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Accident Tolerant Fuels 
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Zircalloy is an excellent material in normal 
operating conditions for LWRs.  

In a LOCA situation, rapid & strongly exothermic 
reaction with steam. 

Reduction in strength with temperature & 
irradiation growth is a limit on burn-up. 

Main safety factor in design basis accidents 
 

Carbides for Future  Fission Environments 
New materials for cladding

Clads

Hi T steam tests on zircalloys
[Y. Lee (KAIST)]



CAFFE Research Project: Objectives
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➢  M = Zr 

      A =  Al 
      X =  C 

➢ Ionic Radius 

      rZr  = 0.86 A 
      rAl = 0.53 A 
      rC  = 0.29 A

MAX Phases

• Develop Zr carbide based materials for high dpa 
 operation 
• MAX phase-like layered carbides - potentially 
 machinable 
• Good neutronics and resistant to radiation  
 damage & corrosion



Increasing yields of layered carbides
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• substitution onto M or A site  

• creating a quaternary MAX phase 

• increased yields to 60-70 wt% MAX phase 



Quinary substitutions: DFT & preparation
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DFT calculations predicted limited 
stability of quinary compositions 
wrt ternary end members

Practical results (Eugenio Z-S)

Importance of finite temperature DFT 

in progress 
(Sam Asadi, Mike Finnis)  

yields approaching 90%



Proton irradiation: Zr3AlC2, Zr2AlC
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• Hot-pressed	MAX	phases	have	been	electric	discharge	machined	(EDM)	cut	into	2	x	2	x	20	mm	matchstick	
samples.	One	face	of	each	matchstick	is	polished.

• Matchsticks	from	various	samples	are	placed	on	a	beamline	at	the	Dalton	Cumbrian	Facility	(DCF)	and	proton	
irradiated.

• Beam	energy	of	2 MeV	at	4	µA	to	0.01	and	0.1	dpa (1.78	x	1018 protons	cm-2 ,	1.5	x	10-6 dpa s-1).	12	µA	is	
being	 tested	for	irradiation	to	1	dpa (1.71	x	1019 protons	cm-2,	6.23	x	10-6 dpa s-1).

• Test	temperatures	are	350	and	575	°C.

Manchester DCF - Dave Downton, Joe Ward, Phillip Frankel



Proton irradiation: Zr3AlC2, Zr2AlC
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Manchester DCF - Dave Downton, Joe Ward, Phillip Frankel

So far 0.01 and 0.1 dpa , 1 dpa in mid-September 

Anisotropic swelling



Future activities
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24th – 26th March 2019 

Advanced Materials Approach to Cladding for Accident-Tolerant Fuels 
End of Programme Meeting

Queens’ College Cambridge

CaFFE - Carbides for Future Fission Environments


