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Abstract: The review starts by highlighting the significance of nuclear power plants in contemporary 1
world, especially its indispensable role in the global efforts to reduce CO; emissions. Then, it describes 2
the impact of irradiation on microstructure and mechanical properties of reactor structural materials. s
The main part provides the reader with a thorough overview of crystal plasticity models developed
to address the irradiation effects so far. All three groups of most important materials are included. s
Namely, the Zr alloys used for fuel cladding, austenitic stainless steels used for reactor internals 6
and ferritic steels used for reactor pressure vessel. Other materials, especially those considered for 7
construction of future fission and fusion nuclear power plants, are also mentioned. The review pays s
also special attention to ion implantation and instrumented nanoindentation which are a common  »
way to substitute costly and time-consuming neutron irradiation campaigns. 10
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1. Introduction 13

The climate scientists report extremely fast gobal warming as a result of enormous 1.
CO; emissions. The rate of this changes seems to be too fast to be manageable by most of 15
flora and fauna species, as well as modern human civilizations. Therefore, it is important to 16
introduce emission-free energy sources [1]. Although the solar and wind power plants are 17
paid much attention to, they cannot play the dominant role yet, as they are not sufficiently 1.
stable and the large-scale storage of electrical energy is still an unsolved problem. Moreover, 1o
they require extremely large usage of land in order to fulfil country-scale energy needs and 20
the rate of installing new power plants is not satisfactory. That’s why at least some part =
of energy should come from the nuclear power plants (NPPs) if the CO; emissions are to 22
be reduced quickly. It should be also mentioned that apart from being emission-free, the 23
NPPs offer further advantages, such as: 2a

¢ extremely low amount of fuel (as compared to fossil fuel power plants), which offers 25
the possibility to store the fuel for many years of operation in advance, thus being 26
independent from unstable political situations across the world, 27

*  extremely low amount of waste (as compared to fossil fuel power plants), 28

*  stable electrical energy generation (also heat generation if cogeneration is considered), 2o

*  extremely low usage of land (especially as compared to solar, wind and water power 3o
plants). 31

The important materials used in currently operating NPPs are': 32

The pressurized water reactors (PWRs, cf. [2]) are considered here, as they are the most commonly operated
NPPs.
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*  zirconium alloys having hexagonal close packed (HCP) lattice. They are used for fuel s
cladding and thus are subjected to highest radiation. On the other hand, they have to s«
survive only during the time between subsequent fuel replacements (typically around s
6 years), 36

* austenitic stainless steels (ASS) having face centered cubic (FCC) lattice. They are 7
used for reactor vessel internals, which fullfill many functions such as supporting the s
core, control rod assemblies, core support structure and reactor pressure vessel (RPV) s
surveilance capsules [3]. As they are inside the RPV, they are subjected to considerable 4o
neutron fluxes, a1

e ferritic steels of body centered cubic (BCC) lattice, such as e. g. US A508C1 or A533B, a2
French 16MnD5, Russian 15Cr2MoVA and Chinese A508-3 steels, are used to build 43
reactor pressure vessel. As the vessel is typically very large and has very thick walls, 44
it is in principle the only part that cannot be replaced. Thus, its lifetime determines s
the service lifetime of the whole NPP. a6

As will be seen in the following, most models developed so far dealt with materials 4
belonging to one of those three groups. The studies are driven by practical considerations s
as e. g. answering the question of RPV life extension [4]. The assessment of irradiation- 4o
induced effects on mechanical properties of construction materials in NPPs is crucial as itis  so
strongly related to safety of the unit. Although the irradiation typically leads to increasing s
the yield strength of the material, it often results also in post-yield softening, decrease of s
ductility and increase in ductile to brittle transition temperature (DBTT). Other important s
phenomena are swelling and irradiation growth of the fuel cladding. Therefore, reliable, s«
physically sound and experimentally consistent material models should be built in order to  ss
address those issues. 56

Although the presently built generation III /III+ NPPs are much improved as compared s
to previous projects, the generation IV (Gen-1V) initiative calls for new nuclear energy s

systems that will significantly improve [5]: 59
*  safety and reliability, 60
*  sustainability, 61
e useful reactor life, 62
*  proliferation-resistance, 63
e profitability. 6a

Generation-1V International Forum (GIF) members identified six systems [6]: very high s
temperature gas-cooled reactor (VHTR), gas-cooled fast reactor (GFR), sodium-cooled fast s
reactor (SFR), lead-cooled fast reactor (LFR), molten salt reactor (MSR) and super-critical o7
water-cooled reactor (SCWR). However, the Gen-1V projects typically pose new material e
challenges. Depending on the particular reactor type, the construction materials should e

typically sustain (as compared to existing NPPs): 70
*  longer operation times, 7
*  higher radiation doses, 72
* higher operating temperatures (especially in the case of VHTR), 73
*  more chemically aggressive environments. 7a

Moreover, in the case of future fusion reactors, even higher radiation and temperature are 7
expected. 76

Therefore, for future generation IV NPPs, in general different materials should be 7
used as outlined in [5,7]. Among the class of metallic materials, four types of steels, namely 7
ferritic-martensitic (FM), austenitic stainless and oxide dispersion strenghtened (ODS) 7
steels (cf. [8]) are enlisted as promising candidates. The ODS steels with FM matrix were  eo
designated as those that enable achieving high radiation doses and high burn-ups required e
in fast reactors. The nickel-based alloys make also an important class of materials, especially e
in the case of very high temperature reactors. Specifically, none of the steels are considered &
as suitable for VHTRs, except the ferritic-martensitic steels which are considered as a s
secondary option. In the case of future fusion power plants, especially harsh conditions s
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Figure 1. Dislocation loops in irradiated pure iron visible in TEM micrograph [25].

are expected in the case of plasma-facing components. Tungsten has high melting point, s
low rate of tritium retention, low rate of sputtering and good thermal conductivity [9]. e
Therefore, tungsten-based materials, e. g. the tungsten-based high entropy alloys [10,11] s
are considered for this particular application. 89

2. Irradiation-induced effects 90

Irradiation leads to changes in the microstructure [12-17] and mechanical properties o
[18] of materials. The basic mechanism responsible for those changes is the following, cf. o2
e. g. [19,20] and references therein. The energetic particle (neutron in the case of nuclear o3
reactor, ion in the case of ion implantation experiment) collides with the atom presentin s
the crystalline structure of a given metallic material. This collision results in displacing s
the so called primary knock-on atom (PKA). This atom then interacts with other atoms s
leading to the cascade of defects occurring in the material. Vacancy-interstitial pairs are o7
thus created. They can then reconfigure leading to creation of defects such as stacking fault  os
tetrahedra (SFT) in FCC lattice or dislocation loops (DLs) in BCC lattice (cf. Fig. 1). The oo
problem is even more complicated in HCP Zr alloys where interstitial-type DLs are formed 100
on the prismatic planes and vacancy-type DLs on the basal ones [21]. Huge amount of 101
irradiation-induced vacancies leads to the formation of voids in the material which can 102
be macroscopically identified as swelling. Other defects, such as precipitates or solute 103
rich clusters (SRCs) [22], can be also created. In the case of RPV steels, the nucleation 1os
and growth of Cu, Ni and Mn precipitates due to irradiation is an important issue [23]. 105
According to the dispersed barrier hardening (DBH) model [24], the defects impede the 106
movement of dislocations thus leading to irradiation hardening. 107

Common feature of irradiated materials is also the appearance of defect-free channels 108
(cf. Fig. 2) accompanied by macroscopically observed post-yield softening and ductility loss 100
(cf. Fig. 3, see also [26]). There seems to be a scientific consensus that the channels originate 110
from local annihilation of the irradiation-induced defects by gliding dislocations. This 11
drives the localization and softening. In the course of further deformation, the nucleation, 12
growth and coalescence of voids occurs at the intersection of soft channels with hard 11
material. This can finally lead to fracture. Apart from the neutron-PKA interaction, other 11
mechanisms are possible. For example the nuclear reaction of a given atom with incoming 115
neutron can lead to its transmutation. The Al-Si transmutation in Al-6061 alloy leads to 116
the formation of Si precipitates [27]. Other effect is the generation of He through the (n,a) 117
nuclear reaction. Huge amounts of generated He can lead to formation of He bubbles, cf. 11s
Flg 4. 119

The amount of neutrons of a given energy flowing through the material can be char-
acterised by their fluence ®, which is equal to the number of neutrons dN penetrating the
sphere having the cross section da:

dN
P = PR
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Figure 2. a) Dislocation channels in irradiated and tension-deformed Zircaloy-2, b) dislocations and
dislocation loops within the channel [28].
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Figure 3. Engineering stress strain curves in iron and iron-chromium alloys in a) virgin and b)
irradiated state [29]. Post-yield softening and ductility loss are clearly observed in the irradiated case.
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Figure 4. He bubbles in FeCrNi alloy subjected to He implantation seen as bright regions in TEM
micrograph [30].

However, from the point of view of mechanics and materials science, the displacement per 120
atom (dpa) [31] provides a better measure of the effects of irradiation on material, as it does 121
not depend on the energetic spectrum of neutrons [32] and can be also applied to ions. In 122
order to calculate dpa in the case of ion irradiation, the SRIM software [33] is commonly 123
used. Recently, the Iradina code [34] was developed. According to its developers, it offers izs
some advantages over the SRIM software. 125

3. Modelling irradiation effects 126

There were so far many efforts to take into account the influence of irradation de- 127
fects on the mechanical properties of metals and alloys in macroscopic phenomenological 2.
models, cf. e. g. [35-40]. However, as could be seen from the previous paragraphs, the 12e
phenomena related to radiation-induced microstructure changes appear at different time 130
and length scales and therefore the multiscale modelling approach is the most appropriate 131
in addressing them [18,23]. The fundamental mechanisms and their energetics can be 13
obtained from atomic scale methods, such as molecular dynamics or even ab initio. Larger 133
volumes and longer times can be achieved using coarse grained methods such as kinetic 13«
Monte Carlo or dislocation dynamics, utilizing the information gained from atomistic 1ss
modelling. The next scale is the meso scale that forms a bridge between the discrete and 136
continuum models. Apart from phase field and cluster dynamics, such an approach is 137
the crystal plasticity theory, which is the topic of this review. Readers interested in links 13s
between atomistic simulations and constitutive models of irradiated materials are referred 13
to the review [18]. 140

CP predictions can be both directly utilized to obtain the macroscopic response of 1a
the specimen, as well as used to get insight into grain-scale phenomena. In general, the 12
crystal plasticity can be crudely divided into so-called phenomenological crystal plasticity —1as
(PCP) and dislocation density based crystal plasticity (DDCP) theories. In PCP, the critical 144
resolved shear stress (CRSS) evolves with the amount of accumulated slip, while in DDCP 145
it is related to the evolving dislocation densities. In the PCP model of Deo et al. [41], the 146
CRSS is increased according to the formula (cf. [36]): 147

T =19+ aubv Nd, @)

where T is the initial CRSS, 19 is the unirradiated CRSS, « is the defect cluster barrier 14s
strength, y is the shear modulus, b is the Burgers vector length, N is the defect cluster 140
density and d is their diameter. 150
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In the paper of Onimus and Béchade [42] the crystal plasticity theory was applied 1=
to model the behaviour of irradiated zirconium alloy of HCP crystallographic structure. 1s2
The irradiation hardening was incorporated by modifying the CRSS, similarly as in [41]. 1ss
However, the population of dislocation loops evolved with accumulated slip. In addition, 1ss
the fact that the interaction between dislocation loops and mobile dislocations is different 1ss
for different slip system families was taken into account. Dislocation channelling was also  1se
considered. Irradiated ziracalloy was also analyzed in [43]. The irradiation effect was s
introduced in a similar fashion to the previous papers. The softening effect was taken into  1ss
account by decreasing the CRSS of basal and prismatic slip after reaching the critical value 1so
of slip. Using the model combined with FEM homogenization, it was possible to simulate 1e0
strain localization, softening and associated ratcheting in irradiated zircalloy subjected 1e
to cyclic loading. Thermal creep, irradiation creep and irradiation induced growth were 162
taken into account in the constitutive model reported in [44]. Two micro-macro transition 1es
schemes enabling to obtain the response of the polycrystal from single crystal consistutive 1es
model were compared, namely the self-consistent method and FFT solver AMITEX_FFTIP. 165

The DDCP model was used to simulate the behaviour of 22NiMoCr37 RPV steel in 166
[45]. Classically, the CP formulations use the power law ([46], see also [47-50]) of the type: 167

1/m
sign(7°), @

TBC

7“:'7057

where §* is the slip rate on system «, g is the reference slip rate, s* is the crtical resolved 1ee
shear stress, m is the rate sensitivity and 7% is the resolved shear stress (RSS). However, 160
since this simplified description is not able to capture the real strain-rate and temperature 17
sensitivity of plastic flow [51], and does not account for the inherent lattice resistance in 1
BCC metals [36], in [45] (and many DDCP models to be described in the following) the iz
thermal activation Kocks-type plastic flow law [52] similar to the one presented in [51] was 173
applied: 17e

o PN\ 9
o _ _AGo [ [ Tesf
¥ —voexP< e 1 pm , 3)

where g can be calculated based on dislocation theory [53] or selected as a material 175
parameter, AGy is the activation free energy required to overcome the obstacles to slip 17
without the aid of an applied shear stress, kp is the Boltzmann’s constant, p and g are 17
exponents that should lie in the range (0,1) and (1,2), respectively. According to [51], 17s
ch"f ;= |T%| — s, and s§ denotes the part of the resistance due to athermal obstacles to slip 17
(those that cannot be overcome with the aid of thermal fluctuations, such as dislocation 1so
groups and large incoherent particles). s represents the part due to thermal obstacles (those e
that can be overcome with the aid of thermal fluctuations, such as the Peierls resistance, sz
solute atoms and forest dislocations). The evolution of dislocation densities on each slip ~ 1es
system was tracked using two terms, namely the storage dependent on mean free path and  1es
the annihilation distance. The irradiation was introduced by modifying the initial value of 1ss
CRSS without explicitly accounting for irradiation-induced defects. However, the paper 1ss
presented quite detailed analysis of the simulation results as concerns the probabilistic  1e
assessment of brittle fracture. 188

Krishna et al. [19] developed the crystal plasticity model for FCC copper. The model  1s
seems to be the first one tracking both the evolution of dislocation and defect densities. 190
Dislocation populations on each slip system were taken into account. Also the defects 11
(SFTs) for each slip system were accounted for. Such an approach allowed to successfully 192
capture the increase in yield stress followed by yield drop and non-zero stress offset from 103
the unirradiated stress-strain curve. Capturing these phenomena was possible due to the 194
interplay of the dislocation density evolution (two terms — growth and dynamic recovery) 1es
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and defect annihilation due to the interaction with dislocations. The critical resolved shear 196
stress was calculated using the equation: 107

= B g
T =1Gb*, | ) (K“ﬁpd + leﬁPdef)’ (4)
p=1

where 7 is a statistical parameter, G is the shear modulus, b* is the Burgers’ vector in the slip ~ 10e
plane, K*f and L*F are the interaction matrices, pg and pg of ATe the densities of dislocations 199
and defects, respectively. Similar equations were used in most of the subsequent crystal 200
plasticity studies, cited below. However, when it comes to coupling the dislocation and 20
defect terms, sometimes the sum of square roots (linear superposition) was used instead of 202
the square root of sums. The issue of choosing the right superposition rule was thoroughly 203
discussed in [18,32]. Also, the latent hardening introduced by means of interaction matrices 204
was sometimes neglected. Similar model was introduced in [54] to study the behaviour 2os
of irradiated BCC molybdenum. The novelty of the paper was the utilization of CRSS 206
composed of two terms, namely the thermal and athermal one. Nevertheless, the plastic 207
response was driven by the power law similar to Eq. 2 in the same fashion as in [19]. 208

A model for irradiated austenitic stainless steel was introduced in [55,56]. The harden- 200
ing law of the crystal plasticity model was enriched by incorporating the effects connected 210
with the emergence of Frank loops and dislocation unlock. The main conceptual difference 21
of this model wrt. to other approaches stems from the fact that instead of supplying the 212
initial defect densities (measured or calculated in lower scale models), different set of mate- 213
rial parameters is needed for each level of dpa The model was originally implemented in 214
ZéBuLoN and Cast3M finite element method programs. In [57] its implementation into the 215
more commonly used ABAQUS FEM software was described in detail. Also the validation 216
on simplified microstructures was presented. In [58], the parameter calibration was done 217
and the necessary number of grains and finite elements per grain were investigated. The 218
model developed in the cited papers was then applied in [59] to evaluate the influence of 210
irradiation on the intergranular stress corrosion cracking (IGSCC). The latter phenomenon 220
was observed both in boiling water reactors (BWRs) and pressurized water reactors (PWRs). 22
The developed model was also applied in [60] to study the effect of irradiation up to 13 222
dpa on the growth and coalescence of voids in FCC single crystals. The authors carried out 223
the crystal plasticity finite element method (CPFEM) simulations of single crystals with 224
voids whose size corresponded to secondary voids resulting from high irradiation levels. 225
The results of simulations enabled to conclude that in materials subjected to irradiation the 226
voids grow faster and coalesce earlier because of more significant plastic slip localization. 22»
The irradiated material tends to suffer from macroscopic embrittlement even though fine 22s
dimples at the failure site characteristic for ductile failure can be observed. This seemingly 220
paradoxical behaviour can be well explained using the authors’ conclusions. El Shawish 230
et al. [3] applied the developed model to investigate the tensile response of the austenitic 231
stainless steel SA304L irradiated to 0.8 dpa. The model of [55] was also used as a benchmark 232
for validating the analytical model of neutron-irradiated austenitic steel in [61]. In addition, 233
the crystal plasticity model implementation using the fast Fourier transforms (FFT) in the 234
CraFT software was presented there. The results of CP simulations were compared against 235
the experimental data from Russian austenitic steels irradiated in fast reactors. 236

The very detailed crystal plasticity constitutive model of irradiated BCC material 237
was presented in [20]. The model accounts for number density and mean size of the 23
dislocation loops. However, for simplicity only interstitial loops are taken into account, 23
since the vacancy loops are smaller and they do not impede the glide of dislocations 240
considerably. The mobile and immobile dislocation densities were tracked separately on 241
each of 48 slip systems. Various physical phenomena were separately included in the 2s2
evolution laws. The evolution of the concentrations of irradiation-induced point defects 243
(separately for interstitials and vacancies) is also taken into account. The authors proposed  24s
also the phenomenological rule for a rate of annihilation of immobile dislocations and 245
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interstitial loops. The rate of shearing on a given system includes both glide and climb 246
components. This is due to the assumption that dislocation climb enables to overcome 247
barriers to dislocation glide. The model was applied to study the behaviour of modified 9Cr- 245
1Mo ferritic/martensitic steel. Using the model it was possible to simulate both quasistatic 24
and creep tests in the finite element software. The parameters were fitted to experimental 250
data, however no quantitative validation of other predictions was presented. The density 25
and mean size of the loops were assummed to directly depend on the amount of dpa. The 252
model developed in [20] was then used to simulate the plastic flow localization leading to  2s3
emergence of defect-free channels [62]. The influences of different parameters related to  2ss
the constitutive model or microstructure idealization used on the shape and width of the 2ss
channels, as well as defect densities inside them were thoroughly studied. The model was 256
then extended to account for inelastic deformation-driven void nucleation and growth [26]. 2s7
This way it was possible to study the initiation of failure in irradiated BCC Mod 9Cr-1Mo  2ss
steel. It is important to note that as this material is characterized by high swelling resistance 2s0
any possible irradiation-induced voids were neglected. Contary to previous papers, 24 slip 260
systems were considered due to computational limitations. 261

In [63] the dislocation density based crystal plasticity model accounting for both 262
the network dislocation density and dislocation loop density was reported. Using the 263
model, it was possible to reproduce the softening behaviour observed in irradiated BCC 264
metal subjected to tensile loading. Despite dealing with the BCC material, standard =es
crystal plasticity power law (cf. Eq. 2) was used. The important novelty of this paper zes
was accounting for the dislocation-defect interactions in a tensorial, rather than scalar, 26
fashion. This way, no interaction between the DLs and dislocations lying in parallel planes 2¢s
was introduced. Chakraborty et al. [23] implemented the models presented in [62] and 269
[63], while extending the latter to account for different dislocation densities evolution on 27
different slip systems. In addition, two different integration algorithms were implemented 27
and compared. The effects of different model parameters on the results were discussed. The 27
results were compared against the experimental data and dislocation dynamics simulations 273
available in the literature. In [4], the model accounting for interactions of dislocations with 274
self-interstitial-atom loops, vacancies and copper clusters was used to study changes in 275
mechanical behaviour of pure iron and iron-copper alloys subjected to neutron irradiation. 27
The simulations were compared against dislocation dynamics simulations and experimental 277
data. However, a different set of model parameters had to be used in order to match both 27
types of results. 279

The crystal plasticity model accounting for irradiation-induced changes was also  2s0
developed by Xiao et al. In [64] the model for FCC single crystal was presented. One of ze:
its crucial aspects is accounting for dislocation-defect interaction in a tensorial fashion. To  2s2
this aim, the equations developed in [63] enahanced by adding the annihilation probability 2es
term developed in [19] were applied. This was done in order to account for a different 2ss
nature of the most important defects. Barton et al. dealt with irradiated BCC material 2ss
where the dislocation loops are common. In the case of FCC copper, the SFTs are the major  2ss
irradiation-induced defects. Since they are 3D objects, their interaction with dislocations is  2e
probably different than in the case of DLs. The evolution of dislocation density on each  2ss
slip system has just two terms accounting for storage and dynamic recovery. In [65] the  2e0
model was further enhanced by accounting for temperature and implemented in the elastic- 200
viscoplastic self-consistent (EVPSC) model. Using the self-consistent model based on [66] 2
enabled to model the response of a polycrystalline material. The model was then adopted 202
to study the behaviour of BCC iron [67], BCC steel [68] and Fe-Cr alloys [22]. In the first 2es
model no conceptual changes were made apart from neglecting the annihilation probability 2es
term and accounting for the Hall-Petch hardening. The third one additionaly accounted for 2es
the effects of SRCs, Cr solute and lattice resistance friction. In spite of modelling the BCC 206
materials, in both [67] and [22] the standard crystal plasticity power law (Eq. 2) was used 297
in contrast to Kocks-type thermal activation equation (Eq. 3). The latter one was however 208
used in [68]. 200
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Another DDCP model was reported in [69]. The dislocation density based crystal so0
plasticity hardening model shares common concepts with the paper of [20], although some 301
ot the effects (concentrations of point defects, cross slip and climb terms in evolution 3oz
equations for dislocation densities, annihilation of immobile dislocation due to interaction o3
with loops) are disregarded. The novelty of the model lies in including damage. The 10
model was applied to simulate the behaviour of body centered cubic ferritic A508-3 steel 305
which is used to build reactor pressure vessels in China. Similar model for FCC metals was 306
presented in [70]. However, contrary to [69], where the mobile and immobile dislocation 3o
densities were tracked separately, here edge and screw dislocation populations are divided. sos
Since the SFTs are basic irradiation-induced defects in FCC metals, the defect evolution  soe
model based on [19] was applied. 310

The model for FCC austenitic stainless steels was presented in [71]. The contributions 31
to CRSS arising from dislocation forest, DLs and SRCs are combined using the quadratic 12
sum. On the other hand, the friction due to solid solution and Hall-Petch effect are included 313
by linear superposition. Dislocation population evolves separately on each slip system, 31
while the DLs and SRCs are assumed to be uniformly distributed. The polycrystalline s
behaviour was obtained by implementing the model in the elasto-plastic self-consistent 16
model of Berveiller and Zaoui (BZ) [72]. Additionally, the analytical model for yield stress s
prediction was presented. The authors adjusted the set of parameters to obtain the stress s1s
strain curve of the unirradiated material. The response of the irradiated material was 31
simulated to be in reasonable agreement with experimental data by proper selection of 20
DL density and a parameter accounting for annihilation of radiation defects by moving s
dislocations. The effect of SRCs was disregarded at the validation stage. 322

Somewhat more complicated model was presented in [73]. Since the model was build 323
for RPV steels, the plastic slip rate was a harmonic sum of the slip rates controlled by the 324
jog-drag and lattice friction. While the classical power law was used for the jog-drag term, s2s
the thermal activation law was used for the lattice friction regime. Note however, that the 326
classical Kocks law (Eq. 3) was modified by using the square root instead of two exponents. 32
Similarly as in [71], the defects considered were DLs and SRCs. Interestingly, three ho- sz
mogenization schemes were applied, namely the SC BZ, the CPFEM and FFT approaches. 320
Strangely, the authors compared the results obtained using the small strain (BZ) and finite 30
strain (FFT) formulations in the finite strain regime where the small strain assumption is s
invalid. Contrary to other papers (e. g. [74]), the yield stress being higher than subsequent 332
flow stress is believed to be a result of static aging rather than softening related to creation 33
of defect-free channels. Another issue is the result that at low temperature there is no s
irradiation hardening — this is however only the prediction that was not confirmed by any 35
experimental data so far. 336

A model for BCC material conceptually similar to [73] was developed in [75]. The 337
slip rate is calculated as a harmonic sum of thermal and athermal terms. Both terms were s3s
calculated using the thermally activated Kocks-type law (cf. Eq. 3). The thermal term 330
depends on an average length of screw dislocation segment, and the athermal one on the 340
distance swept by a kink pair before its annihilation with another kink pair. The results sa
were used as an input to probabilistic assessment of brittle fracture using the Weibull = ss2
distribution. 343

4. Nanoindentation 344

In the papers cited herein, the polycrystalline response was obtained either by using the  14s
self-consistent (S5C) [22,41,42,65,67,68,71,73], the FEM [3,11,20,23,43,45,57-60,62,63,69,70,75] 346
or FFT based ([3,44,61,71]) homogenization techniques. In the self-consistent model, each 347
grain is treated as an uniformly deforming ellipsoidal inclusion [49,76]. Although such sss
simplification leads to numerically very efficient formulation, the complex geometry on the 34
single or polycrystal level, grain neighbouring effects and intragrain phenomena cannot s
be studied using such an approach. On the other hand, the CPFEM is very flexible in  3s:
addressing such issues, but increasing number of grains and fine mesh leads to quick 3s2
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Figure 5. Image showing the damage profile of tungsten implanted with He ions simulated with
SRIM software superimposed on TEM image [83].
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Figure 6. Illustration of the influence of irradiation on instrumented indentation data. Load-
displacement curves: a) a-Fe, b) CrFeV alloy [84].

increase of the computational cost. Finally the FFT-based approach joins some assets of sss
the SC approach (numerical efficiency) with others of the CPFEM (explicitly addressing  sss
the microstructure of the material). However, it also requires the domain and boundary sss
conditions to be periodic and thus similarly to the SC method is not suitable to study sse
complex geometry or boundary conditions. 357

Constitutive models of irradiated materials should be always validated against the sss
experimental data. However, testing the material specimen in reactor conditions is difficult = sse
from the practical perspective. First, the specimen has to be subjected to neutron radiation  seo
for a long time in order to achieve desired level of dpa. Second, the specimen irradiated e
with neutrons is active and has to be tested inside hot cells. On the other hand, high se
levels of irradiation can be achieved by irradiating the material for much shorter times ses
using ions or protons. Since ions do not cause fission, transmutation or excitation, the ses
materials irradiated (or, in other words, implanted) with ions can be also tested in standard ~ ses
mechanical laboratories. 366

However, in contrast to neutrons, ions are charged and thus they can penetrate the 367
material to a very shallow depths only, cf. Fig. 5. Since the thin surface of a material cannot ses
be mechanically tested using conventional mechanical testing, typically the instrumented 160
(nano)indentation test (cf. e. g. [39,40,77-82]) is used in order to obtain the properties of 37
the irradiated layer. As it was already mentioned in this review, the basic mechanistic effect sz
of irradiation is irradiation hardening. In terms of load-penetration curves this is visible by sz
means of higher load value at the same displacement in the case of ion implanted material, s7s
cf. Flg 6. 374

So far, there is no simple and reliable theory to link the indentation load-penetration s
curve to elastic and plastic properties of the material. Thus, since nanoindentation test sz
is generally performed on one grain of the polycrystalline material, the crystal plasticity s
finite element method can be successfully used to obtain the material properties from such sz
a test [50,85-90]. In [91] the crystal plasticity model with Voce hardening was applied to 7
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Figure 7. Load-displacement curves obtained for different radii of the Berkovich tip.

simulate the indentation of pure Zr in virgin and irradiated state. The modified plastic sso
properties of the irradiated material were simply obtained by changing the value of the sa:
initial CRSS of each slip system only, rather than by modification of the model itself. In  3e2
[92] the strain-gradient crystal plasticity model was adopted to model the behaviour of = ses
ion-irradiated FCC single crystals. The irradiation effect was taken into account by adding  ses
the irradiation-induced defects term to the CRSS. The defect density was specified non- sss
uniformly along the sample’s thickness. In [93] the DDCP model similar to [69] was applied a6
in order to study the irradiation effect on hardness of Chinese RPV A508-3 steel. 387

The behaviour of self-ion irradiated tungsten was studied in [9] using nanoindentation, sss
high-resolution EBSD and small-strain strain-gradient crystal plasticity. To account for sss
irradiation effect, the additional term 7y was added to the CRSS. This term depended on 300
the density of dislocation loops measured in TEM. Moreover, this term was decreasing  so1
with strain which accounted for weakening of defects by gliding dislocations — thus a strain  se2
softening model was used. The CPFEM simulations of indentation in tungsten were also  3e3
reported in [94]. The model includes the irradiation hardening terms coming from voids ses
and loops. However, only hardness values were compared against the experimental data  ses
and no load-displacement curves were provided. 396

An interesting model able to capture both irradiation effects and pop-in behaviour se7
in tungsten was published in [95]. The possibility to pop-in was taken into account by 308
introducing the probabilistic pop-in stress. The CRSS included the terms related to DLs, He 399
bubbles, SSDs, GNDs and lattice friction. The model correctly predicted that irradiation 4c0
leads to inhibiting the pop-in possibility. a01

While modelling indentation of ion-implanted materials using CPFEM one should 402
be aware of several important effects. First, ideally the plastic zone should not exceed the 403
flat part of dpa before the peak (cf. Fig. 5). Since the plastic zone is 5-10 times larger than sos
the indenter penetration, this results in severe restriction on the maximum penetration sos
depth or necessitates usage of high ion energies (that lead to considerable ion penetration). aos
Alternatively, one can consider variable defect density as it was done in [92]. Performing o
nanoindentation at very small depth poses further challenges. First, at small depths the 40s
size effect plays important role and one should use a size-sensitive model, e. g. [89,96-98]. 400
Second, in the case of using pyramidal indenters, the influence of tip bluntness considerably 10
affects the obtained mechanical response [99-103], thus necessitating to explicitly account a1
for it. The simulated load-displacement curves using Berkovich indenter blunted with three 412
parabolic cylinders with different values of tip radius R (details of the CPFEM simulation 413
can be found in [104]) are shown in Fig. 7. One can see that the influence of tip radius is s1s
considerable. On the other hand, the influence of friction on the load-displacement curves as
can be neglected for small depths (cf. Fig. 12 in [90]). 416

5. Conclusions 417

Based on the conducted literature review one can conclude that: a18
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Massive construction of new nuclear power plants is an essential requirement for
meeting the CO, reduction goals [1].

Accounting for the effect of irradiation on mechanical properties in crystal plasticity
theory started about 15 years ago and is still an area of active research.

In particular, there is no consensus among different authors on whether various
contributions to the CRSS should be superposed linearly or quadratically.

Ion implantation is a cheap alternative to neutron irradiation but in order to measure
the change in mechanical properties due to ion irradaition instrumented nanoindenta-
tion testing combined with CPFEM modelling is indispensable.

One should account for ion penetration depth, size effects and indenter tip imperfec-
tion while performing CPFEM simulations of nanoindentation.
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Abbreviations

The following abbreviations are used in this manuscript:

NPP nuclear power plant

PWR pressurized water reactor

HCP hexagonal close packed

ASS austenitic stainless steels

FCC face centered cubic

RPV reactor pressure vessel

BCC body centered cubic

DBTT ductile to brittle transition temperature
Gen-IV  generation IV

GIF Generation-IV International Forum
VHTR  very high temperature gas-cooled reactor
GFR gas-cooled fast reactor

SFR sodium-cooled fast reactor

LFR lead-cooled fast reactor

MSR molten salt reactor

SCWR  super-critical water-cooled reactor

M ferritic-martensitic

ODS oxide dispersion strenghtened

PKA primary knock-on atom

SFT stacking fault tetrahedron

DL dislocation loop

SRC solute rich cluster

DBH dispersed barrier hardening

dpa displacement per atom

PCP phenomenological crystal plasticity
DDCP  dislocation density based crystal plasticity
CRSS critical resolved shear stress

RSS resolved shear stress

IGSCC  intergranular stress corrosion cracking
CPFEM crystal plasticity finite element method

FFT

fast Fourier transform

EVPSC elastic-viscoplastic self-consistent

BZ
SC

Berveiller and Zaoui
self-consistent
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