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Non-proliferation Background

• 1953: Atoms for Peace speech of Eisenhower

• Late 1970s: Concerns about nuclear proliferation

• 1978: U.S. DOE initiated the Reduced Enrichment for Research and Test Reactors (RERTR), 

development of high density LEU fuels (e.g. uranium silicide)

• 1990 – 2000 : LEU silicide fuel utilized for LEU conversions where technically feasible 

• 4.8 gU/cc; moderate power/BU (not applicable to HPRRs)

• 1999 - 2013: Europe addresses high density LEU fuel qualification for High Performance Research Reactors: 

IRIS, LEONIDAS, ALPS

• Since 2013: The HERACLES group forms as a joint European effort

• Since 2015: HERACLES-CP 

• Since 2017: LEU FOREvER

• Since 2020: EU-QUALIFY
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HERACLES Team & Partners

HERACLES
Partners

www.heracles-consortium.eu

EU’s  Leading Nuclear 
Fuel Developers
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LEU Fuel Challenge
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LE
U

Pure Uranium metal: 19.1 g/cm³

Current fuels
Qualified U3Si2

Minimum required: >5 g U/cm³

No qualified fuel
available…

(dep. on fuel type)

Schematic drawing, no actual data!

HD U3Si2
UMo Dispersion

UMo Monolithic
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EURATOM Projects
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• Initial fuel development
• Fabrication development
• UMo dispersion

• Irradiation & PIE
• UMo monolithic

• Further fuel development
• Fabrication development
• UMo dispersion
• UMo monolithic

• PIE
• Alternative: U3Si2 dispersion

• Irradiation & PIE

• Initial fuel qualification
• Fabrication development
• UMo dispersion

• Irradiation & PIE
• UMo monolithic

• Irradiation & PIE
• U3Si2 dispersion

• Irradiation & PIE
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HERACLES Roadmap
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Fuel Qualification Strategy

Scale: miniplates -> full-size plates -> assemblies 
Volume: individual plates to multiple plates in assemblies
Maturity: lab-scale fabrication to commercial-scale manufacturing

Fuel design
Selection

Improvements

Fabrication
Development

Demonstration

Irradiation PIE

Feedback
Comprehension

Modeling
Acceptable 

Safe
Affordable
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Fuel Qualification Objectives

Fuel 
Development Comprehension Generic 

Qualification
Reactor-specific 

Qualification

Equipment Prototype Pilot Commercial

Processes Lab-scale Pre-
industrialization Industrialization

EU-QUALIFY 
Target
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LEU Fuel System Development for HPRRs

9

10th European Commission Conference on EURATOM Research and Training in Safety of Reactor Systems
30 May - 3 June 2022 | Lyon, France

UMo Dispersion Fuel – Overview
UMo fuel
• In 2000 UMo alloy was identified as best candidate 

high density fuel 
– 7-10 wt% Mo added to stabilise -U phase
– High U density in alloy: >15 gU/cc

• Development pursued in two paths:
– U-7wt% Mo dispersion
– U-10wt% Mo monolithic

• Challenge: U-Al interdiffusion leading to 
unacceptable swelling behavior

UMo dispersion fuel
• Dispersion of 50 vol% fuel/Al matrix results in 8-8.5g 

U/cm³
• Various initial tests identified the unacceptable 

swelling behavior
• Various modifications tried in SEMPER-FIDELIS 

experiment
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Al cladding

UMo fuel + Al powder

Al cladding

BONAPARTE bench for PIE 
thickness/oxide measurements



10th European Commission Conference on EURATOM Research and Training in Safety of Reactor Systems
30 May - 3 June 2022 | Lyon, France

UMo Dispersion Fuel – Status
Results of LEU-FOREvER
• PIE/comprehension of SEMPER-FIDELIS experiment 

results
– HERACLES identified optimizations for acceptable fuel 

performance at high power and high burnup
• Heat treatment of the atomized powder 
• ZrN coating of the powder
• Addition of 5% Si to the matrix

– Optimizations demonstrated with commercial-scale 
fabrication equipment and pre-industrial processes
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– Optimizations demonstrated with commercial-scale 
fabrication equipment and pre-industrial processes
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UMo Dispersion Fuel - Objectives
Objectives of EU-QUALIFY
• E-FUTURE-III test

– Fabricate 4 UMo 
dispersion fuel plates

– Irradiate flat plates in 
FUTURE-5 basket

– Perform NDE PIE
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EU-QUALIFY Objectives

Fuel 
Development

• Establish fuel performance 
database 

• Increase data set with 
E-FUTURE-III test

Equipment

• Establish/implement pilot 
scale equipment: atomizer, 
heat treatment, and powder 
coater 

Processes
• Demonstrate all processes at 

pre-industrial with E-
FUTURE-III test

FUTURE-5 basket loaded with fuel plates FUTURE-5 fuel plates
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UMo Monolithic Fuel – Overview & Status
UMo monolithic fuel
• Highest possible uranium density of all fuel candidates: 

up to 15.5 gU/cm³ 
• Consists of a metallic U-Mo foil,

coated with a Zr diffusion barrier,
clad between aluminum 

• Acceptable irradiation behavior demonstrated in various 
irradiation tests performed by US DOE

• Challenge: fabrication equipment/processes considerably 
different to existing dispersion fuel systems

LEU-FOREvER Results
• PIE of EMPIrE mini-plate irradiation test (US DOE funded) 

– Demonstrated acceptability of EU fabrication process
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UMo Monolithic Fuel - Objectives

EU-QUALIFY Objectives

Fuel 
Development

• Establish a fuel 
performance database 

• Increase data set with 
FUTURE-MONO-1 test 

Equipment

• Establish pilot scale 
equipment: casting, foil 
rolling and foil coating

Processes

• Demonstrate all processes 
at pre-industrial scale with 
FUTURE-MONO-1 test

Objectives of EU-QUALIFY
• FUTURE-MONO-1 test

– Fabricate 2-4 UMo 
monolithic fuel plates

– Irradiate flat plates in 
FUTURE-5 basket

– Perform NDE PIE

Post-irradiation underwater visual inspection of a FUTURE-5 fuel plate
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High-loaded U3Si2 – Overview & Status
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High density/loaded U3Si2
• Demonstrated fabrication technology and existing 

infrastructure at 4.8 gU/cc
• Increase volume of fuel to ~50% in fuel meat
• Change to fuel design may be necessary such as a slightly 

thicker fuel plate
• Challenge: ensure acceptable fuel performance at higher 

loading and thinner cladding

LEU-FOREvER Results
• Irradiation & PIE of HiPROSIT test

– Demonstrated fabrication capability
• Thicker fuel meat at 4.8 gU/cc
• Thinner cladding and higher density at 5.3 – 5.6 gU/cc

– Demonstrated acceptable fuel behavior at high power and 
high burnup conditions for all candidates

HiPROSIT plate
Post-irradiation neutronics analysis 

peak heat fluxes

38.92
36.28

40.95
37.26

40.28
40.79

38.99
41.55

48.21

45.99
45.99

41.99
43.28

45.30
47.14

53.37
51.59

56.43

47.76
53.08

51.80
53.82

52.37
51.55

55.02
60.03

65.82

59.73
59.06

53.46
65.17

62.17
64.82

65.44
71.27

80.01

69.81
68.39

67.25
71.15

69.80
68.93

84.50
74.90

86.54

74.57
72.86

79.41
76.04

74.52
77.85

80.54
83.92

98.57

79.93
81.41

89.75
84.22

89.13
89.40

90.85
95.26

101.36

89.59
87.55

94.04
93.87

102.82
102.00

99.27
108.31

118.28

102.44
100.30

106.88
102.62

103.13
107.33

108.11
123.29

136.11

109.85
113.11

110.34
118.55

123.40
121.13

117.77
123.74

136.86

117.01
120.63

125.04
126.88

135.87
132.11

135.92
137.55

160.24

131.57
137.27

139.39
136.94

139.87
150.46

145.86
147.95

171.75

159.73
147.70

147.79
151.29

156.38
158.38

162.52
175.78

180.64

167.35
171.36

168.34
177.76

168.03
172.43

182.38
186.25

194.17

195.69
178.45

184.17
188.25

184.55
184.19

197.24
194.73

213.90

235.87
210.30

212.03
194.26

197.31
201.43

204.78
225.88

226.63

247.31
241.14

221.84
221.29

225.82
214.06

218.53
228.87

239.33

275.01
253.79

245.64
244.68

241.97
246.19

247.31
255.41

261.18

299.31
271.55

267.12
254.64

267.98
254.14

262.36
269.39

269.74

342.96
305.81

300.98
280.15

274.30
274.82

269.48
284.17

303.25

357.93
320.92

302.66
302.27

283.21
281.86

290.65
293.62

324.60

378.59
351.95

333.91
308.31

310.74
300.83

309.84
311.50

332.72

391.97
361.96

338.96
334.64

329.18
314.64

313.51
334.00

352.47

409.73
382.52

355.70
338.55

330.38
330.37

330.38
345.63

359.42

427.29
386.52

367.66
354.98

360.11
346.80

338.26
342.80

378.87

444.10
403.50

382.08
351.98

363.19
355.55

343.36
334.94

367.82

439.31
389.39

384.23
372.12

360.03
351.65

343.92
345.41

363.06

442.36
409.19

382.09
371.22

348.34
350.96

347.65
351.73

383.25

450.76
411.88

373.73
374.13

349.70
348.44

353.33
362.66

364.16

432.40
393.23

383.21
362.54

360.87
352.33

337.67
353.45

362.45

433.38
399.56

379.45
363.54

337.37
332.05

343.40
340.49

366.97

425.27
393.88

360.86
351.25

342.67
338.64

333.45
333.36

348.07

391.51
371.31

347.07
327.56

331.93
317.99

308.95
334.14

354.42

386.11
350.11

332.67
337.68

317.79
313.65

315.60
319.30

338.10

370.69
353.85

326.13
319.50

294.59
285.85

300.82
291.75

324.78

361.17
323.36

291.09
289.31

271.13
272.80

281.62
281.78

297.93

332.67
297.54

286.61
276.58

281.17
267.08

272.99
264.17

278.17

314.34
268.53

260.04
240.65

238.28
236.60

241.88
247.67

261.40

295.76
252.65

243.27
224.27

229.54
205.03

218.95
227.57

241.03

261.42
237.34

216.88
200.14

202.22
199.61

200.84
205.91

217.51

215.23
203.77

189.01
183.51

183.22
186.64

187.22
191.25

191.91

10th European Commission Conference on EURATOM Research and Training in Safety of Reactor Systems
30 May - 3 June 2022 | Lyon, France

High-loaded U3Si2 – Objectives
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EU-QUALIFY Objectives

Fuel 
Development

• Establish a fuel performance 
database 

• Increase data set with 
examination HiPROSIT test 

• Increase data set with 
ME-DEUS and 
ME-CHARTREUSE tests 

Equipment
• None necessary 

All equipment currently at 
commercial-scale

Processes

• Demonstrate all processes at 
pre-industrial scale with 
ME-DEUS and 
ME-CHARTREUSE tests

Objectives of EU-QUALIFY
• ME-DEUS test

– Fabricate 3 high density U3Si2 (5.3 gU/cc) formed/curved fuel 
plates

– Assemble into outer ring of a mixed BR2 fuel element
– Irradiate at high power and moderate BU

• ME-CHARTREUSE test
– Fabricate 3 thick meat U3Si2 (4.8 gU/cc) formed/curved fuel 

plates
– Assemble into outer ring of a mixed BR2 fuel element
– Irradiate at high power and moderate BU

BR2 Mixed Element
*LEU silicide plates in green*
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Conclusions
• LEU-FOREvER project was highly successful

– Increased comprehension of UMo dispersion fuel system and identified design 
for qualification through SEMPER-FIDELIS PIE 

– Demonstrated the EU fabrication process for the UMo monolithic fuel system 
through PIE of EMPIrE 

– Demonstrated high loaded/density U3Si2 fuel system at high power and high 
burnup enabling an alternative solution for some LEU conversions

– Demonstrated a new design for LVR-15 fuel assembly (medium-power reactor) 
to increase EU security of fuel supply through fabrication and irradiation 

– Increased EU fuel performance modeling capabilities through the MAIA code 
• EU-QUALIFY project has high expectations

– Demonstrate final design of the UMo dispersion fuel system in multiple 
FUTURE-5 plates through the irradiation and PIE of EF3 to initiate generic fuel 
qualification 

– Demonstrate design of the UMo monolithic fuel system in multiple FUTURE-5 
plates through the irradiation and PIE of FM1 to initiate generic qualification

– Demonstrate high loaded/density U3Si2 formed/curved plates in MEs for 
generic qualification 
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MAIA code mesh 
for curved MTR fuel 

plate

LVR-15 current to new FA
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