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A B S T R A C T   

In nuclear reactors, cladding materials are irradiated by neutrons as well as various types of ion beams that can 
induce radiation damage. Proton irradiation has been used for the past few decades to simulate neutron damage 
because protons have a higher scattering cross-section than fast neutrons and can effectively form displacements. 
This study is aimed at investigating the irradiation effects on the corrosion behavior of FMS. Non-irradiated and 
irradiated FMS materials were used for corrosion and dissolution experiments in a liquid sodium environment. It 
was observed that the irradiated materials exhibited worse corrosion and dissolution than the non-irradiated 
materials.   

1. Introduction 

Liquid metal fast reactors, such as sodium-cooled fast reactors (SFR) 
are considered promising options for 4th-generation nuclear energy 
systems. Among the various liquid metal coolant materials under 
extensive research, sodium and lead-bismuth eutectic (LBE) have carried 
out experiment significant attention. The sodium possess unique char
acteristics as liquid metal coolants [1–3]. Liquid metal induces corrosion 
in materials, leading to dissolution of steel constituents such as nickel 
and chromium. Additionally, sodium offers benefits in terms of a large 
temperature difference between its melting and boiling points, which 
can be advantageous in terms of preventing pipe blockages and from a 
thermohydraulic perspective. Sodium is a highly effective heat transfer 
medium. The reactor core temperature ranges from 380 ◦C. to 600 ◦C 
which temperature has low dissolved oxygen concentration in the 
coolant. Although sodium has a reasonably low melting temperature, its 
low boiling point (883 ◦C) raises safety concerns related to coolant heat 
up during unprotected transients. Typical sodium velocities, in contrast, 
can reach up to 8–10 m/s, resulting in higher linear power being 
available and requiring a lower pitch-to-diameter ratio [4,5]. 

A wide range of engineering materials have been identified as being 
compatible with liquid alkali metals such as sodium, including stainless 
steels and low-carbon steels [6]. Among these materials, 

ferritic/martensitic steels (FMS) are particularly attractive for use as 
cladding and ducts in sodium-cooled fast reactors due to their high 
strength at high temperatures and good swelling resistance under irra
diation. However, the effect of sodium on the mechanical strength of 
steel is constrained by three factors.  

(1) Corrosion and mass transfer,  
(2) Decarburization and carburization, and  
(3) Non-oxidation (reducing atmosphere) by sodium. 

The mechanical strength of steels in a liquid metal environment is 
influenced by corrosion and leaching. In a high-temperature liquid 
metal environment, both ferritic and austenitic steel claddings undergo 
thickness reduction as a results of internal oxidation phenomena. It is 
worth noting that materials with higher carbon content exhibit a 
decarburization effect, leading to a more pronounced decrease in 
strength [7]. 

The corrosion behavior of FMS such as Gr. 92 and HT9 in oxygen- 
saturated liquid sodium at temperature of 650 ◦C and 550 ◦C was 
investigated by Shin et al. [8]. The study found that the corrosion of 
ferritic steels in high-temperature liquid sodium leads to the formation 
of Na-Cr-O compounds on the surface. These compounds can potentially 
influence the performance and efficiency of cladding materials. 
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The influence of irradiation on corrosion behavior has been widely 
reported [9,10]. Previous studies have investigated the irradiation 
assisted stress corrosion cracking in various environments and per
formed studies on crack formation in different reactor types by exper
imenting with various materials [11,12]. Based on previous research, it 
has been confirmed that irradiation effects are influenced by 
radiation-induced threshold chromium depletion, radiation hardening, 
localized deformation, selective internal oxidation, and irradiation 
creep [13,14]. 

Also, chromium leaching and precipitation can also in liquid metal 
environments, resulting in decreased strength and potential damage to 
the material [15]. While chromium is typically distributed within grain 
boundaries, its local depletion can occur in the vicinity of boundaries 
due to the formation of chromium compounds and oxides, thereby 
leading to localized deterioration and embrittlement of materials. In 
stainless steels, chromium depletion is widely recognized as a primary 
factor contributing to irradiation assisted stress corrosion cracking. 

In particular, the irradiation environment can cause radiation- 
induced segregation of Cr, which can further accelerate chromium 
depletion. In addition, irradiation hardening that occurs with chromium 
precipitation can affect the strength of the material [16,17]. This study 
was undertaken to enhance our comprehensive of the consequences 
effects between irradiation damage and liquid metal corrosion in ferri
tic/martensitic steels. The primary objective of this investigation is to 
ascertain the effect of irradiation conditions on the corrosion rate of 
these steels, with potential implications for the performance and dura
bility of cladding materials and other components employed in 
sodium-cooled fast reactors. 

2. Experimental 

2.1. Materials and specimen preparation 

The chemical composition of the specimens used in this experiment 
is shown in Table 1. This composition was measured by glow discharge 
optical emission spectroscopy (GD-OES). Materials used in the experi
ment were normalized and tempered grade 92 steel (Gr. 92), which is an 
ASTM A182 material, and HT9 steel, which is commonly used as a nu
clear material. The specimens were subjected to a normalization process 
at 1080 ◦C for 60 min, followed by tempering at 800 ◦C for 6 min to 
attain a martensitic structure [18]. Prior to proton irradiation, polishing 
was carried out sequentially using SiC grids of 320, 400, 800, and 1600, 
followed by a pretreatment utilizing diamond paste. And then the final 
polish was then applied using a gamma alumina (0.05 μm size) 
polishing. 

2.2. Proton irradiation 

To replicate the irradiated nuclear fuel cladding examined in this 
study, proton-irradiated FMS were used. To conduct the proton irradi
ation experiments, specimens were subjected to a 3 MeV proton beam at 
a dose rate of 1.2 × 10− 6 displacement per atoms/s at the Korea Multi- 
purpose Accelerator Complex (KOMAC) of the Korea Atomic Energy 
Research Institute. Total irradiation fluence is 0.5 × 1016 protons/cm2 

and 1 × 1016 protons/cm2. And both terms will be used interchangeably 
in the subsequent content. The irradiation temperature of the specimens 
was closely monitored and maintained at 380 ± 5 K throughout the 
experiment and irradiation were conducted in an atmospheric pressure 
environment. The irradiated specimens, after undergoing a stabilization 

period of approximately three months following irradiation, were 
received and utilized in the experiments. The irradiated surface area was 
measured approximately to be 50 mm2. 

The ion irradiation experiment was designed using the Stopping and 
Range of Ions in Matter (SRIM) code [19,20]. Additionally, 
Norget-Robinson-Torrens (NRT) equation was utilized to estimate the 
accumulated irradiation damage caused by proton-irradiation in terms 
of dpa [21,22], 

dpa=
0.8
2Ed

(
dE
dx

)

n

∅t

ρ (1)  

where Ed is the displacement energy, dE
dxn is the linear energy transfer 

(LET) per ion to target by nuclear processes, ∅t is the fluence per unit 
area, and ρ is the atomic density of each specimen. These terms were 
obtained from SRIM by summing up phonon and binding energy pro
files. The 3 MeV proton beams normal to Fe-12%Cr and Fe-9%Cr pro
duce relatively uniform damage profiles between 1 μm and 30 μm, with 
damage peaks occurring at approximately 38 μm. This depth range is apt 
for the sodium corrosion test (shown in Fig. 1). 

After the irradiation experiment, the specimen was subjected to ex
amination using a scanning probe microscope in atomic force micro
scopy (AFM) mode with the semi-contact technique. The surface 
morphology and roughness of the FM steel were investigated using AFM 
(Bruker Corporation, Multimode V) after proton irradiation with vary
ing fluences. Multiple AFM scans were conducted on a 10 μm x10 μm 
area for each condition of the specimen. Morphology images were ob
tained with a force constant of approximately 0.4 N/m. The surface 
roughness was quantified using the root mean square (rms) roughness, 
which was determined through 3D imaging using AFM software. To 
eliminate features such as surface noise and undulations, a combination 
of a first-order least square method and Gaussian filter was applied. This 
approach enbled the calculation of the precise rms value of the surface. 
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where N is the number of intervals across the interface and y is the 
interface height at a given point. 

Ex situ investigations were conducted to characterize the precipitate 
utilizing various techniques, including scanning electron microscopy 
(SEM), energy-dispersive X-ray spectroscopy (EDS), and transmission 

Table 1 
Chemical composition of the specimens (wt.%).   

C Si Mn Cr Ni Mo W V 

Gr. 92 0.08 0.20 0.42 8.71 0.10 0.35 1.60 0.17 
HT9 0.20 0.15 0.48 12.03 0.45 0.50 1.58 0.21  

Fig. 1. The calculated damage profile (Stopping and Range of Ions in Matter) in 
Gr. 92 irradiated with 3 MeV protons. The damage peak occurs around 38 μm 
into the sample and uniform damage occurs between 1 μm and 30 μm. 
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electron microscopy (TEM). For TEM analysis, the samples were pre
pared using the focused ion beam (FIB) milling method. To prevent 
surface contamination from impurities and minimize ion beam-induced 
damage during the FIB process, a carbon coating was applied to the 
specimen surface. The samples were then precisely cut and thinned 
utilizing gallium ions. The FIB samples were meticulously prepared 
using a Quanta 3D FEG dual-beam FIB instrument. 

2.3. Micro hardness measurement 

To measure the microhardness at room temperature, the Vickers 
hardness was determined using a diamond indenter. A load of 1 kgf was 
applied to the specimen to measure the hardness, and five points were 
measured on each specimen to obtain an average value and evaluate the 
level of error. The hardness was calculated using the following equation, 

HV =
F
A
=

1.8544F
d2

[
kgf

mm2

]

(3)  

where F represents the applied load in kgf. A represents the cross- 
sectional area, and d represents the length of the cross-section, 
expressed in mm. 

2.4. Corrosion test 

To maintain the saturation of dissolved oxygen in sodium, a gas 
mixture of oxygen and helium was bubbled into the autoclave con
taining sodium, which was located within an environmentally 
controlled glove box. The autoclave was fabricated using 316L stainless 
steel, while an alumina crucible container was utilized to restrict contact 
between sodium and the 316L autoclave. The experimental temperature 
was maintained at 650 ◦C throughout the 300-h duration. Temperature 
control was achieved using a PID system coupled with a K-type ther
mocouple immersed in the sodium-filled container weighing 0.8 kg. The 
specimens were exposed to the sodium environment for 300 h, respec
tively, in order to accelerate oxidation under the corrosive environment 

by utilizing oxygen-saturated sodium [23,24]. 

3. Results 

3.1. Irradiation effect on FMS 

In Fig. 2 shows AFM morphology depicting the varied morphologies 
observed after the irradiation experiment on the Gr. 92 specimen. The 
AFM images depict the surface morphology of the specimens before and 
after proton irradiation. As observed in the figures, the surface pro
trusions and the rms roughness of the specimens increased due to the 
formation of precipitates after irradiation. Indeed, an increase in rms 
roughness was observed with an increase in irradiation fluence, indi
cating a rougher surface. These observations align with the results ob
tained from SEM images and TEM analysis. Ion irradiation not only 
increases surface roughness by causing collisions with the metal surface 
but also promotes the formation of precipitates, which further alters the 
surface roughness. As a result, the effective surface area increases, 
potentially influencing corrosion behavior. Moreover, ion irradiation 
can act as a contributing factor in increasing the pathways for oxygen 
penetration. 

The investigation experiments were performed using a proton beam 
source with an energy of 3 MeV, and the surface analysis results can be 
seen from Fig. 2. The rms of surface roughness values for unirradiated, 5 
× 1015 protons/cm2 irradiated, and 1016 protons/cm2 irradiated speci
mens were determined to be 1.51 nm, 5.84 nm, and 8.14 nm, indicating 
an overall increase in surface roughness. The three-dimensional visual
ization allowed for the observation of surface roughness changes. As 
mentioned earlier, it appears that the increased formation of precipitates 
had a significant impact on the surface roughness. However, it is 
important to note that the doubling or quintupling of the rms values 
does not necessarily imply a proportional increase in the corrosion rate. 
It is necessary to differentiate and understand these factors accordingly. 

The SEM images and TEM images are discussed to investigate the 
irradiation effect on precipitate formation in Gr. 92 (Figs. 3 and 4). From 

Fig. 2. Atomic force microscopy image of the surface of (a) unirradiated Gr.92 specimen, (b) 5 × 1015 protons/cm2 irradiated Gr.92 specimen, and (c) 1016 protons/ 
cm2 irradiated Gr. 92 specimen. 
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the TEM analysis, it is observed that chromium precipitates known as 
M23C6 (M; Fe, Cr, W, mainly Cr) were formed and coarsened with the 
irradiation of the specimen, which is similar to the trend observed in the 
results of the SEM-EDS analysis. According to Jiao and He et al. M23C6 
precipitates increase when exposed to irradiation [25–27]. Coarser 
precipitates were observed along prior austenite grain boundaries and 
along sub-grain boundaries, examined using atom probe tomography. 
Hence, the increase in carbon and chrome concentrations might be the 
reason for the slight coarsening of the precipitation under the effect of 
diffusion enhanced by proton irradiation. 

The EDS results in Fig. 4 confirmed that the precipitates were iden
tified as M23C6 carbides, which was further supported by the matching 
diffraction patterns analyzed in Fig. 5. The d-spacing at position A was 
explained using JCPDS reference data for diffraction analysis (14–0407, 
003–1176, 003–1172; Cr23C6). Additionally, Fig. 5 clearly demonstrated 
the increased presence of M23C6 carbides after proton irradiation. 

3.2. Irradiation damage in the absence of dislocations 

The density of dislocation loops increased between unirradiated 
environment and 5 × 1015 protons/cm2 irradiated, and 1016 protons/ 
cm2 irradiated for the Gr. 92 specimen. TEM measurements of the 
irradiated specimens were performed at various magnifications to 
confirm the presence of dislocation loops in the specimens. Dislocation 
loop size and number generally increased with increasing dose. Fig. 6 
shows dislocation loops in the specimen. 

Numerous investigations, including those conducted on diverse 
steels like austenitic steel and ferritic/martensitic steel under various ion 
irradiation conditions, suggest that proton irradiation, similar to 
neutron irradiation, primarily induces the formation of dislocations and 
dislocation loops within steels. Dislocation channels serve as pathways 
for dislocation slip. However, the dislocations and dislocation loops 
largely constrained within the channels due to the presence of a harder 
matrix, resulting in the generation of larger slip steps. 

3.3. Corrosion behavior of irradiated FMS 

To evaluate the impact of irradiation, a corrosion experiment was 
conducted by immersing the samples to a high-temperature liquid so
dium environment at 650 ◦C for a duration of 300 h. Subsequently, the 
weight change resulting from metal loss and the formation of reaction 
layers on the specimens were quantified [1,28,29]. 

Fig. 7 shows the FIB images of both unirradiated and irradiated Gr. 
92 specimens. In the images, dark regions represent chromium-rich 
zones, which measure approximately 9.98 μm, 11.64 μm, and 12.32 

Fig. 3. Secondary electron images of (a) unirradiated Gr.92 specimen, and (b) 
1016 protons/cm2 irradiated Gr. 92 specimen. 

Fig. 4. Bright-field transmission electron microscopy image and EDS analysis 
results of cross-section of 1016 protons/cm2 irradiated Gr. 92 specimen under 
irradiation. 
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μm in thickness for the unirradiated, 5 × 1015 protons/cm2 and 1 × 1016 

protons/cm2, respectively. The chromium-rich zones on the irradiated 
specimen are thicker compared to those on the unirradiated specimen, 
primarily due to an extended corrosion path. EDS analysis findings 
presented in Fig. 8 indicate the presence of sodium chromite oxide. 
Moreover, the line profiling results in Fig. 7 demonstrate the formation 
of a chromium-rich phase known as NaCrO2. These outcomes provide 
evidence that sodium and oxygen are the driving factors behind the 
development of the chromium-rich zones [23,30]. 

The presence of oxygen in liquid sodium manifests in the form of 
Na2O. The formation of sodium chromite occurs through the reaction 
described in Equation (4). Chromium, being a highly reactive element 
with strong oxide-forming characteristics, readily interacts with the 

Na2O dissolved in sodium, resulting in the formation of NaCrO2, as 
depicted in Equation (5). NaCrO + exhibits greater stability in liquid 
sodium compared to Na2O. 

2Na(l)+
1
2
O2→Na2O(s) (4)  

2Na2O(soln.)+Cr(s)→ NaCrO2 + 3Na(l) (5)  

In order to explain the presence of NaCrO2 in FMS specimens, Energy- 
Dispersive X-ray Spectroscopy (EDS) analysis was conducted along 
with X-ray profiling analysis. The EDS analysis confirmed the formation 
of sodium-chromium-oxygen compounds on the specimen surface, with 
detected peaks corresponding to oxygen, sodium, and chromium at 
precise locations. Subsequently, X-ray Photoelectron Spectroscopy 
(XPS) analysis was performed on the specimens exposed to 650 ◦C 
oxygen-saturated sodium for 300 h, including measurements, C 1s, O 1s, 
Na 1s, and Cr 2p spectra. The XPS spectra obtained from Fig. 9 
confirmed the presence of NaCrO2 compound on the specimen surface. 
Remarkably, the NaCrO2 compound was found to be attached to the 
specimen surface. Furthermore, individual spectra for sodium, chro
mium, carbon, and oxygen were obtained to investigate the possibility of 
compound formation through the reaction between the specimens and 
high-temperature sodium. 

The weight change of the specimens were measured after exposure to 
high-temperature liquid sodium for 300 h. Three specimens were used, 
and measurements were conducted three times for each specimen to 
obtain an average value for evaluation. The findings, including the 
corrosion rate of chromium content and radiation damage amount, are 
summarized in Table 2. The results reveal that the irradiated specimens 
exhibit more weight loss than the unirradiated specimens. Additionally, 
the Gr. 92 specimen demonstrates a more significant weight loss than 
the HT9 specimen, which may be attributed to the disparity in chro
mium content. 

4. Discussion 

Proton irradiation offers advantages over electron, heavy ion, and 
neutron irradiation, addressing their respective limitations. When 
operated at low energy (1–10 MeV), protons can achieve a penetration 
depth exceeding 100 μm, and the resulting damage profile exhibits a 
relatively flat distribution compared to other ions and electrons, 
resulting in dose rate variations of only a few tens of μm. Hence, proton 
irradiation provides an ideal experimental approach to investigate the 
combined effects of irradiation and liquid metal corrosion on FMS. The 
high-temperature liquid sodium induces material dissolution and 
oxidation, and it reacts chemically with the elements present within the 
material, leading to the formation of precipitates. These effects accel
erate the corrosion process [23]. 

4.1. Effect of irradiation on surface morphology of FMS 

The irradiation variables on surface and subsurface changes in ma
terials can determine the individual processes such as corrosion 
behavior or diffusion transition by the change path. Proton irradiation 
produces isolated point defects and small widely spaced cascades, which 
are caused by coulomb interaction. 

Proton irradiation damage in materials arises from collisions with 
nuclides, and then the reactions produce vacancy and interstitial atom. 
Interaction of radiation protons with a crystal lattice gives rise to defects 
or imperfections such as vacancies, interstitial atoms, ionization and 
electron excitation of lattice atoms. Those defects can produce irradia
tion damage to the material, which can influence the roughness and 
morphology at the surface of the specimen and displaced atoms in the 
material. 

Corrosion rate is highly related to the surface condition of the 
specimen. From the roughness measurement, high radiation damaged 

Fig. 5. (a) Bright-field transmission electron microscope image of 1016 pro
tons/cm2 irradiated Gr. 92 specimen. The diffraction pattern was analyzed at 
the region marked with yellow box and the result showed in inset. The 
diffraction patterns clearly show that has d-spacing of Cr23C6, (b) M23C6 car
bides at the un irradiated specimen. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the Web version of 
this article.) 
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FMS have higher roughness than low radiation damaged FMS and un
irradiated FMS. Typically, surface roughness influences corrosion, as an 
increase in the surface area in contact with a material allows for a 
broader active site for reactions. Consequently, in this study, where 
specimen surface roughness varies due to irradiation, the corrosion 
behavior of irradiated specimens is expected to differ from that of un
irradiated specimens. This variance is attributed to the enhanced active 
surface area, which facilitates greater interaction with corrosive ele
ments, potentially leading to accelerated corrosion processes. According 
to previous literatures, the variation in surface roughness of the tested 
specimens has an influence on pitting corrosion [6,7]. As observed in 
previous studies, a smoother surface of the specimens reduced the 
incidence of pitting corrosion, indicating the effect of surface roughness 
on pitting corrosion in stainless steel. Therefore, in this experiment, it is 
anticipated that surface roughness also contributes as one of the factors 
accelerating corrosion [31–34]. 

4.2. Effect of chromium precipitation on corrosion characteristics of FMS 

Irradiation can trigger the formation of precipitates in materials, 
leading to radiation-induced segregation and precipitation. These phe
nomena are significant concerns in structural materials exposed to 
irradiating environments. Alterations in the composition of grain 
boundaries can create an unstable environment through modifications 
in microstructure and susceptibility to various processes. According to 
Gupta et al. the behavior of chromium in chromium alloys containing 
9–12 wt% chromium content can induce the formation of chromium- 
rich phases, which can lead to the possibility of chromium depletion 
at grain boundaries [35]. 

The precipitation of M23C6 carbides along the grain boundaries and 
the subsequent depletion of chromium in these regions can induce 
sensitization of the material, leading to potential strength reduction and 
degradation. Previous studies have reported that irradiation of FMS 
results in chromium depletion along grain boundaries at different irra
diation doses [17]. Under irradiation, precipitate phases, such as Cr23C6, 
undergo growth in size, changes in number density, and composition. 
Irradiation is known to be possible to accelerate the formation of 
chromium-rich precipitates through radiation-enhanced diffusion, 
radiation-induced precipitation and radiation-back diffusion [25–27, 

36]. In steels, radiation-induced segmentation is a phenomenon in 
which interstitial atoms preferentially migrate to sinks under irradia
tion, reading to chromium depletion in the vicinity of the sink. Classical 
radiation-induced precipitation theories [21,37] can be used to explain 
the observed Cr23C6 precipitation in this study. The ion irradiation can 
induce the formation of chromium-rich precipitates in Fe-Cr alloy, 
which can have an impact on the material properties. 

4.3. Chromium effect on corrosion 

According to Shin et al., 9 wt% Cr steel and 12 wt% Cr steel show 
similar corrosion behavior. However, the corrosion rates of Cr steels 
differ. 9 wt% Cr steel has a higher corrosion rate than 12 wt% Cr steel in 
a high temperature sodium environment [28]. Chromium content has 
been widely known to resist corrosion. In addition, it is used as a 
corrosion resistant elemental material in various industries and research 
fields. The effects of chromium content on the weight loss behavior of 
ferritic stainless steel concluded that the material containing higher 
chromium content has less corrosion behavior than the material con
taining lower chromium content. The reason is that the extent of 
dissolution into the liquid metal is influenced by the composition of 
chromium in the base material [38]. A previous study showed that metal 
loss and weight change behaviors of ferritic stainless steel are continu
ously affected when the chromium content increases from 5 wt% to 15 
wt% [39]. Further, M23C6 precipitates were formed more than unirra
diated materials, causing local depletion of chromium. The chromium 
content is the major parameter for the corrosion resistance of stainless 
steels; the local decrease of chromium allows pre-irradiated corrosion 
along the grain boundaries. In irradiating environments, Cr-rich phases 
and precipitates have been reported in FMS; the authors suggested that 
those could provide sites for chromium segregation and play an 
important role in the materials [40–42]. 

Considering the presence of iron, nickel, and chromium atoms in the 
liquid metal corrosion system, the observed outcomes align with the 
known diffusivity characteristics of these solutes within iron, nickel, and 
chromium. Notably, nickel exhibits slower diffusion, chromium displays 
faster diffusion, and iron falls somewhere in between. Consequently, 
chromium depletion occurs at grain boundaries as the initial phenom
enon. This process significantly influences the corrosion behavior of 

Fig. 6. TEM images of unirradiated Gr.92 specimen and irradiated Gr.92 specimen defects such as dislocation observed at 5 × 1015 protons/cm2 and 1 × 1016 

protons/cm.2. 
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materials within liquid metal systems. 

4.4. Increasing the corrosion path 

Na2O infiltrates the metal matrix through boundaries such as prior 
austenite grain boundaries and martensite lath boundaries. The NaCrO2 
compound is formed on the surface of the specimen, and it originates 
from prior austenite grain boundaries and lath boundaries, facilitating 
subsequent diffusion into the matrix. 

The augmentation of diffusion and the amplification of corrosion 
potential in irradiated materials can be attributed to two factors: (1) the 
higher concentration of defects, such as vacancies and interstitial sites, 

and (2) the formation of diffusion paths like dislocation and precipitates. 
The diffusion of lattice atoms, facilitated by the vacancy mechanism, is 
described by the following: 

Da = fvDvCv (4)  

where fv is the correlation coefficient, Dv is the vacancy diffusion coef
ficient, and Cv is the vacancy concentration. Nonetheless, in the presence 
of radiation damage, the diffusion mechanism is governed by an 
augmented process whereby the diffusion of atoms within materials is 

Fig. 7. FIB-SEM images of (a) unirradiated, (b) 5 × 1015 protons/cm2, and (c) 
1 × 1016 protons/cm2 irradiated Gr. 92 specimen after 300 h exposure in 650 ◦C 
oxygen-saturated sodium. The vertical arrow bars indicate the depth of the 
chromium-rich zone from the surface of the metal. 

Fig. 8. FIB-SEM image of the microstructure of unirradiated Gr. 92 specimen 
after exposure to 650 ◦C sodium for 300 h: (a) SEM image and (b) EDS profiles 
across the interfacial region between the liquid sodium-affected metal surface 
and the steel substrate. 

Fig. 9. XPS spectra of 1 × 1016 protons/cm2 irradiated Gr. 92 specimen surface 
after 300 h exposure to 650 ◦C oxygen-saturated sodium modified 
NaCrO2 compounds. 
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intensified through the emergence of new pathways facilitated by defect 
species. 

Dirradiated
a = fvDvCv + fiDiCi + f2vD2vC2v + f2iD2iC2i + ⋯ (5) 

Within the context of radiation-enhanced diffusion, the equations 
governing defect balance yield both transient and steady-state solutions 
[43,44]. In the current investigation, the proton-irradiated FMS has 
revealed the formation of defect channels, wherein dislocations effec
tively clear out irradiation-induced defects within a narrow channel, 
thereby establishing a pathway that facilitates the easy gliding of 
additional dislocations. 

4.5. Irradiation hardening 

Fig. 10 shows the comparison of hardness of Gr. 92 specimen before 
and after proton irradiation test. A significant hardness change was 
observed for irradiated specimens at indentation depths. After irradia
tion to 5 × 1015 protons/cm2 and 1016 protons/cm2, the microhardness 
increased by 38.5 HV and 90.2 HV, respectively. The irradiation envi
ronment did not exert any influence on the hardness due to changes in 
grain size. The micro-indentation exhibited dimensions smaller than the 
grain size in both conditions. 

5. Conclusions 

In this study, unirradiated FMS specimens and irradiated FMS 
specimens were exposed to a high-temperature liquid sodium corrosive 
environment to investigate the consequences effects of both conditions 
saturated with oxygen for a duration of 300 h. At the same time, 
microstructural analysis was conducted to study the corrosion behavior 
and penetration depth. Additionally, the effects of radiation-induced 
precipitation on FMS due to proton irradiation were examined using 
comprehensive and incidence techniques. To summarize, the conclu
sions are as follows.  

(1) The weight loss measurement showed that materials have 
reduced chromium content show more significant weight loss 
under proton irradiation.  

(2) In all FMS specimens exposed to sodium, the presence of the 
M23C6 (Cr23C6) precipitate was observed at the interface between 
the Cr-depleted zone and the material matrix.  

(3) Microstructural evaluation revealed the existence of chromium- 
rich zones beneath the surfaces of both irradiated and non- 
irradiated materials. Notably, the irradiated specimens exhibi
ted chromium-rich zones with greater depths compared to the 
non-irradiated specimens.  

(4) Proton irradiation was formed to (a) the increase of surface 
roughness, (b) the formation of M23C6, (c) the increase of dislo
cation and dislocation loops in steel, and (d) the formation of 
potential paths for corrosion by radiation defects, which are 
caused by irradiation. 

(5) A significant hardness change was observed for irradiated spec
imens at indentation depths. 
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