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Abstract 

Radiation induced segregation (RIS) on lattice defects and phase stability under irradiation have been 

investigated in an optimized solution annealed 316L(N) with an increased content of N and a significant 

amount of Nb. Primary Z-phase nitrides were observed within the as-received microstructure. 5 MeV 

Fe3+ ion irradiation was conducted at 450°C up to 1dpa. Post-ion irradiation characterization was 

performed via nanoscale techniques coupling and correlation to associate radiation induced defects such 

as cavities and dislocation loops to the local chemistry. Cr, Fe and Ni observed RIS trends were 

expected, but P was solely measured at the vicinity of cavities. Void-precipitate association has been 

detected thanks to transmission electron microscopy (TEM) and it is believed to explain the low reduced 

atomic density measured at the location of a feature within an atom probe tomography (APT) volume. 

Nb-rich novel features were observed after irradiation and first results are brought to establish a link 

between these features and the primary Z-phase. 

 

Key words: radiation-induced segregation, austenitic stainless steels, TEM-APT correlative 

microscopy, ion irradiation, Z-phase. 

1. Introduction 

Austenitic stainless steels are employed as structural materials in current commercial reactors, they are 

candidates for advanced nuclear systems and are considered for fusion reactors [1]. 

Radiation-induced segregation (RIS) has been proven to be one of the various synergetic parameters 

which are involved in irradiation-assisted stress corrosion cracking (IASCC) [2] and void swelling [3] 

degradation mechanisms. They can respectively lead to an unexpected failure and unacceptable 

dimensional changes of affected components. Therefore, to understand and describe mechanisms 

involved in RIS is of prime importance for nuclear materials science. 

On one hand, RIS is mainly studied at grain boundaries because IASCC provokes an intergranular 

fracture. Irradiation hardening is conjointly involved with RIS [4]. This increase in yield strength is due 

to the multiplication of obstacles generated during irradiation impeding dislocation motion, e.g. lattice 
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defects. Lattice defects nature, number density, size, sink strength, bias, and RIS levels and tendencies 

at their vicinity, influence both hardening and segregation at grain boundaries. In addition to chemical 

redistribution under irradiation, RIS can lead to phase instabilities and sometimes precipitate-defect 

association [5]. 

On the other hand, void growth rate is thought to be influenced by kinetics of vacancy-mediated 

diffusing species involved in RIS [6].  

Many authors observed RIS on different types of sinks, i.e. grain boundaries [4, 7–11], dislocation loops 

[10–14] and lines [11, 15] and cavities [8, 13, 14]. (S)TEM and APT are extensively used to study 

microstructural features induced by radiation damage because of their complementarity: accurate 

crystallography information for TEM and accurate composition measurements for APT. Combining 

STEM imaging with X-ray Energy Dispersive Spectroscopy (EDS) mapping permits to clearly reveal 

RIS on characterized crystal defects. However, EDS is not able to provide quantitative enrichments 

because of the contribution to the signal of the surrounding matrix, the 2D projection through specimen 

depth and the absorption of light elements. Access to crystallographic information thanks to APT is 

limited.  

Correlative TEM-APT studies have illustrated the direct comparison of same features by both 

techniques, which can offer both compositional and crystallographic information [16]. Correlative 

microscopy has been recently used as a new tool to study radiation damage [12, 17–19]. 

The aim of this paper is to investigate RIS and phase stability on different types of lattice defects in an 

optimized 316L(N) to identify mechanisms involved. TEM-APT coupling or correlative approach has 

been applied to study RIS in an ion irradiated 316L(N) austenitic stainless steel. 

2. Experimental 

2.1. Material and heavy ion irradiation 

A block of 316L(N), i.e. an optimized 316L with an increased content in N, was supplied by EDF R&D. 

The nominal composition of the studied steel given in Table 1 has been obtained thanks to the infrared 

absorption method after combustion for C and S, by the inert gas fusion technique for N and by X-ray 

Fluorescence Spectroscopy for the other alloying elements. The composition is in line with RCC-MRx-

2018 specifications [20] except for its increased nitrogen content up to 0.1 wt.%. Nitrogen was added to 

improve mechanical properties (tensile, creep) and also because it is a strong austenite stabilizer [21], 

[22]. The sheet, from which the block was extracted, was hot rolled by cross rolling passes to a thickness 

of 40 mm. Then, the steel was solution annealed at 1085°C during 1h followed by a water quenching. 

Nb and Ti contents are not specified for the 316L(N) grade by the code, but these minor elements are 

playing a role in the solution-annealed microstructure. If Nb and Ti additions are sufficient with respect 

to the C and N content, they can stabilize steels by promoting the formation of fine intergranular 
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carbides, nitrides or carbonitrides of MX type with (M=Nb, Ti and X=C,N) [23], [24]. Austenitic 

stainless steels stabilized grades Type 321 contains a minimum of 5 × [C] Ti whereas type 347 a 

minimum of 10 × [C] Nb. Regarding the nominal chemical composition, the studied steel is not 

stabilized by Nb, but the role of Ti cannot be determined. 

Table 1. Nominal composition (Nom.) of the studied 316(N) steel versus RCC-MRx specifications 

(Spec.) in wt.% - Fe in balance . p.c. = content relative to the purity class. n.s. = not specified, impurity. 

n.m. = not measured. 

 
B C Co Cr Cu Mn Mo N Nb Ni P Si S Ti 

Spec. 
≤ 20 

ppm 

≤ 

0.03 
p.c. 

17.0-

18.0 
≤ 

1.00 

1.60-

2.00 

2.30-

2.70 

0.06-

0.08 
n.s. 

12.0- 

12.5 
≤ 

0.030 

≤ 

0.50 

≤ 

0.015 
n.s. 

Nom. 
19 

ppm 
0.021 0.03 17.7 0.06 1.71 2.46 0.1 0.09 12.6 0.021 0.42 0.002 n.m. 

 

Specimens studied were sampled from the half-thickness of the sheet. Prior irradiation, solution-

annealed specimens were cut in 3 mm diameter disks and mechanically ground and polished down to a 

thickness of ~ 300 µm. Colloidal silica was used for the last polishing step. Irradiation was performed 

in the implantation beam line connected to the 2 MV Tandem/Van de Graff ARAMIS (Accelerator for 

Research in Astrophysics, Microanalysis and Implantation in Solids) accelerator [25] of the JANNuS-

SCALP (Synthesis and Characterization using ion AcceLerators for Pluridisciplinary research) platform 

[26], located in the CSNSM laboratory, Orsay. Irradiation was conducted under a vacuum level below 

5 x 10-6mbar with Fe3+ ions having an energy of 5 MeV. The ion beam was focused and raster-scanned. 

Based on SRIM simulations, the Bragg peak depth from the sample surface would be at ~ 1.5µm. 1 

displacement per atom (dpa) in average at a damage rate of 4.2 x 10-5 dpa.s-1 was reached in the region 

of interest, from 100 nm to 500 nm depth below the surface (Fig. 1). Calculations were made according 

to Stoller recommendations [27]: Kinchin–Pease model with the selected option ‘Ion Distribution and 

Quick Calculation of Damage’. The irradiation temperature is estimated to be equal to 450 ± 20°C (see 

Appendix A). 

 
Fig. 1. (Color online) Damage and implantation profiles along specimen depth and specimen cross-

section imaged with STEM bright-field (BF) at 0° B~[011̅] showing the total depth of the irradiated 

zone (~2 µm).  The green area corresponds to the 1 dpa region of interest, defined between 100 and 500 

nm depth below the surface.  
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2.2. Pre- and post-irradiation characterization 

Nanoscale characterisation was carried out with Transmission Electron Microscopy (TEM) and Atom 

Probe Tomography (APT). Specimens were prepared thanks to the Dual-Beam Zeiss XB-540 equipped 

with electron backscattered diffraction (EBSD) using a Ga+ Focused Ion Beam (FIB) source at 30kV.  

To check elemental distribution within the matrix prior to irradiation, lifted out chunks were mounted 

onto individual posts of a Si microtip coupon then annular milled for APT tips preparation, final 

cleaning was performed using a 2kV ion beam.  

For coupled S/TEM imaging with STEM-EDS mapping at the solution-annealed and the irradiated 

states, TEM lamellae were mounted onto Cu or Mo TEM half-grids, then thinned down to 120 nm. 

Lamellae were back-polished under a low-voltage Ar+ ion beam (0.5 keV) until the desired thickness 

was reached in the Precision Ion Polishing System II (PIPS II) from Gatan [28].  

For TEM-APT correlative microscopy on irradiated specimen, APT tip orientation was selected with 

EBSD. As Frank loops are one of the most observed defect type for the chosen irradiation conditions, 

the selected cross-section tip orientation was selected close to zone axis <011>. Near this zone axis most 

defects exhibit residual contrast in S/TEM BF images, even at 0° tilt. Furthermore, the tilt angles needed 

to reach the diffraction conditions of interest are lowered reducing the dimensional bias of the tilted 

projected tip. APT tips were mounted on W TEM grids with pretips (i.e. pillars). The correlative 

microscopy holder was fabricated based on the plans shared by M. Herbig [16]. This holder allowed an 

easy-transfer of tips between three instruments: FIB for tip preparation, TEM for defect crystallography 

characterization and APT for measurement of chemical heterogeneities at the atomic scale. 

TEM and STEM-EDS characterizations were carried out using a JEOL-ARM200F (cold-FEG, HR pole 

piece) aberration-corrected both in probe (STEM mode) and in image-forming optics (TEM mode) and 

operated at 200 kV. This electron microscope is equipped with a Gatan Imaging Filter Quantum ER and 

a single JEOL Centurio EDS silicon drift detector (SDD) having a collection solid angle of 0.98 

steradians from a detection area of 100 mm2. To quantify the defect number density, the average 

thickness of each TEM lamella was measured by electron energy loss spectroscopy (EELS) in energy-

filtered TEM (EFTEM) mode. All measured TEM lamella thicknesses are in the range of 60-100 nm 

with a typical error of 15-20% [29]. A double-tilt analytical specimen holder was used to reduce 

shadowing effect during STEM-EDS acquisitions. Specimens were tilted to reach targeted diffraction 

conditions for imaging and diffraction whereas EDS data were acquired at zero tilt angle to maximise 

the signal on the SDD. EDS spectrum images have been collected and processed with JEOL Analysis 

Station commercial software. A compromise between a sufficient spatial resolution and high statistics 

were found to define the acquisition parameters: dead time of 20%, condenser aperture size of 50 μm, 

0.2 nm spot size (JEOL notation 4C), scanned area = 256x256 px², dwell time = 0.5 msec, total 

acquisition time > 2h. The STEM-EDS spectrum image dataset post-treatment consisted in: binning = 
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3x3, background subtraction, automatic peak deconvolution following peak identification. The k-factor 

quantification method was used but no absorption correction was applied resulting in semi-quantitative 

measurements of composition.  

APT tips were analysed in a Cameca LEAP 4000X HR. Prior irradiation, APT experiments were 

conducted in voltage mode, at 63K, a pulse frequency of 200kHz, and a pulse ratio of 20%. The detection 

rate was raised during the analyses from 0.0005 to 0.0015 ion/pulse to work under a constant evaporation 

flux of 0.15 ion/s/nm2. Post-irradiation APT experiments for correlative microscopy purpose were 

performed in laser mode at relatively high temperature (80K) to diminish risk of tip fracture. The pulse 

energy was calculated for an effective pulse fraction of 20% and ranged from 15 to 25 pJ. The pulse 

frequency was equal to 250kHz. If the specimen did not fracture during the analysis, the tip was imaged 

again by TEM to estimate the evaporated length and ensure a reliable 3D reconstruction. The collected 

data were processed with the Cameca IVAS commercial software and  the GPM 3D soft software. 

The dislocation density in the solution-annealed 316L(N) was measured by the line intercept and the 

line-length measurement methods on STEM images thanks to the ImageJ software on two different 

lamellae oriented downzone at two different zone axes. To correct the total dislocation line length from 

the measured total projected length lp,  lp was multiplied by 
4

𝜋
 [30]. 

The 1 dpa damaged zone was imaged under various techniques and diffraction conditions. The two edge-

on variants of Frank loops at B=[011] were observed with the use of the relrod dark-field (RRDF) 

technique and dislocation analysis (i.e. invisibility criterion) was performed to distinguish between the 

two other Frank loop variants and perfect loops. 

Frank loops quantification was only based on RRDF micrographs. Their number density was obtained 

by multiplying by four the total number of measured Frank loops per volume for one family. Calculation 

was done for both families, then averaged. A total number of 99 Frank loops were characterized over an 

area of 5.3  µm2, this number includes the two imaged variants. The size measurements of the loops 

were performed thanks to the ImageJ software. 

Cavities were revealed thanks to out-of-focus TEM imaging (± 2 µm). They appear as white dots 

surrounded by a dark fringe in underfocused images, and as dark dots surrounded by a bright fringe in 

overfocused images. The specimen was tilted away from a low index zone axis in order to limit 

diffraction contrast from the other features present in the region of interest. Cavities size measurements 

were performed manually. A total number of 986 cavities were characterized over an area of 1.4  µm2 

and 14 over an area of 2.2 µm2 for small and large cavity populations respectively on various TEM 

lamellae. The cavity number density was determined for each population as well. 

The errors [31] in the determination of the density 𝜀𝑁𝑑
 was calculated this way: 
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𝜀𝑁𝑑
= 𝑁𝑑√(

√𝑁

𝑁
)

2

+ (
𝜀𝑡
𝑡
)
2

 (1) 

and average size errors 𝜀𝑑 was determined thanks to this formula: 

𝜀𝑑 = √(
𝑠. 𝑑.

√𝑁
)
2

+ 𝜀𝑚
2 (2) 

Where 𝜀𝑡 is the error of thickness measurement taken as 20% of the measured thickness t, s.d. is the 

standard deviation in size, 𝜀𝑚
2 is the measurement error taken as the size of a pixel in the image, 𝑁𝑑 is 

the mean number density and N is the total number of cavities or Frank loops. 

Linear profiles extracted from EDS spectrum images were smoothed by applying a moving average 

while error bars have been defined by a moving standard deviation. Contribution of the Mo grid to the 

signal was roughly estimated by the difference in measured Mo concentration within the matrix between 

the same material welded on a Cu grid (as-received state) and Mo grid (ion irradiated state). All lamellae 

were oriented in a similar way toward the EDS detector. Mo contribution from the grid was subtracted 

and concentrations were then normalized.  

APT 3D volumes were reconstructed thanks to correlative microscopy. At the as-received state, SEM 

images were used. After irradiation, the reconstruction parameter k, was adjusted based on the depth 

between the tip apex and the feature #2 measured on the corresponding TEM image of the tip. The 

microfracture depth was determined by translating the as reconstructed volume along the tip axis z to 

reach the total evaporated depth determined from TEM images taken before and after performing APT 

analysis. The feature #4 observed in the APT volume was then correlated to the contrasts observed on 

the TEM image of the tip. The standard value of ξ of 1.6 was used for the reconstruction. The 

composition measurements were performed from the mass spectrums extracted from : a sub-volume for 

the matrix, isolated atoms from isoconcentration surfaces for the features #1 and #2. A linear profile 

was drawn across the feature #4. Peak decomposition was done on overlapped peaks and the calculated 

isotope abundances were compared to the natural ones. As recommended [32], APT standard deviation 

s.d. of composition measurements was determined thanks to this equation: 

𝑠. 𝑑. = √[𝑋](1 − [𝑋]) ×
1 − 𝑄

𝑁
 (3) 

Where [X] is the atomic concentration of the element X, Q is the detection efficiency (equal to 36% for 

the LEAP 4000X HR) and N the total number of detected atoms within the analysed volume. In order 

to identify significant enrichment or depletion of chemical elements at features location compared to the 

matrix, the relative error, defined as the ratio between the standard deviation and the measured 

composition, was calculated and compared to an enrichment factor, defined as the ratio between the 
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feature and the matrix composition. If the absolute value of the difference between the enrichment factor 

and 1 is lower than the relative error, then the change in composition is not significant to conclude any 

enrichment or depletion. An enrichment factor higher than 1 stands for an enrichment, while element 

deplete if this factor is lower than 1. 

3. Results 

3.1. As-received material characterization 

At the microscale, the equiaxed grain diameter is about 50 µm and does not exhibit crystallographic 

texture. Warm rolling produces ribbons of residual δ-ferrite (less than 0.01 surface fraction) and 

microsegregations parallel to the rolling direction. These chemical heterogeneities are enriched in ferrite 

stabilizer elements and Mn. Majority of micron-size particles are aluminium oxides inclusions. These 

inclusions are typical for 316L grades [33]. Nb-rich precipitates were also found at this scale. These 

results obtained with SEM-EBSD and EDS are presented in the Supplementary Material document 

(Appendix B). 

Within the matrix, APT experiments show that elements are homogeneously distributed (Fig. 2a). The 

dislocation density measured by TEM (Fig. 2b) is higher than for solution annealed 316/L grades: 1014 

m-2 vs. 1010 [34] to 1013 m-2 [35] but the measured magnitude is the same as in a nitrogen stabilized 

316LN [36].  

 

Fig. 2. (Color online) (a) Homogeneous distribution of elements within an APT 3D-volume. (b) STEM 

low-angle annular dark-field (LAADF) image oriented downzone with B=<110> that served to calculate 

the as-received dislocation density. 

At the nanoscale, the presence of nano-sized precipitates was detected thanks to Z-contrast imaging in 

STEM high-angle annular dark-field (HAADF) mode (Fig. 3a). The precipitates are enriched in N, Cr, 

Nb and Mo (Fig. 3b and 3c) with a number density of 4.5 x 1018 m-3. Local enrichments in Ti are 

sometimes observed within the precipitates (Fig. 3b and 3d). 
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Fig. 3. (Color online) (a) STEM HAADF image revealing the presence of high Z precipitates in bright. 

(b) STEM-EDS elemental maps of the precipitates circled in (a). (c) and (d) EDS line profiles drawn 

across the precipitate #1 and the corresponding STEM BF image in the as-received material. 

Contrasts observed in the STEM bright field (BF) image in Fig. 3c and 3d indicate that the precipitate  

#1 is tilted within the lamella depth and the upper part has been partly thinned by the FIB polishing. 

Thus, matrix contribution to the EDS signal is larger in the upper part of the precipitate. It is confirmed 

by comparing the concentrations measured across the precipitate in Fig. 3c and 3d: Nb, N and, to a lesser 

extent Cr, Mo (i.e. major alloying elements) concentrations are higher in thicker parts of the precipitates. 

Thus, Nb, N, Cr and Mo measured concentrations are underestimated. This underestimation is even 

more pronounced for N, a light element which is affected by a substantial X-ray absorption. These Nb-

rich precipitates observed at the nanoscale show similar enrichments as the ones observed at the 

microscale. This suggests that they belong to the same family. These precipitates are thought to be Z-

phase (CrNbN) [24]. Primary Z-phase, about 100 nm in size, has already been detected in a 316LN+Nb 

after solution annealing at 1050°C [37]. 

Contrary to Cr, Nb and N do not deplete at the Ti-rich location (Fig. 3d). In a 25Cr-20Ni-Nb-N austenitic 

stainless steel aged at 700°C, secondary NbN nitrides act as sites for the nucleation of secondary Z-

phase [38]. MX and Z-phase can coexist at the solution-annealed state [24], [39], and complex 

carbonitrides (Nb,Ti)(C,N) of MX type can be present in steels containing sufficient amount of Nb, Ti, 

C and N [24]. Z-phase could have nucleated from a MX precipitate during solution annealing. From 

authors’ literature review, Z-phase stability under irradiation has not been studied yet. 

3.2. Microstructure evolution under irradiation 

Cavities and Frank loops populations study is carried out within the 1 dpa region of interest. To identify 

cavities, lamella was first titled away from the zone axis. Then, out-of-focus imaging was performed for 
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identification and counting (Fig. 4). Two populations of cavities, distinguished by their size and number 

densities, coexist. Small cavities are heterogeneously distributed and some of them are aligned along 

dislocation lines (Fig. 4d and 4e). The population of small cavities has appropriately three times smaller 

average size than the population of large cavities and their number density differs by two orders of 

magnitude (Table 2).  

 

Fig. 4. (Color online) (a) TEM BF overfocused image showing cavities bimodal distribution in size. The 

orange square highlights a large cavity in (b) overfocused and (c) underfocused images. The blue square 

indicates small cavities located along a dislocation line in (d) overfocused and (e) underfocused images. 

(f) Size distribution histogram. 

Thanks to the RRDF technique, two families of Frank loops over the four existing ones were imaged 

(Fig. 5). The standard deviation is large. Indeed, their size ranges from 8 to 136 nm (Table 2). 

 

Fig. 5. (Color online) Frank loops lying on (a) and (b) (111) and (c) (111) planes imaged thanks to the 

RRDF imaging technique, (d) and (e) corresponding diffraction conditions. Measurement was done 

within the 1 dpa damaged zone for the two variants (purple rectangle). (f) Size distribution histogram. 

Results of the size measurement and number density are summed up in Table 2.  

Table 2. Cavities and Frank loops size d and number density Nd. 

 
Cavities 

Frank loops 
Small Large 

Mean size 𝑑 ± 𝜀𝑑 (s.d.) in nm 3.4 ± 0.3 (0.9) 10.3 ± 1.0 (3.4) 38 ± 3 (27) 

Min. / max sizes 𝑑𝑚𝑖𝑛 / 𝑑𝑚𝑎𝑥 in nm 1.3 / 6.0 6.1 / 16.1 8 / 136 

Mean number density 𝑁𝑑 ± 𝜀𝑁𝑑
 in m-3 9.4 ± 1.9 1021 8.0 ± 2.7 1019 8.5 ± 1.9 1020 
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1.1. Radiation induced segregation on intragranular defects 

Coupling of S/TEM imaging with STEM-EDS mapping permits a direct comparison of the measured 

chemical heterogeneities at the vicinity of pre-identified crystal defects. Fig. 6a, 6b, 7a and 7b show 

cavities and Frank loops within the 1 dpa damaged region in STEM BF and the elemental maps of two 

different areas. 

From EDS elemental maps (Fig. 6b and 7b), Ni and Si enrichments are observed on all defect types. P 

enrichment is only observed at the cavity location, on all the cavities of the two analysed regions. Indeed, 

near cavities, the apparent specimen thickness is reduced, lowering the matrix contribution to the 

detected signal. Hence, P signal at dislocation location could be drowned in the background noise. Cr 

depletion is observed nearby all crystal defects. Fe exhibits a particular behaviour. Fe depletes at cavities 

and Frank loops location and is enriched at their vicinity, resulting in a ‘M-shaped’ concentration profile. 

Mn depletes on all defect types. Tendencies for Ti, N and Mo could not have been clearly established; 

their noisy profiles are not drawn for clarity. 

All elements involved in RIS, namely Fe, Ni, Cr, Si, Mn and P, exhibit similar trends for all the defects. 

Nb enriches at the cavity location in the second analysed area (Fig. 7c) whereas no enrichment is 

observed on the cavity in the first analysed area (Fig. 6c). Nb has not been reported to enrich/deplete on 

radiation-induced extended defects location in austenitic stainless steels. Thus, this enrichment is likely 

to be due to the presence of an embryo or a nanoprecipitate at the cavity vicinity. 
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Fig. 6. (Color online) (a) First selected region for STEM-EDS analysis and the corresponding elemental 

maps (b). (a) also shows the defect nature determination thanks to various imaging techniques. The red 

and yellow arrows indicate the cavity and Frank loop viewed edge-on respectively. Concentration 

profiles extracted from two different locations of the STEM-EDS map passing through (c) a cavity and 

(d) a Frank loop. The white dashed lines in (a) represent the width of the line profile. 

 

Fig. 7. (Color online) (a) Second selected region for STEM-EDS analysis and the corresponding 

elemental maps (b). (a) also shows the defect nature determination thanks to various imaging techniques. 

The red and yellow arrows indicate the cavity and the Frank loop respectively. Concentration profiles 

extracted from two different locations of the STEM-EDS map passing through (c) a cavity and (d) a 

Frank loop. The white dashed lines in (a) represent the width of the line profile and the grey dashed line 

in (d) indicate the border of the dislocation loop.  
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Correlative APT-TEM microscopy appears to be the suitable technique to overcome encountered 

quantitative chemical measurements issues, i.e. absorption of light elements, matrix contribution to the 

signal and defect superimposition within the depth of the lamella. As shown in Fig. 8a, the tip has been 

characterized before and after APT analysis. It allows to accurately measure the evaporated length for 

APT reconstruction and, typically, a reliable defect size measurement. 

 

Fig. 8. (Color online) (a) STEM LAADF image of the tip before and after APT analysis taken at 

B=<011>. Correlation attempts between (d) the reconstructed APT volume and the tip imaged in (b) 

STEM BF and (c) STEM LAADF at B=<011>. 4 features are observed within the APT volume. 

Over the four features observed within the APT tip volume (Fig. 8d), two of them, features #2 and #4, 

could be correlated. The feature #1 at the tip apex is enriched in Fe and significantly depleted in Ni and 

Mo (Table 3) and its crystallography could not have been identified, the measured composition do not 

agree with the composition of the residual delta ferrite because ferrite stabilizers as Cr and Mo, do not 

enrich within the feature #1 compared to the matrix. The feature #3, could not be associated with any 

defect of the tip imaged in STEM, the noise increase at its location indicates an APT artefact rather than 

a crystal defect. 

As shown in Fig. 9, the feature #2 has the shape of a truncated dislocation loop. This loop is enriched in 

Ni and Si/N and depleted in Cr, Mn and Mo. Based on the dislocation loop morphology regarding 

crystallographic orientation, the loop lies on a {111} habit plane and can either be a faulted Frank loop 

or a perfect loop. This method used to identify dislocation loops in BCC alloys [40] by utilizing the 

anticipated dislocation morphologies developed by Yao et al. [41] have been extended to FCC alloys 

[10]. 
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Table 3. Enrichment/depletion observed at features #1, #2 and #4 (core and shell) location compared to 

the matrix m. s.d = standard deviation. r.e. = relative error. 

 Ni Si/N Cr Fe Mn Mo Nb P Enrichment Depletion 

[X]m in at.% 10,7 1,5 21,1 63,5 1,6 1,6 <0,1 <0,1   

s.d. in at.% 0,02 0,01 0,03 0,03 0,01 0,01 0,00 0,00   

r.e. 0,00 0,01 0,00 0,00 0,01 0,01 0,02 0,02   

[X]#1 in at.% 3,6 1,4 20,3 72,2 1,7 0,8 <0,1 <0,1   

s.d. in at.% 0,1 0,1 0,2 0,2 0,1 0,0 0,0 0,0   

r.e. 0,0 0,1 0,0 0,0 0,0 0,1 >0,2 >0,2   

[X]#1/[X]m 0,3 0,9 1,0 1,1 1,1 0,5 1,0 1,0 Fe Ni, Mo 

[X]#2 in at.% 16,9 4,0 14,4 63,8 0,8 0,5 <0,1 <0,1   

s.d. in at.% 0,8 0,4 0,7 1,0 0,2 0,1 0,1 0,1   

r.e. 0,0 0,1 0,0 0,0 0,2 0,3 >0,6 >0,6   

[X]#2/[X]m 1,6 2,6 0,7 1,0 0,5 0,3 1,0 1,0 Ni, Si/N Cr, Mn, Mo 

[X]#4-core in at.% 33,7 16,0 10,7 16,6 1,8 4,5 6,5 10,1   

s.d. in at.% 1,0 0,8 0,7 0,8 0,3 0,4 0,5 0,6   

r.e. 0,0 0,0 0,1 0,0 0,2 0,1 >0,1 >0,1   

[X]#4-core/[X]m 3,1 10,6 0,5 0,3 1,1 2,8 64,7 101,5 Ni, Si/N, Mo, Nb, P Cr, Fe 

[X]#4-shell in at.% 38,2 6,7 8,1 45,7 0,6 0,7 <0,1 <0,1   

s.d. in at.% 1,0 0,5 0,6 1,1 0,2 0,2 0,0 0,0   

r.e. 0,0 0,1 0,1 0,0 0,3 0,3 >0,0 >0,0   

[X]#4-shell/[X]m 3,6 4,5 0,4 0,7 0,4 0,4 1,0 1,0 Ni, Si/N Cr, Fe, Mn, Mo 

 

 

Fig. 9. (Color online) Observed features labelled within the APT volume. Close up view on the STEM 

LAADF image at B=<011> from Fig. 8c. Loop habit plane determination for faulted and perfect loops 

at B=<011> assuming that loops are circular.  

A unique feature with a core-shell structure (Fig. 10 and 11) seems to be present within the APT volume 

at the feature #4 location. The core and the shell are less dense compared to the matrix, the ellipsoidal-

shaped core exhibiting the lowest density (Fig. 11a). Relatively to the matrix, its shell is depleted in Fe, 

Cr, Mn and Mo and enriched in Ni and Si/N. Except N, these elements are known to be involved in RIS 
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and the observed trends are in line with the one observed in 316/L austenitic stainless steel grades [7], 

[11]. Contrary to Si, the presence of N is not confirmed as shown in Fig. 12.A. 

 

Fig. 10. (Color online) (X,Y) plane view of the feature #4 within the APT reconstructed volume, Fe 

density map and elemental distribution maps.  

The core is depleted in Fe and Cr and enriched in Nb, P, Mo and Si/N. Since Ni2+, Nb3+ and P+ contribute 

to the peak at 31 a.m.u., peak was decomposed twice: first time for Ni2++P+, second time for Ni2++Nb3+. 

The resulting two concentration profiles of Nb and P are displayed in Fig. 11b. Finally, relatively to the 

shell, core is enriched in Cr, Nb, P, Mo and Si/N. The highest Ni enrichment is observed at the core-

shell interface. Ti has not been detected in the overall studied APT volume. 
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Fig. 11. (Color online) (a) Fe atoms density maps intersecting at the feature #4 location. (b) 1D 

concentration profiles passing through the feature with the z direction parallel to the smallest cluster 

core length (white transparent arrow in (a)).  

28Si2+ and 14N+ ions are superimposed in the M/n (mass over ionisation state ratio)  peak at 14 a.m.u.. 

Because the two other isotopes of Si2+ at 14.5 and 15 a.m.u. are close to the background level, 

decomposition of the peak at 14 a.m.u. was not performed. Instead, abundances have been calculated 

from the total number of ions in the peak at 14 a.m.u. and the sum of Si2+ ions at 14.5 and 15 a.m.u.. 

The comparison of Si isotopes natural abundances with as calculated ones in Fig. 12a confirms the 

presence of Si both in the core and the shell of feature #4 whereas N seems to be absent. Indeed, at the 

core location, the number of detected counts in the peak at 14 a.m.u. is high enough to allow peak 

decomposition. As the natural abundance of nitrogen-14 is 99.6%, if N is present, then the calculated 

abundances along the profile would have been closer to 99.6% than 92.2%, the natural abundance of the 

main Si isotope at 14 a.m.u.. 
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Fig. 12. (Color online) (a) Abundance linear profiles drawn to decorrelate Si and N relative contribution 

in their common peak at 14 a.m.u. and (b) reduced density profile passing through the feature with the 

z direction parallel to the smallest cluster core length (white arrow in Fig. 11.A). 

Reduced density (measured atom density over calculated FCC Fe atom density) of the shell is equal to 

0.7 while in the core it is equal to 0.3 (Fig. 12b). If the cluster core is a precipitate with an atomic density 

3.3 times lower than the matrix (i.e. supposing that the evaporation field of the precipitate is the same 

as the matrix), then its atomic density is equal to 26 at.nm-3 resulting in a mass density of 2.1 ± 0.3 g.cm-

3 (based on the chemical composition measured in the cluster core). This low mass density is far to suit 

with these following equilibrium phases or phases encountered in irradiated austenitic stainless steels: 

Fe2P (6.9 g.cm-3), FeP (6.2 g.cm-3), gamma prime Ni3Si (7.6 g.cm-3), G phase Mn6Ni16Si7 (7.0 g.cm-3), 

Fe2Mo (9.5 g.cm-3), NbN (8.3 g.cm-3) and Z-phase (7.7 g.cm-3). It likely means that another feature could 

be included in this cluster. The feature #4 presented in Fig. 13 exhibits contrasts in STEM BF and 

LAADF modes that could be assigned to, at least, two different defects. One of them is spherical, it 

could possibly be a cavity, the other one is ellipsoidal, and is assumed to be a precipitate associated with 

the cavity. Presence of a cavity within the cluster could explain such a low value for reduced core density 

[44]. RIS on the cavity and the precipitate could correspond to the cluster shell while the precipitate 

having an evaporation field close to the matrix has an ellipsoidal shape, then may have not suffer from 

any distortion. These assumptions require to be confirmed by simulations. 

 

Fig. 13. (Color online) Close-up view of the feature #4 in the STEM LAADF image oriented at B=<011> 

(Fig. 8) and the scheme of suspected defects.  

 



17 

 

2. Discussion 

After ion irradiation, cavities and Frank loops populations have been characterized at 1 dpa, 450°C. 

Obtained results are compared to the existing literature as presented in Fig. 14. 

 
Fig. 14. (Color online) Microstructure evolution under irradiation in terms of Frank loops and cavities 

number density and size as a function of dose and temperature. Comparison of obtained results with the 

literature for various ion irradiated 304/L and 316/L austenitic stainless steels [11], [45]–[54] (non-

exhaustive review).  

Even if the dislocation density is higher than in common solution annealed austenitic stainless steel 

nuclear grades, the cavity number density and size of the two populations is in accordance with the 

reviewed literature. Nevertheless, it should be noted that irradiation to 1 dpa fits more with high 

temperatures for Frank loops. Ion beam heating depends on the thermal contact, heat could have been 

not well conducted and evacuated within the assembly. From this observation it is reasonable to suppose 

that the irradiation temperature was underestimated. Further experiments at irradiation conditions with 

well controlled temperature should be performed to study the measured discrepancy on microstructure 

evolution under irradiation. 



18 

 

After irradiation, common RIS trends are observed on dislocation loops and cavity/matrix interfaces 

(Fig. 15). RIS trends of major alloying elements can be explained by the Inverse Kirkendall Effect 

mechanism [55]. Cr, the fastest diffusing element deplete while slow diffusion of Ni provokes its 

enrichment at sinks. Fe depletion compensates Ni enrichment [56]. All the listed RIS mechanisms indeed 

compete. Fe exhibits a ‘M-shaped’ profile which could be explained by the competition between point 

defects concentration gradient and chemical potential gradient due to the segregation of elements at the 

vicinity of lattice defects. They are supposed to provoke an enrichment then a depletion respectively 

[57].  

Self-interstitials (SIA) drag of undersized elements tends to enrich sinks as it is the case for Si and P 

[56]. Again, mechanisms compete and it has been shown from ab initio calculation [58] that Si can be 

affected by both SIA diffusion and vacancy drag. However, they show that the vacancy drag mechanism 

helps to enrich the Si at sinks under irradiation in austenitic systems. 

P has been observed to segregate in 316/316L grades on almost all defect types: grain boundaries [7, 8, 

11], dislocation loop and dislocation line [11]. Nevertheless, to our knowledge, P segregation on a cavity 

has only been reported in the case of void-precipitate association during neutron irradiation of austenitic 

stainless steels. Two types of phosphides Fe2P and Fe3P have been observed to be associated with 

cavities [59]. From the results of the current study, P was clearly segregating on cavities and was not 

observed to segregate on other defects neither from EDS nor APT analyses. Dislocations are known to 

be biased for SIA and P is generally thought to diffuse towards sinks via SIA-mediated mechanism [60]. 

Nevertheless, we observed experimentally P enrichments solely at cavities location, i.e. associated with 

precipitates, and not at dislocation loops. This fact suggests that precipitate-matrix interface probably 

exhibits a larger bias for SIA than dislocation loops. Moreover, SIA trapping by sinks could induce a 

local vacancy supersaturation at their vicinity responsible for cavities formation. Small cavities have 

been observed to trap a dislocation line whereas large cavities are observed being associated with 

precipitates. This second observation is in line with the proposed hypothesis which is: precipitate-matrix 

interface is more biased for SIAs than dislocations. 
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Fig. 15. (Color online) (a) Elements enrichment and depletion at different sink-types depending on (c) 

the measurement technique in various austenitic stainless steels (1[61], [62] 2[7] 3[8] 4a,b[15] 5[63] 

6[9] 7[10] 8[12] 9[14] 10[4] 11[11] 12[13]) and (b) the associated predicted RIS regime regarding the 

irradiation temperature and dose rate. 

Nb enrichment at the location of a cavity is presumed to be caused by the existence of a precipitate or 

an embryo attached to the cavity. At the as-received state, Nb-rich Z-phase is the major precipitate 

observed but at this stage of investigation, a clear link between this Nb enrichment and the primary Z-

phase could not be established. From the literature review, such enrichments at cavity location have 

never been reported yet neither in 314/L, 316/L and 316LN nor the Nb stabilized 347 and 348 grades. 

Z-phase stability under irradiation has not been studied yet in austenitic stainless steels.  

Coupling S/TEM imaging with STEM-EDS allowed to associate different crystal defects to chemical 

redistribution under irradiation. However, two factors limit accurate quantification: 

1/ Defects are surrounded by the matrix. The matrix contributes to the signal and the smaller the defect 

size to the lamella thickness ratio, the higher the matrix contribution. 

2/ Several defects can be superimposed within the depth and their respective 3D morphology is not 

known. Hypotheses (e.g. defect shape, defect position within sample thickness) should be made to 

extract RIS levels on a defect, increasing measurements uncertainty. 

APT gives access to a 3D representation of elemental distribution within the material. RIS levels could 

be quantitatively determined by this technique. Even if its high depth resolution allows to see atomic 

planes at poles location, lateral resolution is insufficient to identify precisely crystal defects, as it can be 

done with TEM. Nevertheless, if the tip orientation is known, it is sometimes possible to get information 

about defects crystallographic nature as it was the case for the dislocation loop labelled feature #2. 
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APT-TEM correlative microscopy takes benefit of both techniques to quantify RIS levels on 

intragranular defects. 

The feature #4 core composition support the existence of a new phase after irradiation in the studied 

316L(N) steel with similar enrichments as measured from STEM-EDS maps. Nevertheless, the feature 

#4 is not believed to be a precipitate, at least sole. The presence of a cavity associated with RIS at its 

interface with the matrix could explain such low value of reduced core density [44], but the shape of the 

reduced density profile does not match with the one obtained. However, from the observed contrasts in 

the close-up view of the cluster imaged by STEM, the presence of a precipitate associated with the cavity 

exhibiting RIS is suspected as it seems to be the case from S/TEM imaging associated with analytical 

STEM-EDS. Furthermore, apart from Fe, same enrichments are observed in both precipitate and the 

core of the feature #4. Such complex feature, i.e. cavity-precipitate association exhibiting RIS, in an 

APT reconstructed volume has not been reported yet and should induce field effects. Deeper 

investigations with associate simulations are needed to confirm this hypothesis. 

Furthermore, the optimization of the TEM-APT correlative microscopy procedure is necessary. Indeed, 

as it is shown in Fig. 16, imaging a tip by TEM can make difficult contrast interpretation compared to 

images obtained from a lamella. Indeed, FIB damage remains at needle surface after the cleaning step 

(2kV) whereas a lower voltage ion cleaning with argon (0.5kV) in PIPS II is done on the case of TEM 

lamella. Also, the conical shape of the tip induces thickness variations along its diameter. An extra 

contrast due to thickness fringes in WBDF can be seen and HAADF images are more complex to 

interpret because contrast is not only due to Z but also to sample thickness. 

 

Fig. 16. (Color online) Comparison of contrast obtained from the tip analysed and a lamella for the same 

imaging conditions at the same scale for the 1 dpa 450°C irradiated state.  

 

3. Conclusion 

RIS on intragranular defects and phase stability under irradiation has been investigated in an optimized 

solution annealed 316L(N) austenitic stainless steel. The investigated steel has an increased content of 

N and a significant amount of Nb. At the as-received state, it exhibits a higher dislocation density than 

SA 316L nuclear grades and the primary Z-phase is dominant at the nanoscale. Coupled and correlated 

techniques were used to study 316L(N) chemical redistribution evolution after ion irradiation at 1 dpa 

450°C on intragranular defects. 
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Dislocation loops were enriched in Ni and Si whereas cavities presented an additional enrichment in P. 

For the studied steel, precipitate-matrix interface is believed to be more biased for SIA than dislocations. 

Precipitate-cavity association is suspected, and the involved precipitate could be a Z-phase modified by 

irradiation.  

S/TEM imaging associated with analytical STEM-EDS enabled to link defects crystallography to their 

chemistry but the high contribution of the surrounding matrix to the signal is a limitation for quantitative 

measurements. TEM-APT correlative microscopy was performed to overcome this issue. TEM-APT 

correlative microscopy allowed to determine the habit plane of a dislocation loop, to understand an APT 

artefact and it gave insights about the nature of a complex feature. This feature is suspected to be a Z-

phase modified under irradiation associated with a cavity exhibiting Ni, Si and P enrichments induced 

by radiation. Nevertheless, to confirm the nature of this novel feature, further investigations of this steel 

at new irradiation conditions and simulations are needed.  
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Appendix A 

The target temperature was 450°C but a large uncertainty on the irradiation temperature during 

irradiation experiment was observed. Indeed, almost 200°C difference was measured between the two 

installed thermocouples as shown in Fig. A.1. It seems to be likely due to a poor thermal contact between 

the two parts for the sample-holder. As no thermocouple was installed at the vicinity of irradiated 

samples surface, decision was made to model heat transfers by conduction and radiation in the sample-

holder assembly (not convection because the specimen chamber was under vacuum) on COMSOL 

Multiphysics commercial software in order to estimate the temperature at samples level. A heating block 

was installed under the angled block. At its bottom surface the temperature was imposed to be the one 

measured by the thermocouple TA. Thermal properties (i.e. thermal conductivity, thermal capacity and 

emissivity coefficient) were defined at 450°C for 316/L grades while mechanical properties were 

defined at room temperature. A parametric study was done in order to find the coupled parameters (i.e. 

rugosity and contact pressure) for which temperature at the washer level is equal to 391°C as measured 

by the thermocouple TB. When TA=593°C is imposed and the set rugosity and contact pressure result in 

TB=391°C, the calculated temperature at samples level is equal to 450°C.  

 

Fig A.1.  (a) Specimen holder for irradiation, location of 316L(N) specimens and the closest 

thermocouple TB from the irradiated specimen surface. (b) Scheme of the specimen holder assembly in 

the detector chamber and location of the thermocouples, note that all parts of the assembly (including 

specimens) are made from austenitic stainless steels. (c) Results from COMSOL heat transfer 

simulation.  

Ion heating was ignored for the simulation, but it can be calculated separately thanks to the following 

expression [64]: 

∆𝑇 =
2𝐽

𝑘𝑇
(
𝑘𝑇𝑡

𝜌𝐶𝑇
)

1
2

 (A-1) 
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Where the thermal conductance kT is equal to 0.209 W.cm-1.K-1 [65] and the specific heat CT is equal to 

1.52 W.s.g-1.K-1 [66] at 450°C, the density ρ was taken to be equal to 7.96 g.cm-3 and t is the time in 

seconds. The beam power density J (in W.cm-2) is given by : 

𝐽 = 𝛷 × 𝐸 × 𝑒 
(A-2) 

Here E is the beam energy in eV, e the elementary charge and Φ is the beam flux. To reach a fluence of 

3.2x1015 ions.cm-2 during a day session, Φ=1.2x1011 ions.cm-2.s-1. From this calculation, an increase in 

temperature of 20°C is expected. It was postulated that the temperature error is equal to this increase in 

temperature, therefore the irradiation temperature is estimated to be equal to 450 ± 20°C. 

Appendix B 

Supplementary Material. 
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Scanning electron microscopy (SEM) coupled with electron back-scattered diffraction (EBSD) and 

energy dispersive X-Ray spectroscopy (EDS) was performed on the as-received material to study 

microstructure heterogeneities at the micron-scale. Measurements were done on the Dual-Beam SEM-

FIB (Focused Ga Ion Beam) microscope Zeiss XB-540. On the acquired maps, RD1 and RD2 refer to 

the rolling directions whereas ND denotes the normal direction. RD1 is the direction of the last cross 

rolling pass thus RD2 can also be noted as the transverse direction. 

A simultaneous EBSD-EDS map has been collected by TEAM software on the same area of the 

specimen. EBSD data (Fig. S1a to d) were post-treated with OIM analysis software. A phase map was 

extracted allowing to calculate the surface fraction of austenite over the residual delta-ferrite which is 

higher than 0.99. The initial microstructure exhibits equiaxed grains of austenite of approximately 50 

µm size with no pronounced preferential crystallographic orientation. More than half of the boundaries 

are twin boundaries. Delta-ferrite is elongated along the rolling direction RD1. Ferrite is shaped as strips 

in both rolling directions (RD1 and RD2) which suggests that it has a ribbon shape (EDF R&D private 

communication).  

 

Fig. S1. SEM-EBSD (a) Phase map (red: austenite, green: delta ferrite), (b) random high-angle grain 

boundary map (excluding coincident site lattice boundaries and low-angle boundaries) with red lines 

drawn for grain size measurement by the intercept method, (c) orientation map (i.e. inverse pole figure 

map) and (d) pole figures along low-index directions: [001], [111] and [110]. 
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In Fig. S2, SEM-EDS elemental maps reveal alpha-stabilizers (i.e. Cr, Mo, Si) enrichments not only at 

the ferrite location but at lower levels within the austenitic matrix as well. These chemical 

heterogeneities are referred as microsegregations, they are also enriched in Mn, an element known as a 

gamma-stabilizer. These microsegregations are parallel to the rolling directions and spaced of about 50 

µm from each other.  

 

Fig. S2. SEM-EDS elemental maps.  

Coupled EBSD-EDS acquisition also permitted to highlight the presence of micron-sized second phases 

(i.e. inclusions and precipitates) within the scanned area (Fig. S3a). Most of the identified particles are 

aluminium oxides, one of them being enriched in yttrium. Silicon oxide particles, also observed, could 

be either an inclusion or coming from the last step of polishing with OP-S during specimen preparation. 

Nb-rich precipitates are observed as well. An EDS spectrum (Fig. S3b) extracted from one of them 

shows that this Nb-precipitate is also enriched in N and Cr. Other EDS spectra indicate that Nb-rich 

precipitates are sometimes enriched in Ti or Mo. At the electron accelerating voltage of 20kV, K rays 

of Nb and Mo are not detected. L rays of Nb and Mo overlap, but, looking attentively to the 

corresponding peak shape and the relative intensity of their respective theorical rays, it is possible to 

unambiguously determine the presence/absence of these elements from spectrum analysis. 



 

Fig S3. (a) Superimposed index quality map and phase map from EBDS data showing distribution of 

inclusions and second phases within the austenitic matrix. (b) SEM-EDS spectrum of the yellow star 

labelled precipitate, enriched in N, Nb and Cr. Indexation of the peak at 2.15 keV, discrimination 

between Nb-L and Mo-L rays. 

 

 

 


