Chapter 3
Nanomaterials Behavior under Irradiation
Impact

Abstract In this chapter, the main attention is given to the possible effects of
irradiation on the structure and properties of NMs. The data on various nanos-
tructures behavior under irradiation by high energy ions/neutrons as well as the
possibilities and potentialities of some microscopic approaches and MD modeling
results are considered and generalized. The examples of possible practical use of
NMs are presented and several poorly investigated problems are discussed.

3.1 General Considerations

A very important role of various materials in the general nuclear industry progress
is well known, and it is reasonable to consider the use of namely NMs in this field,
especially bearing in mind their stability under irradiation, with accounting the
temperature, loadings, corrosive media action, etc. Let us remember a general
picture of the origin of radiation defects in a solid body during radiation. As a rule,
it is suggested that under irradiation by high energy ions and neutrons, there is
observed a partial energy transfer to the displaced atoms of crystalline lattice, which
leads to the formation of primary knocked-out atoms (PKA). That process generates
so-called displacement cascades containing the Frenkel pairs in the form of both
interstitial atoms and vacancies (IAV) and their complexes (clusters) in the form of
vacancy loops (or vacancy nanopores) as well as dislocations. The point radiation
defects can collide (and annihilate) both at meeting each other and/or after moving
further apart along GBs, which in such a situation act as sinks for radiation defects.
An intense irradiation of material leads to the following general effects influencing
the material structure, content, and properties: material amorphization; plasticity
decrease or embrittlement (this effect has been long known in material science and
called as radiation hardening); high-temperature creep growth; intensification of
boundary segregation processes; material swelling as a result of the
non-compensated vacancy and atomic sinks; surface blistering under ion irradia-
tion, and elements transmutation owing to some nuclear reactions and decays.
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Compared to traditional CG materials (e.g., [1]), information, concerning the
generation of radiation defects, their development and properties in various NMs, is
very poor since many of these studies are still in their infancy (e.g., [2-7]). It is
obvious that the presence of the developed interface system in NMs must increase
its role as radiation defects sinks (as compared to the CG counterparts), and so the
negative action of radiation effects can be attenuated. However, on the other hand,
such accumulation of radiation defects at GBs can initiate nanostructure amor-
phization processes during which the displacement cascade development has its
own specificity in macro- and nanostructures. It is important that in such situation,
we cannot unambiguously estimate the positive and negative influences of the
irradiation action. From the given general considerations and the available data, at
least, four different versions of the NMs behavior under irradiation can be
distinguished:

(1) In the NMs with a developed system of various interfaces (such as GBs and
TJs) performing the role of radiation defect sinks, the radiation resistance
increase is observed in comparison with their traditional CG counterparts.

(2) In some NMs, irradiation can promote annihilation of nanostructures and thus
leads to the transformation of them into an amorphous state.

(3) The presence of radiation defects can generate or stimulate various recrys-
tallization processes, which can influence the two above described versions of
material transformation.

(4) Finally, transmutation processes should be taken into account, especially in the
case of irradiated fuels and boron-containing materials (for example, in the
latter case, due to (n, o) reactions the materials are depleted of boron and
demonstrate swelling caused by helium accumulation in pores).

Besides, one must distinct the complicated peculiarities of the behavior of var-
ious samples under irradiation (bulk specimens and thin films, objects with metallic
and covalent bonds, etc.) as well as different penetration ability of ions and neutrons
in materials under study. Thus, the problem the NMs behavior under irradiation
requires the consideration of many factors.

3.2 Main Experimental Results

3.2.1 Ion Irradiation

The ion irradiation in accelerators cannot trace all the features of radiation defects
behavior, but this approach is widely used in the current experimental practice
thanks to its economic and operative advantages in comparison with the so-called
reactor experiments. Investigations of the effect of ion implantation on the material
properties started in the 80th of last century (see survey [8]), but systematic studies
in the NMs field (especially with accounting the GS effect) have been carried out
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Fig. 3.1 The GS effect on the radiation defect density in zirconium oxide samples (a) and
palladium those (b) irradiated with Kr ions at 293 K (ZrO,: energy E = 4 MeV according to dose
of 3-8 displacements pear atom (dpa); Pd: E = 0.24 MeV according to dose of 110-210 dpa)
(adapted from [2])

only over about 20 years, and the first such results were presented at the Second
International Nanomaterials Conference NANO1994 in Stuttgart [2, 9]. Figure 3.1
shows the radiation defect density changes due to irradiation of ZrO, and Pd
samples. One can see that there is a marked decrease in the radiation defect density
for the sizes ranging from 100-150 to 2040 nm. At a grain size below 15 nm
(ZrO,) and 30 nm (Pd), defects in irradiated samples were not observed at all [2, 9],
which indicates an elevated radiation stability of nanostructures.

By now, other authors have confirmed the conclusions [2, 9]. Some character-
istic and interesting results obtained over 2004-2014 are presented in Table 3.1
with short description of methods for sample preparation and the irradiation con-
ditions. The presented data convincingly indicate that practically in all studied
materials, such as metals, alloys, steels, intermetallic compounds, and oxides,
prepared by various nanotechnology methods, the nanostructures turned out to be
more resistant to ion irradiation compared to the microstructures in their traditional
CG counterparts.

In addition, it should be marked that numerous and demonstrative results, which
were obtained in experiments with multi-layer films, can be added to Table 3.1. The
interlayers in such systems serve as sinks radiation defects. Using layers with
non-miscible components and varying their individual thicknesses so that the
summed film thickness can remain constant, one can easily trace the influence of
the number of individual layers on the material microhardness, swelling and other
characteristics under irradiation. An illustrative example is presented in Fig. 3.2,
where changes in the radiation hardening (a) and swelling (b) for some multi-layer
Cu/V films are presented as functions of the reciprocal values of the individual layer
thicknesses. The results descriptively show that the thinner individual layers in a
film (i.e., the greater the number of interfaces acting as sinks for radiation defects),
the smaller the increase in its hardness and helium pores formation.
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Fig. 3.2 The radiation hardening (a) and swelling (b) as a function of the reciprocal thickness of
one layer in Cu/V multi-layer films irradiated with He ions (E = 50 keV; fluence of 6 x 10 m™%;
T =20 °C). Lines 3 and 4 (a) relate to the AH for Cu and V individual films, correspondingly [18]

(a)

¥ .

Fig. 3.3 TEM images of rolled multi-layer Cu/Nb samples with different one layer thickness
(h) after an irradiation with He ions (E = 0.15 MeV; fluence of 10" m™2, T=20 °C): a h =30 nm;

b 4 =1 um (adapted from [19])

In general, the presence of thin individual layers promotes preservation of a
layered morphology after irradiation, which is conveniently illustrated for the Cu/Nb
films in Fig. 3.3, where in the case of thin individual layers (a) a nanolaminated
structure remains after radiation without any evidence to the presence of dislocation
defects, which radically differ from the thick-layer system behavior (b), where we
see characteristic disorders of the layers, dislocation-cell structures, and even some
marks of grain rotation. Analogous results demonstrating a similar role of such thin
individual layers under irradiation were obtained by many authors for other various
multi-layer films (Cu/W, W/ZrO,, Ta/Ti, Ag/Ni, CrN/AITiN, etc. [20-24]), where in
some cases the interfaces are not purely metallic but mixed (metal-oxide) and

nitride ones.
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A more complicated situation is observed in the case of irradiation of the
nanostructured wide-zone semiconductor B-SiC (3C-SiC), a very interesting
material not only for nuclear industry, but also for nanoelectronics, chemical
technology, and some biomedicine applications [25, 26]. It is known from literature
that the B-SiC nanostructure is tolerant to the irradiation with 4 MeV Au ions [27]
and, in contrary, the behavior of irradiated nanostructured samples (L = 30-50 nm)
and single crystals looks much the same [28, 29]. However, a more detailed fol-
lowing study of nanostructured B-SiC films and single crystals, irradiated with
0.55 MeV Si ions, has shown that at room temperatures the total amorphization of
these objects occurs at irradiation dozes of ~3 and ~0.29 dpa, correspondingly
[30]. Such preferential nanostructure tolerance is connected with a high density of
planar defects (in the form of stacking faults), which promote the IAV recombi-
nation processes leading to self-healing of the generated radiation defects. The
following TEM in situ examination of electron irradiated silicon carbide films
confirmed the important role of planar defects acting namely as sinks and traps in
the IAV processes [31].

The features of irradiation induced amorphization in some nanostructures can be
illustrated by the results of the nanoparticles behavior studies in inert SiO, matrices
presented in Table 3.2.

Particularly representative results were obtained for zirconium oxide: ZrO,
nanoparticles amorphizate under the action of a moderate irradiation doze with Xe
ions, whereas the oxide single crystal preserves its crystal state even at high irra-
diation dozes. As shown in Table 3.2, the dimension-size effects are observed for
Cu and Ge, but Au nanoparticles do not amorphizate in the studied size range. The

Table 3.2 Irradiation effect on nanoparticles embedded in amorphous silica (SiO,)

Subject Size of Irradiation conditions Main result
nanocrystal | {on | E (MeV) |Dose
(nm) (dpa) Fluence
(ions/m?)
7r0,/Si0, ~3 Xe |1 ~0.8 Amorphization
[32] ZrO;, Single Xe 0.4 680 Preservation of crystal
[33] crystal state
Cu/SiO, ~2.5 Sn |5 0.16 Amorphization
[34, 35] ~8 Sn |5 10" Preservation of crystal
state
Au/SiO, 3 Xe |1 ~0.8 Preservation of crystal
[32, 36] state
3-5 Sn |23 1019720 Preservation of crystal
state
Ge/SiO, 4-8 Si |5 101571° Amorphization of
[37, 38] nanocrystals is observed
firstly
Co/Si0, [39] 3.7+ 1.0 Au |9 107 Amorphization
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problem of the nanoparticles behavior is complicated, and readers can find more
detailed information in review [40]. Especially for the oxides irradiation by fast
neutrons, it was shown that a spontaneous radiation amorphization starts at some
critical defect concentration when the ions displacement ranges up to the value
known as the Lindemann melting criterion [41], but in general, the problems of size
effects in such systems remain to be solved.

It must be marked that the studies of the ion irradiation influence on the NMs
structure and properties offer contradicted experimental results, and thus scientists
come up against complex and non-ordinary problems requiring modern techniques
or combination of the available ones. Now, in the field, there are many diverse and
independent modern methods, such as TEM (including high-resolution variant
HRTEM), scanning electron microscopy (SEM including high-resolution variant
HRSEM), XRD methods, including small-angle X-ray scattering, glancing-incident
angle X-ray diffraction (GIAXRD), extended X-ray absorption fine structure spec-
troscopy, X-ray absorption near-edge spectroscopy, energy dispersive spectroscopy
(EDS), selected area electron diffraction (SAED), Rutherford backscattering spec-
trometry, Auger electron spectroscopy, electron backscattering diffraction (EBSD),
atom probe tomography (APT), differential thermal analysis/thermal gravimetric
analysis (DTA/TGA), atomic force microscopy, Raman spectroscopy as well as
improved or advanced micro/nanoindentation tests and electrical/magnetic mea-
surements. For theoretical considerations and estimations, there were elaborated
some new modeling methods, and now ion penetration and irradiation damage
profiles can be calculated with the use of the known software stopping and range of
ions in matter (SRIM) program. As an example, the calculated damage and
implantation profiles are presented in Fig. 3.4 for B-SiC samples (with GS of
30-50 nm) irradiated with 4 MeV Au ions (adapted from [29]).

Fig. 3.4 The damage profile % diffracted 50 60 70 80 a0

in SiC (continuous line) and
Au implantation profile
(dotted line)
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On the upper line of Fig. 3.4, the depth of the diffraction measurements by
GIAXRD is presented in %, and the results allow one to make a conclusion that
about 80 % of the irradiation depth can be connected with the damage region and
about 20 % relates to the mixed zone (implantation + damage). Such estimations
can be important for analysis of changes in the NMs properties under an ion
irradiation.

Besides the above presented data on the NMs tolerance to irradiation and their
possible amorphization, there are some other listed below interesting results waiting
for consideration and interpretation.

1. The studies of the GG in nanostructured metallic films (Au, Pt, Cu, Zr, and Zr—
Fe), exposed to irradiation with Ar (E = 0.5 MeV) and Kr (E = 0.5-1 MeV) ions
[42], have shown that there are three distinct ranges related to temperature: a
purely thermal one (where temperature is a dominant factor of GG), thermally
induced or mixed (where thermal and radiation effects are summarized), and
low-temperature one (where the thermal effect on GG is very weak). The
temperatures of transitions from mixed to low-temperature ranges depend on the
object under study, but they oscillate by the homological temperature scale
between 0.15 and 0.20 T;,. Based on these data, a theory of radiation-induced
GG was developed supposing some thermal peaks formation under irradiation in
cascades and subcascades. In the frame of this theory, the radiation-induced
grain growth can be described by the expression

"L ~ K1, (3.1)

where n ~ 3, @ is the ion beam intensity (ion/m2 s), t is the time, K is a constant
dependent on the grain mobility and moving force, L and L, correspond to the
moving and initial values of the GS.

2. For nickel and copper, the growth of the radiation defects number with
increasing the irradiation was detected especially for samples having the SFT
(with a mean size of 2.5-4.4 nm) and TB forms [10, 11]. It is interesting that in
Ni, this dependence is accompanied by decrease in GS from 115 nm down to
38 nm, whereas by contrast in copper, the size growth from 178 to 493 nm was
observed. The authors [11] especially marked this fact and underlined that such
distinction needs the further studies and considerations. The mean GS increase
from 40 to 60 nm was also observed in nanostructured austenitic steel 316SS
irradiated with 0.16 MeV Fe ions [43]. The sufficient difference in the nanograin
growth rates was shown [44] for the tetragonal and cubic ZrO, crystal modi-
fications irradiated with Kr ions (E = 0.34 MeV).

3. The radiation induced processes and their role in the GBs enrichment/depletion
with different elements (as well as the chromic steels reinforcement by some
nanoinclusions) were widely and fruitfully investigated in several works, where
the combination of TEM, EBSD and APT methods was used (e.g., [45, 46]). As
an example, Fig. 3.5 demonstrates the evolution of oxide nanoinclusions
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Fig. 3.5 TEM data concerning the irradiation temperature effect on the oxide nanoinclusion
distribution histograms after irradiation of 14 YWT steel with Ni ions (adapted from [46])

(Fe, Ti, Y)Ox for the 14YWT steel samples irradiated with Ni ions (E =5 MeV,
dose of 100 dpa). From the other side, there were obtained element distribution
maps for some nanostructures [46]. Naturally, such data are important for
estimation of changes in the mechanical and corrosion properties of widely used
alloyed steels after irradiation.

The high-temperature strength and creep of copper and its alloys under irradi-
ation with Kr ions (E = 1.8 MeV, dose up to 75-100 dpa) were studied by
Averback et al. [47, 48], and it was found that a marked growth of
high-temperature inclusions begins at temperatures ~0.65 and ~0.85 T,
(corresponding to the Mo and W additions). The dependence of the creep
velocity on the stress and irradiation dose proved to be linear.

. In porous samples, the open pores surface rise is favoring to the removal of

radiation defects, i.e., if the sinks number growth is increasing, then such porous
objects increases their radiation stability as compared with usual dense samples.
This phenomena was been clearly demonstrated for the irradiated porous sam-
ples of ZrO, [49] and Au [50].

In the works of Yu, Zhang et al. [24, 51-53], the methods of HRTEM (including
in situ studies of irradiation-induced objects), XRD, and SAED revealed the
TBs properties as sinks of radiation defects. The studies of interfaces in
multi-layer films of Ag/Ni, Ag/Al, Cu/Fe, and Cu/Ni types allow formulating
the following two main criteria of the TBs formation in the described FCC metal
structures: a low value of the TBs energy and their high coherence.

. In Fig. 3.6, radiation damages are compared for single crystal (SC), CG (L = 20-

30 um), and nanocrystal grain (NG) copper samples irradiated with He ions. The
results show marked distinctions in both the number and sizes of radiation pores
in samples with different GS. At the same time, it was detected that in single
crystal samples (with initial mean GS of ~ 15 nm) the radiation-induced defects
are smaller and preferentially oriented along the GBs (the mean GS in irradiated
NG samples was ~ 35 nm).

In nanocrystalline W films under irradiation by Au ions (E = 4 MeV; dose range
from 6 to 100 dpa) at radiation doses over 30 dpa, the transformation of the
primitive cubic phase (B) into the BCC modification (a-phase) was observed [55].
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Fig. 3.6 The dose effect on the cavity number density (a) and cavity radius (b) in single crystal,
CG, and NG Cu samples after irradiation with He ions at 450 °C (adapted from [54])

From the other side, the irradiation leads to the GS growth from ~ 13 to ~ 19 nm,
which corresponds to the above mentioned expression (3.1) which was put for-
ward in [42].

3.2.2 Neutron Irradiation

The positive role of nanostructures in the material radiation stability growth,
revealed in the experiments with ion irradiation [2, 3, 9-13], on the one hand,
initiated the reactor tests of various NMs and, on the other hand, became a base for
some new nanostructured steels development, specially designed to be used in
fission and fusion reactors of the IV generation. Table 3.3 lists the main results
concerning the considered NMs structures and the properties changes initiated by
neutron irradiation.

These data make it is obvious that a GS decrease practically always raises the
material radiation stability, just as it was observed in the ion irradiation tests (see
Table 3.1). At the same time, it should be marked that the number of reactor tests
and their duration remain limited and general information concerning the behavior
of materials with small nanograins (below 100 nm) under the real conditions of
reactor operational regimes seems to be absent. The problems are connected with
both the difficulties of the reactor tests themselves and the deficiency of the required
bulk NMs.

The effectiveness and advantages of the described radiation studies in general
can be illustrated by the presented in Table 3.4 results obtained in comparative tests
carried out especially for two types of the structural steels, namely, the CG steel
ODS-EUROFER (developed in West Europe) and new nanostructured steel
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Table 3.4 Yield strength (oy), ultimate tensile strength (oyrs), total elongation (J), fracture
toughness (Kjc), temperature of brittle to ductile transition (Tgpr), and difference of Tgpr (ATgpT)
for ODS-EUROFER and 14YWT steels in initial and neutron-irradiated (E > 0.1 MeV, dose of 1.5
dpa, and T = 300 °C) states

Steel State oy OUTS 0 K¢ Tspr (° | ATgpr
(MPa) | (MPa) (%) | MPam®) |C)
ODS-EUROFER | Initial 966 1085 11.7 | 160 -115 85
Irradiated | 1243 1254 7.1 | 180 -30
14YWT Initial 1435 1564 12.0 175 -188 12
Irradiated | 1560 1641 7.4 |225 -176

14YWT, offered by Oak Ridge National Laboratory (USA) and developed on the
modern approaches in the field [60]. These results testify the higher mechanical
properties of the 14YWT steel in both the initial and irradiated states. Of special
interest are the facts of sufficiently less radiation hardening and the temperature shift
(ATgpr) in irradiated samples for the transition from a brittle state to a ductile one.
These advantages must be connected namely with a 14YWT steel structure,
including the elongated grains (with length to 1-1.5 pum and mean width ~ 300 nm)
and oxide inclusions with sizes of ~1-2 nm (see Fig. 3.5), that is markedly less
than the ODS-EUROFER steel structural parameters. Besides, the nanoinclusions
density in 14YWT steel is ~2 x 10** m™> and their characteristic features are a
high coherence with the matrix phase and lower probability of the concentration
stresses occurrence and, as a corresponding result, the nanocracks generation.

The thermal conductivity and swelling evolutions in SiC fibers, irradiated with
fast neutrons (E > 0.1 MeV), are presented in Fig. 3.7, and it is easy to see that
curves, describing two these characteristics behavior (a thermal conductivity
decrease and a swelling increase) are stabilizing at an irradiation dose about 0.1-
1 dpa. This level is wholly satisfactory one, and the studied materials (SiC fibers
and impregnated SiC/SiC composites) can be considered as the radiation-resistive
materials at least in the studied ranges of the neutron irradiation conditions (doses of
3040 dpa, T = 300-800 °C). It should be marked that under these conditions the
material mechanical properties are scarcely affected by irradiation, and the effect
manifests itself only in the increase statistical spread of strength parameters, that is
reflecting in a general characters of the so-called Weibull’s relationships.

It is worthy to mention that in more complex systems the dependence of the
material properties on the irradiation dose can have a more complicated character. For
example, the studies of SiC samples sintered from the nanopowders with some
activating additives have shown that irradiation elevates the creep velocity as well, but
the GS effect manifests itself only in the 226—414 nm GS interval and at low radiation
dozes (0.011-0.11 dpa) [66]. For the fibers with CG structure (L = 5-10 pm), irra-
diation also elevates the creep velocity, but herein the GS effect is not observed in the
380-540 °C range and becomes detectable only at 7 = 760-790 °C. The radiation
creep of the sintered SiC samples in the described condition is about 1.4—1.8 times
greater than that for the fibers with a CG structure.
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Fig. 3.7 Neutron fluence effect on thermal conductivity and swelling of CVD SiC (adapted
from [63])

3.3 Some Theoretical Approaches and Modeling

A theoretical model describing a radiation-induced amorphization process in
nanostructured objects was proposed by Ovid’ko and Sheinerman [67]. In this
model, the Frenkel pairs IAV generation was suggested in two versions, namely for
the high- and low-energy interactions separately. In the former case, the IAV pairs
arise both at nano GBs and inside grains, whereas in the latter case, the vacancies
come into being only at the GBs but interstitial atoms arise in nanograins. The
evolution of radiation defects was theoretically analyzed for the following main
stages: (1) generation of radiation-induced defects; (2) absorption of the defects by
interfaces; (3) annihilation of IAV pairs; (4) formation of some stable clusters from
point defects. For the high-energy interactions, stages (1) and (2) were considered
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as dominating ones. Herein, a preferential amorphization region (dependent on the
nano GS) was defined on the basis of the energy consideration, where the sum of
the energies of interface surfaces and point defects elastic energies exceeds the
energy of a characteristic threshold for the crystal-to-amorphous state transition.
The developed interface net, on the one hand, assists the system free energy
increase (i.e., decreases the energetic barrier of amorphization), but, on the other
hand, favors to the radiation defects release, i.e., acts against the amorphization and
enhances the NMs radiation stability.

A similar energy-based approach was developed by Shen [68], where the author
proposed a qualitative model for the AG change depending on the GS and made an
important conclusion that for every material there is an optimal interval of the GS,
where radiation defects release and consequently amorphization resistance can be
provided. This approach is schematically presented in Fig. 3.8 (adapted from [68]),
where five energetic zones with different processes and characteristics may be
defined:

. Transition to an amorphous state is possible without any irradiation (L < L,);
. Transition to an amorphous state is initiated by a weak irradiation (L; < L < L,);
. Irradiation cannot lead to amorphization (L, < L < L3);

. Irradiation leads to amorphization (L; < L < Ly);

. In this interval, where the GS exceeds L4, the AGpq value becomes more and
more prevailing as with GS growth the interfaces reduce and the role of inter-
grain boundaries in the radiation defects release falls off. At some L, value, the
annihilation of defects by the volume recombination mechanism becomes
predominant.
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The processes in zones 1, 4 and 5 are qualitatively confirmed by the experimental
data (e.g., see Fig. 3.1). Some peculiarities of the radiation defects formation in
nanocrystals imbedded into a solid matrix were studied by Oksengendler et al. [69].
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It was shown that the crystal nanoclusters amorphization process in the inert matrices
can be either accelerated (radiation damage case) or slowed-down (radiation resis-
tance case), and the realization of any case depends namely on the situation at the
nanocluster—matrix interface: as long as the compressive stresses prevail, the
nanoparticles amorphizate, but under the extending stresses the defects formation
becomes slow and the crystal material state still preserves. This tendency is quali-
tatively confirmed by the Table 3.2 data. However, in general, it is difficult to give
some proper predictions basing on the results [67-69], because the considered
models are characterized by many suppositions and the relevant literature infor-
mation is absent.

The NMs behavior under irradiation was widely studied using MD methods
(e.g., [30, 3840, 70-81]); the following situations arising in nanostructures under
bombardment with ions, neutrons and electrons have been widely described in
literature.

1. Amorphization of irradiated nanocrystals in various amorphous matrices [38—40].
2. Generation of displacement cascades in Ni nanograins (L = 5 and 12 nm)
irradiated with particles with energy of 5-30 keV [70].

3. Radiation-stimulated grain growth in nano-Ni (L = 5 and 10 nm) for cascade
exited by particle impact with energy of 5 keV [71].

. Unusual behavior of the interstitial atoms and SFT in damage cascades [72].

. Evolution of nanocrystal film morphology [73].

. Unusual behavior of NMs with BCC and FCC structure [74].

. Unusual behavior of GBs in irradiated nanostructures as defect sinks and
sources [75].

8. Generation and growth of so-called He bubbles at interfaces [76].

N O\ A

In these investigations, many important features of the behavior of irradiated
nanostructures were exhibited, in particular, such as the main role of intergrain
boundaries and TJs acting as radiation defect sinks as well as the role of the
radiation-stimulated grain growth processes. Besides the nanofilm stressed state
characteristics, changes in the surface roughness were studied and some interesting
peculiarities were discovered (for example, in experiments with irradiated BCC and
FCC structures, predominance of vacancy clusters is observed in the looser BCC
structures).

From the general considerations, it is obvious that defect generation in SiC must
be more complicated than in metals because of the presence of two types of mobile
interstitial atoms (Si and C) and two types of low-mobile vacancies or their clusters.
This situation is very attractive for various MD calculations (e.g., [30, 77-79]),
because this method allows one to study the generation and growth of clusters in
B-SiC, the role of GS in the process, the behavior of cascades in such systems, etc.
In particular, it was strictly shown that the nanolayered stacking faults presence
leads to an enhanced mobility of interstitial Si atoms [30].

A vivid example of MD application is given in Fig. 3.9, where a situation is
presented in an intergrain boundary for a moment of cascade generation and the
radiation defects partially release from the boundary [70]. At the PKA energy
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Fig. 3.9 Cross section of a
grain (size of 12 nm)
containing a 5 keV cascade
after the PKA introduction
(a) and scheme of GBs acting
as interstitials with free
volume (b). The inset shows a
magnified image of the defect
region after cooling (adapted
from [70])

elevation, there was fixed the dislocation loops generation, and it is of interest that a
process general picture is sufficiently different, when the experimental results are
compared for the single crystal and nanostructured Ni samples.

In order to properly understand the effectiveness and possibilities of the MD
method, let us consider in detail some results of modeling cascade formation in
vanadium [80] and copper [81, 82]. The crystallites in the modeled BCC vanadium
structures contain tilt and symmetric boundaries of £13 <320> [001] and X17
<410> [001] types. The number of atoms in a «calculation cell» equals 65,000—
450,000 depending on the first knocked-on PKA energy in the ranges of <0.5 keV
and >0.5 keV at T = 10 K [80]. The cascade evolution was modeled depending on
its duration (more strictly, on its lifetime) for three different stages. The first one is
ballistic (when the energy transferred by PKA spreads throughout the whole model
object volume, and as a result the defects number achieves a maximum and thermal
peaks appear). The second stage is a recombinant one (when the defects number
decreases to some stable value) and the third stage is a diffusion one (further
decrease in the number of defects limited to their interaction and transport pro-
cesses). The main results of modeling are as follows: the presence of the large
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interfaces has a pronounced effect on the development of displacement cascades; in
general, they retard these processes due to accumulation of sufficient part of the
radiation defects. Sometimes (depending on the PKA energy), the developed
interface system can become an impenetrable barrier for a cascade development.

On the other hand, model experiments for the Frenkel pairs IAV interaction with
the GBs in FCC copper allowed suggesting another mechanism of such defects
annihilation, namely at first boundaries are saturated with high-mobile interstitial
atoms, but then their inverse emission and absorption by the vacancies in
near-boundary zones take place [81]. For a model system, presenting a combination
of the special symmetric tilt boundaries of the X11 <110> {131} type with the total
number of copper atoms in the system about 160.000 (but the number of moving
atoms is of ~130,000), the authors have simulated situations for fifteen cascades
with the PKA energy of 4 keV. For the considered copper atoms system, the tem-
perature influence on the IAV release time as well as on the inverse interstitial atoms
emission was estimated. The calculation showed that within 10-15 K, the process
duration is very great (> 10'® s!) and thus none of the proposed mechanisms works,
whereas in the 70—100 K range (¢ < 1 s) the interstitial atoms play a main role and at
T = 300 K all mechanisms work. Modeling of the concurrent processes of the
radiation defects absorption by GBs and their volume recombination has shown that
in the case of cascadeless copper irradiation with electrons, the vacancies accumu-
lation from Frenkel pairs IAV on the GBs is under progress (here, the GS decreases
from 40 to 15 nm) only during short time intervals, after which absorption of
vacancies by coarse grains becomes a prevailing process again [82].

The complicated role of GBs in the radiation-induced defects formation and
release for ion compounds was revealed in [83], where in the frame of a multi-scale
MD method, the defects generation was studied near the symmetric tilt boundaries
in TiO, at temperatures of 300 and 1000 K. On the one hand, the importance and
possibilities of the MD modeling results must not be overestimated, because these
methods often allow tracing only very short-lived processes, leaving many kinetic
process peculiarities beyond the consideration. However, on the other hand, it is
worthy to mention that the above presented results of computer simulation [81],
demonstrating a non-monotonic (by temperature) character of the radiation defects
release from NMs, can help to explain, at least qualitatively, some experimental
data concerning the electrical resistivity of the Au foil specimens under irradiation
with 60 MeV carbon ions at temperatures of 15 and 300 K (Fig. 3.10) [84].

Judging from the electrical resistivity increase, as indicated in Fig. 3.10, the
nanostructured samples (L = 23 nm) are more sensitive to irradiation at low tem-
peratures in comparison with their CG counterparts, i.e., in situation of the absence
of radiation defect release by some above mentioned mechanisms [81]. By contrast,
at room temperatures, when all of three radiation defect release mechanisms act, the
nanostructured objects demonstrate a higher radiation resistance.

In general, the problems of the displacement cascades development, overlap-
ping, interaction with interfaces, as well as their role in the radiation-induced
defects release in NMs require further serious theoretical and experimental
investigations.
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Fig. 3.10 Effect of ion fluence on the electrical resistivity increase of nano—Au (L = 23 nm) and
poly—Au (annealed at 973 K for ~ 1 h) specimens irradiated with 60 MeV carbon ions at 15 K
(a) and 300 K (b) (accepted from [84])

3.4 Examples of Applications

The main conceptions for the development of the materials, specially adapted to the
new IV generation of nuclear technique, were considered in Zinkle’s and Was’s
survey [85], where main demands were formulated for fuel, cladding, and in-core
structural materials as applied to the conditions of reactor types, such as fast reactors
with different liquid metal or gas cooling (such as sodium fast, lead fast, and gas fast
reactors), superhigh-temperature reactors, molten salt reactors, and supercritical-
water-cooled reactors with the radiation dozes up to 150-200 dpa. The proposed
numerous and various demands have aroused rapid comments of the USA Los
Alamos National Laboratory and Massachusetts Institute of Technology specialists
[76], who underlined the NMs high tolerance to the irradiation conditions (see
Tables 3.1, 3.2 and 3.3) and marked such materials perspectives, namely in connection
with the conception demands [85]. First and foremost the problem is connected with
nanostructured steels of the 14YWT, MA957, F95, M93, Fe-9/14/18Cr, UFG316SS,
and SUS316L types developed in USA, Japan, France, and Russia (Table 3.5).

According to the matrix structure characteristics, most of these steels except for
UFG316SS are only adjacent to the NMs dimension high limit (L ~ 100 nm), that
is, a conventional value is hard to realize in practice correctly for many techno-
logical reasons. They mainly belong to the non-nickel specification of the
ferritic/martensitic steel class and differ from the classic stainless steels by their low
swelling at high irradiation dozes and weak activation after radiation (this factor is
important for many operative post-reactor studies).

A short description of technological procedures, connected with production of
these steels, is presented in Tables 3.1, 3.2 and 3.3, but a total list of procedures is
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Table 3.5 Composition and characteristics of some nanostructured steels

Labeling Type Composition (Wt%) Lgrain (nm) Lina
Cr Ni Other elements (nm)

14YWT [17] | Ferritic 14 - 3 W, 0.4Ti, 0.25Y,05; | 200-400; [ = (1-5) 1-5

10°
MA957 [62] | The same 143 |- 0.3Mo, 0.9Ti, n/d 1-10
0.25Y,05

F95[56, 86] | The same 12 - 2 W, 0.3Ti, 0.25Y,0; | n/d ~4

MO3 [56] Ferritic/martensitic 9 - 2 W, 0.2Ti, 0.35Y,03 | n/d ~4

Fe-9/14/18 The same 9-18 |- 1 W, ~0.3Tj, ~300; 1 ~12 x 10° | 2-5

Cr [87] ~0.3Y,0;

SUS316L Austenitic 17 11 2.5Mo, 1.8Mn, 1TiC 100-300 -

[57]

UFG316SS The same 16.6 | 10.6 | 2.25Mo, 1.1Mn, 0.7Si | 40 -

[15, 58]

complex enough, as shown in Fig. 3.11 for the Japanese F95 steel fabrication [86].
Figure 3.12 illustrates how a steel fibrous structure arises after the combination of
the HE, CR and annealing. Such elongated (but shorter and narrower) grains are
also characteristic for ferritic steels after HE/R treatment (14YWT, MA957, etc.),
but the grains in the austenitic steels (HPT treatment) have roughly an equiaxed
structure. As mentioned above, the resource of reactor tests for ferritic and auste-
nitic nanosteels has not been rich yet. A detailed analysis of technology and
properties of radiation-resistant ferritic nanosteels is presented in survey [88].

The above listed non-nickel steels are used as cladding for fuel pin in sodium
fast reactors, and now they are studied as promising candidates to be used in the
International Thermonuclear Experimental Reactor (ITER) and DEMO types,
where the operation conditions correspond to the extreme regimes described in
Zinkle’s and Snead’s survey [89]. Figure 3.13 demonstrates a general view of a
projected fusion reactor, where at temperature of ~10% °C the thermonuclear
synthesis of hydrogen isotopes proceeds by the mechanism:

D +3T —* He (3.5 MeV) +n(14.1 MeV) (3.2)

with energy release and formation of fast helium ions and neutrons.

It is clear from Fig. 3.13 that the most intensive irradiation zone is so-called
blanket (the first wall of tokomak), where the fast neutrons generated in plasma by
reaction (3.2) are cooled and their energy transforms to heat, which must be released
(and used!) by an abstraction system. Herein, the thermal loads are of ~ 10 MW/m?
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Fig. 3.11 Cladding tube
manufacturing for F95 steel
(adapted from [86])
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and the irradiation doses can achieve 150-200 dpa, and thus, the most convenient
substance as a blanket plasma-facing material is tungsten as the most high-melting
and weakly activated metal with high thermal conductivity and strength character-
istics. Moreover, not only the tungsten sublimation ability and abrasive wear
parameters are very low, but also the tritium isotopes absorption is low. The
investigation of W samples under an intensive pulse attack of the high-energy
plasma jet (with energy flow densities up to 1 MJ/m?) has demonstrated that
degradation of samples is accompanied by both the surface evaporation/fusion and
the destruction of near-surface layers in depth ranges to 150-250 pum [90].
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Fig. 3.12 Optical microstructure of cladding tube for F95 steel after second heat treatment
(adapted from [86])
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Fig. 3.13 Overview cross section of the ITER tokomak (toroidal camera with magnetic coils):
a calculated fast neutron fluences for different key components in ITER and DEMO reactors;
b highlights the position-dependent total neutron fluxes (adapted from [89]). The ITER reactor is
now being built in Cadarache (France) with the participation of EU, Japan, USA, Russia, China,
India and South Korea

Also, it should be noted that from the standpoint of using tungsten under specific
operational conditions of the nuclear units, its two main shortages should be taken
into account: brittleness and high value of Tgpr. These factors negatively influence
the radiation resistance. In order to depress their role, prolonged and diversified
investigations were and are carried out mainly on the basis of the nanostructure
approaches. The tungsten-based materials were modified by introducing some dis-
perse strengthening additives (such as TiC, Y,0O3, and La,O3); by using various
combinations of treating technological methods, such as MA, HIP, the pressure
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treatment in a superplasticity state, and the formation of different laminated struc-
tured composites reinforced by W wires, etc. (e.g., [14, 91-94]). In laboratory
conditions, GS was decreased to 50-200 nm, which allowed even examination of
plasticity at room temperature and superplasticity at 7 = 1650 °C [92]. The neutron
irradiation studies (E > 0.1 MeV, T = 800-1073 K, 0.15-0.47 dpa) of some blanket
plasma-facing materials for several W alloys (with TiC additives or doped with La
and K) have shown that their radiation resistance in all cases was higher than that for
commonly used tungsten, but the minimum radiation hardening and the low number
of radiation defects were observed namely in the UFG W-0.3TiC [93] material,
which confirms the earlier obtained results presented in Tables 3.1 and 3.3 [14].

Then, it is presumed that W can be used in a diverter as a supplementary toroidal
nuclear mounting part destined to remove the charged particles and blanket wear
products. As an alternative promising material for diverters and blankets, the CVI
SiC/SiC composites are considered because they stand out as having high radiation
and thermal stability (see Fig. 3.7) [63]. Some problems concerning the transmu-
tation processes under the materials irradiation at the nuclear fusion reactor envi-
ronment are considered in [95].

Various SiC-based materials are also used in other fields of nuclear technologies,
for example, as so-called TRISO-coated fuel UO, microparticles in
superhigh-temperature gas-cooled reactors. Such 30-40 pm thick coatings are
applied through CVD method in fluidized-bed layers and act a diffusion barrier for
solid and gaseous fission products. It was shown that the minimal porosity
(~0.04 %), related maximal hardness (~ 50 GPa), and elastic modulus ( ~ 340 GPa)
of these coatings correspond to the deposition temperature about 1450 °C [96]. The
presented mechanical properties are close to those for nanocrystalline SiC films [25,
26]. Furthermore, it is known that tubes from impregnated SiC/SiC composites (with
a CVI SiC matrix) are investigated as materials promising for replacement of tra-
ditional zirconium shells of the rod-type fuel elements in the traditional thermal
reactors.

It should be noted that some nanocomposites containing W, IOB, Gd, Hf, Cd,
TiB,, and B4C (i.e., highly absorptive components with a great neutron trapping
cross-section) are investigated in order to create new materials for absorbing and
regulative rods in the reactor control systems, as well as for radiation shielding
against a neutron and y-irradiation (e.g., [97-99]). It has been recently shown that
some nanostructured luminophors (on the basis of CaSiO,4, Al,O3 and many other
compounds) hold great promises for application in great dose B-radiation dosimetry
[100, 101].

The above presented data clearly demonstrate the importance and possible
applications of various NMs in the field under investigation as well as the necessity
of the further investigations of their radiation stability. Besides, the radiation
resistance data are the subject of much current interest in connection with problems
of radiation shielding design to protect both the personal and element base of
aerospace systems, etc. In general, the experimental and theoretical studies of these
materials radiation stability remain very actual and the accumulation of information
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about the NM irradiation occurs very intensively. Some of the recent most inter-
esting results are presented below:

1.

2.

The unexpected fast grain growth in nanocrystalline ceria under 3 MeV Au ions
[102];

Quantitative comparison of sink efficiency of Cu-Nb, Cu-V and Cu-Ni
heterointerfaces for radiation point defects [103];

. High radiation resistance of UFG 304L stainless steel (L ~ 100 nm), produced

by ECAP technique, under 3.5 MeV Fe ion irradiation at 500 °C up to dose of
80 dpa [104];

Radiation tolerance of nanocrystalline Yttria stabilized Zirconia (10YSZ)
increased with decreasing grain size from 220 to 25 nm (irradiation with
400 keV Kr ions up to 129 dpa) [105].

. High irradiation resistance of nanolaminated MAX phases (TizSiC,, Ti;AlC,,

Ti,AIN, and so on) [106,107].
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