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Manchester, February 20th, 2019

Dear editor, 

Please find attached the resubmitted manuscript JNM_2018_1501 Barcellini et al. entitled 

‘Local chemical instabilities in 20Cr-25Ni Nb-stabilised austenitic stainless steel induced by 

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_1501 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. In the introduction part, there is statement of “In this respect, special grain boundaries 

such as the coincidence lattice site sigma 3, seems to be particularly resistant to local 

Cr depletion due to their relatively high symmetry.”, I think this is partially correct as 

it is more related to the grain boundary energy.

The resistance to local Cr depletion is related to the intrinsic boundary structure, 

which underpins its energy. HAGBs are composed of a high density of dislocations 

which act as annihilation sites for point lattice defects, therefore dictating the influx of 

defects and the related solute diffusion. This has been clarified in the Discussion 

section.  

2. Since the irradiations were conducted on electropolished TEM specimens, the surface 

sink effect as a unique characteristic of in-situ ion irradiation should be discussed. In 

addition, for the statement in the conclusion “these results open the door (i) to 

simulation ….”, the authors should provide more elaboration on how the proton 

irradiation can be used to emulate the neutron irradiation anticipated during reactor 

service or medium-to-long-term wet storage.

According with the reviewer’s suggestion, we have improved the Discussion section 

by discussing the role of the sample surface as defect sink, and we have also added 

information regarding the simulation of neutron damage with proton irradiation.

3. On page 8, paragraph 3, shouldn’t “0.2dpa” be “0.8dpa” in the sentence of “form a 

dense network at 0.8dpa (460C), 0.2dpa (500C)…”,?

The damage values reported in the text are correct. The dense network of dislocation 

lines appears at a damage level of 0.8 dpa at 460°C, but already at 0.2 dpa at the 

higher irradiation temperature of 500°C. The damage evolution in these proton-

irradiated samples is described in detail in ref. [22]. We have added this reference in 

that particular sentence in the text.

4. Were all the RIS measurements at GB conducted with the GB plane normal to the 

electron beam? This can also affect the RIS profile. How many elemental profiles 

were collected for each GB, and what are the measurement errors?



Yes, RIS was measured for boundaries whose plane was normal to the electron beam. 

This information is been added to the Experimental section. Five RIS profiles were 

collected for each grain boundary listed in Table 2. The values in the aforementioned 

table correspond to the average of those five profiles for each studies boundary. The 

standard deviation for each average has been added in the table. In the experimental 

section, information regarding the error in elemental quantification with EDX has also 

been added. 

5. The authors claimed that “Asymmetric profiles may be an indication that the 

boundary has moved during the irradiation experiment…”. Are there any direct 

evidences to support this statement? Is this grain boundary migration only relevant to 

the irradiation of thin foil samples, and are they mainly driven by the heating as it 

becomes more pronounced when the temperature increases? Many of the reported 

results were from in-situ ion or electron irradiation but not from the neutron irradiated 

bulk materials. It is recommended to check the reference papers 1. “A new model for 

radiation-induced grain boundary segregation with grain boundary movement in 

concentrated alloy system” by Sakaguchi, and 2. “Quantitative studies of irradiation-

induced segregation and grain boundary migration in Fe-Cr-Ni alloy” by Watanabe.

Yes, there is experimental evidence to support that statement. We observed grain 

boundary migrating in situ during the proton irradiation. We have now added a new 

figure (Fig. 6), which shows the evolution of a representative migrating boundary as a 

function of increasing damage level. Its local chemical analysis shows an extended 

depleted zone (Fig 7), instead of a sharp profile as in the case of a non-migrating 

boundary, with the Si content peaking at the original position of the boundary. RIS 

was measured for boundaries whose plane was normal to the electron beam. 

Additionally, Norris and co-workers have also reported asymmetrical profiles in 

neutron irradiated AGR steel cladding [10,11,13]. However, our reference sample 

annealed at those temperatures in the absence of proton irradiation does not reveal 

significant grain boundary migration. We have improved the discussion regarding the 

grain boundary migration based on the references suggested by the reviewer.
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Abstract

We have assessed the local solute redistribution at defect sinks in 20Cr-25Ni Nb-stabilised 

austenitic stainless steel after proton irradiation at three temperatures, i.e. 420, 460 and 500°C, 

up to a maximum damage level of 0.8 dpa. This material is currently being used as cladding in 

Advanced Gas-cooled Reactors (AGR), and potential local Cr depletions would compromise 

its resistance to intergranular corrosion attack during wet storage of spent fuel elements. 

Irradiation induces the depletion of Cr, Fe and, to a lesser extent, Mn from grain boundaries, 

whereas Ni and Si become enriched at those locations. The elemental profiles are symmetric 

and primarily W-shaped at 420°C, whereas at higher temperatures asymmetric and double-

peaked profiles are also detected, most likely as a result of grain boundary migration. High-

angle grain boundaries with a misorientation angle 40° become mobile at 460°C and 

especially at 500°C, and also experience a relatively large solute redistribution, with local Cr 

contents in a significant number of boundaries falling below 12 wt.% and profile widths 100 

nm. However, coincidence site lattice boundaries (CSL) Σ3 boundaries prove to be resistant to 

Cr depletion and to boundary mobility. Local elemental patterns at radiation-induced 

dislocations seem to mimic those at grain boundaries, but do not trigger the formation of Ni3Si 

precipitates. Additionally, Ni and Si form a shell-like structure around the pre-existing Nb(C,N) 

precipitates, potentially leading to the transition into G-phase at higher damage levels. 

Keywords: austenitic stainless steel, proton irradiation, radiation-induced segregation, 

transmission electron microscopy, Advanced Gas-cooled Reactors.
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1. Introduction 

The fuel cladding material currently used in Advanced Gas-cooled Reactors (AGRs) is a Nb-

stabilised austenitic stainless steel grade, containing 20 wt.%Cr, 25 wt.%Ni and 0.7 wt.% Nb 

[1]. A stabilisation heat treatment is performed to the cladding at 930°C for 1 h prior to its 

lifetime in the reactor core, in order to precipitate a fine dispersion of Nb(C,N) particles in the 

austenitic matrix [2]. Those fine precipitates help to control the austenite grain size at elevated 

temperatures [2], increase the cladding resistance to thermal creep in the oxidising AGR core 

environment [3], and also hinder the formation of Cr carbo-nitrites and consequently the local 

Cr depletion at the grain boundaries of the austenitic matrix [4]. However, despite the formation 

of Nb(C,N) particles during cladding processing, the high-temperature environment of the 

AGR core, coupled with intense neutron fluxes and the CO2-1-2%CO coolant, can induce a 

detrimental reduction in Cr content at grain boundaries and other preferential lattice sites. Once 

the nuclear fuel is discharged, it is planned to be stored together with its cladding material in 

caustic-dosed water ponds for at least 25 years [5], before its permanent storage in a future 

geological disposal facility. Potential local reductions in Cr content would decrease the 

cladding resistance to intergranular corrosion attacks (IGCAs) during its temporary storage in 

water-based environments. Since the Windscale Inquiry in 1977, it is deemed possible that 

20Cr-25Ni Nb-stabilised stainless steel may experience an increased susceptibility to IGCAs 

after neutron irradiation [6], a phenomenon termed Radiation-Induced Sensitisation (RIS).

The current understanding relates RIS phenomenon to the redistribution of solute atoms in 

the vicinity of grain boundaries and other lattice sites, due to the coupling of solute fluxes with 

the diffusion of radiation-induced vacancies and self-interstitials towards defect sinks present 

in the microstructure [7]. In other nuclear-grade austenitic steels, this process results in the Cr 
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depletion at grain boundaries, concomitantly with the local enrichment in Ni and potentially 

also in Si [8–11]. In the case of AGR steel cladding, RIS is expected to affect only those fuel 

pins that either operate in a temperature range of 350-530°C, or spend a significant amount of 

time in that temperature window during removal from the reactor core, with a peak effect at 

420°C [12, 13]. Recent reports indicate that the variability in chemical profiles measured in 

irradiated nuclear steels is at least partially related to the specific boundary geometry [14–17]. 

In this respect, special grain boundaries such as the coincidence lattice site seem to be Σ3, 

particularly resistant to local Cr depletion due to their relatively high symmetry. In contrast, 

non-special high-angle grain boundaries are the most affected by Cr depletion [15, 17]. 

Additionally, alternative defect sinks such second phase particles or dislocation structures show 

affinity for radiation-induced vacancies, and therefore reduce the magnitude of the RIS effect 

at grain boundaries [9]. Furthermore, radiation-induced and -enhanced second phases have been 

observed in 20Cr-25Ni Nb-stabilised stainless steel, neutron irradiated at selected damage 

levels and local reactor temperatures [18, 19]. 

A systematic study of the RIS phenomenon in irradiated steel claddings is fundamental for 

the future medium-to-long-term wet storage of AGR fuel elements. In this study, we have 

characterised the chemical redistributions induced by proton bombardment in the 

microstructure of 20Cr-25Ni Nb-stabilised stainless steel. The proton irradiation experiment at 

three selected temperatures, i.e. 420°C, 460°C and 500°C, was performed in a transmission 

electron microscope (TEM) coupled to an ion accelerator [20, 21], in order to monitor in-situ 

the early stages of radiation damage. The occurrence and evolution of dislocation structures, 

voids and stacking fault tetrahedra as the damage level increases up to 0.8 dpa are described in 

a companion paper [22]. Here we report the local changes in elemental composition at grain 

boundaries and other lattice defects or interfaces present in the steel microstructure, observed 

at the aforementioned temperatures and at the highest damage levels of 0.5 and 0.8 dpa. In the 



5

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

nuclear steel grades with minimal sample activation [11, 23, 24]. However, most RIS reports in 

the literature relate to austenitic stainless steels used as internals in Light Water Reactors, whose 

core temperatures are significantly lower temperatures than those in AGRs. Systematic 

information regarding RIS in AGR steels is a pre-requisite to link the atomic-scale changes at 

the grain boundaries and other preferential sites in the structure with potential localised 

corrosion attacks during wet storage of spent fuel elements.

2. Experimental 

The chemical composition of the AGR cladding steel used in this study is reported in Table 

1. The as-received material was in the form of a 55 cm-long tube with transverse ribs on the 

outer surface for better heat transfer to the CO2-1-2%CO gas coolant. The tube had an outer 

diameter of 1.5 cm and an average wall thickness of 0.4 cm. After the removal of the external 

ribs, we extracted samples with a size of 2.52.5 cm2 and subjected them to a recrystallisation 

annealing at 930°C for 40 min in inert atmosphere, followed by water quenching down to room 

temperature. The heat-treated samples were mechanically ground and polished with a colloidal 

silica suspension with a 0.25 m grain size. The structural characterisation of the as-

recrystallised material was performed using a FEI Quanta 650 scanning electron microscope 

equipped with an electron backscattered diffraction (EBSD) detector. The EBSD data 

processing was performed using the MTEX software [27]. The grain boundaries were classified 

into low-angle grain boundaries (LAGB) presenting a misorientation angle between 2 and 15 

[26, 27], coincidence site lattice sites (CSL) [28, 29] and high-angle grain boundaries (HAGB). 

A high-angle grain boundary was classified as a CSL boundary of the type Σ3, Σ5, Σ9 or Σ11 

when the Brandon's criterion was satisfied [30]. Other types of CSL boundaries were not 

considered in this study, since they were not observed in significant numbers. The length 

fraction was calculated as the ratio between the length of a certain type of boundary and the 
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total length of grain boundaries observed in the EBSD map of a given sample. Furthermore, 3 

mm-diameter TEM discs were extracted from the as-recrystallised material and electro-

polished at a temperature of -25ºC, using an electrolyte consisting of 95 vol.% methanol -5 

vol.% perchloric acid (60%). Three equivalent TEM disks, with a thickness in the range of 110-

140 nm, as derived from convergent beam electron diffraction patterns (CBED) [31], were 

irradiated with a 40 keV proton beam at the three selected temperatures of 420, 460 and 500°C. 

A fourth disc was used as a reference, in order to assess the lattice defect structures induced by 

proton bombardment. 

The 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 sequentially on a high-temperature double-tilt holder and placed inside 

a 300 kV Hitachi H-9500 TEM, equipped with a  electron source (with a spatial resolution  𝐿𝑎𝐵6

of 0.14 nm) and a Gatan OneView digital camera with 16 megapixels and up to 300 fps video. 

The TEM is installed at the end of a beam line connected to an ion accelerator. The proton beam 

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

beam energy of 40 keV. The Bragg peak position would be at 200 nm from the sample surface 

exposed to the incoming proton beam, based on SRIM simulations [32], therefore beyond the 

sample thickness determined by CBED. We performed three irradiation experiments at the 

selected temperatures of 420ºC, 460ºC and 500ºC, and at a proton flux of  , 8 ∙ 1013 𝑖𝑜𝑛𝑠
𝑐𝑚2𝑠

corresponding to a dose rate of 2 10-4 dpa/s. ∙

Afterwards, the chemical changes induced by proton irradiation were characterised ex-situ 

using a FEI Talos F200A TEM/STEM microscope. The electron source is an FEI X-FEG high 

brightness source able to deliver 1.8 at an accelerating voltage of 200 kV. ∙ 109 𝐴·cm ‒ 2·𝑠𝑟 ‒ 1 

This microscope is equipped with a FEI Ceta 16M camera with an acquisition rate of 25 fps, a 
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high angle annular dark field detector (HAADF) with a resolution of 0.16 nm, and a bright and 

dark field detector. This microscope also has a FEI Super-X integrated EDS system, composed 

of four windowless silicon drift detectors (SDDs) with a mapping capability up to 105 spectra/s. 

They are symmetrically placed around the electron beam in order to maximise the collection 

angle [33]. Each 2-D chemical map was acquired for 30 min using a 700 pA electron beam 

current. The length of the boundary segments analysed within those maps varied between 150 

nm to 800 nm. The data were acquired at zero tilt angle, in order to maximise the signal on the 

SDDs, and only those grain boundaries whose plane was normal to the incident electron beam 

were considered for analysis. The elemental quantification based on the acquired spectra was 

performed using the FEI Velox software after background subtraction. The elemental 

composition as a function of the distance with respect to the grain boundary was obtained by 

integrating along straight segments (1-D elemental profiles) for 100 pixels. The error related to 

the quantification of each single element was calculated considering the Gaussian peak profile 

of the collected EDX spectra. Thus, the estimated error at 99.7% confidence, based on the total 

number of counts for each peak used in the elemental quantification was 1% for Fe, 1.5% 

for Ni and Cr, 3.1% for Si, , 3.2%  for Mn and 1%  for Nb (reduced to 0.5% for particles). 

For each boundary, five 1-D profiles, collected at neighbouring positions along the grain 

boundary line, were averaged in order to obtain the elemental compositional profile [34]. The 

elemental concentration corresponding to the average of the peak values over those five profiles 

for a given grain boundary is reported in Table 2, together with the standard deviation.

 The misorientation angle of the studied grain boundaries was determined by Transmission 

Kikuchi Diffraction (TKD) [35, 36], using an FEI Magellan HR FEG-SEM equipped with an 

electron backscattered diffraction detector (EBSD). The TKD data were acquired using an 

accelerating voltage of 20 kV, a beam current of 0.8 nA and a step size of 0.08 m, with the 𝜇

sample tilted 20º with respect to the EBSD detector. The TKD data processing was performed 
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using the MTEX software [25]. For each boundary we measured between 2 and 8 points and 

the misorientation angles reported in Table 2 are the average between these measures.  

3. Results 

The resultant steel microstructure after the 40 min heat treatment at 930°C is shown in 

Fig. 1. The recrystallised microstructure is characterised by an average austenite grain diameter 

of 10 µm and smooth recrystallised grains, see illustrative examples in Fig.1a-c. Moreover, 

we observed a bimodal Nb(C,N) size distribution: a limited number of relatively large particles, 

often surrounded by a network of dislocation lines (Fig.1d), together with a fine dispersion of 

particles heterogeneously distributed in the austenitic matrix, see Fig.1e and f. This fine 

dispersion is composed of both intergranular and intragranular particles, often observed in the 

form of particle clusters, whose spatial distribution is a reminiscence of the dislocation lines 

present in the microstructure prior to recrystallisation, see Fig.1e. An EBSD map with the grain 

boundaries coloured according to their misorientation angle ( ) is shown in Fig. 1g. The heat 𝜃

treatment at 930°C generates a relatively high number of annealing twin boundaries (CSL 3), Σ

i.e. 45% of the total grain boundary length, together with 36% of HAGBs and only 19% of 

low-angle grain boundaries. 

The detailed characterisation of the lattice defect evolution as a function of damage 

level up to 0.8 dpa is presented in a companion paper [22]. In the present study, we report the 

local changes of chemical composition at the highest damage level of this experiment, namely 

0.5 dpa at 420C, and 0.8 dpa at both 460C and 500C. STEM BF micrographs of the final 

proton-induced damaged microstructure are displayed in Fig 2 for the three irradiation 

temperatures. At those three temperatures,  Frank partials and perfect  
𝑎0

3 ⟨111⟩
𝑎0

2 ⟨110⟩

dislocation loops are present in the microstructure. A higher irradiation temperature implies a 

larger average size and lower density of dislocation loops. Those perfect loops evolve into 
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dislocation lines that form a dense network at the damage level of 0.8 dpa (460°C) and already 

at 0.2 dpa (500°C), respectively [22]. Voids were also detected at 460C and 500C, whereas 

stacking fault tetrahedra (SFT) were observed at 0.8 dpa only for the highest temperature of 

500°C. 

Local chemical redistributions were detected at grain boundaries (Fig.3), dislocations 

(Fig.4) and particle/matrix interfaces (Fig.5) at the three irradiation temperatures. For all those 

types of defect sinks, we observed the depletion of Cr, Fe and to a lower extent of Mn, together 

with local enrichment of Ni and Si. Fig.3 contains examples of chemical profiles collected 

across grain boundaries, whereas a summary of the chemical composition of all the grain 

boundaries checked in this study, together with the boundary misorientation angle and the 

thickness of the elemental profile, is presented in Table 2. The value reported for the chemical 

composition are the peak values of each single boundary profile, averaged over five profiles as 

explained in the experimental session. The magnitude of Cr depletion increases with damage 

level and irradiation temperature. At the three irradiation temperatures, the CSL 3 boundaries Σ

are found to be resistant to radiation-induced chemical redistribution, see Fig.3. 

At 420C the grain boundary with the largest Cr depletion was a HAGB with =31.2, 𝜃

presenting a local Cr content as low as 13 wt.% and a profile width of 21 nm, whereas the 

widest profile (i.e. 47.6 nm) was observed for a higher misorientation of =59.6. At this 𝜃

irradiation temperature, the width of the elemental profile decreases with increasing magnitude 

of Cr depletion. The relative change in Cr content is -9.4 wt.% on average, and we did not 

observe any grain boundary with a Cr content 12 wt.%. The profile shape presents primarily 

a W-shape for Cr and Mn, without any significant asymmetry. Furthermore, Cr depletion also 

occurred close to dislocations, coupled with the first signs of Ni and Si segregation and 

clustering. In the first row of Fig. 4 a few clusters of Ni and Si can be observed in the elemental 

maps, whereas an example of chemical profile obtained by integrating along a dislocation line 
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(outlined with a red square in the BF STEM image of Fig 4) is shown. The maximum elemental 

variation observed at dislocations was -7% (Cr), +9% (Ni), +39% (Si) and -11% (Mn), 

respectively. Both Nb(C,N) populations did not present signs of chemical segregation at this 

irradiation temperature and damage level, as revealed by the data presented in Fig.5 for the 

sample irradiated at 420°C and the one in the as-recrystallised state as reference. 

 In contrast with the highly-symmetric W-shaped profiles observed at 420°C, a variety 

of elemental profile shapes was observed at the higher temperature of 460C: symmetric, 

asymmetric and double-peak profiles. The symmetric elemental profiles correspond to grain 

boundaries with relatively low misorientation angles, i.e. <30, whereas all boundaries with 𝜃

higher misorientation angles present either asymmetric or double-peak profiles. Selected 

examples of elemental profiles at 460°C are shown in the middle column of Fig.3. Asymmetric 

profiles may be an indication that the boundary has moved during the irradiation experiment, 

potentially ‘dragging’ the elemental profiles during grain boundary migration. A clear evidence 

of this phenomenon can be observed in Fig 6, where a representative grain boundary is shown 

at different damage levels (the movement of this grain boundary during irradiation was 

recorded in-situ and the video is available as Supplementary Material). The chemical analysis 

of this boundary reveals that the Si profile remains symmetric and narrower than the Cr and Ni 

profiles (Fig 7), remaining centred close to the original position of the grain boundary. 

At 460°C, the width of the elemental profile also decreases with increasing magnitude 

of Cr depletion. It is worth noting that the 33% of the studied grain boundaries at 460°C present 

a Cr content lower than 12wt.% at 0.8 dpa and those highly depleted in Cr correspond to 

HAGBs with a misorientation angle >50. Furthermore, the elemental redistribution at 𝜃

dislocations increases in magnitude and profile thickness, with a maximum relative variation 

of -11% (Cr), +19% (Ni), +51% (Si), -21% (Mn), respectively. Additionally, a characteristic 
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shell-like structure is formed around a number of Nb(C,N) particles, with Ni and Si both 

segregating at the particle/matrix interface, see Fig.5. 

At the highest temperature of 500°C, the magnitude of the elemental 

depletion/segregation is more pronounced than at lower temperatures, see Fig. 3. Moreover, in 

some cases the width of the Cr depletion profiles attains values close to 200 nm, see Fig. 7, and 

a significant number of grain boundaries present a Cr content below 12wt.%. If the maximum 

in the Si profile depicts the original position of the grain boundary, the width of the Cr profile 

can be taken as the migration distance of the grain boundary. The migrating boundaries are all 

HAGB with a misorientation angle ranging from 30 to 59. Furthermore, the elemental 

redistribution at dislocations and particle/matrix interfaces also increases in intensity and width 

as compared to 460°C. Clear signs of Si and Ni segregation and clustering can be observed in 

the elemental maps of Fig. 4, together with segregation at dislocations lines (the profile is 

obtained integrating along the dislocation line in the red square in the STEM BF image). The 

Ni and Si segregation surrounding pre-existing Nb(C,N) particles is more intense than at lower 

temperatures, see Fig.5b. 

4. Discussion

After proton irradiation, elemental segregation or depletion has been detected at grain 

boundaries at the three irradiation temperatures, namely 420C, 460C and 500C. In the 

analysed boundaries, Cr, Fe and to a lesser extent Mn become depleted, whereas the Ni and Si 

content increases with respect to their concentration in the matrix. On the other hand, Nb 

remains bound in the Nb(C,N) particles present already in the as-recrystallised microstructure. 

The resultant elemental profiles are generally interpreted as a consequence of the inverse 

Kirkendall effect, i.e. the generation of a balancing flux of atoms in the presence of a flux of 

radiation-induced point defects [37]. RIS modelling in binary [38] and ternary Fe-based alloys 

[39], considering mainly a vacancy-based mechanism, reveals that the sign of the ratio between 
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the concentration gradient for a certain element and the concentration gradient for vacancies 

determines the direction of RIS, i.e. depletion or segregation at grain boundaries [7]. If that 

ratio is positive, the solute element moves in the same direction of the vacancy flux, i.e. towards 

grain boundaries, therefore it segregates at those boundaries, otherwise it depletes. The sign 

for Cr and Ni in austenitic steels are negative and positive respectively, therefore Cr depletes 

and Ni segregates at grain boundaries [40], in accordance to our experimental results.

The intensity and width of the elemental profile increases with temperature, and at 

500C a Cr content as low as 6.5 wt.% was measured for a limited number of grain boundaries. 

The temperature dependence of RIS for neutron-irradiated AGR cladding stainless steel was 

modelled for a dose rate typical of the AGR reactor core (2 10-8 dpa/s) and a damage level of ∙

1 dpa [41]. The model predicts the RIS phenomenon to take place in the range from 350C to 

530C, with a peak effect at 420C [42]. At higher irradiation temperatures, radiation-induced 

solute redistribution would be mitigated by enhanced point defect recombination, due to an 

increased number of thermally-produced point defects and back diffusion of alloying elements 

driven by the solute concentration gradient [43]. The difference between the dose rate used in 

the present study, i.e. 2 10-4 dpa/s, and that used in the model to simulate neutron-induced ∙

RIS, would take into account for the shift in the temperature at which the maximum effect is 

observed [42,43].

For a given irradiation temperature, there is a significant variation in the magnitude of 

the elemental depletion/segregation from boundary to boundary. Fig. 8 shows the dependence 

of the elemental content at grain boundaries with the misorientation angle. The Cr depletion is 

negligible when the misorientation angle of the CSL Σ3 boundary (60) is approached. This 

experimental observation is consistent with those reported for other proton-irradiated [14–17] 

and thermally-sensitised steel grades [44-47]. In those previous studies, twin boundaries were 

found to be resistant to local solute redistributions. The resistance to local Cr depletion is 
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related to the intrinsic boundary structure, which underpins its energy. Our results reveal a 

cuspid in the local Cr content when the misorientation angle approaches 60, see Fig. 8. The 

lack of Cr depletion can be attributed to the high coherence across the CSL Σ3 boundaries, 

which are not perfect sinks due to the fact that there are no fast diffusion paths within the 

boundary for point defects to diffuse and annihilate [15, 17]. Since the annihilation rate for 

point defects is low at CSL Σ3 boundaries, the local point defect concentration would be higher 

than thermal equilibrium, resulting in reduced fluxes of vacancies and interstitials towards 

those special grain boundaries. An opposite situation is found instead for HAGBs, which 

behave as perfect sinks with a relatively high rate of defect annihilation. HAGBs are composed 

of a high density of dislocations which act as annihilation sites for point lattice defects. The 

relatively low point defect concentration at HAGBs induces enhanced defect fluxes and, as a 

consequence, a larger Cr depletion or Ni & Si segregation at those HAGBs.

In addition, a variety of profile shapes was measured at 460C and 500C, including 

double peaked and asymmetric profiles extending in some cases for 100 nm, whereas at 

420C only symmetric and relatively narrow elemental profiles were detected. The high density 

of radiation-induced dislocations inside the neighbouring grains competes with the grain 

boundaries for the diffusing point defects, therefore reducing the flux of point defects towards 

grain boundaries. At 420C we have not detected any significant grain boundary migration, 

whereas at 460C a limited number of grain boundaries start migrating, and this phenomenon 

becomes more pronounced at 500C, see Fig. 7. The observed elemental profile starts to 

develop at the original boundary position, but as the boundary moves, the solute atoms start to 

deplete/segregate at the new position of the boundary at a given moment in time. The migrating 

boundary wipes up a significant fraction of the radiation-induced dislocations. Therefore, the 

elemental profile related to the new boundary position has not only less time to develop, but it 

is also affected on the side ahead of the migrating boundary by the higher content of matrix 
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dislocations than the back side of the boundary [13]. As can be clearly observed in Fig. 7, grain 

boundaries ‘drag’ with them the profile of all solute elements except for Si, which remains 

primarily segregated at the original boundary position. This fact has not been reported before, 

and it indicates that the time at which the migrating boundary stays at each new position is not 

sufficient to build up a significant Si enrichment at the boundary, and therefore Si enrichment 

is only detected at the original boundary position. Grain boundary migration involving 

diffusion of solute atoms is known as diffusion-induced grain boundary migration (DIGM) 

[48]. The migration is induced by differences in chemical potential between the two grains on 

either side of the boundary and the boundary itself [49]. One of the proposed mechanisms is 

based on the climbing of grain boundary dislocations in response to a grain boundary 

Kirkendall effect [50, 51]. Asymmetrical elemental profiles have been reported for in-reactor 

neutron irradiated bulk specimens of 20Cr-25Ni Nb-stabilised stainless steel [10, 12, 13] and 

also for TEM foils of the same steel grade irradiated in situ with 1 MeV electrons [11]. The 

asymmetry in elemental profiles is ascribed by Norris and co-worker to DIGM [13]. 

Additionally, radiation-induced grain boundary migration has been studied extensively in 

model Fe-Cr-Ni alloys during in-situ electron irradiation [52-56]. These studies revealed an 

increase in Cr depletion due to the concomitant movement of the relevant grain boundary, and 

also ascribed the asymmetry in the measured profiles to the boundary migration during 

irradiation [52-56]. The boundary migration was proposed to be driven by the atomic 

rearrangement on the boundary interfacial plane via annihilation of point defects [52, 54], 

which is in agreement with the dislocation climbing mechanism at the grain boundary 

mentioned above [57, 58]. A model for RIS taking into account grain boundary migration has 

been proposed for concentrated model alloys [59]. A term proportional to the velocity of the 

grain boundary movement was added to the diffusion equations, and the resultant model 

successfully simulated the asymmetrical experimental profiles observed in Fe-Cr-Ni alloys 
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[59]. A comparison between the elemental profiles collected in the present study and those 

reported by [10-13] suggests that the comparatively larger extension of the boundary migration 

observed in this case may be to the proximity of the foil surface. However, the presence of 

significant radiation-induced defect fluxes and atomic rearrangement at the boundary seem to 

be a pre-requisite, since the annealing at those temperatures of reference thin TEM foils in the 

absence of proton irradiation did not reveal significant grain boundary migration. 

DIGM has been reported previously only for HAGBs, and this fact agrees well with the 

experimental observations of this study. The observed migrating boundaries all have 

misorientation angles 30 and the extent of the boundary migration, which is in this study is 

considered to be proportional to the width of the asymmetric elemental profile, depends on the 

misorientation angle, see Fig 9. The grain boundaries where evidence of significant migration 

has been observed are those with >40, with the only exception of a single boundary with𝜃  𝜃

=33.6 at 500C. For these boundaries the profile width increases with the misorientation angle, 

until the misorientation angle characteristic of CSL Σ3 is reached. For boundaries with CSL 

Σ3 symmetry no significant elemental segregation/depletion has been observed. 

Variations in the local elemental composition at dislocations lines were also detected, 

see Fig.4, and they mirror the elemental profiles measured at grain boundaries. However, the 

magnitude and extension are reduced, potentially due to the minor sink strength of dislocation 

lines with respect to grain boundary [60], with the except of Si which segregates at a higher 

degree at dislocations than at grain boundaries. Radiation-induced elemental segregation at 

dislocations can induce the formation of second phases, if the solubility limit is exceeded 

locally. A radiation-induced nickel-silicide Ni3Si, termed ’, has often been observed at 𝛾

dislocations in neutron-irradiated austenitic stainless steels [8, 9, 61-63], and Taylor reported 

this phase amongst those found in AGR cladding after in-reactor service, in those claddings 

irradiated between 369C and 480C for damage levels between 1 and 2 dpa [18]. However, 
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we have not detected evidence of ’ precipitation in our study probably because the damage 

level we reached (0.8 dpa) is too low for the precipitation of this phase [61]. Moreover, the 

intermetallic phase known as G-phase has also been observed in AGR cladding after reactor 

service [18, 62]. This second phase is thought to be induced by radiation in austenitic stainless 

steels [61]. However, in 20Cr-25Ni Nb-stabilised stainless steel G-phase was also observed in 

the microstructure after thermal ageing [64, 65]. It was suggested that Nb(C,N) particles 

gradually evolve towards G-phase, releasing C and N into the surrounding austenitic matrix 

[64]. In the present study, G-phase was not found in the as-recrystallised material. However, 

significant Ni & Si segregation was detected at the Nb(C,N) particle/matrix interface after 

proton irradiation to 0.8 dpa at both 460C and 500C, see Fig.5. This observation may support 

the hypothesis that Nb(C,N) particles evolve into G-phase, and proton irradiation would in this 

case accelerate this transformation. 

A systematic study and reliable prediction of localised corrosion attacks during wet 

storage of the AGR steel cladding and spent fuel relies on the availability of sensitised cladding 

material for corrosion tests. In the past, thermal sensitisation has been used for the production 

of test specimens [66-68], however  critical differences in the thermal-sensitised microstructure 

(absence of dislocation network, presence of second phases at grain boundaries and different 

width of the depleted zone) with respect to in-reactor irradiated specimens make the thermal-

sensitisation route unsuitable.  In this in-proton-irradiation study, we have used a dose rate of  

10-4 dpa/s, which is four orders of magnitude higher than the typical dose rate of an AGR 

reactor (10-8 dpa/s [41]). Therefore, based on Mansur’s equation for temperature shift to 

compensate for differences in dose rate [69], an increase from 420C, temperature at which 

peaked RIS and significant corrosion attacks have been observed in neutron-irradiated AGR 

cladding, to 500C for a proton irradiation with our dose rate, would lead to an equivalent 

damaged microstructure. The comparison between our proton-irradiated results and the limited 
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data available regarding RIS in neutron-irradiated AGR cladding stainless steel [10-13, 19, 70] 

suggests that a proton irradiation temperature of 460C and a total damage of 0.8 dpa is 

sufficient to obtain a similar damaged microstructure and sensitisation to that observed in AGR 

cladding irradiated in reactor at 420C to a total damage of 2.2 dpa [22]. In both cases, double 

and asymmetrical profiles at grain boundaries with Cr content as low as 12 wt.% have been 

detected [10, 12, 13]. The main difference detected in the RIS profiles between the in-reactor 

neutron irradiation specimens and the in-situ proton irradiated TEM foils of this study is the 

width of the Cr depleted regions, which is <100 nm in the neutron irradiated samples, even for 

migrating boundaries [10, 12, 13]. This might be related to the fact that in our case the specimen 

was a thin TEM foil, where the boundaries were freer to migrate increasing the width of the 

depleted zone. The importance of other surface effects depends on the target material and 

thickness, the irradiation temperature and the incident particles [71]. For foils 200 nm, 

microstructural evolutions comparable to bulk materials have been observed [71], whereas for 

intermediate thicknesses the surface sink strength for defects increases with irradiation 

temperature [72]. The samples used in the present study have a thickness 110-140 nm, 

therefore it is expected that the lattice defect evolution is affected by the thickness [22]. 

However, the main characteristics of the RIS profiles, other than the profile width, seem to be 

not affected significantly by surface effects for the used irradiation conditions. The results of 

this work reveal that the severity of Cr depletion is higher in HAGBs, and that temperature 

effects under irradiation can induce boundary migration in AGR steel claddings and enhance 

the Cr depletion profile. Models accounting for the grain boundary internal structure and 

mobility, together with the competing effect of dislocation structures and second phase 

particles, are currently needed for AGR cladding stainless steel, in order to simulate RIS effects 

and subsequently predict degradation of those claddings during wet storage. Modelling efforts 

in this direction have been reported for other stainless steel grades and for irradiation conditions 
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relevant for light water reactors [15, 16, 59]. However, a coherent modelling work based on 

the reported experimental evidence is still needed for AGR cladding material. 

5. Conclusions 

We have performed an in-depth characterisation of the local solute redistribution at 

defects sinks in 20Cr-25Ni austenitic stainless steel induced by proton irradiation, for a 

damage level of 0.5dpa at 420C and 0.8dpa at 460C and 500C. The main results of 

this study are:

 Depletion of Cr, Fe and Mn and segregation of Ni and Si have been observed at 

all the irradiation temperatures at grain boundaries, radiation-induced 

dislocations and second phase particles. The intensity and the width of the local 

chemical depletion/segregation increases with temperature up to 500C. 

 At all temperatures investigated, we have observed a dependence of the 

measured elemental profiles with the grain boundary character, and for 

misorientation angles approaching 60 there is a decrease of the Cr depletion. 

Highly coherent grain boundaries, such as CSL 3, would therefore be RIS-Σ

resistant. 

 Grain boundary migration at 460C, and especially noticeable at 500C, strongly 

affects the elemental profiles across grain boundaries, giving rise to 

asymmetrical and broadened profiles, with the Cr content reaching its minimum 

values. 

 Ni and Si clustering has been observed close to radiation-induced dislocations. 

However, no ’ precipitation has been detected at those locations. In contrast, 

the Ni and Si segregation at the Nb(C,N)/matrix interface leads to the formation 

of a shell-like structure, and may hint to a radiation-enhanced transition of 

Nb(C,N) particles into G-phase.



19

These results open the door (i) to simulate systematically neutron-induced sensitisation of AGR 

steel claddings using intense proton beams, and also (ii) to enhance the existing models about 

radiation-induced sensitisation in austenitic stainless steels by adding structural and mobility 

information about grain boundaries, together with the competing effects of dislocations and 

second phase particles for diffusing point defects and solute atoms.
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Highlights

1. Proton-irradiated AGR cladding develops solute redistribution at defect sinks  

2. The elemental profile shape depends on grain boundary character and temperature 

3. Few boundaries have a local Cr content 12wt.% and profile widths 100nm ≤

4. HAGB with misorientation 40° become mobile at 460°C and show asymmetric 

profiles

5. Si and Ni segregation at carbide interface hints to a transition towards G-phase
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Abstract

We have assessed the local solute redistribution at defect sinks in 20Cr-25Ni Nb-stabilised 

austenitic stainless steel after proton irradiation at three temperatures, i.e. 420, 460 and 500°C, 

up to a maximum damage level of 0.8 dpa. This material is currently being used as cladding in 

Advanced Gas-cooled Reactors (AGR), and potential local Cr depletions would compromise 

its resistance to intergranular corrosion attack during wet storage of spent fuel elements. 

Irradiation induces the depletion of Cr, Fe and, to a lesser extent, Mn from grain boundaries, 

whereas Ni and Si become enriched at those locations. The elemental profiles are symmetric 

and primarily W-shaped at 420°C, whereas at higher temperatures asymmetric and double-

peaked profiles are also detected, most likely as a result of grain boundary migration. High-

angle grain boundaries with a misorientation angle 40° become mobile at 460°C and 

especially at 500°C, and also experience a relatively large solute redistribution, with local Cr 

contents in a significant number of boundaries falling below 12 wt.% and profile widths 100 

nm. However, coincidence site lattice boundaries (CSL) Σ3 boundaries prove to be resistant to 

Cr depletion and to boundary mobility. Local elemental patterns at radiation-induced 

dislocations seem to mimic those at grain boundaries, but do not trigger the formation of Ni3Si 

precipitates. Additionally, Ni and Si form a shell-like structure around the pre-existing Nb(C,N) 

precipitates, potentially leading to the transition into G-phase at higher damage levels. 

Keywords: austenitic stainless steel, proton irradiation, radiation-induced segregation, 

transmission electron microscopy, Advanced Gas-cooled Reactors.
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1. Introduction 

The fuel cladding material currently used in Advanced Gas-cooled Reactors (AGRs) is a Nb-

stabilised austenitic stainless steel grade, containing 20 wt.%Cr, 25 wt.%Ni and 0.7 wt.% Nb 

[1]. A stabilisation heat treatment is performed to the cladding at 930°C for 1 h prior to its 

lifetime in the reactor core, in order to precipitate a fine dispersion of Nb(C,N) particles in the 

austenitic matrix [2]. Those fine precipitates help to control the austenite grain size at elevated 

temperatures [2], increase the cladding resistance to thermal creep in the oxidising AGR core 

environment [3], and also hinder the formation of Cr carbo-nitrites and consequently the local 

Cr depletion at the grain boundaries of the austenitic matrix [4]. However, despite the formation 

of Nb(C,N) particles during cladding processing, the high-temperature environment of the 

AGR core, coupled with intense neutron fluxes and the CO2-1-2%CO coolant, can induce a 

detrimental reduction in Cr content at grain boundaries and other preferential lattice sites. Once 

the nuclear fuel is discharged, it is planned to be stored together with its cladding material in 

caustic-dosed water ponds for at least 25 years [5], before its permanent storage in a future 

geological disposal facility. Potential local reductions in Cr content would decrease the 

cladding resistance to intergranular corrosion attacks (IGCAs) during its temporary storage in 

water-based environments. Since the Windscale Inquiry in 1977, it is deemed possible that 

20Cr-25Ni Nb-stabilised stainless steel may experience an increased susceptibility to IGCAs 

after neutron irradiation [6], a phenomenon termed Radiation-Induced Sensitisation (RIS).

The current understanding relates RIS phenomenon to the redistribution of solute atoms in 

the vicinity of grain boundaries and other lattice sites, due to the coupling of solute fluxes with 

the diffusion of radiation-induced vacancies and self-interstitials towards defect sinks present 

in the microstructure [7]. In other nuclear-grade austenitic steels, this process results in the Cr 
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depletion at grain boundaries, concomitantly with the local enrichment in Ni and potentially 

also in Si [8–11]. In the case of AGR steel cladding, RIS is expected to affect only those fuel 

pins that either operate in a temperature range of 350-530°C, or spend a significant amount of 

time in that temperature window during removal from the reactor core, with a peak effect at 

420°C [12, 13]. Recent reports indicate that the variability in chemical profiles measured in 

irradiated nuclear steels is at least partially related to the specific boundary geometry [14–17]. 

In this respect, special grain boundaries such as the coincidence lattice site seem to be Σ3, 

particularly resistant to local Cr depletion due to their relatively high symmetry. In contrast, 

non-special high-angle grain boundaries are the most affected by Cr depletion [15, 17]. 

Additionally, alternative defect sinks such second phase particles or dislocation structures show 

affinity for radiation-induced vacancies, and therefore reduce the magnitude of the RIS effect 

at grain boundaries [9]. Furthermore, radiation-induced and -enhanced second phases have been 

observed in 20Cr-25Ni Nb-stabilised stainless steel, neutron irradiated at selected damage 

levels and local reactor temperatures [18, 19]. 

A systematic study of the RIS phenomenon in irradiated steel claddings is fundamental for 

the future medium-to-long-term wet storage of AGR fuel elements. In this study, we have 

characterised the chemical redistributions induced by proton bombardment in the 

microstructure of 20Cr-25Ni Nb-stabilised stainless steel. The proton irradiation experiment at 

three selected temperatures, i.e. 420°C, 460°C and 500°C, was performed in a transmission 

electron microscope (TEM) coupled to an ion accelerator [20, 21], in order to monitor in-situ 

the early stages of radiation damage. The occurrence and evolution of dislocation structures, 

voids and stacking fault tetrahedra as the damage level increases up to 0.8 dpa are described in 

a companion paper [22]. Here we report the local changes in elemental composition at grain 

boundaries and other lattice defects or interfaces present in the steel microstructure, observed 

at the aforementioned temperatures and at the highest damage levels of 0.5 and 0.8 dpa. In the 
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past, intense proton beams have been used successfully to simulate the neutron damage in other 

nuclear steel grades with minimal sample activation [11, 23, 24]. However, most RIS reports in 

the literature relate to austenitic stainless steels used as internals in Light Water Reactors, whose 

core temperatures are significantly lower temperatures than those in AGRs. Systematic 

information regarding RIS in AGR steels is a pre-requisite to link the atomic-scale changes at 

the grain boundaries and other preferential sites in the structure with potential localised 

corrosion attacks during wet storage of spent fuel elements.

2. Experimental 

The chemical composition of the AGR cladding steel used in this study is reported in Table 

1. The as-received material was in the form of a 55 cm-long tube with transverse ribs on the 

outer surface for better heat transfer to the CO2-1-2%CO gas coolant. The tube had an outer 

diameter of 1.5 cm and an average wall thickness of 0.4 cm. After the removal of the external 

ribs, we extracted samples with a size of 2.52.5 cm2 and subjected them to a recrystallisation 

annealing at 930°C for 40 min in inert atmosphere, followed by water quenching down to room 

temperature. The heat-treated samples were mechanically ground and polished with a colloidal 

silica suspension with a 0.25 m grain size. The structural characterisation of the as-

recrystallised material was performed using a FEI Quanta 650 scanning electron microscope 

equipped with an electron backscattered diffraction (EBSD) detector. The EBSD data 

processing was performed using the MTEX software [27]. The grain boundaries were classified 

into low-angle grain boundaries (LAGB) presenting a misorientation angle between 2 and 15 

[26, 27], coincidence site lattice sites (CSL) [28, 29] and high-angle grain boundaries (HAGB). 

A high-angle grain boundary was classified as a CSL boundary of the type Σ3, Σ5, Σ9 or Σ11 

when the Brandon's criterion was satisfied [30]. Other types of CSL boundaries were not 

considered in this study, since they were not observed in significant numbers. The length 

fraction was calculated as the ratio between the length of a certain type of boundary and the 
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total length of grain boundaries observed in the EBSD map of a given sample. Furthermore, 3 

mm-diameter TEM discs were extracted from the as-recrystallised material and electro-

polished at a temperature of -25ºC, using an electrolyte consisting of 95 vol.% methanol -5 

vol.% perchloric acid (60%). Three equivalent TEM disks, with a thickness in the range of 110-

140 nm, as derived from convergent beam electron diffraction patterns (CBED) [31], were 

irradiated with a 40 keV proton beam at the three selected temperatures of 420, 460 and 500°C. 

A fourth disc was used as a reference, in order to assess the lattice defect structures induced by 

proton bombardment. 

The 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 sequentially on a high-temperature double-tilt holder and placed inside 

a 300 kV Hitachi H-9500 TEM, equipped with a  electron source (with a spatial resolution  𝐿𝑎𝐵6

of 0.14 nm) and a Gatan OneView digital camera with 16 megapixels and up to 300 fps video. 

The TEM is installed at the end of a beam line connected to an ion accelerator. The proton beam 

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

beam energy of 40 keV. The Bragg peak position would be at 200 nm from the sample surface 

exposed to the incoming proton beam, based on SRIM simulations [32], therefore beyond the 

sample thickness determined by CBED. We performed three irradiation experiments at the 

selected temperatures of 420ºC, 460ºC and 500ºC, and at a proton flux of  , 8 ∙ 1013 𝑖𝑜𝑛𝑠
𝑐𝑚2𝑠

corresponding to a dose rate of 2 10-4 dpa/s. ∙

Afterwards, the chemical changes induced by proton irradiation were characterised ex-situ 

using a FEI Talos F200A TEM/STEM microscope. The electron source is an FEI X-FEG high 

brightness source able to deliver 1.8 at an accelerating voltage of 200 kV. ∙ 109 𝐴·cm ‒ 2·𝑠𝑟 ‒ 1 

This microscope is equipped with a FEI Ceta 16M camera with an acquisition rate of 25 fps, a 
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high angle annular dark field detector (HAADF) with a resolution of 0.16 nm, and a bright and 

dark field detector. This microscope also has a FEI Super-X integrated EDS system, composed 

of four windowless silicon drift detectors (SDDs) with a mapping capability up to 105 spectra/s. 

They are symmetrically placed around the electron beam in order to maximise the collection 

angle [33]. Each 2-D chemical map was acquired for 30 min using a 700 pA electron beam 

current. The length of the boundary segments analysed within those maps varied between 150 

nm to 800 nm. The data were acquired at zero tilt angle, in order to maximise the signal on the 

SDDs, and only those grain boundaries whose plane was normal to the incident electron beam 

were considered for analysis. The elemental quantification based on the acquired spectra was 

performed using the FEI Velox software after background subtraction. The elemental 

composition as a function of the distance with respect to the grain boundary was obtained by 

integrating along straight segments (1-D elemental profiles) for 100 pixels. The error related to 

the quantification of each single element was calculated considering the Gaussian peak profile 

of the collected EDX spectra. Thus, the estimated error at 99.7% confidence, based on the total 

number of counts for each peak used in the elemental quantification was 1% for Fe, 1.5% 

for Ni and Cr, 3.1% for Si, , 3.2%  for Mn and 1%  for Nb (reduced to 0.5% for particles). 

For each boundary, five 1-D profiles, collected at neighbouring positions along the grain 

boundary line, were averaged in order to obtain the elemental compositional profile [34]. The 

elemental concentration corresponding to the average of the peak values over those five profiles 

for a given grain boundary is reported in Table 2, together with the standard deviation.

 The misorientation angle of the studied grain boundaries was determined by Transmission 

Kikuchi Diffraction (TKD) [35, 36], using an FEI Magellan HR FEG-SEM equipped with an 

electron backscattered diffraction detector (EBSD). The TKD data were acquired using an 

accelerating voltage of 20 kV, a beam current of 0.8 nA and a step size of 0.08 m, with the 𝜇

sample tilted 20º with respect to the EBSD detector. The TKD data processing was performed 
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using the MTEX software [25]. For each boundary we measured between 2 and 8 points and 

the misorientation angles reported in Table 2 are the average between these measures.  

3. Results 

The resultant steel microstructure after the 40 min heat treatment at 930°C is shown in 

Fig. 1. The recrystallised microstructure is characterised by an average austenite grain diameter 

of 10 µm and smooth recrystallised grains, see illustrative examples in Fig.1a-c. Moreover, 

we observed a bimodal Nb(C,N) size distribution: a limited number of relatively large particles, 

often surrounded by a network of dislocation lines (Fig.1d), together with a fine dispersion of 

particles heterogeneously distributed in the austenitic matrix, see Fig.1e and f. This fine 

dispersion is composed of both intergranular and intragranular particles, often observed in the 

form of particle clusters, whose spatial distribution is a reminiscence of the dislocation lines 

present in the microstructure prior to recrystallisation, see Fig.1e. An EBSD map with the grain 

boundaries coloured according to their misorientation angle ( ) is shown in Fig. 1g. The heat 𝜃

treatment at 930°C generates a relatively high number of annealing twin boundaries (CSL 3), Σ

i.e. 45% of the total grain boundary length, together with 36% of HAGBs and only 19% of 

low-angle grain boundaries. 

The detailed characterisation of the lattice defect evolution as a function of damage 

level up to 0.8 dpa is presented in a companion paper [22]. In the present study, we report the 

local changes of chemical composition at the highest damage level of this experiment, namely 

0.5 dpa at 420C, and 0.8 dpa at both 460C and 500C. STEM BF micrographs of the final 

proton-induced damaged microstructure are displayed in Fig 2 for the three irradiation 

temperatures. At those three temperatures,  Frank partials and perfect  
𝑎0

3 ⟨111⟩
𝑎0

2 ⟨110⟩

dislocation loops are present in the microstructure. A higher irradiation temperature implies a 

larger average size and lower density of dislocation loops. Those perfect loops evolve into 
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dislocation lines that form a dense network at the damage level of 0.8 dpa (460°C) and already 

at 0.2 dpa (500°C), respectively [22]. Voids were also detected at 460C and 500C, whereas 

stacking fault tetrahedra (SFT) were observed at 0.8 dpa only for the highest temperature of 

500°C. 

Local chemical redistributions were detected at grain boundaries (Fig.3), dislocations 

(Fig.4) and particle/matrix interfaces (Fig.5) at the three irradiation temperatures. For all those 

types of defect sinks, we observed the depletion of Cr, Fe and to a lower extent of Mn, together 

with local enrichment of Ni and Si. Fig.3 contains examples of chemical profiles collected 

across grain boundaries, whereas a summary of the chemical composition of all the grain 

boundaries checked in this study, together with the boundary misorientation angle and the 

thickness of the elemental profile, is presented in Table 2. The value reported for the chemical 

composition are the peak values of each single boundary profile, averaged over five profiles as 

explained in the experimental session. The magnitude of Cr depletion increases with damage 

level and irradiation temperature. At the three irradiation temperatures, the CSL 3 boundaries Σ

are found to be resistant to radiation-induced chemical redistribution, see Fig.3. 

At 420C the grain boundary with the largest Cr depletion was a HAGB with =31.2, 𝜃

presenting a local Cr content as low as 13 wt.% and a profile width of 21 nm, whereas the 

widest profile (i.e. 47.6 nm) was observed for a higher misorientation of =59.6. At this 𝜃

irradiation temperature, the width of the elemental profile decreases with increasing magnitude 

of Cr depletion. The relative change in Cr content is -9.4 wt.% on average, and we did not 

observe any grain boundary with a Cr content 12 wt.%. The profile shape presents primarily 

a W-shape for Cr and Mn, without any significant asymmetry. Furthermore, Cr depletion also 

occurred close to dislocations, coupled with the first signs of Ni and Si segregation and 

clustering. In the first row of Fig. 4 a few clusters of Ni and Si can be observed in the elemental 

maps, whereas an example of chemical profile obtained by integrating along a dislocation line 
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(outlined with a red square in the BF STEM image of Fig 4) is shown. The maximum elemental 

variation observed at dislocations was -7% (Cr), +9% (Ni), +39% (Si) and -11% (Mn), 

respectively. Both Nb(C,N) populations did not present signs of chemical segregation at this 

irradiation temperature and damage level, as revealed by the data presented in Fig.5 for the 

sample irradiated at 420°C and the one in the as-recrystallised state as reference. 

 In contrast with the highly-symmetric W-shaped profiles observed at 420°C, a variety 

of elemental profile shapes was observed at the higher temperature of 460C: symmetric, 

asymmetric and double-peak profiles. The symmetric elemental profiles correspond to grain 

boundaries with relatively low misorientation angles, i.e. <30, whereas all boundaries with 𝜃

higher misorientation angles present either asymmetric or double-peak profiles. Selected 

examples of elemental profiles at 460°C are shown in the middle column of Fig.3. Asymmetric 

profiles may be an indication that the boundary has moved during the irradiation experiment, 

potentially ‘dragging’ the elemental profiles during grain boundary migration. A clear evidence 

of this phenomenon can be observed in Fig 6, where a representative grain boundary is shown 

at different damage levels (the movement of this grain boundary during irradiation was 

recorded in-situ and the video is available as Supplementary Material). The chemical analysis 

of this boundary reveals that the Si profile remains symmetric and narrower than the Cr and Ni 

profiles (Fig 7), remaining centred close to the original position of the grain boundary. 

At 460°C, the width of the elemental profile also decreases with increasing magnitude 

of Cr depletion. It is worth noting that the 33% of the studied grain boundaries at 460°C present 

a Cr content lower than 12wt.% at 0.8 dpa and those highly depleted in Cr correspond to 

HAGBs with a misorientation angle >50. Furthermore, the elemental redistribution at 𝜃

dislocations increases in magnitude and profile thickness, with a maximum relative variation 

of -11% (Cr), +19% (Ni), +51% (Si), -21% (Mn), respectively. Additionally, a characteristic 
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shell-like structure is formed around a number of Nb(C,N) particles, with Ni and Si both 

segregating at the particle/matrix interface, see Fig.5. 

At the highest temperature of 500°C, the magnitude of the elemental 

depletion/segregation is more pronounced than at lower temperatures, see Fig. 3. Moreover, in 

some cases the width of the Cr depletion profiles attains values close to 200 nm, see Fig. 7, and 

a significant number of grain boundaries present a Cr content below 12wt.%. If the maximum 

in the Si profile depicts the original position of the grain boundary, the width of the Cr profile 

can be taken as the migration distance of the grain boundary. The migrating boundaries are all 

HAGB with a misorientation angle ranging from 30 to 59. Furthermore, the elemental 

redistribution at dislocations and particle/matrix interfaces also increases in intensity and width 

as compared to 460°C. Clear signs of Si and Ni segregation and clustering can be observed in 

the elemental maps of Fig. 4, together with segregation at dislocations lines (the profile is 

obtained integrating along the dislocation line in the red square in the STEM BF image). The 

Ni and Si segregation surrounding pre-existing Nb(C,N) particles is more intense than at lower 

temperatures, see Fig.5b. 

4. Discussion

After proton irradiation, elemental segregation or depletion has been detected at grain 

boundaries at the three irradiation temperatures, namely 420C, 460C and 500C. In the 

analysed boundaries, Cr, Fe and to a lesser extent Mn become depleted, whereas the Ni and Si 

content increases with respect to their concentration in the matrix. On the other hand, Nb 

remains bound in the Nb(C,N) particles present already in the as-recrystallised microstructure. 

The resultant elemental profiles are generally interpreted as a consequence of the inverse 

Kirkendall effect, i.e. the generation of a balancing flux of atoms in the presence of a flux of 

radiation-induced point defects [37]. RIS modelling in binary [38] and ternary Fe-based alloys 

[39], considering mainly a vacancy-based mechanism, reveals that the sign of the ratio between 
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the concentration gradient for a certain element and the concentration gradient for vacancies 

determines the direction of RIS, i.e. depletion or segregation at grain boundaries [7]. If that 

ratio is positive, the solute element moves in the same direction of the vacancy flux, i.e. towards 

grain boundaries, therefore it segregates at those boundaries, otherwise it depletes. The sign 

for Cr and Ni in austenitic steels are negative and positive respectively, therefore Cr depletes 

and Ni segregates at grain boundaries [40], in accordance to our experimental results.

The intensity and width of the elemental profile increases with temperature, and at 

500C a Cr content as low as 6.5 wt.% was measured for a limited number of grain boundaries. 

The temperature dependence of RIS for neutron-irradiated AGR cladding stainless steel was 

modelled for a dose rate typical of the AGR reactor core (2 10-8 dpa/s) and a damage level of ∙

1 dpa [41]. The model predicts the RIS phenomenon to take place in the range from 350C to 

530C, with a peak effect at 420C [42]. At higher irradiation temperatures, radiation-induced 

solute redistribution would be mitigated by enhanced point defect recombination, due to an 

increased number of thermally-produced point defects and back diffusion of alloying elements 

driven by the solute concentration gradient [43]. The difference between the dose rate used in 

the present study, i.e. 2 10-4 dpa/s, and that used in the model to simulate neutron-induced ∙

RIS, would take into account for the shift in the temperature at which the maximum effect is 

observed [42,43].

For a given irradiation temperature, there is a significant variation in the magnitude of 

the elemental depletion/segregation from boundary to boundary. Fig. 8 shows the dependence 

of the elemental content at grain boundaries with the misorientation angle. The Cr depletion is 

negligible when the misorientation angle of the CSL Σ3 boundary (60) is approached. This 

experimental observation is consistent with those reported for other proton-irradiated [14–17] 

and thermally-sensitised steel grades [44-47]. In those previous studies, twin boundaries were 

found to be resistant to local solute redistributions. The resistance to local Cr depletion is 
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related to the intrinsic boundary structure, which underpins its energy. Our results reveal a 

cuspid in the local Cr content when the misorientation angle approaches 60, see Fig. 8. The 

lack of Cr depletion can be attributed to the high coherence across the CSL Σ3 boundaries, 

which are not perfect sinks due to the fact that there are no fast diffusion paths within the 

boundary for point defects to diffuse and annihilate [15, 17]. Since the annihilation rate for 

point defects is low at CSL Σ3 boundaries, the local point defect concentration would be higher 

than thermal equilibrium, resulting in reduced fluxes of vacancies and interstitials towards 

those special grain boundaries. An opposite situation is found instead for HAGBs, which 

behave as perfect sinks with a relatively high rate of defect annihilation. HAGBs are composed 

of a high density of dislocations which act as annihilation sites for point lattice defects. The 

relatively low point defect concentration at HAGBs induces enhanced defect fluxes and, as a 

consequence, a larger Cr depletion or Ni & Si segregation at those HAGBs.

In addition, a variety of profile shapes was measured at 460C and 500C, including 

double peaked and asymmetric profiles extending in some cases for 100 nm, whereas at 

420C only symmetric and relatively narrow elemental profiles were detected. The high density 

of radiation-induced dislocations inside the neighbouring grains competes with the grain 

boundaries for the diffusing point defects, therefore reducing the flux of point defects towards 

grain boundaries. At 420C we have not detected any significant grain boundary migration, 

whereas at 460C a limited number of grain boundaries start migrating, and this phenomenon 

becomes more pronounced at 500C, see Fig. 7. The observed elemental profile starts to 

develop at the original boundary position, but as the boundary moves, the solute atoms start to 

deplete/segregate at the new position of the boundary at a given moment in time. The migrating 

boundary wipes up a significant fraction of the radiation-induced dislocations. Therefore, the 

elemental profile related to the new boundary position has not only less time to develop, but it 

is also affected on the side ahead of the migrating boundary by the higher content of matrix 
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dislocations than the back side of the boundary [13]. As can be clearly observed in Fig. 7, grain 

boundaries ‘drag’ with them the profile of all solute elements except for Si, which remains 

primarily segregated at the original boundary position. This fact has not been reported before, 

and it indicates that the time at which the migrating boundary stays at each new position is not 

sufficient to build up a significant Si enrichment at the boundary, and therefore Si enrichment 

is only detected at the original boundary position. Grain boundary migration involving 

diffusion of solute atoms is known as diffusion-induced grain boundary migration (DIGM) 

[48]. The migration is induced by differences in chemical potential between the two grains on 

either side of the boundary and the boundary itself [49]. One of the proposed mechanisms is 

based on the climbing of grain boundary dislocations in response to a grain boundary 

Kirkendall effect [50, 51]. Asymmetrical elemental profiles have been reported for in-reactor 

neutron irradiated bulk specimens of 20Cr-25Ni Nb-stabilised stainless steel [10, 12, 13] and 

also for TEM foils of the same steel grade irradiated in situ with 1 MeV electrons [11]. The 

asymmetry in elemental profiles is ascribed by Norris and co-worker to DIGM [13]. 

Additionally, radiation-induced grain boundary migration has been studied extensively in 

model Fe-Cr-Ni alloys during in-situ electron irradiation [52-56]. These studies revealed an 

increase in Cr depletion due to the concomitant movement of the relevant grain boundary, and 

also ascribed the asymmetry in the measured profiles to the boundary migration during 

irradiation [52-56]. The boundary migration was proposed to be driven by the atomic 

rearrangement on the boundary interfacial plane via annihilation of point defects [52, 54], 

which is in agreement with the dislocation climbing mechanism at the grain boundary 

mentioned above [57, 58]. A model for RIS taking into account grain boundary migration has 

been proposed for concentrated model alloys [59]. A term proportional to the velocity of the 

grain boundary movement was added to the diffusion equations, and the resultant model 

successfully simulated the asymmetrical experimental profiles observed in Fe-Cr-Ni alloys 
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[59]. A comparison between the elemental profiles collected in the present study and those 

reported by [10-13] suggests that the comparatively larger extension of the boundary migration 

observed in this case may be to the proximity of the foil surface. However, the presence of 

significant radiation-induced defect fluxes and atomic rearrangement at the boundary seem to 

be a pre-requisite, since the annealing at those temperatures of reference thin TEM foils in the 

absence of proton irradiation did not reveal significant grain boundary migration. 

DIGM has been reported previously only for HAGBs, and this fact agrees well with the 

experimental observations of this study. The observed migrating boundaries all have 

misorientation angles 30 and the extent of the boundary migration, which is in this study is 

considered to be proportional to the width of the asymmetric elemental profile, depends on the 

misorientation angle, see Fig 9. The grain boundaries where evidence of significant migration 

has been observed are those with >40, with the only exception of a single boundary with𝜃  𝜃

=33.6 at 500C. For these boundaries the profile width increases with the misorientation angle, 

until the misorientation angle characteristic of CSL Σ3 is reached. For boundaries with CSL 

Σ3 symmetry no significant elemental segregation/depletion has been observed. 

Variations in the local elemental composition at dislocations lines were also detected, 

see Fig.4, and they mirror the elemental profiles measured at grain boundaries. However, the 

magnitude and extension are reduced, potentially due to the minor sink strength of dislocation 

lines with respect to grain boundary [60], with the except of Si which segregates at a higher 

degree at dislocations than at grain boundaries. Radiation-induced elemental segregation at 

dislocations can induce the formation of second phases, if the solubility limit is exceeded 

locally. A radiation-induced nickel-silicide Ni3Si, termed ’, has often been observed at 𝛾

dislocations in neutron-irradiated austenitic stainless steels [8, 9, 61-63], and Taylor reported 

this phase amongst those found in AGR cladding after in-reactor service, in those claddings 

irradiated between 369C and 480C for damage levels between 1 and 2 dpa [18]. However, 
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we have not detected evidence of ’ precipitation in our study probably because the damage 

level we reached (0.8 dpa) is too low for the precipitation of this phase [61]. Moreover, the 

intermetallic phase known as G-phase has also been observed in AGR cladding after reactor 

service [18, 62]. This second phase is thought to be induced by radiation in austenitic stainless 

steels [61]. However, in 20Cr-25Ni Nb-stabilised stainless steel G-phase was also observed in 

the microstructure after thermal ageing [64, 65]. It was suggested that Nb(C,N) particles 

gradually evolve towards G-phase, releasing C and N into the surrounding austenitic matrix 

[64]. In the present study, G-phase was not found in the as-recrystallised material. However, 

significant Ni & Si segregation was detected at the Nb(C,N) particle/matrix interface after 

proton irradiation to 0.8 dpa at both 460C and 500C, see Fig.5. This observation may support 

the hypothesis that Nb(C,N) particles evolve into G-phase, and proton irradiation would in this 

case accelerate this transformation. 

A systematic study and reliable prediction of localised corrosion attacks during wet 

storage of the AGR steel cladding and spent fuel relies on the availability of sensitised cladding 

material for corrosion tests. In the past, thermal sensitisation has been used for the production 

of test specimens [66-68], however  critical differences in the thermal-sensitised microstructure 

(absence of dislocation network, presence of second phases at grain boundaries and different 

width of the depleted zone) with respect to in-reactor irradiated specimens make the thermal-

sensitisation route unsuitable.  In this in-proton-irradiation study, we have used a dose rate of  

10-4 dpa/s, which is four orders of magnitude higher than the typical dose rate of an AGR 

reactor (10-8 dpa/s [41]). Therefore, based on Mansur’s equation for temperature shift to 

compensate for differences in dose rate [69], an increase from 420C, temperature at which 

peaked RIS and significant corrosion attacks have been observed in neutron-irradiated AGR 

cladding, to 500C for a proton irradiation with our dose rate, would lead to an equivalent 

damaged microstructure. The comparison between our proton-irradiated results and the limited 
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data available regarding RIS in neutron-irradiated AGR cladding stainless steel [10-13, 19, 70] 

suggests that a proton irradiation temperature of 460C and a total damage of 0.8 dpa is 

sufficient to obtain a similar damaged microstructure and sensitisation to that observed in AGR 

cladding irradiated in reactor at 420C to a total damage of 2.2 dpa [22]. In both cases, double 

and asymmetrical profiles at grain boundaries with Cr content as low as 12 wt.% have been 

detected [10, 12, 13]. The main difference detected in the RIS profiles between the in-reactor 

neutron irradiation specimens and the in-situ proton irradiated TEM foils of this study is the 

width of the Cr depleted regions, which is <100 nm in the neutron irradiated samples, even for 

migrating boundaries [10, 12, 13]. This might be related to the fact that in our case the specimen 

was a thin TEM foil, where the boundaries were freer to migrate increasing the width of the 

depleted zone. The importance of other surface effects depends on the target material and 

thickness, the irradiation temperature and the incident particles [71]. For foils 200 nm, 

microstructural evolutions comparable to bulk materials have been observed [71], whereas for 

intermediate thicknesses the surface sink strength for defects increases with irradiation 

temperature [72]. The samples used in the present study have a thickness 110-140 nm, 

therefore it is expected that the lattice defect evolution is affected by the thickness [22]. 

However, the main characteristics of the RIS profiles, other than the profile width, seem to be 

not affected significantly by surface effects for the used irradiation conditions. The results of 

this work reveal that the severity of Cr depletion is higher in HAGBs, and that temperature 

effects under irradiation can induce boundary migration in AGR steel claddings and enhance 

the Cr depletion profile. Models accounting for the grain boundary internal structure and 

mobility, together with the competing effect of dislocation structures and second phase 

particles, are currently needed for AGR cladding stainless steel, in order to simulate RIS effects 

and subsequently predict degradation of those claddings during wet storage. Modelling efforts 

in this direction have been reported for other stainless steel grades and for irradiation conditions 
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relevant for light water reactors [15, 16, 59]. However, a coherent modelling work based on 

the reported experimental evidence is still needed for AGR cladding material. 

5. Conclusions 

We have performed an in-depth characterisation of the local solute redistribution at 

defects sinks in 20Cr-25Ni austenitic stainless steel induced by proton irradiation, for a 

damage level of 0.5dpa at 420C and 0.8dpa at 460C and 500C. The main results of 

this study are:

 Depletion of Cr, Fe and Mn and segregation of Ni and Si have been observed at 

all the irradiation temperatures at grain boundaries, radiation-induced 

dislocations and second phase particles. The intensity and the width of the local 

chemical depletion/segregation increases with temperature up to 500C. 

 At all temperatures investigated, we have observed a dependence of the 

measured elemental profiles with the grain boundary character, and for 

misorientation angles approaching 60 there is a decrease of the Cr depletion. 

Highly coherent grain boundaries, such as CSL 3, would therefore be RIS-Σ

resistant. 

 Grain boundary migration at 460C, and especially noticeable at 500C, strongly 

affects the elemental profiles across grain boundaries, giving rise to 

asymmetrical and broadened profiles, with the Cr content reaching its minimum 

values. 

 Ni and Si clustering has been observed close to radiation-induced dislocations. 

However, no ’ precipitation has been detected at those locations. In contrast, 

the Ni and Si segregation at the Nb(C,N)/matrix interface leads to the formation 

of a shell-like structure, and may hint to a radiation-enhanced transition of 

Nb(C,N) particles into G-phase.
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These results open the door (i) to simulate systematically neutron-induced sensitisation of AGR 

steel claddings using intense proton beams, and also (ii) to enhance the existing models about 

radiation-induced sensitisation in austenitic stainless steels by adding structural and mobility 

information about grain boundaries, together with the competing effects of dislocations and 

second phase particles for diffusing point defects and solute atoms.
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Fig. 1. BF STEM micrographs of (a) recrystallised austenite grains, (b) a grain boundary, (c) 

twin boundaries with precipitates and dislocations, (d) a residual Nb(C,N) at a grain boundary 

surrounded by a network of dislocations, (e) a fine dispersion of Nb(C,N) precipitated along a 

dislocation line and intergranularly, (f) a fine detail of the smaller Nb(C,N) particles observed 

in the recrystallized grains, and (g) an EBSD colour map where the grain boundaries have been 

coloured according to their misorientation angle. 



Fig. 2. STEM BF micrographs of the radiation-induced damaged microstructure at the three 
irradiation temperatures investigated



Fig. 3. Grain boundary elemental profiles for the three irradiation temperature investigated, 

showing illustrative examples of the profile shape and magnitude with the misorientation angle 

of the grain boundary.



Fig. 4. STEM BF micrographs revealing dislocation structures induced by proton irradiation 

for the three irradiation temperatures investigated (left column), together with corresponding 

EDS Ni and Si maps (middle rows) and elemental profiles (right column) of the area outlined 

by the red square in the left column.  



Fig. 5. (a) STEM BF micrographs and EDS elemental maps in an area containing Nb(C,N) 

particles. The colour intensity in each EDS is proportional to the amount (in wt.%) of the 

specific element measured. (b) Examples of 1-D elemental profiles in the vicinity and through 

Nb(C,N) particles. 





Fig. 6. TEM BF micrographs acquired with the electron beam parallel to [ 11] direction 1

showing the migration of a HAGB during in-situ proton irradiation at 500C [24].



Fig. 7. (a) STEM BF micrographs of a migrating boundary at 500C and 0.8dpa. (b) STEM BF 

micrographs and EDS maps of two representative regions of the moving boundary in (a). (c) 

Grain boundary elemental profiles of the boundary regions shown in (b). 



Fig. 8. Variation of (a) Cr, (b) Ni, (c) Si and (d) Mn content at grain boundaries as a function 

of the misorientation angle for the three irradiation temperatures investigated. The grey vertical 

lines indicate the position of special CLS boundary Σ3, Σ5, Σ9 and Σ11.



Fig. 9. Variation of the width of the Cr profile with the misorientation angle of the grain 

boundary at 460C and 500C. The grey vertical lines indicate the position of the special CLS 

boundaries Σ3, Σ5, Σ9 and Σ11.



Tables 

Table 1. Chemical composition (wt%) of 20Cr-25Ni stainless steel grade 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.

Table 2. Grain boundary elemental composition and width of the elemental profile (d) as a 

function of the grain boundary misorientation angle for the three temperatures investigated.

420°C, 0.5dpa

𝜽
( )°

Cr
(wt.%)

𝝈
(wt.%)

Ni
(wt.%)

𝝈
(wt.%)

Fe
(wt.%)

𝝈
 (wt.%)

Si
(wt.%)

𝝈
 (wt.%)

Mn 
(wt.%)

𝝈
 (wt.%) d (nm) 𝝈

 (nm)
27.2 19.1 0.2 29.4 0.4 48.0 0.4 1.2 0.1 1.5 0.1 31.9 5.9
31.2 13.0 0.7 48.7 2.4 36.2 1.7 1.6 0.1 1.3 0.3 21.1 1.5
31.3 14.5 0.2 35.7 1.4 45.4 0.6 2.8 0.02 1.1 0.1 14.6 1.4
31.6 14.9 0.2 33.8 1.1 32.4 0.5 2.8 0.2 1.0 0.1 15.3 0.6
36.1 18.6 0.3 30.6 0.4 46.8 0.5 1.6 0.2 1.5 0.1 13.3
38.7 17.5 0.3 28.6 0.4 48.7 2.1 1.7 0.1 1.3 0.3 24.6 1.6
39.1 17.8 1.3 29.9 2.1 48.4 0.9 1.7 0.2 1.1 0.1 32.7 7.5
41.0 20.3 0.2 23.9 0.6 52.1 0.6 1.3 0.1 1.5 0.02 0.0 0
46.2 15.6 0.9 34.9 0.5 45.5 0.5 1.6 0.1 1.3 0.2 20.3 2.6
59.6 18.5 0.2 30.6 0.6 47.3 0.4 1.4 0.1 0.0 - 47.6 9.3
60 20.8 - 23.2 - 53.4 - 1.22 - 1.48 - 0 -

460°C, 0.8dpa
12.3 17.4 0.3 31.6 0.4 47.8 0.4 1.4 0.1 1.1 0.05 25.1 3
26.3 12.8 2.6 43.6 6.7 40.4 4 1.1 0.06 1.2 0.2 77.1 23.5
44.1 13.9 0.4 43.9 1.3 38.6 0.8 1.5 0.1 1.0 0.04 53.0 2.5
44.6 19.0 0.3 27.9 0.8 49.9 0.1 1.2 0.1 1.3 0.1 129.5 4.5
44.6 18.3 0.5 30.7 2.8 47.9 1.8 1.3 0.3 1.4 0.1 92.2 1.6
45.8 17.4 - 31.6 - 47.8 - 1.1 - 1.4 - 124.5 -
50.1 11.6 0.4 49.3 1.1 36.4 0.9 1.1 0.1 1.0 0.1 111.0 8.2
50.2 12.6 - 46.4 - 38.3 - 1.2 - 1.0 - 117.9 -
55.8 15.3 - 39.7 - 42.1 - 1.0 - 1.2 - 144.5 -
56.7 14.2 0 41.2 1.4 41.4 1.8 0.9 0.2 1.2 0.04 83.0 1.4
56.7 11.1 0 35.5 0.8 50.6 0.8 1.1 0.04 1.0 0.3 122.5 9.2
57.4 8.8 0.6 58.9 0.3 27.3 0.4 1.2 0.04 0.9 0.04 83.8 5
58.1 9.0 0.5 54.2 0.6 34.0 5 1.2 0.02 1.0 0.03 93.8 1.5
58.7 9.6 - 52.8 - 34.8 - 1.2 - 1.0 - 82.7 -
60.0 19.2 - 24.8 - 51.5 - 1.5 - 1.6 - 0.0 -



500°C, 0.8dpa
25.6 7.5 1.2 61.2 0.9 23.5 1.4 4.3 0.4 1.0 0.1 149.9 53.2
28.0 12.6 1.2 57.2 2.9 24.1 1.9 3.9 0.1 1.0 0.1 35.1 3.2
30.7 14.6 0.7 53.0 1.0 25.7 2.5 4.4 0.1 1.2 0.1 20.4 1.3
31.0 14.2 1.1 54.7 1.6 25.9 1.3 3.9 0.2 1.2 0.2 21.1 2.9
33.6 6.5 1.3 49.4 1.5 40.5 0.7 2.2 0.4 0.8 0.1 243.7 9.8
39.4 7.8 2.4 55.3 4.7 32.6 3.0 1.8 0.1 0.8 0.2 108.5 44.7
40.5 11.0 2.7 47.1 9.0 37.3 7.1 2.4 0.2 1.0 0.1 102.3 25.3
43.8 14.3 0.2 36.8 3.2 43.4 1.9 2.1 0.1 0.8 0.04 40.4 10.2
47.9 7.0 1.8 59.8 3.9 26.8 1.4 3.1 0.2 0.8 0.2 202.8 20.2
58.7 8.2 1.5 55.8 3.5 30.6 2.2 3.4 0.5 0.9 0.1 277.8 40.2
59.6 8.3 1.1 54.5 2.1 31.9 1.2 2.9 0.2 0.8 0.04 229 40.8
60.0 21.3 - 20.0 - 52.6 - 1.8 - 2.9 - 0.0 -


