674 3.7E-05 100 
Insoluble weight: 3240     

Table 64: Theoretical composition of insoluble particles 

Filter papers with solid precipitates were analysed using SEM-EDX, but results proved to be insufficient 

and the results not useful for supporting the theory outlined above. Due to the destructive nature of the 

ICP-MS analysis, such experiments were not conducted again. 

 

4.9.2 Phase 2 samples 
 

The calculated compositions of all four phase 2 SIMFuel pellets are given in Table 24. Ideally this is the 

composition, that ICP-MS measurements should be consistent with, assuming all components are nitric acid 

soluble. 

Results of the ICP-MS analysis for the phase 2 samples are presented in Table 65 (powder analysis) and 

Table 66 (sintered pellet analysis). They show how the concentration of certain elements changed due to 

the sintering process. The concentration of certain elements, such as Y, La, Ce and Nd remained constant in 

the case of V257 and V258 pellets, but show variation when the pellet is doped with extra Y, La and Nd 

(V259). Metals, such as Ru, Rh and Pd are represented in much lower concentration than their theoretical 

concentration in these systems; these elements most likely form insoluble noble metal precipitates during 

sintering. As for the powder samples, some oxides are insoluble in nitric acid, so their concentration is 

negligible in the acidic solution (PdO, Rh2O3, ZrO2). 
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Sample V257 powder V258 powder V259 powder V260 powder 
Element µg/g µg/g µg/g µg/g 
Al 204±54 141±4.7 161±2.9 156±5.7 
Cr 10.7±0.12 10.2±0.20 9.40±0.40 64.2±1.5 
Sr 221±2.8 367±6.1 362±1.3 344±2.1 
Y 280±4.8 413±11 5590±90 4450±46 
Zr 1050±450 558±16 388±5.9 279±3.9 
Mo 2360±0.14 4000±100 3970±54 4070±129 
Ru <3.5 <5.4 1.86±0.40 <63 
Rh 2.19±0.52 1.71±0.20 2.54±0.20 3.03±0.10 
Pd 27.6±6.9 32.3±0.50 26.5±0.30 27.9±0.50 
Ba 1720±26 3110±110 3030±64 3020±84 
La 674±14 1120±24 8480±30 6800±120 
Ce 1440±44 2490±31 2500±37 1950±63 
Nd 3580±18 6100±160 23700±300 21300±490 
Insoluble 5860±36 11000 11500 22600 

Table 65: Elemental composition of the SIMFuel powder blend before sintering. 

Sample V257 pellet V258 pellet V259 pellet V260 pellet 
Element µg/g µg/g µg/g µg/g 
Al 64.2±2.3 55.4±2.8 97.1±2.7 51.1±4.0 
Cr 10.6±0.50 12.0±0.20 10.7±1.1 177±3.6 
Sr 259±1.4 355±2.7 192±2.0 281±2.9 
Y 279±6.4 414±5.0 4060±37 5500±110 
Zr 2690±99 4330±71 3630±58 4410±130 
Mo 1900±39 2850±6.0 2880±41 2930±59 
Ru 92.7±2.8 182±3.3 158±2.7 147±3.3 
Rh 102±2.8 115±1.0 239±4.2 178±1.9 
Pd 553±9.7 1310±35 1250±14 1160±53 
Ba 1590±23 2540±4.0 1200±41 1560±30 
La 677±7.1 1130±11 5800±81 8220±210 
Ce 1530±23 2510±35 1820±29 2440±17 
Nd 3710±76 6120±110 20400±420 25700±670 
Insoluble 50.6 4720 19400 3550 

Table 66: Elemental composition of the SIMFuel pellets after sintering. 

 
The detailed analysis of these concentrations and reasons for differences between theoretical ad 

actual concentrations are discussed in the following section (4.9.2.1) one by one, along with the insoluble 

residue analysis and findings are summarised in Table 67 and Table 68. 
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4.9.2.1 Insoluble residue analysis – Phase 2 samples 
 

The insoluble residues retained on the filter paper after nitric acid dissolution were studied by SEM-

EDX, as described in Section 3.5.4. Results are summarised in Table 67. In this table, the filter paper code 

relates to the unique code NNL personnel in the Analytical Chemistry laboratory at Springfields gave to 

each sample, and the SIMFuel sample code identifies the pellet and powder samples. In some cases there 

are two filter paper segments available for analysis. For every sample, the list of elements found on the 

filter paper is given, along with the exact SEM image number, on which the compound is identified. 

Comments are added for each sample, to describe the observations. 

Filter paper code SIMFuel sample code Elements found SEM image No. Comments 
AN14-260(S41) V257-5 pellet (Low doped) Ru (Mo) 25882 Hardly any material on the filter 

paper, submicron metallic 
particles found with no oxygen 
content. 

AN14-260(S42) V257-5 pellet (Low doped) Ru, Mo 25904 Hardly any precipitate on the 
filter paper, no oxygen detected, 
consistent with ICP-MS data, 
submicron particle size 

AN14-261(S41) V258-1 pellet (High doped) Ru, Mo, Zr, (Pd) 25900 Not too many precipitates on the 
filter paper, submicron metallic 
precipitates are common, 
10-20 µm ZrO2 particles present 

AN14-261(S42) V258-1 pellet (High doped) Ru, Mo, Ti, 25906 Submicron sized metallic 
precipitates found in relatively 
large number (more than in 
V257-5), Ti content significant. 

AN14-262(S42) V259-3 pellet  
(Extra RE doped) 

Ce, Nd, Y, La, Zr; Mo, 
Ru; 

25916 Full coverage of filter paper with 
undissolved material, consisting 
of Ce, Nd, Y, La and Zr. Metallic 
precipitates made of Ru and Mo.  

AN14-263(S42) V260-6 pellet  
(Extra RE + Cr doped) 

Ce, Nd, Y, La, Zr; Mo, 
Ru, Cr; 

25910 Full coverage of filter paper with 
undissolved material, consisting 
of Ce, Nd, Y, La and Zr. Metallic 
precipitates made of Ru, Mo and 
Cr. 

AN14-264(S42) V257 powder blend PdO, RuO2, ZrO2 25886 Large amount of material can be 
seen on the filter paper. Within 
this, PdO, RuO2 and ZrO2 are 
identified. 

AN14-264D(S42) V257 powder blend PdO, RuO2, ZrO2 25862 Same as AN14-264(S42) 
AN14-265(S42) V258 powder blend PdO, RuO2, ZrO2 25888 Same as AN14-264(S42) 
AN14-266(S42) V259 powder blend PdO, RuO2, ZrO2 25891 Same as AN14-264(S42) 
AN14-267(S42) V260 powder blend PdO, RuO2, ZrO2 (Y, 

La, Ce, Nd ) 
25892 Same as AN14-264(S42) 

Table 67: Details of filter paper samples and summary of the findings. 
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Table 68 summarizes the ICP-MS results with numerical values. In this table all the elements that were 

measured are listed. For each batch of samples, the elemental concentration (in µg/g) of those additives in 

the pellet (after sintering) and in the powder (before sintering) are given, ignoring the errors associated 

with the measurements for easier calculation. The “Theoretical metal content [µg/g]” column gives data 

values derived from Table 24 for comparison. 

The “Ratio of concentrations in powder/theoretical” column gives the concentration ratio between the 

concentration of the measured elements in the powder blend (after mixing, but before sintering) and the 

theoretical concentration of the compounds added to the system. Upon complete dissolution of every 

compound in nitric acid, this value should be close to one, depending on instrumental and measurement 

errors. X<1 values indicate that the measured concentration of a certain element is lower that it should be 

based on weighing. Such ratio could indicate that the compound of the element is not soluble in nitric acid, 

and so it should be on the filter paper, or the weighing process was not precise enough. In this column Sr, 

Mo, Ba and Ce ratios are close to 1, but values for Y, La and Nd are also within the acceptable range (±20 % 

error for ICP-MS analysis; see Section 3.5.4 ) 

The “Ratio of concentrations pellet/theoretical” column gives the ratio between the concentration of 

the measured elements in the sintered pellet and the theoretical concentration of the compounds added to 

the system. Assuming complete dissolution of the sample material in nitric acid and measuring the 

elemental concentration, these values should indicate the concentration changes for each of these 

elements. X<1 indicates that there is less material measured in the solution than weighed in to the original 

blend. X=1 would indicate that the element has the same concentration in the sintered pellet, as expected. 

For many elements this is true, e.g. Sr, Zr, Nd and Ce. If the ratio is below 0.2, this suggests that the 

compound, which the element is fixed in, is not soluble in nitric acid, and should be found on the filter 

paper, e.g. Ru. 

The final column is to show the concentration ratios between those measured in the pellet and in the 

powder. This ratio is a good indication of the changes occurring upon sintering. Some elements` 

compounds may have become soluble in nitric acid due to chemical changes during sintering, or the 

opposite may be true. If the ratio is close to 1, this means that the compound of that element is soluble in 

HNO3 and its concentration did not change due to sintering. The best examples here are La, Ce and Nd. 

X>>1 meaning that significant “gain” of concentration happened, that is particularly true for Rh, Ru and Pd. 

These elements are not soluble in nitric acid in oxide form, unlike in metallic form. 
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Element V257 pellet 
[µg/g] 

V257 powder 
[µg/g] 

Theoretical metal 
content [µg/g] 

Ratio of concentrations in 
powder/ theoretical 

Ratio of concentrations in 
pellet/ theoretical 

Ratio of concentrations in 
pellet/ powder 

Al 64.2 204 0 
  

0.3147 
Cr 10.6 10.7 0 

  
0.9907 

Sr 259 221 234.5 0.9426 1.1046 1.1719 
Y 279 280 322.9 0.8673 0.8642 0.9964 
Zr 2690 1050 2754.1 0.3813 0.9767 2.5619 
Mo 1900 2360 2226.4 1.0600 0.8534 0.8051 
Ru 92 3.5 1959.6 0.0018 0.0469 26.2857 
Rh 102 2.19 316.2 0.0069 0.3226 46.5753 
Pd 553 27.6 782.4 0.0353 0.7068 20.0362 
Ba 1590 1720 1781.5 0.9655 0.8925 0.9244 
La 677 674 818.6 0.8234 0.8271 1.0045 
Ce 1530 1440 1579.3 0.9118 0.9688 1.0625 
Nd 3710 3580 4149.6 0.8627 0.8941 1.0363 
insoluble 50.6 5860 0 

  
0.0086 

        V258 pellet 
[µg/g] 

V258 powder 
[µg/g] 

Theoretical metal 
content [µg/g] 

Ratio of concentrations in 
powder/ theoretical 

Ratio of concentrations in 
pellet/ theoretical 

Ratio of concentrations in 
pellet/ powder 

Al 55.4 141 0 
  

0.3929 
Cr 12 10.2 0 

  
1.1765 

Sr 355 367 374.1 0.9809 0.9488 0.9673 
Y 414 413 504.0 0.8195 0.8215 1.0024 
Zr 4330 558 4486.5 0.1244 0.9651 7.7599 
Mo 2850 4000 3786.3 1.0564 0.7527 0.7125 
Ru 182 5.4 3463.5 0.0016 0.0525 33.7037 
Rh 115 1.71 454.1 0.0038 0.2533 67.2515 
Pd 1310 32.3 1738.6 0.0186 0.7535 40.5573 
Ba 2540 3110 3187.2 0.9758 0.7969 0.8167 
La 1130 1120 1364.3 0.8209 0.8283 1.0089 
Ce 2510 2490 2686.5 0.9269 0.9343 1.0080 
Nd 6120 6100 7116.1 0.8572 0.8600 1.0033 
insoluble 4720 11000 0 

  
0.4291 

        V259 pellet 
[µg/g] 

V259 powder 
[µg/g] 

Theoretical metal 
content [µg/g] 

Ratio of concentrations in 
powder/ theoretical 

Ratio of concentrations in 
pellet/ theoretical 

Ratio of concentrations in 
pellet/ powder 

Al 97.1 161 0 
  

0.6031 
Cr 10.7 9.4 0 

  
1.1383 

Sr 192 362 369.2 0.9806 0.5201 0.5304 
Y 4060 5590 6693.2 0.8352 0.6066 0.7263 
Zr 3630 388 4427.3 0.0876 0.8199 9.3557 
Mo 2880 3970 3732.9 1.0635 0.7715 0.7254 
Ru 158 1.86 3417.9 0.0005 0.0462 84.9462 
Rh 239 2.54 891.9 0.0028 0.2680 94.0945 
Pd 1250 26.5 1712.5 0.0155 0.7299 47.1698 
Ba 1200 3030 3138.5 0.9654 0.3824 0.3960 
La 5800 8480 10453.8 0.8112 0.5548 0.6840 
Ce 1820 2500 2645.8 0.9449 0.6879 0.7280 
Nd 20400 23700 27144.0 0.8731 0.7515 0.8608 
insoluble 19400 11500 0 

  
1.6870 

       Element V260 pellet 
[µg/g] 

V260 powder 
[µg/g] 

Theoretical metal 
content [µg/g] 

Ratio of concentrations in 
powder/ theoretical 

Ratio of concentrations in 
pellet/ theoretical 

Ratio of concentrations in 
pellet/ powder 

Al 51.1 156 0 
  

0.3276 
Cr 177 64.2 389.9 0.1647 0.4540 2.7570 
Sr 281 344 369.2 0.9319 0.7612 0.8169 
Y 5500 4450 6693.2 0.6648 0.8217 1.2360 
Zr 4410 279 4427.3 0.0630 0.9961 15.8065 
Mo 2930 4070 3732.9 1.0903 0.7849 0.7199 
Ru 147 63 3417.9 0.0184 0.0430 2.3333 
Rh 178 3.03 891.9 0.0034 0.1996 58.7459 
Pd 1160 27.9 1712.5 0.0163 0.6774 41.5771 
Ba 1560 3020 3145.4 0.9601 0.4960 0.5166 
La 8220 6800 10462.3 0.6500 0.7857 1.2088 
Ce 2440 1950 2645.8 0.7370 0.9222 1.2513 
Nd 25700 21300 27152.5 0.7845 0.9465 1.2066 
insoluble 3550 22600 0 

  
0.1571 

Table 68: ICP-MS results from pellet and powder analysis, theoretical composition, as well as ratios derived from those values.  
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A representative image from the residues examined from each of the samples is given. The chemical 

compositions of the precipitates were analysed and included in Table 67. In Table 67 the SEM image 

numbers match those shown in Figure 159. In Figure 159 A and B (Code: 25882 and 25904, respectively) 

submicron metallic particles corresponding to the commonly found Ru-Mo alloy can be seen. This suggests, 

that this alloy is not soluble in nitric acid, and explains why the Ru concentration is low in the solution. 

Figure 159 C (25900) reveals that spherical ZrO2 particles are also present on the filter paper, surrounded 

by the same type of Ru-Mo containing metallic precipitates. As for Figure 159 D (25906), ZrO2 particles are 

no longer detected – even though this filter paper segment is from the same filter paper as in Figure 159 C 

– but Ti particles are scattered around the surface. Ti could be an impurity, but there is no other reasonable 

explanation for its presence in this system. 

Filter papers analysed after the dissolution of the extra RE doped (Figure 159 E; 25916) and the Cr 

doped (Figure 159 F; 25910) pellets show that significant residue was left undissolved. Apart from the 

common Ru-Mo metallic precipitates, elements such as Ce, Nd, Y and La are detected, which explains, why 

the concentration of these elements is lower in the aqueous phase measured by ICP-MS. 

Filter papers analysed after the dissolution of the powder blends show similar characteristics. Two 

images (Figure 159 G; 25886 and Figure 159 H; 25862) were taken when analysing two different filter 

papers after the V257 powder blend was dissolved. Three compounds can be clearly distinguished: RuO2 

nanopowder. PdO rodlets and spherical ZrO2 particles. These exact compounds are found in the V258 

(Figure 159 I; 25888), the V259 (Figure 159 J; 25891) and the V260 (Figure 159 K; 25892) powder blends, 

with similar sizes and shapes as the original dopant powders, which proves that these oxides do not 

dissolve in nitric acid (See Figure 159 for PdO, as an example). 
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Figure 159: Series of SEM images taken from the filterpapers used to retain undissolved residues after nitric acid solution of the 

SIMFuel powder blends and sintered samples. 
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To summarise, there are various reasons behind differences in theoretical and measured elemental 

concentrations. One of the most significant is insolubility of some compounds in nitric acid; these 

compounds being metal oxide before sintering or metallic precipitates after sintering. This fact explains 

most of the discrepancies between the measured and the theoretical values. Another factor that could 

cause loss of material is evaporation. Measurement error can also be significant; it is usually ~20%, but can 

add up to 50% due to error propagation. The instrumental error (<5 %) is practically negligible, compared to 

the measurement error. There are also impurities and contaminations from unknown origins (Al notably), 

as well as human error factor when weighing the powders using a microbalance. 

Considering elements in Table 58 one by one the following conclusions can be drawn: 

Al was not included deliberately into the SIMFuel powder blend and is not a contamination from any 

known sources, but both pellet sample and powder samples have a significant amount of this material – in 

all four compositions. The concentration of Al is about 3-4 times higher in the powder samples, suggesting 

contamination of powders from the beginning, but evaporation during the sintering stage due to high 

temperature (1700 °C). 

The concentration of Cr in both the pellet and the powder samples is about 10 µg/g, except in V260, 

which is the Cr-doped sample. Cr is a known contaminant in UO2, so its origin in the V257-V259 samples is 

known. As for V260 powder sample, only ~17 % of the theoretical Cr concentration was detected, while this 

value is about 45% for the pellet sample, suggesting that Cr-bearing species formed during sintering are 

more soluble in nitric acid than Cr2O3 in the masterbatch. 

Sr, Y, Ba, La, Ce and Nd behave as expected in V257 and V258 samples, from both pellet and powder 

analysis meaning that their measured concentration agrees with the theoretical values. The same is true, 

when measuring V259 powder samples. The concentration of these elements, however, is off by up to 50 % 

when measuring pellet samples. This is due to insufficient dissolution of compounds containing these 

elements in the pellet after sintering, therefore these elements were detected on the filter paper, as noted 

in Table 67 (filter paper code: AN14-262(S42)) and shown on Figure 158 E. As for V260, Y, La, Ce and Nd is 

detected on the filter papers after both powder and pellet dissolution, therefore the concentrations of 

these elements are up to 30 % lower than the theoretical values. Sr and Ba dissolved completely from the 

powder samples, but about 15% of their theoretical weight is missing from the pellet sample. 

PdO, ZrO2, Rh2O3 and RuO2 do not dissolve in nitric acid, therefore the concentrations of these 

elements measured from the powder samples are low, and they constitute the major part of the solid 

found on the filter papers (Figure 158 G-K). Pd, Rh and Ru form metallic precipitates during sintering, which 

are more soluble based on concentration data from Table 68, but even so the concentrations of these 

elements are well below the theoretical concentration (metallic precipitates: Figure 159 A-F). The only 
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exception here is Pd, as its concentration in the solution derived from SIMFuel pellets reaches about 70% of 

the theoretical. 

Mo dissolves readily from the powder sample (measured concentration is equal to theoretical), but 

when alloyed with Ru during sintering, it can no longer be dissolved. Its concentration is therefore lower, 

when measuring pellet samples. 

Even though ZrO2 is not soluble in nitric acid, the concentration of Zr is in good agreement with the 

theoretical value, when measuring powder samples. This suggests, that (Ba,Sr)ZrO3 is soluble in nitric acid. 
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5 Discussion 
 

This chapter aims to explain the reasons behind key observations presented in Chapter 4. These 

findings are separated into two main sections: SIMFuel microstructure and SIMFuel chemistry. In these 

sections detailed explanation is given on how experimental conditions affected the fabrication of SIMFuel, 

what type of secondary phases formed as a result of several chemical reactions, and how does this complex 

material compare to actual SNF. 

5.1 Microstructure: density, porosity and grain size 
 

SIMFuel pellets have been fabricated in this study with various densities, ranging from 10.7 g/cm3 to 

9.5 g/cm3. Density measurements show that the highest density was achieved when the undoped reference 

pellets were sintered, and densities decreased gradually with the level of dopants mixed with the UO2 (see 

Section 4.1). This density change arises from secondary phase formation and the increase of porosity that is 

due to carbon dioxide from calcination of carbonates and water vapour generation during oxide reduction. 

Comparing density values of pure UO2 from this study to those found in the literature indicates that 

the sintering method used here gave uniform, sufficiently dense samples. Three density measurement 

techniques were used to determine pellet densities (described in Section 3.5.1): Geometric bulk density, 

mean bulk density using Archimedes method (immersion density) and density measurement using an 

evacuation technique. For UO2 samples in phase 1, the measured values were as follows: 

Geometric bulk density: 10.55±0.03 g/cm3 (Table 31) 

Mean bulk density (Archimedes): 10.69±0.004 g/cm3 (Table 31) 

Evacuation method: 10.689 g/cm3 (Based on one measurement) (Table 32) 

As the geometric bulk density includes both open and closed porosity, it is lower than the other two, 

which only includes closed porosity. Mean bulk density measured by Archimedes and evacuation 

techniques gave essentially the same results and undoped reference UO2 pellets fabricated in this study 

would meet the density requirements for AGR UO2 pellet production. This, in summary, means that the 

pure UO2 pellet production was successful, and the pellet provides a good reference throughout the 

project. Densities measured using the evacuation technique described in Section 3.5.1 gave the most 

precise measurements and it also follows the British standard (BS EN623-2:1993) [170]. 

Low doped pellet density values are ~ 0.9 g/cm3 lower than the reference values after 5 h sintering, 

reaching ~91 %TD (the theoretical density for the low doped sample is 10.76 g/cm3). This density drop is 

clearly due to the amount of dopants (~2.4 wt.% total dopant level). The densities of these dopants are 

lower than UO2 density as well as AGR SNF density (~96% TD). They also form lower density second phases. 

(6.23 g/cm3 theoretical density for BaZrO3 [171]). Some oxides, such as RuO2 and Rh2O3 are reduced in H2 

atmosphere, producing water vapour that forms porosity, lowering the mean density even further. Similar 
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phenomena occur with the decomposition of certain dopants, e.g. BaCO3, that is the precursor of BaO, 

generates CO2 at the sintering temperature. (BaCO3 decomposition temperature is 1360 °C,[172]). PdO and 

Rh2O3 also decompose below the sintering temperature, producing oxygen that forms water vapour with 

H2. The grain sizes of the low doped samples are significantly lower than those of the reference sample 

(discussed later in this section), resulting in more grain boundaries, and in this case lowering the mean 

density further. Due to all of these reasons listed above, the density of the low doped samples is lower 

compared to the reference sample. 

Measured densities for the highly doped samples are slightly lower than those measured for the low 

doped samples (absolute density difference is ~1.0 g/cm3 compared to the undoped UO2 pellets). This is 

due to the same phenomena occurring in the sample during sintering at 1730 °C in H2, but with an extra 

~1.7 wt.% dopant mix included, increasing CO2 and water vapour production. The relative density is in fact 

higher (91.7±0.2 %TD) than it is for the low doped sample (Table 31), because the theoretical density for 

the high doped SIMFuel is lower (10.62 g/cm3), but this is considered a minuscule difference. 

Phase 2 samples – V257 and V258 – reached ~0.1 g/cm3 lower density after 5 h sintering, compared to 

the respective phase 1 samples (comparing data acquired using Archimedes method; Table 31 and Table 

35). As the compositions of these SIMFuel pellets are the same, and the only difference was the particle 

size of the dopant powders, this slight difference could be associated with the reactivity of the dopant 

powders. The V259 and V260 pellet sets reached even lower density than the low-doped and highly doped 

SIMFuel pellets and the reason for this is simply the extra amount of Y2O3, Nd2O3 and La2O3 added to the 

UO2 matrix. When phase 2 pellet sets were sintered for an extra 7 h their densities increased significantly 

(Figure 107) by ~0.25-0.28 g/cm3. This increase can be interpreted as about + 2 %TD for V257 and V258 

pellets; there is no comparison for the extra RE-doped V259 and V260 pellets. As for V259 and V260 pellets, 

where the difference is only the added Cr2O3 in V260, a small (~0.05 g/cm3) increase is detectable for the 

Cr2O3 doped V260 pellets. This is due to the effect of Cr on grain size: Cr is known to increase grain size and 

improve densification in UO2 material, resulting in higher density. Therefore, this slight density difference 

can purely be associated with the difference in grain size (further explained later in the discussion of grain 

size). 

There were technical difficulties, when measuring densities for phase 2 pellets, namely cracks through 

the pellet bodies (see Sections 4.2.1.3 and 4.2.1.4 for examples). To avoid such error factors, pellets with no 

or minimal cracks were selected for open porosity measurements (Table 37). This technique takes open 

porosity (and cracks) more precisely into account, but measurements only showed minor differences 

compared to data given by the immersion technique, suggesting open porosity in these samples is very 

limited. 
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Comparing density data measured on SIMFuel samples fabricated during this study to other LWR 

SIMFuel data and actual spent nuclear fuel data it can confidently be said that the density of SIMFuel is 

representative of that of other SNF`s and SIMFuels described in the literature. 

Porosity of SIMFuel samples was evaluated based on optical microscopy and SEM images and results 

are shown in Section 4.6. Porosity values on actual SNF`s are collected in Table 69 for comparison. Note 

that the numerical value of area % porosity is equal to volume % porosity based on a series of 

mathematical considerations given by Underwood [173], and as a consequence area % porosity + %TD = 

100%. Direct comparison of density and porosity measurement can therefore be made conveniently. 

Fuel description Mean pore 
diameter 

Area % 
porosity 

References 

AGR SNF (NNL memorandum) 2.98±0.45 µm 2.19±0.84 [84] 
PWR SNF – Rim (Burn-up: 40.3 GWd/t U) ~1.42 ~13.4 [85] 
PWR SNF –radial position: r/r0=0.75 (Burn-up: 40.3 GWd/t U) ~1.31 ~2.4 
PWR SNF – Rim (Burn-up: 66.6 GWd/t U) - ~14.1 
PWR SNF –radial position: r/r0=0.50 (Burn-up: 66.6 GWd/t U) ~1.72 ~5.9 

Table 69: Porosity values for various SNF`s (area% porosity = volume % porosity). 

Replicating porosity of actual SNF is a challenging task, as the majority of that porosity is actually intra 

or intergranular gas bubbles (Figure 160), that form due to fission gases, such as Xe or He. The pore shape 

and size is therefore different to those of SIMFuel`s. In SIMFuel pores are usually angular (see e.g. Figure 

127A or Figure 128A), while porosity formed in a nuclear reactor is usually spherical or lenticular shaped, 

typically found along grain boundaries, and some is highlighted by red arrows in Figure 160. Intragranular 

submicron sized pores are visible within the area marked with green. 

 
Figure 160: A: Microstructures of a power ramped UO2 ceramic fuels showing inter (red arrows)- and intragranular (green 

circle) porosity [174]. B: Microstructure of grains within an irradiated AGR fuel pin (0.45 mm from the middle borehole)[175] 

Another issue is that in SIMFuel preparation artefacts such as die pressing faults can be present 

causing voids, cracks, increasing average porosity and lowering density but fresh pellets with this sort of 

features would not pass quality control. Such features are undesirable, because they affect cutting and 

polishing procedures by chipping, cracking and falling into pieces during sample preparation. Actual SNF 

however could be fractured within the clad or even disintegrated into fragments, as shown in Figure 161. 
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Figure 161: A: UO2 PWR fuel sample after cutting and defuelling, as seen behind the hotcell, showing fuel debris [176]. B: 

Longitudinally cut PWR fuel rod section showing extensive crack system within the UO2 ceramic (~80 GWd/tU burnup) [177]. 

 
Phase 1 samples showed that both pore diameter and mean pore area increases with the level of 

dopants (see Table 40 – Fine porosity). This increase is associated with the CO2 and water vapour 

production. This explanation is closely related to that given as reasons for lower density for doped samples. 

The relation is simple: the higher the dopant level, the more gaseous products are generated in the 

SIMFuel, the larger the pores become and the lower the density gets. As Table 40 shows, the area % 

porosity for both doped samples is around 15 %, while the pure UO2 sample only has about 4 area% 

porosity. The hole/void area% is an extra ~5% on top of that. When comparing actual SNF values to these 

results (see Table 69), it is clear that more work is needed to improve the quality of the pellets by lowering 

their porosity. However, for phase 1 samples only one measurement on each SIMFuel sample`s mosaic 

images was done, in contrast to several image analyses on phase 2 samples, so porosity values for phase 1 

samples are only indicative. 

Mean pore areas and pore diameters for phase 2 samples (SPF80.4-SPF83.4) (Table 41) are found to be 

around 1 µm2 and 0.9 µm, respectively, with significant spread (1σ STD). These values do not show any 

significant changes between different SIMFuel batches, but rather due to magnification of the image. When 

using SEM images, these values decrease to about 0.4-0.5 µm2 pore area and ~0.6 µm average pore 

diameter, again with significant spread (Table 43). The SEM images analysed only represent a ~2322 µm2 

area each, that avoid cracks, voids and are selected specifically for their suitability for porosity 

measurements. Therefore these images only provide representative information on the uniform micro 

porosity. 

Area % porosity decreased significantly for phase 2 samples and values are between 5.0 % and 9.5 % 

when analysing optical images and around 5 %, based on SEM images. Comparing these values to those in 

phase 1, significant improvement was achieved, because the corresponding volume % porosity decreased 

from about 15-20 % to about 5-10 %. These values are now matching with the density data measured for 

the respective samples (~90-92 %TD) and discussed earlier. Also, comparing phase 2 pore diameters 

(between 0.5 and 1.0 µm) to those of actual samples (~3.0±0.5 µm for AGR), it can be concluded that the 

A B 
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fabricated SIMFuel sample mean pore diameter is slightly smaller. This is simply due to the fact that these 

pores are produced by a completely different mechanism in actual fuel (fission gas bubbles versus 

carbonate/water vapour generation) 

Average bulk grain size for undoped UO2 (U404) is about 10 µm and is within the range of values 

measured for various other types of as sintered, irradiated and simulated nuclear fuel pellets (see Table 4, 

page 43). The average grain size of doped samples from phase 1 after 5 h sintering decreases with 

increasing dopant levels, as shown in Table 38. This is due to one or more dopants introduced into the UO2 

matrix inhibiting grain growth. Grain size was determined using up to 4 images per sample, meaning that 

results are only indicative. 

The AGS of doped samples from phase 2 after 12 h sintering also show a decreasing trend, however 

AGS values for SPF80.4 (AGS: 3.8±1.0 µm) and SPF81.4 (AGS: 4.1±1.3 µm) are much closer. Significant 

decrease in AGS is measurable for the extra RE-doped samples (rich in La2O3, Nd2O3 and Y2O3), suggesting 

that one or some of these compounds are responsible for the small grain size of SIMFuel (SPF82.4). 

However, when Cr2O3 was added to the SIMFuel powder blend, grain size increased slightly (SPF82.4: 

1.6±0.4 µm; SPF83.4: 2.0±0.6 µm – Table 39), as expected for chromium in UO2 ceramics [92]. 

The grain growth mechanism for Cr2O3 doped UO2 has been widely studied [92, 178-180]. In a pure 

UO2 system the grain growth is determined by the grain boundary diffusion and the driving force for grain 

growth is the difference in the free energy of the materials on the two sides of a grain boundary [181]. As 

grains grow the total grain boundary energy decreases. When sintering begins Cr2O3 starts to dissolve into 

the UO2 matrix but it is segregated in grain boundaries until the solubility limit is reached (700 ppm) [180]. 

It is known that the grain boundary diffusion increases because the Cr3+ in UO2 increases the diffusion 

coefficient of UO2, [93, 182] (charged defects at grain boundaries change the interface energy [179]) so 

when Cr3+ ions are predominantly present at grain boundaries then grain boundary diffusion is enhanced, 

and UO2 grains grow larger. After the solubility limit for Cr3+ is reached, inclusions start to appear (metallic 

Cr particles form at high temperature in reducing H2 atmosphere) in the matrix inhibiting further grain 

growth by limiting grain boundary mobility (Zener drag type mechanism)[180]. On increasing the Cr2O3 

concentration further (>2000 ppm) liquid phase sintering becomes the dominant sintering mechanism and 

in this intergranular liquid phase the dissolution and diffusion of UO2 grains can take place faster compared 

to the previous mechanisms discussed [181], once again increasing the UO2 grain size. The intended Cr2O3 

level in the Cr-doped (V260) sample was 1000 ppm (equal to 389.9 ppm Cr), but ICP-MS analysis only 

measured ~454 ppm Cr2O3 (~177 ppm Cr) in the sintered pellets (Table 68). This is a high enough 

concentration to cause significant grain growth in UO2, but this is likely to be inhibited by other factors and 

elements in the SIMFuel. Other M3+ elements, such as Y2O3, Nd2O3 and La2O3 are likely to increase grain size 

through the same mechanism applicable for low impurity concentrations. FP surrogates, such as Rh2O3 and 
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RuO2 are not soluble in UO2 and are present as nanopowders in the powder blend. During sintering these 

nano particles are reduced to their metallic form and inhibit grain boundary diffusion through a Zener drag 

mechanism. 

AGS was measured on the surface of every pellet batch, and is found to be half the size of those in the 

bulk for phase 1 samples (U404-U406). This is due to different grain growth mechanisms on the surface and 

in the bulk. In the bulk the governing factor for grain growth is grain boundary diffusion, where grain 

boundaries move towards their centre of curvature at a rate proportional to the curvature [168]. On the 

surface this mechanism is hindered, as only half as many neighbouring grains are available for this process 

to progress. On the surface, however, evaporation/condensation can occur, but this mechanism is slower 

compared to the grain boundary diffusion. As a result, grains can grow faster in the bulk than on the 

surface. Grains at the surface are also more exposed to the reducing atmosphere during sintering that 

might have further effects on the average grain size. Such effects include change in local surface chemistry 

(reduction of UO2+x to UO2) or more options for material transportation e.g. evaporation-condensation. This 

mechanism is not considered within the sample bulk, because in the bulk the dominating mechanism for 

grain growth is grain boundary diffusion [169]. Such difference in grain size distribution between the bulk 

and the surface of the pellet could resemble the actual grain size distribution in real SNF, but the 

fundamental mechanisms controlling grain growth are different to that explained above for AGR SIMFuel. 

In actual SNF high temperature (>1400 °C) allow grains to grow larger towards the centre, while higher FP 

concentration and radiation effects keep the grains smaller (<1 µm) towards the rim (Figure 23). 

Figure 105A and B, show the microstructure of low-doped samples on the pellet surface and inside the 

bulk of the sintered body. It is clear that the doped pellet has smaller (5.0±0.8 µm) average grain size than 

the undoped pellets (10±3.0 µm) shown in Figure 104, but these values again are larger inside the pellet 

(~5.0 µm) than on the surface (~2.5 µm, Table 38). Figure 106A and B show the general grain structure on 

the surface and inside the highly-doped pellet. The average grain size is even smaller than for the low-

doped samples (~3.6 µm bulk and 1.8 µm surface, Table 38). These observations suggest different sintering 

mechanisms occur for the reference UO2 sample and the two doped samples. For the reference pellets, 

solid state sintering may be occurring as the melting point of the UO2 is above 2800 °C and impurity levels 

are negligible. For the doped samples, the sintering mechanism is more likely to be complicated as a 

number of reactions (likely involving liquid) may occur between numerous compounds. 

It is assumed that noble metal oxides are reduced to metals in the H2 atmosphere. Binary, ternary or 

quaternary systems of the types of oxides/carbonates used to manufacture SIMFuel may form eutectics 

and so melting can occur, which leads to liquid phase sintering (LPS). LPS usually causes higher density, as 

the liquid draws particles together by capillary action, but the heterogeneity of the phases formed and gas 

evolution from carbonates may be responsible for the lower density of the doped samples compared to the 
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reference UO2 sample. These differences in sintering mechanism may also be the reason for the smaller 

grain size of the doped samples. 

Over 30 binary and ternary phase diagrams accessed from FactSage online database were considered 

to find potential candidates for liquid phase sintering. Binary phase diagrams of BaO-UO2, BaO-ZrO2, BaO-

La2O3, BaO-SrO, La2O3-ZrO2, Cr2O3-SrO, Cr2O3-La2O3 and UO2-ZrO2 all show that liquid phase does not exist at 

any composition below 1900 K. Figure 162 shows the computed phase diagrams for the UO2-La2O3 and UO2-

Y2O3 systems that show typical examples for fluorite solid solutions at very low (<5 at.%) RE concentrations 

in UO2. 

 
Figure 162: Computed phase diagrams for the UO2-LaO1,5 and for the UO2-Y2O3 systems showing fluorite solid solution at low RE 
concentrations at ~1700 °C in both cases [97, 98]. (A: low temperature hexagonal; H: high temperature hexagonal; X: high 
temperature cubic; L: liquid; RI: rhombohedral; F: fluorite solid solution). 
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Binary and ternary phase diagrams for the Mo, Pd, Ru and Rh have been collected and shown in Figure 

31 and Figure 32. These phase diagrams show that the Pd-rich phases with >80 at.% Pd are likely to melt at 

1700 °C. As discussed later in this section, Si is also present in the AGR SIMFuel and this element forms 

eutectics with all four metals (Figure 163), but the metal content of the SIMFuel is no more than 2 at.% and 

so significant contribution of these melted components to the whole UO2 sample is unlikely. Metallic Cr 

also forms eutectics with Ru, Pd and Rh with melting points as low as 1300 °C for Pd. Cr however, was only 

added to the V260 sample (high doped SIMFuel with extra RE+Cr content) and is not expected to cause 

global effects throughout the pellet; as later shown, it accumulated in metallic precipitates. 

As the SIMFuel pellets were sintered in reducing atmosphere at high temperature, the material is 

expected to be stoichiometric [61]. Previous studies suggest that hyperstoichiometric UO2 can be sintered 

to higher density and can develop larger grains due to its higher diffusivity [64, 183]. Other studies showed 

that doping UO2 with 4 wt.% U3O8 seeds significantly increases AGS from ~8.0 µm to ~20 µm [90] but 

decreases the overall density by about 1 vol.% TD, suggesting that UO2 stoichiometry could also play an 

important role in the development of the grain structure and density. 
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Figure 163: FactSage calculations showing phase diagrams for binary systems of Pd-Si, Rh-Si, Ru-Si and Mo-Si [129]. Red triangles marks experimental points. 
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5.2 SIMFuel chemistry 
 

SNF has unique chemical composition due to FPs generated by fission processes. Hundreds of isotopes 

of numerous elements from the Periodic Table play an important role in the SNF chemistry described in 

Section 1.9. Simulating such a complex chemistry is a challenging task for a number of reasons: 

1. FPs are generated on an atomic level from 235U fission. This process cannot be done artificially, 

so reactive sintering is used instead. 

2. FPs make up only about 4 wt.% of the SNF, which is a really low level, when producing small 

scale samples. 

3. Reactor conditions, including neutron flux, pressure, radiation, oxygen potential, temperature 

gradient cannot simply be replicated. 

4. Exclusion of gaseous (He, Kr, Xe) and volatile fission products (Cs, I, Te), Pu and MA. 

 

In this study, addressing SNF chemistry was therefore limited to attempting to replicate the following 

features: 

1. UO2 with soluble elements 

2. Metallic precipitates (white particles, ε-phase particles) 

3. Oxide precipitates (Grey phase particles, perovskite phase) 

As all FP surrogates were introduced into the UO2 and sintered into pellets at once, controlling the 

behaviour of individual elements or observing their individual contribution and behaviour in UO2 was not 

possible. Instead, all FP surrogates formed second phases at the sintering temperature and close to 

atmospheric pressure during the time allowed for reactions to occur (essentially the sintering plateau at 

1700 °C). Under the conditions applied (described in Section 3.3) all three above mentioned features were 

chemically replicated and observed in all AGR SIMFuel samples. In the following subsections possible 

mechanisms for second phase formation are given and compared to those believed to occur in real SNF 

 

5.2.1 ICP-MS analysis 
 

ICP-MS measurements were done on phase 1 samples after sintering and on phase 2 samples before 

and after sintering, as described in Section 3.5.4. The results are detailed in Section 4.9. The main aim for 

using ICP-MS was to determine which elements are lost during the sample preparation, e.g. by 

volatilization. Another important reason for sampling SIMFuel batches prior to and after sintering, and 

measuring the composition, was to identify the experimental step during which contamination, e.g. Al, is 

being introduced. It was later proven that the contamination was already present in the phase 2 SIMFuel 

powder batches and was not introduced to the pellets during sintering. 
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ICP-MS results on phase 1 samples after sintering are included in Table 62. Analysis on the undoped 

reference sample (UO404) shows that 13 out of 20 analysed elements are present in the UO2 in low (below 

5 µg/g) concentration. Ti, Fe, Cr and Ni are known impurities in UO2 and come from wear of tools during 

powder production and their concentration is followed during production and controlled by QC 

specifications. Other elements could be detected in the reference UO2 pellets because of cross 

contamination from the doped pellets during sintering through evaporation-condensation between pellet 

surfaces, or by ICP-MS error (e.g. memory effect: when analytes in a previous sample contribute to the 

signals measured in a new sample due to build up or deposition of sample material within the instrument). 

The low doped samples (UO405) from phase 1 show significant increase in every measured element`s 

concentration compared to the undoped reference sample (UO404). The main reason is that these 

elements were deliberately added to the powder blend as FP surrogates. These are the 13 elements listed 

in Table 23 (except uranium). The other measured elements are: Al, Si, Ti, Cr, Fe, Ni and Hf. The most 

extreme increase in concentration is for Si, which was also detected by EDX. It is understood that glassware 

was not used during the preparation or measurements of ICP-MS samples to avoid contamination from 

handling. Even though the rest of the listed elements` concentration increased by various levels, they were 

regarded as contamination and ignored. Nevertheless, some possibilities for the origin of these 

contaminantions were identified: 1) Ti, Fe, Cr and Ni come from wear of tools during UO2 powder 

production as mentioned above. 2) The SIMFuel powder was mixed with the Zn-stearate lubricant in a glass 

jar and was slowly mixed for 5 minutes in a rotary mixer – this might increase Si content by wear of the jar. 

This, however, cannot be responsible for the level of Si that was detected in the doped samples. 3) Hafnium 

is a trace element always present in zirconium compounds (separation of these two elements from ore is 

expensive because of their similar chemical behaviour), which could account for the increased level of Hf in 

the doped samples. 4) The origin of Al is unknown; it is not an additive of depleted UO2 (as ICP-MS analysis 

on the undoped reference pellet indicate). It cannot come from wear of equipment used, because none of 

it is made of Al. None of the FP surrogates were mistaken for Al2O3, because every dopant was detected in 

the SIMFuel sample and is accounted for. As Al was already present in the powder blend prior to sintering, 

contaminated furnace as a source of Al can also be eliminated. Al must have risen during preparation of the 

depleted UO2 used, because no aluminium tools and equipment were used at any stage of phase 2 SIMFuel 

production 

Theoretical compositions for the added elements are included in Table 63, where the ratio between 

the measured and theoretical concentration indicated possible weight “loss” or “gain” compared to the 

expected results (when ratio is 1). Two elements – Cs and Te – completely evaporated from the doped 

samples and were flushed out of the furnace by the flowing H2 atmosphere. The reason for this is that 

Cs2CO3 decomposes at around 610 °C [155] and the resulting Cs2O evaporates completely [155]. As for 
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TeO2, this compound boils from the system at around 1245 °C [155]. Even though these details were 

known, they were included to the powder mix to provide evidence that volatile elements cannot be 

trapped into SIMFuel using conventional ceramic processing methods that include pellet pressing and 

sintering at 1700 °C. There is one literature reference available [56], where TeO2 was included in the dopant 

mix for SIMFuel production, but it does not provide evidence for TeO2 retention after sintering pellets at 

1800 °C. 

As for phase two samples, more ICP-MS analysis was done following the sampling method depicted in 

Figure 56. In Section 4.9.2 the results of these analyses are presented and the changes in concentration are 

included in Table 68. 

13 elements were analysed in these experiments revealing that the concentration of Sr, Y, Ba, La, Ce 

and Nd measured in both the powder and the sintered pellet was in good agreement with the theoretical 

values. This is because the oxides of these elements can be dissolved into nitric acid and some of them 

(Y2O3, La2O3, CeO2 and Nd2O3) do not change chemically during sintering – they are simply accommodated 

in the the FCC crystal structure of UO2. As for Ba and Sr, they form oxide precipitates – discussed later in 

this section, but these precipitates are also soluble in nitric acid, so can be analysed using ICP-MS.  

The Pd, Rh, Ru and Zr concentrations measured in the powder samples are low compared to the 

theoretical values, because they do not dissolve in nitric acid, and therefore they were subsequently found 

on the filter papers as insoluble residues. During sintering in reducing atmosphere PdO, RuO2 and Rh2O3 are 

reduced to their elemental form, and form those noble metal alloy particles, which are 20-100 times more 

soluble in HNO3. During sintering ZrO2 forms grey phase with Ba and Sr and the newly formed perovskite 

phase is soluble in HNO3. When analysing Zr concentration in the sintered pellet 100 % of the theoretical Zr 

concentration was measured. 

The concentration of Cr was low (~10 µg/g) for every sample except for the Cr-doped ones (V260). 

Measured concentration values for the Cr-doped samples suggest that Cr2O3 does not dissolve well in nitric 

acid, therefore its concentration is only ~17 % of the theoretical, but it transforms into a more soluble form 

during sintering. The Cr concentration measured in the sintered pellet is ~45 % of the theoretical, so not all 

the Cr changed chemical state and was reduced into elemental Cr. 

Mo dissolves readily in HNO3 from the powder sample and its concentration is equal to the theoretical 

values in every case (Table 68), but when reduced into metallic form it alloys with other metals, such as Ru, 

causing its solubility to decrease by ~15-25 %, suggesting that this particular alloy (Mo-Ru σ-phase) is 

resistant to HNO3. This is confirmed by SEM-EDX measurements on insoluble particles found on filter 

papers. 

Al is a significant contaminant in phase 2 samples, because it was not included deliberately into the 

SIMFuel powder blend. As discussed earlier the source of contamination is unknown, but it can already be 
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found in the powder prior to the sintering step, showing that Al is not introduced into the pellets during 

sintering. Its concentration decreased during sintering, suggesting evaporation from the pellet at 1700 °C. 

 

5.2.2 UO2 matrix and RE distribution 
 

The factor that determines a FPs location (dissolved in UO2 or precipitated from UO2) is its solubility 

within the UO2 matrix. An element`s solubility depends on its concentration, temperature and the UO2 

stoichiometry among other factors such as preferred crystal structure (FCC versus HCP) as described in 

section 1.9. In this study, the elements that are dissolved into the UO2 matrix are La, Y, and Nd, as 

confirmed by EDX e.g. Figure 119. The solubility of these elements in UO2 measured by Kleykamp et al., 

along with their theoretical maximum concentration in SIMFuel (based on Table 23 and Table 25) is shown 

in Table 70.  

 
Element Solubility in UO2 

c [mol%] 
Concentration in SIMFuel [mol%] 

Low doped High doped 
La 82 0.16  0.26 
Y 48 0.10 0.15 
Nd 81 0.76 1.28 

Table 70: Solubility of La, Y and Nd in UO2 [115] and theoretical maximum 
concentration of these elements in SIMFuel. 

It is clear that the concentrations of these elements are well below the solubility limit, so they are not 

expected to form distinct precipitates in AGR SIMFuel, but their distribution in the UO2 is still uneven, 

because of the initial particle size of the oxide dopant powders. Larger (>5 µm) starting particles or 

agglomerates do not have time to fully dissolve into the matrix, essentially creating a gradient of surrogate 

concentration from the original location of the dopant into the matrix (Figure 127 and Figure 128). A 

mechanism for the formation of such features is depicted in Figure 164. Similar looking features have been 

observed for Gd2O3 doped UO2 pellets [104]. 

 

 
Figure 164: Dissolution process of RE-oxides (e.g Nd2O3). 

Longer sintering times and higher temperatures could potentially improve RE homogeneity, to achieve 

a better and more even UO2 microstructure with appropriate level of dopants (FP surrogates). 

UO2 UO2 

RE-oxide crystal 
Dissolving RE-oxide crystal 

Heat and 
time 

1 µm 1 µm 
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The stoichiometry plays an important role in SNF chemistry. Middleburgh et al. [184] showed that 

different solution mechanisms are associated with the accommodation of FPs in uranium dioxide. Atomistic 

scale simulations suggest that e.g. trivalent oxides (M2O3) preferentially enter UO2 by associating the M3+ 

ion with oxygen vacancies (oxygen vacancy compensation mechanism). As for UO2+x the M3+ cations are 

likely to be forming defect clusters with U5+ ions, which exist in hyper-stoichiometric uranium oxide to 

maintain electron neutrality for the excess oxygen in the lattice (oxygen interstitials). Regardless of the size 

of studied cations solution energy calculations gave positive values indicating limited solubility in the 

stoichiometric UO2. This is not the case for UO2+x; solution energies into a lattice with oxygen interstitials 

are negative meaning that trivalent oxides dissolve into hyper-stoichiometric UO2+x. For smaller cations, 

such as Cr3+ the solubility strongly increases with the degree of hyper-stoichiometry, while larger cations, 

e.g. Gd3+ are less affected. Similar studies conducted by Cooper et al. [120] using empirical pair potential 

calculation considered the partition of trivalent and tetravalent cations from UO2 and UO2+x into BaZrO3. 

These calculations indicate that some M3+ ions (e.g. Nd3+, La3+) will tend to segregate into the BaZrO3 

through the most favourable self-charge compensating defects or oxygen vacancy formation. Other cations 

(e.g. Er3+, Y3+) however, will remain in the UO2 phase. Positive partition energies from UO2+x into BaZrO3 

were calculated for every M3+ ion considered meaning that M3+ ions preferably remain dissolved in the 

hyperstoichiometric UO2+x lattice. 

The significance of these results to AGR SIMFuel is that as long as the uranium dioxide matrix is hyper 

stoichiometric, M3+ cations, such as La3+, Y3+, Nd3+ will remain dissolved into the UO2+x. If the AGR SIMFuel 

has stoichiometric UO2 matrix then La3+ and Nd3+ should be detected in the grey phase. Unfortunately, 

there was no means to accurately measure UO2 stoichiometry within the SIMFuel and EDX analysis gave 

questionable results on the whereabouts of these elements. As the AGR SIMFuel was sintered in H2 

atmosphere, the matrix should be stoichiometric, but this was never confirmed. XPS could have been used 

to study UO2 stoichiometry. 

EDX-analysis on the Cr-doped SIMFuel (SPF83.4) suggested that La may be present at really low 

concentration (<1 at.%) in the grey phase. This observation seems to contradict statements made 

previously, e.g. Cooper et al. [120] calculated that the presence of Cr3+ reduces the partition energies of 

large cations (e.g. Lu3+, Er3+, La3+) into UO2, so that these ions can now segregate into the grey phase. Such 

segregation does not happen when the uranium oxide is hyper-stoichiometric (UO2+x). This observation 

therefore could be an indication that the fuel is likely to be stoichiometric. 
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5.2.3 Noble metals 
 

Some FPs, such as Mo, Ru, Rh, Pd and Tc are known to form metallic precipitates of various shapes, 

sizes and compositions, as described in Section 1.9, and their impact on SNF have been thoroughly studied 

[68, 69]. 

In this study the most abundant metallic precipitate forming elements (Mo, Ru, Rh and Pd) were 

included. These elements were introduced into the UO2 matrix as oxides, and were either reduced to 

metallic form at high temperature in H2 atmosphere or decomposed below the sintering temperature (e.g. 

PdO). 

Semi-quantitative SEM-EDX analyses of 28 metallic precipitates from the phase 1 high doped sample 

(U406) are shown in Table 46 and representative metallic precipitates are included in Figure 122. Although 

the composition of metallic precipitates varies between precipitates, the Mo content is 35-45 at.%; the Ru 

content is generally below 20 at.% and Pd makes up the rest. The Rh content of these precipitates is not 

considered, as EDX rarely detected Rh (whose peaks strongly overlap with Ru and Pd peaks). Rh detection 

was therefore problematic. 

Phase diagrams at different temperatures (Figure 30) and previous studies [117, 121], reveal the Mo-

Pd-Ru ternary system is characterised by 3 main phases. These are the phase arising from the large 

solubility of molybdenum and palladium in the HCP (hexagonal close-packed) ruthenium and the two 

intermediate phases of the boundary systems, the σ-phase Mo5Ru5 and the ε-phase Mo9Pd11, which exist 

only in limited temperature regions, 1143–1915 °C and 1370–1720 °C, respectively. Both isothermal 

sections are important because of the slow cooling rate, 15 °C/min, which after sintering could potentially 

allow phase changes to occur, without changing the overall composition of the precipitate. The β-phase is 

almost entirely Mo, while due to the low melting point of palladium (1554.9 °C) the palladium-rich region 

(L-phase) is likely to be liquid at the sintering temperature. 

Figure 165 is an isothermal section of the Mo-Ru-Pd system with all 28 compositions found in this 

study marked on it. Most compositions fall into the single ε-phase region (points 10-28 located between the 

green lines representing 30 at.% and 50 at.% Mo) and only a couple are in the two phase region (points 8 

and 9). This shows that the Ru/Pd ratio within the ε-phase can vary significantly, while keeping a relatively 

narrow concentration range for Mo (~35-45 at.%). In this representation precipitates numbered from 10 to 

20 also have similar compositions, and are grouped together. Metallic precipitates numbered 1 to 6 are 

grouped as their compositions are located close together on the Mo–Pd axis (representing β and β+ε 

phases). At lower temperatures this region becomes a two-phase (ε-phase and α-phase) region. 
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Figure 165: Isothermal section of the Mo-Ru-Pd system with the analysed metallic precipitates marked [117]. 

The theoretical compositions of these metallic precipitates are calculated based on the metal oxides 

weighed and represent the average yield of Mo, Ru, and Pd arising from radioactive decay. Values are 

summarised in Table 71 for both levels of burn-up, however, precipitates from the high-burnup SIMFuel 

samples only were analysed. Comparing these calculations with the EDX results, it can be seen that the Mo 

percentage is close to theoretical in the majority of cases (7, 9–28) in contrast to the Ru and Pd content. 

The reason for this is that the metal oxides used as dopants are not uniformly mixed with the UO2, so local 

differences in concentration are observed, e.g. Pd-rich precipitate at a location, where PdO was originally 

located. Another factor is that ~5 times more Mo was added to the SIMFuel powder blends than Pd, 

meaning that it is easier to distribute within the UO2 powder and also easier to find as a precipitate after 

sintering. 

SIMFuel burnup Theoretical composition 
Mo Ru Pd 

25 GWd/t U ~46.5 ~38.8 ~14.8 
43 GWd/t U ~43.8 ~38.1 ~18.1 

Table 71: Theoretical metallic precipitate composition (at.%). 

Figure 122 shows illustrative examples of some of the metallic precipitates revealing the great variety 

of morphologies and compositions. Figure 122 A and C illustrate phase separation within the precipitate, 
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resulting in an almost pure Mo-containing inner region and an alloy-type outer region. In Figure 122 A, this 

outer region is ε-phase with low Ru content. Figure 122 B represents a situation where two completely 

different compositions exist close to each other. Figure 122 D shows a lone precipitate, which is the most 

common appearance of metallic precipitates. The reason for this variety is that the locations of these 

metallic precipitates are likely to be the original resting place of the metal oxides that were reduced during 

sintering in the H2 atmosphere. As these metals are not soluble in UO2, they are not likely to migrate far 

from their original location and only form alloys with other metals in their immediate proximity. 

Phase 2 metallic precipitates, characterised and described in Section 4.7.2.4, did not share the same 

properties with those from phase 1. One of the main differences is that metallic precipitates larger than 5 

µm usually contained multiple phases, and these phases consist of different metals or alloys. Also, Al and Si 

contamination is present in the system, which has a significant effect on metallic precipitate composition; 

these elements were detected using EDX as well as ICP-MS. Si prefers to form alloys with Pd and Rh, while 

Al is present in almost every precipitate at low level (<10 at.% ) – SPF80.4 and SPF81.4. Considering the 

variety of elements present in the metallic particles (see Table 55 and Table 56), the system cannot be 

described with simple phase diagrams. A number of relevant phase diagrams for binary and ternary 

systems have been collected however to get a better idea of the possible phases forming under the applied 

sintering conditions, and these are shown in Figure 31 (binary phase diagrams for Pd, Ru, Rh and Mo), 

Figure 32 (ternary phase diagrams for Pd, Ru, Rh and Mo) and Figure 163 (binary phase diagrams of Si and 

Pd/Mo/Ru/Rh). Figure 163 reveals that Si forms low temperature eutectics with Pd at ~18-20 at.% Si 

content and a congruent at 1074 °C (25 at.% Si-75 at.% Pd) [185]. This is consistent with most of the 

metallic precipitates containing Si, as those precipitates generally consist of 15-25 at.% Si and ~75 at. % Pd 

(some Mo or Rh may also be present). The composition ranges between Pd5Si (eutectic) and Pd3Si 

(congruent). 

Less Si containing phase is present in the SPF82.4 sample. Al is only present at less than 2 at.% 

concentration within precipitates measured. The Mo-Ru-Rh-Pd content varies significantly in these 

precipitates, even within different phases of a single precipitate, as seen in Table 57. The reason for this 

variety is likely to be the same as explained before: that in SIMFuel metal oxides provide precursors for the 

simulated metallic precipitates and their composition depends on how well the SIMFuel blend is mixed. 

Metal oxides used in these experiments agglomerate randomly with each other, so after H2 reduction, the 

composition of the alloys formed will also vary significantly. 

Chromium is concentrated in the analysed metallic particles found in the SPF83.4 sample. Cr 

concentration was between 19 and 28 at.% in seven out of ten locations. Si and Al content of these 

precipitates is not significant (Table 58). 
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Considering the variety of compositions for only 10 precipitates analysed from each sample, no 

comprehensive conclusion can be drawn for average metallic precipitate composition. Si and Al 

contamination are an extra variable, that makes analysis challenging. Comparison of these AGR SIMFuel 

metallic precipitates to real fission product alloys is discussed in Section 5.3. 

 

5.2.4 Oxide precipitates 
 

Oxide precipitates were also thoroughly characterised and detailed results can be found in Section 4.7. 

Initially, results from phase 1 samples are presented here. 

FPs such as Ba, Zr, Sr have a low solubility in UO2, so they accumulate and form precipitates embedded 

in the matrix (Section 1.9). In SIMFuel, these elements are derived from added oxides with significant 

particle size (>5 µm) even after milling (Table 21), so it is expected that these dopant grains will be the core 

for secondary phase formation. Examples of typical oxide precipitates are given below. 

Figure 113 reveals a globular body which EDX indicates contains a zirconium and barium-rich dark 

region (spot B). The point analysis from the same particle but from the brighter inner region (spot A) shows 

higher uranium content, suggesting that uranium may be in solid solution in the grey phase at the sintering 

temperature, but separates as the system cools. Within this brighter region decreased barium content is 

detected. The uranium-rich region also contains neodymium, which is expected since this species is most 

likely to go into solution in the uranium oxide matrix due to the higher oxygen potential of the mixed oxide 

[114]. 

The UO2–BaO–ZrO2 ternary phase diagram (Figure 29) reveals the range of phases possible at 

equilibrium [116]. Key compositions within the phase diagram include those with 50 at.% BaO: BaUO3, 

BaZrO3 and the intermediate Ba(U1-xZrx)O3 compositions. In SIMFuel, as shown below, BaZrO3 is the most 

commonly found precipitate. The phase diagram shows two phase regions where BaO content is below 

50 at.%, such as cubic (U1-xZrx)O2 and Ba(U1-xZrx)O3 with excess UO2, and BaZrO3 and tetragonal (Zr, U)O2 

with excess ZrO2. Ba1+x(U,Zr)O3 phase is present, when more than 50 at.% BaO is available. 

Line analysis on several oxide precipitates revealed that many of them have a ZrO2 core. This core is 

usually surrounded by a uranium-rich shell, while the outer region mainly consists of Ba, Zr, Ce and O. The 

concentric structure of such precipitates is visible in Figure 121 overlaid with an EDX analysis. Here the Zr-

core is embedded in a U-rich layer, which is coated with a Ba, Zr and Ce containing shell. 

A mechanism for the formation of such features is outlined in Figure 166 and is based on the 

inhomogeneity of the starting powder with large (10–30 µm) ZrO2 agglomerates distributed in the UO2. 

When heating the compacted powder mixture, the outer surface of the ZrO2 particle starts to react with 

materials around it. These reaction products evolve on the outer surface of the zircon particle and consume 

it from outside. The first reaction is a solid solution formation with UO2. In contact with BaO, the (U1-xZrx)O2 
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transforms into an intermediary compound of Ba(U1-xZrx)O3, then into the most stable, BaZrO3. If the 

original ZrO2 particle is small enough (< 5 µm), it reacts to form a grey-phase particle during the sintering 

process, but initially larger ZrO2 particles (> 5 µm) remain partially unreacted. 

 
Figure 166: Schematic mechanism for the evolution of core-shell structure for oxide precipitates. 

Semi-quantitative EDX analysis results for grey phase particles (Table 45) reveal that the Sr and U 

content is below 1 at.% and the dominant elements are Ba, Zr and O with a ratio of 1:1:3, respectively. This 

suggests that BaO, derived from BaCO3, and ZrO2, readily react to form BaZrO3. 

Figure 120 shows two examples of the nature of these grey phase particles and the locations of EDX 

analysis (summarized in Table 45). All spectra taken from within the marked areas are similar in 

composition, which suggests that the BaZrO3 compound formation is strongly favoured once all elements 

are available for the reaction. Brighter inner regions exist within the grey phases (Figure 120). These regions 

are depleted in Ba, but rich in U. Based on the ternary phase diagram (Figure 29), it is likely to be t-(U, Zr)O2 

or c-(U, Zr)O2, depending on U content, with low Ce and Nd as contamination. Due to overlapping peaks for 

Ba, Ce and Nd, further EDX, WDX or TEM analysis is needed. 

Atomistic modelling using empirical pair potentials support these observations and predict that under 

stoichiometric conditions both BaZrO3 and SrZrO3 readily precipitate from solid solution in UO2 [120]. This is 

not the case for UO2+x under equilibrium conditions. Partition energy calculations for FPs show that Ce4+ 

and Y3+ will remain in the UO2 phase, whereas, Ru4+, Mo4+, Nd4+ and La3+ will preferentially segregate to the 

BaZrO3 phase. This trend is different for SrZrO3, where partition energies predict that Nd3+ and La3+ prefer 

to dissolve in UO2. The concentrations of Y and La were below the detection limit of EDX, so although the 

precipitation of BaZrO3 and SrZrO3 predicted by atomistic modelling has been shown, further work would 

10 µm 10 µm 

10 µm 10 µm 
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be needed to examine the segregation of FPs to the grey phase to allow comparison with modelling 

predictions. 

Oxide precipitates formed during phase 2 experiments (Section 4.7.2) exhibit different visual 

appearance compared to phase 1 oxide precipitates (Section 4.7.1). Core-shell type structure was never 

observed regardless of the size of the precipitate, suggesting that the longer sintering time gave enough 

time for complete reaction (outlined in Figure 166). UO2 grains are scattered within the globular body, 

suggesting that at high temperature these phases could have been merged, but as the system cooled, UO2 

precipitated out within the perovskite phase. Summarising the EDX spectra (Table 54) shows stable and 

uniform (Ba0.9Sr0.1)ZrO3 composition without a single exception for all 20 precipitates analysed. The 

UO2-BaO-ZrO2 phase diagram Figure 29 is applicable here, and due to the uniformity of the particles they all 

fall into the region half way between BaO and ZrO2 on the phase diagram. 

 

5.3 Comparison of SIMFuel to real AGR and PWR SNF 
 

As described earlier in Section 3.1 a number of limitations have to be taken into consideration when 

fabricating SIMFuel (AGR and PWR alike). One of the most important factors is that in real nuclear fuel the 

FPs are generated on an atomic level and dispersed uniformly within the UO2 matrix. These FPs then either 

remain dissolved within the UO2 fluorite structure, or form second phases (oxide or metallic precipitates) 

with other FPs in their local environment. The concentrations of these FPs are calculated using fuel 

inventory calculations, e.g FISPIN or ORIGEN, which are based on theoretical considerations, as shown in 

Section 2.1. The validation of these calculations is challenging, because it requires the elemental analysis of 

real SNF, which is highly radioactive and therefore difficult to handle. It is still being done though [186], but 

the data is kept confidential and publications in the public domain only give general and limited 

information rather than detailed results. Information on the composition of PWR SNF is only available from 

literature references that aim to produce an analogue material for that SNF, but only state simplified data 

and never the full fuel inventory outputs (the actual calculated data). These papers also tend to borrow 

compositions from each other and changing them for their own desires to fit their goals, making the 

eventual product` composition unreliable before even starting any experiments. Some publications only say 

that SIMFuel for their studies was acquired from another research group, skipping important information 

regarding the composition of the SIMFuel used. Nonetheless, these compositions are similar to each other 

and below 1 at.% for any given FP at higher burnup (above 40 GWd/t U or 6 at.% burnup). In all cases Nd, 

Mo, Ru and Zr show higher yield compared to Ce, Ba, Sr, Rh, Pd and others. As for lower burnup (e.g <40 

GWd/t U or below 6 at.% ) these individual FP concentration values usually decrease below 0.5 at.%. These 

are really small values and unless changed grossly, it does not make any real difference, if 0.2 or 0.4 at.% is 
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used for a particular FP surrogate, especially when certain FPs are simply neglected (Ag, Cd) or excluded 

from the system (volatiles: Cs, Te; noble gases: Xe, Kr), or surrogated by other FP surrogates (e.g. Ru 

represents Tc in SIMFuel). Therefore the conclusion in this thesis with regards to fuel inventory calculations 

and FP concentration is that these calculated SNF compositions are only a vague approximation to what a 

real system might have. As a result, there is no point of considering minor differences between AGR and 

PWR SNF compositions published in the literature (for similar burnups!), because larger errors were made 

when those datasets were simplified in the first place to make them suitable for SIMFuel production (to be 

able to make SIMFuel in a laboratory). Hence the FP composition in SIMFuel is only similar to actual SNF, 

maybe showing that there is 2-4 times as much Mo, Ru, Zr or Nd than other FP`s in actual SNF, but nothing 

more. 

SIMFuel is produced by mixing FP surrogates (typically oxides) with UO2. When a SIMFuel composition 

is agreed - accepting the uncertainties considered in the previous paragraph - those FP surrogates have to 

be weighed precisely. Considering the extremely small amount of each FP surrogate present in the system, 

there is a lower limit on how much powder blend can be prepared and this is determined by the 

microbalance: the smaller the weight that is measured the larger the uncertainty associated with that 

measurement. An ideal SIMFuel powder blend would weigh at least 1 kg, so that the weight of each FP 

surrogate would be in the range of 1-10 g, rather than 0.1-0.01 g. Once these FPs are weighed, they have to 

be mixed with the UO2. Considering the agglomerated nature of these surrogates, uniform mixing is not 

possible, because even if the agglomerates break up, crystalline surrogates still provide seeds for reactions 

to occur, which is never the case in real SNF. In real SNF FPs are generated uniformly and appear in the FCC 

structure at first instance. RE elements, Y and La stay within the UO2 FCC structure, while metals (Ru, Rh, 

Mo, Pd and Tc) precipitate out at the side of fission gas bubbles (see Figure 160A). Their size is between 

10 nm and 1 µm (Section 1.9 Table 6) for PWR, but no statistics are available for AGR. It is fair to say, 

however that there should not be much difference between composition and size of these 5-metal particles 

when considering other types of SNFs. On the contrary, metallic precipitates in SIMFuel are generated 

through hydrogen reduction of metal oxides with significant starting particle size (> 1 µm), and these oxide 

powders are likely to agglomerate too, resulting in even larger (> 10 µm) metallic precipitates. The 

composition of these metallic precipitates depends on the local concentration of the various metal oxides, 

which can vary significantly within the UO2 matrix. In actual SNF the probability of a U atom producing a 

certain metal atom through fission is quite similar all over the fuel pellet, so the composition of the 

ε-particles should not differ significantly from one place to another. The reason for seeing many different 

phases in numerous SIMFuel studies is because of the inhomogeneity in the starting powder mix. These 

precipitates are then characterised, categorised and the information is published, but there is hardly any 

credible source providing validity for these SIMFuel studies. Those few references describing metallic 
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precipitates extracted from actual SNF are either too old or analyse too few precipitates to be 

representative for the whole system. As a conclusion, metallic precipitates exist in AGR or any other SNF 

are different from those created in SIMFuel both in size and in composition due to their method of 

production. In order to gain credible information on ε-particles real AGR and PWR SNF (at different 

burnups) must be used, dissolved to separate the insoluble part using a suitable acid (e.g. phosphoric), 

which is then thoroughly characterised, described and published (e.g. [126], for PWR ε-particles 

composition see Table 7). 

Oxide precipitates (grey phase, perovskite phase; (Ba, Sr)(RE, U, Mo, Zr)O3 ) are generally overlooked in 

the literature because they either do not exist in the sample or are too problematic to describe. Technical 

reports talk about Ba and Zr separation into grey phase because the solubility of these elements is low in 

UO2, but say no more about their appearance, composition or if these have ever been observed at all. 

Literature references on PWR SIMFuel are conveniently focusing on the metallic precipitates rather than 

the oxide precipitates. A common strategy for researchers to get around this uncomfortable topic is to 

refer back to earlier papers referring to even older papers from the 1960`s, where some EDX spectra 

suggested phases containing Ba, Zr and maybe Mo were present in FBR fuel. Today publications are 

focusing on computational modelling studies calculating possible compositions for grey phase, which are 

easier to do, but cannot support their ideas with actual evidence and observation on real SNF. Modelling 

studies have their own limitations: they show what thermodynamics allow in a given system, but cannot 

answer if it can really happen in a real system due to the ignorance of kinetic barriers. Some studies 

prepared bulk BaZrO3 and BaCeO3 to study thermophysical properties, but those results are strongly 

questionable in an environment like an actual SNF. As stated in the literature review (Section 1.9) grey 

phase has never been observed in PWR SNF, so comparison between actual and simulated SNF is not 

possible, but raises the question on the whereabouts of Ba, Sr and Zr. Further complications are provided in 

some literature references, where Zr is thought to be partly dissolved into the UO2 matrix along with Sr, 

and Ba can be part of metallic precipitates. One possible reason for such a low interest in finding grey phase 

in SNF and in SIMFuel is that it is probably regarded as a rather inactive compound in contrast to the 

ε-particles, which have major catalytic effects on the kinetics of O2 reduction into OH- [138]. Grey phase can 

be dissolved in nitric acid so it does not cause any disruption in SNF recycling. Confidential information on 

grey phase particles in AGR SNF might exist, but this is not currently available. Without direct comparison 

to SNF, only limited conclusions on the quality of the grey phase particles can be drawn. The oxide 

precipitates in AGR SIMFuel are typically spherical with size ranging from 5 to 30 µm. This is likely due to 

the spherical ZrO2 dopant powder with similar agglomerate size. Such large oxide precipitates (or any other 

features for that matter) have never been reported in SNF, which suggest that these grey phase particles 

are oversized. While literature references talk about the variety of compositions possible in the grey phase 
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and these are generally referred to as (Ba, Sr)(RE, U, Mo, Zr)O3, in AGR SIMFuel the overwhelming majority 

of particles showed stoichiometric BaZrO3 or the (BaxSr1-x)ZrO3; x=0.9-1 composition simply because of the 

initial elemental ratio of Ba:Sr ≈ 9:1. This means that the grey phase chemistry is, at best, only partially 

representative of real SNF, but missing elements such as Mo – assuming that precipitates with such a 

composition actually exist. 

According to NNL reports grain size for AGR SNF is usually measured between 3 and 30 µm, which is a 

rather wide range for grain sizes, and the AGS is ~10-12 µm [84]. The AGS of UO2 pellet before irradiation is 

12 µm [51], which is similar to AGS measured in irradiated AGR SNF and to that measured for undoped 

reference pellet produced in this study (Table 38). In actual AGR SNF the UO2 contains FP`s, but its AGS is 

still about 10-12 µm, which is not at all true for doped AGR SIMFuel (where AGS decreases below 5 µm). 

Even this reported number, however, is invalid considering the fact that in actual SNF there is a difference 

in AGS between the inner and outer regions of the fuel (rim structure or high burnup structure with <5 µm 

grains close to the cladding, larger columnar grains closer to the centre). Such a structure cannot be 

simulated artificially, which makes SIMFuel much less representative based on this neglected parameter 

alone. Nuclear fuel experiences high temperature (>1200 °C) for several years before it is discharged from 

the reactor, giving enough time for grain growth to occur, although the grain growth is a function of pellet 

radius, as pointed out earlier. Heat and radiation also affect the fuel, turning it into fractured material and 

eventually into powder, especially if high burnup was reached, resulting in low retention of harmful 

radionuclides in SNF after cladding corrosion in GDF. At this point talking about AGS for SNF becomes 

irrelevant. Conventional sintering is not designed to simulate such conditions and replicate such 

microstructure. 

In real SNF fission gas bubbles are generated because of fission gases Xe and Kr and the general 

microstructure is similar to those shown in Figure 160. Such a microstructure is not even comparable to any 

SIMFuel microstructure shown in any images in the Results chapter of this thesis. FPs such as La, Y, and RE 

elements are uniformly dissolved into the UO2 matrix and accommodated into the FCC crystal structure, 

and there is no reason for them to concentrate at any location within a real fuel. This is not the case in AGR 

SIMFuel, as Figure 164 shows. In SIMFuel there is a crystallite that slowly dissolves into the UO2, but creates 

a concentration gradient. The location, where the metal oxide crystal originally was, will always have a 

higher concentration of that element compared to regions further away from that spot. 

All of this information on real AGR SNF and SIMFuel therefore suggests that a doped material sintered 

for 5-12 h at 1700 °C in H2 cannot even be similar to reality purely because of the simplification made along 

the way, the dopant powders used, the mixing and the sintering techniques applied. A common practice for 

research groups studying any properties of SNF is that they create (or buy) SIMFuel that is produced to 

246 
 



replicate that single particular property, ignoring every other factor existing in the real system – but 

potentially effecting the measured property, therefore making the whole experiment unreliable. 

To gain real, useful and meaningful data on real AGR SNF, the actual SNF should be studied and if it has 

been, than data should be released without using overgeneralised terms and providing useful and 

applicable information to those wishing to study such a system. Without this step real understanding on 

SNF will never be achieved. 
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6 Summary and conclusions 
 

Fabrication and characterisation of UO2-based simulated spent nuclear fuel (SIMFuel) from advanced 

gas-cooled reactors (AGR) are being studied to provide a model material for scientists to study AGR spent 

nuclear fuel (SNF) behaviour without the hazard of being exposed to an extremely high radiation field. 

Similar research has been conducted for the more common light-water moderated nuclear reactors (LWR), 

but due to significant differences between AGRs and LWRs (such as fuel pellet shape, operating 

temperature, clad material, coolant type and moderator), the composition of AGR SIMFuel has to be tuned 

accordingly. This project was one of six work packages of The UK Spent Nuclear Fuel research group, where 

Imperial College, Cambridge University, Lancaster University, the UK National Nuclear Laboratory (NNL) and 

the Nuclear Decommissioning Authority (NDA) are collaborating to gain more understanding of the UK`s 

indigenous AGR SNF and provide scientific background for the safety case for the country`s planned deep 

geological disposal facility (GDF), which should be built in the coming decades. Samples produced during 

this PhD are being used by other students from the consortium in corrosion and irradiation tests. 

The basic principle for producing SIMFuel is to surrogate the highly radioactive fission product species 

with chemically similar but non-radioactive isotopes in the UO2 matrix in appropriate proportion. In this 

study depleted (0.3 g 235U/100 g UO2) UO2 was doped with 13 stable metal oxides, carbonates and oxalates. 

The correct dopant level was calculated using fuel inventory code calculation (FISPIN) outputs, provided as 

raw data by NNL. Conventional ceramic processing routes were used to produce powder blends 

representing SNF exposed to average in-reactor conditions (mean case, 25 GWd/t U burn-up), SNF exposed 

to more severe conditions in reactor (peak case, 43 GWd/t U burn-up) as well as pure depleted UO2 for 

reference. Two other blends were prepared with extra RE-content and extra RE content + Cr2O3 content to 

investigate RE dissolution and the effect of Cr on the SIMFuel. From these powders cylindrical pellets were 

pressed and sintered at 1700 °C for various times in reducing H2 atmosphere. Some of these samples were 

sectioned and transported to other universities for further tests and some were cut, mounted in resin, 

ground, polished and prepared for optical microscopy, and SEM-EDX analysis as well as heat treatment 

studies. 

Experiments were conducted in two phases, starting with a preliminary production in July 2012 (phase 

1) followed by a refined fabrication process in October 2013 (phase 2). All of the experiments from 

production to characterisation were done at NNL`s Springfields laboratories. Both fabrication processes 

involved mixing of dopant compounds with depleted uranium dioxide, pellet pressing, sintering and 

characterisation. While in phase-1 micron-sized particle size dopant powders were used, for the phase 2 

experiments nano-sized dopant powders were utilised. Sintering time was also increased from 5 h (phase 1) 

to 12 h (phase 2). 
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When fabricating SIMFuel the key features to consider include similar grain size and pore distribution 

to achieve thermal properties close to actual SNF, as well as to reproduce all second phases present in real 

systems. These second phases are the ε-particles (noble metal alloys or white particles) and the oxide 

precipitates (perovskite phase or grey phase) which potentially have great impact on leaching and corrosion 

behaviour of SIMFuel. 

According to NNL studies on etched AGR SNF [84], the grain size varies between 3-30 µm, but it is 

more usually measured at between 10-20 µm. This grain size range results from the use of suitable particle 

sizes for the fuel pellet fabrication process (3.80±0.25 µm) and from the exposure to elevated temperature 

for years. Average grain sizes measured for sample bulk from phase 1 samples, range from 9.70±2.3 µm 

(undoped reference sample, 5 h sintering) through 4.21±0.59 µm (low doped sample, 5 h sintering) to 

2.95±1.3 µm (high-doped sample, 5 h sintering). Characterising thermally etched and intact SIMFuel pellet 

surfaces, average grain size values are generally half of those measured in the bulk due to geometric 

considerations (grains in the bulk have twice as much material available to grow compared to those at the 

surface). This is consistent with observation on real SNF, where AGS is larger towards the pellet centre than 

at the rim regions. As for the phase 2 pellets, average grain size changed to 3.83±0.99 µm for low doped 

samples (12 h sintering) and 4.05±1.25 µm for high-doped samples (12 h sintering) due to longer sintering 

time compared to phase 1 samples (5 h). These values show that with the exception of the undoped UO2 

samples, all SIMFuel AGS are below the requirements and should either be sintered for longer time or UO2 

with larger initial particle size should be used. 

Density measurements on both phase-1 and phase 2 samples indicate that sufficiently dense samples 

were produced in both cases ranging from 90.1±1.2 % theoretical density (TD) to 91.7±0.2% TD for doped 

samples and up to 97.7±0.04% TD for the reference samples. ENIGMA calculation predicts AGR SNF to be 

~96.3 %TD, while calculating density based on volume% porosity suggests AGR SNF pellet density is 97-98.5 

%TD. Densities measured for PWR SNF are generally above 95%TD. In reality, however, the SNF pellets are 

cracked, exhibiting a density gradient with pellet radius (e.g. rim-structure), and having spent years in a 

nuclear reactor they eventually disintegrate. Comparison of these density values indicates that the doped 

AGR SIMFuel samples are below this target density of ~95-98 %TD. The only exception is again the undoped 

reference UO2 sample, which sintered to production density, but does not contain FP surrogates. 

Porosity measurements on phase 1 samples suggest that the mean pore diameters of both SIMFuels 

are smaller than those measured by NNL, but the overall area percent porosity is larger. Mean pore 

diameter for undoped, low-doped and high-doped samples are 0.79±0.40 µm, 1.08±0.59 µm and 

1.16±0.60 µm, respectively, compared to 2.98±0.45 µm in actual AGR SNF. For doped samples the volume 

percent porosity is up to 15±2 %, which is well above the 2.2±0.8 % represented in the real system. Several 

reasons could cause this discrepancy, including CO2 generation from barium carbonate during sintering or 
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differences in measurement techniques. As for the phase 2 samples porosity decreased in general 

compared to phase 1 samples. Volume percent porosity is 4.94±0.45 % for low doped samples and 

4.32±0.58 % for high-doped samples, based on SEM image analysis. These values slightly increase, when 

optical microscopy images are used to determine porosity (6.60±0.26 % for low doped samples and 

7.25±1.39 % for high-doped samples). In actual AGR SNF the volume% porosity is 2.2±0.8, which means 

that phase 2 samples better represent AGR SNF in terms of volume% porosity. Mean pore diameter data 

show that pore size in SIMFuel is similar, 0.58±0.34 µm for low doped samples and 0.63±0.35 µm for high-

doped sample, which is lower compared to AGR SNF. 

Second phase chemistry was partially replicated in the SIMFuel samples. SEM-EDX studies show that 

metallic precipitates formed at high temperature consisting of mainly molybdenum, ruthenium and 

palladium. Although the composition varies between precipitates, the molybdenum content is 35-45 at%; 

the ruthenium content is generally below 20 at% and the remainder is palladium. This is slightly different 

from the theoretical composition possibly due to evaporation of some of the components during the 

sintering process. These particles are generally spherical and have submicron particle size (0.8±0.7 µm) 

consistent with previous studies. Limited data describing metallic precipitates in the literature suggest that 

they are smaller, more uniformly distributed and have more uniform composition compared to those 

created in AGR SIMFuel, and this is due to the mechanism these particles are produced (generation on 

atomic scale and migration in SNF versus metal oxide reduction in SIMFuel) 

Spherical oxide precipitates were found throughout the samples with general composition 

((Ba,Sr)(Zr,RE)O3. EDX analysis revealed that the majority of these grey-phase particles has the elemental 

composition of Ba:Zr:O = 1:1:3, suggesting they are BaZrO3. Sr can also be present in the perovskite 

structure replacing up to 10 at.% of Ba ((BaxSr1-x)ZrO3; 1 > x > 0.9). The size of these features measured up 

to 30 µm, which is likely to be larger than those in SNF and the reason for this is one of the limitations of 

producing SIMFuel: the UO2 is doped with dopant powders with significant particle size (either submicron 

or micron size particles and grains) rather than being generated on an atomic scale due to fission. The 

distribution of the components in the SIMFuel powder blend is also uneven, powder agglomeration might 

occur locally providing a core on which oxide precipitates can grow. The existence of such precipitates have 

been predicted using computational modelling and calculations, but there is no explicit experimental 

evidence of their presence in SNF. 

Despite some difficulties and known limitations prior to the experiments AGR SIMFuel was prepared 

for the first time, then characterised and compared to data available in the literature. Thorough analysis 

revealed fundamental differences between SIMFuel and SNF microstructure and chemical composition, 

which can be explained by the differences in mechanisms by which these features (grains, porosity and 

second phases) are generated. 
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An actual UO2 ceramic fuel spends years in a nuclear reactor at elevated temperature, experiencing 

significant temperature gradient between its surface and the bulk. It is also exposed to high level of 

radiation, which cause uneven FP distribution within the fuel pellet. Such complex environment cannot be 

artificially created and a number of limitations exist when producing SIMFuel. The sintering time is limited 

to hours and the sintering temperature is uniform (under conventional set-ups) within the sample. Present 

powder processing techniques only allow for even FP distribution within the UO2 matrix, and the dopant 

powder compounds are inherently larger than individual atoms generated during uranium fission. Hence, 

FP surrogates are expected to behave differently from FP atoms in SNF, because of local differences in 

thermodynamics and kinetics affecting them. SIMFuel might be tailored to resemble one or a maximum of 

a few properties of SNF, but this is as much as it can do, keeping in mind that other effects in a real system 

– neglected to simplify experiments – could potentially have an impact on the property examined. 

These severe limitations and fundamental differences makes SIMFuel production extremely difficult if 

not impossible, question its usefulness to the scientific community, and call for the release of existing SNF 

studies currently classified and under control of private companies. As industrial and academic interests on 

SNF might not completely overlap, more efforts should be made to study all aspects of SNF in existing 

nuclear laboratories and allow academics to potentially make new discoveries and improve upon existing 

nuclear technologies. Such a collaboration would be mutually beneficial and could also serve public and 

governmental interests. 

During the course of this PhD it was recognised that the fission product inventory for PWR and AGR 

SNF does not differ significantly, although this statement is based on FP inventory calculations, which also 

have limitations. Unfortunately, it was not possible to assess PWR and AGR SNF at exactly the same burn-

up, because of different parameters (e.g. initial enrichment, neutron flux, final burn-up) used for 

calculations and the various units given for describing burn-up (at.%, wt.%, GWd/t U or GWd/t HM – burn-

up also differs depending on fuel pellet location) and calculating and comparing these values with each 

other is not obvious. Trends for high yield FPs, such as Zr, Mo and RE are the same for SNFs from both 

reactors, and for the most harmful but short lived isotopes of caesium, strontium, iodine and others, which 

are of international interest. Even though the pellet design is different (hollow cylinder for AGR and solid 

cylinder for PWR), roughly the same radioisotopes are produced during normal operation in a commercial 

nuclear reactor It can therefore be concluded that based on available information to the author at present, 

there are no significant differences between PWR and AGR SNF that would have major impacts on the 

direct disposability of these SNFs taking into account the current plans for encapsulation and 

immobilization outlined in the Nuclear Decommissioning Authority`s reports [3, 40]. 
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7 Recommendations for future work 
 

Recommendations for future work include a number of experiments, through which AGR SIMFuel 

could potentially become a better analogue for AGR SNF within the recognised limitations. 

 
1. Improved ceramic processing must be considered with careful control over the particle size of 

various FP surrogates and the UO2. Chemical analysis of each dopant powder and the UO2 is 

recommended to recognise contamination and prevent it. 

2. Wet milling and mixing of a masterbatch is recommended on a larger scale (50-100 g), when all 

dopants are blended together with an equivalent amount of UO2 at the final stage of experiments 

to provide more sufficient mixing and milling of FP surrogates into UO2 before adding the 

masterbatch to the rest of UO2 powder (1000-5000 g). 

3. TGA/DTA analysis is recommended on the initial powder blends before sintering to capture, 

analyse and understand any chemical changes that occur during the heating of FP surrogate 

compounds (e.g. reduction, decomposition). 

4. Improved sintering strategy should be implemented: Undoped UO2 should be sintered at different 

temperatures ranging from 1500 to 2100 °C for various times (e.g. 1 h, 5 h, 10 h and 24 h) in H2 

atmosphere to find the most ideal parameters for SIMFuel production (representative of real AGR 

SNF with regards to grain size, density and porosity). 

5. UO2 is recommended to be doped with FP surrogates individually, to investigate the effect each 

dopant has on the UO2 structure, and so any change occur during sintering, it would be due to the 

single dopant present in the system. Alternatively, elements can be grouped, such as Ba-Sr-Zr-Mo-

Ce, Mo-Pd-Ru-Rh and La-Nd-Ce-Y representing grey-phase and metallic precipitate forming as well 

as elements dissolved in the FCC crystal structure. 

6. The level of dopants to be introduced to the UO2 should be 10 wt%, 1 wt% and 0.1 wt% to examine 

changes associated with dopant concentration. 

7. Chemical etching is recommended on the SIMFuel samples to reveal the grain structure. 

8. FIB-SEM is recommended to provide 3D information on grain structure and second phases. 

9. XPS is recommended to study the oxidation state of UO2 matrix. 

10. TEM is recommended to study grain boundaries and second phase boundaries. 

11. X-ray tomography is recommended to gain a 3D structure of whole pellets focusing on voids, holes 

and cracks that might occur in the pellet body. 

12. Thermal expansion and thermal conductivity measurements on SIMFuel pellets should be 

conducted and compared to real SNF data to evaluate similarities and differences. 
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13. Ion implantation of gaseous and volatile species (e.g. I, Cs, Ar. Xe) into SIMFuel after sintering is 

recommended to study the transportation properties of these elements within the SIMFuel 

microstructure. 
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