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Radiation by neutrons and other high energy particles causes different types of damage to nuclear structural materials, 

including vacancies, self-interstitials, defect clusters, voids, stacking fault tetrahedra, dislocation loops, etc. These defects 

result in significant hardening and embrittlement because of the hindrance to dislocation motion caused by them. 

 

Need small scale mechanical testing to study mechanical property changes in extremely small volumes 

(1) Nanoindentation (2) In situ micro-mechanical testing 

In situ microtensile testing 
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1 (Was et al, JNM, Vol. 411, No. 1-3, April 2011) 

Radiation with either neutrons or ions causes significant hardening and 

embrittlement because of the hindrance to dislocation motion caused by the 

defects mentioned above.  

Mechanical testing performed in order to 

study the effects of neutron irradiation on 

the mechanical properties of structural 

materials irradiated inside nuclear 

reactors is difficult, time consuming and 

expensive , as neutron irradiation is a 

slow process taking years or decades to 

reach desired values, and it makes the 

samples radioactive.  

Effect of irradiation dose on Yield 

Strength for several 300 series stainless 

steels irradiated and tested at ~ 300º C2. 

Damage profile of 1, 2 and 3 

MeV He+ ion irradiation in 

SS316 

Nanoindentation pattern on top 

surface 

Change in hardness due 

to 1, 2 and 3 MeV He+ 

ion irradiation in SS316  

Hardness peak vs. Damage peak 

Observations: 

(i) Hardness peak depth increases 

with damage peak depth linearly 

(ii) Hardness peak depth is much 

smaller than damage peak depth 

(iii)  Hardness peak becomes lower 

and flatter with increasing ion 

energy (increasing  damage peak 

depth). 

This happens because plastic 

zone is much larger (7-10 times) 

than the indentation depth 

Nanoindentation of ion irradiated materials Finite element modelling of nanoindentation 

Plastic strain showing “double-

dished” structure 

Von Mises stress – cross-section 

Discretization of 

layers 

FEA predicted hardness close to 

experimental hardness 

Alternative method of 

studying radiation effects : 

Using Ion irradiation as a 

substitute for neutrons 

• Advantages: Fast (hours-

days, instead of years/ 

decades for same dose), 

does not cause radioactivity 

• Drawbacks: Shallow depth 

of damage (hundreds of nm 

to microns), gradient in 

dose, may change chemical 

composition of target 

TEM image – strain fields 

Ni single crystal <100> oriented 

He ion irradiation (6 MeV) 

Unirradiated 6 MeV He+ irradiated – single 

energy (Peak dose at top ~ 19 dpa) 
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Engineering Strain 

Stress-Strain Data for Non-irradiated and Irradiated Samples 

Irradiated (3.8x10¹⁷ cm⁻²) Sample 2 

 Irradiated (2x10¹⁷ cm⁻²) Sample 2 

Non-Irradiated Sample 1

Fracture surface showing 

lower ductile part and peak 

damage layer (brittle part) 

Degrader wheel with Al foils of various 

thickness put in front of the ion beam to 

apply a more uniform damage layer 

Damage  profile obtained by the 

use of a degrader wheel (average 

~ 1.25 dpa) 

Ni single crystal <100> 

oriented – radiated with He 

ions using degrader wheel  

Fracture occurring 

through thickness, 

unlike in single 

energy irradiation 

Effect of strain rate 

negligible in ion 

irradiated material 

even at moderate 

doses (1-2 dpa) 

Conclusion: In situ micro-tensile testing and 

nanoindentation are efficient tools for measuring 

mechanical property changes in ion irradiated 

materials. 

2 (Was, Fundamentals of Radiation Materials Science, 

Springer, 2007) 


