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Motivation: New Ceramic Fuels

• Uranium-carbides, -nitrides, -silicides, 
… are actively researched.

• Phase diagram not fully established
New Fuels

• Safety precautions based on accident 
scenario models

• Accurate model paramount

Accurate 
Models?
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Motivation: UOx & UCx Nuclear Fuels
UC: higher thermal conductivity 
and higher fissile density than UO2

ICSD (Inorganic Crystal Structure 
Database) lists 15 entries for UC2; 
– 12 describe tetragonal phase
– 3 non-quenchable cubic phase, 

stable 1769 - 2560˚C; 
conflicting

Uranium powder is pyrophoric
Irradiation of actinides restrictive

Study uranium carbides

Study UC2 in situ at T > 1769˚C 
using neutron diffraction

UO2 + 3C  UC2 + CO2

LANSCE, LANL
If you can ship it, we can measure it

XRD

ND

Bowman et al. (NaCl) Bredig (FeS2) Wilson (CaF2)
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T.B. Massalski : William W. Scott, Jr. Materials Park, Ohio, 1990.

The U-C System 

In situ investigation required

Wilson, W.B.
1960
CaF2

Bredig, M.A.
1960
FeS2

Bowman et al.
1966
NaCl

4
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Assumes UC2 structure to be isotypic with CaF2
according to W.B. Wilson, J. Am. Ceram. Soc. 43 (1960) 77.
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Technique: Neutron Diffraction

• HIPPO: High Pressure – Preferred Orientation 

• Thermal flux: ~107 𝑛𝑛
𝑠𝑠 𝑐𝑐𝑐𝑐2 due to 8.83 m to target

• 51 detector panels with 1200 3He tubes, 4.9 m2

• Custom furnace: TMax ~ 2500 K, ∆T=100 K/min

• Pulsed Neutron Source / TOF
 Same Bragg peaks occurs in each detector bank.

Peaks present in only one bank indicate contamination.

• Large detector coverage allows to follow fast reaction kinetics
 In situ characterization of

a) reaction kinetics and temperatures
b) crystal structure

1 
m
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UO2 + 2C  UC + CO2
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Χ2=   6.9
Χ2=   7.9
Χ2= 10.1

Best fit of in situ data @ 2200°C 
is structure proposed by 
Bowman et al.

Slide 12
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Summary

 U-C system is actively researched, however, we present first in situ data
since 1960. We identified the none quenchable, cubic, δ-phase which in
turn is fundamental to computational methods

 Rich datasets of the formation synthesis of uraniumcarbide yield
kinetics data which allow to benchmark modeling, thermodynamic
parameters etc.

 Order-disorder transition (carbon sublattice melting) observed due
equal sensitivity of neutrons to both elements. This dynamic has not
been accurately described in some recent simulation-based
publications, good agreement with theoretical work by X.D Wen et al.

 LANSCE capabilities: Pulsed neutron source, specialized sample
environments and existing infrastructure to handle actinides.
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Thank you
– My supportive Family (pics)

– Dr. Sven Vogel, Instrument Scientist/Data Analysis
– Dr. Luke Daemon, Sample Synthesis
– Eric Larson, CAD Design

Slide 14
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High-Temperature Furnace: Motivation
 Nuclear fuels are generally actinides (Th, U, Pu) with a light element 

(O,C,…) with Tm > 2500°C  XRD, Synchrotron
 Phase transition kinetics require fast acquisition time
 Some models predict a UO2 fuel centerline of T > 1850°C for SCWR
 Many materials have non-quenchable high temperature phases that 

are poorly known (e.g. cubic UC2)
 Neutron Diffraction
 HIPPO: Large detector coverage and proximity to source allows for 

study of kinetics
 Build custom high-temperature furnace capable of T > 1500°C 

Facility Beamline High Temperature

ILL, France D20 ILL: 1150°C (1500°C Nb setup)

LANSCE, NM HIPPO ILL: 1000°C

HFIR HB-2A ILL: 800°C (1340°C Nb setup)

SNS, TN, USA --- <under development>

ISIS, UK GEM 1100°C

J-PARC, Japan iMATERIA <under development>
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High Temperature Furnace: Design
 TMax ~ 2500 K, ∆T=100 K/min
 360° sample rotation
 50 mm sample height adjustment
 Heat shield and element made of 

graphite 
 SCR controlled transformer: 

10V@2000A
 Resilient safety interlock system

– Water flow
– Vacuum
– Temperature at  selected locations
– LabVIEW heart beat

 SCADA via LabVIEW: PID, error 
handling and notification 

50
m

m

1 
m

10 cm
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Space 

Group

Structure 

Type

Pearson 
Symbol Cell Size Observation 

Temperature

Bowman et al. 𝐹𝐹𝐹𝐹�3𝑚𝑚 Defect NaCl* cF8 5.488 Å 1900˚C

Wilson, W.B.

(Freyss et al.)

𝐹𝐹𝐹𝐹�3𝑚𝑚 CaF2 cF12 5.410 Å 1820˚C

Bredig, M.A.

(Nickel and Saeger)

𝑃𝑃𝑃𝑃�3 FeS2 cP12 5.472 Å 1820˚C

*Although listed as U0.5C in the ICSD, Bowman actually proposed UC2 with C2
molecules on the C sites of the NaCl structure, following the motion of a free rotator
model or a random disorder model (oriented along [111] direction).

Slide 18
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Order-Disorder Transition

Why loss of intensity?

1. Melt?

2. Bredig Transition (Superionic)?

3. Motion of C2 Molecule
A. ‘Free Rotation Model’ by Bowman et al., 1966, ND. 
B. ‘Oscillating’ Model by Wen et al., 2012, simulation.

Collaboration with Wen et al. to calibrate their HSE model with 
our experimental data
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