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Summary of the caracteristic simulation
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The IRRAD MODULE: concept of PKA @ERIA

Q Upon interaction with a neutron, an atfom can be
kicked out of its lattice position if the energy
transferred is superior to the threshold displacement
energy Ey

L 65

The spectrum of primary knock-on atom (PKA)
represents the distribution of atom displaced Fe
with respect to its kinetic energy transferred

from the neutron.

EreczFD,n'l' FD,e + FD,nr

/ I Nuclearreaction  *'

Damage energy deposited energy

(A®) ABiaua juawade|dsip pjoysaiyl

Electronic deposited
energy

100 410 210 430 110

P. Olsson et al., Material Research Letters, 4,219,

(2016)
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The IRRAD Module
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* input : grouped neutron spectrum

with E.. = 20 MeV
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differential cross-section :

probability to transfer Ep¢, to struck atom
the incident neutron of energy E,, by

reaction channel k
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How to measure the iradiation damage ¢

A Norgeftt Robinson Torrens displacement per atom (NRT-
DPA) measure the level of iradiation considering
binary collision model including ballistic processes
leading to recombination.[1]

T, <E,

N, (T,)= E,<T, <2E,/0.8

, 2FE,/08<T, <w
/ZEd d Td

Less damage

due fo PKA kinetic energy
recombination

[1] Norgett, M.J., M.T. Robinson and |.M. Torrens (1975), “A proposed method of
calculating displacement dose rates”, Nucl. Engr. and Design, 33(1):50-54.
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Towards a redlistic representation of primary

damage
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Damage produces during irradiation is
significantly lower than the one predicted
by NRT dpa.

— Molecular Dynamics calculation

~[Stoller JNMQOOO]

. |
R ¥
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200 fs: creation of large amount of
damage corresponding to NRT dpa.
Few ps: Heat spike creating a liquid-
like region of high kinetic energy
followed by recrystallisation —
athermal recombination fewer
defect

Several s: cascade annealing
perform with Kinetic Monte Carlo to
account for thermal recombination
of defects: cascade escape.

SOTERIA Training School - September 2018 - Polytechnic University of Valencia /o)

ERIA



The Convolve module

+ PKA-spectrum — damage energies spectrum : Lindhard model for electronic losses
IRRAD
Egam= Epra+ &,
£ =f(Aq, Ay Z4, Z5), 1: PKAatom, 2: target atom
semi-classical model whose results are given in the documentation
» cascade database — 4 choices for"cascade_origin“ RPV-1, RPV-2, BCA, SCK_AMS
— Eascage € {5 keV, 10, 20, 30, 40, 50, 100 keV} for RPV-2DB
\ — T € {333 K, 423 K, 573 K}, but weak influence for a-iron
:AT]EErdlmmga]
‘ LONG_TERM ‘ & \ |- » the remaining 2 keV are assumed to

5 i . ff E produce Frenkel pairs only,

= n-1 \ s according to the Bacon-Calder model:

s s N =a EP

E-:arra-;a [ke.l'“'r] :""-" E:Iamaga =72 keV
e | b

é E;;fagg‘ee”new % Source term Gin) — | » the “MD“-damage rate G, is obtained

- 5 by Gyp=2n-G@)

; I = ] I e o

= g . .

Number of defects in the chister & Nbr of defectsn the cluster| ~ comparson Wlt_h Ghrr

calculate the ratio

calculate dpa cross-section
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Rate Theory and CRESCENDO Sub module

annealed source term from CONVOLVE

Recombination

Emission @ L
° | emission

| emission
Tro
o A+ & Tem) T,
Emission "
v luster W emission W emission
I cluster sinks absorption

. @ hilation

MJer i viennde cliusteal

+ treatment of mixed cluster in MFVISC and CRESCENDO :

Cu cluster

C(n)—C(n, p), p: nbr of solute atoms in the cluster
Migrati dC(ﬂ, p _ G
dt §

—B((n, p).(+1,0/1) -C(n, p)

+B((n +1,p),(£1,0/1))-C(n £1,p)

+ 2 A((ln-m,p-q).(m,q)-Cn—m,p-q)-C(m,q)
all(m, q)

- Z A((ﬂ, p): (ms (D) ' C(ﬂ, p) ' C(ms q)

all{m, q)
—sinks

* solute species can only be mobile if associated to a single defect — (1,1) and (-1,1)

« consistently, only single defect or single defect-solute pairs can be emitted
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Rate Theory and CRESCENDO Sub module

calculation of the absorption coefficient B of an m-cluster by an n-cluster:

A ]
Cn(r
- ”ﬁ )_ - _: ——————————————— Cn(medium)
‘ IRRAD ‘ :
|
|
|
CONVOLVE
(n) « dist ¢
cluste R*(n,m) istance
(capture radius)
solving diffusion eq. in the stationnary state
m-clusters current: ] =-D-grad(C,)
\ m-clusters flux at the capture radius R ¢ = . ,}j .dS = 4TCR*DmCm (medium)
I
HARD » absorption coefficient depends on the capture radius and the diffusion coefficient
B(n,m)=41RD,,
» a common model for capture radius is R'(n,m) = Z,[R(n)+R(m)+R],
* Arrhenius’law D :Dﬂexp[—E—_’E] — need of migration energies

» emission coefficientare Boltzmannian : A(n,m) = p B(n,m) exp(-Eg(n-m, m)/kT)
— need ofbinding energies
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Rate Theory and CRESCENDO Sub module

+ forbinding energies (neededforemissionrates) of clusters it uses ab initio
results for small clusters and extrapolation forlarge ones

‘ IRRAD ‘ + size of resolution domain fora mixed cluster calculation =

2 x max_nbr_of self defects in_clusters x max_nbr_of solute atoms_in_clusters

— far too large, if we want to treat some hundreds ofthousands of self-
defects mixed with some hundreds of solutes

‘ CONVOLVE ‘ — uses of Fokker-Planck formalism to discrete and continuous solving of the
equation for very large clusters

number of
' solute atoms (p)

equation system]resolution domain

- An=1 AN number of
- > 4—1 self-defects (n)
HHHH—— I=
V . s o« "
‘ HARD ‘ “discreet continuous
part part

— some parameters related to this transformation and to the resolution
numerical scheme can ne changed by (very) expert users
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Tuning Rate Theory effective parameters
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Behaviour for Zi | :

Zi | = abs of ml by I-clust | = Ci 1 = abs of mV by I-clust 1 = C(nV) [for all n
(4TTRDCiC(nV) 1)
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Tuning Rate Theory effective parameters

T T T
"SANS_SDF _PureFe_198ndpa.txt™ ——
"wolume_fraction_Enl. 25 _Fil" —+—
"wolune_fraction_Enl,1_Zil" —%—
"wolume_fraction_Enl_Fil" —H&—
8,06 "wolume_fraction_EnB.9_Fil"
= "wolume_fraction_EnB.8_Fil" —&—

Behaviour for E, | :
E,l = absofVbyV-clust| = n1andC(nV) |

o
Q 05/09/2018 SOTERIA Training School - September 2018 - Polytechnic University of Valencia 12



Obtain Crifically Resolved Shear Stress (CRSS)

from microstructural data

Orowan Bacon model for
Impenetrable obstacles accounting
for dipole interaction between
bending dislocation lines.

__(InD'/b *% b In(l/b)
%~ \Inl/b [ 2m

D: diameter of obstacle.
C: concentration of obstacle.
| is defined as 1/v(DC)

— E 2
Ttotal = TOB,i

| running over all interstitial and vacancy
clusters

G. Adjanor, et al., Journal of Nuclear Materials,406, 175 (2010)

all clusters are Orowan precipitates (with a self and mutual
dipole interaction correction from the Bacon et al. model). Note
that this assumption may lead to an overestimation of the pin-
ning force in the case of copper precipitates and interstitial clus-
ters and to an underestimation in the case of voids which seem
to constitute the major source of hardening in typical irradiation
conditions,

the diameter of the clusters D is taken as spherical in all cases.
This is actually the case for cavities, precipitates and heteroge-
neous precipitates, which are known to form atmospheres
around cavities, but it is not the case for interstitial loops. Nev-
ertheless, this approximation may not be too severe as their
number density is small compared to that of cavities, and, again,
because loops are also much weaker obstacles than cavities.

G. Adjanor, et al., Journal of Nuclear Materials,406, 175 (2010)
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