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Radiation-induced microstructural defects cause degradation of mechanical properties and a life time reduction 
of reactor structural components during nuclear power plant operation. The effect of neutron irradiation fluence 
and flux, neutron spectrum, corrosion environment, etc. on mechanical properties is investigated under the NPP's 
surveillance programs and additional nuclear material research. The material strength typically increases while 
ductility and fracture toughness decrease after neutron irradiation. Transmission Electron Microscopy is one of 
the methods for Post Irradiation Examination (PIE) which helps to understand the material behaviour exposed to 
different reactor operating conditions. Therefore, such PIE methods are important to develope and optimize. In 
this study, we introduce the specimen preparation methodology and radiation-induced damage (RID) evaluation 
of stainless steel SSRT test specimens by the means of Scanning and Transmission Electron Microscopy (SEM, 
TEM). In austenitic microstructure, Frank interstitial dislocation loops, cavities or voids and radiation-induced 
precipitates are the dominant RID evolved under neutron irradiation. Futhermore, the material susceptibility to 
segregation related to the IASCC mechanism is widely studied within 300-series stainless steels. The proper deter-
mination of RID size distribution refers to degradation mechanisms in reactor materials. In our research, the RID 
characterization is demonstrated on the specimens irradiated to ~ 15 dpa in PWR conditions. Distribution of ca-
vities, Frank loops and radiation-induced precipitates were evaluated in bright/dark field kinematical conditions 
and through-focal series. The nature of cavities, i. e. voids/He or H stabilized bubbles with the size less than 3 nm, 
was not recognized in the specimens prepared by standard electrolytic polishing method.  Radiation-induced se-
gregation in a narrow area up to 10 nm was detected by point STEM-EDS analysis. To evaluate RID size distri-
bution, the automatic image-processing program was developed and compared to the visual analysis. So far, the 
results were optimized on Frank loops and precipitates and are in a good agreement with the manual processing.  

Keywords: Neutron irradiation, PWR, austenitic stainless steels, radiation-induced damage, Transmission Electron Mi-
croscopy. 

 Introduction 

Mechanical testing of neutron irradiated structural 
materials is the key information for monitoring of mate-
rial degradation. The surveillance specimens fabricated 
from the same alloy as the reactor pressure vessel (RPV) 
are present inside the active zone and removed periodi-
cally during the reactor shutdown for Post Irradiation 
Examination (PIE). To understand the relationship 
between mechanical properties – microstructure (micro-
chemistry) changes after neutron irradiation, the radition-
induced damage (RID) is investigated by microscopy 
techniques to identify even nano-structural defects. Rela-
ted to the mechanical properties and fracture surface 
being analysed afterwards, the precise microstructure 
characterization can help to understand the degradation 
mechanisms. Microstructural changes due to the neutron 
irradiation vary with the material composition, irradiation 
temperature, neutron flux & fluence and energy spectrum 
[5]. Neutron irradiation can produce a damage by displa-
cing atoms from their lattice positions, which creates 

point defects such as vacancies and interstitials. Particu-
larly high-energy fast neutron spectrum causing elastic 
scattering is responsible for such point defects [1].  Most 
of these defects are annihilated by recombination [1], 
some of them stay in the microstructure. The vacancies 
clumping to the clusters (voids) at operating temperature, 
can be stabilized by transmutation products from nuclear 
reaction with low-energy neutrons, dependent on the all-
oying elements. Thereby these products (gases) accele-
rate the onset of voids swelling, which is the most impor-
tant contributor to dimensional changes [2]. In the stain-
less steels (SSs), the He/and or H [3] coming from the 
reactions with Ni or collant dissolution, diffuse and stabi-
lize the vacancy clusters to form so-called gas-stabilized 
bubbles [2]. Frank faulted dislocation loops lying on the 
{111} lattice planes with Burgers vector 1/3 [111], is the 
another RID observed in the irradiated austenitic 
microstructure [4]. The loop size increases and loop den-
sity decreases with irradiation temperature [5]. From the 
literature review, at the LWR operating temperature (i. e. 
around 320°C), the loop density saturates at about 1 dpa 
and the average loop diameter saturates at 5 dpa [5]. The 
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austenitic microstructure contains the stable precipitates, 
i. e. metal particles from the manufacturing process, as 
well as radiation-induced precipitates (RIP). The γ’ 
(Ni3Si) and G phase (M6Ni16Si7) are often formed in 300-
series SSs. The migration of vacancies and self-interstitial 
atoms to the sinks as grain boundaries, dislocations, or 
precipitate surfaces leads to local chemical changes [12]. 
The elements such as Si, P, and Ni that are believed to 
migrate by interstitial mechanisms and enriched near re-
gions that act as sinks for the point defects (e.g. grain 
boundaries), while elements such as Cr, Mo, and Fe that 
exchange more rapidly with vacancies are depleted at 
these sinks. This behaviour is called as Kirkendall mecha-
nism [13]. The significant segregation is observed at irra-
diation dose of 0.1 dpa, and the effect either saturates or 
changes very slowly at around 5 dpa [5]. Point defect 
clusters and precipitates act as obstacles to a dislocation 
motion that leads to matrix strengthening, resulting in an 
increase in tensile strength and a reduction in ductility and 
fracture toughness of the material. The yield strength of 
irradiated SSs can increase up to five times that of the 
non-irradiated material after a neutron dose of about 5 
dpa. In general, cavities are strong barriers, large faulted 
Frank loops are intermediate barriers, and small loops and 
bubbles are weak barriers to dislocation motion [5], de-
pending on their distribution/orientation to the dislocation 
slip. For the RID determination, PIE methods have been 
developed and are still optimized. For the nano-scale de-
fect feature characterization, the one of the high-resolu-
tion methods is Transmission Electron Microscopy 
(TEM). To determine microstructural changes under the 
different irradiation conditions, the density and size dis-
tribution are the key parameters. It is important to use a 
several complementary methods. RID density obtained 
from TEM micrographs is a feasible, but time-consuming 
method, as seen from this study. The appropriate comple-
mentary method could be Positron Anihilation Spectro-
copy (PAS) [6], which can characterize the density of va-
rious defects, even to quantify the He-stabilized bubbles 
[8].  

 Experimental 

The experimental material is 15% cold-worked 316 
SS. The fabricated SSRT specimens were irradiated to ~ 
15 dpa in PWR conditions, i. e. in the mixed spectrum 
with fast and thermal neutrons at the temperature ~ 
320°C. The helium production rate was between 40 and 
70 appm/dpa. The mechanical testing was performed in 
the autoclave in simulated PWR primary water conditions 
after neutron irradiation. The SSRT was done at the strain 
rate 5×10-8 s-1 to investigate the susceptibility to Irradia-
tion Assisted Corrosion Cracking (IASCC). Scanning 
Electron Microscopy (SEM) micrographs described the 
intergranular and transgranular brittle/ductile fracture. 
The material susceptibility to the IASCC can be consid-
ered from the dominant intergranular brittle fracture, al-
most 37%, as seen in Fig. 1. Deformation bands associ-
ated with the localized deformation were observed at 

grain boundary facets [4]. The yield strength of irradiated 
CW 316 specimens was almost 300 MPa higher then ref-
erence (non-irradiated) material, total elongation was re-
duced up to 1.4 % after irradiation. 

 

Fig. 1 SEM micrographs with dominant intergranular 
brittle fracture [4]. 

 
To attain transparent TEM foils, the optimized metho-

dology was used, based on previous practical knowledge 
from preparation of 1 mm specimens from ~ 2 mm defor-
med part of SSRT [7]. The SSRT specimens were cut by 
diamond saw to the ~300 μm thickness in shielded hot-
cells, grinded in glove-boxes to the ~60 μm thickness, 
then two discs with a diameter of 1 mm were punched 
from the grinded thin slice and finally electrollyticaly po-
lished. Electrolytic polishing requires the following con-
ditions, the temperature about - 27°C, voltage ~ 27 V, 5% 
perchloric acid in methanol solution. 

 PIE: Radiation-induced defects characte-
rization 

High-Resolution TEM JEOL JEM 2200FS with 200 
kV electron source and resolution up to 0.2 nm was used 
for RID examination, equipped with EDS and energy fil-
ter. Cavity population was confirmed on over and under-
focused bright-field micrographs. Their size was mea-
sured from the intensity profiles across the cavity from 
the centre of Fresnel fringes (Fig. 3). Only the 
microstructural objects showing the clear change of the 
contrast indicated inherently presented cavities, have 
been considered. The cavity density was evaluated by ma-
nual processing, i. e. from the overlapping of over and 
under-focused micrographs (Fig. 4). Currently, only the 
manual image-processing has been applied. 
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Fig. 2 The step by step methodology for 1 mm TEM foils preparation from the deformed part of SSRT specimen. 

 

Fig. 3 Measuring of cavity size from intensity profile of under-focused TEM micrograph (right image). 
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Fig. 4 Cavities presence confirmed from over (blue) and under (red) - focused TEM micrographs for density evaluation.

 

Fig. 5 Frank loops size determination from dark-field 
image, corresponding diffraction spot is marked by red 

arrow 
 
Frank loops (FL) and radiation-induced precipitates 

(RIP) were imaged in dark-field (DF) conditions using 
the corresponding diffraction spots (Fig. 5, 6). The 
average RIP diameter was calculated from the micro-
graphs taken at higher magnification, FL size was calcu-
lated from rel-rod DF. To refine the RID size distribution 

and optimize the time-consuming manual processing, the 
new program was developed and firstly applied on FL and 
RIP imaged in dark-field [9]. The script written in the pro-
gram MatLab is based on automatic detection of the 
bright features (FL, RIP) with defined intensity. The 
slight image pre-processing for the noise reduction had to 
be applied on the micrographs (Fig. 6). The script details 
are described by the author M. Fokt in [9].  

 

[
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Fig. 6 Radiation-induced precipitates imaged in dark-
field conditions with corresponding diffraction spot 

marked by red arrow. Noise reduction for the automatic 
image-processing [9].  

 Results and discussion 

Cavity presence evaluated manually from the over-
lapping of over and under-focused TEM micrographs 
confirmed the uniform distribution in the 316-deformed 
microstructure (Fig. 7). More than 600 cavities were eva-
luated. The volume density was calculated [10] in the or-
der of magnitude 1022 ± 1021 m-3 with the average cavity 
size 2.0 ± 0.8 nm (almost all cavities were 1-2 nm in di-
ameter). The results are comparable to the previous re-
search on the same material [4]. The cavity size is very 
small to decipher the cavity nature (vacancy voids/He 
bubbles). The transparent area after electrolytic polishing 
is not thin enought to resolve the gas-stabilized bubbles 
in the austenitic matrix in STEM-HAADF micrographs 
and the specimen was not suitable for further EELS ana-
lysis. In the microstructure, there were not observed any 
cavity denuded zones, only the uniformly distributed ca-
vity population. The cavity presence likely contributes to 
the increasing of yield strength, ultimate tensile strength 
and reducing the ductility known from SSRT experiment. 
Cavity population obviously helps to the radiation harde-
ning, which may lead to the brittle fracture mechanism 
[17]. 

  
Fig. 7 Uniformly distributed cavity population in the austenitic microstructure in over and under-focused micrographs.

 
Frank faulted dislocation loops, with Burgers vector 

1/3 [111] lying on the {111} planes, were imaged under 
rel-rod dark-field conditions near the matrix zone axis z 
= [011]. The manual evaluation of FL density is in a good 
agreement with the program processing, i. e. the FL den-
sity was calculated in the same order of magnitude 1022 
m-3 from about ten micrographs. The FL size was evalu-
ated higher with the higher standard deviation by the pro-
gram processing, as seen in Table 1. It can be probably 
caused by higher resolution of the bright areas determined 
by program compared to a human eye. The FL size distri-
bution obtained by program and “by hand” is in the Graph 

1. The results from FL studies are similar with the previ-
ous research on irradiated cold-worked 316 SS [4]. 
Futhermore the results also confirm the saturation of FL 
at 5 dpa [4], [5]. Evaluation of RIP density show the com-
parable results from manual and automatic image-proces-
sing as for the Frank loops, seen in Table 1. The size dis-
tribution shows the difference in size evaluated “by hand” 
and by program, Graph 2. It can be caused by pre-proces-
sing of the micrographs which can enlarge the RIP dia-
meter. However, both methods for RID evaluation 
imaged in dark-field show the uniform distribution in the 
matrix. Frank loops as well as RIP likely contribute to the 
material strengthening and hardening at the expense of 
the ductility together with the evaluated cavity population.
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Tab. 1 Frank loops and RIP evaluated manually “by hand” and automatically “by program” [9]. 

RID 
Evaluation  

method 
Average size d (nm) Volume density Nv (m-3) 

Frank loops 
by program 12.6 ± 6.6 2.1 ± 0.8 x 1022 

by hand 6.6 ± 3.7 2.1 ± 1.6 x 1022 

Radiation-induced precipitates 
by program 4.2 ± 2.0 6.0 ± 1.6 x 1021 

by hand 4.5 ± 1.1 5.9 ± 1.1 x 1021 

 
Graph 1 Frank loop size distribution evaluated manua-

lly “by hand” and by program processing [9]. 

 
Graph 2 Size distribution of radiation-induced precipi-
tates (RIP) evaluated “by hand” and by program pro-

cessing [9].  
 
Another effect of radiation on microstructure which 

likely contributes to IASCC is Cr-depletion by vacancy 
mechanism leading to decreased grain boundary corro-
sion resistance [17]. Then the localized deformation on 
grain boundaries affected by Cr-depletion and corrosion 
environment can cause the crack initiation [14]. Si, P, or 
Ni elements, which migrate by interstitial mechanism, en-
rich near grain boundary regions [18]. The extent of se-
gregation/depletion (S/D) at grain boundaries is decre-
ased, and the width of the profile is increased with the 
temperature increase. The grain boundary S/D profiles 
are extremely narrow at about 300°C [5]. Cr&Fe deple-
tion and Si&Ni enrichment at high-angle grain bounda-
ries up to 10 nm width, was observed in the experimental 
material using STEM-EDS point spectrum (Graph 3) 
[15]. Depending on the material and irradiation conditi-
ons, the concentration changes may be significant, as pre-
sented in reviews [14], [16]. Futhermore, Cr promotes the 
formation of W-shape changing with the dose level to V-
shape [18], for cold-worked 316 SS the change is reported 
from 6 dpa [5]. In the experimental material, the V-shape 
with Fe&Cr depletion was observed. 

 
Graph 3 Cr&Fe depletion and Ni&Si enrichment at 

high-angle grain boundary [15].  
 
One of the effect of evaluated RID on a microstructure, 

which have been hypothesized to IASCC contribution, is 
the matrix hardening leading to weakening of grain boun-
daries relative to the matrix [17]. Support for the matrix 
hardening contribution was provided by Was and Bruem-
mer who showed that intergranular SCC susceptibility 
correlated reasonably well with increasing yield stress 
[11]. As well, the explanation is presented by the change 
in deformation mode caused by irradiated microstructure 
and the interaction of localized deformation bands with 
grain boundaries [17]. Futhermore, the Cr-depletion can 
significantly decrease the corrosion resistance. Different 
approaches to the IASCC explanation are still being in-
vestigated since the phenomenon has occurred. Further 
studies to clarify the mechanism are still required [16]. 

 Conclusions 

The SSRT specimens of cold-worked 316 stainless 
steel after the irradiation to ~15 dpa in LWR conditions 
were investigated by Transmission Electron Microscopy. 
The radiation-induced damage was characterized by ma-
nual as well as automatic image-processing. The new pro-
gram was developed to reduce the time-consuming ma-
nual evaluation and to optimize the results. For the study, 
the transparent 1 mm TEM foils were prepared from the 
deformed part of SSRT specimens. 

Currently, the program processing was optimized for 
Frank loops and radiation-induced precipitates imaged in 
dark-field conditions. The results from program proces-
sing are in a good agreement with the manual evaluation, 
i. e. the density of FL and RIP was calculated in the same 
order of magnitude 1022, 1021 respectively. Cavity popu-
lation was distributed uniformly in the 316-deformed 
microstructure, the density was in the order of magnitude 
1022 ± 1021 m-3 with the average cavity size 2,0 ± 0,8 nm. 
Such small dimensions did not allow to recognize the cav-
ity nature in the specimens prepared by classical electro-
lytic polishing. Currently, the cavity size distribution was 
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calculated manually. The size distribution of Frank loops 
and cavities is in a good agreement with the results obta-
ined on the same material.  

The local microstructural/chemical changes have 
been investigated. Cr&Fe depletion and Si&Ni en-
richment was revealed at the high-angle grain boundaries, 
Cr&Fe depletion was observed in V-shape.  

RID observed in the microstructure are likely respon-
sible for the mechanical properties changes, i. e. increa-
sing of yield strength, ultimate tensile strength and redu-
cing the ductility known from SSRT experiment. Dense 
population of radiation-induced defects together with lo-
cal changes as the Cr-depletion likely contributes to 
IASCC mechanism. 
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