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Extension of service life may cause new 

challenges for materials service 

• Increased lifetime leads to increased exposures 

– Time at temperature 

– Stress 

– Coolant 

– Neutrons 

• Extending reactor life to 40, 60 years or beyond will 
likely increase susceptibility and severity of known 
forms of degradation 

• New mechanisms of materials degradation are 
possible 

 

 

 

  

• The motivation of several Department of Energy, Nuclear Regulatory Commission and 
Electric Power Research Institute projects is to provide improved understanding of 
degradation under extended service and provide alternative mitigation strategies. 
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Extended service and power uprates for 

existing and new plants increase 

demands on component integrity 

1024 

40 years 

60 years 

100 years? 
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The many different irradiation processes 

may influence material performance as well 

as susceptibility to cracking 

Swelling &  

Dimensional Changes 

Phase 

Transformations 



Fast reactor experience may provide 

insights for behavior of components and 

regions experiencing the highest damage 

rates 

Bloom et al. JNM 2004 



Where possible, fast reactor experience 

should be utilized for LWR applications 

• While conditions in fast reactors are not prototypic for LWR 
applications, there are opportunities for comparisons. 

• The decades of research into irradiation effects for fast reactors 
may be a valuable resource for assessing LWR performance 

– Experimental database 

– Known relationships between microstructures and response 

– Mitigation strategies 

 



A. Jenssen et al, Corrosion 54 1 (1998) 48. 
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Radiation-induced segregation has been 

observed in LWR-irradiated stainless 

steels for decades 



RIS of elements such as Si at sinks may 

lead to very high local concentrations  

?? 



RIS in fast reactors can lead to local 

concentrations that exceed solubility limits 

SA PCA steel irradiated at 500 C 
in ORR to 11 dpa (200 appm 
He), showing the association 
between radiation-induced G-
phase silicide (Mn6Ni16Si7) 
particles and the largest voids  

 

  Microstructure of  SA Fe-12Cr-15Ni-1Si 

austenitic stainless alloy irradiated in EBR-II 

at 575C (<20 dpa)  

  RIS causes the initially homogeneous g-

austenite matrix to decompose into Fe-Cr-Si 

ferrite and Fe-Ni austenite. 



RIS and RIP can be very sensitive to the operating 
conditions and is widely observed in fast reactors 
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RIP is also observed g’ in proton- and 

neutron-irradiated SS under LWR 

conditions 

20 nm 

304+Si proton-irradiated to 

5.5 dpa at 360°C. 

Tihange baffle bolt: 

neutron-irradiated to ~7 dpa 

at 299°C*. 

•ATEM Characterization of Stress-Corrosion Cracks in LWR-Irradiated 

Austenitic Stainless Steel Core Components, PNNL EPRI Report, 11/2001. 

•Image resized for equivalent scale. 



304 SS irradiated in LWR-relevant 

conditions shows precipitation of a  

• Recent research 
found a ferrite phase 
after irradiation 
under LWR-relevant 
conditions. 

• This observation is 
similar to that found 
in steels irradiated in 
EBR-II at 575°C to < 
20 dpa 

 

Isobe et al., J. Nucl. Mater (2009) 

304 SS, 20.5 dpa at 370°C 



Carbides and second austenitic phases 

are also observed at very high fluences  

Renault et al., This conference 

304L SS, 20 and 

120 dpa at 330°C 



Radiation-induced precipitation in LWR-relevant 
conditions may challenge fast reactor knowledge 

?? 



A set of high irradiated (4.4-47 dpa) austenitic 

alloys has been investigated using magnitometry, 

SEM, and TEM.  

    The set included industrial steels in different 

structure conditions and single-variable alloys to 

evaluate the alloying influence.  

    It was found that radiation induced magnetic 

phase forms in all alloys. 
Irradiation temperature was 

to 330C, close to PRW range 

Relationship between silicon amount and rate of ferrite 

formation in investigated alloys. 

Ferrite amount, under investigated irradiation conditions, 

increases as a linear function for dose range 0-12 dpa, and 

at higher damage dose amount of ferrite tends to saturate. 
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As part of the Light Water Reactor Sustainability 

Program, high fluence phase transformations are 

being examined. 



Influence of alloying (data 

from model BOR-60 

alloys). 

Nickel. An addition of nickel decreases the 

deformation hardening rate and increases 

the yield stress (compare non-irradiated E 

and K alloys).  

Silicon. This element decreases a little the 

yield stress and increases the deformation 

hardening rate.  

    The deformation hardening rate changes 

insignificantly after neutron irradiation (within 

±100-150 MPa range) except H-alloy.  

     The general tendency for the most alloys 

is a slight decrease of k after irradiation, but 

Si-enriched H-alloy demonstrates strong 

increase of the k-parameter after irradiation.  

True curves for model austenitic alloys were 

obtained by indentation test. 
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Alloying and performance of modified 

stainless steels (k-
yield

 maps). 

 



High Fluence Effects – Phase Transformation 

 Neutron-irradiated BOR-60 samples 
(SS304 and SS304+Ni+Cr) have been 
characterized using TEM. 

 A large amount of radiation-induced 
defects (e.g., Frank loops) and few 
voids were observed in these samples. 

 A few radiation-induced particles, 
believed to be ferrite according to the 
diffraction pattern, were observed in 
the irradiated SS304 sample. 

 The additional weak reflections 
suggest the formation of radiation-
induced precipitates (e.g., M23C6) in the 
SS304+(Ni+Cr) matrix.  

 Nano-precipitates (e.g., TiC) maintained 
crystalline in the irradiated-alloy 800H . 

Irradiated-SS304+Ni+Cr_320°C/13dpa 

B=[001] 

rel-rod 

Irradiated-SS304_320°C/18dpa 

B=[001] 

TiC 

Irradiated-800H_500°C/3dpa 
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Summary 

• The future demands placed on core internal materials for 
increasing service length and new reactors will be significant in 
terms of fluence and may enable new forms of degradation for 
LWR-applications. 

• Vast experience in fast-reactor applications may offer some 
insight into trends and mitigation strategies for swelling and 
radiation-induced phase transformations. 

• A challenge (and opportunity) for high fluence conditions will be 
to use this knowledge to safely predict and manage critical 
internal components 

• Current research is evaluating the extent and impacts of 
potential high fluence phase transformations. 


