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a b s t r a c t 

In this work, the Cu clustering in Fe under irradiation is investigated using experiments, cluster dynamics 

and atomistic kinetic Monte Carlo (AKMC) simulations. In experiments, cast iron and model FeCu alloy 

samples were irradiated with 2 MeV electrons for 143 h at 140 °C. The post-irradiation microstructure 

was characterized using atom probe tomography. Cluster dynamics and AKMC methods were used to sim- 

ulate the Cu clustering under the same irradiation conditions. Both simulation methods show satisfactory 

agreement with experiments, lending strength to the validity of the models. Finally, the Cu clustering in 

spent-fuel repository conditions for 10 5 years at 100 °C was simulated using both methods. The results 

indicate that potential hardening by Cu clustering is insignificant over 10 5 years. 

© 2022 The Authors. Published by Elsevier B.V. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

The current design of canisters for the spent-fuel final reposi- 

ory in Sweden considers the use of a load-bearing cast iron in- 

ert surrounded by a tight copper shell. Copper is meant to pro- 

ect the canister against corrosion in the repository underground 

nvironment, whereas the cast-iron insert provides the mechan- 

cal strength to bear the external stresses the canister might be 

xposed to during its hundreds of thousand-year long task. It is 

ecessary to ensure that the mechanical strength is maintained, so 

hat any loss of radioactive substances to the environment is pre- 

ented. One of the possible threats might come from the effects of 

he radiation emitted by spent fuel. Cast iron can contain low but 

on-negligible amounts of Cu and it is well known from neutron 

rradiation in reactor pressure vessel (RPV) steels that a weakly su- 

ersaturated Cu content is sufficient for the formation of small Cu- 
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ich nano-precipitates, which in turn are responsible for hardening 

nd a ductile-to-brittle transition temperature (DBTT) shift [1] . In 

he canisters, a weak but non-negligible flux of Frenkel pairs (FP) 

s produced by high-energy electrons that are generated through 

ompton scattering induced by the spent-fuel gamma radiation. 

n any ordinary application, weakly supersaturated alloys and very 

eak radiation fluxes would not lead to any significant changes 

n mechanical properties, but for the spent fuel canisters the total 

ifetime is so long that one cannot dismiss the potential damaging 

ffects off hand. The canister integrity in the long-time perspective 

an be affected by the spent fuel radiation and is a potential risk 

hat needs to be properly assessed. 

Irradiation-enhanced and induced precipitation of Cu in Fe has 

een extensively studied for RPV steels, both experimentally and 

n the modeling side (see [2–6] for a review). However, the dif- 

erence in temperature between RPV operation (300 °C) and the 

epository environment (about 100 °C for the first few hundred 

ears, slowly decreasing towards the bedrock temperature) ham- 

ers the transferability of those studies to the canister case. The 
nder the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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Table 1 

Nominal composition of the materials used 

in the irradiation experiment. 

Element (at.%) Cast iron FeCu alloy 

Cu 0.028 0.079 

Mn 0.141 0.01 

Ni 0.329 < 0.005 

C 14.6 < 0.01 

P 0.039 0.011 

Si 3.96 0.01 

Fe balance balance 
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ifference in temperature has the significant effect of slowing 

own diffusion drastically but at the same time leads to stronger 

riving force for Cu precipitation due to the enhanced supersat- 

ration. Some theoretical studies were specifically devoted to this 

ssue. In Ref. [7] , the damage rate on the canister wall was found to

e excessively small for any mechanical property change to be vis- 

ble. However, in this work the possibility of Cu precipitation was 

ompletely disregarded. Later, Brissoneau et al. [8] calculated dam- 

ge rates based on typical spent fuels, and predicted the formation 

f Cu precipitates in the first few years of storage, suggesting a pre- 

icted maximum limit of 0.05 at.% Cu to avoid the embrittlement 

ffect. A more recent cluster dynamics study [9] confirmed the for- 

ation of small but diffuse Cu nanoprecipitates, showing that the 

nset of precipitation in the model is very sensitive to the low- 

emperature Cu diffusivity in iron, a parameter that is difficult to 

ssess accurately. 

The Cu-content threshold of 0.05 at.% suggested by Ref. 

8] should be taken, consequently, as an indication of a potential 

isk where further supporting experiments and modeling studies 

re needed. Notably, two strong limitations need to be addressed. 

irstly, Cu diffusion data are extrapolated from high-temperature 

easurements, and the obtained Cu diffusion coefficient is in 

trong disagreement with recent low-temperature studies [ 10 , 11 ]. 

urthermore, the gamma energy of the main emitter (Cs-137) pro- 

uces Compton electrons that can maximally transfer just below 

he average displacement threshold in pure iron; however, the 

odel in [8] does not account in a clear way for the possibility 

f sub-threshold displacements, which are possible in some pref- 

rential lattice directions [12] . 

The aim of this work is therefore to compensate for the lack 

f experimental data on Cu precipitation in the canister insert, by 

erforming specific electron-irradiation experiments on cast iron 

nd a Fe-Cu model alloy. The experimental results are then sup- 

orted by a thorough modeling of Cu precipitation kinetics at low 

emperatures, where the sensitive parameters (Cu diffusivity and 

ub-threshold displacements) are carefully assessed. Electron irra- 

iation is chosen because it produces single Frenkel pairs (FPs) and 

hus mimics well the effect of gamma radiation on the canister 

aterial. With respect to the repository conditions, in the experi- 

ent the Cu precipitation kinetics is accelerated by both inducing 

 higher defect population, and by slightly raising the irradiation 

emperature (140 °C), to accelerate the diffusion while inducing 

nly minimal changes in the alloy thermodynamic and magnetic 

roperties. 

The experiments are modeled with a combination of cluster 

ynamics and atomistic kinetic Monte Carlo (AKMC) simulations. 

irstly, the experimental damage rate is carefully assessed with the 

IEDMONT code [13] . This Monte Carlo code is developed specif- 

cally for electron-irradiation experiments on metallic samples. It 

rovides a precise estimation of total damage rates and spatial 

amage profiles in displacement-per-atom (dpa) units. It also in- 

ludes an improved formulation of the damage model that consid- 

rs the possibility for sub-threshold displacements [14] . 

Finally, cluster dynamics and AKMC simulations are used to cal- 

ulate the cluster size distribution of Cu atoms in iron under differ- 

nt irradiation conditions. The simulation results contain both the 

odel validation on the experimental results, and the simulation 

f real repository conditions. 

. Experimental details 

The experiments were performed at the SIRIUS electron irradia- 

ion facility at the Irradiated Solids Laboratory in Palaiseau, France. 

t is a high-energy electron Pelletron accelerator from NEC. In or- 

er to obtain a stable irradiation temperature of 140 °C, a current 
2 
f 20 μA, at an electron kinetic energy of 2 MeV, was used for the

rradiation. The samples were irradiated for 143 h. 

The irradiation was performed on two different alloys: a model 

eCu alloy ( ≈ 0.08 at.% Cu) sample, obtained from the REVE project 

15] , and three cast-iron samples ( ≈ 0.03 at.% Cu) taken from insert 

53 from Svensk Kärnbränslehantering AB (SKB). The nominal com- 

ositions are shown in Table 1 . From the atom probe tomography 

APT) analysis, the FeCu alloy had 0.082 at.% Cu and 0.079 at.% Cu, 

n the samples before and after irradiation, respectively. The APT 

nalysis of the cast iron samples was very challenging and only 

ne tip gave any useful statistics. From this sample, the measured 

omposition was 0.007 at.% Cu, which is lower than the nominal 

ne. The difference in absolute terms is understandable from the 

mall samples size. Besides the difference in Cu content, it is worth 

oticing the difference in C and Si composition between the two 

lloys. All samples were identical in dimensions (16 × 4 × 2 mm 

3 ) 

nd were mounted during irradiation in the same beam line. 

The post-irradiation microstructure was then characterized by 

PT using a wide-angle local electrode atom probe (Imago LEAP 

0 0 0X HR), with a detection efficiency of 37%, at Chalmers Univer- 

ity of Technology, Sweden. The analysis of the model FeCu alloy, 

arried out as well on non-irradiated reference samples, was per- 

ormed in voltage-pulse mode with a pulse fraction of 20% and a 

ulse frequency of 200 kHz. The sample temperature was 70 K, 

nd the DC voltage was regulated to keep an evaporation rate of 

.5% (ions/pulse). The cast iron was analyzed in laser-pulse mode 

pulse energy 0.3 nJ, temperature 50 K, pulse frequency 200 kHz 

nd evaporation rate 0.5%), as several attempts of using voltage- 

ulsing gave no useful data. 

The APT data was evaluated using the software IVAS 3.4/3.6. 

he reconstructions were made using the voltage method. For the 

odel FeCu alloy analyses the reconstructions were calibrated us- 

ng the (200) and the (110) poles in the detector hit maps and 

he corresponding interplanar spacings, using an evaporation field 

f 33 V/nm. For the short cast iron analysis, poles could not be 

dentified, so the reconstruction was made using default parame- 

ers, and a field of 25 V/nm. In addition to atom maps, the cop- 

er distribution was analyzed using the radial distribution func- 

ion (RDF), the nearest-neighbor distance distribution (NNDD) and 

he clustering algorithm maximum separation method (MSM) [16] . 

he RDF is constructed as the bulk-concentration normalized aver- 

ge of the radial concentration profiles centered on each Cu atom. 

f there is clustering, the concentration (or the relative concentra- 

ion) will be high at very short distances. The NNDD plots the dis- 

ribution of distances between Cu-Cu nearest neighbors, and the 

esults are compared with the same distribution calculated from a 

andomized dataset (with the same atom positions as in the ex- 

erimental dataset, but with the atom identities exchanged at ran- 

om). A tendency to clustering is found if the experimental NNDD 

s shifted towards shorter distances compared with the random- 

zed NNDD. The MSM algorithm, incorporated in the IVAS software, 

orresponds to the standard algorithm for clustering analysis [16] . 

owever, it should be noted that as there is no strict cluster defini- 
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ion, the choice of the algorithm parameters is somewhat arbitrary. 

n the present study, the parameters were chosen as d max = 1.2 nm 

nd N min = 5, where d max is the maximum separation parameter 

i.e., atoms closer than this distance are considered as a part of 

he same cluster), and N min is the minimum number of atoms to 

e considered as clusters. 

. Modelling details 

.1. Dose estimation 

The model validation of experiments requires a proper calcu- 

ation of the damage dose and dose rate. The total dose was dis- 

ributed on four samples. 

The damage dose rate is estimated by PIEDMONT, a random 

alk-based Monte Carlo code that simulates the propagation of 

lectrons in metals by a sequence of electron-nucleus elastic in- 

eractions, and allows for an accurate computation of the damage 

ate. A detailed description of the code can be found in [13] . In

ron, the average threshold displacement energy (TDE) is 32 eV 

ased on ab initio molecular dynamics (MD) calculations [12] , and 

he scattering cross section for 2 MeV electrons is 50 barn [17] . 

ollowing the NRT dpa formula [18] , this yields an approximate 

ose of 7.0 × 10 −4 dpa. For a total irradiation time of 143 h, the

esulting irradiation rate is 1.37 × 10 −9 dpa/s. However, there are 

ell-known overestimation issues with estimating the damage rate 

sing the NRT model [ 14 , 19 ]. Recent ab initio molecular dynamics

alculations [12] have also shown a strong angular anisotropy. This 

eans that the displacement probability at each collision varies in 

 continuous manner between 0 and 1 across a relatively wide en- 

rgy range, from approximately 18 to 65 eV. The predicted mini- 

um of 18 eV [12] is consistent with previous experimental evi- 

ences [ 20 , 21 ]. In order to account for this sub-threshold displace-

ent probability, a full energy range primary damage model [14] is 

ncluded in the PIEDMONT code. 

This full energy range model [14] is of particular importance 

o apply for radiation-matter interactions where the energy trans- 

er is near the TDE. This is the case for the canister cast iron ex-

osed to the spent-fuel gamma radiation. For example, the Comp- 

on electrons created by the gamma rays of the main emitter (Cs- 

37) can provide a maximal energy transfer to the primary knock- 

ut atoms of about 27 eV, which is below the theoretical average 

DE value of 32 eV and well below the standard average TDE liter- 

ture value of 40 eV [22] . Thus, even though according to the tra-

itional displacement models [ 18 , 23 ] and to the more recent ather-

al recombination corrected model [19] there should be no dam- 

ge, the possibility of sub-threshold displacements below 32 eV is 

rucial and needs to be carefully evaluated, especially considered 

hat even a small amount of damage can accumulate to large quan- 

ities over the expected fuel-canister life span. Under the exper- 

mental irradiation conditions (2 MeV electrons), the PIEDMONT 

ode with the aforementioned modified damage model [14] yields 

 total dose of 9.3 × 10 −4 dpa and a corresponding dose rate of 

.81 × 10 −9 dpa/s, hence about 30% higher than the simplified es- 

imation (1.37 × 10 −9 dpa/s). This corrected result is used as input 

arameters for the cluster dynamics simulations. 

.2. Cluster dynamics model 

Cluster dynamics describes the formation and evolution of de- 

ects and solute atoms in materials based on the rate-theory 

ethod. It is often used to model the irradiation-induced evolu- 

ion of material over long time-scales. Cluster dynamics is based 

n a mean-field approach, in which it is assumed that the point- 

efect production and annihilation take place continuously in time 

nd space, and that all defects are uniformly distributed in the ir- 
3 
adiated volume. In this approach, the production, diffusion, and 

nnihilation of defects are modeled by a set of coupled ordinary 

ifferential equations that describe the kinetics of the reaction be- 

ween point defects and other microstructural features. With such 

escription, the microstructure evolution can be simulated up to 

he time scales of the present irradiation experiment and beyond. 

The aim here is to build up a cluster dynamics model for 

he vacancy-assisted diffusion of Cu atoms and their clustering. 

lectron irradiation, either from gamma driven Compton scatter- 

ng or directly from an accelerator, creates isolated FPs and self- 

nterstitial atoms (SIAs). Given the low damage rate, the dominant 

erms for the defect population evolution are mutual recombina- 

ion and diffusion towards sinks. The defect populations are de- 

cribed by the following equations: 

d C v 

d t 
= R d ( 1 − k CP ) − k r C v C i − D v Z v ρd C v 

d C i 
d t 

= R d ( 1 − k CP ) − k r C i C v − D i Z i ρd C i (1) 

here, C δ ( δ = v, i for vacancies and SIAs, respectively) is the 

efect concentration; R d is the defect production rate; k r is the 

ecombination coefficient; D δ is the defect diffusivity; Z δ is the 

apture efficiency by dislocations; ρd is the dislocation density; 

nd k CP is the close-pair recombination factor, i.e., the fraction of 

renkel pairs that recombine nearly immediately after the ballistic 

vent and does thus not contribute to the long-range atomic diffu- 

ion. 

The migration of copper atoms occurs essentially only by the 

acancy mechanism [ 24 , 25 ], since the interaction between Cu so- 

utes and self-interstitial defects in iron is repulsive or negligible 

 26 , 27 ]. Di-vacancies or larger clusters are very unlikely to form 

irectly in the damage events given the low energy transfer, and 

re also very unlikely to form during ageing given the very dilute 

efect conditions. Interstitial clusters are also very unlikely to form 

nd would have insignificant effect on the Cu diffusion. However, 

he existence of interstitials can alter the Cu solubility limit and 

ffectively raise the Cu solution energy [28] . The copper diffusivity 

nder irradiation can be estimated as [29] : 

 Cu = D 

th 
Cu 

C v 

C th v 

(2) 

here, D 

th 
Cu 

and C th v are the copper diffusivity and vacancy con- 

entration in thermal (non-irradiated) conditions, respectively. The 

hermal diffusivity of Cu can be written as [29] : 

 

th 
Cu = D 0 exp 

(
−E act 

Cu 

k B T 

)
(3) 

here, D 0 is the diffusion prefactor and E act 
Cu 

is the copper activa- 

ion enthalpy by vacancy exchange, given by the sum of vacancy 

ormation enthalpy and effective Cu migration enthalpy. These pa- 

ameters can be obtained either by fitting on experimental data, or 

y first-principles calculations. 

For dilute alloys such as the ones considered in this work, the 

ucleation and evolution of Cu clusters is described by the follow- 

ng cluster-dynamics model [30] : 

dC n 

dt 
= β( n −1 ) C n −1 + α( n + 1 ) C n+1 − [ β( n ) + α( n ) ] C n ( for n ≥ 2 ) 

(4) 

here, β(n ) and α(n ) , the growth and shrinkage rates of a cluster

f size n , are given by: 

( n ) = 4 π
(

3 V at 

4 π
n 

)1 / 3 D Cu C Cu 

V 

(5) 

at 
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nd 

( n ) = 4 π
[ 

3 V at 

4 π
( n − 1 ) 

] 1 / 3 D Cu C 
lim 

Cu 

V at 
exp 

{
Aσ

k B T 

[
n 

2 / 3 − ( n − 1 ) 
2 / 3 

]}

(6) 

The equation controlling the concentration of monomers 

 n = 1) can be written as: 

d C 1 
d t 

= 

∞ ∑ 

n =2 

α( n ) C n −
∞ ∑ 

n =2 

β( n ) C n − 2 β( 1 ) C 1 + α( 2 ) C 2 (7) 

In the previous equations, A = ( 36 π) 1 / 3 V 2 / 3 at , and V at is the 

tomic volume in the precipitate, assumed to be equal to the bulk 

tomic volume in Fe. σ is the surface energy of a precipitate, 

hich in case of spherical precipitates is given by: 

= 1 . 08 

k B 

a 2 
0 

T ′ c 

(
1 − T 

T ′ c 

)
, with T ′ c = 

� − T S nc 

2 k B 
(8) 

here, S nc is the non-configurational energy; � is the Cu solution 

nergy; C Cu is the total Cu concentration per lattice site; C lim 

Cu is the 

u solubility limit in Fe and a 0 is the Fe bulk lattice parameter. 

With this model, it is possible to obtain the irradiation-induced 

volution of the mean cluster radius and number density as a func- 

ion of time. The numerical parameters implemented in the model 

re listed in Table 3 . Grain boundaries are not considered in this 

odel. The Gear predictor corrector algorithm is utilized as inte- 

ration technique. For the short-time simulations of electron ex- 

eriment (7 days), the time step is 10 −4 s. For the long-time sim- 

lations of spent-fuel storage (up to 10 5 years), the time step is 

.5 s at the beginning and 1 s after 5 years. The spent-fuel irradi-

tion condition is the G4 condition (burn-up of 60 GWd per ton of 

ranium) in Ref. [8] for direct comparison. The total damage over 

0 5 years is estimated to be 3.85 × 10 −7 dpa. 

.3. Atomistic kinetic Monte Carlo simulations 

AKMC is an alternative approach to traditional continuum mod- 

ling where the microstructure evolution of a crystal is simulated 

ith a stochastic approach [31] . This method can handle relatively 

arge simulation cells (up to billions of atoms) in three dimen- 

ions and is therefore suitable for direct comparison to APT results 

 2 , 32 , 33 ]. 

In the present work, AKMC is used to simulate electron irradia- 

ion on both alloys with the LAKIMOKA code [34] and the MATEO 

ode [35] . The system evolution is driven by the creation of FPs 

nd the thermal diffusion of vacancies and SIAs, although only the 

acancy mechanism is effective for the displacement of Cu atoms, 

ue to the Cu-SIA repulsion [27] . The simulation time increment, 

elta t, is calculated using the traditional residence-time algorithm 

31] 

t = 

1 ∑ 


i 

, (9) 

here, 
i is the jump frequency and i runs over all possible transi- 

ions. The input parameters for the AKMC model are essentially the 

ame as for the cluster dynamics model but the atoms and defects 

iffuse on an actual lattice instead of as evolving mean concentra- 

ion fields. Central to the time evolution is the jump frequency 
, 

ritten as 

= ν · exp 

(−E m 

k B T 

)
, (10) 

here, ν is the attempt frequency, E m 

is the migration barrier for 

 given transition, k B is the Boltzmann constant and T is the tem- 

erature. The Cu concentration is conservatively set to 0.1 at.% for 

he model FeCu alloy, and to 0.05 at.% for the cast iron. For each 
4 
oncentration, the results are averaged over 10 independent runs 

ith different random seeds. The particular defect migration barri- 

rs encountered throughout the simulation vary depending on the 

omposition of the local atomic environment and are obtained us- 

ng the standard kinetically resolved activation (KRA) approach [2] , 

 m 

= E x m 

+ 

E f − E i 
2 

, (11) 

here, E x m 

is the migration barrier for an atom of species x, E f 
nd E i are the final and initial system energies after and before 

he particular transition. In this way, the local chemical environ- 

ent is taken into account in an effective manner that has proven 

obust for dilute systems [31] . The system energies are computed 

ith a pair-interaction cohesive model parameterized on ab ini- 

io data [36] . The simulations are run in three different supercell 

izes. The first one (a) is a 3800a 0 × 28a 0 × 28a 0 cell, with peri- 

dic boundary conditions applied on the short directions, and two 

ree absorbing surfaces set on the elongated direction to mimic 

efect sinks in a bulk lattice. These settings are chosen to re- 

roduce the equivalent sink strength of a dislocation density of 

0 14 m 

−2 . The absorbing surface-to-volume ratio in the simulation 

ell is equivalent to the ratio of dislocation surface over volume in 

hich the dislocation density is 10 14 m 

−2 . The dislocation is here 

egarded as a cylinder with a capture radius of 30 Å. We used 

AKIMOKA to perform the calculations in this supercell. The sec- 

nd and third supercell sizes are (b) 340a 0 × 340a 0 × 100a 0 and 

c) 340a 0 × 340a 0 × 300a 0 . The dislocation lines were added in 

he simulation cell to model the dislocation density of 10 14 m 

−2 . 

e used MATEO to perform the calculations in these supercells. 

izes (a) and (b) are used to simulate the Cu clustering under ex- 

erimental irradiation condition whereas (c) is used to simulate 

he Cu clustering under repository condition. 

. Results and discussion 

.1. Experimental results 

The Cu distribution in the FeCu model alloy before and after ir- 

adiation is shown in Fig. 1 . It is challenging to see evidence of 

u clustering with the naked eye, as is usual in the nucleation 

tage. However, when looking at smaller volumes such as in Fig. 2 , 

mall Cu clusters are visible. A statistical analysis was performed 

o obtain quantitative results. Fig. 3 shows the RDF relative to the 

ulk-normalized Cu concentration: the high post-irradiation value 

t short distances is a clear indication of Cu clustering. This result 

s confirmed by the NNDD analysis reported in Fig. 4 , namely by 

he shift towards shorter distances in the irradiated sample. The 

btained cluster number density, using MSM, is 6 × 10 23 m 

−3 in 

he irradiated samples, compared to the value of 0.2 × 10 23 m 

−3 

n the non-irradiated one. The largest detected cluster after irra- 

iation contained 14 atoms. Hence, considering the APT detection 

fficiency ( ≈ 37%), it should correspond to about 38 atoms, or a 

ure-Cu sphere of roughly 1 nm in diameter. Such size is below 

he resolution limit of most other microstructure characterization 

echniques. 

Concerning the characterization of the cast-iron samples, only 

ne APT specimen successfully provided sufficient statistical data. 

n this case, the APT analysis showed no clustering tendencies af- 

er irradiation. The obtained Cu distribution map is shown in Fig. 5 . 

he RDF, reported in Fig. 6 , seems to oscillate around 1, which also 

ndicates no clustering. However, since the statistical accuracy of 

his RDF is quite poor, it cannot be considered as fully reliable. It 

s worth mentioning that no carbon content was detected in this 

PT specimen, implying that the bulk carbon atoms were most 

ikely segregated to existing graphite nodules, dislocations or grain 
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Fig. 1. APT maps of Cu atoms in the non-irradiated and irradiated FeCu model alloy. 

Fig. 2. APT map of Cu atoms in a sub-volume (18 × 18 × 40 nm 

3 ) of the irradiated FeCu alloy, showing the presence of small clusters. 

Fig. 3. RDF of Cu-Cu atoms in the FeCu model alloy. The high frequency of short- 

distanced Cu atoms in the irradiated alloy indicates significant clustering. 

b

s

4

c

Fig. 4. Nearest-neighbor distance distribution (NNDD) for the irradiated and non- 

irradiated FeCu model alloy samples. The dashed lines mark the randomized data 

from each analysis. The irradiated material is characterized by shorter distances be- 

tween Cu atoms of each pair. 

t

s

4

c

oundaries. The presence of graphite is a likely cause of the low 

uccess-rate of the experiments on the cast-iron samples. 

.2. Cluster dynamics parameterization and results 

Cluster dynamics is a very parameter-sensitive method. The 

hoice of parameters is vital to yield reasonable results. In this sec- 
5

ion, we will firstly discuss the choice of the key parameters in our 

imulation. Then the simulation results will be presented. 

.2.1. . Cluster dynamics parameterization 

The close-pair recombination factor k CP is computed with a 

ombined MD-AKMC approach. Firstly, displacement cascades in 
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Fig. 5. APT map of Cu atoms in irradiated cast-iron, suggesting a random distribu- 

tion. 

Fig. 6. RDF of Cu-Cu atoms for the irradiated cast iron sample. No clustering is 

found. 
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Fig. 7. AKMC-computed fraction of surviving point-defects after short-range migra- 

tion, for increasing displacement cascade energies. Based on these results, the close- 

pair recombination factor k CP is set to 0.25. 

Table 2 

Comparison between two sets of parameters. The set A are the same as Ref. [29] , 

which were derived from experiments. The set B are from DFT calculations. The 

vacancy formation and migration energies are from Ref. [10] and the Cu diffusivity 

is from Ref. [38] . 

Parameter set A Parameter set B (DFT) 

Vacancy formation 

energy 

1.6 eV 2.1 eV 

Vacancy migration 

energy 

1.3 eV 0.7 eV 

Cu diffusivity 0 . 63 exp ( −2 . 29 /k B T ) cm 

2 /s 0 . 27 exp ( −2 . 55 /k B T ) cm 

2 /s 

t  

o

p

m

t

m

c

q

e
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e
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s
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R

t

ure iron induced by 2 MeV electrons are simulated using MD up 

o a few tens of ps, with a time step of 0.1 fs. These MD simula-

ions are based on the well-established Ackland potential [37] . The 

aximal transferable energy is 232 eV. Therefore, MD simulations 

re performed by varying the initial knock-out energy from 40 to 

32 eV, at 40 eV intervals. Afterwards, a large set of AKMC sim- 

lations are performed on the final MD configurations containing 

t least one stable FP. This is to estimate the fraction of surviving 

airs that recombines without performing any long-range migra- 

ion, thus being unavailable for driving Cu diffusion and clustering. 

his fraction can be removed from the defect generation rate. As is 

hown in Fig. 7 , the fraction of survived defects in the AKMC sim- 

lations ranges from 0.72 to 0.80 depending on the recoil energy. 

ence, a reasonable value of k CP = 0.25 is set for all calculations. 

In cluster dynamics and AKMC simulations, the vacancy forma- 

ion energy, vacancy migration energy and Cu diffusivity are also 

ey parameters. Table 2 compares two different parameter sets. 

hese parameters can be obtained either classically from inter- 

retation of experiments (parameter set A) which has often been 

sed in literature [ 8 , 29 ] or from DFT calculations (set B) [ 10 , 38 ].

t should be noted that the main differences between parameter 

et A and set B, which relate to the formation and migration ener- 

ies, has been extensively studied and seen to be linked to impu- 

ity levels in earlier experiments [39] . The difference in values can 

e readily explained by the carbon-vacancy interaction in iron. To 

etermine which set better reflects the here observed clustering 

volution, we compare the simulation results obtained from the 
6 
wo parameter sets in Table 2 . Fig. 8 a shows the simulation results

f Cu clustering under experimental irradiation condition for both 

arameter sets. The Cu solution energy � is set close to the experi- 

ental reference value. We note that with this choice of parameter, 

he predicted cluster sizes are significantly larger than the experi- 

entally observed one (which is approximately 0.5 nm in maximal 

luster radius). The main reason for the disagreement is that the 

uantities � and S nc provided by Ref. [29] were derived from the 

xperimental copper solubility C lim 

Cu = exp ( S 
nc 

k B 
) exp ( − �

k B T 
) at higher 

emperature, and then extrapolated down to 140 °C where no di- 

ect solubility measurement is available. The low-temperature Cu 

olution energy � provided by Ref. [29] can therefore be consid- 

red as affected by large uncertainties. It was thus decided to use 

he Cu solution energy as a tuning parameter, to reproduce the ex- 

erimental average cluster radius of 0.5 nm. As is shown in Fig. 8 b,

uch a goal was achieved by setting the � to 1.5 times the origi- 

al value in Ref. [29] . This value, 0.8 eV, coincides with the DFT 

redicted Cu solution energy [27] . We also note that, in Fig. 8 b,

oth parameter sets give much closer agreement with the here 

erformed experiments. The fully consistent DFT parameters (set 

) provide the closer prediction and will thus be used henceforth. 

Another parameter of importance, for which an unambiguous 

xperimental is not always available, is the dislocation density. 

hree different dislocation densities are used in our simulations. 

he first one is ρd = 10 12 m 

−2 from Ref. [8] , which allows for a

irect comparison with the results therein. The second dislocation 

ensity is ρd = 10 14 m 

−2 from Ref. [40] . This is supposed to be the

islocation density in the FeCu model alloy since the specimens in 

his work were taken from the same reference project as in Ref. 

40] . The third dislocation density is ρd = 5.5 × 10 15 m 

−2 from 

ef. [41] . This dislocation density was chosen for cast iron because 

he dislocation density in the cast iron samples was assumed to be 
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Fig. 8. Comparison between parameter sets; and a comparison between different Cu solution energy. The number densities of clusters are plotted as a function of cluster 

radius. The dislocation density is set to 10 14 m 

−2 . The Set A and Set B refer to the parameter sets in Table 2 . 

Fig. 9. The simulation results for various Cu concentration and dislocation densities under the experimental irradiation condition and temperature (140 °C) for 7 days. The 

number densities of clusters are plotted as a function of cluster radius. 

Table 3 

Parameters used in the cluster dynamics simulations. 

Damage dose rate R d 1.81 · 10 −9 dpa/s 

Cu solution energy � 0.80 eV [27] 

Non-configurational entropy S nc 0.866 k B [29] 

Cu diffusion coefficient D th Cu 0 . 27 exp ( −2 . 55 /k B T ) cm 

2 /s [38] 

Vacancy formation energy E f v 2.1 eV [10] 

Vacancy migration energy E mig 
v 0.7 eV [10] 

Vacancy diffusion prefactor D 0 v 1 cm 

2 /s [29] 

SIA formation energy E f 
i 

4.3 eV [29] 

SIA migration energy E mig 
i 

0.3 eV [29] 

SIA diffusion prefactor D 0 
i 

4 · 10 −4 cm 

2 /s [29] 

Dislocation 

density 

ρd 10 12 m 

−2 [8] 

ρd 10 14 m 

−2 (FeCu alloy) 

ρd 5.5 · 10 15 m 

−2 (Cast iron) 

c

e

f

a
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c
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4
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s

s
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a
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a
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h

o

t
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t

a

omparable with other cast-iron types. Formation and migration 

nergies of interstitials are the same as in Ref. [29] . Finally, values 

or the Fe-Cu mixing energy (both the solute segregation energy 

nd the non-configurational entropy S nc ) and the point-defect re- 

ombination factor are taken from [29] . 

The parameterization of the cluster dynamics simulation is thus 

omplete. The resulting numerical parameters implemented in the 

odel are listed in Table 3 . 

.2.2. Cluster dynamics results 

We modelled the clustering of Cu in Fe under the experimen- 

al irradiation condition for 143 h at 140 °C. Fig. 9 shows the re-

ults with different Cu concentrations for different dislocation den- 

ities. It shows that the effect of dislocation density on the clus- 
7 
ering is insignificant when the dislocation density is relatively 

ow ( ρd = 10 12 m 

−2 to 10 14 m 

−2 ). However, the effect of high

islocation density on the clustering of Cu atoms is significant 

 ρd = 5.5 × 10 15 m 

−2 ). Fig. 9 a shows that, for the FeCu model

lloy (0.08 at.% Cu), the peak radii of clusters are roughly 0.5–

.6 nm with relatively low dislocation density, which excellently 

grees with the experimental observation in Fig. 2 . It also supports 

hat our assumed dislocation density of cast iron (10 12 m 

−2 ) is rea- 

onable. At relatively low dislocation density, from Fig. 9 a to c, the 

eak radii of clusters increase to about 1 nm with the decrease of 

u concentration. This increase of cluster size seems to be consid- 

rable. Nevertheless, in Fig. 9 c, the number density of the clusters 

s ∼10 14 /cm 

3 , which is about 2 orders lower than the cluster den-

ities in Fig. 9 a. The cluster concentration in 0.03 at.% Cu is thus 

oo low to have significant impact on mechanical properties. Such 

esult indicate that 0.05 at.% Cu is close to the threshold concentra- 

ion of Cu precipitation under these conditions. This is consistent 

ith the recommended Cu concentration in Ref. [8] . Apart from 

he Cu concentration, the dislocation density is another key fac- 

or that affects the Cu precipitation. For high dislocation density, 

d = 5.5 × 10 15 m 

−2 , essentially no clustering of Cu was obtained 

t any Cu concentration. Most Cu atoms are in the form of isolated 

u monomers, which means that the precipitation of Cu atoms was 

indered by dislocations. This calculation is also consistent with 

ur APT observation on cast iron in Fig. 5 . Therefore, we suggest 

hat our assumed dislocation density for cast iron is reasonable. 

ur simulation results show good agreement with the experimen- 

al results for various Cu concentrations and dislocation densities. 

Since the cluster dynamics simulation has shown satisfactory 

greement with the experimental results, we used the calibrated 
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Fig. 10. The simulation results of various Cu concentration under the G4 irradiation 

condition for 300 years. The number densities of clusters are plotted as a function 

of cluster radius. The results are compared with Ref. [8] . 
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Fig. 11. The simulation results for the time evolution of Cu clustering under G4 

irradiation condition. The number densities of clusters are plotted as a function of 

cluster radius. 
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odel to simulate the Cu clustering after the irradiation of 300 

ears for various concentrations. In this simulation, to directly 

ompare with Ref. [8] , we used the same temperature, 150 °C, dis- 

ocation density, ρd = 10 12 m 

−2 , and the same irradiation condi- 

ion, G4 condition (burn-up of 60 GWd per ton of uranium), as 

sed in the Ref. [8] . For 0.12 at.% Cu, we calculated the Cu cluster-

ng after 300 years with the two different parameter sets. The first 

et is the parameter set A in Table 2 with � = 0.54 eV. This is the

ame parameter set as was used in Ref. [8] . The second set is the

FT parameters used in this work, parameter set B in Table 2 with 

u solution energy, � = 0.8 eV. The results are compared with 

he Ref. [8] in Fig. 10 . Our result with the experimental parame- 

ers is quite similar to the reference results; the peak cluster ra- 

ius is roughly 2 nm. However, our result using the parameter set 

 with � = 0.8 eV shows that the peak cluster radius is ∼0.4 nm, 

hich significantly differs from the reference result. This disagree- 

ent highlights that our method correctly reproduces the results 

f Ref. [8] and at the same time raises the question as to the valid-

ty and applicability of the parameters used in that reference, since 

he DFT parameters successfully reproduce the evolution seen in 

ur experiments, as demonstrated in Section 4.2.1 and in Fig. 9 . 

herefore, we argue that our simulation results and consistent DFT 

arameter set B should be more realistic. 

At the beginning of the planned canister deposition, the tem- 

erature of the nuclear waste disposal in Sweden is about 100 °C 

ue to self-heating. Over time it will decrease to the temperature 

f the bedrock, which is near room temperature. The nuclear waste 

s supposed to be indefinitely stored, but should reach harmless 
Fig. 12. AKMC Cu cluster distribution as a function of size under (a) the i

8

evels of radiotoxicity after about 10 5 years. To make a conserva- 

ive estimate, for 0.08 at.% Cu, we simulated the Cu clustering af- 

er 10 5 years constantly under 100 °C with ρd = 10 12 m 

−2 . Fig. 11

hows the simulated time evolution of the Cu cluster size distri- 

ution. It illustrates that most of the Cu clustering happens during 

he first ∼100 years. After that, the evolution of the induced Cu 

lustering is insignificant. This is because most radioactive fission 

roducts with relatively short half-lives would decay and disappear 

apidly in ∼100 years. After that, the dose rate of long-lived iso- 

opes would be very low and the resulting damage cannot induce 

ignificant Cu clustering even after very long time spans. Our sim- 

lation results demonstrate that, even with the conservative es- 

imate (relatively high Cu concentration, low dislocation density, 

onstant temperature), the clustering of Cu is essentially insignifi- 

ant, from a hardening point of view. The peak radii of Cu cluster 

re ∼0.5 nm after 10 5 years. Such small clusters would not cause 

ny significant irradiation-induced hardening in the dilute alloy ac- 

ording to precipitation-driven hardening models [42] . 

.3. AKMC results 

In order to corroborate the cluster dynamics predictions, the 

volution of the Fe-Cu alloys with various Cu concentrations was 

imulated by AKMC with two different dose rates. The first one 

s the experimental irradiation dose rate, 10 −8 dpa/s, up to a to- 

al dose of 10 −3 dpa; the second one is the derived repository 

ose rate, estimated to about 10 −17 dpa/s, up to a total dose of 
rradiation experiment conditions and (b) the repository conditions. 
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0 −4 dpa. The obtained distribution of Cu atoms as a function of 

luster size is shown in Fig. 12 . Fig. 12 a shows that, under the ex-

erimental condition, clusters are only formed with relatively high 

u concentration (0.08 and 0.1 at.% Cu). In the case of 0.1 at.% Cu, 

 peak radius at 0.45 nm is observed (which corresponds to ∼30 

toms). This result, obtained without any fitting and based on the 

b initio -derived cohesive model [36] , is in good agreement with 

he experimental observation and the cluster dynamics results. On 

he other hand, in the cast iron case (0.03 at.%), some dimers and 

ther small clusters are obtained by AKMC, but at sizes that are 

urely not distinguishable by APT due to the inherent resolution 

f the technique. It is thus reasonable to conclude that the simula- 

ions in Fig. 12 a are in qualitative agreement with the APT observa- 

ions. Furthermore, there is a satisfactory agreement between the 

ound cluster size distributions using cluster dynamics and AKMC 

n Fig. 12 a. 

Fig. 12 b shows that, under the repository condition, there is al- 

ost no clusters formed even at relatively high Cu concentration 

p to 10 −4 dpa. Most Cu atoms are still in the form of isolated 

onomers after the irradiation. This is because both the dose rate 

nd the total dose are too low to form any considerable amount 

f Cu clusters. These AKMC results imply that no Cu-precipitation 

nduced hardening is expected in the cast iron insert during the 

ime in which the spent fuel in the canisters is radiotoxic. 

. Conclusions 

To study the effect of radiation induced Cu precipitation, which 

ould have consequences for the structural integrity of the cast 

ron inserts used in the Swedish design for the spent nuclear fuel 

epository, an electron irradiation experiment has been carried out 

o simulate accelerated repository conditions. Cast iron and FeCu 

odel alloy samples were irradiated with 2 MeV electrons for one 

eek, and then examined using atom probe tomography. Clusters 

f about 1 nm in diameter were found in the model alloy, whereas 

o precipitation was observed in the cast iron. 

The experimental damage rate was computed with the 

lectron-scattering Monte Carlo code PIEDMONT, to obtain a more 

recise estimation with respect to the traditional analytical ap- 

roximations. This information is then used in cluster dynam- 

cs and AKMC models to reproduce the experimental results and 

uild up a reliable framework to simulate the actual repository 

onditions. In the cluster dynamics calculations, no hardening- 

nduced Cu clustering is predicted for cast iron, whereas in the 

e-Cu model alloy a peak cluster radius of about 0.5–0.6 nm is 

btained. Meanwhile, the AKMC simulations parameterized with 

 well-established ab initio cohesive model for RPV steels show 

 substantial agreement with the experimental results, namely a 

eak cluster radius of 0.45 nm in the model alloy, and only very 

mall, undetectable clusters in the cast iron model. Finally, the 

luster dynamics simulation of a conservative model of the repos- 

tory conditions for a dilute FeCu alloy did not show any signif- 

cant clustering, indicating that the spent-fuel canisters materials 

hould be essentially unaffected by Cu-precipitation induced hard- 

ning over extremely long timescale. 
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