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ABSTRACT: The self-healing capability of point and extended
defects that are introduced by energetic particle irradiation is a
desired behavior to be attained in the design and selection in
potential materials for application in extreme environments.
Nanoporous materials have a potential for achieving higher
radiation tolerance due to the presence of many active unsaturable
surfaces to which defects may di�use and thus be e�ectively
annihilated. The e�ects of heavy ion collisions in the lattice of
functional AISI-316 steel nanoparticles (NPs)�which serve as a
model for the ligaments in a nanoporous�are herein investigated
in situ within a transmission electron microscope. Comparisons are
made directly with AISI-316 steel in the form of foils, and the results show that the fewer radiation-induced defect clusters form in
the NPs and that small NPs (r < 50 nm) were observed to accumulate fewer defects when compared to larger NPs. Post-irradiation
analytical characterization within a scanning transmission electron microscope revealed that the AISI-316 steel NPs may develop a
radiation-induced self-passivation driven by a solute-drag mechanism: an e�ect that can potentially enhance their radiation corrosion
resistance in the expected extreme conditions of a reactor. The capability of an NP to self-heal irradiation-induced point defects is
investigated using the cellular model for active internal and surface sinks. The design of functional nanoscale materials for extreme
environments is discussed.
KEYWORDS: nanoporous materials, nanoparticles, radiation damage, ion irradiation, transmission electron microscopy

1. INTRODUCTION
The properties exhibited by 300-series austenitic stainless steels
such as high resistance to corrosion and creep have historically
promoted the use of these steels as a structural material in
current light water reactors (LWRs) and fast reactors. These
austenitic stainless steels are also under consideration for
application in advanced nuclear reactors such as Generations III
+, IV, and fusion reactors.1�5 The internal components of future
nuclear reactors will be subjected to extreme service conditions
of high radiation damage doses up to 80 displacements per atom
(dpa), at elevated temperatures that pose a signi�cant challenge
for the design of future functional nuclear materials.6�11

In 1993 Lucas12 assessed the overall e�ects of irradiation on
the mechanical properties of austenitic stainless steels, and
Garner13 recently reviewed the state of the art on their design
and application in the nuclear industry with a particular focus on
radiation damage e�ects. The majority of studies have reported
that the formation of point defects such as vacancies, interstitials,
and extended defects such as dislocation loops resulting from
radiation damage induce extensive microstructural changes in
the austenite phase.13�20 Radiation induced-segregation (RIS)
and -precipitation (RIP)�which are unexpected chemical
instabilities at a point defect sink such as a grain boundary or

in the metastable austenite matrix�have been known to occur
in 300-series steels21�31 and are considered to be the cause of
many detrimental e�ects on their mechanical properties such as
irradiation-assisted stress corrosion cracking (IASCC) and
severe irradiation hardening.12,32,33 Transmutation products
such as He (due to the presence of Ni in solid solution) and Xe
(arising from nuclear fuels based on uranium) are known to
induce the formation of nanometre-sized bubbles, whose growth
can a�ect the dimensions of the structural components due to
swelling.34�40 Eventually, the accumulation of displacement
damage (e.g., manifested as dislocation loops and stacking
faults) and inert gas bubbles (and voids) can cause severe
embrittlement of the austenite matrix.20,31

Given the challenges associated with radiation damage
buildup in the 300-series stainless steels, it is clear that the
existing materials solutions do not meet the requirements of
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future nuclear reactors. The solution calls for the design of
advanced materials tolerant to high radiation doses in the order
of hundreds of dpa without signi�cantly changing either their
thermal or mechanical properties by controlling the damage
buildup caused by atomic displacement and migration of
defects. This remains a signi�cant challenge, which has
motivated numerous innovative approaches toward the design
of radiation-resistant or immune materials. A �eld that is having
a signi�cant impact on the design of new materials is
nanoprocessing, which allows metallurgists and materials
scientists to manipulate the microstructure of alloys at the
atomic scale. Most of the innovative radiation-resistant
approaches exploit the use of di�erent types of defect sinks,
such as twin boundaries (TB),21,31 grain boundaries
(GB),14,41�43 and phase boundaries (PB).

Ongoing studies have shown that nanoporous materials may
exhibit enhanced radiation resistance17,44�47 due to their large
surface area, which may be an unsaturable sink for point defects
and their clusters and for the di�usion of gases from
transmutation reactions. An idea that has been proposed
regarding the development of nanoporous structural materials
in nuclear fuels is that they are capable of alleviating fuel swelling
caused by the accumulation of �ssion gas:45 a long-standing
problem within the �eld. For nanoporous materials to have
improved radiation tolerance, they require both that the defects
have su�cient mobility to migrate to the surfaces and that the
ligament morphology does not change drastically when
subjected to energetic particle irradiation environments.

Transmission electron microscopy (TEM) with in situ heavy-
ion irradiation is used in this study to track the real-time
radiation damage e�ects on nanoparticles made of AISI-316
austenitic stainless steel, within the Microscope and Ion
Accelerator for Materials Investigations (MIAMI facility48).
These nanoparticles (NPs) were used as a model system to
simulate individual ligaments of a hypothetical design of a
nanoporous AISI-316 steel alloy. Such NPs have the advantage
of revealing the behavior of individual ligaments without the
interference of others, and as such the atomistic properties and
changes of each ligament can be analyzed instantaneously. To
establish a possible higher radiation tolerance of the AISI-316
NPs, the results were compared with irradiations carried out of
an electron-transparent foil of the AISI-316 steel (used to
represent a bulklike AISI-316) under identical irradiation
conditions. Scanning transmission electron microscopy

(STEM) coupled with super-X energy dispersive X-ray spec-
troscopy (EDX) was used post-irradiation, to better understand
the e�ects of the irradiation on the AISI-316 NPs. The results
obtained in this present work are discussed along with previous
reports on the radiation tolerance of elemental metal nano-
particles in the context of the design for future functional nuclear
materials including possible concerns arising around the
recyclability of nanoengineered materials.

2. EXPERIMENTAL SECTION
2.1. Sample Preparation. The AISI-316 NPs were supplied by the

American Element Company with sizes ranging from 30 to 150 nm in
diameter, while the AISI-316 steel foils were obtained from the Alfa
Caesar Company with both materials�foils and NPs�having the
same nominal composition. Electron-transparent discs were prepared
from the foils by electropolishing with an electrolyte solution made
from 10% perchloric acid and 90% methanol using a TenuPol-5 jet
electropolisher to a �nal thickness of 60�90 nm at the thinnest edges.
The electrolyte bath temperature was kept below 243 K and an electric
potential of 40 V. The electropolished discs were then rinsed in three
successive methanol baths and then left to dry in air before the NP
powder was dispersed onto them. To avoid any “shadowing” of the ion
beam during the irradiation experiments, only the NPs protruding at the
thin edges of the foil and foil regions without the NPs were analyzed.
Scheme 1 is an illustration of the processes involved in obtaining
transparent samples used for the irradiation and TEM analyses.

2.2. In Situ TEM Ion Irradiation and Radiation Damage
Calculation. In situ TEM experiments on the foils and NPs were
performed using the MIAMI-2 system,48 which is composed of a 350
kV ion accelerator integrated with a Hitachi H-9500 TEM. The TEM is
equipped with electron energy loss spectroscopy (EELS) and energy-
�ltered transmission electron microscopy (EFTEM) that were used for
estimating the thicknesses of the foils. For the irradiations performed in
the present work, a Xe ion beam with energy of 300 keV was used. The
average ion �ux measured at the specimen position within the TEM was
1.3 × 1013 ions·cm�2·s�1. The samples were at room temperature during
the experiment and analyses.

The Stopping and Range of Ions in Matter (SRIM) Monte Carlo
program49 was used to calculate the damage density and implantation
ion concentration for 300 keV Xe ions in the AISI-316 samples. The
SRIM program calculates the damage and ion distribution in the
material by assuming an in�nite length in the Y and Z directions, with a
�nite thickness in the X direction. This works well for foil samples with
large Y and Z directions compared to the sample thickness. When this
approach is applied to spherical NPs, however, with their narrow and
de�ned Y and Z dimensions, collision events may be calculated in
volumes that the NP will not occupy, and the recorded results will be
inaccurate. To account for the dimensions of the NPs, a Spherical Ion

Scheme 1. Schematic Illustration of the 316 Steel Sample Preparation using the Electropolishing Process
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Calculation Modi�er (SICMOD) Python script has been developed,
the details of which can be found elsewhere.47

Figure 1 shows the SRIM-SICMOD damage pro�les for (a) a 30 nm
diameter AISI-316 steel NP and (b) a 75 nm diameter (the average
radius measured in this work) AISI-316 steel NP. The damage densities
were calculated using the stainless steel model from SRIM with

displacement energy of 40 eV using the “full cascade” damage
calculation mode. The pro�les reveal a variation in damage densities
and distribution for the two NPs of di�erent sizes, with the 30 nm NP
having a much lower damage density compared to that of the 75 nm
NP, due to the reduced probability of an incident ion stopping and
depositing all its energy within the smaller NP.

Figure 1. (a) SRIM-SICMOD reconstructed damage pro�le for AISI-316 NPs with diameters of (a) 30 nm and (b) 75 nm as irradiated with 300 keV
Xe ions.

Figure 2. Pre-irradiation characterization of typical AISI-316 steel NP after dispersion in the austenite matrix. STEM-EDX analysis shows the
elemental distribution of di�erent elements within the NP as-dispersed. The histogram of size distribution for the AISI-316 steel NPs investigated in
this study is also shown.
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2.3. Post-irradiation Characterization. After irradiation, samples
were further characterized in a Thermo Fisher Scienti�c Talos F200X
S/TEM that uses a �eld-emission gun source and operates at 200 kV.
The microscope is equipped with EDX super-X detectors for
spectroscopy analysis, which was used to generate elemental maps of
both the irradiated AISI-316 steel foil and the NPs. The high-angle
annular dark-�eld (HAADF) and bright-�eld (BF) detectors were also
used in STEM mode to image the AISI-316 steel NPs. Quanti�cation of
radiation-damage-induced extended defects such as the density of black
dots (damage clusters) and dislocation loops was performed using the
in situ TEM heavy-ion irradiation images from various NPs with an
average diameter of 75 nm and by averaging measurements of di�erent
areas in the foil.

3. RESULTS
The present study was subdivided into pre-irradiation character-
ization, in situ TEM heavy-ion irradiation, and post-irradiation
characterization of the AISI-316 steel NPs. The analyzed NPs
were located at the edges of the specimen.

3.1. Pre-irradiation Characterization. Figure 2 shows
TEM images of a typical AISI-316 steel NP before irradiation
and a size distribution of the NPs that were analyzed. HAADF
and BF images in Figure 2 reveal that the AISI-316 steel NPs
self-passivate: a discrete and small enrichment of oxygen can be
noticed at the surfaces with a thickness of �3 nm. The histogram
represents the size distribution (diameter) for 347 AISI-316
steel NPs that were analyzed in this study, with an average size of
�75 nm. The elemental analyses show that all the alloying
elements are uniformly distributed throughout the NP, and
neither segregation nor phase partition was observed. Using the
STEM-EDX maps, it was possible to estimate the elemental
composition of the AISI-316 steel NPs investigated in this work.
Assuming an average diameter of 75 nm for an NP (and equal
projected area in the foil), a density of 8.0 g·cm�3 and using the
Brown-Powell ionization cross-section,49 the elemental compo-
sition of the AISI-316 steels is shown in Table 1. For
comparison, the nominal composition of the AISI-316 steel as
declared by the manufacturer is also shown.

3.2. In Situ TEM during Xe Ion Irradiation. Figure 3
shows a progressive evolution of the damage as a function of

�uence in both AISI-316 steel NPs and the foils irradiated with
300 keV Xe ions at room temperature. Figure 3a,e represents the
BFTEM images for the AISI-316 steel NPs and the foil before
irradiation, respectively. Both NPs and the foil were observed to
have a small density of pre-existing defects. The irradiation-
induced microstructural changes in the NPs and foil are
compared in Figure 3b�d and 3f�h, respectively, by using two
sets of BFTEM images of the same regions obtained from in situ
TEM heavy-ion irradiation at di�erent �uences.

The experimental observations in Figure 3 focus on the
evolution of dislocation loops and their population (referred to
as number density in the subsequent text) as a function of
�uence in AISI-316 steel NPs and the foils. At the beginning of
the irradiation�at a �uence of 1 × 1014 ions·cm�2�as seen in
Figure 3b, there is an emergence of defect clusters and
dislocation loops in the NPs. As the �uence increases (Figure
3c) the number density of these loops increases, but at the
highest �uence analyzed�1 × 1015 ions·cm�2�there are only a
few scattered dislocation loops observed in some of the NPs as
shown in Figure 3d: at the end of the irradiation, most of the
dislocation loops formed within the AISI-316 steel NPs have
vanished. Over the entire irradiation experiment (as observed in
the in situ TEM Xe ion irradiation, video 1) it was observed that,
as soon as the defects form in the NPs, they start migrating to the
nearest surface.

This process of formation and absorption of dislocation loops
at surfaces was observed to be continuous during the entire
irradiation process in all the NPs. Similarly, at the beginning of
the irradiation, defects with an elliptical-shaped loop are
observed to form at a �uence of 1 × 1014 ions·cm�2 in the
AISI-316 steel matrix as shown in Figure 3f. At a �uence of 5 ×
1014 ions·cm�2, a large number density of both elliptical loops
dominates the microstructure of the austenite foil matrix phase,
reaching a saturation point at �1 × 1015 ions·cm�2 as shown in
Figure 3h. The in situ TEM Xe irradiation video (video 2) shows
the rapid increase and saturation in the density of the dislocation
loops with �uence in the foil matrix. The in situ videos also show
reduced migration of the defects in the foil after their formation
compared to the migration in the NPs at any particular �uence.

Table 1. Nominal and Measured Elemental Composition (wt %) of the AISI-316 Steel Foil and NPs

alloying element Fe Cr Ni Mn Mo Si C Cu P

AISI-316 (nominal) Bal. 18.8 14.0 2.0 1.6 0.59 0.09 0.09 0.04
AISI-316 (measured) Bal. 18.5 ± 3.0 10.8 ± 1.7 0.9 ± 0.1 2.7 ± 0.5 0.4 ± 0.1

Figure 3. In situ BF-TEM images showing a progressive comparison of the microstructural evolution of (a�d) AISI316 steel NPs and (e�h) the AISI-
316 steel matrix irradiated with 300 keV Xe at di�erent �uences. Note: the scale bar in (a) applies to all the images.
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