
HAL Id: hal-04011017
https://hal.science/hal-04011017v1

Submitted on 4 Jul 2023

HAL is a multi-disciplinary open access archive
for the deposit and dissemination of scientific re-
search documents, whether they are published or not.
The documentsmay come from teaching and research
institutions in France or abroad, or from public or pri-
vate research centers.

L’archive ouverte pluridisciplinaireHAL, est des-
tinée au dépôt et à la diffusion de documents scien-
tifiques de niveau recherche, publiés ou non, émanant
des établissements d’enseignement et de recherche
français ou étrangers, des laboratoires publics ou
privés.

HAL Authorization

Impact of micro-alloying in ion-irradiated nickel: From the
inhibition of point-defect cluster diffusion by thermal
segregation to the change of dislocation loop nature

Kan Ma, Brigitte Décamps, Liangzhao Huang, Robin E. Schäublin, Jörg F. Löffler,
Anna Fraczkiewicz, Maylise Nastar, Frédéric Prima, Marie Loyer-Prost

To cite this version:
Kan Ma, Brigitte Décamps, Liangzhao Huang, Robin E. Schäublin, Jörg F. Löffler, et al.. Impact of micro-
alloying in ion-irradiated nickel: From the inhibition of point-defect cluster diffusion by thermal segregation
to the change of dislocation loop nature. Acta Mater., 2023, 246, pp.118656. ⟨10.1016/j.actamat.2022.118656⟩.
⟨hal-04011017⟩

https://hal.science/hal-04011017v1
https://about.hal.science/hal-authorisation-v1/
https://about.hal.science/hal-authorisation-v1/
https://hal.archives-ouvertes.fr


1 

 

Impact of micro-alloying in ion-irradiated nickel: from the inhibition of point-

defect cluster diffusion by thermal segregation to the change of dislocation loop 

nature 

Kan Maa,e,1, Brigitte Décampsb, Liangzhao Huanga, Robin E. Schäublinc, Jörg F. Löfflerc, 

Anna Fraczkiewiczd, Maylise Nastara, Frédéric Primae and Marie Loyer-Prosta*. 

 

a Université Paris-Saclay, CEA, Service de Recherches de Métallurgie Physique, 91191, 

Gif-sur-Yvette, France. 

b Laboratoire de Physique des 2 infinis Irène Joliot-Curie (IJCLab), CNRS/IN2P3, 

Université Paris-Saclay, 91400 Orsay, France; 

c Laboratory of Metal Physics and Technology, Department of Materials, ETH Zürich, 

Vladimir-Prelog-Weg 4, 8093, Zürich, Switzerland 

d MINES Saint-Etienne, Université de Lyon, CNRS, UMR 5307 LGF, Centre SMS, 

42023 Saint-Etienne, France ; 

e PSL Research University, Chimie ParisTech-CNRS, Institut de Recherche de Chimie 

Paris, Paris, France. 

1 Now at the School of Metallurgy and Materials, University of Birmingham B15 2TT, United 

Kingdom. 

Corresponding author: Marie LOYER-PROST.  

Mail: marie.loyer-prost@cea.fr 

Courrier: CEA Saclay, DES/ISAS/DMN/SRMP/JANNUS (Bât 126, pièce 58), PC. 162, 

91191 Gif-sur-Yvette CEDEX, France.  

Telephone +33 (0)1 69 08 24 68. 

  



2 

 

Abstract (250 words limited) 

Micro-alloying strongly affects the incubation period of void swelling in irradiated 

face-centered cubic materials. However, the underlying mechanism, which relates to the 

formation of dislocation loops, is still unclear. Here, we investigate pure Ni, Ni-

0.4wt.%Cr and Ni-0.4/0.8/1.2wt.%Ti as model materials, to gain insight into the solute 

effects on the loops evolution in the early stage of irradiation. The dislocation loop 

characteristics (mobility, Burgers vector, nature) are studied using in situ transmission 

electron microscopy and ex situ irradiation with Ni+ ions at 450°C and 510°C for doses 

from 0.06 to 0.7 dpa. It appears that a tiny amount of Ti effectively increases the loop 

density, reduces the loop mobility and the stacking fault energy. It leads to an equal 

distribution among a/2<110> perfect loop families. It also stabilizes self-interstitial loops 

against vacancy loops depending on Ti content and temperature. Our modeling of 

radiation-induced segregation, based on experiments and recent ab initio calculations of 

flux couplings, predicts a Cr enrichment and a Ti depletion nearby dislocation loops. It is 

in good agreement with our observations by X-ray spectroscopy in TEM and by atom 

probe tomography. However, the lowered loop mobility must be the signature of a thermal 

segregation rather than the impact of radiation-induced depletion. Indeed, oversized Ti 

atoms subsequently trapped at strained lattice sites around the dislocation line of the loop  

due to thermal segregation would inhibit its diffusion. This opens new perspectives for 

future experimental investigations and radiation effect modeling. 

 

5 keywords 

irradiation, micro-alloying, dislocation loop nature, radiation-induced segregation, 

thermodynamics. 
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1. Introduction 

Austenitic stainless steels are foreseen as cladding materials for future sodium-

cooled fast fission reactors (SFRs) [1]. The main limitation of austenitic steels is the 

radiation-induced void swelling, which is a complex phenomenon [1–3]. It starts with an 

incubation period during which no macroscopic volume extension takes place but 

microstructure evolves. Once a threshold dose has been reached, swelling kicks in and 

quickly exhibits a steady rate. The latter is almost insensitive to the steel composition and 

its initial metallurgical state. Conversely, the onset of swelling is strongly affected by the 

chemistry and initial microstructure of the steel and the changes in the microstructure 

during the incubation [4–6]. Further, it seems to correlate to the onset of a steady state in 

irradiation-induced dislocations loops and lines. Besides, a change in the Ni to Cr content 

ratio or micro-alloying with minor solutes such as Ti can strongly delay the onset of void 

swelling of austenitic steels [7–11]. Notwithstanding, further improvements of their 

radiation tolerance can be envisaged, but require a better understanding on the 

fundamental mechanisms of the impact of solutes on radiation damage in the early stages 

of irradiation.  

As austenitic steels have a complex composition with dozens of alloying elements, 

the identification of the role of one of these elements on the microstructure evolution or 

the mechanisms at play is harsh. One way to avoid this complexity is to employ model 

alloys as it is commonly done for body-centered cubic steels [12–15]. The face-centered 

cubic (fcc) crystal structure of austenitic steels is held by the addition of nickel. A simple 

model system for austenitic steels is therefore a material composed essentially of nickel 

(Ni), either as pure Ni or its alloys with other elements such as Cr [16,17]. The study of 

Ni-based model alloys is relevant not only for a better comprehension of the behavior of 
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austenitic steels under irradiation but also for complex Ni-based alloys. Complex Ni-

based alloys are indeed considered as promising candidates materials for Gen IV reactors 

such as molten salt reactors and also suffer from radiation-induced swelling [18].  

Ni-based alloys and austenitic steels share the same type of defects after irradiation. 

Irradiation leads by knocking out atoms from their lattice site to the formation of point 

defects (PDs) in the form of vacancies and self-interstitial atoms (SIAs) that can condense 

in the fcc structure into voids, stacking fault tetrahedra and dislocation loops. Pure nickel 

(Ni) has been extensively studied [19–22] which provides some insight into the 

mechanism of radiation damage in fcc structure. In the early stage of irradiation, 

dislocation loops dominate the microstructure in Ni-based materials over the temperature 

range of fast reactors and the formation of dislocation network is responsible for the onset 

of void formation [16,19,23–27]. In pure nickel, Frank loops with a Burgers vector 

a/3<111> and perfect loops with a Burgers vector a/2<110> were both detected following 

neutron [19,21], electron [23,24,28] and ion [26,27,29–32] irradiations. The Frank loop 

nature (interstitial-type or vacancy-type) and their growth under irradiation attract 

particular attention as their formation energy is lower than the corresponding perfect 

loops [33,34]. They are two characteristic features strictly related to the diffusion of point 

defects (PDs) and point defect clustering tendencies which allows us to unravel the 

mechanism of radiation damage. In terms of the loop nature, in pure nickel, most studies 

suggested that radiation-induced Frank loops are interstitial-type. However, recent studies 

revealed that, up to 1 µm below irradiated surfaces, Frank loops can also be vacancy-type 

in self-ion irradiated Ni at high temperatures (over 450°C) [17,35].  

So what are the fundamental mechanisms that drive the loops’ nature in pure Ni ? 

The interstitial nature of Frank loops after electron and light-ion irradiations in Ni is 
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explained by conventional rate theory based on the dislocation bias model [36–39]. In 

general, dislocation loops induce a bias larger than any other sink (surface, voids) [38,40], 

meaning in this instance that they absorb more interstitials than vacancies. This leads to 

the growth of interstitial loops and the shrinkage of vacancy loops. Note that the 

conventional rate theory implies that (i) PDs are continuously and uniformly produced in 

the form of Frenkel pairs and (ii) all PDs are equally accessible to dislocations. These 

assumptions may not be satisfied in the case of heavy ion irradiation: the clustering of 

point defects within ion-induced cascades and the heterogeneous spatial distribution of 

vacancy or interstitial clusters may indeed lead to an unequal proportion of freely 

migrating vacancies and SIAs after ion irradiation, which leads to the so-called production 

bias model [41]. In Ni, interstitial clusters experience long-distance 1D motion along 

<110> directions and can subsequently escape from the damage production zones [42,43]. 

The production bias model combined with 1D motion of interstitial clusters (I-clusters) 

allowed us to explain the growth of vacancy loops in self-ion irradiated Ni [35]. In effect, 

it appears that, if the freely migrating interstitial population is reduced by this production 

bias and the ensuing loss of interstitials to surfaces exceeds a critical value, vacancy loop 

growth becomes favorable. 

The nature of Frank loops thus seems to be sensitive not only to the conditions of 

irradiation but also to the presence of impurities: in Ni-based alloys irradiated at 450°C, 

a drastic effect of a low concentration of solute on the Frank loop nature has been shown 

[17]. In fact, in self-ion irradiated Ni-0.4Cr and Ni-0.4Ti (wt.%) alloys,  Frank loops have 

been identified as interstitial-type [17]. Another key question raises: how solutes affect 

dislocation loop nature? In concentrated alloys, solute effects in alloys are related to 

specific fluctuations of the lattice distortion and short-range order which can modify the 
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defect migration barrier landscape and trap the freely migrating defects [19,31,44–46]. In 

nickel, an increase of the solute content generally increases the average migration barriers 

of defects [46,47]. Some authors suggested that, in concentrated Ni alloys, the related 

increase of the migration barrier of I-clusters changes their 1D motion into a complex 3D 

motion made of short-distance 1D jumps [43,47]. I-clusters can subsequently remain 

longer in the damage zone and in turn favor the growth of interstitial loops. Also, the 

addition of solutes was shown to stabilize dislocation loops i.e. increasing their density 

whilst reducing mobility in concentrated Ni-Cu alloys (Cu and Ni forms complete solid 

solution) but loop nature was not addressed in these studies [48,49]. However, are those 

mechanisms transferable to dilute alloys? In concentrated alloys, simple diffusion models 

are sufficient to explain diffusion and flux couplings of the major elements [50] but in 

dilute alloys detailed modelling of local composition effects on point defect frequencies 

might be required. The thermodynamic role of dilute species in Ni-based systems under 

irradiation is rarely discussed because it is often difficult to identify it in the realm of non-

equilibrium solute redistribution phenomena controlled by irradiation. In particular, 

radiation-induced segregation (RIS) resulting from the flux couplings between PDs and 

solute atoms may be opposite to the one induced thermally. In addition, the typical width 

of a RIS profile e.g. across grain boundary is a few tens of nanometers, while thermal 

segregation extends over at most one or two atomic planes [51]. Besides, thermal 

segregation may be hidden by RIS. While detailed studies of the effect of a change in the 

solute content in dilute systems on irradiation-induced microstructures would improve 

our understanding of the role of solutes, they are scarce. Therefore, a detailed 

characterization of micro-alloying on dislocation loops is thus highly desired. This would 

provide a better understanding of the impact of the solute atoms on the radiation-induced 
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phenomena and precious experimental data for multi-scale modeling to eventually predict 

and mitigate radiation-induced swelling in austenitic steels and complex Ni-based alloys.  

In a recent paper focused on the swelling behavior of neutron-irradiated Ni-based 

dilute alloys, it was proposed that the addition of solutes such as Ti, Si and Al has an 

impact on the loop formation and unfaulting process, which may be the reason altering 

the swelling behavior [16]. This study was however focused on the solute effects on the 

void formation at high irradiation doses, which don't allow identifying the onset of 

swelling. Besides, the influence of solute addition on the dislocation loops Burgers vector 

and nature was not reported. Note that to our knowledge this was never reported for the 

early stage of irradiation in dilute systems. A detailed characterization of solute effects 

on dislocation loops at that stage is thus highly desired.  

The aim of this work is to investigate the influence of dilute species, namely Ti and 

Cr, on the evolution of the dislocation loop microstructure in nickel under irradiation at 

doses lower than the one for the onset of swelling at 510 °C, which is relevant to future 

SFRs. To that end, we performed transmission electron microscopy (TEM) in-situ 

irradiation experiments to closely follow the evolution of the dislocation microstructure, 

and post-characterized the microstructure after the irradiation. In situ TEM irradiation is 

a very powerful tool to get an insight in the microstructural evolution of materials [29,52–

55]. As irradiated samples are very thin (below 300 nm thick), the proximity of free 

surfaces, a sink for PDs created under irradiation, can greatly influence the evolution 

observed and compromise any study of solute effects on microstructural evolution. An 

essential guideline to avoid these surface effects for pure nickel was previously 

established and opened new fields of studies for Ni-alloys such as this work [35]. The 

guideline was therefore applied in this study. We performed a campaign of in-situ high 
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energy self-ion irradiations with 2 MeV Ni2+ ions in thin foils, with controlled thicknesses, 

of high purity Ni-0.4/0.8/1.2Ti (wt.%) alloys. To assess the impact on temperature, we 

performed complementary ex-situ irradiation at 450°C with Ni2+ 5MeV on thin foils 

samples. The influence of the Ti content and temperature on the microstructure was 

analyzed. The impact of Cr was investigated with a high purity Ni-0.4Cr (in wt.%) alloy 

with the same irradiation conditions. From the observed microstructural evolution, we 

extracted the mobility of dislocation loops as well as their size and number density. We 

subsequently deduced their growth rate. We performed post-irradiation characterizations 

to obtain the nature, Burgers vector, size and density of the dislocation loops. In addition, 

we performed ex-situ irradiations at 450°C in order to comparatively study the impact of 

the temperature on Frank loop nature. 

With these experiments, we assessed, firstly, the influence of micro-alloying 

(addition of Ti or Cr) on the microstructural evolution, radiation-induced loops type 

(Burgers vector) and nature (interstitial or vacancy) and, secondly, the impact of the solute 

content coupled with the irradiation temperature on these loop characteristics. Finally, we 

applied diffusion theory and mean field rate theory to model the experimental results. It 

allowed us to reveal fundamentally new aspects of the impact of solute on the radiation-

induced dislocation loops in austenitic steel model alloys. It challenges our understanding 

of irradiation effects and the balance between thermal and irradiation-induced segregation. 

 

2. Methods 

2.1 Studied materials 

Rods of pure nickel (Ni), Ni-0.4 wt.% Ti (Ni-0.4Ti in short) and Ni-0.4 wt.% Cr 

(Ni-0.4Cr) were manufactured by cold crucible induction melting at MINES Saint 
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Etienne (EMSE) with an impurity content (in ppm) in O, C, N and S of respectively 3, 8, 

2 and 2 for Ni, 14, 2, 1 and 4 for Ni-0.4Ti and 6, 4, 8 and 1 for Ni-0.4Cr. Two other 

nickel-titanium alloys Ni-0.8 wt.% Ti (Ni-0.8Ti) and Ni-1.2 wt.% Ti (Ni-1.2Ti) were also 

prepared by induction melting in the Service de Recherches de Métallurgie Physique 

(SRMP) using pure nickel (>99.99 wt.%) and pure titanium (>99.99 wt.%) from 

Goodfellow company. 

The annealing conditions and TEM sample preparation were presented in [35]. The 

initial dislocation density is low (about 1010 m-2) before irradiation, which means that 

there is at least about 10μm between dislocations in the thin foil where regions of interest 

for the TEM observations are less than 300 nm thick. This indicates that the initial 

dislocations won't significantly affect the evolution of the nanometer-scaled radiation-

induced defects of interest in this study. 

2.2 Irradiation conditions  

In-situ irradiations were performed at the JANNUS-Orsay platform at Laboratoire 

de Physique des 2 Infinis Irène Joliot-Curie (IJCLab). Thin foils were in-situ irradiated in 

a 200 kV FEI Tecnai G2 TEM by a 2 MeV Ni2+ rastered beam produced by a 2 MV 

tandem Van de Graaff accelerator (named ARAMIS). The vacuum level of the specimen 

chamber was 10-5 Pa. The irradiation temperature was 510 °C monitored by a Gatan 

double-tilt heating holder with an estimated uncertainty of 25 °C. The ion flux was of 

4 ± 0.8 x 1011 ions cm-2 s-1. Final fluences were 9 ± 1.8 x 1013 ions cm-2 and 

2.7 ± 0.4 x1014 ions cm-2. Irradiations were imaged in TEM under a two-beam condition 

with a diffraction vectors g={200} or {111} in kinematical bright-field (KBF) mode 

(sg>0). During irradiation, the microstructure evolution was recorded at 30 frames per 

second using a GATAN MultiScan 2k x 2k charge-coupled device high-resolution camera 
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and analyzed after irradiation. It is worth noting that, in Ni, Ni-0.4Cr and Ni-0.4Ti 

specimens, in-situ observations and post-irradiation characterization are performed in 

zones thicker than 200 nm to minimize the effect of free surfaces [35]. In order to better 

characterize individual loops when in high number densities, in Ni-0.8Ti and Ni-1.2Ti, 

the observation was performed in thinner areas, typically 120 nm, to minimize the overlap 

of loops in the image.  

The penetration depth of the ions and the corresponding damage profiles were 

calculated by the Stopping Range of Ions in Matter (SRIM) 2013 code [56] using the 

Kinchin-Pease option with a displacement threshold energy of 40 eV [3,57]. To double 

check the calculation, they were also calculated by the recently developed Monte Carlo 

code Iradina [58] with the same input parameters as SRIM. The corresponding profiles 

calculated by both codes are shown in Fig. A. 1. They are in good agreement, both on the 

displacement damage and the implantation profile, with the Bragg peak located at around 

500 nm from the free surface. The damage profile is rather broad (Fig. A. 1): the thickness 

of the zones of interest for TEM being at most 300 nm, it indicates that the chosen ions 

energy allows a relatively homogeneous damage throughout the sample thickness. For 

practical purposes, the irradiation dose in samples was considered to be constant 

throughout the thickness. It was evaluated at a depth of 200 nm, yielding a value of 

0.06 dpa for the lowest fluence and 0.18 dpa for the highest fluence. The analysis of the 

radiation-induced dislocation loops to obtain their Burgers vector and nature was 

performed using the g·b analysis method and stereoscopy, as detailed below. Most 

analyses were conducted after irradiation to 0.06 dpa, while the highest dose of 0.18 dpa 

was considered for those alloys exhibiting loops that at 0.06 dpa were too small for their 
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analysis by TEM. The number of injected interstitials is relatively low (0.02 ppm per dpa) 

and its influence on microstructure is neglected. 

Ex-situ irradiation experiments were conducted at the JANNuS-Saclay plaform 

using a rastered beam of 5 MeV Ni2+ ions on samples in the form of electropolished TEM 

disks. The irradiation temperature was 450 ± 10 °C monitored by 4 thermocouples in 

contact with the samples. The ion flux was of 2.1 ± 0.5 x1011 ions cm-2 s-1. Final fluence 

was 2.3 ± 0.5 x1015 ions cm-2 with the dose at the implanted surface up to 0.7 dpa. 

Corresponding damage profiles are given in Fig. A. 1 in Appendix A. 

2.3 Defect analysis 

Besides the analysis of the video live records of the evolution of the microstructure 

during the irradiation, a thorough characterization of the irradiation-induced dislocation 

loops was performed ex-situ using a 200 kV FEI TECNAI G2 TEM with a LaB6 filament 

located at SRMP laboratory in CEA-Saclay. TEM characterization methods are similar 

to the ones applied in [35]: (i) the longest distance within a given loop image was taken 

as its diameter. The error bar on the loop size is the standard deviation. (ii) The thickness 

of studied zones was measured using convergent electron beam diffraction (CBED) 

technique [59] with a {220} reflection and is used to calculated the number density of 

loops (in short, the loops density). The thickness measurement was double checked using 

electron energy loss spectroscopy (EELS) [59] in thin zones (40-120 nm) and stereo-

microscopy technique [60] for all thicknesses. The error bar on the loop density is mainly 

due to the uncertainty on the thickness measurement, which amounts to about 10 %. (iii) 

The Burgers vectors analysis of individual loops was performed using the invisibility 

criterion or g·b analysis technique [39] and their nature was determined using the inside-

outside method [61–63] with the finish to start right-handed (FSRH) convention. (iv) A 
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statistical treatment [44] was applied to determine the fraction of Frank loops and perfect 

loops. 

Energy dispersive X-ray spectroscopy (EDS) was used to measure the local 

variation of composition in our samples. The analyses were performed at ScopeM 

laboratory of ETH Zürich using a 200 kV FEI Talos F200X TEM equipped with the high-

throughput Super-X EDS detector of Bruker. 

 

3. Results 

In this section, we first present the results of the TEM in situ irradiations at 510 °C 

of Ni-0.4Cr, Ni-0.4Ti, Ni-0.8Ti and Ni-1.2Ti alloys. This allows the study of the effect 

of micro-alloying on the evolution of the irradiation-induced dislocation loops in terms 

of their density and average size, growth rate and mobility. To ground the study of the 

solute effect, results are compared with data obtained with pure Ni that was reported in a 

previous paper [35]. The distribution of the loops nature and Burgers vector as determined 

by post irradiation analysis is also presented. The nature of the loops is then compared to 

the one observed in the samples irradiated ex situ at 450 °C to investigate the solute effect 

at different temperature.  

3.1 Influence of micro-alloying on in-situ behavior (loops density, size, growth rate 

and mobility) at 510°C 

Fig. 1 presents a selection of frames extracted from the videos acquired during the 

TEM in-situ irradiations. They exhibit the microstructural evolution of each sample 

irradiated at 510°C up to 0.06 dpa, corresponding with the applied dose rate to around 

240 seconds of irradiation. Note that for Ni-0.4Ti, as the diffraction condition was poorly 

defined at the beginning of the in-situ irradiation, which resulted in low quality imaging, 
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the microstructural evolution is shown only after 84 s (corresponding to a dose of 

0.02 dpa). It appears that irradiation induces dislocation loops in all samples. Dislocation 

loops were quantified (Fig. 2): Fig. 2(a) and Fig. 2(b) show respectively their density and 

average size as a function of irradiation time. Both appear to increase monotonously with 

increasing dose in nearly all materials. 

In pure Ni, the loop density and size reach saturation at respectively 50 s and 80 s, 

corresponding to a dose of respectively 0.013 and 0.02 dpa. The apparent decrease of the 

loops size with increasing dose after saturation is related to the merging of loops into 

dislocation lines, leading to the formation of a dislocation network. 

In Ni-0.4Cr, the loops density and average size increase with the irradiation time 

and reach a maximum value at respectively 120 s and 180 s, corresponding to a dose of 

respectively 0.03 and 0.045 dpa. At the end of the irradiation, large loops are formed and 

start to merge. Compared to pure Ni, the presence of Cr in Ni decreases the loops density. 

However, while the average loops size is lower than the one in pure Ni in the early stages 

of irradiation, it increases to a higher value by the end of the irradiation, at a dose of 

0.06 dpa. The lower density in Ni-0.4Cr allows loops to grow up to a larger size before 

merging. If the irradiation were pursued to a higher dose, the growing loops would start 

to merge, which in the end would result in a decrease of the average size like in pure Ni. 
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Fig. 1 TEM micrographs presenting the microstructural evolution of (a) Ni, (b) Ni-0.4Cr, 

(c) Ni-0.4Ti, (d) Ni-0.8Ti and (e) Ni-1.2Ti during TEM in-situ irradiation at 510°C as a 

function of the irradiation time (corresponding approximate dose indicated in the top). 

TEM micrographs recorded under two-beam bright field condition using g = {200} in 

(a,b,e) and g = {111} in (c,d). Diffraction vector and scale bar for each alloy are indicated 

in the first micrograph. Sample thickness is in (a) around 260 nm, (b,c) around 200 nm 

and in (c,d) around 120 nm. 

 

 
Fig. 2 Evolution of the irradiation-induced dislocation loops (a) density and (b) average 

size as a function of irradiation time, and (c) average growth rate of loops in each alloy. 

Note that 240 s of irradiation corresponds to a dose of 0.06 dpa. 
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In Ni-0.4Ti, the loop density increases, then reaches a maximum after around 200 s 

or 0.05 dpa, while in Ni-0.8Ti and Ni-1.2Ti, it increases more sharply and quickly reaches 

a maximum at about 60 s or 0.015 dpa. However, the loop size continuously increases 

until the end of irradiation. The final loops are small, and there is no merging of loops. 

These observations reveal that the addition of Ti strongly increases the density of loops 

but reduces their size. These effects are all the greater with higher Ti content. 

The average loop growth rate is presented in Fig. 2(c). In Ni and Ni-0.4Cr, the loops 

growth rate was determined respectively before and after the maximum in the loops 

density. This maximum defines the beginning of the steady state regime of the dislocation 

loops evolution. It is worth noting that in both materials loops grow fast at the beginning 

of the irradiation as long as the number density of loops is small. When the loops number 

density reaches saturation, the loops growth rate gets slower. A natural explanation is that 

the increase of loops density represents an increase of the number of sinks for PDs, 

leading to a decrease of the PD concentrations and the loop growth rate. In all Ni-Ti alloys, 

as the loops growth rate variation with the radiation dose was insignificant, only its 

average value was assessed. It appears that it decreases as the Ti content increases. 

During the in-situ irradiation, some dislocation loops move and disappear, probably 

at the free surfaces. Fig. 3a and b present the typical movement of loops in respectively 

Ni-0.4Cr and Ni-0.4Ti. The mobility of loops appears to be lower in Ni-0.4Cr and Ni-

0.4Ti than in Ni, and in Ni-0.8Ti and Ni-1.2Ti loops are almost immobile. To evaluate 

the solute effect on loop mobility, two parameters were considered: the loop migration 

distance and velocity. Let us mention that the distances measured in the TEM images are 

inherently done on a 2D projection of the real 3D-displacements. It is thus difficult to 

determine the 3D migration path of a loop during the in-situ observation. To overcome 
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this inconvenience, more than 10 loops slipping along different directions were analyzed, 

in order to obtain an average migration distance (presented in Fig. 3). Compared to Ni, 

the loop migration distance is slightly reduced in Ni-0.4Cr and strongly reduced in Ni-Ti 

alloys, suggesting that the loop mobility is highly suppressed by Ti and only slightly by 

Cr.  

 
Fig. 3 Displacement of the dislocation loops during the in-situ irradiation at 510 °C in (a) 

Ni-0.4Cr and (b) Ni-0.4Ti: the displacement directions are indicated by blue and red 

arrows; Stereographic projections along the corresponding zone axis show that the 

displacement directions are <110>; the thickness in both cases is about 220 nm. 

Table 1 Average migration distance of dislocation loops in pure Ni and Ni alloys 

irradiated in situ at 510°C to 0.06 dpa. The uncertainty corresponds to standard deviation. 

Materials Ni Ni-0.4Cr Ni-0.4Ti Ni-0.8Ti Ni-1.2Ti 

Distance (nm) 108±39 80±22 18±5 ≈ 0 ≈ 0 

 

3.2 Influence of micro-alloying on the Frank loop nature at 510°C 

In all investigated alloys we observed different morphologies for the Frank 

dislocation loops, as shown in Fig. 4 and Fig. 5. A recent paper reported that vacancy 

Frank loops are segmented while interstitials ones are not [17]. Taking this into account, 
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our analysis of the loops morphology indicates that the Frank loop nature changes from 

one material to another. In order to confirm this first observation, we relied on the inside-

outside method to determine the nature of the dislocation loops [63]. The method was 

applied to more than ten loops in each material. We conclude that the nature of the Frank 

dislocation loops was strictly either interstitial or vacancy, depending on the material. 

TEM micrographs exhibiting typical Frank dislocation loops in Ni-0.4Cr and Ni-0.4Ti 

are presented in Fig. 4, while for Ni-0.8Ti and Ni-1.2Ti they are presented in Fig. 5. In 

Ni-0.4Cr, loops A, B and C are all Frank loops as they exhibit fringes contrast typical of 

a stacking fault inside the loop (Fig. 4 (a-b)). Based on the invisibility criterion [64], the 

Burgers vector of Frank loop A is bA=±1/3[11̅1] as it is invisible for g=2̅02 (Fig. 4 (c)) 

and visible for g=02̅2 (Fig. 4 (d)). The same analysis method leads to bB=bC =±1/3[111] 

for loops B and C as they are invisible for these g (Fig. 4 (c-d)). Then, the g =±020 pair 

in Fig. 4 (i) shows the inside-outside behavior of loop A, B and C: A shows outside 

contrast for g=020 while B and C show inside contrast. Taking into account the FSRH 

convention [62], which relies on the clockwise convention of sign to determine the 

direction of a dislocation line, the outside contrast of loop A for g=020 leads to g.bA > 0 

and the inside contrast of loop B and C for the same g leads to g.bB/C < 0. Finally we 

conclude that bA=1/3[1̅11̅] and bB/C=1/3[1̅1̅1̅] and that thus these loops are vacancy loops. 

The same method was applied to the Ni-0.4Ti alloys, as shown in Fig. 4 (e-h). It appears 

that in this alloy Frank loops are also vacancy in nature. These conclusions are supported 

by the observed polygonal morphology of the Frank loops in Ni-0.4Cr and Ni-0.4Ti, 

which is a signature of their vacancy nature [26]. 
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Fig. 4 Determination of the nature of Frank loops in Ni-0.4Ti and Ni-0.4Cr irradiated at 

510°C. TEM micrographs showing the loops contrast as a function of g (marked above 

and in the images) in (a-d) Ni-0.4Cr and (e-h) Ni-0.4Ti. Dark Field Weak Beam (DFWB) 

image in (e) showing the morphology of loop D in (i) Table for the determination of Frank 

loops nature.  

 
Fig. 5 Determination of the nature of Frank loops in Ni-0.8Ti and Ni-1.2Ti irradiated at 

510 °C to a dose of 0.18 dpa. TEM micrographs showing the Frank loop morphology in 

(a) Ni-0.8Ti and (b) Ni-1.2Ti. (c-f) Visibility of Frank loops as a function of g (marked 

above and in the images) and (g) table for the determination of Frank loops nature in Ni-

0.8Ti. Sample thickness is around 120 nm. All identified loops are interstitial. 
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Conversely, Frank loops in Ni-0.8Ti and Ni-1.2Ti appear to be interstitial in nature, 

whatever their Burgers vectors. An example of the loop analysis in Ni-0.8Ti is shown in 

Fig. 5 (c-f). The Burgers vector analysis of the loops A, B, C and D lead to bA=±1/3[11̅1], 

bB=±1/3[11̅1̅], bC=±1/3[111̅] and bD=±1/3[111]. Their inside-outside contrast behavior 

shows that bA=1/3[11̅1], bB=1/3[1̅11], bC=1/3[11̅̅̅̅ 1] and bD=1/3[111].  

The change of the Frank loop nature from 0.4wt.%Ti to 0.8wt.%Ti at 510°C 

indicates that there is a critical Ti concentration 𝐶𝑇𝑖
𝑐 (𝑇) , which may depend on 

temperature, around which it occurs. For a given temperature, when the Ti concentration, 

𝐶𝑇𝑖 , is lower than the critical value (𝐶𝑇𝑖<𝐶𝑇𝑖
𝑐 ), the microstructure is dominated by vacancy-

type defects, whereas, when 𝐶𝑇𝑖>𝐶𝑇𝑖
𝑐 , the microstructure is dominated by interstitial-type 

defects. As shown previously [35], the effect of surfaces on the microstructure strongly 

depends on the dominating point defect population. We expect then an effect of Ti on the 

change of the microstructure with the sample thickness. 

3.3 Influence of micro-alloying on the loops Burgers vector 

Note that the loops that are mobile in the fcc structure are perfect loops with a 

Burgers vector 1/2 <110>. In our study, the projected glide direction of the mobile 

dislocation loops in Ni, Ni-0.4Cr and Ni-0.4Ti was always parallel to <110> directions 

(Fig. 3). This indicates that the observed loops gliding in pure Ni and the Ni alloys were 

perfect loops. Besides, we observed that the glide of perfect loops in Ni induces a 

heterogenous distribution of their Burgers vectors. As the loops mobility is clearly 

affected by the addition of solutes, it is worth investigating their effect on the partition of 

loops between the Frank ones and the perfect ones using the statistical method presented 

in [65], which is based on the analysis of the loops Burgers vector using the g·b analysis 

method. 
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The statistical method requires to count the number of visible dislocation loops 

under at least four diffraction conditions defined by their diffraction vector g, with at least 

one non-coplanar vector [65]. To optimize the statistics, within the mechanical limit of 

sample tilting, 5 g, 7 g, 5 g and 6 g along at least two zone axes were used respectively in 

Ni-0.4Cr, Ni-0.4Ti, Ni-0.8Ti and Ni-1.2Ti. The used vector, g, and the corresponding 

observed loops density is listed in Appendix B. From the density of loops deduced from 

the visible ones for each g, one can infer the absolute density of loops per loops' Burgers 

vector (1/3<111> or 1/2<110>) or family type (Frank or perfect, respectively). To 

evaluate the proportion of each family of loops, we divide the density of a given family 

by the sum of the density of each family. 

Fig. 6 (a-e) presents the distribution of the Burgers vectors for each material. The 

distribution of a given loops Burgers vector type among its different possible specific 

Burgers vectors is always equiprobable for the Frank loops, while the distribution for the 

perfect loops depends on the material. In effect, the distribution is strongly heterogeneous 

in pure Ni, slightly heterogeneous in Ni-0.4Cr and Ni0.4Ti, and homogeneous in Ni-0.8Ti 

and Ni-1.2Ti. These results suggest that the solute addition reduces the heterogeneities of 

the perfect loop distribution. As the depletion of specific families of perfect loops is 

probably related to their migration [35], the solute effect on the loop Burgers vector 

distribution is in line with our conclusions on Ti reducing the loop mobility, presented in 

Section 3.1. 

The unfaulting process of Frank loops depends on the stacking fault energy which 

is a critical parameter of the alloy. The proportion of faulted and unfaulted loops may be 

linked to the stacking fault energy of the alloy. Nevertheless, to evaluate this proportion, 

we need to calculate the total number density of Frank loops and perfect loops including 
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those that escaped from the thin foil. As the probability of formation of the four possible 

Frank loop sub-families is equal, the density of Frank loops is the simple sum of four sub-

families. We assume here perfect loops are formed from the unfaulting of Frank loops 

and the probability of six possible perfect loop sub-families is equal. Thus, we deduce the 

total density of perfect loops from the highest sub-family density multiplied by six, to 

take into account the loss of two sub-families due to their migration towards surfaces. 

Although in Ni-0.8Ti and Ni-1.2Ti there is no loss of sub-family loops, we rely on the 

same method to calculate the total perfect loops density in order to keep consistency. 

Results are presented in Fig. 6(f).  

For vacancy-type loops, an addition of Cr reduces the loop density while an addition 

of Ti increases it. An addition of 0.4 at. % of Ti or Cr slightly increases the ratio Frank 

loop versus perfect loop. For interstitial loops, an addition of Ti from 0.8 to 1.2 at.% also 

increase the loop density and the Frank loop proportion. The loop density and the Frank 

loop proportion between Ni-0.4Ti and Ni-0.8Ti cannot be easily compared as the loop 

nature change between the two alloys. Therefore, the effect of Ti is consistent for both 

vacancy-type loops and interstitial-type loops: it increases the Frank loop proportion. 
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Fig. 6 Proportion of each family of loops calculated by diving the density of each family 

by the total density in (a) Ni [35], (b) Ni-0.4Cr, (c) Ni-0.4Ti, (d) Ni-0.8Ti and (e) Ni-

1.2Ti irradiated at 510°C to 0.06 dpa. Label for each bar giving the loops type shown in 

(a). (f) Total density of Frank loops and corrected total density of perfect loops (assumed 

equiprobable) in studied materials with the loop nature indicated as V-loops for vacancy 

loops and I-loops for interstitial loops.. 

 

3.4 Influence of the Ti content and sample thickness on the Frank loop nature at 

510°C 

The impact of the surfaces is greater the thinner the sample [66]. As the Frank loop 

nature changes with the Ti content, we expected that the dominating point defect leading 
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to the formation of the dislocation loops is changing as well. Therefore, we investigated 

the combined effect of the Ti content and the sample thickness on the microstructure. The 

loops density and average size measured as a function of the specimen thickness are 

presented in Fig. 7(a) and Fig. 7(b) respectively. The analysis was performed using TEM 

micrographs shown in Appendix C.  

First, the minimum thickness for the observation of loops is 40 nm in Ni-0.8Ti and 

Ni-1.2Ti and is about 160 nm in pure Ni and Ni-0.4Ti, suggesting less surface effect with 

0.8Ti and 1.2Ti. Then, the variation of the loops density with the foil thickness is 

monotonic for Ni and Ni-0.4Ti whereas for Ni-0.8Ti and Ni-1.2Ti there is a peak in loops 

density around 100 nm. For most alloys, the loops size increases with increasing thickness. 

A slight decrease of loops size is observed for Ni at large thicknesses, which is due to the 

formation of a dislocation network [35]. In relatively thin zones, namely, less than 160 nm, 

a high density of loops is detected in Ni-0.8Ti and Ni-1.2Ti whereas in Ni and Ni-0.4Ti, 

only few defects are detected. In Ni-0.8Ti and Ni-1.2Ti, the Frank loops in these thin 

areas have the same rounded morphology, thereby indicative of the same nature 

(interstitial-type), as those in thicker zones (see Fig. 6 and Fig. 7(a)). Therefore, the nature 

of the dislocation loops in Ni-0.8Ti and Ni-1.2Ti alloys is independent of the sample 

thickness. In relatively thick zones, namely, more than 200 nm, where the influence of 

the free surfaces in Ni alloys is limited [35], the influence of the Ti content on the loop 
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density and size is not monotonic, as summarized in Table 2, which could be related to 

the change of loop nature between 0.4 and 0.8 wt.% Ti.  

 
Fig. 7 Sample thickness dependence of the dislocation loops (a) density and (b) average 

size in Ni [35] and three Ni-Ti alloys irradiated in situ at 510°C to 0.06 dpa. Insets in (a): 

typical TEM dark field weak beam images of Frank loops in Ni-0.8Ti and Ni-1.2Ti 

irradiated in situ at 510°C to 0.18 dpa in 70 nm thick zones (higher dose chosen to increase 

loop size). Labels in (b): "I-loop" denotes interstitial loops and "V-loop" denotes vacancy 

loops. 

Table 2 Variation of Frank dislocation loops density, average size, Frank loop proportion 

and loop nature as a function of Ti content (wt.%) at 510°C at 0.06 dpa. 

Ti content 0 => 0.4 => 0.8 => 1.2 

Loop density  ↗  
Change 

of loop 

nature 

 ↗  

Loop size  ↘   ↘  

Frank loop proportion  ↗   ↗  

Loop nature Vacancy-type Interstitial-type 

 

These observations allow us to represent schematically the evolution of the 

dislocation loops microstructure for the same thickness (200 nm) as a function of the Ti 

content, 𝐶𝑇𝑖 , as follows. Globally, with the increase of 𝐶𝑇𝑖the loops density increases 

while the loops size decreases. However, around the critical concentration of titanium as 
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defined in Section 3.3, which is between 0.4 and 0.8 wt.%, it is difficult to interpret the 

microstructure evolution with Ti due to the change of loop nature. 

 
Fig. 8 Schematic representation of the microstructural evolution as a function of Ti 

content for a specimen thickness around 200 nm. BF TEM micrographs taken with 

g={200} indicated by the red arrow in each micrograph. 

3.5 Influence of temperature on the Frank loop nature in thin foil alloys 

Finally, it is interesting to investigate the influence of temperature on the Frank loop 

nature and on the critical Ti concentration, 𝐶𝑇𝑖
𝑐 . The Frank loops nature was determined 

in Ni-0.4Cr and Ni-0.4Ti thin foils irradiated at 450°C up to 0.7 dpa (c.f. Appendix D, 

Fig. D. 1). The analysis is presented in Fig. 9. In Ni and Ni-0.4Cr, Frank loops are 

vacancy-type at both 510°C and 450°C (Fig. 9(a,b,d,e)), whereas in Ni-0.4Ti, Frank loops 

are vacancy-type at 510°C (Fig. 9(f)), and interstitial-type at 450°C (Fig. 9(c)). This 

observation suggests that the critical Ti concentration decreases with temperature or, in 

another words, that 𝐶𝑇𝑖
𝑐 (450°C) is lower than 0.4wt.% while 𝐶𝑇𝑖

𝑐 (510°C) is larger than 

0.4 wt.%. The evolution of the Frank loops nature with composition, temperature and 

sample geometry presented in Fig. 9 is summarized in Table 3. 
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Fig. 9 Typical TEM dark field weak beam image of Frank dislocation loops in thin foils 

of Ni, Ni-0.4Cr and Ni-0.4Ti as a function of solute type and irradiation temperature. 

Samples in (a-c) are irradiated at 450°C to 0.7 dpa with 5 MeV Ni2+ ions and the ones in 

(d-f) are irradiated at 510°C to 0.06 dpa with 2 MeV Ni2+ ions. Images with g={200} 

indicated by the white arrow in each image. 

Table 3. Frank loop nature in function of composition, irradiation temperature and 

sample geometry 

T(°C ) 
Sample 

form 

Composition  

Ni Ni-0.4Cr Ni-0.4Ti Ni-0.8Ti Ni-1.2Ti 

510 Thin foil V-loop [35] V-loop V-loop I-loop I-loop 

450 Thin foil V-loop [17] V-loop I-loop / / 

450 Bulk V-loop [17] I-loop [17] I-loop [17] / / 

 

3.6 Main conclusions on the experimental observations 

The main effects of Cr and Ti additions on the radiation-induced dislocation loops 

microstructure in Ni alloys are the following, starting with the irradiations at 510 °C: 

1) A small amount of Ti and Cr reduces the loop mobility and growth rate; 

2) Perfect loops glide along their Burgers vector  

3) Ti drastically reduces the loop size, but increases the loop density; 

4) Free surfaces impact is reduced by the addition of solutes: Frank loops are more 

numerous and fewer perfect loops are lost while in the irradiation at 450 °C; 
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5) Dislocation loops are vacancy-type in Ni and Ni-0.4Cr in thin foils at temperature 

higher than 450°C, while the loop nature in Ni-Ti alloys depends on the Ti content, 

and temperature. The critical Ti concentration at which there is a switch of the 

dislocation loop nature depends on the temperature. Above the critical Ti 

concentration, 𝐶𝑇𝑖
𝑐 (𝑇) , the microstructure is dominated by interstitial loops and 

below 𝐶𝑇𝑖
𝑐 (𝑇), loops are vacancy-type. 𝐶𝑇𝑖

𝑐 (𝑇) decreases with temperature; 

6) in Ni-0.8Ti and Ni-1.2Ti (interstitial-loop dominated), the critical thickness for the 

formation of loop is 40 nm, while in Ni and Ni-0.4Ti (vacancy-loop dominated), it is 

160 nm. 

4. Discussion 

In the following we discuss the underlying mechanisms that could explain the 

various effects of the solute atoms on the irradiation-induced dislocation loops, and in 

particular on (i) their mobility, (ii) their growth rate and nature, (iii) the critical sample 

thickness for their formation, (iv) their number density and (v) the distribution of their 

Burgers vector. The interplay between solutes and defects arises from thermodynamic 

interactions and/or from the kinetic coupling between point defects and solutes, which 

may result in radiation-induced segregation (RIS). We start this chapter with an analysis 

of RIS, and then analyze the role of the solute-defect thermodynamic interactions based 

on data obtained by density function theory (DFT) calculations on the loop mobility. 

From the latter, we model the evolution of the microstructure using rate theory, taking 

into account these interactions and an effective production bias factor. This allows us to 

predict the evolution of the dislocation loops properties with respect to temperature, the 

solute content and the sample thickness as a function of irradiation time.  
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4.1 Radiation-induced segregation of Ti and Cr in nickel 

Radiation-induced segregation (RIS) causes the redistribution of solute atoms in the 

matrix. In particular, it can lead to their accumulation or their depletion near lattice defects 

such as the dislocation loops. Recent ab initio calculations show a moderate Ti-vacancy 

attraction in the nearest neighbor (nn) with a binding energy of 0.05 eV, while with the 

interstitial it is weaker (0.02 eV) or unstable [67]. Cr presents a relatively weak attraction 

to the vacancy as 2nd nearest neighbor (2nn) (0.02 eV) while with the interstitial it is 

stronger (0.1 eV). Hence, we expect a negligible trapping effect of Ti or Cr on PDs.  

A quantitative analytical diffusion model has recently been developed to investigate 

the RIS resulting from the flux of solute atoms towards sinks induced by its coupling with 

the flux of PDs [68]. The transport coefficients of PDs and solute atoms are obtained from 

the KineCluE code [69], based on the available PDs jump frequency and migration energy 

obtained by DFT calculation of Ni-Ti and Ni-Cr alloys [67]. The coupled diffusion 

equations of PDs and solute are analytically solved to calculate the segregation quantity 

SB (B=Ti or Cr) of Ti and Cr in Ni as a function of temperature (K) and damage rate 

(dpa/s). The segregation amount SB is defined as the solute concentration excess with 

respect to the bulk solute concentration. A positive SB indicates the enrichment at the sink 

while a negative one indicates depletion. The absolute value of SB informs about the 

amplitude of the RIS. To calculate SB, the total strength of sinks, namely surfaces, 

dislocation lines, loops and/or voids, of the microstructure is calculated using the 

formulae given in [70]. The defect number density and size used in the formulae are those 

experimentally measured in Ni-0.4Ti and Ni-0.4Cr irradiated at 450°C up to 0.7 dpa. As 

the resulting total sink strength in both alloys is around 1014 m-2, we consider in the 

following that as constant, at the set value of 1014 m-2, whatever the temperature and 
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irradiation flux. Although it is a relatively strong approximation, it allows providing a 

first global picture of the segregation trends in these systems.  

 
Fig. 10 Radiation-induced segregation (RIS) in (a) Ni-0.4Ti and (b) Ni-0.4Cr systems in 

function of irradiation temperature and flux calculated by the analytical model [68]. 

Rhombus indicate the experimental irradiation conditions in this study. Total sink 

strength used in both systems is set to 1014 m-2. The solid rhombus represent in-situ and 

the hollow ones represent ex-situ irradiation. 

Fig. 10 shows the map of the segregation amount, SB, around a planar sink with the 

same sink strength as the loops in Ni-0.4Ti and Ni-0.4Cr as a function of irradiation 

temperature and flux. Both maps show RIS occurs when the mechanism of PD 

elimination at sinks is dominant in comparison with those of recombination and back 

diffusion. We observe opposite RIS trends between Ni-Ti and Ni-Cr: sinks are depleted 

in Ti while they are enriched in Cr. Based on this simulation, within our experiment 

conditions, we expect Ti depletion to be much more pronounced than the Cr enrichment 

(|STi| ≈ 4|SCr|).  

Fig. 11 presents the experimental investigation of the solute local distribution in Ni-

0.4Ti irradiated at 450°C using STEM-EDS and APT. The STEM HAADF image in Fig. 

11a shows a vertical bright contrast that stems from a/2<110> dislocation loops seen edge 

on. The corresponding STEM EDS maps of Ni and Ti shown in respectively Fig. 11b and 
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c and reveal visually a depletion in Ti at and around the loops, which is also visible in the 

composition profile taken across loop, see Fig. 11e. There is a dip in the Ti signal when 

crossing the loop, which corresponds to an increase in the Ni signal, (Fig. 11(e)). Ti 

depletion around dislocation loops was also recently detected using Atom Probe 

Tomography (APT) in in the same system, as reported in Fig. 11(f) [71]. At this point no 

similar investigation has been performed in the Ni-Cr system. Nonetheless, the 

experimental results in the Ni-Ti confirm our model, which give us confidence in its 

prediction ability. 

 The predicted chromium enrichment at dislocation loops could enhance the Cr-

dislocation loop interactions, whereas the negative RIS of Ti tends to decrease the 

interaction between dislocation loops and the population of Ti atoms around them. Both 

experimental and modeling results show that irradiation leads to a depletion of Ti in the 

vicinity of defects, which is out of thermal equilibrium segregation. It is worth noting that 

our experimental study is the first that supports a recent theoretical investigation of flux-

couplings in dilute nickel-based alloys predicting negative RIS of Ti and positive RIS of 

Cr [67].  

Despite the radiation-induced depletion of Ti in the vicinity of defects, we observe 

a spectacular effect of Ti on the dislocation loops mobility and stability. It could be the 

sign that other mechanisms than RIS, such as thermal segregation, control the defect 

properties. For example, in austenitic steels, thermodynamics and RIS have opposite 

effects.  RIS induces a depletion of Cr at grain boundaries whereas thermal segregation 

induces an enrichment. The competition between the two mechanisms leads to a local 

enrichment of Cr on grain boundaries within a depletion zone. It forms a “w-shape” 

segregation profile at grain boundary under irradiation [72,73]. However, even if 
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thermodynamics is taking into account in grain boundaries segregation in austenitic steels, 

it has been underestimated for segregation at radiation-induced dislocation loops. Here, 

our experimental results may have revealed the crucial role of a thermodynamic driven 

segregation on the properties of loops, even though the amount of Ti thermal segregation 

at loops may be too small to be detected. This implies that the thermodynamic interactions 

of Ti with defects could lead to a thermal segregation of opposite sign to RIS, with a 

favored occupation of the atomic sites nearby the defect by the solute atoms. We discuss 

these interactions in more details in the following part. 

 
Fig. 11 (a) STEM-HAADF image and STEM EDS map of (b) Ni and (c) Ti of Ni-0.4Ti 

irradiated at 450°C to 0.7 dpa. Region contains one dislocation loop in edge-on position 

(vertical bright contrast in (a)); (d) overall composition of the imaged zone; (e) 

concentration profile of Ti and Ni across the dislocation loop taken in the yellow box 

marked in (a). (f) APT and APT profile showing Ti depletion at dislocation loops (from 

[71]). 
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4.2 Thermodynamic solute-defect interactions  

The loop mobility in concentrated Ni alloys was observed to be lower than in pure 

Ni under irradiation [43,47]. The reduced mobility was attributed to the strong lattice 

distortion induced by the addition of a high amount of solute. In the present study, 

although alloys are dilute in solute, we still observe a strong reduction of the loop mobility 

(Fig. 6), especially in Ni-Ti, likely due to the thermal segregation of Ti as we suggested 

above. Unfortunately, a direct observation of a solute thermal segregation on radiation-

induced defects is difficult to achieve, because the amount and the spatial extent of a 

thermal segregation may be below the spatial and chemical resolution of STEM EDS and 

of APT. However, atomistic modeling studies provide elements of answer: recent ab 

initio studies indicate that the standard elastic models correctly predict the sign of thermal 

solute segregation on dislocation lines and interstitial dislocation loops [52,53]. It was 

shown that there is a direct relationship between the solute-dislocation loop binding 

energy and the relaxation volume of the solute in the matrix. In order to minimize the 

energy of system, a solute larger than the matrix atoms preferentially resides in tensile 

regions and, vice versa, a small solute preferentially resides in compressive regions. 

Around a dislocation loop, whatever its nature (vacancy or interstitial), there are tensile 

and compressive regions. Therefore, one can always expect an enrichment of solute 

nearby loops, as long as the solute relaxation volume is non-zero, whatever its sign. In Ni, 

the relaxation volume of Ti is positive, while it is slightly negative for Cr [74,75]. We 

thus expect a smaller elastic interaction of Cr with defects compared to Ti. Note that voids 

and stacking fault tetrahedra generate smaller distortions of the surrounding lattice 

compared to dislocation loops. 
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Electronic interactions may compete with elastic interactions, especially when the 

elastic interactions are small. While there is no systematic ab initio analysis of the Cr and 

Ti interactions with the various defects at play, some recent ab initio studies revealed a 

lowering of the stacking fault energy resulting from a shear deformation along 

<112>{111} upon the substitution of Ni by either Ti and Cr [75]. In a first approach, we 

considered I-clusters, Frank loops and stacking fault tetrahedra as defects generating 

stacking faults. We may thus conclude that Ti and Cr solutes are certainly attracted to 

these defects.  

To conclude, we expect Ti, and Cr to a lesser extent, to be attracted to both 

interstitial and vacancy dislocation loops, and stacking fault tetrahedra and I-clusters. 

This attraction results from a purely thermodynamic effect, leading to local solute 

enrichments close to those defects. In the case of Cr, we predict a slightly positive RIS at 

defects, as shown in Fig. 10(b). When there is a thermodynamic Cr-defect attraction, the 

radiation-induced enrichment of Cr may enhance the attraction of Cr with the defects, 

which means in particular that the dislocation loop mobility will be more impacted by Cr. 

In the case of Ti, the thermal segregation of Ti nearby loops against the Ti depletion by 

RIS may play a key role on the loop mobility and stability. However, to predict such a 

fine thermal segregation, further investigations such as interaction between Ti and 

dislocation core are required. 

Note that, in concentrated alloys, thermal segregation occurs as well, but it is then 

not necessarily the dominant phenomenon impacting the mobility of dislocations. For 

instance, one has demonstrated the strong role of bulk composition fluctuations on the 

dislocation mobility [76]. The opposite sign of radiation induced and assumed thermal 
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segregation in Ni-Ti tends to show that the dislocation mobility is mainly sensitive to 

equilibrium segregation rather than to non-equilibrium segregation.  

4.3 From the slowing down of PD clusters by solutes to the growth rate and nature 

of the dislocation loops 

In most alloys, the solute segregation at defect delays the defect mobility. Indeed, 

whenever the motion of defect proceeds via a dissociation reaction of the solute from the 

PD cluster, the activation barrier of the PD cluster motion increases with the solute-PD 

cluster binding energy and the amount of segregated solute atoms. Therefore, the greater 

the segregation, the slower the motion of PD clusters. The amount of segregation relates 

to the interplay between the solute atoms and the loops growth rate and nature. 

To understand the solutes effect on the loops growth rate and nature, we applied 

rate theory, considering the production bias model [35] to account for the loss of freely 

migrating interstitial resulting from their diffusion and elimination at the free surfaces of 

the sample. In our previous investigation [35], this model could explain the growth of 

vacancy loops in Νi. The steady-state variation of the vacancy (𝑣) loop radius, 𝑅, is 

written as: 

𝑑𝑅

𝑑𝑡
= 𝛼(1 − 𝜂) + 𝛽  Equation (1) [35] 

where 𝛼(1 − 𝜂) describes the loss of interstitials due to the migration of PD clusters and 

𝛽 is the loop growth rate based on the standard dislocation bias and PD diffusion models 

[22,36,37]. The expressions of 𝛼 and 𝛽 are given in Appendix E. We define here a critical 

loss (1 − 𝜂𝑐) which makes 𝛼(1 − 𝜂𝑐) + 𝛽 = 0. When the interstitial loss is higher than 

the critical loss, i.e. (1 − 𝜂)  > (1 − 𝜂𝑐), the sum on the right side of Eq.(1) is positive 

so vacancy loops grow. Otherwise, interstitial loops grow. We discuss below the impact 
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of the SIA loss or lack thereof resulting from the action of solute on the PD cluster 

mobility on the loop nature and growth.  

The impact of solute atoms on the loop nature and growth rate may relate to the 

suppression of the interstitial loss in their presence. The thermal segregation of solutes 

would reduce the interstitial cluster (I-cluster) mobility, thus reduce the interstitial loss 

mediated by the mobility and elimination reactions of I-clusters. In Ni-Ti alloys, the 

increase of Ti thermal segregation with the nominal concentration of Ti, should lead to a 

progressive decrease of the loop and cluster mobilities, thus progressive decrease of the 

production bias, (1 − 𝜂). Following Eq. (1), the growth rate of vacancy loops decreases 

with a decrease of the production bias. Once Ti content exceeds a critical value, the sign 

of the growth rate changes, implying a change of the loop nature with the nominal Ti 

content.  

Table 4 summarizes the main findings resulting for this modelling. Based on Eq. 

(1) and the measurement of the loop growth rate, we may obtain a quantitative estimation 

of the interstitial loss rate. Using the measured growth rate dR/dt (Fig. 2(c) with values 

given in Appendix E), and the evaluation of the sink strength extracted from the 

experimental characterization of the overall dislocation microstructure (Appendix E), the 

interstitial loss rate was estimated by solving the Equation (1) c.f. Table 4. The loop 

growth rate and irradiated microstructure data are the ones measured at the end of 

irradiation. In vacancy loop dominated materials, the interstitial loss is higher than the 

critical loss, which is reached when dR/dt=0 in Equation (1), while in interstitial loop 

dominated ones, it is below the critical value.  

Table 4 Minimum interstitial loss (critical loss) to induce vacancy loop growth and 

estimated interstitial loss deduced from observed loop growth rate at the end irradiation 

based on rate theory model [35] in materials irradiated at 510°C up to 0.06 dpa. 
Materials Ni Ni-0.4Cr Ni-0.4Ti Ni-0.8Ti Ni-1.2Ti 
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Loop nature V-loop V-loop V-loop I-loop I-loop 

Thickness (nm) 260 220 220 120 120 

Critical loss  ~7% ~7% ~7% ~9% ~9% 

Estimated loss  ~12% ~16% ~10% ~7% ~6% 

 

Table 4 gives the Frank loop nature in function of composition, temperature and the 

sample thickness. The micro-alloying, the decrease of temperature c.f. Table 3 (reducing 

the cluster mobility), the increase of the sample thickness (from TEM thin foil to bulk), 

and the increase of the solute content lead in general, to a lower interstitial loss. This is 

an indirect proof of their impact on the nature of the dislocation loops and their mobility. 

Besides, the effect of Ti on the defect mobility is stronger than the one of Cr. In Ni-0.4Cr 

thin foil at both 510°C and 450°C, the mobility of I-cluster is reduced but not enough to 

reverse the loop nature because the interstitial loss to surfaces remains strong despite the 

microalloying. In bulk Ni-0.4Cr, the interstitial loss is largely reduced in depth, up to the 

formation of a dislocation-loop population dominated by I-loops. 

4.4 Critical sample thickness for the formation of loops, dependence on cluster 

mobility and stability 

The critical thickness at which we observe loops is different between vacancy-loop-

dominated samples and interstitial-loop-dominated samples (c.f. Fig. 7). In pure Ni [35] 

and Ni-0.4Ti at 510°C, (vacancy-type) dislocation loops are present at thickness above 

150 nm (c.f. Fig. 7(a)). In Ni-0.8Ti and Ni-1.2Ti, (interstitial-type) dislocation loops are 

observed already at thicknesses as low as 40 nm (c.f. Fig. 7(b)). More specifically, in Ni 

(450&510°C) and Ni-0.4Ti (510°C) I-defects are more mobile than V-defects as shown 

in Fig. 12(a). I-defects can thus easily escape to surfaces whatever the thickness. In thin 

zones, there is no vacancy loop as both types of clusters are strongly absorbed at the free 

surfaces. An increase of the thickness leads to an increase of the vacancy concentration, 

leading to the formation of vacancy dislocation loops. In Ni-0.4Ti (450°C) and Ni-0.8Ti 



38 

 

and Ni-1.2Ti (510°C), a loop-free thin zone (below 40 nm) is observed where both I-

defects and V-defects are absent due to the strong elimination rate at surfaces. As the 

thickness increases, a part of the loops formed within the cascades, survive. In Ni-0.8Ti 

and Ni-1.2Ti, as loops are immobile and have stronger bias than any other sinks (surface, 

voids and stacking fault tetrahedra (SFT), I-loops would strongly attract I-defects and 

grow while V-loops would shrink (see Fig. 12(b)).  

 
Fig. 12 Schematic illustration for the loop formation in irradiated lean Ni alloys in 

respectively (a) a vacancy loop-dominated material and (b) an interstitial loop-dominated 

material. (c) Total vacancy number contained in loops as a function of thickness in Ni 

and Ni-0.4Ti up to 0.06 dpa; (d) total interstitial number contained in loops in Ni-0.8Ti 

and Ni-1.2Ti irradiated at 510°C up to 0.18 dpa. TEM micrographs in (d) taken in dark-

field weak-beam mode. 

The difference in the loops nature between Ni-0.8/1.2Ti and Ni/Ni-0.4Ti could be 

attributed to the variation of the radiation dose. However, during the in-situ irradiation, 

the morphology of the Frank loops remained the same in each material, which indicates 

that no change of the loops nature took place within the studied dose range.  

To support this conclusion, the total PD number (either vacancy number or 

interstitial number) contained in loops is estimated as explained in Appendix F. The total 

vacancy number contained in loops in Ni and Ni-0.4Ti and the total interstitial number in 
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Ni-0.8Ti and Ni-1.2Ti at 510°C are calculated as a function of the sample thickness. They 

are presented in respectively Fig. 12(c) and Fig. 12(d). These curves show a good 

agreement with the suggested mechanism drawn from Fig. 12(a) and Fig. 12(b). 

It is worth noting that stacking fault tetrahedra (SFT) were detected in our samples 

(see. Fig. 12(d)). It is however difficult to determine their size and number density, as 

they are usually at the limit of the spatial resolution of TEM imaging in diffraction 

contrast mode (about half a nanometer), which also renders the identification of their 

shape difficult. However, SFTs are more frequently and easily observed in Ni-0.8/1.2Ti 

than in Ni/Ni-0.4Ti, as their density and size seem to increase with the Ti content. DFT 

calculations have shown that Ti could efficiently reduce the stacking fault energy (SFE) 

in nickel [75,77], which implies that the SFT is energetically more favourable with 

increasing Ti content.  

4.5 Loop mobility and stability impacting loop density 

The overall loops density is increased by Ti (c.f. Fig. 6). Two mechanisms involving 

Ti solute may operate. First, the nucleation of Frank loops may be enhanced by the 

reduction of the SFE with the Ti concentration increase. It would lead to a higher Frank 

loops density, which in turn would also increase the number of perfect loops, as Frank 

loops unfault into perfect loops during the loop growth. This hints towards the influence 

of solute on the unfaulting process or critical unfaulting size, which is beyond the scope 

of this work. The second mechanism concerning the loop mobility has been discussed 

previously: the mobility of perfect loops is reduced in Ni-Ti alloys, likely due to the 

thermal Ti segregation. This trapping effect reduces the number of perfect loops slipping 

to surfaces and hence the heterogeneities in the Burgers vector distribution of the perfect 
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dislocation loops. The effect of Cr on the loop density is not strong, probably due to the 

fact that Cr moderately affects the SFE [75,77] and loop mobility (Table 1).  

5. Conclusion 

In-situ and ex-situ self-ion irradiations and fine analysis of irradiated microstructure 

are performed on dilute Ni-based model alloys to investigate the influence of micro-

alloying on the radiation damage of fcc alloys. Our results show that: 

1) The influence of three parameters (solute nature, solute concentration and 

temperature) on the dislocation-loop nature (interstitial vs vacancy) of the fcc 

nickel structure is revealed for the first time. The influence of micro-alloying on 

the dislocation loop microstructure strongly depends on the nature of the solute 

element. Titanium has a strong effect on various properties of dislocation loops, 

including their nature, their growth rate, their density, their Burgers vector and 

their mobility, while the effect of chromium appears as moderate. The strong 

effects of Ti micro-alloying on the loop mobility, the loop growth rate and loop 

nature are attributed to the slowing down of clusters, likely due to the thermal 

segregation of this oversized solute atom at radiation-induced defects. This 

thermodynamic effect depends on the solute content and temperature, which is 

consistent with our experimental observations. The critical Ti concentration at 

which there is a switch of the dislocation loop nature depends on the temperature. 

Above the critical Ti concentration, 𝐶𝑇𝑖
𝑐 (𝑇), the microstructure is dominated by 

interstitial loops and below 𝐶𝑇𝑖
𝑐 (𝑇) , loops are vacancy-type. 𝐶𝑇𝑖

𝑐 (𝑇)  decreases 

with temperature. 
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2) We demonstrate that in alloys, there is a direct correlation between the Frank loop 

morphology and their nature. Vacancy Frank loops show a segmented shape while 

interstitial ones are ellipsoidal. 

3) The addition of solute reduces the critical thickness for the formation of loops. 

Interstitial-type loops form at thickness above 40 nm while vacancy-type loops 

form at thickness above 150 nm. We attribute such critical regimes to the reduced 

mobility of I-clusters. 

4) An addition of titanium reduces the mobility of loops and the stacking fault energy 

of nickel. The impact of Ti on the stacking fault energy is evidenced by the 

increase of both Frank loop proportion and stacking fault tetrahedra size/density 

with the addition of Ti in the alloys. This observations confirms the previous DFT 

calculations. 

5) Under the studied conditions (450°C and 8x10-5 dpa/s), a depletion of Ti could be 

detected using STEM/EDS and APT. We have deployed a new radiation-induced 

segregation (RIS) model based on experimental evidence and recent DFT-

KineCluE modeling of RIS accounting for the effect of the overall microstructure 

sink strength (characterized by TEM) on the amount of segregation. The coupling 

of experiments and modelling reveals that radiation-induced segregation (RIS) 

leads to a depletion of Ti nearby defects under irradiation. Our experimental study 

is indeed the first that supports recent DFT theoretical calculations highlighting 

the variety of flux-coupling mechanisms in dilute nickel-based alloys.  

6) Based on DFT data and our experimental observations, we attribute the observed 

spectacular solute effects of Ti on loop nature and growth to the thermal 

segregation of oversized Ti atoms at strained lattice sites of the defects. The 
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opposite sign of RIS and thermal segregation in Ni-Ti suggests that the dislocation 

mobility is mainly sensitive to equilibrium segregation rather than to non-

equilibrium segregation. This interpretation including thermodynamics sheds new 

light on the underlying fundamental mechanisms of the influence of micro-

alloying on radiation damage. This opens new perspectives for future 

experimental investigations and for the development of the modeling of radiation 

effects. 
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Appendix A. Calculation of radiation damage 

Radiation damage (in dpa) and injected atom (in appm) are calculated by 

SRIM2013 [56] and IRADINA [58] codes and shown in Fig. A. 1. 

 
Fig. A. 1 Damage profile of (a) 2 MeV Ni2+ ions injected into Ni by SRIM 2013 code and 

IRADINA code for a fluence of 9x1013 ions.cm-2; and (b) 5 MeV Ni2+ ions injected into 

Ni for a fluence of 2.3x1015 ions.cm-2 The displacement threshold energy of Ni is taken 

as 40 eV [3,57] 

Appendix B. Loop density for loop type analysis 

Loop densities in function of diffraction vector g in Ni-0.4Cr, Ni-0.4Ti, Ni-0.8Ti 

and Ni-1.2Ti irradiated at 510°C to 0.06 dpa are listed in Table B. 1 for the loop type 

analysis by statistic method. Loops are counted manually from TEM micrographs. 
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Table B. 1 Loop density (in 1020 loops/m3) in function of diffraction vectors in Ni-0.4Cr, 

Ni-0.4Ti, Ni-0.8Ti and Ni-1.2Ti irradiated at 510°C to 0.06 dpa. 

Ni-0.4Cr 

Zone axes [121] [110] [011]  

g investigated 11̅1 1̅11̅ 1̅11 002 2̅20 1̅1̅1  

Loop density 2.8 2.7 2.7 3.0 2.3 2.8  
         

Ni-0.4Ti 

Zone axes [101] [11̅1] [001] 

g investigated 111̅ 020 11̅1̅ 202̅ 2̅02̅ 022 002 

Loop density 18.6 20.5 17.9 14.7 15.2 1.49 19.3 
         

Ni-0.8Ti 

Zone axes [001] [11̅2]   

g investigated 22̅0 02̅0 200 2̅2̅0 1̅11   

Loop density 19.2 23.4 23.4 18.9 21.0   
         

Ni-1.2Ti 

Zone axes [101] [112] [211]  

g investigated 2̅02 1̅1̅1 020 1̅11 2̅20 02̅2  

Loop density 26.4 28.3 31.5 26.3 27.7 25.3  

 

Appendix C. Microstructure in function of specimen thickness in Ni-Ti alloys 

Fig. C. 1 shows the irradiated microstructure in Ni-0.4Ti, Ni-0.8Ti and Ni-1.2Ti 

thin foil irradiated at 510°C up to 0.06 dpa in function of specimen thickness. All TEM 

micrographs are taken using a diffraction vector g=<220>. Loop density and size are 

measured manually using Image J software. 
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Fig. C. 1 TEM micrographs showing the microstructure in the same zones in function of 

specimen thickness in Ni-0.4/0.8/1.2Ti irradiated at 510°C to 0.06 dpa with g=<220> 

indicated by the black arrow. 

Appendix D. Frank loop nature in Ni-0.4Cr and Ni-0.4Ti at 510°C 

Fig. D. 1(a) and Fig. D. 1(b) present respectively the microstructure in Ni-0.4Cr and 

Ni-0.4Ti thin foils irradiated at 450°C to 0.7 dpa. Frank loops are detected in both 

materials. In Ni-0.4Cr, all Frank loops are segmented as shown by two typical loops in 

Fig. D. 1(c-d) and they are identified as vacancy-type. In Ni-0.4Ti, Frank loops are elliptic 

as shown in Fig. D. 1(e-f) and they are interstitial-type. 

The thickness-dependency of loop density in Ni and Ni-0.4Ti is measured and 

plotted in Fig. D. 2.  
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Fig. D. 1 Frank loops in thin foil of (a) Ni-0.4Cr and (b) Ni-0.4Ti irradiated to 0.7 dpa at 

450°C by 5 MeV Ni2+ ions. BF images taken along zone axis <101> with (a) g={111} 

and (b) g={202} indicated by black arrows and several Frank loops encircled; WBDF 

images showing the morphology of Frank loops in (c-d) Ni-0.4Cr and (e-f) Ni-0.4Ti with 

g=<200> (white arrows). 

 
Fig. D. 2 Thickness dependency of loop density in function of thickness in Ni and Ni-

0.4Ti irradiated at 450°C to 0.7 dpa by 5 MeV Ni2+ ions. 

Appendix E. Calculation of interstitial loss 

In our previous investigation [35], the steady-state variation of the vacancy loop 

radius, 𝑅, is written as: 

𝑑𝑅

𝑑𝑡
=

Ω

𝑏

𝑍𝑙,𝑖

𝑘𝑖
2 𝐺(1 − 𝜂) +

Ω

𝑏
(𝑍𝑙,𝑣 − 𝑍𝑙,𝑖

𝑘𝑣
2

𝑘𝑖
2) 𝐷𝑣𝐶𝑣  [35] 

where Ω is the volume of a Ni atom, 𝑏 is the Burgers vector of the loop, 𝐶𝑣 is the 

atomic fraction of vacancies, 𝐷𝑣 is diffusion coefficients of vacancies, 𝑍𝑙,𝑣 and 𝑍𝑙,𝑖 are 

adsorption efficiency of the loop for vacancies and interstitials, 𝑘𝑣
2 and 𝑘𝑖

2 are the total 
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sink strengths for vacancies and interstitials respectively, 𝐺 is the production rate of PDs 

in dpa/s, and (1 − 𝜂) is the loss fraction of interstitials due to the 1D motion of I-clusters.  

To deduce the interstitial loss rate, the parameters in Eq.(1) is calculated as the 

following. 𝐷𝑣 is deduced from [67], 𝐶𝑣 is deduced using the rate theory model in [68], 𝑍𝑖 

and Zv the absorption factor for interstitials and vacancies by loops deduced from [78], 

𝑘surf
2 = 12/𝑡2 where 𝑡 is the thickness [70], 𝐺=2.7x10-4 dpa/s. The used parameters are 

shown in the following table with the total sink strength k2
v and k2

I is the sum of k2
surface 

and k2
loop. In Ni the sink strength of dislocation network k2

line,V = 9x1012 m-2 (density = 

8x1012 m-2) from the analytical expression in [79]. Each k2 is calculated using formulae 

in [70,78]. The critical loss in Ni in this study is slightly different from a previous work 

[35] as model and used parameters are different. The diffusion coefficients here are 

calculated using more recent DFT data, the bias is calculated based on specific absorption 

factors and the sink strength of loops and of dislocation lines are different here. 

Table E. 1 Parameters used for interstitial rate calculations 

 

Thickness 

(x10-7 m) 

k2
surface 

(m-2) 

loop density  

(loops/m3) 

loop diam. 

(nm) ZV ZI 

k2
V 

(m-2) 

k2
I 

(m-2) Bl CV 

Ni 2,6 1,78E+14 8,1E+20 21,1 1,49 1,67 2,7E+14 2,8E+14 3,8E-2 3,15E-6 

Ni-0.4Cr 2,2 2,48E+14 2,2E+20 34,6 1,35 1,50 2,8E+14 2,8E+14 1,3E-2 2,99E-6 

Ni-0.4Ti 2,2 2,48E+14 1,9E+21 13,6 1,63 1,84 3,8E+14 4,0E+14 4,3E-2 2,21E-6 

Ni-0.8Ti 1,2 8,33E+14 3,1E+21 12,2 1,68 1,90 1,0E+15 1,1E+15 2,5E-2 8,13E-7 

Ni-1.2Ti 1,2 8,33E+14 5,8E+21 11,2 1,75 1,99 1,2E+15 1,2E+15 3,9E-2 7,05E-7 

 

Appendix F. Calculation of point defects contained in loops 

The total PD number (either vacancy number or interstitial number) contained in 

loops is calculated as 𝜋𝑑𝐷2/(4𝑆𝑁) as a fraction concentration (in PDs/atom) with 𝑑 the 

loop density, 𝐷 the average size (diameter), 𝑆=5.36x10-2 nm2 the atom cross-section area 

on <111> planes, 𝑁=94 atoms/nm3 the number of Ni atoms in unit volume.  

 


