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Some Definitions -1 
I. particle fluence, (unit area)-1 

a) depends only on irradiation source term and can be quoted at a point 

or averaged over a surface or volume 

b) often quoted as a free-field particle fluence but the actual fluence will 

be modified by particle absorption and scattering when a test object is 

in place – i.e. material perturbs local flux 

II. absorbed dose 

a) depends on: 

1. particle fluence 

2. particle type 

3. particle energy spectrum 

4. material 

b) not dependent on: 

1. exposure conditions such as T, mechanical loads 

2. previous dose  or dose rate 
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Some Definitions -2 
III. damage correlation parameter 

a. at a minimum depends on 

1) particle fluence / absorbed dose 

2) specific damage parameter being monitored: e.g. electrical resistivity, 

swelling, hardening 

b) successful application will depend on: 

1) damage rate and previous damage 

2) exposure conditions such as T, mechanical loads 

3) dopants, alloy elements, and impurities in material 

4) previous damage, thermomechanical treatment 

5) correlated damage mechanisms such as transmutation production 

– notably helium and hydrogen 

– solid transmutation products can also be significant, e.g. silicon 

production in aluminum where φth=2.5x1026 n/m2 (~6 months in 

HFIR) converts 1% of Al to Si 

Illustrate difference between dose and exposure parameter: 

Norwegian and Australian models in Hawaii 
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What is dpa? 
• based on a measure of absorbed dose, specifically the 

energy per atom of kinetic energy absorbed by a material 

• the NRT or modified Kinchin-Pease model provides a what 

of estimating the number of stable atomic displacements 

(Frenkel pair) produced by the excess kinetic energy: 

nNRT=0.8·Td / (2·Ed) 

• the NRT was developed to specifically enable the direct 

comparison of very different irradiation environments, e.g. 

reactor spectra with very different thermal-to-fast neutron 

flux ratios, and charged particle irradiation with neutron 

irradiation 

• no one ever believed it predicted the “right” number of FP 



ornl 

 



ornl 

 



ornl 

 



ornl 

for neutron irradiation a standard dpa cross section for iron has been 

developed based on physical nuclear scattering cross sections and the 

assumptions from the NRT model about defect production, from ASTM 

E683 

see ASTM E683 
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Compare MD results to NRT dpa 

Finnis-Sinclair 

potential 

Note: temperature 

dependence see Stoller 
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Typical neutron and iron pka energy spectra 
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MD results: averaged over neutron (pka) 

energy spectrum 
T=100K 

 Finnis-Sinclair 

potential 

Absorbed energy 

Significance to 

damage correlation? 
see Stoller and 

Greenwood 
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Variation in possible exposure parameters: 

RPV pressure vessel thru-thickness 

Stoller and Greenwood, ASTM STP 1405, 2001 
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Damage function analysis or cross sections 

• damage function analysis slightly predated the NRT dpa 

• objective was to provide effective cross sections to 

permit comparisons of different irradiation environments 

• developed in a similar way to how other cross sections 

are developed 

– try to determine which part of neutron energy spectrum was 

responsible for the specific radiation effect of interest, such as 

hardening or embrittlement 

– multiple irradiations in different environments 

– unfolding schemes to obtain the cross section 

(see references on next slide) 
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A few damage function references 

• REFERENCE: Serpan, C.Z., Jr., ''Damage-Function Analysis of Neutron-

Induced Embrittlement in A302-B Steel at 550 F (288 C)," Effects of 

Radiation on Substructure and Mechanical Properties of Metals and Alloys, 

ASTM STP 529, American Society for Testing and Materials, 1973, pp. 92-

106 . 

• REFERENCE: Yoshikawa, H. H. "Materials Performance Prediction from 

Irradiation Test Data," Effects of Radiation on Substructure and Mechanical 

Properties of Metals and AlIoys. ASTM STP 529, American Society for 

Testing and Materials, 1973, pp. 337-348. 

• REFERENCE: Simons, R. L., "Neutron Energy Dependent Damage 

Functions for Tensile Properties of 20 Percent Cold-Worked Type 316 

Stainless Steel," Irradiation Effects on the Microstructure and Properties of 

Metals, ASTM STP 611, American Society for Testing and Materials, 1976, 

pp. 181-192. 

• REFERENCE: Gold, R., Lippincott, E. P., McElroy, W. N., and Simons, R. 

L., "Radiation Damage Function Analysis," Effects of Radiation on Structural 

Materials. ASTM STP 683, J. A. Sprague and D. Kramer, Eds., American 

Society for Testing and Materials, 1979, pp. 380-401. 
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Complexity of general form of damage 

function (Gold, et al. reference) 

• P is property being measured as a function of time, t, 

temperature, T, neutron fluence, F, and metallurgical (such as 

composition) variables, ai 

• G is damage function, analogous to cross section 

• F(E,t) is neutron flux 
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Representative Damage Functions 

RPV embrittlement 

Serpan reference – note how similar it is to dpa cross section 
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Representative Damage Functions 

316SS total elongation 

Simons reference 
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Compare HFIR and EBR-II 

data 

1 – vs dpa 

2 – vs (dpa*He/atom)0.5 

Representative Damage Functions 

total elongation 

Simons reference 
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Summary/Comments 

• each radiation-induced effect depends sensitively on a 

range of irradiation and material parameters 

• this works against development of a universal exposure 

parameter 

• MD simulations have advanced understanding of many 

details of displacement production, their results are not 

“right” either but are within 20 to 40% of the NRT 

displacements 

– generally consistent with cryogenic measurements of displaced 

atoms using resistivity change per FP 
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• Damage accumulation 

– primary damage provides source term only 

 commonly used, e.g. GFP=hGNRT(1-fcl) 

– microstructural evolution requires models such as: 

 mean field reaction rate theory 

 various Monte Carlo methods 

 models integrated with coarser length scale models 

• the expectations of a replacement for the NRT dpa need 

to be carefully thought out – see slides (2) and (3)  

– a measure of dose? should not be function of T, dose rate, ... 

– a damage correlation parameter? many “new-dpa” required, all 

functions of many parameters 

– who is the customer and for what purpose? ... scientists? ... 

nuclear industry?  

 


