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An integrated model for materials in a fusion power plant

Plasma as neutron source Neutron transport

Transmutations in 

materials, resulting in 

helium embrittlement

Accumulation of 

radiation damage
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Helium embrittlement

Helium embrittlement is a potential cause of failure of materials in a fusion device. Experimental 

observations (left) show that the production of helium in the bulk of the grains through transmutation 

nuclear reactions, migration of helium to grain boundaries (right), and the accumulation of helium at 

grain boundaries give rise to grain boundary decohesion. Decohesion occurs if the concentration of 

helium at the boundaries reaches a certain critical level.
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Helium embrittlement

Assuming that all the helium produced in the bulk of the grains migrates to grain boundaries.
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•Transmutation calculations have made it possible to evaluate observable 

quantities (concentrations of helium and transmutation-generated impurities as 

functions of dose/irradiation time). Using the data derived from transmutation 

calculations, it is possible to find a condition for the onset of structural instability 

due to helium-assisted grain boundary fracture.

•Calculations of dpa values have not yet produced usable information of similar 

quality going beyond the dpa values themselves.

•It remains unclear how to relate the calculated dpa values to the (observed) 

changes of properties of materials due to irradiation.     

•dpa values depend sensitively on the energy-dependent elastic and inelastic 

neutron scattering cross-sections.

Observables and “non-observables”
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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: Fe ion irradiation of Fe-8%Cr alloys at 300°C, 

irradiation dose between 5 and 8 dpa, viewed at x80 real time. Right: self-

ion irradiation of ultra-high purity iron at 400°C, viewed at x30 real time. 

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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Effects of irradiation on steels

LEFT: fracture toughness of austenitic Fe-Cr-Ni steels exposed to neutron irradiation 

at temperatures between 25°C and 427°C. Severe embrittlement (loss of fracture 

toughness) is observed for all the irradiation temperatures for doses  > 10 dpa. 

RIGHT: fracture toughness of ferritic-martensitic steel EUROFER97 irradiated to 15 

dpa by fast neutrons at various temperatures. No irradiation embrittlement is observed 

if irradiation is performed at temperatures higher than ~370°C.  

E. Gaganidze et al., J. Nucl. 

Mater.  367-370 (2007) 81-85O. K. Chopra, NUREG/CR-7027
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Visualization of defect structures

A self-interstitial atom defect in iron.
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Self-interstitial atom defects in bcc metals

P.M. Derlet et al., PRB 76 

(2007) 054107
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Density functional theory models for radiation defects

S.L. Dudarev, Ann. Rev. Mat. Res. (2013) in preparation

Vacancies: formation and migration energies (eV)

Self-interstitial atom defects: formation and migration energies (eV)
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magnetic effect
111 110

D. Nguyen-Manh et al., 

PRB 73 (2006) 020101

The structure and magnetism of defects in bcc metals
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Huang X-ray diffuse scattering by radiation-induced defects

P. Ehrhart, Journ. Nucl. Mater. 69-70 (1978) 200-214
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Huang X-ray diffuse scattering by radiation-induced defects

P. Ehrhart, Journ. Nucl. Mater. 69-70 (1978) 200-214
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X-ray Huang diffuse scattering by 

a 110 self-interstitial atom defect

X-ray Huang diffuse scattering by 

a 111 self-interstitial atom defect

Huang X-ray diffuse scattering by radiation-induced defects

Plots of diffuse scattering intensity calculated for scattering vectors (in 

reciprocal space) lying on straight lines parallel to (022).

Direct experimental observations proved 

inconclusive and contradictory. Density 

functional calculations resolved the 

problem of defect structures at a very 

small fraction of the cost associated 

with experimental tests.
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Electron microscope imaging of 

radiation defects  
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• Source: e.g. 150keV W+ ions

• Ion beam direction:

~30˚ from the electron beam (300kV);

~15˚ from the thin foil normal.

• Double tilt specimen holder: T<900˚C

• TEM data recorded by Gatan 622 video 

rate camera, at ~15 frames per second.

Hitachi H-9000 

NAR

Electron microscope imaging of radiation defects

Argonne National Laboratory EM facility
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Theory: the Howie-Basinski Equations

Imperfect crystal Bloch wave theorem

+

Z. Zhou, S.L. Dudarev, M.L. Jenkins et al., 

J. Nucl. Mater. 367-370 (2007) 305-310



Vienna, IAEA, 1-5 October 2012 .

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

where

Transfer excitation error to amplitude.

Transfer the depedence of local displacement filed 

to Fourier components of potential to the amplitude.

Removes the refractive-index effect.

Theory: the Howie-Basinski Equations

Z. Zhou et al. (2007)
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A Model for Solving the Howie-Basinski Equations Numerically
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Z. Zhou et al. (2007)
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Interpolation procedure for a slice

W

∆z

∆x

kg

z

g

Z. Zhou et al. (2007)
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Distortion Fields of Defects

How can we ‘see’ diffraction amplitude contrast from dislocations?

Physically: Mathematically:

Z. Zhou, S.L. Dudarev, M.L. Jenkins et al., 

J. Nucl. Mater. 367-370 (2007) 305-310
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Simulated Weak-Beam images

loop size: 10 nm

Image size: 20 nm x 20 nm

f – Sample foil normal

g – Diffraction vector

b – Burgers vector

Imaging Conditions:

Sample: Flat on loop in Silicon

Foil thickness: 150 nm

Accelerating voltage: 100 kV

(g. 5g)

HBCA

g=[2 2 0]b = 1/3[1 1 1]

Effects of the Column Approximation

Zone axis

Z. Zhou et al. (2007)
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Simulated Weak-Beam images

from hexagonal loops

Sample: Silicon

Loop size: 5 nm

Image size: 10 nm x 10 nm

Imaging Conditions:

Foil thickness: 30 nm

Zone Axis: [1 1 1]

Accelerating voltage: 100 kV

(g. 5g)

This figure is from D B Williams 

and C Barry Carter, Transmission 

Electron Microscopy, 1996
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Simulated WB images of small dislocation loops

Z. Zhou et al., Philos. Mag. 86 (2006) 4851
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Comparison between the simulated and experimental images

Burgers vector, b=1/3[-11-1]

The beam direction is close to [111]

sg≈0.2 nm-1 for (a) g=[-220] and (b) g=[2-20]. 

Simulated and experimental WB images of inclined interstitial Frank loops

[2 2 0] [2 2 0]

g·b > 0 g·b < 0

Experimental images, 

Courtesy of M L Jenkins

J. Microscopy 98:155,1973

E ES S

Z. Zhou et al., Philos. Mag. 86 (2006) 4851
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The effect of changing the diffraction conditions

n =  1.0              1.5              2.0               2.5    3.0              3.5

n =  3.75            4.25              4.50           5.25      5.50            6.25

(g,ng) g=002

Z. Zhou et al., Philos. Mag. 86 (2006) 4851
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The influence of the foil thickness

(inclined loops, 1 – 5 nm diameter)

d=5 nm

d=3 nm

d=2 nm

d=1 nm

(g,4.25g) g=002

Z. Zhou et al. (2007)
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Determination of loop size 

Z. Zhou et al., Philos. Mag. 86 (2006) 4851
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(g,4.75g) g=002

For ~1nm loops, size fluctuations are comparable to the loop size itself.

Z. Zhou et al., Philos. Mag. 86 (2006) 4851

Determination of loop size 



Vienna, IAEA, 1-5 October 2012 .

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

Electron microscope observations of 

radiation defects  
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A High Voltage Electron Microscope 

at Osaka University, Japan
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In-situ electron microscope observation of dynamic behaviour of radiation 

defects formed in iron at 300°C. (K. Arakawa, Osaka University, Japan)

Real-time dynamics of radiation defects.
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Dislocation loops migrating in high purity iron at 675K. The loops are 

produced by in-situ self-ion irradiation (Z. Yao, M.L. Jenkins, and M.A. Kirk, 

University of Oxford and Argonne National Laboratory). 

Real-time dynamics of radiation defects.
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Trajectories of loops migrating in ion-irradiated samples.

Trajectories of dislocation loops migrating in ion-irradiated iron. The trajectories 

show evidence of that mobile loops are trapped by some invisible objects.

Z. Yao and M.L. Jenkins (2008)
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Left: experimentally observed trajectories of loops in ion-irradiated iron  (Yao and 

Jenkins). Right: trajectories of motion simulated using Langevin dynamics, taking into 

account interaction with the “invisible” vacancy clusters. Loops sizes match those 

observed experimentally. 

Langevin dynamics simulations of interacting nano-loops

Phys. Rev. B81 (2010) 224107

experiment simulation
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Loops do not form instantaneously    1/30th sec frames
Fe irradiated with 100 keV Xe+ ions

Time evolution of loop formation

Z. Yao et al., Philos. Mag. 88 (2008) 2851
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The low dose rate limit. Defects diffuse independently and are  

eventually absorbed by the pre-existing line dislocations. 

Interaction radius

The dose rate effects
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The high dose rate limit. Defects interact, form clusters and rafts, 

and eventually form microstructure different from the microstructure 

formed in the low dose rate limit.

The dose rate effects
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Dose rates characterizing various types of irradiation:

• Electron irradiation in an ultra-high-voltage electron microscope 

(3 MeV electron irradiation, Osaka University, Japan)           

10-3 dpa/sec ( = 80 dpa/24 hours).

• Ion irradiation in an in-situ electron microscope facility (Argonne 

National Laboratory, USA)                                       

8·10-4 dpa/sec ( = 70 dpa/24 hours) 

• Ion irradiation facilities (e.g. JANNUS at CEA Saclay, France)  

10 to 100 dpa/24 hours

• Neutron irradiation typically involves much lower dose rates: 

0.1·10-6 to 1·10-6 dpa/sec ( = 0.008 to 0.08 dpa/24 hours)

The dose rate effects.
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Dose rate effects ( = effects of interaction between radiation 

defects) are observed even for neutron irradiation 

F.A. Garner, presentation given in June 2006

seven different dose rates

Low dose rate → high 

radiation swelling

Dose rate: 10-6 dpa/sec

= 0.08 dpa/24 hours)
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Dislocation loop structures formed in Fe under ion irradiation.

Ordered dislocation loop structures formed in ultra-high pure Fe irradiated 

with 150 keV Fe+ ions at 300K up to the dose of 1019 ion/m-2 (~6 dpa).

Z. Yao and M.L. Jenkins (2008)
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Simulated dynamics of interacting nano-dislocation loops. Loop mobility 

matches that of in-situ observations. The simulation cell is ~500nm across.

Langevin dynamics simulations of interacting nano-loops

Phys. Rev. B81 (2010) 224107
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The dose rate effects in ion implantation hardening

Total dose is 0.6 dpa 

in both cases

6 x 10-4 dpa/s

3 x 10-5 dpa/s

C. Hardie et al. (2012)
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Temperature dependence of irradiation-induced microstructure

X. Yi et al. (2012)
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Temperature dependence of irradiation-induced microstructure

X. Yi et al. (2012)
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A. Meinander et al. (2012)

A 100 keV cascade in tungsten

Self-interstitial 

atoms

Vacancies and 

vacancy clusters
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• Defect yield

The ratio between the number of visible loops per unit area and the number 

of ion impact events in the same area.

• Cascade efficiency

The ratio between the number of vacancies retained per visible loop and the 

number of vacancies produced by a single ion impact according to SRIM 

calculations. In this experiment, the SRIM estimate is 1172 vacancies/ion.

•Note – see next slide – that the number of visible defects produced in a 

cascade, according to observations, is less than 3% of the NRT dpa value.

Temperature dependence of irradiation-induced microstructure
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Temperature dependence of irradiation-induced microstructure

X. Yi et al. (2012)
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• The relevant variables are:

1. Dose

2. Dose rate

3. Temperature

4. Initial microstructure

• The relevant observables are:

1. Concentrations of transmutation products (these are relatively easy 

to derive from nuclear data)

2. Defect types (e.g. Burgers vectors of defects) and the topology of 

defect structures

3. Real space distribution of defects produced by irradiation

4. The visible defects

5. ….

The relevant variables and observables

This information is required as input for models describing microstructural 

evolution. Microstructural evolution models can then be used to compute 

and predict embrittlement, swelling, creep, loss of thermal conductivity etc.


