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Manchester, October 30, 2018

Dear editor, 

Please find attached the resubmitted manuscript Ms. JNM_2018_1117 Barcellini et al. 

entitled ‘Evolution of the radiation-induced lattice defects in 20/25 Nb-stabilised austenitic 

stainless steel during in-situ proton irradiation’ which has been significantly revised on the 

basis of the comments received by the reviewers.

The detailed response to the reviewers’ comments, together with the revised version of the 

manuscript, is attached. We would like to thank the reviewers for their time and effort in 

appraising the manuscript. The comments received were pertinent and helpful in improving 

the manuscript. All the points raised have been addressed and the manuscript has been 

amended accordingly. We believe that the revisions made adequately address the points 

raised and should therefore present no further obstacle to publication.

Yours sincerely,

Chiara Barcellini

------------------------------------------------------------------------------------------------

Ms. Chiara Barcellini

Materials Performance Centre, School of Materials, University of Manchester, 

Oxford Road, Manchester, M13 9PL, United Kingdom

Tel.: +44 (0)7502577347, email: chiara.barcellini@postgrad.manchester.ac.uk



Reply Referee report on Ms. JNM_2018_1117 Barcellini et al.

We thank the reviewers for carefully reading the manuscript and the useful comments. We 

have addressed all those comments, which we feel have improved the article quality. 

Detailed response:

Reviewer 1

1. Figure 1: Was anything done to confirm that the particles were Nb(C,N) particles and not 

some other second phase particle or contamination of the sample?

We used STEM/EDX to confirm that the particles were Nb(C,N). We have added a 

description of these particles in the results section, together with a new figure (Fig. 2) that 

shows two illustrative examples of STEM/EDX mapping of those particles.

2. Figure 2: Caption suggests that the images were captured on zone. Why were they not 

captured in a two beam condition? This would have given much clearer images.

Images were captured on zone and also in two beam condition at selected damage steps. Fig. 

2 (now Fig. 3) displayed images on zone of the region of interest monitored during in situ 

irradiation. We have added examples of micrographs acquired in two beam condition in this 

figure. 

3. Figure 5: It is difficult to tell what each image panel each portion of the caption refers to. I 

would suggest labelling a-h to avoid confusion.

We have added the labelling a-h in Fig. 5 (now Fig. 6) according to the reviewer’s 

suggestion. 

4. Figure 5: HAADF STEM images give only mass-thickness contrast and are not sensitive to 

stacking fault tetrahedra unless there is significant chemical segregation to them. It is more 

likely that these are medium or low angle ADF images. Is the camera length for the images 

known? This would help clarify. 

In order to avoid confusion, the image has been substituted with a TEM/BF image. 

5. Figure 7 and the associated discussion: The transformation of dislocation loops into lines is 

simply due to the loops coming into contact with the free surface and a segment escaping. 

That is, this transformation is a thin film effect and should not be presented as general 

behavior of these alloys under irradiation conditions. The discussion on the image should 

focus on loop growth behavior, not transformation from loop into line.

The average loop size saturates at 76nm (500 C) and 50nm (460 C), and saturation ° °

coincides with the transition of unfaulted loops into lines/networks. As the reviewer 

suggested, a segment of the loops may escape from the sample surface during the irradiation. 



However, the average loop size at saturation at both temperatures is significantly smaller than 

the estimated sample thickness of 110-140nm. Therefore, a significant fraction of the loops 

would transform into lines before they reach the sample surface. Besides that, the loop line 

transition has also been reported in neutron-irradiated specimens, as mentioned in the 

introduction section. We have clarified this in the discussion section of the manuscript. 

6. Diffraction vector or associated diffraction pattern should be included with electron 

micrographs.

We have added the diffraction vector in the case of two beam condition, and the diffraction 

pattern in the case of on zone micrographs. 

7. It is not clear what 0.25 um refers to in the experimental section. Is it the particle size of 

the colloidal silica or the thickness of the sample?

It refers to the particle size of the colloidal silica suspension. We have clarified this in the 

experimental section. 

8. Bottom of pg 6: Cut off used to separate high angle and low angle grain boundaries should 

be defined.

The threshold between high-angle and low-angle grain boundaries used in this work was 15 . °

This information is now indicated in the experimental and results sections. 

Reviewer 2

1. Can authors explain why they used 40KeV protons performing irradiation? Are they aware 

that such low PKA energy is far lower than that from fast neutron irradiation?

We chose this proton beam energy because it was successful in simulating the microstructure 

of neutron-irradiated AGR cladding at 420 C. This temperature corresponds to the peak °

temperature for the RIS phenomenon in AGR steel claddings. We have indicated this in the 

experimental section of the manuscript.

2. Authors mentioned in the introduction the water corrosion might be an issue since Cr 

depletion along GB may occur during irradiation, however there is nothing appeared in their 

results to look over the element change along GB. Did authors neglect it or it did not occur?

We have observed chemical redistribution close to different defect sinks in this material and 

irradiation conditions. We have added some text in the results section. The detailed account 

of the RIS phenomenon will be the focus of a companion paper. 



3. Why did authors choose three specific temperatures from 420 to 500 C degrees, any °

particular reason? If the temperatures represent the variation from AGR inlet to outlet, please 

state it.

The selection of the irradiation temperatures in this study, namely 420°C, 460°C and 500°C, 

was based on the fact that AGR cladding material experiences neutron-induced solute 

redistribution and sensitization in the temperature range from 350 to 520 C, with a peak °

effect at 420°C. This has now been mentioned explicitly in the introduction of the 

manuscript. 

4. Authors discussed perfect loops and frank loops, as function of dose, temperature - I don't 

see any valuable outcomes, these are well documented in those references. What is new?

The novelty of this work lies in the relatively low damage range (0.01dpa to 0.8dpa) and high 

temperature range (420°C to 500°C) explored. Very few studies have been published 

regarding the early stages of damage formation in austenitic stainless steels, being 

predominantly focused on damage levels close and above 1dpa where loop saturation has 

been reached. In most cases, those studies relate to radiation doses and temperatures relevant 

for LWRs, unfortunately not for AGRs. The British nuclear industry is facing the 

decommissioning of AGR plants, and the prolonged wet storage of spent AGR fuel relies on 

the resistance of sensitized AGR cladding to intergranular corrosion. The early formation and 

evolution of dislocation structures and other lattice defects at relevant environmental 

conditions is key for a successful RIS modelling campaign, and consequently to inform safety 

cases for spent fuel storage. This explanation has been added to the introduction of the 

manuscript. 

5. The material was annealed at HT, then water quenched - can authors state their purpose of 

such processing?

The purpose of the heat treatment was to produce a fine dispersion of Nb(C,N) in the 

recrystallized microstructure, so that the level of free interstitials (C,N) in the matrix is kept 

to a minimum and the potential RIS phenomenon is in principle hindered. This has been 

added in the experimental section.

6. In figure 2, at 500C experiments the area showing in the third row image looks very much 

bent, did author realize this large strain field could affect their results?

Fig. 2 (now Fig 3) shows the region of interest monitored during the entire in-situ irradiation 

experiment. However, at selected damage levels we also acquired micrographs of other 

sample regions. These additional micrographs were used at this temperature for the 



determination of the average loop size and number density. This has been clarified in the 

results section. 

7. Did author ever think of using weak beam dark field imaging to capture those small 

defects, for example there could be tiny SFTs formed in 420C and 460 C irradiation exams? 

We used different imaging modes and could not find clear signs of small SFTs at the lower 

irradiation temperatures. 

8. In figure 6, authors state they found this frank loop being unfault - I don't see why this is a 

frank loop at the first place. I would suggest a WBDF image may help to observe the SF 

fringes in the loop and gradual decay might indicate the unfault process. 

We have provided evidence in the supplementary material of fringes inside a Frank loop. The 

fraction of observed Frank loops that undergo an unfaulting process is only 3% at 500°C, 

and it was not observed at lower temperatures. This information has been added to the 

discussion section.

9. Regarding the Q1, I have to suggest authors redo the comparison between their 40KeV 

protons and fast neutrons, based on the PKA and cascades initiation.

Based on the reviewer’s suggestion, we have improved the comparison between fast-neutron 

and low-energy proton damage in the discussion session, taking into consideration the 

energy-dependent recoil events in each case.
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Abstract

We have monitored in situ the lattice defect evolution induced by proton irradiation in 20Cr-

25Ni Nb-stabilised stainless steel, used as fuel cladding material in advanced gas-cooled 

reactors. At 420°C, the damaged microstructure is mainly characterised by black spots and 

faulted  Frank loops. Defect saturation is reached at only 0.1dpa. In contrast, at 460°C 
𝑎0

3 ⟨111⟩

and 500°C proton bombardment induces the formation of a mixture of  Frank loops 
𝑎0

3 ⟨111⟩

and perfect  loops. These perfect loops evolve into dislocation lines that form a dense 
𝑎0

2 ⟨110⟩

network. This transition coincides with the saturation in the dislocation loop size and number 

density at 0.8dpa (460°C) and 0.2dpa (500°C), respectively. The presence of a high density of 

dislocation loops and lines at those two temperatures causes a vacancy supersaturation in the 

matrix, leading to the formation of voids and stacking fault tetrahedra.  

Keywords: austenitic stainless steel, in-situ proton irradiation, dislocation analysis, 

transmission electron microscopy, advanced gas-cooled reactor
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1. Introduction 

The fuel claddings currently used in the UK Advanced Gas-cooled Reactors (AGR) 

are made of Nb-stabilized austenitic stainless steel containing 20wt.%Cr and 25wt.%Ni. The 

selection of this steel grade is based on its excellent resistance to water corrosion due 

primarily to the high content of chromium [1], and to its thermal creep resistance in oxidizing 

environments [2–5]. A stabilizing heat treatment at 930°C aims to trap the carbon and 

nitrogen atoms in a fine dispersion of Nb(C,N) particles, prior to the cladding lifetime in the 

reactor. Those particles aid to control the austenite grain size and increase the creep resistance 

at the reactor core temperatures (350-700°C [6]), and also prevent the formation of 

detrimental chromium-containing carbides and nitrides at grain boundaries during reactor 

operations [7,8][9]. However, during the service life in the reactor core at elevated 

temperatures and neutron fluxes, the cladding material experiences Cr depletion at/near grain 

boundaries, enhancing the material’s susceptibility to intergranular corrosion attacks when the 

spent fuel elements are subsequently stored in caustic-dosed water ponds. This phenomenon 

is termed Radiation-Induced Sensitization (RIS), and affects grain boundaries of those fuel 

elements which have been exposed to AGR neutron fluxes in the temperature range of 350-

520°C, with a peak effect at ~420°C [6,10,11]. RIS represents a potential hazard for the 

interim storage of AGR irradiated fuel elements in water ponds [12], therefore there is a 

growing interest in developing a mechanistic understanding of radiation damage in AGR 

cladding material and to what extend the damage would impact on the material’s resistance to 

RIS. 

The redistribution of solute atoms in the vicinity of grain boundaries is interpreted as 

stemming from the biased coupling of solute fluxes with the diffusion of radiation-induced 

vacancies or self-interstitial atoms towards defect sinks such as grain boundaries [13]. This 
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phenomenon has also been observed in other steel grades [14–18], and the variety of 

measured solute profiles can not only be ascribed to different irradiation conditions, but also 

to the geometry of the grain boundary itself [17–19]. The point defects induced by neutron 

bombardment can recombine or form lattice defects of higher dimensionality after the 

displacement cascade, depending on the irradiation temperature. This defect activity alters the 

number and strength of defect sinks in the microstructure, and consequently the point defect 

diffusion and solute redistribution. Throughout the years, different studies of the 

microstructural evolution induced by neutron irradiation have been published for several 

austenitic steel grades, with a focus on the 300 series of austenitic stainless steels widely 

employed in the nuclear industry [20–23]. In these steels, neutron bombardment induces the 

formation of  Frank loops [20,21,24]. They are often reported as ‘black-spot’ damage 
𝑎0

3 ⟨111⟩

at low irradiation temperatures, due to their size being smaller than 2-3nm [25–28]. They 

grow in diameter with increasing irradiation temperature, and when they reach a size in the 

range of 50nm to 100nm, they can unfault forming perfect dislocation loops with a  
𝑎0

2 ⟨110⟩

Burgers vector [21]. Perfect loops are more mobile than Frank loops, and the interaction of 

those perfect loops with one another may give rise to dislocation networks. Radiation-induced 

voids [20,29–31], stacking fault tetrahedra (SFT) [32] and radiation-induced, -enhanced or -

modified precipitates [20,25,29,33] can also be observed in neutron-irradiated austenitic 

stainless steels. 

The microstructural characterisation of the radiation-induced damage evolution is a 

fundamental step in understanding the mechanisms inducing solute segregation or depletion 

close to lattice defects in 20Cr-25Ni stainless steel. Traditional RIS modelling in this material 

did not include the competing effect of other defect sinks in the microstructure that are 

generated simultaneously during irradiation [34–37]. In this study, we have monitored in-situ 
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the early stages of the lattice damage evolution caused by proton bombardment in the 

microstructure of recrystallized 20Cr-25Ni Nb-stabilized stainless steel, namely at relatively 

low damage levels from 0.01 to 0.8dpa and in the temperature range of 420-500°C, using a 

transmission electron microscope (TEM) coupled to an ion accelerator [38,39]. In the past, 

intense proton beams have been used successfully to simulate the neutron damage in other 

nuclear steel grades with minimal sample activation [40,41], [42]. A limited number of 

studies have been published regarding the early stages of damage formation in austenitic 

stainless steels, being predominantly focused on damage levels close and above 1dpa where 

loop saturation has been reached, and on temperatures relevant instead for Light Water 

Reactors [21][28]. The selection of the specific irradiation temperatures in this study, namely 

420°C, 460°C and 500°C, was based on the fact that AGR cladding material experiences 

neutron-induced solute redistribution and sensitization in the temperature range from 350 to 

520°C, with a peak effect at 420°C [6]. The early formation and evolution of dislocation 

structures and other lattice defects at relevant environmental AGR conditions is key for a 

successful RIS modelling campaign, and consequently to inform safety cases for spent fuel 

storage. The analysis of the local chemical composition profiles at the grain boundaries and 

other defect sinks of the AGR cladding material will be presented in a companion paper.

2. Experimental 

The as-received AGR cladding material was in the form of a 55cm long tube with transverse 

ribs on the outer surface. It had an outer diameter of 1.5cm and an average wall thickness of 

0.4cm. Its chemical composition is provided in Table 1. After removing the external ribs, we 

extracted samples with a size of 2.52.5cm2 and subjected them to a recrystallization 

annealing treatment at 930°C for 40min in inert atmosphere, followed by water quenching. 

The purpose of this heat treatment was to produce a fine dispersion of Nb(C,N) in the 

recrystallized microstructure [9], so that the level of free interstitials (C,N) in the matrix is 



6

kept to a minimum and the potential RIS phenomenon is in principle hindered. The heat-

treated samples were mechanically ground and polished using in the last step a colloidal silica 

suspension with a particle size of 0.25 m. The structural characterization was performed 

using a FEI Quanta 650 equipped an electron backscattered diffraction (EBSD) detector. The 

EBSD data processing was performed using the MTEX software [43]. In the EBSD data 

analysis, the threshold between high-angle and low-angle grain boundaries was 15° [44,45]. 

We also performed TEM imaging and analysis of the samples using a FEI Tecnai G2 20 

microscope equipped with a Gatan CCD camera. In this case, 3mm-diameter TEM discs were 

extracted from the heat-treated material and electropolished using an electrolyte of 95 vol. % 

methanol - 5 vol. % perchloric acid (60%) at a temperature of - 25ºC.

The in-situ proton irradiations were performed at the Microscope and Ion Accelerator 

for Materials Investigation - 2 system (MIAMI-2 system), located at the University of 

Huddersfield, UK. The samples were mounted in a high-temperature double-tilt holder and 

placed inside a 300 kV Hitachi H-9500 TEM with a spatial resolution of 0.14nm, equipped 

with a  electron source and a Gatan OneView digital camera with 16 megapixels and up  𝐿𝑎𝐵6

to 300 fps video. The TEM is installed at the end of a beam line connected to an ion 

accelerator, capable of producing proton beams with energies up to 350keV. The proton beam 

enters the microscope chamber at 18.7º with respect to the electron beam. We used a proton 

beam energy of 40keV, and the Bragg peak position would be at 200nm from the sample 

surface exposed to the incoming proton beam, based on SRIM simulations [46]. We chose 

this proton beam energy because it was successful in simulating the microstructure of 

neutron-irradiated AGR cladding at 420°C (see discussion section). This temperature 

corresponds to the peak temperature for the RIS phenomenon in AGR steel claddings. We 

performed three irradiation experiments using equivalent steel samples at the selected 

temperatures of 420ºC, 460ºC and 500ºC, and at a proton flux of  , 8𝑥1013𝑖𝑜𝑛𝑠·cm ‒ 2·𝑠 ‒ 1
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corresponding to a dose rate of 2 10-4 dpa/s. Images were captured on zone during in-situ ·

irradiation. Additionally at selected damage steps we probed other regions of interest in the 

sample, and also recorded TEM data in two beam condition. After each irradiation, the 

sample was characterized ex-situ using an FEI Tecnai G2 20 microscope. The invisibility 

criterion was used to determine the Burgers vector  of the observed dislocations, whereas 𝑏

their nature was assessed by the inside-outside contrast method [47]. The loop size and 

number density were determined using bright-field images. We used as loop diameter the 

longest dimension, since under some irradiation conditions the dislocation loops observed in 

the TEM deviates from circular shape. The foil thickness has been derived from the fringes 

spacing in convergent beam electron diffraction patterns (CBED) [48]. The foil thickness 

values obtained were in the range of 110-140nm. These thickness values are lower than the 

Bragg peak position of the 40keV proton beam. The damage levels reported in this study 

correspond to the average values through the sample thickness. Voids present in the 

microstructure were observed using the out-of-focus imaging technique in bright-field mode 

[47]. Further analysis of the radiation damage were conducted ex-situ using a FEI Talos 

F200A TEM/STEM microscope, equipped with a X-FEG field emission source (TEM 

information limit of 0.12nm, point resolution of 0.25nm and STEM high angle annular dark 

field resolution of 0.16nm). This microscope was also used to acquire STEM/EDX maps of 

the second phase particles observed in the as-recrystallised and proton-irradiated specimens, 

and the recorded data was then processed using the FEI Velox software.

3. Results 

The steel microstructure after the 40min heat treatment at 930°C is shown in Fig. 1. This 

high-temperature heat treatment followed by water quenching was chosen in order to mimic 

the stabilising heat treatment performed on the AGR claddings before entering their service 

life in the reactor core, as briefly explained above. The microstructure obtained is 
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characterised by smooth recrystallised grains with an average diameter of 10µm. The 

inverse pole figure colour map in Fig. 1a reveals that the recrystallised grains do not exhibit a 

marked preferred orientation. During the heat treatment, a high number of annealing twin 

boundaries is produced, accounting for 45% of the total grain boundary length. In addition, 

we also observed 36% of high angle grain boundaries (with a misorientation angle ) 𝜃 ≥ 15°

and only 19% of low angle grain boundaries ( ). Moreover, a dispersion of fine of 𝜃 < 15°

second phase particles precipitates heterogeneously in the matrix, both intergranular (Fig. 1c) 

and intragranular (Fig. 1d), and in many cases forming particle clusters. STEM/EDX 

confirmed that those particles present in the microstructure after the 930°C annealing are Nb 

rich (see Fig 2a), and therefore they have identified as Nb(C,N). We have also detected larger 

Nb(C,N) particles already present in the as-received material, and often surrounded by a 

network of dislocation lines; see Fig. 1e. These larger particles are also Nb(C,N) and no 

segregation of other solute elements was detected (see Fig. 2b).

The evolution of the microstructure during proton irradiation at three different 

temperatures can be followed in Fig. 3. The early stages of radiation-induced lattice damage 

in this steel are characterised by the presence of dislocation structures at the three irradiation 

temperatures. However, the evolution of those structures with increasing damage level varies 

significantly with temperature. At 420ºC, black spots smaller than 2nm are visible in the 

TEM images of the microstructure at 0.03dpa, together with a number of larger faulted Frank 

loops with a Burgers vector of . These microstructural features dominate the 
𝑎0

3 ⟨111⟩

radiation-induced microstructure up to 0.5dpa; see first row of Fig. 3. The size distribution at 

a damage level of 0.05dpa, considering both the black spots and the Frank loops, is presented 

in Fig. 4. The average defect size increases from 9nm at 0.03dpa to 12nm at 0.05dpa, 

concomitantly with an increase in number density from cm-3 to 3.2 cm-3 8.1𝑥1016  𝑥1017

respectively, see Fig. 5. At a damage level of 0.1dpa and higher, the damage in the 
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microstructure becomes very dense and uniform, reaching the resolution limit of the imaging 

technique used during the in-situ observation. For this reason we were not able to characterise 

the damage at 420°C above this damage level. At 0.1dpa, only identifiable defects were taken 

into account and the loop parameters for 0.1dpa in Fig. 5 may be less accurate than at lower 

damage levels. Due to the highly dense damage observed in the microstructure at 0.5dpa and 

no signs of other types of dislocation structures, we did not proceed with the proton 

irradiation beyond this damage level at a temperature of 420°C.

At higher irradiation temperatures, a longer incubation period or critical damage level 

is required for the first signs of radiation damage to be observed in the microstructure; see 

middle and bottom rows in Fig. 3. The first black spots are visible at 0.05dpa both at 460ºC 

and 500ºC, in contrast with 0.03dpa at 420°C. Furthermore, the first resolvable Frank loops 

are observed at 0.1dpa at 460ºC and at 0.2dpa at 500ºC, respectively, together with a number 

of unfaulted loops already present at somewhat lower damage levels. Examples of 
𝑎0

2 ⟨110⟩ 

the defect size distribution at representative damage levels at 460°C and 500°C are shown in 

Fig. 4, and the average loop diameter and number density as a function of damage level are 

show in Fig. 5. Comparatively at the same damage level, the lattice defects become larger 

and less dense with increasing irradiation temperature. Moreover, the average diameter 

increases steadily with damage level at 460ºC, reaching saturation at 0.8dpa. In contrast, at 

500°C a plateau is reached in the average size already at 0.2dpa, after a rapid increase from 

14nm to 76nm between 0.05dpa and 0.2dpa. At this damage level, dislocation networks 

appear in the microstructure and gradually replace the dislocation loops as the main feature of 

radiation-induced damage. At 460ºC this transition from loops into networks is delayed to 

higher damage levels. At this lower temperature and a damage level of 0.8dpa, loop 

saturation is reached, and a few dislocation tangles start to form. However, the dislocation 

loops remain the main feature of the radiation-induced damage. The ratio between unfaulted 
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and faulted loops remains close to 0.8 at 460°C and at 0.8dpa faulted Frank loops are still 

observed in the damaged microstructure. However, at 500°C that ratio is not constant, but 

decreases at increasing dose from 0.9 at 0.2dpa to 0.4 at 0.5dpa when a significant 

dislocation network is observed in the TEM images. 

Fig. 6 displays examples of radiation-induced dislocation loops at 460°C and 500°C, 

together with other lattice defects observed in the microstructure at relatively high damage 

levels. At 460ºC the loops are relatively small and often present geometrical shapes, such as 

hexagons and rhombuses. Those loops evolve in less regular shapes at higher damage levels. 

Besides that, edge-on loops (green arrows in Fig. 6b) and black spots are observed during the 

whole range of damage levels explored. The edge-on loops present their habit plane parallel 

to the direction of the electron beam, and they are therefore observed on BF TEM images as 

lines, instead of close circuits. At 500ºC, the dislocation loops are mainly circular or elliptical 

in shape, and in some cases small loops are observed to form and grow inside larger loops. 

Additionally, radiation-induced voids have been observed both at 460ºC and 500ºC in this 

study, but not at 420ºC. The average void diameter increases with temperature from 3.7nm 

(distribution standard deviation of 1nm) to 6.1nm (distribution standard deviation of 1.5nm) 

at 0.8dpa, whereas the number density decreases from 6.3 cm-3 to 4.0 cm-3, ·1015 ·1015

respectively. At 500°C stacking fault tetrahedra (SFT) are also observed in the 

microstructure. They are characterised at 0.8dpa by an average diameter of 32nm, with a 

standard deviation of 6nm, and a number density of 9.2 cm-3.·1013

Local changes in chemical composition were detected at grain boundaries, 

dislocations and particle/matrix interfaces at the three irradiation temperatures at the highest 

damage level of this experiment, namely 0.5dpa at 420C, and 0.8dpa at both 460C and 

500C. For all those types of defect sinks, we observed the depletion of Cr, Fe and to a lower 
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extend of Mn, together with the local enrichment in Ni and Si. The results of the chemical 

characterisation close to lattice defects will be presented in a companion paper.

4. Discussion

The defect evolution and resultant morphologies induced by proton bombardment in 20Cr-

25Ni Nb-stabilized stainless steel depend on the selected irradiation temperature. At 420°C, 

the microstructure observed by TEM up to a damage level of 0.5dpa is characterized by a 

high density of black spots and a number of  Frank loops. The radiation-induced 
𝑎0

3 ⟨111⟩

damage develops at the relatively low damage level of 0.03dpa and reaches saturation at only 

0.1dpa. The damage evolution at 420°C in this steel grade resembles the microstructure 

reported for other solution-annealed stainless steels irradiated with neutrons at temperatures 

below 300ºC [20,21,49].The radiation-induced microstructure, both in the present study and 

in the case of neutron irradiation, is dominated by the so-called black spots. They are small 

defect clusters which cannot be resolved in diffraction contrast mode in TEM. They can be 

both clusters of vacancies, interstitials or impurities, or already well-defined voids or 

dislocation loops of either nature [22,28,32]. Although in the past these black spots were 

thought to be predominately of vacancy nature [25–27], more recent studies suggest that they 

are a mixture of very small vacancy and interstitial Frank loops [28], [50].

At the higher irradiation temperatures of 460ºC and 500ºC, the microstructure is 

characterized by the presence of a mixed population of faulted interstitial  Frank 
𝑎0

3 ⟨111⟩

loops and unfaulted  dislocation loops, formed after an incubation period or critical 
𝑎0

2 ⟨110⟩

damage level. In this temperature range, both types of dislocation loops originate from the 

growth of clusters of self-interstitial atoms. In fcc materials two cluster configurations of self-

interstitial atoms are possible:  dumbbells and  crowdions [13]. Once formed, 〈100〉 〈110〉

both types of dislocation loops grow with increasing damage level; see loop labelled ‘A’ in 
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Fig. 7. When the Frank loops reached a critical size, they can transform into unfaulted loops. 

A necessary condition for the unfaulting reaction to take place is the decrease of the loop 

energy. Based on the energy associated with the two different loop configurations, i.e. faulted 

and unfaulted, we obtain the following inequality [24]:

(1) 𝛾𝑆𝐹𝐸 >
𝜇𝑏2

3𝜋𝑟𝑙
[ 2 ‒ 𝜈

2(𝜈 ‒ 1)]𝑙𝑛{4𝑟𝑙

𝑟𝑐
‒ 2}

where  (35mJ ) is the stacking fault energy,  (82GPa) is its shear modulus, b 𝛾𝑆𝐹𝐸 𝑚 ‒ 2 𝜇

(0.2nm) is the modulus of the Burgers vector associated with the Frank loop,  is the radius 𝑟𝑙

of the dislocation loop,  (0.3) is the Poisson ratio and  (0.5nm) is the radius of the 𝜈 𝑟𝑐

dislocation core. The data in parenthesis for the aforementioned parameters in the case of 

stainless steel are taken from ref. [51]. Solving eq. (1) for the loop radius , we obtained that 𝑟𝑙

the minimum loop radius for the faulted-to-unfaulted reaction is 80nm. Therefore, the 

reaction is only energetically favorable for loops whose diameter is 160nm or higher, most 

likely limited by the sample thickness in one of the loop dimensions. In this study, we found 

significant percentages of loops that satisfy this condition only at 500ºC, e.g. 12% at 0.3dpa. 

Moreover, in order for the reaction to happen, Frank  faulted loops must react with 
𝑎0

3 [111]

Shockley partial dislocations. Therefore, the unfaulting sequence would be [52]: 
𝑎0

6 [112] 

 (2)
𝑎0

6 [112] +
𝑎0

3 [111] =  
𝑎0

2 [110]

The Shockley partial dislocation must nucleate within the Frank dislocation loops for the 

reaction to occur. Due to the energy condition and the need for Shockley partial nucleation, 

the faulted-to-unfaulted reaction has seldom been observed in the in-situ irradiation 

experiments discussed in this paper. An example of this process taking place at 500°C is 

shown in Fig. 7, where loop B with a diameter of 190nm at 0.25dpa unfaults when 
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increasing the damage level to 0.29dpa. In contrast, the ratio between unfaulted and faulted 

loops remains constant at 460ºC during the whole irradiation. The fraction of observed Frank 

loops that undergo an unfaulting process is only 3% at 500°C, and it was not observed at 

lower temperatures.

Furthermore, perfect dislocation loops can evolve into lines with increasing dose. 

Perfect loops and especially dislocation lines are glissile, and can move more easily than the 

sessile Frank loops [53]. The movement of dislocations leads to the occurrence of dislocation 

tangles, which constitute the last stage of radiation damage evolution in austenitic stainless 

steels [20,21,40]. The formation of tangles or networks occurs both at 460ºC and 500ºC, as 

shown as an illustrative example in Fig. 8 for the damage level of 0.8dpa. A higher damage 

level is required for the dislocation lines to appear in the microstructure at 460°C, and even at 

0.8dpa only a reduced number of dislocation lines can be observed amongst the loops (see 

Fig. 8). At 500ºC the first dislocation lines are already visible at 0.2dpa, when the average 

loop diameter attains saturation at 76nm. At this higher temperature, the ratio between 

unfaulted and faulted loop decreases with the increasing damage level beyond 0.2dpa, due to 

the transition of a larger number of perfect loops into dislocation lines. Furthermore, the 

dislocation network formed from the mobile dislocation lines constitute an additional sink for 

self-interstitial atoms [21], therefore limiting the formation of new dislocation loops and the 

resultant loop number density at higher damage levels. The average loop size saturates at 

76nm (500°C) and 50nm (460°C), and saturation coincides with the transition of unfaulted 

loops into lines/networks. A segment of the loops may escape from the sample surface during 

the irradiation. However, the average loop size at saturation at both temperatures is 

significantly smaller than the estimated sample thickness of 110-140nm. Therefore, a 

significant fraction of the loops would transform into lines before they reach the sample 
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surface. Besides that, the loop line transition has also been reported in neutron-irradiated 

specimens, as mentioned in the introduction section.

Besides the formation of dislocation structures induced by proton bombardment, 

voids have also been observed at 0.8dpa for 460°C and 500°C, see Fig. 6. The average void 

size increases with irradiation temperature, whereas their number density decreases. In 

contrast, voids are not observed in the irradiated microstructure at 420°C in the studied range 

of damage levels. The presence of voids has been reported in other austenitic steel grades 

irradiated with neutrons at temperatures above 300°C [20,29,30], [31]. Supersaturation of 

vacancies is known to be the driving force for void nucleation and growth [13], and different 

nucleation mechanisms have been proposed, such as nucleation on pre-existing sites in the 

microstructures, formed directly in the displacement spikes and even via homogeneous 

nucleation [31]. Voids are not stable below a critical size [54] and would shrink by vacancy 

emission [55]. During neutron irradiation He atoms can formed by nuclear transmutation 

from nickel [18,19]. The presence of transmuted or implanted gas atoms, such as He or H, are 

reported to help stabilise small voids against their collapse into vacancy loops at the very 

early stages in void formation and swelling [29]. In the present study, no He implantation has 

been performed or produced by transmutation reactions, and the predicted Bragg peak 

position of the proton beam (200nm) exceeds the thickness of the TEM foils used (110-

140nm). At 460ºC and 500ºC formation of perfect interstitial loops, and their evolution into a 

high density of dislocation lines, precede the formation of voids. Fig. 6 displays examples of 

voids having formed close to dislocation lines at 460ºC, and close to a twin boundary at 

500ºC. These two lattice defects would absorb interstitial atoms preferentially, yielding a 

local supersaturation of vacancies in the matrix to form voids [56]. The void distribution at 

500ºC is more homogeneous than at 460ºC, and a small number of square-shaped voids are 

also observed at 500°C (see blue circle in Fig 6g).
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At the highest irradiation temperature, i.e. 500ºC, stacking fault tetrahedra are also 

observed at 0.8dpa, but in a relatively low number density with respect to the other radiation-

induced defects, see Fig. 6h. SFTs are composed of intrinsic on the fo on the {111} planes 

with a stair-rod  dislocation along the edges of the tetrahedron [57]. Based on energy 
𝑎0

6 ⟨110⟩

theoretical calculations [58], SFTs should be the most stable vacancy-cluster morphology in 

stainless steel up to 4000 vacancies. The presence of SFTs in the microstructure of model Fe-

based alloys has been reported in the literature, both at irradiation temperatures lower than 

300ºC [59] and higher than 550ºC [60,61], where they compete with voids as the dominant 

intrinsic lattice defect [32]. However, SFTs have been very rarely observed in commercial 

grade austenitic stainless steels [62], probably due to the presence of impurities and other 

alloying elements in small quantities that can strongly affect the stacking fault energy (SFE) 

[63] and also change the evolution of the displacement cascade by binding with vacancies 

[64]. Various nucleation mechanisms have been proposed throughout the years for SFTs 

produced during irradiation [32]: SFTs can originate from the dissociation of vacancy-type 

Frank loops [65], or from small triangular-shaped vacancy nuclei by vacancy absorption [66], 

through a mechanism of void collapse [67], or directly in the displacement cascade as 

proposed by [20,21] and confirmed by molecular dynamic simulations [50,68], [69]. The 

absence of SFTs at 420ºC and 460ºC in the present study may be due to the lack of vacancy 

supersaturation in the matrix, due to the fact that voids are formed preferentially. At 500ºC, 

dislocation tangles appear already at 0.2dpa and they absorb interstitials preferentially, 

loading to a higher vacancy concentration in the matrix than at 460ºC, which can evolve into 

voids or SFTs. It has to be pointed out that the SFT observed in this study are significantly 

larger than those reported for other irradiated austenitic stainless steel grades. The average 

dimension is 32nm with a standard deviation of the size distribution of 6nm, against an 

average dimension of around 10nm reported in the literature [30]. An average SFT size of 
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20nm, with a maximum size approaching 30nm, has been measured in a model austenitic 

alloy irradiated with neutrons at 550ºC and 600ºC (peak exposure of 4.7dpa) [52]. In the 

present study, the absence of SFT smaller than 25nm might indicate that these type of defects 

do not nucleate continuously in 20Cr-25Ni austenitic stainless steel at 500ºC. This 

observation seems to preclude the direct nucleation in the displacement cascade, in favor of 

the nucleation by vacancy clustering after supersaturation of vacancies has been generated in 

the matrix. However, we cannot exclude that SFTs form by the dissociation of vacancy-type 

Frank loops [65]. 

The direct comparison of the results obtained in our in-situ proton irradiation 

experiment with those obtained by in-reactor neutron irradiation is particularly challenging 

for 20Cr-25Ni Nb-stabilised stainless steel, due to the limited and fragmented nature of the 

neutron data available. The majority of neutron irradiation studies are primarily focused on 

the RIS detection and quantification [6,10,70–73], and unfortunately only limited data is 

available about the lattice defects induced by neutron irradiation [6,10], despite their 

importance in understanding and predicting RIS profiles in AGR cladding materials. In Fig. 

9, we compare our proton irradiation results with the existing data on the neutron-induced 

microstructure of this steel at the relatively low damage level of 2.2dpa. At this damage level, 

significant corrosion attacks were detected at the grain boundaries of the matrix  after 

perfoming an accelerated Strauss test [6]. The neutron-induced dislocation density reported 

for the temperature of 418°C is  [6], which is very close to the dislocation density 4·1014𝑚 ‒ 2

measured in this study at 0.2dpa at 460ºC. Unfortunately, the dislocation density was not 

reported for the sample irradiated with neutrons at 460°C at a damage level of 2.2dpa [10]. 

However, its microstructure does not resemble the one observed in this study for a proton-

irradiated sample at 500°C and a damage level of 0.4dpa. A shift in temperature has been 

proposed in the literature to compensate the difference in dose rate between neutron and 
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proton irradiations, for an equivalent damage level (assuming a recombination-dominated 

steady state), according to the expression [74]: 

            (3) 𝑇2 = 𝑇1 +  

𝑘𝐵𝑇2
1

𝐸 𝑣
𝑚 + 2 𝐸𝑣

𝑓
𝑙𝑛{𝜙2

𝜙1}
1 ‒

𝑘𝐵𝑇1

𝐸 𝑣
𝑚 + 2 𝐸𝑣

𝑓
 𝑙𝑛{𝜙2

𝜙1}
where  is the proton irradiation temperature,  is the neutron irradiation temperature,  is 𝑇2 𝑇1 𝑘𝐵

the Boltzmann constant,  is the proton dose rate ( 10-4dpa/s in this study),  is the  𝜙2 2· 𝜙1

neutron dose rate ( dpa/s in AGR reactors [37]),  is the vacancy migration energy 4·10 ‒ 8 𝐸 𝑣
𝑚

(1.3eV [13]), and  the vacancy formation energy (1.9 eV [13]). In this case, Eq. (3) predicts 𝐸𝑣
𝑓

a temperature shift from 418ºC to 500ºC and from 460ºC to 630ºC, in order to compensate 

for the difference in approx. four orders of magnitude in dose rate for the same damage level. 

Our comparative results indicate that a higher temperature would be needed in proton 

irradiations, in order to compare with the damage induced by neutron irradiations, but at 

lower damage levels. With the present 40keV proton irradiation experiment we were able to 

replicate the damaged microstructure of those AGR claddings most affected by RIS after in-

reactor neutron irradiation (2dpa at 420ºC) by proton irradiation at 460°C for a damage 

level of 0.2dpa, and also the damaged microstructures reported at low temperatures in other 

austenitic steel grades by selecting an irradiation temperature of 420°C. , However, we could 

not replicate the expected temperature shift. This might be due to the differences in the recoil 

spectra between low-energy light ions such as the proton beam used and the fission neutrons 

present in the reactor core [75]. The proton beam used in the present study had an energy of 

40keV, hence the majority of the damage is produced by low-energy recoil events [76]. On 

the other hand, in the case of in-reactor neutron irradiation, nearly all lattice defects are 

generated in cascade by high-energy recoils [77]. The actual number of defects surviving 
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after the cascade cooling phase determines the final damage produced in the crystalline 

structure [13]. Defects produced in relatively large clusters, as in the case of neutron 

bombardment, have a lower probability to survive the cascade than singularly produced 

defects. The higher efficiency in the damage production of protons may therefore be the 

reason behind the fact that we observed a similar proton-damaged microstructure to the 

reported neutron-induced microstructures in the AGR cladding steel,  but at a lower damage 

level. 

5. Conclusions 

We have performed an in-situ proton irradiation of 20Cr-25Ni Nb-stabilised stainless steel at 

three selected temperatures with increasing damage levels up to 0.8dpa. This austenitic 

stainless steel is currently being used as fuel cladding in AGR reactors. At 420°C, the 

radiation-induced damage is dominated by black spots and  Frank loops, and saturates 
𝑎0

3 ⟨111⟩

at the relatively low damage level of 0.1dpa. In contrast, at 460°C and 500°C the damaged 

microstructure is characterised by a mixed population of Frank loops and perfect  
𝑎0

2 ⟨110⟩

loops at low damage levels, which evolve into a dislocation network at 0.8dpa (460°C) and 

0.2dpa (500°C), respectively. The radiation-induced dislocation loops present a lower 

average size and a higher number density at lower irradiation temperatures. The loop 

saturation is reached at a higher damage level for a lower temperature, and seems to coincide 

with the occurrence of a dislocation network. The high density of perfect dislocation loops 

and lines in the form of a network gives rise to a vacancy supersaturation in the matrix, and 

consequently to the formation of voids and stacking fault tetrahedra in the microstructure.
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Highlights

1. Proton-irradiated cladding steel develops high dislocation density at low dpa levels 

2. Proton-induced  Frank loops and black spots saturate at only 0.1dpa at 420°C
𝑎0

3 ⟨111⟩

3. The ratio of unfaulted to faulted loops remains close to 0.8 up to 0.8dpa at 460°C

4. At 500°C the unfaulted dislocation loops transit into dislocation lines at 0.2dpa

5. Voids are present at 0.8dpa with average size of 3.7nm (460°C) and 6.1nm (500°C)





1

Evolution of radiation-induced lattice defects in 20/25 Nb-stabilised 

austenitic stainless steel during in-situ proton irradiation 

C. Barcellinia,*, R.W. Harrisonb, S. Dumbillc, S.E. Donnellyb, E. Jimenez-Meleroa

aMaterials Performance Centre, School of Materials, The University of Manchester, 

Manchester M13 9PL, UK

bSchool of Computing and Engineering, University of Huddersfield, Huddersfield HD1 3DH, 

UK

bNational Nuclear Laboratory, Sellafield, Seascale CA20 1PG, UK

*Corresponding author 

Email: chiara.barcellini@postgrad.manchester.ac.uk

University of Manchester

School of Materials

Materials Performance Centre

Oxford Road

Manchester

M13 9PL

United Kingdom



2

Abstract

We have monitored in situ the lattice defect evolution induced by proton irradiation in 20Cr-

25Ni Nb-stabilised stainless steel, used as fuel cladding material in advanced gas-cooled 

reactors. At 420°C, the damaged microstructure is mainly characterised by black spots and 

faulted  Frank loops. Defect saturation is reached at only 0.1dpa. In contrast, at 460°C 
𝑎0

3 ⟨111⟩

and 500°C proton bombardment induces the formation of a mixture of  Frank loops 
𝑎0

3 ⟨111⟩

and perfect  loops. These perfect loops evolve into dislocation lines that form a dense 
𝑎0

2 ⟨110⟩

network. This transition coincides with the saturation in the dislocation loop size and number 

density at 0.8dpa (460°C) and 0.2dpa (500°C), respectively. The presence of a high density of 

dislocation loops and lines at those two temperatures causes a vacancy supersaturation in the 

matrix, leading to the formation of voids and stacking fault tetrahedra.  

Keywords: austenitic stainless steel, in-situ proton irradiation, dislocation analysis, 

transmission electron microscopy, advanced gas-cooled reactor
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1. Introduction 

The fuel claddings currently used in the UK Advanced Gas-cooled Reactors (AGR) 

are made of Nb-stabilized austenitic stainless steel containing 20wt.%Cr and 25wt.%Ni. The 

selection of this steel grade is based on its excellent resistance to water corrosion due 

primarily to the high content of chromium [1], and to its thermal creep resistance in oxidizing 

environments [2–5]. A stabilizing heat treatment at 930°C aims to trap the carbon and 

nitrogen atoms in a fine dispersion of Nb(C,N) particles, prior to the cladding lifetime in the 

reactor. Those particles aid to control the austenite grain size and increase the creep resistance 

at the reactor core temperatures (350-700°C [6]), and also prevent the formation of 

detrimental chromium-containing carbides and nitrides at grain boundaries during reactor 

operations [7,8][9]. However, during the service life in the reactor core at elevated 

temperatures and neutron fluxes, the cladding material experiences Cr depletion at/near grain 

boundaries, enhancing the material’s susceptibility to intergranular corrosion attacks when the 

spent fuel elements are subsequently stored in caustic-dosed water ponds. This phenomenon 

is termed Radiation-Induced Sensitization (RIS), and affects grain boundaries of those fuel 

elements which have been exposed to AGR neutron fluxes in the temperature range of 350-

520°C, with a peak effect at ~420°C [6,10,11]. RIS represents a potential hazard for the 

interim storage of AGR irradiated fuel elements in water ponds [12], therefore there is a 

growing interest in developing a mechanistic understanding of radiation damage in AGR 

cladding material and to what extend the damage would impact on the material’s resistance to 

RIS. 

The redistribution of solute atoms in the vicinity of grain boundaries is interpreted as 

stemming from the biased coupling of solute fluxes with the diffusion of radiation-induced 

vacancies or self-interstitial atoms towards defect sinks such as grain boundaries [13]. This 
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phenomenon has also been observed in other steel grades [14–18], and the variety of 

measured solute profiles can not only be ascribed to different irradiation conditions, but also 

to the geometry of the grain boundary itself [17–19]. The point defects induced by neutron 

bombardment can recombine or form lattice defects of higher dimensionality after the 

displacement cascade, depending on the irradiation temperature. This defect activity alters the 

number and strength of defect sinks in the microstructure, and consequently the point defect 

diffusion and solute redistribution. Throughout the years, different studies of the 

microstructural evolution induced by neutron irradiation have been published for several 

austenitic steel grades, with a focus on the 300 series of austenitic stainless steels widely 

employed in the nuclear industry [20–23]. In these steels, neutron bombardment induces the 

formation of  Frank loops [20,21,24]. They are often reported as ‘black-spot’ damage 
𝑎0

3 ⟨111⟩

at low irradiation temperatures, due to their size being smaller than 2-3nm [25–28]. They 

grow in diameter with increasing irradiation temperature, and when they reach a size in the 

range of 50nm to 100nm, they can unfault forming perfect dislocation loops with a  
𝑎0

2 ⟨110⟩

Burgers vector [21]. Perfect loops are more mobile than Frank loops, and the interaction of 

those perfect loops with one another may give rise to dislocation networks. Radiation-induced 

voids [20,29–31], stacking fault tetrahedra (SFT) [32] and radiation-induced, -enhanced or -

modified precipitates [20,25,29,33] can also be observed in neutron-irradiated austenitic 

stainless steels. 

The microstructural characterisation of the radiation-induced damage evolution is a 

fundamental step in understanding the mechanisms inducing solute segregation or depletion 

close to lattice defects in 20Cr-25Ni stainless steel. Traditional RIS modelling in this material 

did not include the competing effect of other defect sinks in the microstructure that are 

generated simultaneously during irradiation [34–37]. In this study, we have monitored in-situ 
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the early stages of the lattice damage evolution caused by proton bombardment in the 

microstructure of recrystallized 20Cr-25Ni Nb-stabilized stainless steel, namely at relatively 

low damage levels from 0.01 to 0.8dpa and in the temperature range of 420-500°C, using a 

transmission electron microscope (TEM) coupled to an ion accelerator [38,39]. In the past, 

intense proton beams have been used successfully to simulate the neutron damage in other 

nuclear steel grades with minimal sample activation [40,41], [42]. A limited number of 

studies have been published regarding the early stages of damage formation in austenitic 

stainless steels, being predominantly focused on damage levels close and above 1dpa where 

loop saturation has been reached, and on temperatures relevant instead for Light Water 

Reactors [21][28]. The selection of the specific irradiation temperatures in this study, namely 

420°C, 460°C and 500°C, was based on the fact that AGR cladding material experiences 

neutron-induced solute redistribution and sensitization in the temperature range from 350 to 

520°C, with a peak effect at 420°C [6]. The early formation and evolution of dislocation 

structures and other lattice defects at relevant environmental AGR conditions is key for a 

successful RIS modelling campaign, and consequently to inform safety cases for spent fuel 

storage. The analysis of the local chemical composition profiles at the grain boundaries and 

other defect sinks of the AGR cladding material will be presented in a companion paper.

2. Experimental 

The as-received AGR cladding material was in the form of a 55cm long tube with transverse 

ribs on the outer surface. It had an outer diameter of 1.5cm and an average wall thickness of 

0.4cm. Its chemical composition is provided in Table 1. After removing the external ribs, we 

extracted samples with a size of 2.52.5cm2 and subjected them to a recrystallization 

annealing treatment at 930°C for 40min in inert atmosphere, followed by water quenching. 

The purpose of this heat treatment was to produce a fine dispersion of Nb(C,N) in the 

recrystallized microstructure [9], so that the level of free interstitials (C,N) in the matrix is 
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kept to a minimum and the potential RIS phenomenon is in principle hindered. The heat-

treated samples were mechanically ground and polished using in the last step a colloidal silica 

suspension with a particle size of 0.25 m. The structural characterization was performed 

using a FEI Quanta 650 equipped an electron backscattered diffraction (EBSD) detector. The 

EBSD data processing was performed using the MTEX software [43]. In the EBSD data 

analysis, the threshold between high-angle and low-angle grain boundaries was 15° [44,45]. 

We also performed TEM imaging and analysis of the samples using a FEI Tecnai G2 20 

microscope equipped with a Gatan CCD camera. In this case, 3mm-diameter TEM discs were 

extracted from the heat-treated material and electropolished using an electrolyte of 95 vol. % 

methanol - 5 vol. % perchloric acid (60%) at a temperature of - 25ºC.

The in-situ proton irradiations were performed at the Microscope and Ion Accelerator 

for Materials Investigation - 2 system (MIAMI-2 system), located at the University of 

Huddersfield, UK. The samples were mounted in a high-temperature double-tilt holder and 

placed inside a 300 kV Hitachi H-9500 TEM with a spatial resolution of 0.14nm, equipped 

with a  electron source and a Gatan OneView digital camera with 16 megapixels and up  𝐿𝑎𝐵6

to 300 fps video. The TEM is installed at the end of a beam line connected to an ion 

accelerator, capable of producing proton beams with energies up to 350keV. The proton beam 

enters the microscope chamber at 18.7º with respect to the electron beam. We used a proton 

beam energy of 40keV, and the Bragg peak position would be at 200nm from the sample 

surface exposed to the incoming proton beam, based on SRIM simulations [46]. We chose 

this proton beam energy because it was successful in simulating the microstructure of 

neutron-irradiated AGR cladding at 420°C (see discussion section). This temperature 

corresponds to the peak temperature for the RIS phenomenon in AGR steel claddings. We 

performed three irradiation experiments using equivalent steel samples at the selected 

temperatures of 420ºC, 460ºC and 500ºC, and at a proton flux of  , 8𝑥1013𝑖𝑜𝑛𝑠·cm ‒ 2·𝑠 ‒ 1
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corresponding to a dose rate of 2 10-4 dpa/s. Images were captured on zone during in-situ ·

irradiation. Additionally at selected damage steps we probed other regions of interest in the 

sample, and also recorded TEM data in two beam condition. After each irradiation, the 

sample was characterized ex-situ using an FEI Tecnai G2 20 microscope. The invisibility 

criterion was used to determine the Burgers vector  of the observed dislocations, whereas 𝑏

their nature was assessed by the inside-outside contrast method [47]. The loop size and 

number density were determined using bright-field images. We used as loop diameter the 

longest dimension, since under some irradiation conditions the dislocation loops observed in 

the TEM deviates from circular shape. The foil thickness has been derived from the fringes 

spacing in convergent beam electron diffraction patterns (CBED) [48]. The foil thickness 

values obtained were in the range of 110-140nm. These thickness values are lower than the 

Bragg peak position of the 40keV proton beam. The damage levels reported in this study 

correspond to the average values through the sample thickness. Voids present in the 

microstructure were observed using the out-of-focus imaging technique in bright-field mode 

[47]. Further analysis of the radiation damage were conducted ex-situ using a FEI Talos 

F200A TEM/STEM microscope, equipped with a X-FEG field emission source (TEM 

information limit of 0.12nm, point resolution of 0.25nm and STEM high angle annular dark 

field resolution of 0.16nm). This microscope was also used to acquire STEM/EDX maps of 

the second phase particles observed in the as-recrystallised and proton-irradiated specimens, 

and the recorded data was then processed using the FEI Velox software.

3. Results 

The steel microstructure after the 40min heat treatment at 930°C is shown in Fig. 1. This 

high-temperature heat treatment followed by water quenching was chosen in order to mimic 

the stabilising heat treatment performed on the AGR claddings before entering their service 

life in the reactor core, as briefly explained above. The microstructure obtained is 
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characterised by smooth recrystallised grains with an average diameter of 10µm. The 

inverse pole figure colour map in Fig. 1a reveals that the recrystallised grains do not exhibit a 

marked preferred orientation. During the heat treatment, a high number of annealing twin 

boundaries is produced, accounting for 45% of the total grain boundary length. In addition, 

we also observed 36% of high angle grain boundaries (with a misorientation angle ) 𝜃 ≥ 15°

and only 19% of low angle grain boundaries ( ). Moreover, a dispersion of fine of 𝜃 < 15°

second phase particles precipitates heterogeneously in the matrix, both intergranular (Fig. 1c) 

and intragranular (Fig. 1d), and in many cases forming particle clusters. STEM/EDX 

confirmed that those particles present in the microstructure after the 930°C annealing are Nb 

rich (see Fig 2a), and therefore they have identified as Nb(C,N). We have also detected larger 

Nb(C,N) particles already present in the as-received material, and often surrounded by a 

network of dislocation lines; see Fig. 1e. These larger particles are also Nb(C,N) and no 

segregation of other solute elements was detected (see Fig. 2b).

The evolution of the microstructure during proton irradiation at three different 

temperatures can be followed in Fig. 3. The early stages of radiation-induced lattice damage 

in this steel are characterised by the presence of dislocation structures at the three irradiation 

temperatures. However, the evolution of those structures with increasing damage level varies 

significantly with temperature. At 420ºC, black spots smaller than 2nm are visible in the 

TEM images of the microstructure at 0.03dpa, together with a number of larger faulted Frank 

loops with a Burgers vector of . These microstructural features dominate the 
𝑎0

3 ⟨111⟩

radiation-induced microstructure up to 0.5dpa; see first row of Fig. 3. The size distribution at 

a damage level of 0.05dpa, considering both the black spots and the Frank loops, is presented 

in Fig. 4. The average defect size increases from 9nm at 0.03dpa to 12nm at 0.05dpa, 

concomitantly with an increase in number density from cm-3 to 3.2 cm-3 8.1𝑥1016  𝑥1017

respectively, see Fig. 5. At a damage level of 0.1dpa and higher, the damage in the 
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microstructure becomes very dense and uniform, reaching the resolution limit of the imaging 

technique used during the in-situ observation. For this reason we were not able to characterise 

the damage at 420°C above this damage level. At 0.1dpa, only identifiable defects were taken 

into account and the loop parameters for 0.1dpa in Fig. 5 may be less accurate than at lower 

damage levels. Due to the highly dense damage observed in the microstructure at 0.5dpa and 

no signs of other types of dislocation structures, we did not proceed with the proton 

irradiation beyond this damage level at a temperature of 420°C.

At higher irradiation temperatures, a longer incubation period or critical damage level 

is required for the first signs of radiation damage to be observed in the microstructure; see 

middle and bottom rows in Fig. 3. The first black spots are visible at 0.05dpa both at 460ºC 

and 500ºC, in contrast with 0.03dpa at 420°C. Furthermore, the first resolvable Frank loops 

are observed at 0.1dpa at 460ºC and at 0.2dpa at 500ºC, respectively, together with a number 

of unfaulted loops already present at somewhat lower damage levels. Examples of 
𝑎0

2 ⟨110⟩ 

the defect size distribution at representative damage levels at 460°C and 500°C are shown in 

Fig. 4, and the average loop diameter and number density as a function of damage level are 

show in Fig. 5. Comparatively at the same damage level, the lattice defects become larger 

and less dense with increasing irradiation temperature. Moreover, the average diameter 

increases steadily with damage level at 460ºC, reaching saturation at 0.8dpa. In contrast, at 

500°C a plateau is reached in the average size already at 0.2dpa, after a rapid increase from 

14nm to 76nm between 0.05dpa and 0.2dpa. At this damage level, dislocation networks 

appear in the microstructure and gradually replace the dislocation loops as the main feature of 

radiation-induced damage. At 460ºC this transition from loops into networks is delayed to 

higher damage levels. At this lower temperature and a damage level of 0.8dpa, loop 

saturation is reached, and a few dislocation tangles start to form. However, the dislocation 

loops remain the main feature of the radiation-induced damage. The ratio between unfaulted 
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and faulted loops remains close to 0.8 at 460°C and at 0.8dpa faulted Frank loops are still 

observed in the damaged microstructure. However, at 500°C that ratio is not constant, but 

decreases at increasing dose from 0.9 at 0.2dpa to 0.4 at 0.5dpa when a significant 

dislocation network is observed in the TEM images. 

Fig. 6 displays examples of radiation-induced dislocation loops at 460°C and 500°C, 

together with other lattice defects observed in the microstructure at relatively high damage 

levels. At 460ºC the loops are relatively small and often present geometrical shapes, such as 

hexagons and rhombuses. Those loops evolve in less regular shapes at higher damage levels. 

Besides that, edge-on loops (green arrows in Fig. 6b) and black spots are observed during the 

whole range of damage levels explored. The edge-on loops present their habit plane parallel 

to the direction of the electron beam, and they are therefore observed on BF TEM images as 

lines, instead of close circuits. At 500ºC, the dislocation loops are mainly circular or elliptical 

in shape, and in some cases small loops are observed to form and grow inside larger loops. 

Additionally, radiation-induced voids have been observed both at 460ºC and 500ºC in this 

study, but not at 420ºC. The average void diameter increases with temperature from 3.7nm 

(distribution standard deviation of 1nm) to 6.1nm (distribution standard deviation of 1.5nm) 

at 0.8dpa, whereas the number density decreases from 6.3 cm-3 to 4.0 cm-3, ·1015 ·1015

respectively. At 500°C stacking fault tetrahedra (SFT) are also observed in the 

microstructure. They are characterised at 0.8dpa by an average diameter of 32nm, with a 

standard deviation of 6nm, and a number density of 9.2 cm-3.·1013

Local changes in chemical composition were detected at grain boundaries, 

dislocations and particle/matrix interfaces at the three irradiation temperatures at the highest 

damage level of this experiment, namely 0.5dpa at 420C, and 0.8dpa at both 460C and 

500C. For all those types of defect sinks, we observed the depletion of Cr, Fe and to a lower 
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extend of Mn, together with the local enrichment in Ni and Si. The results of the chemical 

characterisation close to lattice defects will be presented in a companion paper.

4. Discussion

The defect evolution and resultant morphologies induced by proton bombardment in 20Cr-

25Ni Nb-stabilized stainless steel depend on the selected irradiation temperature. At 420°C, 

the microstructure observed by TEM up to a damage level of 0.5dpa is characterized by a 

high density of black spots and a number of  Frank loops. The radiation-induced 
𝑎0

3 ⟨111⟩

damage develops at the relatively low damage level of 0.03dpa and reaches saturation at only 

0.1dpa. The damage evolution at 420°C in this steel grade resembles the microstructure 

reported for other solution-annealed stainless steels irradiated with neutrons at temperatures 

below 300ºC [20,21,49].The radiation-induced microstructure, both in the present study and 

in the case of neutron irradiation, is dominated by the so-called black spots. They are small 

defect clusters which cannot be resolved in diffraction contrast mode in TEM. They can be 

both clusters of vacancies, interstitials or impurities, or already well-defined voids or 

dislocation loops of either nature [22,28,32]. Although in the past these black spots were 

thought to be predominately of vacancy nature [25–27], more recent studies suggest that they 

are a mixture of very small vacancy and interstitial Frank loops [28], [50].

At the higher irradiation temperatures of 460ºC and 500ºC, the microstructure is 

characterized by the presence of a mixed population of faulted interstitial  Frank 
𝑎0

3 ⟨111⟩

loops and unfaulted  dislocation loops, formed after an incubation period or critical 
𝑎0

2 ⟨110⟩

damage level. In this temperature range, both types of dislocation loops originate from the 

growth of clusters of self-interstitial atoms. In fcc materials two cluster configurations of self-

interstitial atoms are possible:  dumbbells and  crowdions [13]. Once formed, 〈100〉 〈110〉

both types of dislocation loops grow with increasing damage level; see loop labelled ‘A’ in 
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Fig. 7. When the Frank loops reached a critical size, they can transform into unfaulted loops. 

A necessary condition for the unfaulting reaction to take place is the decrease of the loop 

energy. Based on the energy associated with the two different loop configurations, i.e. faulted 

and unfaulted, we obtain the following inequality [24]:

(1) 𝛾𝑆𝐹𝐸 >
𝜇𝑏2

3𝜋𝑟𝑙
[ 2 ‒ 𝜈

2(𝜈 ‒ 1)]𝑙𝑛{4𝑟𝑙

𝑟𝑐
‒ 2}

where  (35mJ ) is the stacking fault energy,  (82GPa) is its shear modulus, b 𝛾𝑆𝐹𝐸 𝑚 ‒ 2 𝜇

(0.2nm) is the modulus of the Burgers vector associated with the Frank loop,  is the radius 𝑟𝑙

of the dislocation loop,  (0.3) is the Poisson ratio and  (0.5nm) is the radius of the 𝜈 𝑟𝑐

dislocation core. The data in parenthesis for the aforementioned parameters in the case of 

stainless steel are taken from ref. [51]. Solving eq. (1) for the loop radius , we obtained that 𝑟𝑙

the minimum loop radius for the faulted-to-unfaulted reaction is 80nm. Therefore, the 

reaction is only energetically favorable for loops whose diameter is 160nm or higher, most 

likely limited by the sample thickness in one of the loop dimensions. In this study, we found 

significant percentages of loops that satisfy this condition only at 500ºC, e.g. 12% at 0.3dpa. 

Moreover, in order for the reaction to happen, Frank  faulted loops must react with 
𝑎0

3 [111]

Shockley partial dislocations. Therefore, the unfaulting sequence would be [52]: 
𝑎0

6 [112] 

 (2)
𝑎0

6 [112] +
𝑎0

3 [111] =  
𝑎0

2 [110]

The Shockley partial dislocation must nucleate within the Frank dislocation loops for the 

reaction to occur. Due to the energy condition and the need for Shockley partial nucleation, 

the faulted-to-unfaulted reaction has seldom been observed in the in-situ irradiation 

experiments discussed in this paper. An example of this process taking place at 500°C is 

shown in Fig. 7, where loop B with a diameter of 190nm at 0.25dpa unfaults when 
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increasing the damage level to 0.29dpa. In contrast, the ratio between unfaulted and faulted 

loops remains constant at 460ºC during the whole irradiation. The fraction of observed Frank 

loops that undergo an unfaulting process is only 3% at 500°C, and it was not observed at 

lower temperatures.

Furthermore, perfect dislocation loops can evolve into lines with increasing dose. 

Perfect loops and especially dislocation lines are glissile, and can move more easily than the 

sessile Frank loops [53]. The movement of dislocations leads to the occurrence of dislocation 

tangles, which constitute the last stage of radiation damage evolution in austenitic stainless 

steels [20,21,40]. The formation of tangles or networks occurs both at 460ºC and 500ºC, as 

shown as an illustrative example in Fig. 8 for the damage level of 0.8dpa. A higher damage 

level is required for the dislocation lines to appear in the microstructure at 460°C, and even at 

0.8dpa only a reduced number of dislocation lines can be observed amongst the loops (see 

Fig. 8). At 500ºC the first dislocation lines are already visible at 0.2dpa, when the average 

loop diameter attains saturation at 76nm. At this higher temperature, the ratio between 

unfaulted and faulted loop decreases with the increasing damage level beyond 0.2dpa, due to 

the transition of a larger number of perfect loops into dislocation lines. Furthermore, the 

dislocation network formed from the mobile dislocation lines constitute an additional sink for 

self-interstitial atoms [21], therefore limiting the formation of new dislocation loops and the 

resultant loop number density at higher damage levels. The average loop size saturates at 

76nm (500°C) and 50nm (460°C), and saturation coincides with the transition of unfaulted 

loops into lines/networks. A segment of the loops may escape from the sample surface during 

the irradiation. However, the average loop size at saturation at both temperatures is 

significantly smaller than the estimated sample thickness of 110-140nm. Therefore, a 

significant fraction of the loops would transform into lines before they reach the sample 
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surface. Besides that, the loop line transition has also been reported in neutron-irradiated 

specimens, as mentioned in the introduction section.

Besides the formation of dislocation structures induced by proton bombardment, 

voids have also been observed at 0.8dpa for 460°C and 500°C, see Fig. 6. The average void 

size increases with irradiation temperature, whereas their number density decreases. In 

contrast, voids are not observed in the irradiated microstructure at 420°C in the studied range 

of damage levels. The presence of voids has been reported in other austenitic steel grades 

irradiated with neutrons at temperatures above 300°C [20,29,30], [31]. Supersaturation of 

vacancies is known to be the driving force for void nucleation and growth [13], and different 

nucleation mechanisms have been proposed, such as nucleation on pre-existing sites in the 

microstructures, formed directly in the displacement spikes and even via homogeneous 

nucleation [31]. Voids are not stable below a critical size [54] and would shrink by vacancy 

emission [55]. During neutron irradiation He atoms can formed by nuclear transmutation 

from nickel [18,19]. The presence of transmuted or implanted gas atoms, such as He or H, are 

reported to help stabilise small voids against their collapse into vacancy loops at the very 

early stages in void formation and swelling [29]. In the present study, no He implantation has 

been performed or produced by transmutation reactions, and the predicted Bragg peak 

position of the proton beam (200nm) exceeds the thickness of the TEM foils used (110-

140nm). At 460ºC and 500ºC formation of perfect interstitial loops, and their evolution into a 

high density of dislocation lines, precede the formation of voids. Fig. 6 displays examples of 

voids having formed close to dislocation lines at 460ºC, and close to a twin boundary at 

500ºC. These two lattice defects would absorb interstitial atoms preferentially, yielding a 

local supersaturation of vacancies in the matrix to form voids [56]. The void distribution at 

500ºC is more homogeneous than at 460ºC, and a small number of square-shaped voids are 

also observed at 500°C (see blue circle in Fig 6g).
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At the highest irradiation temperature, i.e. 500ºC, stacking fault tetrahedra are also 

observed at 0.8dpa, but in a relatively low number density with respect to the other radiation-

induced defects, see Fig. 6h. SFTs are composed of intrinsic on the fo on the {111} planes 

with a stair-rod  dislocation along the edges of the tetrahedron [57]. Based on energy 
𝑎0

6 ⟨110⟩

theoretical calculations [58], SFTs should be the most stable vacancy-cluster morphology in 

stainless steel up to 4000 vacancies. The presence of SFTs in the microstructure of model Fe-

based alloys has been reported in the literature, both at irradiation temperatures lower than 

300ºC [59] and higher than 550ºC [60,61], where they compete with voids as the dominant 

intrinsic lattice defect [32]. However, SFTs have been very rarely observed in commercial 

grade austenitic stainless steels [62], probably due to the presence of impurities and other 

alloying elements in small quantities that can strongly affect the stacking fault energy (SFE) 

[63] and also change the evolution of the displacement cascade by binding with vacancies 

[64]. Various nucleation mechanisms have been proposed throughout the years for SFTs 

produced during irradiation [32]: SFTs can originate from the dissociation of vacancy-type 

Frank loops [65], or from small triangular-shaped vacancy nuclei by vacancy absorption [66], 

through a mechanism of void collapse [67], or directly in the displacement cascade as 

proposed by [20,21] and confirmed by molecular dynamic simulations [50,68], [69]. The 

absence of SFTs at 420ºC and 460ºC in the present study may be due to the lack of vacancy 

supersaturation in the matrix, due to the fact that voids are formed preferentially. At 500ºC, 

dislocation tangles appear already at 0.2dpa and they absorb interstitials preferentially, 

loading to a higher vacancy concentration in the matrix than at 460ºC, which can evolve into 

voids or SFTs. It has to be pointed out that the SFT observed in this study are significantly 

larger than those reported for other irradiated austenitic stainless steel grades. The average 

dimension is 32nm with a standard deviation of the size distribution of 6nm, against an 

average dimension of around 10nm reported in the literature [30]. An average SFT size of 
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20nm, with a maximum size approaching 30nm, has been measured in a model austenitic 

alloy irradiated with neutrons at 550ºC and 600ºC (peak exposure of 4.7dpa) [52]. In the 

present study, the absence of SFT smaller than 25nm might indicate that these type of defects 

do not nucleate continuously in 20Cr-25Ni austenitic stainless steel at 500ºC. This 

observation seems to preclude the direct nucleation in the displacement cascade, in favor of 

the nucleation by vacancy clustering after supersaturation of vacancies has been generated in 

the matrix. However, we cannot exclude that SFTs form by the dissociation of vacancy-type 

Frank loops [65]. 

The direct comparison of the results obtained in our in-situ proton irradiation 

experiment with those obtained by in-reactor neutron irradiation is particularly challenging 

for 20Cr-25Ni Nb-stabilised stainless steel, due to the limited and fragmented nature of the 

neutron data available. The majority of neutron irradiation studies are primarily focused on 

the RIS detection and quantification [6,10,70–73], and unfortunately only limited data is 

available about the lattice defects induced by neutron irradiation [6,10], despite their 

importance in understanding and predicting RIS profiles in AGR cladding materials. In Fig. 

9, we compare our proton irradiation results with the existing data on the neutron-induced 

microstructure of this steel at the relatively low damage level of 2.2dpa. At this damage level, 

significant corrosion attacks were detected at the grain boundaries of the matrix  after 

perfoming an accelerated Strauss test [6]. The neutron-induced dislocation density reported 

for the temperature of 418°C is  [6], which is very close to the dislocation density 4·1014𝑚 ‒ 2

measured in this study at 0.2dpa at 460ºC. Unfortunately, the dislocation density was not 

reported for the sample irradiated with neutrons at 460°C at a damage level of 2.2dpa [10]. 

However, its microstructure does not resemble the one observed in this study for a proton-

irradiated sample at 500°C and a damage level of 0.4dpa. A shift in temperature has been 

proposed in the literature to compensate the difference in dose rate between neutron and 
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proton irradiations, for an equivalent damage level (assuming a recombination-dominated 

steady state), according to the expression [74]: 

            (3) 𝑇2 = 𝑇1 +  

𝑘𝐵𝑇2
1

𝐸 𝑣
𝑚 + 2 𝐸𝑣

𝑓
𝑙𝑛{𝜙2

𝜙1}
1 ‒

𝑘𝐵𝑇1

𝐸 𝑣
𝑚 + 2 𝐸𝑣

𝑓
 𝑙𝑛{𝜙2

𝜙1}
where  is the proton irradiation temperature,  is the neutron irradiation temperature,  is 𝑇2 𝑇1 𝑘𝐵

the Boltzmann constant,  is the proton dose rate ( 10-4dpa/s in this study),  is the  𝜙2 2· 𝜙1

neutron dose rate ( dpa/s in AGR reactors [37]),  is the vacancy migration energy 4·10 ‒ 8 𝐸 𝑣
𝑚

(1.3eV [13]), and  the vacancy formation energy (1.9 eV [13]). In this case, Eq. (3) predicts 𝐸𝑣
𝑓

a temperature shift from 418ºC to 500ºC and from 460ºC to 630ºC, in order to compensate 

for the difference in approx. four orders of magnitude in dose rate for the same damage level. 

Our comparative results indicate that a higher temperature would be needed in proton 

irradiations, in order to compare with the damage induced by neutron irradiations, but at 

lower damage levels. With the present 40keV proton irradiation experiment we were able to 

replicate the damaged microstructure of those AGR claddings most affected by RIS after in-

reactor neutron irradiation (2dpa at 420ºC) by proton irradiation at 460°C for a damage 

level of 0.2dpa, and also the damaged microstructures reported at low temperatures in other 

austenitic steel grades by selecting an irradiation temperature of 420°C. , However, we could 

not replicate the expected temperature shift. This might be due to the differences in the recoil 

spectra between low-energy light ions such as the proton beam used and the fission neutrons 

present in the reactor core [75]. The proton beam used in the present study had an energy of 

40keV, hence the majority of the damage is produced by low-energy recoil events [76]. On 

the other hand, in the case of in-reactor neutron irradiation, nearly all lattice defects are 

generated in cascade by high-energy recoils [77]. The actual number of defects surviving 
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after the cascade cooling phase determines the final damage produced in the crystalline 

structure [13]. Defects produced in relatively large clusters, as in the case of neutron 

bombardment, have a lower probability to survive the cascade than singularly produced 

defects. The higher efficiency in the damage production of protons may therefore be the 

reason behind the fact that we observed a similar proton-damaged microstructure to the 

reported neutron-induced microstructures in the AGR cladding steel,  but at a lower damage 

level. 

5. Conclusions 

We have performed an in-situ proton irradiation of 20Cr-25Ni Nb-stabilised stainless steel at 

three selected temperatures with increasing damage levels up to 0.8dpa. This austenitic 

stainless steel is currently being used as fuel cladding in AGR reactors. At 420°C, the 

radiation-induced damage is dominated by black spots and  Frank loops, and saturates 
𝑎0

3 ⟨111⟩

at the relatively low damage level of 0.1dpa. In contrast, at 460°C and 500°C the damaged 

microstructure is characterised by a mixed population of Frank loops and perfect  
𝑎0

2 ⟨110⟩

loops at low damage levels, which evolve into a dislocation network at 0.8dpa (460°C) and 

0.2dpa (500°C), respectively. The radiation-induced dislocation loops present a lower 

average size and a higher number density at lower irradiation temperatures. The loop 

saturation is reached at a higher damage level for a lower temperature, and seems to coincide 

with the occurrence of a dislocation network. The high density of perfect dislocation loops 

and lines in the form of a network gives rise to a vacancy supersaturation in the matrix, and 

consequently to the formation of voids and stacking fault tetrahedra in the microstructure.
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Fig. 1. (a) Inverse pole figure colour map of the as-recrystallized microstructure of 20Cr-25Ni 

Nb-stabilised steel, together with BF TEM images of (b) smooth recrystallized grains, (c) and 

(d) clusters of fine Nb(C,N) particles, some of them located at a grain boundary, and (e) a large 

Nb(C,N) particle surrounded by a dislocation network and present already in the as-received 

material.



Fig. 2. STEM/EDX chemical maps of (a) a fine dispersion of second phase particles formed 

during the heat treatment at 930°C for 40min, and (b) a second phase particle already present 

in the as-received material. 



Fig. 3. BF TEM micrographs showing the microstructure evolution during 40keV proton 

irradiation at three irradiation temperatures. The images have been acquired with the electron 

beam parallel to the [001] direction at 420ºC, to the [011] at 460ºC and to the [ ] at 500ºC. 111

Examples of BF TEM micrographs acquired in a two beam condition are shown for selected 

damage levels.



Fig. 4. Loop diameter distribution at representative irradiation temperatures and damage levels. 



Fig. 5. Evolution of the (a) loop number density and (b) loop diameter with the damage level 

at three different irradiation temperatures.



Fig. 6. BF TEM micrographs showing examples of faulted and un-faulted loops in (a), (b) 

and (d), dislocation lines in (e), voids in (c), (f) and (g), and also stacking fault tetrahedra 

(SFT) in (h), observed at 460ºC and 500ºC at selected damage levels. The defocus in (c) (f) 

and (g) was of -500nm. Examples of edge-on loops are pointed with green arrows in (b), 

whereas examples voids nucleated in the proximity of dislocations with red arrows in (c). A 

twin boundary decorated with voids is indicated with a red arrow in (f), whereas voids with 

rectangular shapes are circled in blue in (g). 



Fig. 7. BF TEM micrographs showing the evolution of representative dislocation loops in the 

sample irradiated at 500ºC and at selected damage levels: (a) 0.25dpa, (b) 0.28dpa and 

(c) 0.29dpa. 



Fig. 8. BF TEM micrographs showing an example of the dislocation network observed at 460 

ºC and 500ºC. 



Fig. 9. BF TEM micrographs comparing the proton-irradiated microstructure observed in this 

study (middle and right columns) with the neutron-irradiated microstructures (left column) 

reported for 20Cr-25Ni Nb-stabilised stainless steel at relatively low damage levels and at 

equivalent irradiation temperatures. The neutron data at 418°C and 460°C are taken from 

ref.[9] and [6], respectively.



Fig. 1. (a)Examples of the evolution of Frank faulted loops imaged with different techinques. 

In (a) and (d) on zone diffraction pattern, (b) and (e) on zone BF TEM micrographs and (c) and 

(f) centred dark field (CDF) micrographs acquired using 02  reflection showing the typical 2

fringes of faulted loops. 



Tables

Table 1. Chemical composition in wt% of 20Cr-25Ni steel used in this study. 

C Mn Si S P Cu Ni Cr Mo Nb V Al Ti N Fe

0.058 0.59 0.58 0.002 <0.003 <0.01 23.98 19.12 <0.01 0.57 <0.01 0.017 0.01 0.009 Bal.


