
ATLANTIC
20th January 2021

Dr. Simon Middleburgh

Advanced technology fuel development 
at Bangor University since 2018



Who am I?
• Grew up in Worcestershire/Essex.

• Finished my Ph.D. in 2012 at Imperial 
College London supervised by 
Prof. Robin Grimes.
• Sponsored by Westinghouse Electric 

Company.
• Worked on modelling of doped fuels and 

burnable absorbers and beryllium.

• Moved to Australia to work at ANSTO 
(modelling and experiment).

• Took up a senior engineer role at 
Westinghouse Electric Sweden working 
on new fuel and fuel performance 
codes.

• Joined Bangor University in 2018.

• Published ~70 papers and 13 patents.

• Currently supervise 7 industry 
sponsored PhD students.



Nuclear Futures Institute
Vision

To become a world-leading team in nuclear technology
to benefit Wales and the UK

Path to success:

• Build a materials science and engineering capability working with aligned 
companies, communities and institutes through:
• Materials for Energy Research: Laboratory for INnovation, MERLIN
• Materials Analysis Laboratory In Bangor University, MALIBU*
• Thermal hydraulics at Bangor University, THOR

*North Wales Growth Deal funding

• Fuse materials modelling and experimental research. Combine our group 
member’s expertise to efficiently make advances in industrially relevant 
problems.

• Research and training/education focus in nuclear systems and materials. 
Grow North Wales’ pedigree in nuclear and low carbon energy technologies –
a force for change in the United Kingdom. 



People
• Bill Lee FREng: Nuclear Materials: Fuels and Wastes, Ceramics.

• Laurence Williams OBE FREng: Nuclear Policy, Safety, Security, 
Radioactive Waste and Regulation.

• Simon Middleburgh: Materials Synthesis/Modelling, Fuels, AMR 
& Fusion, Space, Forensics and Modelling (DFT).

• Marcus Dahlfors: Thermal hydraulics and reactor physics.

• Michael Rushton: Materials characterisation and modelling.

• Lee Evitts: Nuclear medicine and reactor physics.

• PDRAs (Iuliia Ipatova – experimental (fusion/alloys), Phylis 
Makurunje – experimental (ceramics). 

• Visiting Profs and Industry Associates: John Idris Jones 
(Snowdonia Enterprise Board), Linda Warren (Environmental 
Law), Antoine Claisse and Mattias Puide from Westinghouse, 
John Lillington from Jacobs, Matt Gilbert (AWE).

4

3 new academics appointed in January 2021.
1 being advertised in structural integrity.
9 new PDRA positions to be filled before March 2021.



Students
2019 Cohort:

• Megan Owen (Westinghouse) – Alloying addition impact on grain 
boundary corrosion in zirconium oxide.

• Fabio Martini (Westinghouse) – Composite fuel design and 
manufacture for commercial power.

• Jack Wilson (NNL) – Advanced high entropy alloys for nuclear 
applications.

• Gareth Stephens (Jacobs) – Impact of water chemistry on corrosion 
of zirconium cladding.

2020 Cohort:

• Mustafa Bolukbasi (Turkish Government) – Advanced fuel cycle 
economics.

• Corey Bevan (AWE) – Nuclear forensics: aging of plutonium oxides.

• Christopher Moore and Alexander Lin-Vines (Tokamak Energy) 
advanced alloys for fusion.

Objectives during my project

• Assess the behaviors of high entropy alloys 

(HEA) and their hydrides for use as neutron 

radiation shielding materials in fusion reactors.

• Explore the process of, and conditions 

necessary for, hydrogen absorption/ 

desorption in HEA via computational means.

• Synthesize and analyse the HEA, and the 

hydrides, in the laboratory and compare the 

results to the computational models.

Achievements so far

• Used special quasi-random structures to 

generate a model representing a HEA, 

previously shown to form stable hydrides with a 

high H/M ratio.

• Calculated the vacancy formation energy for 

the structure and used this to predict the 

melting temperature of the material.

• Established hydrogen solution energies for 

various environments throughout the structure 

and used this to calculate the dilute limit 

solubility temperature range.

Assessing the behavior of high entropy alloys and hydrides as neutron 
radiation shielding materials for fusion systems - Christopher Moore.

The purpose of my research
• Development of small spherical tokamak 

reactors constrains the space allowed for 

radiation shielding.

• High temperature superconducting magnets, 

essential for the fusion process, are highly 

susceptible to neutron radiation damage.

• Current radiation shielding materials are not 

effective enough to efficiently protect the HTS.

• Improving the shielding material will allow for 

longer fusion cycles, improving the fusion 

economy.

A. Sykes et. al. Nucl. Fusion, 2018, 58, 16039 – 16048.



Accident Tolerant Fuels: A Big Deal

• First time the industry has 
pushed to make big changes in 
its fuel materials since the early 
1960s.

• Bring a new generation of 
scientists and engineers into the 
industry with a deep 
understanding of fuel.

• Support a major UK business 
growth area.

• The focus on accidents may not 
make sense.



The future 
of ATF?



Improving the economics of 
nuclear fuel

Fuel is cheap… at least right now.
So how does one impact the cost? 



Improving economics with fuel

Fuel costs are low so economic advantage must be 
attained from elsewhere.

Within the operation and maintenance costs, planned 
and unplanned outages represent the largest impact on 
plant capacity factor.
- Planned outages can be reduced by increasing the 

cycle lengths.
- Un-planned outages can be reduced by increasing the 

reliability of fuel.





Interlayers for Cr coatings
• Jack Wilson is designing a HEA to sit between Cr and Zr. 

• First steps are to understand stability and properties such as 
thermal expansion.



A new ATF fuel - UB2
Collaborating with Westinghouse (Mattias Puide), 
NNL (Dave Goddard & Emma Vernon) and 
University of Manchester (Joel Turner)

• Why UB2?
• Can be used as a fuel or a neutron absorbing material
• Higher density of U than UO2 so can use more robust 

packaging
• Ultra-high temperature ceramic

• Issues?
• Never been made phase pure (no commercial synthesis 

route)
• Unknown reaction with water
• Unknown properties



We can make it!
(We all had issues 

with U3Si2…)



B isotope ratio has a measurable 
impact on thermal conductivity 

in ZrB2 but not UB2

Thermal conductivity of UB2 significantly 
affected by phonon-electron scattering.

Significant work to be done predicting the electron conductance impact on TC



UO2 research

UO2 remains the leading fuel candidate for nuclear use 
(both LWR and fast-reactors). We work with industry, 
national labs. and other academics to improve UO2

fabrication, performance and modelling.

Research currently underway:

• Gd2O3 use as burnable absorber.

• Doped UO2 for ATF.

• Understanding of amorphous grain boundaries.

• UO2-based composite fuels.



Gd2O3-UO2 research

• Gd2O3 impact on thermal conductivity experimentally known.

• Gd3+ accommodated in one of two routes (depending on pO2
during manufacture and operation) – U5+ or O vacancies.

• Experiments (red/purple below left) match better with Gd
accommodated by U5+ vacancies.



Reactivity Behavior of Natural And 
Enriched Gd2O3 BA 

– Mustafa Bolukbasi

• Understanding benefits of moving to pure 157Gd 
burnable absorber over natural isotopic abundance 
using Monte Carlo Reactor Physics code.

• Less residual suppression and less material displaced 
with enriched Gd burnable absorbers.



Amorphous UO2

• Amorphous UO2 considered for the first time on 
the atomic scale using density functional theory.

Stoichiometry deviation Structure-Magnetism Surface Energy



Amorphous grain boundaries

• As part of MIDAS Megan and Gareth are 
looking at the impact of alloying 
additions/coolant chemistry on ZrO2.

• First step was to understand amorphous 
grain boundaries:
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grain boundaries:



Amorphous grain boundaries
• Amorphous ZrO2 structure similar to amorphous UO2.

• Stoichiometry deviations accommodated by peroxide ions (O2
2-); 

Zr is always 4+.

• Megan has shown that the activation energy barrier for oxygen 
migration is ~½ compared to the crystalline system – oxygen 
migration therefore rapid.

• Gareth has shown that Li causes a rise in oxygen vacancies.



Zirconium 

n-propoxide
Gel

Borocarbothermic

reduction

Zirconium boride 

nanoparticles

Sol-gel

Processing

Zirconium diboride (ZrB2) embedded 

in UO2 is a promising candidate for 

advanced technology fuel (ATF).

For improving the operational and 

safety performance of fuels.

Zirconium spheres are embedded in a 

uranium dioxide matrix to get a 

composite fuel.

Lower centre-line temperatures of fuel 

in operation Less fission gas release 

and therefore larger margins to failure

Operationally flexible fuel (burnable 

absorbers)

All leading to enhanced economics 

and safety

Sol-gel Processing Route

D.R. Costa, et al. J. Nucl. 

Mater, 554, 152700, 2021.

Novel kernel fuel manufacture 
– Dr. Phylis Makurunje



Spray drying 
granulate 
formation

Spray drier being set up this
week from Germany



UN-UO2 composite fuels

Higher thermal conductivity
Higher uranium density

Safe in water/steam
Produce in the same factory as UO2

Job done.
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