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THE GENERAL CONCEPT OF GEOLOGIC DISPOSAL IS BASED
ON THE PRINCIPLE OF MULTIPLE BARRIERS
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Spent nuclear fuel Fe ——> @
Steel k H,O
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Anoxic Corrosion of the Radiolytic Corrosion of
carbon steel liner the uranium dioxide

Steel corrosion products expected to scavenge radiolytic oxidants
thereby limiting fuel corrosion



Some radionuclides could be released independently of the corrosion of the
fuel matrix (The Instant Release Fraction). The remainder (> 90%) will be
released as the fuel corrodes and dissolves

Grain boundary
inventory assumed to be
released instantly on
exposure to groundwater
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Matrix inventory released
Gap inventory released slowly at a rate controlled
instantly on exposure by the dissolution rate of

to groundwater the fuel matrix
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SURFACE The rate of release of the matrix inventory (3) will be determined by the E)"’
SCIENCE properties of the fuel and the groundwater composition 2
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Dissolution as U0,
iS corrosion

Dissolution as UV
is dissolution

Solubility increases on oxidation from U to UV especially
in the presence of groundwater anions such as HCO,/CO,*

Oxidizing
(UO4+2H,0)

\'
Reducing (UO,) U

lllll

. _____®

S

6 8 10
pH

TN
12

14

* SURFACE
* SCIENCE
o WESTERN

Fuel expected to corrode under
oxidizing conditions



Doserate at fuel surface (Gyla)

Providing short term containment is achieved, only alpha radiolysis of
water will lead to fuel corrosion/radionuclide (RN) release

Radiation decay profiles in the fuel

(Typical CANDU fuel bundle)
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Only Alpha Radiation considered in most models



S
SCIENCE

gRFACE In-Reactor Fission will Cause many Changes in the

WESTERN  Properties of the Fuel (UO, ,,, prior to in-reactor irradiation).
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Electrochemical/Spectroscopic/Microscopic Studies of Simulated Fuel Properties

Increasing non-stoichiometry (UO, o, to ~ UO, ;)
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MicroRaman spectroscopy used to determine
the influence of doping on the UO, matrix

Electrochemical methods used to study UO, reactivity
and the kinetics of oxidant reduction reactions
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One Example of Mechanistic Detail



THE FATE OF THE KEY RADIOLYTIC OXIDANT (H,0,)

Cathodic Reaction Reduction of H,0, [ = = = = -

g-particles I
H,0, decomposition q v v
UM 12:U " 2:01245

r-==-=-=-=--=-===m= I I I BN BN .

Anodic Reactions Competition

Oxidation of UO,

Which reaction is the most important?

What is the function of the e-particles?

Does the rare earth doping of the UO, change the balance between reactions?
Can we evaluate the parameters required for a model?



Zhu et al. Electrochimica Acta, submitted 2019
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U'VO2 -- ~14% of the H,0, consumed by dissolution
UV, ,RE" UYO, - 0.3% to < 4% consumed by dissolution
UIV EIII uv (a)O -- 0.3% to < 4% consumed by dissolution

H,0, reduction catalyzed by RE" doping but not further 0, could be the dominant oxidant
catalyzed by noble metal (g) particles



MODELS FOR FUEL CORROSION
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A Model for the Radiolytic Corrosion of Used Nuclear
Fuel Inside a Failed Waste Container

* Wu et al. Corrosion Science 61, 83-91 (2012)

* Wu et al. Corrosion Science 84, 85-95 (2014)

* Wu et al. J.Electrochem.Soc. 161, E3259-E3266 (2014)
* Liu et al. Environ. Sci.Tech. 50, 12348-12355 (2017)

* Liu et al. J.Nucl.Mater, 494, 87-94 (2017)

 Liuetal. Corrosion 75, 302-308 (2019)
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Distance from Separation between the source
fuel surface Diffusion Layer of redox scavengers and the
< source of radiolytic oxidants

Steel ¢

Corrosion

Anoxic Corrosion of the Radiolytic Corrosion of
carbon steel liner the uranium dioxide

Diffusion-reaction equation

at steady state

Model solved numerically using COMSOL Multiphysics (Dilute species
transportation and chemical engineering modules). 16



Fii Simplification of the Alpha Dose Rate Distribution
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 Uniform distribution:

|| Uniform * D(x)=DR,0=x<Dh.

* DR is average dose rate.

* b is length of radiation zone, 13 ym.

DR

* Non-uniform distribution:
» D(x)=A[exp(-x/B)+C],0 = x < b.
« Values of B and C are obtained from the a-dose
rate profile calculated by Nielsen et al.
* O is the maximum penetration length of a-
radiation.

Dose rate

Non-uniform

b
Distance from fuel surface
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o
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Model calculations indicate this simplification leads to
: minimal error

= Uniform distribution
4 Exponential distribution
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Diffusion length / mm

17



WESTERN bﬁr

Western

IIIIIIIIII -CANADA

Reactions Occurring Inside a Failed Container Assumed
Flooded with Groundwater
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H,0—%>H,0,,H,, ., H', OH', HO;, H', OH"

H202, Hz etc.

By

H,0
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Groundwater

Fe2+ H,

H,0 ,
g 2Fe*" + H,0, —— 2Fe* + 20H"
4 Felt
Fe‘{+ ’f) OH-
H,0,

HzOz, H2 etc.

E T U0

H,0 %

F.J. Millero, and S. Sotolongo, Geochim. Cosmochim. Acta 53 (1989) 1867. 24
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o WESTERN Corrosion/Dissolution Inside a Failed Container Western

Copper Layer
Carbon Steel Container

Groundwater

Fe2* | H; e
g H,0 H,O0, + H, —— 2H,0
4 Fe2+ 2H202—) OZ + 2HZO
Fé"' *OH’
H,0,, H, et H.0 .
2Un, I, etc. H,
T U0, U0,
7 é 3b
H,
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The Influence of Redox Scavengers on the Fuel Corrosion/Radionuclide
Release Rate
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Steel Corrosion H,d
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Anoxic Corrosion of the Radiolytic Corrosion of

carbon steel liner the uranium dioxide
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Steady-state [H,0,] profiles at various bulk [H,], UO,%* flux (equaf to the UO, chrrosion r e)
[Fe?*], ik = 0.01 umol L. as a function of [H,], -

H, can suppress fuel corrosion by lowering [H,0,] and reducing UY! species.
In a sealed repository [H,] can reach millimolar levels
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Cross section of used CANDU fuel pellet after
15 years of storage in humid air

Fractures allow groundwater access to the internal structure of a pellet.
Will the redox scavengers be effective at locations within the fuel?

28
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The Influence of Hydrogen on the Corrosion Rate
Inside a Fracture *

The critical [H,] is defined as the minimum bulk [H,] (from carbon steel corrosion)
required to completely suppress fuel corrosion.
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bulk solution As the bulk [H,] increases fuel dissolution
becomes progressively more suppressed
bulk [H,] prog y pp
________ 207 Width=03mm _ bulk [H]/uM
: Depth =3 mm
15
ﬁ‘E
2 10
o i
§8N > The Critical [H,]
.
0 1 2

Distance to crack bottom / mm
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The Influence of Crack Geometry on the Critical [H,]

—u—0.1

A
%/ Width / mm

—u—0.3
—u—0.6

- // -

The critical [H,] / p mol L"
w
|
\.\
\.

Crack depth / mm

Western

IIIIIIIIII -CANADA

The calculated critical [H,] in cracks with
different widths and depths, with a dose rate =
9.03 x 10° Gy a™>.

There exists an upper limit (5.7 umol L™ indicated by the dashed line) for
the critical [H,] for the anticipated range of possible crack geometries.

These calculations suggest a significant role for radiolytic H, in the
suppression of corrosion in narrow and deep fracture locations 31



Separation of Internal and External H, Effects
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Eggi‘{ﬁ&’E Separation of Internal and External H, Effects

« WESTERN Bulk solution
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Fe?*, H,

Diffusion zone

Radiation
zone

The effects of radiolytic (internal) H, and H, from steel corrosion are separated by calculating
the ratio of their concentrations at specific locations 33



Internal [H5] / nmol L™

800

700

600

500 -

400

300

200 -

100 -+

0

Separation of Internal and External H, Effects

-

nmol L
600

1 500

1 400

1 300

200

100

0

Width = 0.6 mm
Depth =6 mm

bulk [H,] = 100 nM

IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII‘P

0

1 2 3 4 5 6
Distance to crack bottom / mm

External
[H,]

nmol L!

929
98
97
96
95

94

100

93 1
92 4
91 |
90

External [H,] / nmol L™

99 -

98 -

97

96 -

95 -

94
)

0 1 2 3

4 5 6

Distance to crack bottom / mm

Western

UNIVERSITY-CANADA

34



Internal [H5] / nmol L™
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Separation of Internal and External H, Effects
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Internal [H,] inside a crack

0.5 mm
1 mm { 400
{ 300
3 mm 200
100
As the crack depth increases with a constant width, 0

there is an accumulation of radiolytic internal H,

6 mMm
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Separation of Internal and External H, Effects
0

Internal [H,] inside a crack nmol Lt Western
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As the crack gets narrower with a constant depth, 0

there is an accumulation of radiolytic internal H,
) 38
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As the crack gets narrower with a constant fracture depth, the fraction
of internal H, effect on the suppression of UO, corrosion increases.
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Can this Model be Validated by Comparison to
Corrosion Rates Measured on Fuel Specimens?



Corrosion rates of a-doped UO,. non-doped UO, (0.01
MBq.g-'(UO,), SIMFUEL and some spent fuels
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—_— Linear least squares fit used by the Canadian Nuclear Waste Management
Organization in safety assessments (A,B.C data not included)

Carbol et al. Swedish Nuclear Fuel and Waste Management Company Report SKB-TR-05-09 (2005)
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Carbon Steel Container

Groundwater

H,0,

H,0,, H, et

H,0 é

a - H,0, OH

7
Used Nuclear Fuel
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SCIENCE Model Reconfigured to Represent the Conditions in the b*
WealERN Fuel Experiments Western
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N

Boundary Conditions: /), =]U022+ =0

C02 - CH2 - 0
% U0,
Water H,0, H, 2
Layer 1 T 4
H,0 M OH H,0,0, H.0
l 2 O, 5
uVI
% U \ >—<
a-doped UO, vt U v o

Liu et al. J.Nucl.Mater. 494, 87-94 (2017)
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(A) 10° - @:{
=1 AP -7
£ 1o P S : Western
- X3 i Model calculation compared
: I al . to the full measurement set
& 10° W o >
" o Strength MBq / g(UO,)
(B) 10° 3~ Y= model calculation — mmm —
T o AT Model calculation compared only to the data
0 B measured on specimens similar to those used
I in compiling the model data base
o in deaerated solutions containing carbonate

a Strength MBq / g(UO,)

The dominant influence on fuel corrosion is the alpha radiolytic dose rate
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Mixed-Potential Model (Shoesmith et al. Corrosion 59, 802 (2003))
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L .
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Steady-state [H,0,] profiles at various bulk [Fe]; UO,2* flux (equal to the UO, corrosion rate) as a
[Hylui = 0.01 pmol L. function of [Fe?*], -

Fe?* consumes radiolytic H,0, in the Fenton reaction thus suppressing the
fuel corrosion. 4



Transformative Science and Engineering for Nuclear Decommissioning

Theme 3 — Spent Fuels

Professor Thomas Scott, University of Bristol

st Annual Meeting

4 April 2019
Bath




TRAN.

Science and Engineering for Nuclear Decommissioning

VR
A

Technical Challenge

Large & complex inventory (Magnox, AGR, PWR, prototype reactors)
Retrieval operations for legacy fuels imminent
Management options have to consider SNF evolution during:

- long term storage &

- final disposal
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Work Packages

3.1 Properties & Reactivity of Bulk Corrosion Products
- 3 projects: Bristol: PDRA & PhD (RWM), Lancaster: PhD (RWM)
3.2 Pressing Fuel Barrier Corrosion
- 2 projects: Leeds: PhD (NDA), Bristol PhD (SL)
3.3 In situ ldentification of SNF Materials & Surface Corrosion Products
- 2 projects: Surrey: PDRA & PhD
3.4 Prediction of Long-term SNF Behaviour
- 2 projects: Bristol: PDRA & PhD
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3.1 Properties & Reactivity of Bulk Corrosion Products

3.1.1 Assessing the properties and release behaviour of products arising from
metallic and exotic fuel corrosion (Bristol)

3.1.2 Corrosion and leaching of carbide fuels in a Geological Disposal
Facility (GDF) setting (Bristol)

3.1.3 Oxidation of uranium oxide spent fuel at low temperatures (Lancaster)
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Metallic & exotic fuel corrosion - Bristol

XRT used to chart the
evolving corrosion state
& distribution of material

Miniaturised simulant
U-containing canister

Aims and Objectives:

To develop a better understanding of the properties &
reactivity of bulk corrosion products arising from degradation
of legacy SNF under reducing conditions

Methodology:

Using advanced X-ray imaging, tomography and diffraction
methods to understand the corrosion behaviour of spent
metallic fuel sealed ‘partially wet’ inside metal storage cans.

Small-scale simulants will be utilised to understand the relative XYf,‘;e;;‘;Vif'is
mass, type and distribution of the arising corrosion products g;nj_umed
corrosion

Expected Impact:
Research is directly analogous to challenges on the Sellafield B Analysis wil determine
site and will provide better understanding and expectations for Yﬁifélﬂfélgvﬁ?ﬁe of the distribution of oxide
canister behaviour (& risk) during retrieval operations initially no gas in the ;r;{dThggzgﬁrgigg lab

?:\?;ng?;c% analysis and neutron

imaging at ISIS
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Corrosion of carbide fuels in GDF setting — Bristol (RWM)

Aims and Objectives:
To determine corrosion & leaching behaviour (rates) of UC
fuel materials under GDF conditions

Methodology:

Combined XRT-XRD and TRLFS study to chart evolving
water chemistry & corrosion state in-situ. Novel glass cells
used to set up a series of long-duration experiments
conducted at different temperatures & GDF water chemistries

Expected Impact:

Inform modelling predictions for release of U into
groundwaters from carbide oxidation & determine off-gases
arising; for real spent UC fuels will contain 4C

Virgin UC fuel material (pellets) to be supplied by NNL
Springfields Laboratory

S

Pressure logging &
Residual Gas

Analysis Mass Glass-metal

Spectrometry (RGA- join
MS) analysis
Rate of pressure
Water level — change in
drops as it heads_pace used
- to derlye
consumed corrosion-
by carbide- oxidation rates
oxidation Glass to
permit XRT &
TRLFS & Raman TRLFS
(Surrey) utilised to — analysis in
chart evolving U situ
speciation in water
Water chemistry
varied to cover
range of GDF \
conditions; high L
pH, high Periodic XRT analysis to UC (virgin)
carbonate determine distribution of oxide fuel material

& its surface thickness on the
carbide, yielding corrosion rate

versus
deionised water
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Oxidation of uranium oxide spent fuel at low

temperatures — Lancaster (RWM)

Project Background

UK AGRs: ~3-4% enriched UO, ceramic pellets in 20/25/Nb steel
cladding, CO, coolant

« Expected remaining lifetime: ~6600 tonnes of SNF
» Fate of UK reprocessing mission:
« THORP reprocessing END Nov 2018

« Magnox reprocessing END 2020

 Beyond reprocessing: pre-disposal interim storage — ponds at
Sellafield
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Oxidation of UO, SNF at low temperatures

Importance of Research

e To underpin options for pre-disposal storage of SNF and prediction of behaviour during final disposal

* Must satisfy safety case requirements for the UK’s Geological Disposal Facility (GDF) and for interim
storage prior to the GDF

e Concerned with the management of in-reactor or in-pond failed fuels

UO, pellets sealed inside steel cladding tubes may be susceptible to corrosion & may lead to in-pond
water contamination
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Oxidation of UO, SNF at low temperatures

Aims
* Using AGR SIMFUELS to understand the oxidation behaviour of the UO, matrix in failed AGR spent

fuel, at low temperatures & under conditions relevant to UK interim storage & drying of wet stored
SNF

Objectives

e Study UO, and AGR SIMFUEL oxidation as a function of
simulated burn-up and T < 200°C, in:

AGR Fuel Pellets

— simulated interim storage pond-waters and repository
groundwaters

— dry air as a function of oxygen partial pressure (PO,)

— damp air as a function of relative humidity (RH) and PO,

* Hence, determine thresholds for the onset of UO, oxidation
in AGR SIMFUELS and UO, pellets
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3.2 Pressing Fuel Barrier Corrosion

2 PhD projects:

3.2.1 Hydraulic behaviour in perforated AGR fuel pins, likely ingress
into the fuel & hydraulic behaviour during drying (Leeds)

3.2.2 Stress corrosion cracking in AGR cladding & micromechanical
testing of irradiated clad (Bristol)



Development of micromechanical testing methods for
spent AGR cladding to examine effects of sensitisation
and stress corrosion cracking

Aims and Objectives:

To develop a new methodology to observe and
guantify properties and stress corrosion cracking of
AGR fuel cladding.

Methodology:
A combined Digital Image Correlation — finite element
simulation method will be developed to

guantitatively assess the environmental effects on
the rate of stress corrosion cracking of AGR fuel
cladding.

Expected Impact:

The understanding gained in the project on the
effects of irradiation accelerated stress corrosion
cracking and change in mechanical properties of
stainless steel 20-25-Nb AGR cladding will underpin
predictions of their structural integrity during
transport and in storage and disposal environments.

PhD funded by NNL (Dr Rob Borrows)
Supervised — Dr M Mostafavi (Bristol University)

3D Microscope DIC
Environmental

chamber and sample
/ holder

Crack and its
opening profile

10.6

Crack opening displacement (px)
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3.3.1 Identification of Corrosion Products on SNF (Surrey)

PDRA funded by EPSRC (Dr V. Frankland)
ImpO rtance of Research Supervisor — Prof D Read (Surrey University & NPL)

Dissolution of UO, could lead to a very wide range of potential corrosion products during pre-disposal
storage and final disposal in the GDF

~250 U mineral species known but many are poorly characterized (stability, solubility etc.)

Seeking to develop laser-based methods that can be applied remotely (Raman, TRLFS, LIBS)

785 nm

633 nm

. [T5)
- 8 4
] S Y ]
| 6o 0 |
4 = 8 [+2]
1 2 1 532 nm

1457 nm

Intensity / a.u.
| a1 PR
1
' 988
192 '
| PSR I S RS

..................................

mindat.org 1800 1600 1400 1200 1000 800 600 400 200
viem!
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|dentification of SNF Materials & SC Products

Aim

Construct reference Raman & TRLFS Database for potential corrosion products under

conditions relevant to interim storage and final disposal

Objectives

Use type mineral samples from Reference Collections to
obtain pure phase reference spectra

Interferences from waste matrices (Mg(OH), Ca(OH),)

Conduct online, real-time corrosion experiments of UO,
oxidation in representative solutions (with Bristol)

Assess feasibility of field implementation

1‘ ek }‘-:_, | )
£ P

mindat.org

Intensity / a.u.

450

500

Meta-autunite

Aoy = 373.1 nm
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3.3.2. Building foundations of a predictive tool for SNF

behaviour (Bristol)

Aims and Objectives:

To construct the basis for a predictive tool for spent fuel
behaviour, from the microscopic to the macroscopic; closing the
loop between experiment and theory, by designing experiments
that mimic and test these models.

Methodology:

A model will be developed, primarily using FACSIMILE and
COMSOL, to develop a model of the aqueous corrosion
behaviour of spent fuel. Experiments will be designed to
replicate the idealised scenarios in these models in order to test
and validate them. This project will make use of the DCF and
Surrey lon Beam facilities as well as a collaboration between
the KURRI reactor and UoB.

Expected Impact:

The combination of modelling and representative experiments
could lead to a reliable and solid foundation on which
complexity can be built in terms of a long term predictive tool
for spent fuel corrosion.

Temperature (°C)

PDRA (12 months) funded by EPSRC
PhD UoB DTP
Supervised - Dr Ross Springell (University of Bristol)

Coolant

Cladding

rd

lant temperature 7

T T T T T T T T .
00 02 04 06 08 10 142456,m
Radial Distance (cm)

B Un-annealed
[ 2hr anneal at 1600C]
[ 5hr anneal at 1600C |

24.1£10.7 um

458151 m

0 10 20 30 40 5 60 70 8 90
Grain Diameter (um)

We are able to engineer samples that represent specific parts of a
spent fuel pellet; modifying grain size, fission products, strain,
stoichiometry etc.
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3.4. Simulation of U fuel corrosion by DFT methods (Surrey)

Aims and Objectives:

To investigate the corrosion mechanism, including
intermediates, products and reaction rates, of SNF in oxidative
environments. To predict quantitatively the degree of
corrosion and product formation as a function of time by using
a combination of experimental (i.e., fluorescence, Raman etc.)
& computational techniques (density functional theory).

Methodology:

Focus will be on understanding the evolving surface chemistry
of surrogate SNF, modelling the formation and dissolution of
the surface phases exposed to wet environments via
controlled on-line experiments. The project will make use of
the Surrey lon Beam facilities as well as collaboration with
UoB.

Expected Impact:

The main deliverable will be an analytical, thermodynamic and
kinetic description of the corrosion mechanism of U, UO, and
uo

X*

PhD funded by UoS
Supervisors — Prof D Read & Dr M. Sacchi (Surrey & NPL)

Ball-and-stick model of the clean (2 x 1) UO,(111) surface

P. F. Weck et al., Dalton Transactions 2013, 42 (13), 4570-4578
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Summary

The spent fuels research activity will deliver new insights and
understandings to underpin important decisions on legacy retrievals,
waste processing, storage and disposal.

Cutting-edge and complimentary analysis techniques will be used
between the partner Universities, but working also with industry.

We are keen to widen the group of partners we are working with to
increase the impact of our research.

Please get in touch for further information on the project.
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Evaluating the mechanical properties of

corium

Dr Haris Paraskevoulakos, University of Bristal

TRANSCEND Annual meeting 2014

04/04/2019
Bath
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On March 11 2011, the tsunami that engulfed the
Fukushima Daiichi NPP resulted in a loss of
coolant accident and the partial meltdown of
boiling water reactor Units 1 — 3

Seawater was injected into the reactor cores for
emergency cooling

However this was not sufficient — pellets of UO,
nuclear fuel melted and reacted with steam-
oxidised zircaloy fuel cladding

The resulting materials, known as fuel debris and
corium, are highly hazardous (a mixture of UO,
fuel, zirconium from the cladding and other melted
reactor components, such as concrete and steel
from the fuel pressure containment vessel).
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Since the accident, water has been continuously
injected to the reactor

Coolant water effluent has been shown to
contain plutonium (fuel debris is being dissolved)

Retrieval of the fuel debris and corium from
the reactors is a great challenge

Before any plans for retrieval can be made it is
necessary to understand:

1. the chemical and physical properties
of the fuel debris and corium

2. The location where the fuel debris and
corium reside within the reactor

Determlnlng the phys|ca| and Chemlcal Progress of Unit 3 PCV internal I—20‘ — ‘—‘:Ol - I0 10 - 2l0I

. . . ) investigation _ _
properties of the fuel debris and corium will (July 19, 2017 Source: TEPCO) Progress in Fuel Debris
; . Detection Inside the Unit 2
support the choice of: eactor at EDNPP
i i i i (May 26, 2016 Source:
1. appropriate decommissioning technology Lo

2. how to handle materials upon retrieval
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Partners

Vs

— University of Sheffield (UK)

\

Vs

— University of Bristol (UK)

\

Vs

— University of Tokyo (Japan)

\

Transformative Science and Engineering for Nuclear Decommissioning

Project Plan

p
e University of

Sheffield

)

Fabrication of
realistic
simulant fuel

debris and
corium

Development of on —
site fuel debris
element screening by
hybrid energy —
resolved X —
ray/neutron
computed
tomography

e University of
Tokyo

-

e S
e University
of Bristol

Characterisation )
of simulant fuel

debris materials

Development of

a geostatistical

map for safe
removal of fuel —

debris

e University of
k Tokyo

J
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nanoindentation —
acoustic evaluation

Sheffield

Sheffield - Tokyo

XRD - SEM/EDX - XAS

XCT - FEM - Indentation — DVC

Bristol
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Young’s modulus of the multi- Fracture toughness of the Investigation of the
phase material multi-phase material corroded state

1

Workflow concept to reveal the '; - .' i
mechanical properties Hae L i

| i i il

_ |

1 : 1

In situ loading tests coupled with x—ray
tomography (XRT)

Digital volume correlation (DVC)
Displacement field at various loads

Radial path
(z=zy)

Matching DVC — FEM
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Materials

1 Dry Corium-simulant
sample

1 Corroded Lava-like fuel
containing material sample

(Black LFCM)

1 Dry Lava-like fuel
containing material sample
(Brown LFCM)

Cuboids 3.0 x 3.0 x 4.0 mm
Mass: < 0.2 g

Transformative Science and Engineering for Nuclear Decommissioning

Diamond Light Source 112 Post Processing
Beamline > Digital Volume Correlation
» Synchrotron X-ray » Determine the displacement maps
Tomography at different states of loading
» Synchrotron X—ray Powder Experimental Tarqget
Diffraction » Matching the displacement maps
» Hertzian Indentation loading with FEM to determine

mechanical properties
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(2)

|| Fukushima Corium |

Start Load
(10 N)

Failure Load
(159.68 N)
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Start Load
(10 N)

Failure Load
(126.46 N)
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Chernobyl Brown LFCM
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Start Load
(10 N)

Failure Load
(35.02 N)
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Fukushima Corium

“ 550 N

Chernobyl Black LFCM
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Digital Volume Correlation
Displacement Field

Transformative Science and Engineering for Nuclear Decommissioning

Finite Element Modelling
Displacement Field

Radial path
(z=z9)

Mechanical
Properties
E, v, Yield Stress,
Failure mode
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A Dr Claire Corkhil
Dr Clemence Gausse

dDr Mahmoud Mostafavi
dProf Tom Scott

dDr Keith Hallam

dDr Chris Jones

dDr Chris Simpson

A Dr Christina Reinhard
dDr Oxana Magdysyuk

Transformative Science and Engineering for Nuclear Decommissioning

= The
» d  University
755 Of
Sheffield.

University of
BRISTOL

diamond



Transformative Science and Engineering for Nuclear Decommissioning

Haris Paraskevoulakos

cpl3846@brsitol.ac.uk



Transformative Science and Engineering for Nuclear Decommissioning

Characterisation of Uranium Mineral Phases
by Time-Resolved Laser Fluorescence (TRLFS)

and Raman Spectroscopy

Victoria L. Frankland 1, Antoni Milodowski 1, Joshua Bright 1 and David Read 12
L University of Surrey, Guildford, UK; 2 National Physical Laboratory, Teddington, UK
TRANSCEND Annual Meeting April 2019




= ~ 250 Natural Uranium Minerals
\__/

Complex U-species Complex U-species

W @ W

Groundwater inorganic and
organic U species

Steel 4_\/\/\/\/\ u/uc/uo, I\/\/\/\,—> Cements
U-oxides
M-U-oxides
Reduction to U-hydroxides U-silicates
U(IV) - species M-U-hydroxides M-U-silicates

etc.
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~ 250 U minerals
- Few characterised by Raman,
- Very few characterised by fluorescence, fewer still by TRLFS

Create a spectral database for non-destructive identification of potential U
species arising from spent fuel storage & disposal

- Reference spectra from high quality type mineral phases

- Applied to amorphous & ultra-thin surface alteration products

- Method also capable of characterising agueous & non-aqueous solutions

Limitations with conventional techniques for U phase ID:
- XRD - requires good crystallinity
- IR spectroscopy - spectra masked by water features
- Need (trans)portable techniques

Techniques chosen:
- Time-Resolved Laser Fluorescence Spectroscopy (TRLFS)
- Raman Spectroscopy
- Laser-induced breakdown spectroscopy (LIBS)



1
RENISHAW ¢

invia Raman Microscope

785 nm
« Alternative stage for solutions
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Oxides:

« Meta-studtite
« Uranium trioxide

Metal Oxides
 Fourmarierite (Pb)

- |Vandenbrandite (Cu)|
 Vandendriesscheite (Pb)

Carbonates:
 Andersonite (Na, Ca)

U Minerals and Analytical Grade

Powders

Phosphates (PO,):

« Meta-autunite (Ca)
« Meta-torbernite (Cu) .
« Saleeite (Mg) .

Sulfates (SO,):
Johannite (Cu)
Uranyl sulfate

Vanadate (VO,):
Carnotite (K)
Tyuyamunite (Ca)

Silicates (SiO,):
« Boltwoodite (K) .
« Uranophane (Ca) .

s -
. b

4 » ]
-




= U Oxidation Mechanisms
\_/

Reaction path 1 1: Reaction path 2 2:
Uranium metal, U Uranium metal, U
Uraninite, UO, Uraninite, UO,
u,0,/U,0, lanthinite, U%*(U®*0,).0,:10(H,0)
U,0, Schoepite, (UO,);0,(OH),,-12(H,0)
] Studtite, UO,0,(H,0),-H,0
Uranium trioxide, UO, !
Metal-UOHs

|

Metal uranyl complexes (e.g. phosphates)

Sweden and Finland plan to disposing of SNF inside a copper canister with
steel inserts3+4

1) McEachern and Taylor, (1998); 2) Baker, (2014); 3) Hedman, et al., (2003);  4) Rosborg and Werme, (2008)
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CuUO,(OH),

Vandenbrandeite
—— Aoy = 397.6 Nm

Vandendriesscheite
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Meta-autunite

i Vandendriesscheite
Ca(vo,),(PO,),"6-8(H,0) '

Pb, .(UO,),,0,(OH),,-11(H,0)

Vandendriesscheite
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—
LFN)

S
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Intensity / a.u.
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Vandenbrandeite
CuUO,(OH),

_'\ )LM»M 785 nm
. Assignment | This work | Literature!

= | : V(OH),..., 3503 - 3508 -
> | ,.|633 nm 3260 3262
é - 5(H,0) 1611 -
= : v5(UO,)* 883 862

1 A B320m [y uo,) 805 805

' ' v,(U0,)> | 277-248 252

4000 3000 2000 1000
v/cm’

1) Botto et al., (2002);
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Vandenbrandeite
CuUO,(OH),
E v,(UO,)?* [ cm' 805 + 3
] d /A 1.81 + 0.01
E v,(U0,)* wo/ _
E (805 cm™) ky.o / mdyn Al 4.90 + 0.07
3 v5(U0,)* / cm? 872+ 4

dy., (A) = 106.5 [v,(U0,)>*]%/3 [

ky.o (mdyn A1)=[1.08/ (dy.o—1.17)]3 23]

v5(UO,)%* (cm™?) = [91.41 / (d,., -0.804)]3/2 [1]

- 2+
L e e B B B ey s S
1000 950 900 850 800 750 700 m U w
v/cm’

1) Bartlett & Cooney, (1989); 2) Badger, (1935); 3) Jones, (1959)
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Vandenbrandeite
CuUO,(OH),
v(OH) / cm doy..0
i % : 3503 + 3 2.90 + 0.01
: ] 3476 + 3 2.86 + 0.01
- - 3414+ 3 2.81 +0.01
' ' 3288+ 3 2.74 +0.01
. . 3260 + 3 2.73 +0.01

(3595 — v(OH))

] do-p..0(A) = 0. 1321ln[

11
m 3.04 x 10

e e B ] [ L
3700 3600 3500 3400 3300 3200
v/cm’

1) Libowitzky (1999)
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« Obtained Raman and/or fluorescence spectra for:

- Uranium trioxide UO,

- Vandenbrandeite CuUO,(OH),

- Vandendriesscheite Pb, :(UO,),,04OH),,-11(H,0)
- Uranyl sulfate UO,S0O,-3.5(H,0)

- Meta-autunite Ca(U0,),(P0O,),-6-8(H,0)

- Meta-torbernite Cu(U0,),(PO,),-8(H,0)

« Characterisation of far more U minerals and analytical grade
samples required to build database
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« TRLFS and Raman spectroscopy
« Analytical grade U compounds
 Minerals from: - British Geological Survey
- National Museum of Wales
- Natural History Museum

« U-bearing solutions
= Reference Collection Database

« Guide in situ, real time experimental simulations of
the corrosion/alteration process

« Assess feasibility of remote environmental
measurements
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Building the Foundations of a Predictive Tool for

Spent Fuel Behaviour

Angus Siberry, University of Bristol
TRANSCEND Annual Meeting, Bath
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Who am I?
Physics BSc, University of Bristol 2014-2017
Undergraduate project titled

‘The Next Generation of Nuclear Fuels: An investigation
into the corrosion of Uranium Mononitride’

= | A University of
BRISTOL

uoB

Interface Analysis Centre
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NUCLEAR MATERIALS

Journal of Nuclear Materials

ELSEVIER journal homepage: www.elsevier.com/locate/jnucmat
Comparing the corrosion of uranium nitride and uranium dioxide )
surfaces with H,0» e

E. Lawrence Bright * 7, S. Rennie °, A. Siberry %, K. Samani ?, K. Clarke *, D.T. Goddard ,
R. Springell *

* School of Physics, University of Bristol, Tyndall Avenue, Bristol, BS8 111, UK
b National Nuclear Laboratory, Preston Laboratory, Springfields, Preston, Lancashire, PR4 0X], UK

ARTICLE INFO ABSTRACT

Article history: Uranium mononitride, UN, is considered a potential accident tolerant fuel due to its high uranium

Received 29 October 2018 density, high thermal conductivity, and high melting point. Compared with the relatively inert UQ;, UN

Recrived i revised femm has a high reactivity in water, however, studies have not considered the significant effect of radiation,

;\‘::g:;tul_:{llryﬁ zﬁlf_'ch 2019 which is known to cause corrosion of UOz. This study uses 0.1 M Hz0y to simulate the effects of water

Available onfine 9 March 2019 radiolysis in order to compare the radlolytl_c corrosion rates of UD?. UN, and U;N3 thin films at_mum
temperature. X-ray reflectivity was used to investigate the changes in film morphology as a function of
1504 exposure time, allowing changes in film thickness and roughness to be observed on the Angstrom
length-scale. Results showed significant differences between Uy, UN, and U;Ns, with corrosion rates of
0.083(3), 0.020{4), and 0.47(8) Afs, respectively, showing that UN corrodes more slowly than UO; in
0.1 M Hz05.

@ 2019 Elsevier B.V. All rights reserved.
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Nuclear Science and Engineering MSc, A SOUTH WEST

University of Bristol (2018 —2019) 7/ NUCLEAR HUB

/

Research project

‘Magnetic Field Effects on the Corrosion Behaviour of Eurofer-97°

= | A University of
BRISTOL

uoB Interface Analysis Centre
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Physics PhD, University of Bristol

- Micro/meso/macro scale modelling of spent fuel corrosion.
- Experiments on ‘engineered’ fuel samples to test these models.
- Application of models to scenarios relevant to Sellafield/NNL

- Comparison of FACSIMILE+COMSOL/MOOSE models (mention INL)

..
NATIONAL NUCLEAR '.
LABORATORY )
@
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Why is this such a difficult problem?

UOB Open
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Spent fuel dissolution . o o
) ) Precipitates limiting dissolution sites
considerations (Reducing the area available)

Precipitation attenuating radiation
(Reducing radiolysis effects)

Radiolysis
(more possible oxidative products)
OH*
H,O, T O, U(VI) chemical dissolution

H,O
aBy

U(IV) chemical dissolution
(Slow)
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Temp
Passivation Surface area
Grain boundaries Grain size
pH Redox
Diffusion Reality Hydriding

Activity Attenuation

U(OH)4(aq) kinetics & partides

Radiolysis Precipitation

Steel surface

What is our approach?
Simplify sample system - compare with model — add complexity one variable at a time

UOB Open
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DFT Thin Films Radionuclide release
. L Microstructural Chemical reaction
Reaction kinetics , )
effects and Diffusion

Stoichiometry

Radiolysis
s S
[001],[110],[111]

A G
Theory Industry

Ecorr Angstrom/s mol m~2/s

. NATIONAL NUCLEAR...
Vé University of LABORATORY @

B BRISTOL

How will | model this?

UOB Open
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MOOSE Framework (MARMOT)
Open source, parallel finite element framework for
developing Multiphysics solvers

Use — with the inclusion of mesoscale simulation
environment MARMOT modelling of microstructure
and material properties under stress, temperature and
irradiation damage

UOB Open
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FACSIMILE
Modelling tool to solve differential equations, specifically for

chemical kinetics

Use — Radiolysis and chemical kinetics of dissolution process

Partial H20 pulse radiolysis model

5.9e+15

4.4e+15 1 11 ' — | i | —

e LT e
el LTV o
REIERESSE

0.0 13 27 40 53

‘e
NATIONAL NUCLEAR '.
LABORATORY @

Concentration
(molecules/ml)

TIME (sec)

UOB Open
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COMSOL
Multiphysics simulation software, multiple packages

Use — Multi scale simulation incorporating FACSIMILE and
MOOSE Time=50 s syrface: Convective flux magnitude (mol/(m%*s)) -

Surface: Diffusive flux magnitude (mol/(mz*s))

m
x107° x107*
25 9
8
20 -
-0.599} 1
6
15
5
4
110
{3
= 2
-0.6- 1
Il 1 0
-0.7 -0.699 m

UOB Open
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J\)OS W8 COMSOL

(MARMOT o
. N FACSIMILE Chemical reaction
Reaction kinetics ' ’ . _ 2nd Diffusion

Radiol
Stoichiometry adiolysis

‘ Microstructural ‘ ‘

effects
2

[001],[110],[111]

Industry
Angstrom/s mol mA2/s

‘e
NATIONAL NUCLEAR ..

LABORATORY @
-Vé University of -
What experiments can be done BRISTOL

UOB Open
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What are these idealized systems?

Substrate — Film
U0, (001) / YSZ (001) U0, (110) / YSZ (110) o, (111) / YSZ (111)
0, —> o, n o o O D £
Ar*

Plasma

Y 43

Uranium Target

~60mm

Magnets Negative Bias

Rennie et al., Corrosion Science. 145, 162-169 (2018).

UOB Open
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A
|
|
|
9/':'\
Electrondensity P ———— .
a.. = c g/ sﬁ V)(
> NE
3 quwerse layer thickness Sample Goniometer
S, table
=
I7 Reflectivity
E} v/\v/\VA ‘_Interface roughness 1) electron density as a function of depth.
< 2) total thickness
3) interfacial roughnesses
High angle
1) number of lattice planes contributing
1 2) total thickness
QA 3) surface roughness

= | A University of
BRISTOL

UOB Open Interface Analysis Centre
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What can we do with these systems?

-Radiolysis driven dissolution of UO,
-Radiolytic field from the X-rays themselves (Synchrotron source)

-Could detect changes in oxide composition, roughness and rate of dissolution at the
Angstrom level

1x10° 5 1x10° \ \ \ \ \ \\\\ \\
1x10°1 Expt.data O 1x1071 ] Expt.data O
R 30§ m— —

£ 1x102 e g 1x102 > = e — ,
% - -~ "
= =
2 1x107 9 1103 \
= c
o 1x10* - 1x107%
& &
< 1¥10° = 1x10°
g 1x107 g 1x107
Z 1x107 < 1x107

1107 1x108

T T T T T T T T T T T T T
0 0.2 0.4 06 08 1 14 16 1.8 2 22 24 26 28 3 32
-1 2
QA Q(A?)

Springell, Rennie et al., Faraday Discuss. 180, 301 (2015).

UOB Open
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Dependence of dissolution on crystallographic orientation

- Repeated previous study with three different high symmetry orientations, [001],
[110], and [111] over 270s

U0, (001) / YSZ (001) U0, (110) / YSZ (110) U0, (111) /YSZ (111)

f-*;‘i‘; -
"'.I

fo Al

ey
T

| Ly
4/

Rennie et al., Corrosion Science. 145, 162-169 (2018).

UOB Open
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Poly-epitaxy: 3D polycrystalline sample of
2D surface

UOB Open
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Grain size and surface area effects

Average fuel grain size
is tens of microns

{ u=142(2)pm

Grain size controllable

008! 0=96(6)pm [ 2hrs
008 § - Ghrs |
11 8 0071 ]
I 8 ] §=31.7 (3) pm
y annealing i W uiom
Sood] j = 458 (4) um!
0034 o=26(1)um 1
0024 d
0014
0.00 + Al
© 0 20 3 4 50 6 TO 80 90 W00
001 101 8hr anneal Grain Diameter (3m)

UOB Open
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Poly-epitaxy (in situ High Speed-AFM)

Z:66nm

e 0LSIME

SOINVYNAGONVYN

= | A University of
BRISTOL

uoB Interface Analysis Centre
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Poly-epitaxy (in situ High Speed-AFM)

o
. ¥
S

University of
BRISTOL What are the potential applications of this work?

UOB Open Interface Analysis Centre




/7~ N\

TRANSCEND Transformative Science and Engineering for Nuclear Decommissioning

Surface area effects or suspended particles\sludges from fuel bins in
pond storage

Corrosion rates inconsistent @‘ Sellafield Ltd

HZOZ (rate) |

Timé \

Particulate Size

UOB Open
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Plan for next six months

- Continue developing 1D model in MOOSE, using similar methods to
previous literature mostly including work done by NNL

- Incorporate and develop Radiolysis code provided by NNL in
FACSIMILE

- Look to model dissolution of UO, thin films and in line
with experimental results

- Begin to consider fuel particle model

OOOOOOO
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Milli
Every Gram Counts

Helen Steele

Special Nuclear Materials
Sellafield Ltd.
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Special Nuclear Materials — Plutonium

THORP Reprocessing operations.
MAGNOX Reprocessing Operations.

Historical residues from previous R&D programmes.

Residues recovered from the Decommissioning of redundant Plutonium
facilities.

Dounreay un-irradiated material.

QQ)|



Special Nuclear Materials

Sellafield

| / Package Integrity 4 ) /f Production \

Dounreay Exotics

[ Recovery First Generation Operations
Clgrnosgorlf:lcrjnartr:(;n Programme Finishing Line . anz secure storage
) Reduce the acute risk Programme of the site’s plutonium
To consolidate all presented by degraded Reduce the risk posed by stocks, whilst continuing
significant stocks of packages and maintain the condition of SNM to meet the site’s
national civil plutonium long-term safe, secure facilities and Reprocessing
at Sellafield. 4 \ storage of SNM. J \ infrastructure. ) \ programmes. J

4 )

Post Operational
Clean Out

To POCO and
decommission SNM
Facilities.

& J

S

Sellafield Ltd 3



Cerporate

strategy ‘-

ax, <

The reduction of high hazard

REtrI eval S from legacy facilities

The clean up of the Sellafield

Remediation

| Spent Fuel Management | Strag6 of e nuclear ol

The safe, secure storage of

Special Nuclear Materials special nuclear material
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THORP Plutonium

Produced since 1994

Oxide material is high burnup

Stainless steel packages

Higher heat output, 60 — 160 watts per package
Most packages 85 watts when aged

Magnox Plutonium

Produced since 1975

Product placed in a screw top aluminium can
Packaged into stainless steel outer can and welded
Magnox fuel is low burn-up

Low power, 10 — 80 watts per can




Potential for Package Pressurisation

Magnox and Thorp material, sealed following calcination under inert atmospheres

Self-heating

Main concerns:

1. Water desorption
2. Water radiolysis (head gas)
3. Helium gas production (alpha)

Can Power

0 10 20 30 4 5 60 70 8 9 100 110 120

Time (Years)

'22)|



Behaviour of Water on Fresh PuO, - Sealed System

PuO, is hygroscopic.

Measured
LOH or Pu:H ~0.2-0.5 wt%

Two modes of interaction:
Physisorbed
Chemisorbed

Questions

How much can be adsorbed?
How is it partitioned?

Monolayers water

9.0

8.0

7.0 r

6.0 f

5.0

4.0

3.0

2.0

B s, ik --

0.0

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Relative humidity

Monolayers of water on the PuO, surface as a function of
relative humidity for a range of PuO, sources (NNL)




Dominic Laventine (University of Lancaster)

500 *

400 //
300

/ y = SE+11x + 2E+09

2 _
200 b R?=0.9954
c=251
AH, 4 = 57.8 kimol™

100

T T T T T
0.0 0.2 0.4 0.6 038 1.0
H,0 P/P,

P/ V(Py-P) x10° (Pa/m?)

Energy of adsorption of water molecule in the
2"d layer ~-50kJ mol

Adsorption of water on CeO, measured using

Bengt Tegner (University of Manchester)

Ceria films on GaPO, crystals. o I~ —
-0.20 NG %
Greater understanding of partitioning of water | <« \
« Radiolysis, N
» Predicting potential pressurisation
behaviour more accurately —

* Fine tune criteria for safe acceptance

0 100 200 300 400 500 600 700 800 900 1000 1100 1200
Furnace Temperature / °C




Helium

Storage He mole fraction / Helium
duration ppm release Measurements from stored
/ years fraction / % small samples (NNL)
2.81 711 25.3
0.42 21.9 5.2
2.81 581 21.9
0.42 22.2 5.3
Defect depth? (A)
Helium Trapping Site Untrapped Entrapped Calculated E;;:;;:f (eV) | Calculated E;?:_;:gk (eV) [111]
ols 21.04 -0.07 -0.07 T
Oxygen vacancy, V3" 5.89 0.10 -3.97 -0.55
Pu vacancy, V! 6.24 0.78 -3.69 -0.24
Schottky 5.75 0.33 -1.59 -0.17




Gas analysis following can puncturing of gas-tight Magnox packages (NNL)

Separation SSA of He release Crystallite

date recovered fraction (%) size (nm)
powder (m2/g)

He N, Ar N,O

1975 Air 61.2 28.8 10.0 0.037 2.24 79 15
1979 Air/Argon  52.3 1.25 46.3 ND 2.56 68 17
1982 Air/Argon | 14.8 47.5 37.8 0.032 251 26 53
2002 Air/Argon  29.4 61.6 9.05 0.027 4.70 68 18
2002 Air/Argon  28.3 57.6 141 0.005 5.50 57 19

Packages not pressurised at the time of opening

Mathematically there should be more evidence of package pressurisation.
What might change that?

e
&N sellafield Ltd .

¢



Ongoing work: PhD at University of Lancaster Samantha O’Sullivan

800

700

600

500

400

300

Temperature (K)

200

100

Thermal spike of 653 K at 0.02 ps

// Thermal spike as a result of the recoil atom
& calculated by Nathan Palmer University of
. Birmingham
3
\' s it Sttt
!\\
Average temperature of
~450 K after 0.5 ps to 50 ps
0.0 1.0 2.0 3.0 4.0 5.0
Time (ps)

Pursuing He desorption from PuO, samples at ITU!
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Radiolysis of Adsorbed Waters

* Need to understand potential maximum rates and dependencies
» Wide spread pressurisation from radiolysis not observed
§°] imps  Admosbe Calculated G-values as a function of water
B me monolayer coverage (NNL)
i :
= - -'___‘;_;: too00 f =
. - 100 200 300 400 500 ';'> %é . - :
%5 Pl N, - atmosphere g . o s
5 umr 20:1000 o]
giz 2Th S5 ﬂ %é‘ o ‘:
- 3 i ]
E F1 § l" g ‘C n
g g "
e . - 0.0100 + D . ]
) B ——— 1. °
50 100 15l3“m!rmurszl:ﬂ 250 300 350 E; R
Measured H, production for a range of SR [emeareen) cionarGom ||
relative humidities e puos ns e300 o puoa A
Luke Jones University of Manchester DCF / 1950 oo miitermture dute
0.0001 ‘ ‘ ‘
NNL 0 5 10 15 20

Monolayers water

25

O




Summary — so far

« Good progress in characterising water on production PuO,,

* More questions than answers with respect to head gas evolution and
helium (more to come)

Improved understanding of radiolysis
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Residues

Historical residues from previous R&D programmes.

Residues recovered from the Decommissioning of
redundant Plutonium facilities.

Dounreay un-irradiated material

In terms of mass ~1% of total inventory
In terms of number of packages ~10%
In terms of technical difficulties XX%

In terms of unknowns YYY%

Qz)|



Consolidation

Large degree of uncertainty in material
chemical and physical form and power

| LAC at Winfrith Dragon Reactor
| January 1961 - UK AEA.

v

& Sellafield Ltd



Residues cermets Powders

Spheres
PUO, /UO, /SIC  Pumetal/swarf Pellets  Plates PUalloys

Uuo
2 PuO,
P u U O 2 MOX Pellets with miscellaneous other contents
P u U C Carbide
Cermet Plates
P u U N Carbon Coated MOX Spheres
P u XCy MOX Spheres
. MOX Pellets
PuO, /SIC |
MOX Plates

Pu Metal

 Require a bounding and generic safety case
« Acase of the unknown unknown acknowledging uncertainty

QQ)|



MOX (pellets and powders)

Primarily sintered low surface area
pelleted material

“filling in the gaps”
Always some uncertainty
Historical knowledge
Known not to generate H,




Recombination (H, & O,) - Flammable Atmosphere

Surface and radiation Catalysed }ﬁ
~ G(-H,)=5.37+0.31
582 T T T T T f ) ] \\*\\\ .g:(s);hase
oo £ R . * 7102
580 .‘0 o = % 40.00 \ \‘~\ .
e Ao 2o . £ "| | 6lH,) =56.2246.28 I .
& 3 5000 Y Sl
°78 _g* g ‘ ) i 60.00
3 - k]
A A o N
y - M.AA - = T 7000 .
5 %’gj PR PPN F
N | - N BTN Giny) - 238.50 4 26.28
(O]
é oﬂ n . 90.00 o £
[ On O - 100.00 +—' : : . : : : . )
& oﬂ = 0.00 20.00 40.00 ﬁoﬁ(l))sorbEd ;00;);)/ (x1015;01(-)(.)(())()ev 120.00 140.00 160.00
g G0, B _
) e o = . . . .
R [ M"o oo Radiation and surface catalysed recombination of H, and
568 o ° Dot for b O 1 O, Luke Jones University of Manchester (DCF)
20C
B 300c ® s00c
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1 1 1 1 1 oo °
0 100 200 300 400 500 600 100 ‘:?,‘; i
Time/ min — N Dose to the gas phase
s . “l‘.;::_.;'. —
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oo | | 202
)
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Potential for a flammable atmosphere

* Some packages with H, enriched atmospheres
* In the process of understanding recombination in air
e R&D significant portion sealed in air

Measurement of NOx species preliminary

results by Wood

L Dose NO2 Measurement
Description
ption) (kGy) (ppm)
0.6
Air onl
y 125
Air & fruit can pieces <0.1
<0.1
Air only
252 <0.1
Air & fruit can pieces 2.5
. 18
Air only
582 78
Air & fruit can pieces 43

H,-0,-N,: 1-1-98 vol%

5x10" r ; :
0 = H2Consumed | _ .
i | = 02 Consumed | _
= 4x10" | g3 -FP-- - —
3 2. - A
_D '1‘ J"“F*G‘
E 3}{1 Um = G{'Hzl = 4_9? l‘ L-"-._:;':;l:tp. -
- o +
@ 4
= s ‘.-" - et bt oo B
= 2x10 y .
wn 4‘1 ; ,_,
cC ’ fa: -
8 1x1 U1E ﬂ if‘?* ‘.‘ L "3 i
o < -m G(-0,)=3.09
I ?j’ :
ﬂ lﬂ- L L
0.0 5.0x10" 1.0x10"

Energy Absorbed / 100 eV

Dose catalysed recombination of O, and N,
Darryl Messer University of Manchester (DCF)

0O

19

1.5x10"



Science in support of risk reduction

Gas tight packages cannot maintain a flammable atmosphere (O, and H, >LFL)

H, and O, will not have been
generated.

I

During storage
water
susceptibleto
radiolysis will
decrease.

!

Any H, and O, present will re-
combine rapidly

Recombination of
H, and O, over hot
PuQ,is very fast.

!

PuO, powder
centerline
temperatures
high enoughto
drive off water
rapidly.

Recombination of
H, and O, over hot
stainlesssteel is
rapid.

PuQ, surfaces at
24°C have been
shownto prevent
the net co-
productionof O,
andH,

Depletion of H,
and O, has been
demonstratedto

be catalysed by

stainless steel
surfaces

Recombination of
H,and O,
catalysed by
adsorbedalpha
doseto the gas
phase

Recombination of
N, and O, maybe
catalysed by Sn
surfaces

Recombination of
N,and O,
catalysed by
adsorbedalpha
dose

i

packages(~130)
have opened have
contained
flammable
atmospheres.

e ————— — ——

0, gas is preferentially adsorbed
on PuQ, surfaces.

No SL or DOE sealed




Residues (a few more)

& Sellafield Ltd



Summary (Today)

& Sellafield Ltd



Corrosion and Pu Ageing — Future

Notable fraction of the total PuO, inventory is
contaminated with Cl from PVC bagging material

Thermal desorption of Cl from CI contaminated PuO, Sophie Sutherland-Harper University of
Manchester and NNL

0



Pu Ageing — Future

Opening of 30-40 yr old sealed Magnox

70

60

Crystallite size / nm

10 -

packages at NNL

50 -
40 -
30 -

20 -

1 o Stakebake
|||I =Recent production FuQ2
|
&
|
\
e
\
\
\
\
LS
o.\,\
5\ -]
£ v
e oo %o
.................................... ‘.kag‘!__‘_
————— e
10 20 30 40 50

Specificsurface area /f m?.g!

Comparison between recent production PuO,,
literature values and long stored material (NNL)

Monolayers coverage

14.0 | —A0820/6 + 0.05 g water
—A0820/6 + 0.1 g water
12.0
10.0
8.0 |
6.0 |
4.0 |
Aged (PuO,)
0.0 T T T T T T T T
0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80 0.90 1.00
Relative humidity
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£
2 50 F
4
g 4.0 -
1]
E
5 3.0
=
2.0 -
P Fresh (PuO,)
0.0 L = L = A
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The Future - SPRS Retreatment Plant (SRP)

SRP to repackage all material and heat treat (if required) to allow long term storage in SPRS

Into new pressure tolerant package (100 yr package)
Major new build project

Forecast to be actively commissioned in 2025

Alpha Skills

To maintain UK alpha skills capability

Retain Alpha skills where appropriate to maintain future options

To support development of UK civil Pu disposition strategy
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Summary - Future

Great alignment in DISTINCTIVE resulting in demonstrable progress still
plenty of questions to answer:

Susceptibility pressurisation from He

Understanding PuO, ageing during storage

Consequences of aged PuO, (1) Onward Storage (2) Future Disposition

Qz)|



Vision:

Mission:

To reduce the acute risk
presented by degraded
packages.

To consolidate all
significant stocks of
national civil Pu at
Sellafield.

Special Nuclear Materials

To be the UK Centre of Excellence for the Management of Special
Nuclear Materials.

To maintain sufficient
space in modern
standard stores to
support reprocessing
and risk reduction .

To operate the finishing
lines to enable
completion of
reprocessing.

Sellafield Ltd

Future Solutions.

To reduce the risk by
consolidating Pu and Pu
residues held at
Sellafield in modern
stores .

To POCO and
decommission SNM
facilities.

To support the
development of the UK
civil Pu disposition
strategy.

To maintain long term
safe, secure storage of
packages.

Safely and Securely — Reducing the Risk, Managing the Hazard, Creating

To reduce the risk posed
by the condition of SNM
facilities and
infrastructure.

To maintain UK alpha
skills capability.
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TRAN.

Science and Engineering for Nuclear Decommissioning

VR
A

The UK’s civil inventory of nuclear materials contains significant stocks of separated Pu, from the
reprocessing of Magnox and AGR spent fuels.

Options for the eventual 138.4 tonnes of separated Pu include: (i) re-use as heterogeneous Mixed Oxide
(MOX) fuel; (ii) long term interim storage; (iii) direct disposal to a GDF. Whilst (i) is currently the NDA’s
favoured option, 5% of the stockpile is not suitable for re-use and is recommended for direct disposal.

The UK does not currently have a GDF, and it will take at least 15 years to implement re-use, so the UK’s
Pu must be kept in its current state for a significant period; i.e. as PuO, powder in interim storage
canisters at Sellafield.

Aim. To provide scientific and technical underpinning to the ongoing development of options for the UK’s
stockpile of separated Pu.

Objectives.

* Interim Storage: To understand how the surface structure and properties of pristine and radiation
damaged PuO, change with time in the absence and presence of water contaminant.

* Disposition: To understand the mechanisms of incorporation of Pu into ceramic and glass-ceramic
wasteforms, and to understand the effect of self-induced radiation damage on such wasteforms
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WPA4.1: The Surface Chemistry of PuO, under
Conditions Relevant to Interim Storage

Interim storage of PuO, involves sealing in inert, multi-layer steel
canisters. Inside some of these canisters gas has been accumulating,
potentially leading to the build-up of pressure.

Several routes to gas production have been suggested, including:
(i) Helium accumulation from a decay;

(ii) Decomposition of polymeric packing material;

(iii) H,O desorption (steam) from hygroscopic PuO,;

(iv) Radiolysis of adsorbed water to produce H,;

(v) H, generation by chemical reaction of PuO, with H,0, producing a
postulated PuO,,, phase — essentially a corrosion reaction.

Last 3 all involve PuO,/H,0 interactions and are comple, inter-
connected and poorly understood.

Approximately 5% of the PuO, is contaminated with chloride, as a result of thermal degradation of
intermediate PVC liners, releasing HCI gas. Adsorption of HCl on to the PuO, powder surface has
consequently occurred.
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Lancaster B2 WP4.1: The Surface Chemistry of PuO, under
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1.
2.

Conditions Relevant to Interim Storage

PDRA project (EPSRC): “Fundamental Surface Chemistry of PuO,” Dom Laventine

State & amount of water sorbed at the surface (surface wettability) is determined by
crystal faces and radiation damage at the surface. The latter will also affect PuO,
corrosion susceptibility and so mechanism (v) — as will the bulk defect structure.

*  Pre-DISTINCTIVE, we developed a contact angle technique for measuring metal
oxide surface wettability and thus OH group concentration.?

e Work in DISTINCTIVE focussed on nanogravimetric measurement of total H,O
sorption on pristine single element CeO,, UO, and ThO, 2 and, imminently, PuO,
in Central Lab.

* Preliminary studies of PuO, electrochemistry at JRC Karlsruhe indicates that PuO,
may be oxidised as predicted by calculations conducted by NiK Kaltsoyannis.
Work at CEA indicates similar in aqueous using PuO, loaded carbon paste
electrodes, forming Pu(V).

However, these studies have effectively eliminated mechanism (v) as a source of
hydrogen — although have provided strong indications that PuO, surfaces may be
oxidised/corroded/aged by radiogenic oxidants

Langmuir, 23, 4358 (2007) & 28, 17647 (2012)
MRS Advances, (2017) DOI: 10.1557/adv.2016.671 Prog.Nucl.Sci.Tech, 5, (2018). DOI: 10.15669/pnst.5.136
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Conditions Relevant to Interim Storage

Thus, in TRANSCEND, we will seek to understand how bulk defects & surface
radiation damage affect mechanisms (iii)-(v) and so can pressurisation.

1. Using ThO, as a surrogate we will build on the techniques described above to
determine the extent, nature and speciation of surface-sorbed water and the
effect of heat treatment on same.

N

Surrogate samples will then be irradiated to study the effect of rad damage- —ais,
derived surface defects on water sorption — focussing on consequences for
wettability, balance between non- & dissociative sorption and surface
oxyhydroxide, MO,OH, formation as a route to H,.

|

Subsequent active work (at NNL), will use thin PuO, films to study

(i) Water adsorption on PuO, using nanogravimetry (again, imminent!) & -
contact angle measurements

ge /omollz u
8
8
N

Mass chan,
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(ii) effects of self irradiation and Am in-growth on surface chemistry, matrix

Isotherm (Type Il)

conductivity and so peroxide / hydroxyl radical driven PuO, corrosion — the i e,
latter investigated by corrosion studies analogous to those commonly Toww e aem
conducted on UO, SIMFUELs in Lancaster’s UTGARD Lab; this will also be o P
assessed in the presence of added radiolysis simulants H,0,, HO,® and OHe b F
(produced via Fenton Chemistry). %:: //

(iii) PuO,,, formation by electro-nanogravimetry R
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MANCHESTER WP4.1: The Surface Chemistry of PuO, under
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Theunversiyofmanchester ~~CONAitions Relevant to Interim Storage

PDRA project (EPSRC): “Quantum chemical modelling of PuO, surface
chemistry” Nik Kaltsoyannis

Two complementary approaches: density functional theory within

(i) periodic boundary condition framework and

(ii) periodic electrostatic embedded cluster method (PEECM). Both
techniques were used by the Kaltsoyannis group during Distinctive.!

]
sl
—f

Work in DISTINCTIVE focused on UO, and PuO, bulk electronic structure, and
the geometric structure and energetics of non- & dissociative water
adsorption (monolayers and multiple layers) on stoichiometric {111}, {110},
{100} surfaces, including predictions of water desorption temperatures.

PDOS

In TRANSCEND, we will study:

* Surface defect formation (substoichiometric and superstoichiometric) and
chemistry of water and chloride around those defects

e Mechanism(s) of H, formation .- s - 5 - s

* Effects of Am ingrowth on surface chemistry Energy/ eV

* ThO,

Align with and support experimental studies at Lancaster

1.J. Phys. Chem. C 121 (2017) 1675, J. Nuc. Mat. 482 (2016) 124
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Conditions Relevant to Interim Storage

PhD project (Lancaster): “Quantum chemical simulation of Am incorporation in PuO,” Sam Murphy.

This project will use Density Functional Theory (DFT) to
understand how the incorporation of Am into PuO, may
contribute to gas production.

Broken down into three steps:

1. Determination of intrinsic defect chemistry of
PuO,
2. Determination of mode of Am

accommodation in PuO,

3.  Examination of the properties of (Am,,Pu,,)O,
oxides for x< 0.1

Enables determination of the charge state of the Am as a
function of its concentration, ultimately revealing
whether PuO, becomes electrically active during storage
and informs us as to whether this contributes to gas
production.

b) Oxygen partial pressure (atm)

10 10 10~ 10=

Transformative Science and Engineering for Nuclear Decommissioning

1014

10°

10-5 o

10-10-

1075}

” V4 g
1020 i 7/ o . 4

Intrinsic defect chemistry of UO, as a
function of oxygen partial pressure (Cooper

et al. INM 504 (2018) 251).
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WPA4.1: The Surface Chemistry of PuO, under
Conditions Relevant to Interim Storage
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PhD project (NDA): “Atomistic simulation of He incorporation within PuO,, and
the effect of ageing” Mark Read

[111]
Static, free energy and molecular dynamics simulation techniques employing
pair potentials, refined and developed in the Read group during DISTINCTIVE, T
were used to investigate PuO, bulk and surfaces, especially properties and
behaviour relevant to storage scenarios.
More specifically, using a classical potential approach, a variety of purpose- pRelaxed_ 1 35 )2
. . . Surf = 41.94)M

built codes have been used to model properties of the bulk material, surfaces
and defects including helium. Structure of (111) surface
In TRANSCEND, we will study: Ov%
* Investigation of He trapping sites and accumulation in Schottky voids/grain “"9 o

boundaries P9 @:.980 '@
* Predict He behaviour and effects on PuO, lattice and surfaces @0 0‘ ag?
* Effect of radiation damage on mobility of defects and ageing mechanisms %OJQ
* Ageing defect chemistry under a variety of stoichiometries (e.g. Am ingrowth)
» Effects of extrinsic defects on surface chemistry Entrapment of He in a

Schottky void
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MANCHESTER WP4.1: The Surface Chemistry of PuO, under

1824 - .
Theunversiyofmanchester ~~CONAitions Relevant to Interim Storage

PhD project (Sellafield/UoM, Aligned Resource): “PEECM modelling of PuO, surface chemistry” Nik
Kaltsoyannis.

Focuses on modelling the interactions of HCl and H,O on the surfaces of PuO,

PhD project (Sellafield/NNL): “Radiolysis of Water on Uranium Oxides and ThO,” Fred Currell (DCF).

Will investigate the radiolysis of water on oxides including uranium and thorium oxides as surrogate materials
for PuO, and MOX powders

. radiation chemistry at low water coverage, typical of stored materials

. if/how radiation damage influences the radiation chemistry

. influence of impurities within the adsorbed water on the oxide surface, e.g. HCI (from PVC degradation)
and NO, (from air radiolysis).
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PhD project (Sellafield/NNL/NDA): “Hydrogen / Oxygen Recombination at Metal Oxide Surfaces” Colin
Boxall, Robin Orr, Helen Steele

Storage can atmospheres can potentially be H, rich but rarely flammable (i.e. H, + O,), raising the question
as to whether this is due to
*  PuO,,, formation or
Thermally or radiolytically driven gas phase recombination
e Thermally or radiolytically driven recombination with PuO, acting as a catalyst
— the latter two routes preventing the coincident observation of the two gases.

Such recombination may limit the extent of packages pressurisation. Preliminary studies conducted at DCF
indicate that He ion / gamma irradiation of gas phase mixtures of hydrogen and oxygen can lead to loss of
hydrogen, presumably through radiation-induced reaction with oxygen to form water. This loss of hydrogen
is found to be accelerated by the presence of Zr and Ce oxides. Questions arise as to whether this catalysis
exists on PuO, and whether it can be challenged by surface saturation (moisture, gases) or aging.

This PhD, which with a significant period of placement at NNL Central Lab, will work to address these
guestions. The student will work to further the understanding of the efficacy of PuO2 as a catalyst, and
understand dependencies of the composition of the gas-phase on the surface activity of the metal oxide.

Parallel/preliminary work at LU will focus on method development for the on-line sampling of both
hydrogen and oxygen and potentially other species as a function of T, P, water content, dose rate, specific
surface area, co-adsorbed species etc. during recombination / catalytic reaction studies.
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2500

2000 PhD project (Sellafield/EPSRC, Aligned Resource): “Helium Retention &
Release in PuO, Powders” Colin Boxall.

1500

1000

Employing the nanogravimetric technique described earlier, this will initially
focus on determining the temperature profile of the release of He that has
been implanted into metal oxide matrices using the ion beam at DCF.
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PDRA project (EPSRC): “Plutonium immobilisation” Neil Hyatt.

Aim: this project aims to build on our work within DISTINCTIVE and resolve a key
uncertainty regarding the impact of radiation damage on the dissolution kinetics of
ceramic wasteforms. Current evidence is conflicting and sample preparation likely
obscures a marginal impact; nevertheless, this may be significant over a 104 yr
service lifetime.

1. High quality ceramic substrates will be fabricated from candidate ceramic
wasteforms (e.g. CaZrTi,0, and Nd,Zr,0,), exploiting our novel reactive spark plasma
sintering process to rapidly optimise ceramic density and microstructure (J. Nucl.
Mat., 500, 11-14, 2018).

2. Impact of radiation damage on dissolution behaviour will be investigated by

*  Masking the ceramic surface and inducing radiation damage by ion beam
implantation, to achieve a crystalline to amorphous phase transition (Fig. 1-2), to
achieve damaged / undamaged areas on the same specimen (Fig 3).

e Ceramics will be dissolved as a function of pH and temperature and the surface
retreat quantified by high resolution AFM and VSI, with solution chemistry
determined by ICP-MS.

* Quantification of the retreat rate with spatial resolution, with respect to masking,
on the same specimen, will enable the effect of radiation damage on dissolution
rate to be established in isolation of surface preparation effects.

3. Pu solid solution mechanisms in CaZrTi,0, will be explored in the dilute limit

using Pu-242 in the TransMat (Transuranic Materials) Facility of the Henry Royce

Institute, exploiting m-XAS/XRD at DLS, coupled with defect energy calculations.

Transformative Science and Engineering for Nuclear Decommissioning

Th . 310 . .

Tintversity WPA4.2: Plutonium Immobilisation in Advanced
Of .

Sheffield. Ceramic Wasteforms

GELIEN)
<8 damage
¥

Figure 1: Example of crystalline to amorphous phase
transition induced by radiation damage in SiO,,
transforming quartz (left) into silica glass (right) with

@)rdered atomic structure.
N '’y \
S ll 2MeV Kr*

I, Sample surface

g

Amorphous
surface layer

.

=
Figure 2: Cross sectional TEM image showing result
of 2MeV Kr* ion beam implantation of CaTiO; and

formation of surface amorphised layer, from our

research group (Davoisne et al., J. Nucl. Mater., 415
(2011) 67-73. /

3300

¥ m
Figure 3: VS| image of titanate glass-ceramic
implanted by 2 MeV Aur, right side of sample masked,
height range ca. 100 nm. Note the increased surface

surface area of sample induced by ion beam

irradiation and crystalline to amorphous phase
@ition on left side (unmasked).




tive Science and Engineering for Nuclear Decommissioning

The

University
% Of

~ Sheffield.

PDRA project (RWM): “Disposability of wasteforms for plutonium immobilisation and efficacy of
surrogates” Claire Corkhill.

Aim and scope: to understand and contrast the behaviour of surrogates in the dissolution behaviour of
ceramic/glass-ceramic wasteforms for plutonium disposition.

The project will utilise state of the art dissolution methods (e.g. single pass flow through; surface retreat rate
analysis), to determine the mechanism of ceramic/glass-ceramic wasteform dissolution as a function of
thermodynamic parameters (pH, Eh, T) and model ground water compositions, supported by geochemical
modelling. A focus will be placed on the efficacy of surrogates in guiding understanding of plutonium
behaviour, in particular the different redox behaviour of Ce, U and Th. Pu glass ceramic durability will be
tested at ANSTO.

The project will integrate with project S2 below, which will provide a suite of high quality simulant
wasteforms, and the Sheffield EPSRC PDRA project which will develop the surface retreat rate methodology.

Sheffield Aligned PhD projects

It is proposed to associate current NDA supported PhDs (scope unchanged, subject to agreement);

* S1: “Efficacy of surrogates for plutonium immobilisation” (Blackburn; fr. 11/18, 3.5y, NDA)

* S2: “Brannerite glass-ceramics for plutonium immobilisation” (Dixon-Edwards; fr. 10/18, 3.5y, NDA)
* S3: “Treatment of degraded fuel residues” (TBC; fr. 10/19, 3.5y, NDA).
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Summary of Projects

WP4.1: The Surface Chemistry of PuO, under Conditions Relevant to Interim Storage
Lancaster (Boxall, Murphy), Manchester (Kaltsoyannis, Currell), Birmingham (Read)

2 x PDRA (EPSRC)
1 x university PhD (Lancaster)
3 x industry PhD (Sellafield, NNL, NDA)
2 x aligned PhD (Sellafield, EPSRC, Manchester)

WP4.2: Plutonium Immobilisation in Advanced Ceramic Wasteforms
Sheffield (Hyatt, Corkhill, Blackburn, Dixon-Edwards)

1 x PDRA (EPSRC)

1 x industry PDRA (RWM)
3 x aligned PhD (NDA)

N.B. Manchester and Sheffield are also contributing PhD positions in Themes 1 and 3
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Investigating the interaction of water with

plutonium oxide and analogues

Dominic Laventine, University of Lancaster

Transcend Annual Meeting 2019

4t April 2013
Rath Spa
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Ca. 250 tonnes of separated Pu currently stockpiled worldwide.
Approx. 50% in stored in UK whilst the Government
“develops its options”.

Interim storage of PuO, involves sealing in nested steel containers,
under a partial argon atmosphere with (PVC) packing material.

During storage the radioactivity of the plutonium results in heating of the canisters}
line temperature of 600°C

Ina small number of cases, cans may pressurise;
this makes storage and efficient heat transfer more difficult

Need to understand how the structure and
properties of PuO, change with time under
storage condition .



TRAN.

e Science and Engineering for Nuclear Decommissioning

VR
A

5 routes to gas production have been suggested:
(i) Helium accumulation from a decay
(i) Decomposition of polymeric packing material;
(iii) H,O desorption (steam) from hygroscopic PuO,
(iv) Radiolysis of adsorbed water
(v) Generation of H, by chemical reaction of PuO, with H,0O, producing a postulated PuO,,, phase.

The last 3 processes all involve PuO,/H,0 interactions and are complex,
inter-connected & poorly understood.

® Experimental methods have been employed to determine extent of H,0 adsorption, typically through
measurement of pressure changes and use of the ideal gas equation to indirectly determine water
adsorption at the plutonium oxide surface.

® Current models suggest water is initially absorbed onto metal oxides as a chemi-absorbed monolayer
followed by multiple, physi-sorbed layers (with possible intermediate layers of differing binding energies).
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At Lancaster we have used thin (10-100s nm thick) layers of metal oxides to allow surface characteristics to
be investigated while using only small amounts of radioactive material.

_
60 — T =%
Cerium, Thorium, and Uranium oxides used as analogues of 3 . -
plutonium oxide due to their similar structures and atomic . I 3
radii. s g |
@ g
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Uncoated crystal F,co. = 5833918 Hz
Coated crystal F,co = 5826468 Hz
D F,coc=—7450 Hz
Dm= 42 ug

vol =5.5x 10® cm3

Thickness = 125 nm

2
UL

A\ Pqtiq

Af =— Am

pq=3.570g.cm™ n=1
U, =2.147 x 10* g.cm1s™2
Coated area =1.33 cm?
Active area =0.46 cm?
deeo, = 7.65 g.cm™

Transformative Science and Engineering for Nuclear Decommissioning
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Nano crystal microbalance

Electrochemistry (voltammetry and impedance)

Contact angle measurement
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Nano crystal microbalance

Wire port QCM Control Module

Temperature Controller

Gas Outlet
Gas Inlet

PC

Water port

Crystal Holder
-‘-..‘_-“--‘-

Thermocouple}
—_—l

I ———Thermocouple

\ Ceramic Heater

Pressure Vessel
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The BET equation allows the volume of a monolayer and the enthalpy of absorption to be calculated:

Upe@-1)- Gk oo

0.14

(AH, 4 — AH,;, /RT).
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P/ V(Py-P) x10° (Pa/m?)

Mass change ( gH,0/gCeO,)
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H,0 P/P,

T T
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A plot of P/V(P,-P) against P/P, gives an intercept of 1/VmC and a gradient of (C —1)/(VyC), therefore we

can calculate:

V.=  2.43x1012m3

SA= 28 m?g!

AH_ . = 44.3 kdmolt AH,, 4= 2.5 kdmol-!
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The water saturated system (75°C, 100% rel. humidity) was then heated to approx.
400°C, causing the bound water to desorb as the relative humidity drops.
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Approximately 20% of the water remains bound to the surface at 375°C.
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Electrochemistry (voltammetry and impedance)

UoO,, 25 & 43 GWd/tU SIMFUEL CVs
Ar sparged 0.1 M Nazsoi

4.00e-04 1 UO,,, > UO,?*

Current/ A

-1.00E-04 -

-2.00E-04 +

-3.00E-04 +

EvsSCE/V e

« Voltammetry of AGR SIMFUELSs in agueous systems show them to be susceptible to
electrochemical oxidation

Aqueous electrochemical limited to approx. max 1.23 V



TRAN.

Transformative Science and Engineering for Nuclear Decommissioning

NpO,

Rel. Energy / eV

» Electronic structure of bulk AnO, clusters calculated with PBEO function
(Joseph WIlington, Uni. Manchester)

« UO, and NpO, predicted to be Mott-Hubbard insulators, PuO, predicted to
be a charge transfer insulator.

MO, IV ->V oxidation required entry into 5f. This overlaps the valence band
in PuoO,
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UO2_gwd TBATFB in GBL(atmos) 20-30 fast

0.4 UO,., > UO,%

* 43 gwd/tU SIMFUEL
« Pt pseudo reference electrode
« 1M TBA-TFB in GBL

_0-8 = T T T T
-2 -1 0 1 2

Applied potential vs pseudo reference (V)
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CV of PuO2 in TBA TFB (GBL) vs Pt pseudo reference
le—8

4 PUOZ --> PUOZ+X

- Dip-coat electrode in M(NO,), solution, calcine at 400°C PU205 > PUO;
« Use microelectrodes to minimise metal required for coating
« Vary M(NO,), solution 8 — 40 mM to give

~ 200 nm — 1 um layers
» Dope with Eu to increase p-type semiconductor behaviour

PuO --> Pu,O

Current (uA)

-2 4

-0.5 0.0 05 1.0 15
Applied potential vs Pt pseudo reference (V)
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Bode plot of PuO2 in TBA TFB (GBL) vs Pt pseudo reference
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Contact angle measurement

e Contact angle measurements of liquids on surfaces give an indication of the wettability of the
surface.

e Surface irregularities disrupt droplet cohesion, increasing the wettability of a surface. Chemical
characteristics also effect wettability.

e Therefore the surface finish resulting from different processing methods will alter the
wettability.

e Plutonium’s intrinsic radioactivity and high levels of decay heat causes surface damage during
storage to an unknown extent.

r.cos@, = cosO,,
Yi6-C0SO,. = VY5 — Vs “, VLG

O._ contact angle
r: roughness factor
Y. c: surface tension
Ys.: solid-lig IE

Vs solid-gas IE
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thick layer at 100% humidity,
before and after UV
irradiation.

. Water droplet on oxide nano-

e Measure contact angles of plutonium oxide analogues (CeO,, ThO,, UO,, Ce, Eu,0,) produced at a
range of calcination temperatures.

e Vary humidity, pH, salt content of droplet

e Measure contact angles before and after irradiation with a-particle beam at DCF, to simulate
sample aging.

e Automate droplet measurements using image recognition / machine learning.

i

IS N |
- -




Conclusions

* Investigate surface effects of PuO, analogues, particularly interaction with water.
e Produce nano-thick layers of PuO, analogues by drop coating.

e Microbalance measurements on plutonium oxide and analogues can determine the
extent of water ab/desorption under storage conditions.

e Electrochemical measurements in organic solvents to allow investigation of possible
oxidations at higher potentials.

e Contact angle measurements of plutonium analogues and radiation damaged
surfaces can indicate surface wettability under storage condition and changes over
time.
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Atomistic Simulation of the ageing of PuO,

Elanor Murray
University of Birmingham
TRANSCEND Annual Meeting

4t April 2019
Apex City of Bath Hotel
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Stockpile

The UK does not currently have a GDF, and it will take
at least 15 years to implement re-use, so the UK’s Pu
must be kept in its current state for a significant

period; i.e. as PuO, powder in interim storage canisters
at Sellafield.
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(2)

Plutonium Dioxide

‘O ‘Pu

Ref: Read MSD, Jackson RA. Journal of Nuclear Materials. 2010;406(3):293
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Ageing Effects in Plutonium

o Lattice damage
o Helium bubble in-growth

o Potential void swelling
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Ageing Effects in Plutonium

Urange 12 nm He range 10 um

Frenkel pair: < >< >
O  Vacancy
® Self-interstitial °
e O
o [ ]
o
o
® 86 keV 5 MeV
: < @ -
o
[ ]
o <—>
o
() ° o Cascade size 0.8 um
® o ) 265 Frenkel pairs

Cascade size 7.5 nm
2290 Frenkel pairs
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Ageing Effects in Plutonium

Pristine unit cell O vacancyin Pu vacancy in PuO,
PuO,

Uranium
substitution

Pu-O vacancy in PuO, U substitutional
in PuO,

Ref: A. Resnick, Nuclear energy science and engineering laboratory, 2018.
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Modelling scales and regimes

Finite Element Analysis

ms
/Atomistic
Us Simulation
RO G
Q
Q0]
8 ns Quantum
) Mechanical ‘ ‘
.g Molecular
= Mechanics
psS

A nm Km mm
Size Domain
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The Potential Model

100
_qiq;
80+ UL = + § D5 (Ti5)
. . 47T€OT7J
Short Range (Pauli) Repulsion & ’ )
o0r CouLomblc Energy Short Range

40

20

Total Energy

N
o
T

Potential Energy / eV

®
o
T

Coulombic Attraction

o
o
T

1 2 3 4 5 6
Separation distance / A
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The Potential Model

- The short range potential

The Lennard-Jones g 12 o) 6
Potential: ¢z’j (rz'j) = 4e || — -\

'rij ’l“ij

Y I

___________________________________________________ Electron repultion 1T ansiept dipole
attraction

2v(r—r r—m
The Morse Potential: Qbij (7"23) D [e( '7( 0)) _ 26( y( 0))]
ittt :
i N
' Buckingham potential: ('b(rl])Buck — AU exp ( U) 6]
| Suitable for ionic solids .PU T
i — . \
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Potential Evaluation for PuO,
Property Caleulatesd—ExJ)erimental A%

Lattice Constant ao(A) 5.398117 5.39819° -0.001 The potent‘ials used for. PUO prOVide
2
Pu® - Pu®* (A) 3.817 3.816° 0.026 : .
= agreement with elastic constants and
lonic Distances  p o g2- (4 2:3375 2.337b 0.021 :
crystallographic data.
0% - 0% (A) 2.6991 2.698b 0.041
C,, (GPa) 408.557 430.6° -5.119
Elastic Constant Matrices | - (gpj) 1302112 128.4° 1.411
Cyr{GPa) 67.301 67.3b 0.002
Butk-Modutus——B-{GPa} 222.99314 . .
ShearModutus K(GPa) 84.823 - -
Youngs Moduli Y (GPa) 345.6173 - -
Static dielectric constant tensor € 15.91823 - -
High frequency dielectric constant tensor £ 3.22557 ) )

Refa R. Belin, P. Valenza, M. Reynaud, P. Raison J. Appl. Crystallogr., 37 (6) (2004), pp. 1034-1037
Ref b Meis et al. Materials Science and Engineering: B. 1998; 57(1):52:61
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Mott - Littleton

Divide the defective lattice into two regions:

Region I: containing the defect and a certain number of
immediate neighbours

Region lla: containing the rest of the crystal lattice,
described by a continuum approximation

] o Number resen
Size (A) of lons ion la
Region]l 14 1883 R
Region lla 28 12344

Ref: Read MSD, Jackson RA. Journal of Nuclear Materials. 2010;406(3):293
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Defect Formation Energies for Isolated Defects

Point Defect Position
vacancy Vi (0,0,0)
Oxygen .o
vacaney Vo (1/4,1/4, 1/4)

Plutonium leoe
o PU (1/2,1/2,1/2)
Oxygen Oi"

interstitial

(1/2,1/2,1/2)

Formation
energy (eV)
Plutonium and Oxygen
interstitials were placed in
80.03
octahedral holes.
17.09
-59.97
-11.75
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Oxygen Interstitial Visualisation

Oxygen Oxygen
Interstitial Interstitial
Lattice
Distortion

Unrelaxed structure Relaxed structure
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Unbound Defect Formation Energies

Formation
Defect Formation reaction Energy (eV/
Defect)
Schottky Trio Pup* +20.*< Vi, + 2V,™ + PUO, (¢rface) 3.545
—Oxygen Frenkel s ee p
Pair O =V, +0, 2.668
Plutonium X r Xyl
Frenkel Pair PU,™ = Veu *PU 10.025

The oxygen Frenkel pair is calculated to be the most energetically favourable.
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Oxygen Frenkel Pair Configurations

o X To prevent recombination,
i oxygen defects are separated
by a plutonium ion.

Type df Formation Formation Binding
defect Vo position O, |position V) energy (eV/ energy (eV/

energy (e Defect) Defect)

OFP1 (-1/4,-1/4,-1/4) (1/2}1/2,1/2)| 4.138 2.069 -0.599

OFP2 (-1/4,-1/4,1/4) (1/2,1/2,1/2) 4.2321 2.116 -0.552
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Schottky Defect Configurations

VG

o % : N Compared the three
33 4-L different Schottky
configurations.
00 1"t
VO e BB RE...... ... BEE..... by (0.0,0)
oy
1 1 1
-3-3-9
Type of Second Vo Formation Formatloj\ Binding
defect osition energy energy (eV/ energy (eV/
P (eV) Defect) Defect)
Sch.1 (-1/4,-1/4,-1/4) 109.363 1.929 -1.616
Sch. (-1/4,1/4)-1/4)  109.369 1.931 -1.614
Sch.3 (-1/4,1/4,1/4) 109.916 2.114 -1.432

Ref: Read MSD, Jackson RA. Journal of Nuclear Materials. 2010;406(3):293
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Intrinsic Defect Energies

Defect Formation Energy e
. . inding Energy
Defect Formation reaction Unbound Bound (eV/ (eV/Defect)
(eV/Defect) Defect)
Schottky Trio Pup X + 20 *= {V,, " : 2V P+ PuO, (surface 3.545 1.929 -1.616
Oxygen X=> f\f *0 . (" X 9
Frenkel Pair O x={V,2":0,} 2.668 2.069 0.599
Plutonium N e e
Erenkel Pair Pu, * = {Vp, :Pu’ """} 10.029 7.868 -2.161

The Schottky trio and oxygen Frenkel pair are the most energetically favourable defects.
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Future work

o Investigate helium migration pathways.
o Simulation of pure surface structures.

o Simulation of defective surface structures.
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Atomistic simulation of Am
incorporation into PuO, (TRANSCEND)

- This project will use Density Functional Theory (DFT) to understand how the
incorporation of Am into PuO, may contribute to can pressurization.

* Broken down into three steps:
* Determination of intrinsic defect chemistry of PuO,
* Determination of mode of Am accommodation in PuO,
* Examination of the properties of (Am,,Pu,_)O, oxides for x < 0.1

* Enables determination of the charge state of the Am as a function of its
concentration, ultimately, revealing whether PuO, becomes electrically active
during storage and informs us as to whether this contributes to pressurization.




Non-stoichiometry in UO;
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e Fission product solubility and mobility in the fuel depends on the availability of point defects,
such as vacancies and interstitials.

e As the uranium is burnt up the fuel moves from being UO; to UO2+x.

Temperature (°C)

1600

1400 -

1200 -
10004 Um: i Uozm:sl \ 0
A

800 -
UISZ] + UOZVI{S] D
600 - o
400 - 0
UISI}+ Uolmjsl X

200 -

0 UOZ_‘ISl +a-U 409
1.9 2.0 2.1 2.2
o/U

Uranium-oxygen phase diagram

— Calculated [75]

Aronson (1961)
Bannister (1974)
Blackburn (1958)
Grenvold (1955)
Ishii (1970)
Kotlar (1968)
Nakamura (1987)
Roberts (1961)
Saito (1974)
Schaner (1960)
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Non-stoichiometry in UO;

e Experimental observations predict that in the hyperstochiometric regime (UO2+x), oxygen
interstitial defects are dominant, however, Brouwer diagrams generated from DFT data
consistently predict the uranium vacancy to be dominant.

log(x)

log(pg,)

Brouwer diagram for UO2 constructed from defect energies calculated
using PBEO hybrid functionals (PRB 83 (2011) 184107).
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What are we missing?

e |In the point defect model temperature only enters the calculation via the chemical potentials,
and so vibrational contributions to the free energy are ignored.

e Can we have a go at incorporating these effects?

e Phonon calculations for defect containing supercells using DFT are computationally
prohibitive, but perhaps we can use an empirical pair potential?

+AmO »CeO2 » CmOy ¢ NpOp » PuO2= ThO2 o UO> ® MD New Pot. x MD Yakub Pot. © UO2 Expt.
_ 220
58
200 - To%
57 o
: 180 - %o
< & "o
o B | O 160 5 0,
o V- ) X% @
E 2 Xy (0]
= S 140 x LS
T E ’
Q_ b4
S55 = 420 - X, o
k3! > T
= [a1] Xx -
® 100 ¥ %ﬂé
»
L X ®»
80 - L% %
X
60 1 : , T 1 :

500 1000 1500 2000 2500 3000 0 500 1000 1500 2000 2500 3000 3500
Temperature / K Temperature / K

Lattice parameters of the actinide oxides using the CRG potential Bulk modulus for UO2 using the CRG potential (Cooper et al. J. Phys.
(Cooper et al. J. Phys. Condens. Matter 26 (2014) 105401. Condens. Matter 26 (2014) 105401.
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Some simulation details

- Simulations employed the DFT+U functional in VASP/Abinit.

- U-ramping method of Meredig is applied to ensure we don’t get stuck in
metastable state during optimisation.

. Supercells constructed from 2x2x2 unitcells (96 atoms).

- Electrostatic and potential alignment corrections applied to ensure this
represents the dilute limit.

- Defect concentrations can be reIatedAto the formation energy via:
[C] — me( kpT )

- Where:

NG = Edef — EPEer izni,ui + qU, —TAS

i
- The vibrational entropy comes from the empirical potential within the harmonic
approximation.
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Phonon density of states for UO:

e |In the point defect model temperature only enters the calculation via the chemical potentials,
and so vibrational contributions to the free energy are ignored.

e Can we have a go at incorporating these effects?

e Phonon calculations for defect containing supercells using DFT are computationally
prohibitive, but perhaps we can use an empirical pair potential?

i W — Phn DOS (SMTB-Q)
— NW (SMTB-Q))
- = NW (exp.)

Phonon DOS (a.u.)

0 20 40 60 80 100
Frequency (THz)

Phonon density of states using the SMTBQ potential.




Including vibrational entropy into

Brouwer diagrams

a) Oxygen partial pressure (atm) b)
109 10% 0% " 10" 1™
"“10“ - - - *
@)
s
& 10%
-
S
s
g 10"
Q
c
8
g 10"
A
10-)1)
Ll "
Vo —0O;
\'(.) e e ();
Vo ———=

Brouwer diagrams showing the defect concentrations in UO2, including vibrational entropy into
the calculation of defect concentrations (Cooper et al. JNM 504 (2018) 251).

Oxygen partial pressure (atm)
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c) Oxygen partial pressure (atm)
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Still something missing.......

e At higher deviations from stoichiometry oxygen interstitial defects are expected to cluster
together to form clusters.

site concentration
site concentration

10' - L L L Ll
10 10

Complex interstitial oxygen Brouwer diagrams showing the hyperstoichiometric
interstitial defects in UO,. UO: (Soulie PRM 2 (2018) 083607).
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Summary of UO, simulations

e The inclusion of vibrational entropy into the calculation of defect concentrations is essential
at high temperatures.

e Now DFT data is in much better agreement with experimental observations showing that
excess oxygen is indeed accommodated predominantly by oxygen interstitial defects.

e The data also allows us to explain why the uranium diffusivity decreases as the hyper-
stoichiometry increases.

2000
1800
1 600

o 1400

—_ —_
o N
o o
o o

Temperature (K)

800

600

4000 0.05 0.1

x(in UO

2+x)
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Am incorporation into PuO,,

e |[f we assume that the Am maintains the 4+ charge state then we can perform molecular
dynamics simulations using empirical pair potentials.

e Here we use the Cooper-Rushton-Grimes potential that was developed for the study of mixed
oxides.

+AmO2 < CeO2 « CmOy ¢ NpO2 4 PuOs = ThOs 2 UO2 ®*MD New Pot. x MD Yakub Pot. o UO2 Expt.
220
5.8 1
200 - f’%
c.CI
5.7 180 - Yo
< g c-
Spo O1604 o4
Q Y- /2] xx @
e = Xx )
© S 140 - % o
‘CE -g xxx o
D_ x
o 5.5 f 120 - x, 4,
RS = X x
= @ Xy
< 100 - X E‘Hﬁ% “li%
X
b 4 ®»

80 - X s %
X

- - - 1 - = 60 . .
500 1000 1500 2000 2500 3000 0 500 1000 1500 2000 2500 3000 3500
Temperature / K Temperature / K

Lattice parameters of the actinide oxides using the CRG potential Bulk modulus for UO2 using the CRG potential (Cooper et al. J. Phys.
(Cooper et al. J. Phys. Condens. Matter 26 (2014) 105401. Condens. Matter 26 (2014) 105401.
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Am incorporation into PuO,,

5.65
e PuO2
e PU95AM502 o
5.6 PU90Am1002 e .
o AMO?2 . ®
- [ )
< .
— 5.55 '
g "
= SN
S 5.5 e
o - °
~ °
(D] - °
L_J ) [ ]
ot ) [ )
E 5.45 L . ®
1 A .
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- o
-~ [ ]
- °
5.4 — .®
[ )
[ ]
° [ )
5.35
0 500 1000 1500 2000 2500 3000 3500

Temperature /K

Lattice parameter of (Pu,Am)02 as a function of temperature.
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Deviation from ideal lattice parameter as a function of temperature.
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Thermal conductivity in (Pu,Am)O,

e The experimental picture of thermal conductivity in (Pu,Am)0O, is complex:

/|

1

i N

20,
‘ < MS,‘)’.‘ pl' O.
: ” 2 C
5! 4y, o Q
39
l\--... 0?’: . .““'---.__5_. < c;féé -

K
(o))

Y
!

.
| (Py

¥
u L
an 0.
. :
=<
'___

7z =
/ T

600 800 1000 1200 1400 1600
Temperature, K

N

Thermal conductivity, W m”

AmO, __ Nishi-

Experimental data for thermal conductivity in (Pu,Am)0O, as a function of temperature.
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Thermal conductivity in (Pu,Am)O,

e Thermal conductivity can be calculated using the Non-Equilibrium Molecular Dynamics.

Kinetic energy exchange

Temperature
gradient T-T
2.9
L,/2
JzLz
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Thermal conductivity in (Pu,Am)O,

e AmO?2
e PU95Am502

\l

e PuO2

o
a1
oo o

(o))

Thermal Condutivity /W m-3 K-1
H (6]
AN o1 (6] a1
®e

w
ol
®e

w

800 900 1000 1100 1200 1300 1400 1500
Temperature /K

Calculated thermal conductivity in (Pu,Am)02.
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Summary of (Pu,Am)0O, simulations

e A very small positive deviation in the lattice parameter from ideal mixing.

* The thermal conductivity of stoichiometric AmO, is predicted to be higher than
for PuO,.

* Introduction of Am into PuO, leads to a small decrease in the thermal
conductivity due to phonon scattering.
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Reducing costs for nuclear
An Innovation imperative...

I- "If nuclear is safer it will be more
ﬁ@ expensive”
s "Nuclear is either a problem or needs
and technology: more money"
Breaking the c.:y.cle
ol Indicatadon “"Nuclear needs to reduce costs to

remain competitive”

d 10 be printed 23 April 2017 and published 2 May 2017

Something MUST change
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RAI — part of the solution

e Realising the value for robotics in nuclear

‘Increasing output’

‘Reducing human risk’

‘Saving time’

‘Enhancing capability’
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UK Hubs for Nuclear Robotics
EPSRC Extreme Environment

Robotics Hubs Initiative

Phase 1 ﬁlOOI\/I

Oct 2017 to Investment

April 2021 (IS(_:F,_
Institutions

and industry)

Making robots ‘the norm’ in the
nuclear work place

Delivering change through
innovation and demonstration




1gineering for Nuclear Decommissioning

An opportunity for Collaboration

EPSRC  \vith TRANSCEND and others!

Research Council

« Substantially supported by industry
 Flexi-funds to facilitate collaboration

« Developing a programme of demonstrators
(from augmented reality operations to sort-n-seg robots)

@ Sellafield Ltd ~ SEeDFENERGY JACOBS ot o sorsory 00

ROLLS

AﬁE ]R | ,&, UK Atomic Energy Authority (6)

[ROvCE NUCLEAR AMRC

SR bp And many more--:
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Teleoperation

N g
N

. o S
e R
N
L SR 3N
A VD o o
* Sat () AR AN
" e
o o\
8! R
- A
= ‘m g -

o ‘\\\ \\

Major expertise for CCFE (RACE)
in relation to the JET programme
— MASCOT and TARM.

-
9 Y
o

Next generation remote handling
of nuclear materials

Virtual and Augmented Reality
Haptics and Force Feedback
Human-Robot interactions
Sensing and Gripping

Al and robot learning



In-situ Raman and Hyperspectral imaging

Linking with TRANSCEND
theme 3 activity on Raman
and TRLFS.

Bristol have developed an
underwater Raman and
Hyperspectral imaging
system (2 different units).

Units work underwater but

nnnnn

Manchester
Bristol
e Nottingham

) 2000




7~ O\

TRANSCEND Transformative Science and Engineering for Nuclear Decommissioning




TRAN.

Transformative Science and Engineering for Nuclear Decommissioning

/7~ N\
\_
« Case study: Remote inspection (via teleoperation module + sensor module)

Teleoperated Lightweight
Robot for Radiation Mapping

Kaigiang Zhang, Sam White, Emerson Beckwith, Calvin Cheng,
Mohd Umar, Jasper Kearney, Fionn Royer-Gray, Guido Herrmann, Tom Scott

f

University of /;L/ ﬁ 8 g I EHA\:\{ EHS JB
AL BRISTOL ¥
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« Current achievement: 100 Hz real-time control aiming for 1kHz real-time control

Teleoperated Lightweight
Robot in Real-time

Kaigiang Zhang, Emerson Beckwith, Calvin Cheng, Jasper Kearney
Mohd Umar, Fionn Royer-Gray, Guido Herrmann, Tom Scott

/

University of L\L/ 38 g TH WES JB
AL BRISTOL /



Robotic perception and learning (Bham, QML, Lincoln, Essex)

1
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i t

Example of estimation of joint configuration
using our framework

Demo videos Stolkin, Birmingham %33 ‘ N R
e

NATIONAL CENTRE FOR NUCLEAR ROBOTICS




Hard versus soft manipulators

STIFF-FLOP manipulator
(14.7mm diamctor)

! Althoefer, QML
( }

. s
{ 3

\

Althoefer, QML




(world-first: autonomous robot
in radioactive hot cell)

1 20,02,2017 18:45:01
g b CHS
A \ N
/ \ \
Q
5 >

Robotic cutting:

Academia => industry
(Birmingham) (NNL Ltd)

A \‘
wis oy PN
' d £ 4
> — s g
Do
ki tooezhdmdy

U Birmingham + BRL-UWE




Multimodal, augmented human-robot interfaces —

Bham, NNL (RoMaNS)

VR/AR/Telepresence (BRL, Bham, Lincoln)

»Low-inertia

» Low-friction

>Back-drivable
actuation

technology

>No extensive use
of force sensors

Haptic Device
(Virtuose 6D interface

from Haption) ﬁ;’ RQM,‘\ NS ik i £
Simulated nuclear waste - such as
contaminated construction materials

14

:
P o= = —— ST
= e 4 e o
!." [ X7 XX RO DAL TR 2 ‘n.}:Q:vA Y |

A

EPSRC

Engineering and Physical Sciences Pipe’ BRL

Research Cauncil







Dean Connor
Interface Analysis Centre, School of Physics

07/05/2019



Before....




After...

T n@
hegds B x| Sl-hal- o
~o Qe QQNQIE- UK O MZTS,
@ absndcie 1P g Gnphice| K| e MDA (S L0 Ao [BoEsOmhoCipit OB b B Animation - | tar | B o
File Edit View Bookmarks Selection Geoprocessing Customize Windows Help
Table of Contents 7 x

E
& B QBS OrthoClipif
RGE

MRed: Band 1

[uoieas §ll[Foreied & |

= B QBS.Oct2016 DEM.asc

Value
High': 631,115

Low: 603.214

& & qbs_radclip
Value
I High : 950,985

Low: 2940985

L Jol=|m]u]|L]c]lal=]@]

= -




TRAN [ransformative Science and Engineering for Nuclear Decommissioning

"

Summary

RAIN and NCNR are conducting novel robotics and sensor
development work which is truly complimentary to TRANSCEND

Regular ‘grand challenge’ thematic meetings organised by RAIN and
open to all on ‘Remote Handling’ and ‘Remote Inspection’ — PLEASE do
come and get involved.

John Jukes - john.jukes@ukaea.uk RAIN
Peter Brewer - P.A.Brewer@bham.ac.uk NCNR

https://rainhub.org.uk/  https://www.ncnr.org.uk/
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https://rainhub.org.uk/
https://www.ncnr.org.uk/
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School of Chemical and Process Engineering
FACULTY OF ENGINEERING UNIVERSITY OF LEED

ATLANTIC: Accident ToLerANT fue

ATLANTIC will aim to provide a clear view on the ATFC technoloc
for implementation in a UK reactor and the effects of its implementatic
on the whole fuel UK.

Objectives

* to development manufacturing and treatment routes for new fuels and
claddings;

* to take a multi-disciplined approach on the effectiveness of ATFC in UK
reactors.

* to take an interlinked approach to research, combining modelling with
experiments and using results across different areas of experimentation.
to consider wider applications of ATFC technology.




School of Chemical and Process Engineering

FACULTY OF ENGINEERING UNIVERSITY OF LEEDS

ATLANTIC: The Team

« Joint leadership: Prof. Bruce Hanson and Prof Tim Abram
20 named Co-Investigators |

* 12 leading research-focussed universities in partnership with NNL
* Blend of established, newly established, and Early Career Researchers
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ATLANTIC:

WP1: Fuel - Separations interface
(WP leader: Prof. Colin Boxall, Lancaster University)
* Current knowledge on U metal and U0, fuels

* UN dissolves rapidly in nitric acid; silicides are known to be more difficu
to dissolve

Two parts:

*  5Small scale using Electrochemical Quartz Crystal Nanobalance (EQCN) @
Lancaster

*  Pellet scale @ Leeds

WP3 & 4 provide information and fuel simulant

WPS5 provides a sensor to test/use in pellet dissolution

ink to WP2 with results
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WP2: Effects of Contaminants on Separatic
(WP leader: Prof. Laurence Harwood, University of Reading)
* Current generation of reprocessing = PUREX o #fﬁ_ P
» Next generation of reprocessing = SANEX/GANEX ra
* Developed for Minor Actinide recovery P

*  Main process chemistry proven for reference conditions !

*  Assumes oxide, metal, carbide fuels

What is the effect of impurities from head end (Cr, Al, Fe, 5i and Zr}?
Focus on a candidate ligand and its performance at edge of knowledge

o e
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ATLANTIC: The Programme
WP 3 — Investigation and Optimisation of Accident Tolerant Fue
(WP leader: Prof. Karl Whittle, University of Liverpool)

WP3 focuses on the optimisation and manufacture of ATF materials:

* fabrication of ceramic fuel pellets (U,Si, and UN): UoM & UoS

* materials characterisation and performance: UoM & UoS

* modelling the effects of radiation damage on their properties and how this
may modify in-reactor behaviour: UolL

Partners have U-active facilities to manufacture, characterise, and test kg-scale quantities of fuels
B gl - TR W - P i
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ATLANTIC The Programme

Work Package 4 — Fuel Behaviour: non-stmdl,f metry and th
interface (WP leader: Dr lan Farnan, University ofCambndge)
WP4 focuses addresses two crucial physical behaviours of ATFs, using novel
experimental approaches, and addresses the historical chasm between |
modelling and experiment in this field.

* Non-stoichiometry of ATFs, U-Si and U-N systems

* Investigation of ATF behaviour in aqueous environments

* Cooperation of theoretical modelling and experimental design

Unigue UK deposition facility will be empioyed to engineer samples targeted at each of the three WP4 strands

Torowaaw (T
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