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The evaluation of irradiation hardening and embrittlement is critically important for the development of next-
generation nuclear structural materials tolerant to neutron irradiation. This review summarizes research progress on
experimental observations aimed at elucidating the mechanisms of radiation-induced hardening in ion-irradiated
materials, focusing on the correlation between irradiation effects and mechanical property changes. We present the
basic information for the application of ion irradiation and nanoindentation techniques to characterize the
mechanical properties of nuclear structural materials. The effects of irradiation on advanced structural materials,
including oxide dispersion strengthened (ODS) austenitic steels, ferritic-martensitic steels, and high-entropy alloys,
are analyzed. The dependence of hardening parameters on the irradiation dose and their relationship with
microstructural evolution are examined. Findings indicate that these advanced alloys exhibit reduced susceptibility
to irradiation-induced hardening compared to conventional austenitic stainless steels.

INTRODUCTION

The longevity of structural materials used in the
current fleet of water-cooled reactors, as well as in
advanced fission and future fusion reactors, is hindered
by radiation-induced degradation. The operating
conditions of these materials, including high
temperatures and corrosive coolants, further exacerbate
this issue [1, 2]. To address this challenge, predicting
the response of materials to high levels of irradiation
damage is crucial for both the life extension of current
reactors and the development of next-generation
reactors. Fig. 1 illustrates the temperature and dose
ranges for a variety of nuclear reactors. In comparison
to current water-cooled reactors, all advanced reactor
designs are intended to operate at elevated temperatures
and significantly higher levels of radiation exposure.
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Fig. 1. Temperature and dose ranges for various
nuclear reactors [2]

Understanding the evolution of microstructure and
microstructure-related  degradation mechanisms s
essential for ensuring reliable performance of materials
at high displacements per atom (dpa) and temperatures.
This knowledge is critical for mitigating the detrimental
effects of radiation-induced damage on structural

materials, thereby ensuring the safe and efficient
operation of nuclear reactors.

During the long-term operation of nuclear reactors,
high-energy neutron irradiation results in atomic-level
changes in the crystalline structure, with the nucleation
of defects such as dislocation loops, stacking faults,
bubbles, and voids. These defects significantly impair
the physical properties of reactor materials, leading to
issues such as swelling, irradiation hardening,
embrittlement, and irradiation creep [3]. Irradiation
hardening is a critical phenomenon observed in nuclear
structural materials that increases the yield strength of
the material, but simultaneously reduces the ductility
and causes embrittlement.

Ion irradiation is a commonly employed technique
for simulating neutron damage under reactor conditions.
Among the various methods utilized to study the
irradiation hardening phenomenon, ion irradiation
possesses a number of inherent advantages. These
advantages include the availability of sufficient
irradiation sources, the absence of induced radioactivity,
shorter experimental periods, and reduced costs. Despite
these advantages, ion irradiation is not a perfect
substitute for neutron irradiation. The primary limitation
is that the damage induced by ions is typically confined
to a shallow surface layer, which complicates the
application of conventional mechanical testing.
Consequently, small-scale test techniques with high
spatial resolution, such as nanoindentation (NI), are
required to characterize the localized mechanical
properties of ion-irradiated materials. NI offers the
benefits of easy experimental preparation and the ability
to generate statistically rich datasets, making it a
valuable tool in assessing the mechanical degradation of
ion-irradiated materials.

Ion irradiation in conjunction with nanoindentation
has been extensively employed in the examination of
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various nuclear structural materials, including pure
metals and alloys [4-6]. Furthermore, a combination of
experimental techniques, numerical simulations, and
theoretical modeling has facilitated the identification of
irradiation-induced defects and the characterization of
microstructure evolution within the plastic zone, thereby
providing a deeper understanding of the fundamental
mechanisms of hardening and embrittlement.

The phenomenon of irradiation-induced hardening
and embrittlement has been the subject of extensive
investigation in various nuclear structural materials
exhibiting distinct crystalline structures, including face-
centered cubic (FCC), body-centered cubic (BCC), and
hexagonal close-packed (HCP) materials. Of particular
significance is that austenitic steels, ferritic-martensitic
steels, and high-entropy alloys (HEAs) have been the
subject of interest due to their unique properties and
responses to irradiation, which make their
comprehensive study essential for advanced nuclear
applications.

Austenitic steels, known for their excellent corrosion
resistance and high-temperature properties, are widely
used in nuclear power engineering. However, their
relatively lower radiation resistance poses a challenge.
Enhancing their radiation tolerance by introducing
nano-sized oxide precipitates can impede dislocation
motion and maintain high tensile and creep strength,
crucial for sustaining structural integrity under
irradiation.

Ferritic-martensitic  (F-M) steels are prime
candidates for high-dose nuclear applications due to
their higher resistance to neutron irradiation compared
to austenitic steels. These steels exhibit advantageous
properties such as higher thermal conductivity, lower
coefficients of thermal expansion, good creep
characteristics, and high strength at elevated
temperatures. The radiation-induced hardening and
embrittlement in these steels necessitate a deep
understanding of their microstructural evolution to
mitigate mechanical property degradation and ensure
long-term performance.

High-entropy alloys, a novel class of materials, offer
promising characteristics such as high strength,
corrosion resistance, and thermal stability due to their
unique multicomponent composition. Recent studies
indicate that certain HEAs demonstrate superior
resistance to irradiation, including reduced swelling and
damage accumulation, making them promising
candidates for high-temperature nuclear structural
applications. Studying these materials is essential for
developing robust nuclear structural components that
can withstand the extreme conditions of irradiation,
thereby enhancing the safety and efficiency of current
and future nuclear reactors.

To enhance understanding of the mechanisms
governing radiation-induced hardening in ion-irradiated
materials, this paper provides a concise overview of
research findings, encompassing both experimental
observations and some theoretical models.

The main contents are organized as follows: in
Section 1, the general interpretation of nanohardness
data is outlined. In Section 2, radiation effects in nuclear
structural materials are discussed. Sections 3 addresses

the dose and temperature dependences of irradiation
hardening. The subsequent section provides a detailed
analysis of the irradiation hardening behavior of
selected structural alloys. Finally, concluding remarks
are made in Summary section.

1. INTERPRETATION OF HARDNESS DATA
OBTAINED BY NANOINDENTATION
TECHNIQUE

Nanoindentation techniques have gained
considerable popularity in recent years due to their
versatility and ability to address various physical
problems. As a leading testing methodology,
nanoindentation is  particularly = well-suited for
elucidating the fundamental laws governing the
behavior of nanometer-scale surface layers and
submicron volumes of diverse materials.

The operational mode of nanoindenters involves the
penetration of a geometrically certified indenter under
the influence of a prescribed normal force profile P(t)
and simultaneous registration of the depth of penetration
h(t) into the material. One of the attractive features of
nanoindentation is its ability to provide various
quantitative characteristics of materials, such as Young's
modulus, hardness, fracture toughness, etc. [7].
However, the interpretation of experimental data
obtained through nanoindentation is a complex task, as
the measured properties at a given indentation depth h
represent an average mechanical response of the plastic
zone, which encompasses not only heterogeneously
distributed microstructures induced by ion irradiation
but also length-scale (and other) effects introduced by
the nanoindentation process itself [8, 9]. Generally, the
indentation hardness of ion-irradiated materials is a
superposition of bulk hardness, indentation size effect,
and irradiation-induced hardening [10, 11].

1.1. THE INDENTATION SIZE EFFECT

The Indentation Size Effect (ISE) denotes the
phenomenon where hardness exhibits a dependency on
indentation depth, characterized by an increase in
hardness with decreasing penetration depth, particularly
in the shallow range of indentation depths [12—15]. This
phenomenon has been widely observed across a broad
range of materials. The most widely accepted and
pioneering model for ISE, developed by Nix and Gao
(Equation (1)) [16], is grounded in the concept of strain
gradient plasticity [17, 18] and geometrically necessary
dislocations (GNDs). GNDs are dislocations that exceed
statistically stored dislocations (SSDs) in number.
GNDs are necessary to accommodate material
deformation caused by the indenter after indentation. As
a result, ISE is observed at small indentation depths,
where the availability of SSDs is limited, necessitating
the introduction of GNDs to facilitate permanent shape
change [19].

H_ b (1)
where H is the hardness measured at a depth h; Hj is the
hardness at the infinite depth (i.e., the macroscopic
hardness), and h* is a characteristic length depending on
the properties of a material and the indenter tip shape.
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The plastic deformation zone beneath the indenter
extends significantly deeper into the material than the
displacement of the indenter itself (Fig. 2).

Indenter 17

Plastic
zone
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Fig. 2. Schematic of the indentation test.
The indentation-induced plastic zone is assumed to be
a hemisphere

Previous studies have indicated that the plastic zone
can be approximated by a hemisphere with a radius of 5
to 10 times the indentation depth [20]. Consequently, in
irradiated materials with a shallow damage depth, part
of the plastic zone extends into the underlying,
unirradiated material (soft substrate). As the indentation
depth increases, the measured hardness approaches that
of the unirradiated material, since the proportion of
unirradiated material within the plastic zone increases.
The transition point between these areas defines the
critical indentation depth, h,.
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Fig. 3. The experimental profiles of nanoindentation
hardness vs. indentation depth measured for the
unirradiated and irradiated to a dose of 50 dpa

18Cr10NiTi steel (a); Nix-Gao plot for unirradiated

and argon irradiated steel (b)

Kasada et al. first proposed the method for
considering the soft substrate effect for materials
irradiated with accelerated ions [21], identifying such
materials as systems with coatings or as “hardened
layer—substrate” systems. According to Kasada, the bulk
equivalent hardness, Hy, of the ion-irradiated region can
be determined by least square fitting of the hardness
data up to the critical depth h.. By redrawing the
experimental profiles of hardness (Fig. 3) in the
coordinates “squared hardness — reciprocal depth”, the
bulk-equivalent hardness of the ion-irradiated region
can be evaluated from the intercept of the linear fitting
of data in the region when h < h...

1.2. THE VOLUME FRACTION MODEL

The values of bulk-equivalent hardness discussed in
previous paragraphs have been evaluated in accordance
with the methodology of Kasada et al. [21] from the
data fitting of the Nix-Gao plot. In the case of ion-
irradiated materials, the volume encompassed by the
plastic zone often exhibits pronounced damage
gradients. The typical damage profile resulting from
single-ion irradiation of metallic materials is shown in
Fig. 4.
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Fig. 4. Calculated damage profile resulting from high-
energy He-ion irradiation of SS316 steel

However, Kasada’s method did not take into account
the damage gradient effect (DGE). To extract irradiation
induced hardening effect precisely with a consideration
of DGE, a rule-of-mixtures type volume fraction
approach can be used. This method has recently been
described in [10, 11, 22].

In the framework of this approach, the hardness is
calculated as a volume-weighted average of the
hardness of plastically deformed material in the
irradiated layer and the wunirradiated underlying
substrate. The model assumes a hemispherical plastic
zone beneath the surface, divided into segments with
dose-dependent hardness (see Fig. 2). The volume of
each segment is calculated, and its radiation-induced
hardening is determined using a power law relationship.
The detailed description of simulation can be found in
[11]. The overall hardness at each indent depth is the
weighted average of the segment hardness values. The
method allows to distinguish the contribution of
radiation hardening, ISE and bulk-equivalent hardness
to the measured hardness. Fig. 5 shows an example of
hardness-depth  curve simulations as well as
experimental data for the case of helium irradiation of
SS316 steel [11].
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Fig. 5. Experimental hardness vs. displacement plot for
1.4 MeV He ions. The bold solid grey line shows the
hardness obtained from the volume fraction model.
The dotted lines show the material hardness at an
infinite depth, Hy, fine black lines — Hg vs. indenter
displacement. The dashed line shows the irradiation-

induced hardness H,,q vs. depth

The results show strong correlation with
experimental data, effectively simulating hardness
variations with depth and distinguishing between
radiation hardening, ISE, and the bulk equivalent
hardness.

1.3. INDENTATION PILE-UP OR SINK-IN

An  essential  characteristic  of  indentation
experiments is that the material around the contact area
tends to deform upwards (pile-up) or downwards (sink-
in) with respect to the indented surface plane [23, 24].
This deformation behavior depends on the strain-
hardening properties of the material under examination.
When a sample is fully annealed and possesses high
strain-hardening potential, the area around indents tends
to sink in. Conversely, the surface around indents tends
to pile up when the indented sample is heavily pre-
strained or exhibits low strain-hardening potential.

The pile-up/sink-in behavior exhibited during
deformation can result in distortion of the contact area,
which may lead to an overestimation or underestimation
of the indentation hardness. Recently, various methods
for pile-up corrected hardness have been proposed.
Hardie et al. [25] introduced an approach based on the
actual contact area measured by scanning electron
microscopy (SEM). Pile-up correction (PUC) can then
be performed using the ratio of the actual contact area to
the pile-up unaffected area. Heintze et al. [26] proposed
the elastic-modulus-based correction (EMC) method to
correct nanoindentation hardness data. This method
utilizes the square function of the indentation modulus
to the elastic modulus for correcting indentation
hardness, with the advantage of not requiring additional
measurements. Another method, proposed in [27],
corrects nanoindentation hardness using the difference
in the actual elastic modulus between the ion-irradiated
damaged layer and the unirradiated material. However,
this method requires additional transient grating laser
measurements.

Fig. 6 illustrates the approach proposed in [28] and
applied in nanoindentation studies of T91 steel using a
Berkovich indenter [29]. Following the indentation
process, the resulting impressions were imaged using
scanning electron microscopy in order to measure the
contact areas and examine the extent of pile-up. Two
different contact areas were determined from the SEM
images. The pile-up unaffected corner-to-corner area
(A.c) represents the area of the triangle defined by the
corners of the hardness impression (see Fig. 6,b,e). The
actual contact area (A,y), which includes the extra area
contained in the pile-up, was also measured (see
Fig. 6,c,f). These specified areas were determined by
digital image processing, and their ratio, A,./Ac,
provided an estimation of the pile-up extent.

Fig. 6. SEM images showing deformed regions surrounding indents in un-irradiated (a, b, ¢) and irradiated (d, e, f)
regions. Corner-to-corner (A..) of contact area (b, e) and actual (4,.) contact area (c, f) are shown

The values of the correction factor, A,./A.., ranged
from 1.10 to 1.18 and exhibited statistical scatter for
both as-received and irradiated specimens. Notably, the
average value of 1.14+0.04 correlates well with the
EMC factor according to Heintze's approach for the
same steel [26].

Depending on the direction of indentation relative to
the irradiation direction, nanoindentation of ion-
irradiated materials can be classified into surface NI and
cross-sectional NI. Surface NI, where the indentation
direction is parallel to the irradiation direction, has been
extensively studied and remains the most commonly
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applied method. This approach necessitates the
simultaneous  consideration of defect gradient
distribution, indentation size effect, and the influence of
the wunirradiated soft substrate. In contrast, cross-
sectional NI, where the indentation direction is
perpendicular to the irradiation direction, provides an
effective means to avoid the ISE by comparing hardness
(H) variations at the same indentation depth (h) along
the irradiation direction.

2. RADIATION DEFECTS CONTRIBUTING
TO HARDENING

For over half a century, a comprehensive
understanding of the phenomenon of radiation damage
to materials under irradiation has been established.
Radiation-induced damage is a significant concern for
reactor structural materials, as high-energy particles can
displace lattice atoms from their original sites, which
subsequently interact with the surrounding matrix
forming a collision cascade. Following cooling, a
portion of the resulting point defects, such as
interstitials and vacancies, recombine; however, the
concentration of remaining point defects significantly
exceeds equilibrium levels. This drives the material
system into thermodynamic nonequilibrium, resulting in
various modifications to the microstructure. Dislocation
loops form due to the collapse of the interstitial-rich
cascade shell, while the accumulation of vacancies leads
to void nucleation. Preferential coupling between
alloying elements and defect fluxes causes elemental
segregation at defect sinks, and the stability of
precipitates is significantly affected by displacement
cascades and radiation-enhanced diffusion. Upon plastic
deformation, these nano-scale defects serve as obstacles
that impede the movement of sliding dislocations,
subsequently affecting the mechanical behavior of
irradiated metals [30, 31]. The cumulative effect of
these radiation-induced defects and microstructural
changes can significantly degrade the integrity of
reactor structural materials, emphasizing the need for
thorough understanding and development mitigation
strategies to ensure safe and reliable operation of
nuclear reactors.

2.1. EFFECT OF DISLOCATION LOOPS
IN AUSTENITIC ALLOYS

The irradiation of austenitic steels at temperatures
below approximately 0.35 Ty, results in the formation of
high-density ensemble of clustered defects, which
significantly contribute to hardening [32]. The defect
population is predominantly composed of two distinct
types: small black-dot defects with a size of
approximately 2 nm, and larger Frank faulted loops.
Frank loops are characterized by habit planes of {111}
and Burgers vectors of the 1/3<111> type. Notably, the
prevalence of black-dots increases with low-temperature
irradiation conditions.

TEM micrographs in Fig. 7 show the microstructural
evolution of SS316 irradiated with 1.4 MeV argon ions
at room temperature to 0.5 and 3 dpa. All images were
recorded under bright-field down-zone imaging
conditions at [011] axis zone [33].

0.5 um

,;‘Q\\&"' y ﬁh\\ .h‘ i

v}l XA ‘\ Wl

[ EW S ~!' :"'. N
dat ,'\ M v‘

Fig. 7. Initial microstructure of SS316 (a)
and irradiated at T,,,,, with 1.4 MeV Ar ions to 0.5 (b)
and 3 dpa (c)

Irradiated samples showed significant changes in the
microstructure as compared to the unirradiated sample.
The main irradiation defects observed were defect
clusters at low doses and dislocation loops at higher
doses. Tilting experiments clearly showed the
dislocation nature of observed defects. Pre-existing
dislocations were dissolved and uniform network
dislocations formed at 3.0 dpa. The microstructure was
basically unchanged from 3.0 to 5.0 dpa. The final

microstructure is consist of uniform network
dislocations and black-dots.
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ISSN 1562-6016. Problems of Atomic Science and Technology. 2024. Ne4(152) 7



Numerous studies have previously investigated the
formation of Frank faulted loops in austenitic stainless
steels irradiated with neutrons. Fig. 8 illustrates the
dose-dependent behavior of Frank loop density in
austenitic stainless steels irradiated at approximately
400 °C. The results demonstrate that the Frank loop
density reaches saturation after approximately 3 dpa of
neutron irradiation.

Furthermore, the density of Frank loops is also
found to be significantly influenced by the irradiation
temperature. Fig. 9  illustrates the temperature-
dependent variation in Frank loop density in high-dose
(>10 dpa) neutron-irradiated austenitic stainless steel
316. Notably, as depicted in this figure, the Frank loop
density exhibits a steep decline with increasing
temperature above 300 °C.
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Fig. 9. The temperature-dependent behavior of faulted
loop density in neutron-irradiated type 316 austenitic
stainless steel, as previously reported in [34, 37].
The underlying data are derived from [35, 36, 38, 39,
45-50]

At intermediate temperatures, void swelling emerges
as a significant radiation-induced concern for austenitic
stainless steels, particularly at high doses, posing a
critical challenge to the structural integrity and
performance of these materials. In addition to void
swelling, radiation-induced segregation and
precipitation phenomena are also observed at
intermediate temperatures. Particularly, Ni;Si (y") has
been identified as a radiation-induced phase that forms
in neutron-irradiated austenitic stainless steel 316, as
reported by previous studies [51-53].

2.2. EFFECT OF DISLOCATION LOOPS
IN FERRITIC-MARTENSITIC ALLOYS

In the case of high-chromium ferritic-martensitic
steels, the most significant radiation effect is the
deterioration of mechanical properties due to irradiation
hardening and embrittlement at low temperatures. This
phenomenon is attributed to radiation-induced
microstructural modifications, including the
accumulation of dislocation loops and the precipitation
of new phases [54, 55].

Transmission electron microscopy studies of F-M
alloys irradiated at various doses have revealed that
irradiation-induced dislocation loops begin to emerge at
approximately 1 dpa and exhibit a significant increase in
density by 1-2 orders of magnitude between 1 and 3 dpa.

It was demonstrated that dislocation loops induced by
both ion and neutron irradiations in o-iron, Fe-Cr model
alloys, and F-M steels exhibit ap<100> or ap/2 <l11>
crystallographic orientation. The stability of ay/2 <111>
loops relative to a;<100> loops is significantly
influenced by the irradiation temperature [56]. Mobile
ay/2 <111> loops are generated at lower temperatures
and tend to decorate pre-existing dislocations. In
contrast, the prevalence of sessile ay<100> loops is
greater at higher temperatures, exhibiting a more
uniform spatial distribution.

2.3. BUBBLES AND VOIDS

Microstructural observations reveal that in the
irradiated layer, besides interstitial loops, nano-sized
voids may also be present, which are believed to
contribute to radiation hardening [57]. Furthermore,
atomic-scale modeling was employed [58] to investigate
the interaction between edge dislocations and voids in
FCC-copper and BCC-iron. Voids with diameters
ranging from 6 to 8§ nm were examined at temperatures
between 0 and 600 K, under various strain rates. The
results demonstrate that voids in iron act as significant
obstacles to dislocation motion, whereas small voids in
copper are found to be significantly weaker obstacles
compared to those in iron. Large voids in copper are at
least as strong obstacles as those in iron, with the
underlying mechanism dependent on temperature.

Gas implantation, especially noble gas implantation,
can promote the creation of various types of defect
clusters [59, 60]. For instance, in various structural
steels after He irradiation, both accumulations of defects
and helium bubbles are observed, the size of which
increases with increasing irradiation dose, and the
change in the density of defects depends on the
irradiation temperature.

In particular, experimental evidence from a
nanoindentation study on He-irradiated stainless steel
316 has demonstrated that dislocation sliding is
impeded due to the presence of dislocation loops [61].
Conversely, irradiation-induced bubbles have been
found to present relatively weak obstacles compared to
dislocation loops, as the distance between pinning
points is significantly greater than that between bubbles
(Fig. 10). Therefore, according to the authors [61], the
contribution of nanosized bubbles to radiation hardening
can be neglected when considering He-implanted
materials.

In contrast, radiation-induced gas-filled nanocavities
have been demonstrated to contribute to an increase in
hardness in 18Cr10NiTi and 18Cr10NiTi-ODS alloys
following Ar’ ion irradiation. Moreover, Ar-filled
nanocavities exhibit a clear tendency to enhance barrier
strength with decreasing cavity size (Fig. 11) [62].

Furthermore, according to [63], the impeding effect
of gas bubbles on sliding dislocations depends on the
gas atom/vacancy ratio. Molecular  dynamics
simulations have elucidated the interaction between an
edge dislocation and a 2-nm void or He bubble in iron
single crystals, revealing that dislocations are
significantly pinned by these defects. Notably, a 2-nm
void serves as a more strong obstacle than a 2-nm He
bubble at low He concentrations; however, at high He
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contents (five He atoms per vacancy), the He bubble
proves to be a more effective barrier than the void.
Thus, the role of these microscale defects as barriers to
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subsequent impact on the mechanical properties of
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Fig. 10. TEM micrographs of 316 stainless steel subjected to Ar and He ion irradiation. Dislocations are (a) curved
and (b) pinned by irradiation-induced defect clusters, and the pinning points are much farther apart than the
bubbles (visible as white dots here) [61]
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ODS steels and diameter and density of argon bubbles
after irradiation to 50 dpa at T,,on (@) and 873 K (b)

3. THE DOSE AND TEMPERATURE
DEPENDENCES OF IRRADIATION
HARDENING

As discussed in the previous section, an increase in
the irradiation dose generally results in an increase in
the number of point defects generated during collision
cascades. This, in turn, leads to an increase in the
density of defect clusters and dislocation loops that are
observed in irradiated steels and model alloys. Cluster
dynamics modeling [64] indicates that nanoscale
dislocation loops can form from displacement cascades
under reactor irradiation at neutron fluences as low as
~0.001 dpa, which is long before they can be detected
by transmission electron microscopy. Nevertheless these

hardening

density

unresolved by TEM defects have the potential to
considerably impact on the hardness of irradiated
material.

Figs. 12 and 13 represents the results of study of
irradiation effect with 1.4 MeV argon ions within the
range of doses 0...10 dpa at 300 K on the hardening of
SS316 stainless steel [65]. As compared with the initial
material, the specimens irradiated with argon ions show
the increment of 1...2 GPa in hardness in the dose
interval 0.1...10 dpa, which reveals the radiation-
induced hardening of the steel. The hardness maximum
was recorded at depths of 100...150 nm with its
subsequent monotonic decrease, as the indentation
depth increases (see Fig. 12).

The bulk-equivalent hardness (see Fig. 13) of the
ion-irradiated region was evaluated using the
methodology outlined by Kasada [21]. The findings
indicate that the most pronounced effects are observed
at low irradiation doses, with a transition to a quasi-
saturated regime at high fluences.

g M‘?
=17
44

3

2

0 200 400 600 800 A,nm

Fig. 12. Depth profiles of the nanohardness of SS316
steal after the irradiation with Ar + ions up to doses
(dpa): 1-0;2-0.1;3-0.5;4-0.7,5-1,6-2;
7-5;8-10

Specifically, at a fluence of 0.5 dpa, the hardness
exhibits a significant increase of approximately
1.3 GPa, representing a relative change of more than
50%. A damaging dose of 10 dpa yields a hardening
effect of approximately 75%.
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Fig. 13. Dependence of nanohardness on the dose of
radiation at room temperature

TEM analysis of the irradiated samples revealed the
formation of dislocation loops with approximately the
same density across all irradiation doses at room
temperature  [65]. The microstructural evolution
proceeds from isolated “black dots” to loops with
diameters of approximately 15 nm and ultimately to a
complex structure resulting from the entwining of
dislocations. These results indicate that the largest
relative increase in nanohardness is attributed to the
formation of small defect clusters. In the course of their
further evolution into loops and “tangles” of
dislocations, this effect becomes weaker.

Considerable research has been devoted to
elucidating the irradiation hardening behavior of metals,
with a focus on correlating the change in strength with
the number density and size of radiation-induced defects
and irradiation dose. While different theories exist about
the mechanisms behind irradiation hardening [66],
models based on barrier hardening theory [67] have
been widely used to understand the dose-dependent
increase in yield stress.

In the regression analysis [66], the radiation-induced
increase in yield stress was expressed by a power law
equation: Acy, = h-(dpa)”, where h and n are regression
coefficients. The log-log plots of the data showed two
distinct regimes: a low-dose regime where a hardening
occurs and a high-dose regime where the log-log plot
shows a considerably reduced slope. The average value
of the exponent n was found to be: 0.5 for the low-dose
regime, and 0.12 for the high-dose regime.

The log-log plot of the dose dependence of
irradiation hardening in SS316 irradiated with 1.4 MeV
Ar ions is presented in Fig. 14. Irradiation hardening is
denoted as AH= H{™ — H§s~mecteved The power-law
approximation of hardening values was found to
provide a satisfactory agreement with experimental
data, with determined values of n equal to 0.47 and 0.13
for the low-dose and high-dose hardening regimes,
respectively [11].

A comprehensive analysis of the n values in the low-
dose regime revealed a range of 0.31-0.48 for a variety
of FCC metals, whereas in the high-dose regime, the
range was 0.01-0.24. Notably, the average n value for
FCC metals in the low-dose regime was found to be
slightly lower than that for BCC metals, with values of
0.4 and 0.55, respectively [20].

B Ar-irradiation
X He-irradiation

0.01 0?1 1 10
Damage, dpa
Fig. 14. Log-log plot for dose dependence of irradiation
hardening of 316 stainless steels [11]

It is noteworthy that the radiation-induced hardening
behavior discussed herein is characteristic not only for
model alloys and widely used commercial steels but is
also observed in a range of advanced alloys with
potential applications in nuclear materials science. As
illustrated in Fig. 15, the dose-dependence of radiation
hardening for multicomponent concentrated alloys
demonstrates the most pronounced effects of irradiation
at low doses, transitioning to a quasi-saturated regime at
higher fluences [68].
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Fig. 15. The dose dependences of bulk-equivalent
hardness for 20Cr40Fe20Mn20Ni (HEA),
61Til10Cr7Al11VI1IND (Ti-MPEA), and
SS§316 for comparison

The irradiation temperature significantly affects the
formation and evolution of defect microstructures.
Defect clusters are observed to grow when the
irradiation temperature is high enough to promote the
diffusion of irradiation-induced defects. However, if the
irradiation temperature exceeds a certain threshold,
point defects are emitted from the clusters, promoting
their recombination and thereby reducing the density of
defect clusters [69, 70].

For instance, a study examining the influence of
irradiation temperature on the mechanical properties of
Fe-implanted Fe-Cr alloys up to 0.6 dpa demonstrated
that there was no observable hardening when
implantation occurred at 500 °C [71]. In another study,
the irradiation hardening of Fe-ion irradiated
Fe-2.5 at.%Cr, Fe-9 at.%Cr, and Fe-12.5 at.%Cr was
characterized at room temperature, 300 and 500 °C. It
was found that no radiation hardening occurred for
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Fe-2.5 at.%Cr and Fe-9 at.%Cr at 500 °C. However, a
notable enhancement in irradiation hardening was
discerned for Fe-12.5 at.%Cr at each temperature, which
can be attributed to the generation of o’ particles under
Fe irradiation [72].

The temperature dependence of irradiation
hardening in various Fe-Cr alloys is shown in Fig. 16
[73]. It can be clearly seen that irradiation hardening
strongly depends on the irradiation temperature, and
almost no hardening was observed at temperatures
above 500 °C, that correlates with the temperature
dependence of loop density (see Fig. 9).
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Fig. 16. Irradiation hardening of various Fe-Cr alloys
(8...9% Cr) irradiated with Fe ions at 300...500 °C, as
previously reported in [73]. The underlying data are
derived from [8, 71, 72, 74-76]

In the case of noble gas irradiation, the role of
irradiation temperature appears to be more complex.
Specifically, irradiation temperature plays a crucial role
in determining the irradiation hardening behavior of
materials implanted with helium or argon ions
[62,77, 78].

-
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4. IRRADIATION HARDENING
OF SELECTED STRUCTURAL ALLOYS

This section addresses the hardening/embrittlement
phenomenon under ion irradiation in relation to a series
of recently synthesized/modified alloys, encompassing
multi-principal element alloys with FCC and BCC
phase structures, as well as ODS-modified austenitic
steel and ferritic-martensitic steel subjected to severe
plastic deformation (SPD). The nanohardness profiles as
a function of indenter displacement are measured for
both unirradiated and irradiated (with 1.4 MeV Ar' ions)
samples, and the bulk-equivalent hardness (Hy) is
calculated by applying the Kasada approach [21]. A
comparative analysis is performed with data for
conventional stainless steels under identical irradiation
conditions.

4.1. ODS-MODIFIED AUSTENITIC STEELS

The microstructure of as-received 18Crl10NiTi-ODS
steel is characterized by fine grains with an average size
of ~1.2 um (Fig. 17,a) [62]. Within the matrix of each
grain, high-density oxide nanoprecipitates were
observed with a nearly uniform distribution (see Fig.
17,b). The size of these precipitates ranges from several
nanometers to hundreds of nanometers; however, the
larger precipitates are significantly lower in density,
resulting in their contribution to both concentration and
average size being negligible. The average size of the
nanoprecipitates is estimated to be ~10 nm, with an
average density of ~7.3-10%' m. Electron microprobe
analysis revealed the presence of Y, Zr, Ti, and O within
these precipitates. Further investigation using electron
diffraction identified these precipitates as complex
oxides with a pyrochlore structure, specifically
Y,(Zr,Ti),07 [62].

Fig. 17. Preirradiation microstructure of 18Cr10NiTi-ODS steel: a — grain structure, also showing nanooxides,
and grain size distribution; b — nanooxide precipitates in the matrix at higher magnification and size distribution
of nanoprecipitates [62]

It appears that the differences in hardness between
ODS-modified (3.2 GPa) and conventional steel
(2.2 GPa) may be attributed to the microstructural
features revealed by TEM. A microstructure composed
of finer grains generally results in increased strength
and improved toughness compared to an identical alloy

with coarser grains. Additionally, the presence of
dispersed ultrafine particles plays a crucial role in
impeding dislocation motion, thereby contributing to
precipitation strengthening. As a result, the observed
increase in hardness in the as-received 18Crl1ONiTi-
ODS steel can be attributed to the synergistic effects of
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grain refinement and the distribution of oxide
nanoprecipitates [62].

The degree of radiation-induced hardening was also
observed to vary significantly at low and elevated
irradiation temperatures (Fig. 18), which can be

attributed to variations in microstructure.

3
O 18Crl1O0NiTi 18Cr10NIiTi-ODS
o
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Fig. 18. The hardening of 18Cr10NiTi and 18Cri10NiTi-
ODS steels irradiated to 50 dpa at Ty, and 873 K

As illustrated in Fig. 18, the degree of irradiation-
induced hardening observed in 18Crl10NiTi-ODS is
found to be less pronounced than that observed in
conventional steel. This reduction in hardening can be
attributed to the high density of grain boundaries and
the presence of dispersed ultrafine oxide particles within
the 18Crl10NiTi-ODS matrix, which act as effective
sinks for point defects generated during irradiation. The
incorporation of a substantial density of point defect
recombination centers and point defect sinks has been
identified as an effective strategy for the development of
radiation-tolerant materials. This approach is supported
by kinetic rate theory models [79, 80], which indicate
that the presence of high sink strengths leads to a
marked decrease in point defect supersaturation, thereby
mitigating phenomena such as void swelling and
radiation-induced solute segregation [81]. Furthermore,
ODS modifications that enhance sink strength
contribute to the effective mitigation of low-temperature

radiation-induced  hardening.  Consequently, the
18Crl10ONiTi-ODS may demonstrate a reduced
susceptibility to radiation-induced embrittlement,

thereby enhancing its applicability in advanced nuclear
environments.

4.2. FCC AND BCC MULTI-PRINCIPAL
ELEMENT ALLOYS

A non-cobalt high-entropy alloy (hereinafter referred
to as HEA) with a composition of 20Cr40Fe20Mn20Ni
(mass %) was produced via arc melting in a water-
cooled copper mold under a high-purity argon
atmosphere. X-ray diffraction (XRD) analysis indicated
that the as-cast alloy, subsequent to a final heat
treatment at 1100 °C, exhibited a single-phase FCC
crystal lattice. The average grain size of the HEA was
measured to be 3.47 um (Fig. 19). The initial dislocation
densities were found to range from 1.7 to 2.5:10"> m™*
[82].

The new lightweight multi-principal element
titanium-based alloy 61Til0Cr7Al11V11Nb (at.%) with
non-equal molar ratio, referred to as Ti-MPEA, was

obtained by arc melting using a non-consumable
tungsten electrode in a pure argon atmosphere [68, 83].

Fig. 19. Typical TEM micrograph of
20Cr40Fe20Mn20Ni high-entropy alloy [82]

The initial microstructure of the Ti-MPEA alloy
prior to irradiation is presented in Fig. 20. XRD analysis
indicates that the alloy possesses a single BCC
structure, with no evidence of secondary phases.
Notably, the Ti-MPEA alloy exhibited a high intrinsic
hardness of 4.3 GPa even before irradiation, despite its
coarse grain size and the apparent absence of
nanoprecipitates (as shown in Fig. 20). This significant
hardness is likely attributable to solid-solution
hardening, which occurs when the addition of various
soluble elements enhances the strength of the matrix.
The resulting lattice distortion due to atomic radius
mismatch impedes dislocation movement, thereby
increasing hardness [84].

Fig. 20. TEM micrograph of 61Til10Cr7Al11V1INb
alloy after annealing at 900 °C for 15 min

The radiation-induced hardening of HEA, Ti-MPEA,
and SS316 as a reference material is presented in
Fig. 21. The data was obtained after irradiation of
materials with 1.4 MeV Ar ions under identical
conditions.

Although the BCC-phase Ti-MPEA exhibits
exceptionally high intrinsic hardness even prior to
irradiation [80], the magnitude of radiation hardening
for ion-irradiated Ti-based MPEA was significantly
smaller compared to that observed for FCC-HEA and
SS316.

In general case, the observed increase in hardness
can be explained by widely accepted models [85, 86]
that suggest the presence of irradiation defect clusters,
such as dislocation loops, which impede the glide of
dislocations. However, HEAs possess specific
characteristics, such as high mixing entropy in
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thermodynamic properties and lattice distortion effects
in their structure, which appear to contribute to a lower
defect density compared to conventional steels.

25] MmSS316(FCC) BMHEA(FCC) OMPEA(BCC)

Hardening (GPa)

Damage, dpa

Fig. 21. The radiation hardening versus damage

Moreover, the primary mechanism underlying
recovery in multicomponent concentrated alloys has
been identified as the recombination of vacancies and
interstitials. This phenomenon can be attributed to the
increased compositional complexity and the variations
in atomic sizes among the principal elements that
constitute the alloy [87]. Additionally, atomistic
simulations and experimental studies have indicated that
the suppression of accumulated damage levels in more
complex and disordered alloys may be linked to
modified migration barriers and limited atomic diffusion
[88]. The energy barrier associated with an atom's
movement between positions with differing lattice
potential energies makes this process energetically
unfavorable, resulting in a decreased overall mobility of
interstitials and vacancies. This prevents the formation
and growth of vacancy clusters and dislocation loops
while facilitating the recombination of vacancy-
interstitial pairs.

A detailed examination of irradiation hardening
behavior across a broad spectrum of HEA materials was
recently presented in [89]. It is noteworthy that previous
investigations of the effects of irradiation on HEAs have
primarily focused on irradiation damage levels of up to
20 dpa. This value is significantly lower than the target
specifications for future advanced nuclear energy
systems, which aim for approximately 200 dpa.
However, it is important to highlight that a marked
increase in hardness is observed within a few dpa across
a wide array of materials studied. As the irradiation dose
continues to increase, the hardening process gradually
approaches saturation (Fig. 22).

The analysis of Fig. 22 demonstrates that the
irradiation-induced hardening observed in certain BCC-
phase HEAs is markedly lower in comparison to both
FCC-phase HEAs and conventional alloys. This
observation indicates that BCC-phase HEAs have a
higher resistance to irradiation hardening than
conventional alloys. This advantage can be attributed to
the higher stacking fault energies and greater lattice
distortion in BCC-phase HEAs relative to their FCC-
phase HEA counterparts.
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Fig. 22. Irradiation hardness increment, AH, versus
irradiation damage. The data for comparison is taken
from [89, 68]

4.3. SPD-MODIFIED FERRITIC-MARTENSITIC
STEEL

High chromium ferritic-martensitic steels are well

known to experience significant degradation in
mechanical properties due to radiation effects,
particularly ~ through irradiation hardening and

embrittlement at low temperatures (< 160 °C). Notably,
substantial hardening can occur at irradiation doses as
low as 0.01 dpa. Therefore, it is crucial to implement
strategies to mitigate radiation hardening and
embrittlement in these materials.

It is established that the factors capable of enhancing
the properties of materials include grain size reduction,
optimization of composition, and the control of quantity,
size, and distribution of secondary phases [90]. Severe
plastic deformation represents one of the most effective
methods of grain size control in alloys. It allows the
creation of a submicrocrystalline or nanocrystalline state
in steels, which has a positive effect on increasing the
strength and radiation resistance of steel [91]. The
combination of this method with heat treatment allows
for the optimization of secondary phase separation
parameters. The method of multi-cycle or multiple
“deposition-extrusion”, developed at NSC KIPT [92],
was applied as SPD. This method has been shown to be
effective in producing ultrafine grained materials in both
laboratory and industrial contexts.

T91 ferritic-martensitic steel, with a composition of
9Cr-1Mo and minor alloying elements of Ni, Nb, V, and
C, was supplied as hot-rolled and heat-treated plates
with a thickness of 40 mm. The heat treatment process
included normalization at 1040 °C for 30 min, followed
by air cooling, and subsequent tempering at 730 °C for
60 min followed by air cooling to room temperature.
The microstructure of the as-received T91 steel (referred
to as T91-M) is characterized by a tempered martensite
structure with the occurrence of boundaries of former
austenite grains and subgrains (Fig. 23). These
boundaries are decorated with precipitates of My;Cg
carbides. The average size of the former austenite grains
is ~ 20 um, and the average size of subgrains is =~ 8 um.
Within the former austenite grains, martensite lamellae
with transverse dimensions of 0.25 to 0.5 um are
observed. Additionally, a significant number of small
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precipitates, typically referred to as MX-type phases,
with sizes of < 50 nm are also present [93].

65

Fig. 23. Microstructure of as-received T91-M steel

An applying of SPD using the “upsetting-extrusion”
method resulted in a significant reduction in the average
grain size, decreasing from 8 pum in the as-received state
to 100 nm following SPD of T91 steel (referred to as
T91-MSPD) (Fig. 24). Subsequent heat treatment at
600 °C for 25 h led to the formation of sufficiently large
grains with a typical “ferritic” morphology. In some
regions, the '"broken" martensite structure was
transformed into a more classical form [93].

TN B o e

Fig. 24. Microstructure of T91-MSPD

As a consequence of this treatment, the hardness of
unirradiated T91-MSPD was enhanced; however, the
radiation hardening exhibited no noticeable difference
between the two steel modifications (Fig. 25). For
unirradiated T91-MSPD samples, the hardness H, was
measured at 3.9 GPa, while for the as-received T91-M
samples, this value was 2.98 GPa. The significant
increase in hardness observed in T91-MSPD is
attributed to grain refinement, fragmentation of
lamellas, a reduction in MX carbide size, and their more
uniform distribution.

Irradiation of T91-MSPD and T91-M with 1.4 MeV
argon ions revealed that radiation hardening tends to
reach saturation at around a few dpa. Furthermore, the
irradiation hardening degree of T91-MSPD and T91-M
is nearly equivalent when the irradiation dose is
approximately 10 dpa. Despite differences in initial
strength and sink density between T91-M and T91-
MSPD steels, the formation of defect clusters and Ar-
associated nano-bubbles appears to similarly influence
the hardening behavior of both steels under argon-ion
irradiation at doses higher than 10 dpa (see Fig. 25).

@ as-receive hardness Birradiation hardening
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L L 1

Hardness, hardening (GPa)
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SS8316

T91-MSPD T91-M
Fig. 25. As-received hardness and relative irradiation-
induced hardening of steels T91-M, T91-MSPD, and
88316 for comparison (10 dpa, T,yom)

A comparison of radiation-induced hardening in
ferritic-martensitic steels, as reported by various authors
[25, 26, 29, 76, 94-98] (Fig. 26), reveals some
discrepancies in the data, likely attributable primarily to
differences in irradiation temperatures. Furthermore,
significant variations are observed depending on the
material's microstructure. For example, alloys with
ferritic structures exhibit a hardness increase (AH) of
0.95 GPa, whereas tempered martensitic alloys show a
AH of 0.58 GPa at low doses of 2...3 dpa. At a dose of
30 dpa, these values are reported as 1.32 and 0.85 GPa,
respectively [93, 94]. This suggests that the fine
microstructure of tempered martensite significantly
reduces the degree of hardening under irradiation. The
ultra-fine-grained structure of ferritic-martensitic T91-
MSPD steel, characterized by a high density of grain
boundaries, acts as an effective absorber of radiation
defects. Consequently, the formation of obstacles to
dislocation movement is expected to be less pronounced
in F-M steels with a high density of initial traps or sinks
for radiation defects. As a result, ferritic-martensitic
steels are less susceptible to radiation hardening and
embrittlement compared to materials with purely ferritic
microstructures.

The degree of hardening of T91-M and T91-MSPD
steels (see Fig. 25) as well as Ti-MPEA (see Fig. 21),
which are all BCC-structured alloys, is approximately
half that of the austenitic reference steels, suggesting a
reduced propensity for embrittlement. BCC metals are
typically regarded as exhibiting superior radiation
tolerance in comparison to FCC metals. This
assumption is primarily supported by extensive research
indicating that F-M steels, which possess a BCC
structure, exhibit significantly less void swelling than
their austenitic (FCC) counterparts under identical
irradiation conditions.

The research findings indicate that BCC metals
exhibit superior performance in comparison to FCC
metals with respect to primary defect production and
defect evolution behavior [99, 100]. BCC metals
demonstrate not only a lower overall fraction of large
defect clusters but also a more finely dispersed
distribution of these clusters within energetic
displacement cascades.
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Fig. 26. Relative radiation-induced hardening of ferritic-martensitic steels.
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The fine dispersion of primary defects can facilitate
more efficient defect recombination during subsequent
microstructural evolution, thereby enhancing the
radiation resistance of BCC metals.

Although BCC materials have been observed to
exhibit superior radiation resistance, the underlying
physical mechanisms remain poorly understood.
Potential contributing factors have been suggested to
include reduced in-cascade production of sessile point
defect clusters, lower dislocation bias, and higher self-
diffusion coefficients. The latter is known to be
generally higher in BCC metals at a given homologous
temperature, which enhances self-recovery diffusion

mechanisms and suppresses radiation damage
accumulation [101].
SUMMARY
This review analyzed the phenomenon of

irradiation-induced hardening in relation to a range of
nuclear structural materials, with a focus on ODS-
modified austenitic steels, ferritic-martensitic steels, and
high-entropy alloys due to their unique properties and
responses to irradiation, which are critical for advanced
nuclear applications. Ion irradiation combined with
nanoindentation has been utilized to study these
materials, examining both experimental findings and
theoretical approaches to elucidate the mechanisms
underlying radiation-induced hardening.

The study investigated the nanohardness of materials
in their initial state, analyzed the dependence of
hardening parameters on irradiation dose, and explored
the correlation between these parameters and
microstructural evolution. It was found that dislocation
loops and gas-filled nanosized bubbles are the primary
contributors to irradiation hardening.

The advanced alloys studied demonstrated lower
susceptibility ~ to  irradiation-induced  hardening
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compared to conventional austenitic stainless steels.
This was attributed to various mechanisms, including
enhanced sink strength for radiation defects in ODS-
modified steels, which mitigates low-temperature
hardening. HEA materials showed reduced hardening
due to high configurational entropy and sluggish
diffusion. BCC-structured alloys exhibited
approximately 50% less hardening than austenitic
reference steels, suggesting more efficient defect
recombination and higher self-diffusion coefficients,
contributing to their lower susceptibility to
embrittlement.
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SMIITHEHHS SIAEPHUX KOHCTPYKIIHHUX MATEPIAJIIB
TP IOHHOMY OITPOMIHEHHI

C.0. Kapnos, M.O. Azapenxos, I'.Jl. Toncmonyyvxa

OuiHka pajiallifHOrO 3MILHEHHS W OKPUXYYBaHHS Ma€ KPUTHYHE 3HAYEHHS JUIS PO3POOJIEHHS SACPHUX
KOHCTPYKIIHHMX MarepianiB HOBOTO IOKOJIHHS, CTIHKMX JI0 HEHTPOHHOTO ONpPOMIHEHHS. Y IIbOMY OIS
y3arajlbHeHO Pe3yNbTaTH eKCIIEPUMEHTAIBHUX CHIOCTEPEKEHb, CIPSIMOBAaHUX Ha 3'ICyBaHHS MEXaHI3MIB pajianiiHo-
IHlyKOBaHOT'O 3MIIIHEHHSI MarepiaiB, MiIaHUX I0HHOMY OTNPOMIHEHHIO, 3 aKIIEHTOM Ha KOPEJILil0 MiX eeKTaMu
OIIPOMIHEHHS 1 3MIHAMH MEXaHIYHUX BiacTUBOCTEH. [IpencTaBineHo OCHOBHI BiIOMOCTI PO 3aCTOCYBaHHS METO/IB
IOHHOTO ONPOMIHEHHS Ta HAHOIHICHTYBAaHHS JUI BU3HAYCHHS MEXaHIYHUX BIACTHBOCTEH SEPHUX KOHCTPYKUIHHUX
MarepianiB. [Ipoanai3oBaHO BIUIMB ONPOMIHEHHS Ha CydacHI KOHCTPYKIiHHI MaTepiaiu, BKIIOYHO 3 ayCTEHITHUMHA
craimsame, MomudikoBaHuMu 30, (epUTHO-MapTCHCUTHUMH CTaJSIMH Ta BHCOKOCHTPOIIMHMMH CIUIABaMH.
JocnimKkeHo 3aJeXHICTh TapaMeTpiB 3MIIHEHHS BiJ 03U OMPOMIHEHHSA Ta iX 3B'SI30K 3 MIKPOCTPYKTYpPHOIO
eBomtoniero. OTpUMaHi pe3yNnbTaTd CBiT4aTh MO Te, IO i CY4YacHi CIUIaBH JAEMOHCTPYIOTh MEHINY CXHIIBHICTD JI0
3MILHEHHS1, BUKIIMKAHOTO OIPOMIHEHHSIM, OPIBHSHO 31 3BUYAHUMH ayCTCHITHUMH HEP)KaBIFOYUMHU CTAISIMU.
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