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Outline 

 Integration of neutron transport and materials simulations. 

 Production of radiation damage: defect cluster size scaling laws. 

 Evolution of damage at elevated temperatures. 

 Formation of ordered defect structures. 

 Helium-induced swelling in tungsten, defect relaxation volumes. 
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Plasma as a 3D 

neutron source 
Neutron spectra 

at various 

locations in a 

DEMO power 

plant 

Transmutations 

M.R. Gilbert et al., Nucl. Fusion 52 (2012) 083019;  

J. Nucl. Mater. 442 (2013) S755 

Defect production 

Integrated materials lifetime assessment 
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Radiation damage effects in tungsten 

300 keV e- 

150 keV W+ 

Left: X. Yi, A.E. Sand, D.R. Mason, M.A. Kirk, S.G. Roberts, K. Nordlund,  

and S.L. Dudarev, EuroPhysics  Letters (EPL) 110 (2015) 36001 

 

Centre: S.L. Dudarev, K. Arakawa, X. Yi, Z. Yao, M.L. Jenkins, M.R. Gilbert, 

P.M. Derlet, Journal of Nuclear Materials 455 (2014) 16–20 

 

Right: F. Hofmann, D. Nguyen-Manh, M.R. Gilbert, C.E. Beck, J.K. Eliason,  

A.A. Maznev, W. Liu, D.E.J. Armstrong, K.A. Nelson, and S.L. Dudarev,  

Acta Materialia 89 (2015) 352–363 

In-situ electron 

microscopy 

observation of 

radiation damage 

accumulation. 

Lattice swelling 

following ion 

implantation.  

Ordering of radiation 

defects in irradiated 

tungsten.  
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Defect production in cascades 

Microstructure of Irradiated Tungsten, IAEA CRP, Seoul, September 2015 



CCFE  is the fusion research arm of the United Kingdom Atomic Energy Authority 

A 150 keV cascade in 

tungsten: a high energy 

“fusion” cascade  

A.E. Sand et al., EPL  103 (2013) 46003  

The maximum cascade energy is (a 

non-relativistic equation assuming 

head-on elastic neutron-atom impact) 
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energy is ~150 keV [this 

neglects the contribution 

of (n,γ) reactions] 

½<111> and <001> loops 

Defect production in tungsten 
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R.E. Stoller (2012) in: Comprehensive Nuclear Materials  

Clusters of defects 

formed in cascades in 

iron 

Prior to 1991 it was assumed that defects 

were produced as Frenkel pairs (individual 

vacancies and self-interstitials). C.H. Woo 

and B.N. Singh (1991) noted that clustering 

of defects in cascades may have a significant 

effect on radiation-induced microstructure.  

T. Diaz de la Rubia, M.W. Guinan, PRL 66 (1991) 2766; 

C.H. Woo, B.N. Singh, Phil. Mag. 65 (1992) 889-912  

Defect production in tungsten 
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Distribution of defect cluster 

sizes follows a power law 

A.E. Sand et al., EPL 103 (2013) 46003  

Exponent S=1.63<2 
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Large clusters are rare BUT once 

they form they contain the majority 

of defects. Large rarely occurring 

defects dominate microstructural 

evolution.  

Exponent S=1.63<2 

The power law of defect size distribution 
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A scaling law for 

radiation defect sizes 

discovered earlier 

(2013) in MD 

simulations of collision 

cascades in tungsten, 

has now been 

confirmed and 

extended to a much 

broader range of sizes 

using direct electron 

microscope 

observations – a critical 

step in quantifying 

radiation effects in 

materials.  28.1;7.2
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Microstructure of  tungsten 

irradiated with 400 keV ions    

Image 

analysis 

X. Yi, A.E. Sand, D.R. Mason et al. EPL 110 (2015) 36001  

Defect size scaling: experimental validation  

Electron microscope images provide data on defect sizes  
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Evolution of defects produced in cascades 
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Defects  in pure W, 1 dpa in (001)-grains 

300°
C 
 

500°
C 

600°
C 
 

800°
C 

Experimental observations: temperature effects 

200 200 

200 200 

X. Yi, M.L. Jenkins, M.A. Kirk (2012) 

Defects 

observed at 

elevated 

temperatures 

have larger 

size.  

 

They also 

form ordered 

structures. 
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Direct observation of accumulation of radiation defects 

In-situ electron microscope observation of accumulation of radiation defects under self-

ion irradiation. Left:  Brownian motion of glissile 111 prismatic dislocation loops in Fe at 

675K [courtesy of Prof. K. Arakawa, Shimane Uni. Japan]. Right: self-ion irradiation of 

ultra-high purity iron at 400°C, viewed at x30 real time [courtesy of Prof. Z. Yao, Queens 

University, Kingston, Canada]  

K. Arakawa et al., Science 318 (2007) 956; K. Arakawa et al., Philos. Mag. Lett. 91 (2011) 86; 

Z. Yao et al., Philos. Mag. 90 (2010) 4623 
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Size distribution of defects in tungsten: 0.01dpa,  
From room temperature to 800°C 

W RT

W 300˚C 

W 500˚C 

W 600°C

W 800°C

The cascade statistics mystery 

X. Yi, M.A. Kirk et al. In situ ion irradiation experiments 

performed at Argonne National Laboratory in 2012. 
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Energy of elastic interaction between two dislocation loops is [Hirth and 

Lothe, 2nd edition, section 4-5] – this equation assumes that the Burgers 

vectors of the loops are normal to their habit planes    

Inter-defect elastic interaction “potential” 

Alternatively, if the distance between the defects is greater than their 

diameter, one can use the dipole approximation, expressing the energy 

of elastic interaction in terms of defect dipole tensors and the elastic 

Green’s function   
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S.L. Dudarev et al., Phys. Rev. B81 (2010) 224107; 

Journ. Nucl. Mater. 455 (2014) 16 
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Inter-defect elastic interaction “potential” 
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Elastic Green’s function:   

Elastic dipole tensor of a dislocation loop:   
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For a loop, the scalar product b∙A (Burgers 

vector times the loop area) equals the 

relaxation volume of the loop. In the above 

formula, Burgers vectors are assumed normal 

to the loop habit planes. 

Dipole (far-field) approximation for the energy of elastic interaction 

between prismatic dislocation loops.   

Inter-defect elastic interaction “potential” 

Energy ~ (size)4 
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Inter-defect elastic interaction “potential” 
Microstructure of Irradiated Tungsten, IAEA CRP, Seoul, September 2015 

S.L. Dudarev et al., Phys. Rev. B81 (2010) 224107; 

Journ. Nucl. Mater. 455 (2014) 16 



CCFE  is the fusion research arm of the United Kingdom Atomic Energy Authority 

Inter-defect elastic interaction “potential” 
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Inter-defect elastic interaction “potential” 
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Inter-defect elastic interaction “potential” 
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Size distribution of defects in tungsten: 0.01dpa,  
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The cascade statistics mystery 

X. Yi, M.A. Kirk et al. In situ ion irradiation experiments 

performed at Argonne National Laboratory in 2012. 
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Comparison to experiment: loop sizes 

Experimental observation of cascade evolution can be explained by one single 

hypothesis: interaction between the defects. At higher temperatures: fewer but 

larger defects. Using the correct cascade statistics of defect sizes is critical.   

D.R. Mason et al., JPCM 26 (2014) 375701 
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Langevin dynamics: dense ensembles of radiation defects self-order. Elastic interaction 

between defects. Elastic dipole approximation is accurate in most cases. At short distances 

dislocation dynamics rules can be applied.  

Evolution of ensembles of interacting dislocation loops 

S.L. Dudarev et al., Phys. Rev. B81 (2010) 224107; 

Journ. Nucl. Mater. 455 (2014) 16 
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Macroscopic effects produced by irradiation: 

lattice swelling 

Microstructure of Irradiated Tungsten, IAEA CRP, Seoul, September 2015 
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Lattice swelling of helium-implanted tungsten 

There are two modes of swelling:   

 

1. volume increase associated with the 

formation of voids in the bulk of the 

material and “redeposition”of atoms on 

the surface  

 

2. deformation of the lattice due to local 

microscopic distortions associated with 

fine distribution of defects in the lattice.  

F. Hofmann et al., Acta Materialia 89 (2015) 352–363  

There are no visible voids or bubbles 

Tungsten implanted with 

3000 appm He at 300ºC. 

Microstructure of Irradiated Tungsten, IAEA CRP, Seoul, September 2015 
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Formation and migration energies of defects (eV)  

 Annual Review of Materials Research 43 (2013) 35-61  

vacancies 

SIA 

~0.013 

DFT calculations provide accurate data on the formation and 

migration energies of defects, but this has no relation to swelling! 

Microstructure of Irradiated Tungsten, IAEA CRP, Seoul, September 2015 
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Statistical elasticity theory of defect-induced swelling 
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L Each defect produces its own field of elastic displacements:   
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Calculation of the stress tensor: the density of forces exerted by the defects on the 

surrounding material:   
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The stress tensor is related to the strain tensor through the Hooke’s law equation  
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F. Hofmann et al., Acta Materialia 89 (2015) 352–363  
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Statistical elasticity theory of defect-induced swelling 
0z 0 zzyzxz 

L We are interested in stresses averaged over the positions of 

defects in the implanted layer:   

)(
1

)()( )()( rRrr 








 










 
l

il

Vl

ili
x

P
VV

dR

x
PF

Function          equals 1 inside the implanted layer, and it is zero outside the layer. In 

practice                    where               for 0<z<L.           
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The above equation provides a starting point for the analysis below:   
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Boundary conditions at the surface:  0)0()0()0(  zzz zzyzxz 

F. Hofmann et al., Acta Materialia 89 (2015) 352–363  
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Statistical elasticity theory of defect-induced swelling 
0z 0 zzyzxz 

L A very important equation relating the defect dipole tensor 

and the relaxation volume of the defect:   
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Stresses and strains 

from elasticity:   

Swelling:   

F. Hofmann et al., Acta Materialia 89 (2015) 352–363  

Swelling is proportional to the sum of products of defect concentrations 

and defect relaxation volumes. 
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Statistical elasticity theory of defect-induced swelling 

F. Hofmann et al., Acta Materialia 89 (2015) 352–363  
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Statistical elasticity theory of defect-induced swelling 

F. Hofmann et al., Acta Materialia 89 (2015) 352–363  

Final analysis and conclusions 

 Helium has strong affinity to vacancies, leading to the formation of 

helium-vacancy complexes. Self-interstitial atoms remain in the bulk, and 

may cluster (this is not critical, since clustering does not have a strong 

effect on the relaxation volume per defect, see previous slide) 

 

 If we assume that helium is in He-V complexes then ~3100 appm He-V 

and 3100 appm self-interstitial atoms, resulting in swelling uzz= 2650∙10-6. 

This is approximately twice the experimentally observed value. 

 

 If we assume that helium is in He2-V complexes, then ~1550 appm He2-V 

and 1550 appm self-interstitial atoms results in swelling uzz= 1500∙10-6. 

This is almost exactly what I observed experimentally. 

 

 Swelling – in this particular experiment, where He was implanted at a 

relatively low temperature of 300ºC, results almost entirely from the 

accumulation of self-interstitial atom defects (which may or may not 

cluster). Helium-vacancy defects have smaller relaxation volumes and do 

not contribute significantly to swelling. 
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Radiation damage effects in tungsten 

300 keV e- 

150 keV W+ 

Left: X. Yi, A.E. Sand, D.R. Mason, M.A. Kirk, S.G. Roberts, K. Nordlund,  

and S.L. Dudarev, EuroPhysics  Letters (EPL) 110 (2015) 36001 

 

Centre: S.L. Dudarev, K. Arakawa, X. Yi, Z. Yao, M.L. Jenkins, M.R. Gilbert, 

P.M. Derlet, Journal of Nuclear Materials 455 (2014) 16–20 

 

Right: F. Hofmann, D. Nguyen-Manh, M.R. Gilbert, C.E. Beck, J.K. Eliason,  

A.A. Maznev, W. Liu, D.E.J. Armstrong, K.A. Nelson, and S.L. Dudarev,  

Acta Materialia 89 (2015) 352–363 

In-situ electron 

microscopy 

observation of 

radiation damage 

accumulation. 

Lattice swelling 

following ion 

implantation.  

Ordering of radiation 

defects in irradiated 

tungsten.  
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