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Abstract

The study of irradiation hardening and embrittlement is critically important for the development of next-generation structural
materials tolerant to neutron irradiation, and could dramatically affect the approach to the design of components for advanced
nuclear reactors. In addition, a growing interest is observed in the field of research and development of irradiation-resistant
materials. This review aims to provide an overview of the theoretical development related to irradiation hardening and
embrittlement at moderate irradiation conditions achieved in recent years, which can help extend our fundamental knowledge
on nuclear structural materials. After a general introduction to the irradiation effects on metallic materials, recent research
progress covering theoretical modelling is summarized for different types of structural materials. The fundamental mechanisms
are elucidated within a wide range of temporal and spatial scales. This review closes with the current understanding of
irradiation hardening and embrittlement, and puts some perspectives deserving further study.
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1 Introduction
1.1 Motivation

With increasing energy demand for our daily life, growing
economical development, and limited reserve of fossil fuel on
earth, ithas become urgent to develop novel non-fossil energy
sources that can, on the one hand, effectively replace the
contribution of conventional fossil energy, and on the other
hand, be environmentally friendly and safe for the sustain-
able development of our next generations [1]. Among several
alternative non-fossil energy sources (e.g. tidal energy, solar
energy and wind energy), the nuclear energy is considered to
be the promising one for our future development.

Generally speaking, the production route of nuclear
energy can be divided into the fission and fusion type. Fission
energy has already been serving human beings for more than
half-century. Whereas, the shortcomings of fission energy,
e.g. the low utilization of fission fuels and certain risks for
the safe operation of nuclear reactors, push nuclear tech-
nology towards fusion energy. If it succeeds, it is likely to
reduce the radioactivity and increase the safety in opera-
tion, as well as to solve the energy problem once and for all.
Because of these promising advantages, the development of
fusion energy has drawn an increasing attention over the last
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decades. The famous international nuclear fusion research
projects, International Thermonuclear Experimental Reactor
(ITER), started in 2006, aims to help the design and imple-
mentation of a full-scale electricity-producing demonstration
fusion power station (DEMO), targeted for construction by
2050 [2].

To ensure the sustainable operation of nuclear reaction in
the reactors, there exist a number of critical issues that need
to be addressed. Thereinto, the research and development
(R&D) of irradiation-resistant materials that can ensure the
structural integrity and guarantee the safe exploition of com-
ponents in nuclear reactors is extremely important. Under
fusion operation conditions, structural materials would suffer
from the impact of high flux neutrons and ions. The induced
irradiation damage level is much higher than what is achieved
in the fission reactors. So far, there is no such qualified mate-
rial that can withstand the required irradiation conditions and,
at the meantime, satisfy the requirements from the aspect of
design [2].

1.2 Irradiation effect on nuclear structural materials

Depending on the periodic arrangement of material atoms,
nuclear structural materials can be categorized into crys-
talline and non-crystalline ones. The latter type including
amorphous solids is not discussed in this work. For metal-
lic materials with crystalline structures, atoms are located in
their Bravais lattices with well-defined periodic configura-
tions. According to the type of Bravais lattices [3], metallic
materials can be mainly divided into three categories: face
centered cubic (FCC), body centered cubic (BCC), and
hexagonal close packed (HCP) structures. Under a long-term
exposure in the irradiation field, the mechanical proper-
ties of structural materials could be dramatically degraded
when compared to the unirradiated state, which is termed
as the irradiation damage effects on mechanical properties
(see Fig. 1 for instance). There are four major types of the
irradiation-induced degradation, which are determined by the
irradiation dose and temperature [3]. At low irradiation tem-
perature (< Ty, /6, where Ty, is the melting point), irradiation
hardening and subsequent embrittlement are of primary con-
cern [4]. With the increase of the irradiation temperature (up
to T /3), irradiation-assisted creep becomes a major concern
that the creep deformation is related to the irradiation dose,
applied stress and gas bubbles [5]. Irradiation swelling orig-
inating from the formation and growth of voids can induce
unacceptable dimensional changes at high irradiation dose in
the intermediate temperature range (peak swelling occurs at
the irradiation temperature of Ty, /4) [6]. At high irradiation
dose and high temperature, the accumulation and diffusion
of transmutation gaseous elements such as helium (He) and
hydrogen (H) can lead to the formation of gas bubbles in
the grain boundaries that weakens the interface strength and
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promotes the intergranular fracture, which is called the hight
temperature He embrittlement [7].

The occurrence of irradiation damage actually stems from
the impact of energetic particles that generates lattice damage
[8-10]. An impinging particle (e.g. swift ions, fast neutrons
and MeV-range electrons) creates the primary knock-on atom
(PKA) as a result of the scattering on the atoms that form the
material’s lattice. PKA generates a displacement cascade,
which results in the formation of point defects and defect
clusters [11]. High energy neutrons can also result in the
nuclear transmutation leading to the generation of He by
the (n, «) reaction. These defects, all together, are named
as the primary irradiation-induced defects. Further diffu-
sion and coalescence of these primary irradiation-induced
defects lead to the establishment of nano-metric defects,
which can suppress the plastic deformation and therefore
impact the mechanical properties of irradiated materials [12].
The parameter defining irradiation dose is called fluence, and
it represents a number of high energy particles per square
meter. The concept of displacement per atom (DPA) is intro-
duced to define the equivalent irradiation damage dose in
materials with different lattice properties, which are exposed
to different types of irradiation particles. One DPA means a
displacement of each atom from its equilibrium lattice site,
statistically.

The dominant irradiation-induced defects can be sub-
divided into four groups: (1) point defects, such as interstitials
and vacancies [8,9], and new chemical elements generated
as aresult of transmutation; (2) one-dimensional defects like
dislocations formed in neutron-irradiated copper [13]; (3)
two-dimensional or planar defects such as dislocation loops
(DLs) [14] as illustrated in Fig. 2a, which are observed in
BCC iron after irradiation up to 0.3 DPA at 773 K; (4)
three-dimensional defects such as solute rich clusters (as
shown in Fig. 2b) [15], stacking fault tetrahedra (SFTs as
shown in Fig. 2c) [16], and voids (Fig. 2d) [17] as noticed
in SUS316L austenitic stainless steels. These irradiation-
induced defects, formed at nano-scale, eventually influence
the macroscopic mechanical properties of nuclear structural
materials.

The study of how irradiation defects affect the macro-
scopic mechanical properties of metallic materials is a typ-
ical multi-scale problem [11,15,18-32]. Irradiation-induced
defects formed at nano-scale affect the evolution of
microstructures (e.g. dislocation-type defects, precipitation
and interface structures) at meso-scale, which results in the
alternated mechanical properties at macro-scale. Therefore,
the combined investigation by numerical simulations, exper-
imental observations and theoretical modelling at different
scales plays a dominant role for the comprehension of irradia-
tion effects, as presented in Fig. 3. Moreover, this multi-scale
study method could further help the R&D of structural mate-
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Fig. 1 Irradiation effect on the mechanical behavior of nuclear structural materials. a Stress—strain relationships of molybdenum under different
irradiation doses when the irradiation temperature is 353 K. (Reprinted with permission from Ref. [4]. Copyright 2008 by Elsevier). b Irradiation
effect on the uniform elongation (UE) and total elongation (TE) for unirradiated and irradiated molybdenum at different strain rates. (Reprinted
with permission from Ref. [4]. Copyright 2008 by Elsevier). ¢ Influence of dose rate on the irradiation creep of 20% cold-worked 316 stainless
steel at 573 K. (Reprinted with permission from Ref. [6]. Copyright 1997 by Elsevier). d Effect of neutron fluence on the swelling of Fe-15Cr-Ni
alloys for different nickel levels and temperatures in EBR-IIL. (Reprinted with permission from Ref. [5]. Copyright 2000 by Elsevier)

rials [33,34] that can be utilized in the future fusion and
fission reactors.

1.3 Architecture

In this review, we focus on the irradiation hardening and
embrittlement phenomena observed at intermediate tem-
perature range (7y,/6-Tn/3) and up to moderate doses
(several DPA), thus excluding the influence of transmutation-
originated gases. The attention is primarily paid to the
materials that have structural function in nuclear reactor com-
ponents. The paper is organized as follows: in Sects. 2 and 3,
we summarize the recent developments of theoretical models
for the irradiation hardening and embrittlement. The for-
mer covers the conventional irradiation hardening model and
crystal plasticity theory based irradiation hardening model,
and the latter contains the theories proposed for the irra-
diation embrittlement. Summary and outlook messages are
collected in Sect. 4.

2 Theoretical model for irradiation
hardening

Due to the existence of irradiation-induced defects, the yield
stress or hardness of irradiated materials is generally higher
than that of their unirradiated counterparts. To theoreti-
cally explain this phenomenon, unremitting efforts have been
made in the last decades [33—-38]. Here, we subdivide the irra-
diation hardening model into two types, i.e. the conventional
irradiation hardening model and crystal plasticity based irra-
diation hardening model.

2.1 Conventional irradiation hardening model

Based on the modified form of the Orowan theory [39] for
the bowing of dislocation segments around impenetrable
obstacles, the dispersed barrier hardening (DBH) model is
proposed with the assumption that the increase of the critical
resolved shear stress (CRSS) originates from the thermally
and stress activated cutting of obstacles (arranged in regular
array) by dislocations [40], i.e.
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Fig. 2 Irradiation-induced defects formed under different irradiation conditions in various kinds of metallic materials. a DLs observed in iron
after irradiation up to 0.3 DPA/180 appm He at 773 K. (Reprinted with permission from Ref. [14]. Copyright 2011 by Elsevier). b Cr rich clusters
detected in Fe—Cr alloys after neutron irradiation at 573 K up to 0.6 DPA. (Reprinted with permission from Ref. [15]. Copyright 2012 by Elsevier).
¢ SFTs observed in gold. (Reprinted with permission from Ref. [16]. Copyright 2013 by Elsevier). d Voids detected in SUS316L austenitic stainless
steels under electron irradiation. (Reprinted with permission from Ref. [17]. Copyright 2017 by Elsevier)
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Fig. 3 Typical multi-scale computational methods for the compre-
hension of irradiation effect on material properties . (Reprinted with
permission from Ref. [20]. Copyright 2016 by Macmillan Publishers)

Tcrss = haub/l = hqub+/ Ngetdaet, (D
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where hq, i, b, Ngef and dge are, respectively, the interac-
tion strength coefficient, shear modulus, magnitude of the
Burgers vector, number density of the defect and defect size.
I = (Ngetdger) V2 is the average spacing between obsta-
cles (for the randomly distributed defects). According to
Eq. (1), one can see that: (1) the DBH model is based on
the assumption that a sufficient number of mobile disloca-
tions is available. In the absence of grown-in dislocations, the
DBH model does not hold; (2) the DBH model is proposed
to correlate the yield stress with the density of irradiation-
induced microstrutures, but contains no information on the
work hardening behavior of irradiated materials; (3) small
clusters are not appropriate obstacles to the sliding disloca-
tions as required by the Orowan mechanisms [40]. For the
sake of weak obstacle, the Friedel-Kroupa—Hirsch (FKH)
model [41,42] is proposed to address the less extensive shear-
ing of dislocations (i.e. the passage over weak obstacles), and
is expressed as

1 2
TCRSS = ghdﬂbN(fefddef' )

When applying the DBH model to either voids or loops
made of self-interstitial atoms (SIAs), it is found that the
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hardening behavior can hardly be reproduced without chang-
ing the defect strength coefficient as a function of the defect
size [35]. Therefore, the Bacon—Kocks—Scattergood (BKS)
model [43] is proposed for a fixed defect strength coefficient,
ie.

1 , 3
wub AN d :
TCRSS = hdﬁ |:ln <Z>i| In E +071( , 3)

with d’ = dgefl /(dges +1). The approach proposed by Bacon
etal. [43]in 1973 accounts for the self-interaction of disloca-
tion arms, and therefore provides a more reliable solution in
the case of strong obstacles when compared with the Orowan
formula.

Unlike the Orowan-type hardening model, Singh et al. [40]
suggested that the irradiation hardening should be treated by
the cascade induced source hardening mechanism (CISH),
i.e. the irradiation-induced small and glissile clusters made
up of SIAs are mobile before they are trapped in the vicinity
of dislocations. With the decoration of these small defects,
the dislocations can hardly act as the Frank—Read sources
until they are unpinned. The expression of the CISH model
reads as:

teisu = 0.11(b/1) (daer /)2, )

where tcisy is the applied shear stress, and y is the dis-
tance between the decorated defects and glissile dislocations.
Based on Eq. (4), it can be seen that the stress to unlock the
pinned dislocations not only increases with the decrease of
the DL spacing, but also depends on the ratio of the defect size
and distance between DLs and glissile dislocations. More-
over, the mechanisms of both discontinuous yielding and
the formation of defect free channels can be qualitatively
explained within the framework of the CISH [40].

It should be noted that the above mentioned hardening
models (DBH, FKH, BKS, and CISH) are only be appli-
cable under the condition of neutron irradiation, where
the irradiation-induced defects are uniformly distributed
throughout the whole sample. Whereas, for the case of ion
irradiation, these hardening models should be modified due
to the limited depth of the irradiation region and non-uniform
distribution of defects in the irradiated layer [44-48]. As a
modification of the DBH model, an average defect density
based hardening model has been proposed for ion-irradiated
materials [49-51], i.e.

Tcrss = hapby/ Naerdaet, )

where Nyef is the average defect density during the inden-
tation experiments, which depends on the distribution of
the defect density in the irradiated layer, shape and size of

the plasticity affected region, and indentation depth. Based
on experimental observations, the non-uniformly distributed
irradiation defects can be assumed to follow as

X " 0

> ) N:.. for x <Ly,
Naet (x) = (Ld> aef ; .
, or Xx > Lg,

(6)

where n and Ngef, respectively, indicate the distribution pro-
file of irradiation defects and peak value of the defect density.
Lq is the maximum depth of the irradiated zone. When the
formed plasticity region is within the irradiated region, Ngef
can be derived as

3N (Mh)"

G by o sk ™

Neer(h) =

where /1 and he’ are, respectively, the indentation depth
and critical indentation depth at which the plasticity affected
region reaches Lg. M, is the ratio coefficient between the
radius of the plasticity affected region and indentation depth.
With i1 > ho?, Ngep can be deduced as

Naet (h) =

3NY;Lg [(Mrh)z L

, for h > hzep.
2Mh)3 | n+1 n+3

®)

To connect the CRSS with the yield stress of irradiated
polycrystals, an empirical formula has been widely adopted
[52], i.e.

oys = Mtcrss, 9

where M is the Taylor factor characterizing the heteroge-
neous properties of individual grains with different grain
orientations. The application of this modified DBH model
(Eq. (5)) has been performed [49-51] to evaluate the increase
of hardness as a function of the indentation depth for ion-
irradiated Ni-17Mo-7Cr alloys [53], China-A508 steels [54],
16MNDS stees [55] and Fe-9Cr alloy [56], and the reasonable
agreement between the theoretical results and experimen-
tal data indicates that both the inhomogeneously distributed
defects and unirradiated substrate should be considered when
analyzing the irradiation hardening behavior of ion-irradiated
materials.

When there exist different types of irradiation-induced
defects, the assumption of linear and square superposition
laws has been widely applied to characterize the harden-
ing contribution with different obstacle strengths [38,50,51].
For neutron-irradiated materials, the linear superposition law
seems to work well within the framework of crystal plastic-
ity theory [57]. When the difference of the obstacle strength
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Fig. 4 Hardness-depth relationships compared between experimental
data and theoretical results for China-A508 steels [54] . (Reprinted with
permission from Ref. [50]. Copyright 2017 by Elsevier)

is small, the square superposition law has also been proven
to be valid [58]. In the work of [38], it has been indicated
that both these two superposition laws could offer a good fit
of the yield stress when there exist three dominant defects,
ie. oe,-phase particles, NiSiPCr-rich clusters and DLs, for
neutron-irradiated Fe—Cr alloys. However, for ion-irradiated
materials, the square superposition law is found to work
better, especially when the plastic zone extends into the unir-
radiated region that the substrate softening effect becomes
dominant, as illustrated in Fig. 4 [51].

2.2 Crystal plasticity based irradiation hardening
model

In order to theoretically analyze the mechanical properties
of irradiated materials, both the hardening mechanisms and
evolution laws of irradiation-induced defects should be prop-
erly addressed. Within the framework of the classical crystal
plasticity theory, deformation gradient F of materials can be
decomposed into elastic and plastic parts, i.e.

F=F°.FP, (10)

where the elastic and plastic parts are, respectively, denoted
by the superscripts “e” and “p”. The evolution rate of the
plastic deformation gradient (F") involving the contribution

of sliding dislocations on different slip systems follows as

Ns
P = (Zy-asa ® na> P, an

a=1

where N is the number of slip systems. For FCC, BCC,
and HCP metals, there are, respectively, 12, 48, and 12
slip systems that can be characterized by the Miller indices
{111}(110) (for FCC materials), {110}(111), {112}(111) and
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{123}(111) (for BCC materials), as well as {0001}(1120),
{1100}(1120) and {1011}(1123) (for HCP materials). n* and
s are the unit vectors of the normal direction and slip direc-
tion of slip system «, respectively. y¢ is the shearing slip rate
on the «-th slip system, which depends on the resolved shear
stress (tggg) and CRSS (78pqg), i.€.

ye =y (TﬁtSSv TgRSS)‘ 12)

With irradiation effect, tigpgq is determined by both the
hardening contributions coming from irradiation defects and
intrinsic material hardening mechanisms (e.g. the initial lat-
tice resistance and network dislocation hardening). In recent
years, a number of irradiation hardening models and their
evolution laws have been extensively developed for FCC
[59-64], BCC [36,65-70], and HCP materials [37,71,72],
which can be categorized into two general groups, i.e. the
scalar irradiation hardening model and tensorial irradiation
hardening model as summarized in Table 1. For the latter,
the dislocation-defect interaction and their evolution behav-
ior are taken in a tensorial form, which tends to characterize
the heterogeneous plastic deformation and spatial interaction
between irradiation defects and dislocations as inspired by
the simulation results of dislocations dynamics [73].

The first combination of the scalar irradiation hardening
model with the crystal plasticity theory was performed in
2004 [59], in which an internal state variable was proposed
to characterize the hardening contribution of SFTs in irra-
diated FCC copper. The general feature captured by this
constitutive equation is that the yield stress increases with
the density of irradiation defects. Concerning the mechanical
behavior of irradiated zirconium alloys with HCP structures,
the classical DBH model has been applied to characterize
the effect of irradiation-induced DLs, which are inhomoge-
neously distributed in the prism, pyramidal and pyramidal
slip systems [71]. Based on the parameterized model, the
simulated stress—strain curves can match well with the exper-
imental data under both transverse tensile test and internal
pressure test. More recently, the irradiation effect on the yield
stress and flow stress of single crystal iron is analyzed with
the mechanism-based continuum dislocation dynamics [65],
in which a modified DBH model is applied to express the
irradiation resistance induced by the dislocation-DL interac-
tion.

A tensorial damage descriptor variable is firstly proposed
by Barton et al. [69] to describe the spatial interaction
between dislocations and DLs that leads to the formation
of localized plastic deformation. In their theoretical model,
two critical tensors H and N are, respectively, defined for the
irradiation defects and dislocations, i.e.

H=(1/V)) 3daerd—n@mn) (13)
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and
N=n®n, (14)

where V, dger, I and n are, respectively, the simulation vol-
ume, average size of irradiation defects, second-order unit
tensor and normal direction of the dislocation sliding plane.
Combing the parameterized crystal plasticity theory with
the finite element simulation method, the proposed model
is able to capture the characteristic mechanical properties of
neutron-irradiated ferritic alloys, including the plastic flow
localization and strain softening [69]. Inspired by this work,
Xiao et al. [61-64] expanded the theoretical framework to
neutron-irradiated FCC metals with SFTs. Due to the three
dimensional structure of SFTs, an interaction probability is
involved in the hardening model when the sliding plane of
dislocations is parallel to the habit plane of SFTs. More-
over, the effect of test temperature and interfaces are both
incorporated in the developed constitutive equations to study
the thermo-mechanical behaviors of irradiated materials with
different intrinsic microstructures. It is indicated that the
intrinsic interfaces, including the free surface of single crys-
tals, grain boundary of nanocrystals, and twin boundary of
nano-twinned polycrystals, play an important role in alleviat-
ing the degradation of the mechanical properties of irradiated
materials.

The strain hardening behavior of irradiated materials is
strongly dependent on the evolution of irradiation-induced
defects and dislocations during the plastic deformation pro-
cess. Up to now, several groups of evolution laws have been
proposed for irradiation-induced DLs and SFTs [59-61,67],
as summarized in Table 1. These evolution functions intrin-
sically account for the physical mechanisms as noticed in
the numerical simulation results and experimental observa-
tions, i.e. irradiation defects are annihilated by the interaction
with sliding dislocations, which results in the decrease of the
defect density. Combining with the evolution laws for dislo-
cations, which characterize the generation, annihilation and
cross slip of sliding dislocations, the developed crystal plas-
ticity theory can capture the dominant features of irradiation
effects, including the decrease of the flow stress after the
yield point, plastic flow localization and decrease of the strain
hardening coefficient. When the initial density of irradiation
defects is above a critical value, the decrease of the flow stress
can be obviously noticed which originates from the dramatic
decrease of the defect density. Due to the spatially dependent
interaction between dislocations and irradiation defects, the
annihilation of irradiation defects occurs on some specific
slip systems, which renders the localized plastic deformation
within the defect free channels. A typical tensorial evolution
law that can effectively characterize the above mentioned
deformation mechanisms has been proposed for irradiation-
induced DLs [69] and SFTs [61], respectively, i.e.

SFTs in copper
SFTs in copper

SFTs in copper
DLs in iron and iron-copper alloys

DLs in zirconium alloys
DLs and voids in steel

DLs in zircaloy

DLs in molybdenum

DLs in iron and Fe—Cr alloys

Defect type
DLs in iron

1 .
5 dder €P
14

ddet
b

Net P, dspr

3
=2

Evolution model of defects
Naet = —Naet Y. 17|
No
Naet = — (X pais) ANger
H=—y>(N:HNy|
H=-n) (N:HN|y|
H=-n) N:H)I-n®n)y|
hq is the defect hardening coefficient; u is the shear modulus; b is the magnitude of Burgers vector; Nger is the number density of defects; dger is the defect size; &P is the plastic strain rate; n is

see Table 1 of Ref. [67]
def = K5 (d§% — daer)y

Tdef = — fTdet

Naet

Ngetdget (I —n @ n + Pyypén @ n)

hgN :H,N=n®n, H = 3Ngerdgef I — n ® n)

hd Ngetdaet
Taef = X Mbhay/ Y LNderdder

Tdef = hapb~/ Nyerdaet
Tdef = X b~/ LNgetddet

Tgef = ub/hagN - H.N=n@®n,H=1/V ) 3dgs(I—n®n)

Tdef = uby/ha Y N:H,N=n®n,H

Hardening model of defects

Tdef = hapb~/ Nyetdaet
Tdef = hapb~/ Nyetdaet

Tdef = hapub(Naerdger)”

Tdef = b
Tdef = b

the normal direction of dislocation sliding plane; I is the second-order unit tensor; 7 is the defect annihilation parameter; n is a parameter obtained from dislocation dynamics; x is a statistical
parameter; L = w3 + (1 — wy)8%? is the defect interaction coefficient; « is a parameter accounting the interaction of defects and gliding dislocations; Py, is the defect annihilation probability; f

is a linear softening parameter. SFTs and DLs denote, respectively, stacking fault tetrahedra and dislocation loops

Table 1 TIrradiation hardening and evolution models for different types of irradiated-induced defects
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H=—n) (N:HNJy|, (15)

where 7 is the annihilation coefficient for irradiation-induced
defects. As indicated in Eq. (15) that the annihilation of
irradiation defects happens when the plastic deformation is
activated (i.e. |y | > 0), and the dislocation-defect interaction
on all slip systems simultaneously contributes to the evolu-
tion of irradiation defects.

One should note that the above mentioned crystal plas-
ticity theory with irradiation effect is only applicable for
irradiated single crystals. In order to predict the mechani-
cal properties of irradiated polycrystals based on the crystal
plasticity theory, the application of an effective cross-scale
method becomes vitally important. Nowadays, two general
methods have been widely adopted, including the finite ele-
ment method and self-consistent method. The former can
be defined as the CPFEM when combining the crystal plas-
ticity theory with the finite element method. The dominant
advantage for the application of CPFEM is that it can sim-
ulate the macroscopic deformation behavior of irradiated
samples under different loading conditions, e.g. axial ten-
sile test and nano-indentation [60,66,70,74,75]. Meanwhile,
the localized plastic deformation mechanisms can be effec-
tively addressed, including the formation of defect free
channels, void nucleation and micro-crack extension [66—
68]. Whereas, it should be emphasized that the calculation
with the CPFEM is quite time-consuming, especially for the
irradiated polycrystals with numbers of individual grains,
which makes it difficult to calibrate the parameters of the con-
stitutive equations with various kinds of irradiation-induced
defects.

As an alternative, the self-consistent method offers a
promising approach to characterize the macroscopic stress—
strain relationship of irradiated polycrystals, especially for
the save of calculation time and convenient calibration of
model parameters [76,77]. Recently, a theoretical frame-
work, which combines the crystal plasticity based irradiation
hardening model with the elastic—viscoplastic self-consistent
(EVPSC) method, has been proposed for FCC polycrystals
with irradiation effect [61-64]. At the grain level, the detailed
dislocation network interaction, dislocation-defect interac-
tion and evolution of these microstructures are involved in
the irradiated crystal plasticity theory. With plastic deforma-
tion, the elastic and viscoplastic compliance tensor can be
deduced from the constitutive equations, which act as the
link to calculate the stress and strain rate of each individual
grain with the assistant of the EVPSC method. A detailed
flow chart for the application of the irradiated crystal plas-
ticity theory with the EVPSC method is illustrated in Fig. 5.
Corresponding programme codes of this theoretical model
are offered in the electronic supplementary material with a
brief user manual and some numerical examples.

@ Springer

In Fig. 6, the stress—strain relationships obtained from
the CPFEM and EVPSC method are compared with corre-
sponding experimental data for different nuclear structural
materials under various irradiation conditions. It can be
seen that: (1) the simulated results can match well with
corresponding experimental data for irradiated FCC cop-
per, BCC ion, Fe—Cr alloys and 9Cr-1Mo steels, as well
as HCP Zirconium alloys and molybdenum; (2) the dom-
inant features of the mechanical properties of irradiated
materials could be characterized including the limited effect
on the elastic deformation, increase of the yield stress,
decrease of the strain hardening coefficient and occurrence
of the plastic flow instability. Besides the analysis of the
stress—strain relationship at macro-scale, the proposed model
makes it possible to study the evolution of irradiation-
induced defects on different slip systems and nucleation
of micro-voids near the stress concentration sites at micro-
scale [66,70], which can help understand the formation of
localized plastic deformation and accelerated failure after
irradiation.

In summary, the development of the theoretical mod-
els for the assessment of irradiation hardening has made
significant progress in recent years, especially for the incor-
poration of the hardening model and evolution law of
irradiation defects into the crystal plasticity theory. Whereas,
these theoretical models are primarily developed under the
conditions of moderate test temperatures and low irradia-
tion doses, which makes it almost impossible to directly
apply the proposed models to the even worse irradiation
conditions, let alone the consideration of the accumulated
defect clusters formed by the transmutation elements like
helium and hydrogen bubbles. Moreover, the material fail-
ure criterion is not involved in the proposed theoretical
framework, which make it only applicable before the flow
stress reaches the ultimate material strength. Therefore,
the following considerations should be addressed for the
further development of the crystal plasticity theory frame-
work with irradiation effect: (1) explore the deformation
mechanisms at high irradiation doses and temperatures; (2)
consider the synergistic effect of irradiation-induced defects
and transmutation elements for the deformation behavior of
neutron-irradiated materials at high irradiation doses; (3)
incorporate the material failure criterion with irradiation
effect into the crystal plasticity theory for the assessment
of irradiation embrittlement under various irradiation condi-
tions.

3 Theoretical model for irradiation
embrittlement

A great challenge for the safety assessment of nuclear struc-
tural materials is the development of advanced embrittlement
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Give the initial information of materials properties (elastic constants and
Poisson’s ratio, etc), microstructures (dislocations and defects), numbers
of grains and grain orientations, and loading conditions (testing
temperature and loading strain rate)

Give the initial value of parameters for the hardening and evolution of

microstructures, then calculate the elastic and vicoplastic compliance
tensor of each individual grains

Calculate the strain rate and stress rate of each individual grains based on
the EVPSC method considering the influence of adjacent grains

Use the volume average method to obtain the macroscopic stress and
strain of polycrystals with and without irradiation effect

Compare the calculated stress-strain curves of polycrystals and single
crystals with experimental data

Fix the fitted
parameters

Do the yield stress and flow
stress match well with

Adjust the parameters
until the result match well

experimental data?

Change the initial value of microstructures to predict the stress-
strain curves, and compare them with experimental data

Fig.5 Flow diagram for the application of the crystal plasticity theory with the EVPSC method to obtain the stress—strain relationship of polycrystals

with irradiation effect

models [79-82]. Over the past decades, the development of
the embrittlement model concerning the effect of irradiation-
induced defects on the fracture toughness can be categorized
into two stages. In the first stage, the linear-elastic fracture
mechanics (LEFM) is applied when the failure of irradi-
ated materials occurs with negligible plastic deformation.
Under this condition, the fracture toughness is expressed
by the parameter Kic (i.e. the plane strain fracture tough-
ness), which indicates the resistance of materials to the
extension of unstable cracks [83]. There are two dominant
shortcomings when applying the LEFM to assess the fracture
toughness around the ductile brittle transition (DBT) region.
(1) The tested samples should be large enough ensuring the
valid measurement of the linear-elastic fracture toughness
as requested by the Kjc test standard. (2) The data disper-
sion of the fracture toughness is obvious in the DBT region,
therefore, a large number of specimens are required to char-
acterize the material properties at a given test temperature.
However, as mentioned in the previous section, the space
within the nuclear reactors is quite limited, which dramat-
ically restrict the application of the LEFM in the nuclear
industry [84].

In the second stage, the development of the elasto-plastic
fracture mechanics (EPFM) (since 1970s) allows the determi-

nation of the fracture toughness with much small specimens
[84]. The EPFM is based on the J integral-resistance curve
that is applied when the failure of irradiated materials hap-
pens accompanying the plastic deformation. Hereinto, the J
integral characterizes the external work applied for the crack
to propagate [83]. A typical application of this EPFM is the
Master Curve approach [85,86] that has been widely used
to analyze the irradiation effects on the fracture toughness-
temperature relationship of irradiated materials (see Fig. 7)
[87]. According to the ASTM Standard E1921-05, the frac-
ture toughness as a function of the test temperature for a given
failure probability is expressed as

1

1 i
11477 0.019(T—T0)],
1—- Pf>i| [ +ie

(16)

Kic,p, =20+ |:ln <

where Pr, T and Ty are, respectively, the failure probabil-
ity, test temperature and reference temperature. Moreover,
Kjc,p; also represents the elastic-plastic equivalent stress
intensity factor of an one-inch standardized test sample. If
the thickness of tested samples is not one inch, the fracture
toughness can be transformed through thefollowing equation
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B> i
KB] = Kmin + (KB2 - Kmin) . ’ (17)

B

where Kpip is the lower limit value of the fracture toughness.
Bj and B, are the thicknesses of test samples. With the appli-
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cation of Eq. (16), the confidence bounds of the distribution
could be obtained, e.g. P = 0.01 or P; = 0.05 for the lower
bound and Pr = 0.95 or Pr = 0.99 for the upper bound.
With Py = 0.5, the relationship between the fracture tough-
ness and test temperature is referred to the Master Curve,
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permission from Ref. [87]. Copyright 2008 by Elsevier)

i.e.
Kic. p=0.5 = 30 4 70e00100T=T0), as)

where T is defined when K¢ p;=0.5 = 100 MPa - m!/2. The
advantage for the application of the Master Curve method is
that it is convenient to calculate Kjc based on the value of
the J integral, which dramatically avoids the requirement of
numbers of testing samples. Moreover, the application of the
probability statistics is able to effectively address the diver-
gence of experimental data. Whereas, the existing problem
is how to accurately calculate the value of T considering the
limited experimental data, which is very important for the
prediction of the fracture toughness at different test temper-
atures based on Eq. (16).

Besides the theoretical analysis of the fracture toughness
with irradiation effect, attention has also been paid to the the-
oretical model for the ductile brittle transition temperature
(DBTT) [36,88], which is determined by the relationship
between the Charpy impact energy and test temperature.
Through the application of the Burr distribution function, the
Charpy impact energy as a function of the test temperature
is found to follow a sigmoidal curve [89]. With irradiation
effect, the sigmoidal curve tends to shift to the low tempera-
ture region as has been indicated by numbers of experimental
data (see Fig. 8 for instance). Therefore, it is believed that the
analysis of the irradiation effect on the parameters character-
izing the Burr distribution function is an effective method to
theoretically address the influences of irradiation dose and
temperature on the DBTT shift [89].

As one can tell, the above mentioned theoretical mod-
els mainly concern the influence of irradiation defects on
the fracture behavior of irradiated materials around the DBT
region. From another point of view, some progress has also
been made to develop the theoretical models in the ductile

400 T T T T
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4 Unirradiated

AUSE=61J

300 ~

200

100 4

Absorb energy/J

-100 -50 0 50 100 150
Test temperature/ ‘C

Fig. 8 Relationship of Charpy impact absorb energy and test temper-
ature for irradiated and unirradiated A508-3 steels . (Reprinted with
permission from Ref. [90]. Copyright 2017 by Elsevier)

region [67,91]. For instance, in order to analyze the plastic
deformation and fracture properties of reactor pressure vessel
steels, Murakami et al. [92] developed a model that the consti-
tutive equations are within the framework of the irreversible
thermodynamics theory. The influence of irradiation-induced
defects is taken into account for the evolution of the yield
stress and work hardening, as well as the mechanism of void
nucleation due to the pile-up of dislocations. By comparing
with the experimental data of irradiated steels, the numer-
ical results could not only characterize the increase of the
yield stress and tensile strength, but also the reduction of the
fracture strain. Moreover, the constitutive equations could
help analyze the fracture toughness of structural components
when incorporated into the FEM simulation, and predict the
DBTT shift once the temperature effect is involved.

Another mechanism-based model has been developed by
Margolin et al. [93,94], which can predict the fracture strain
and fracture toughness of austenitic steels under neutron irra-
diation. In this model, a failure criterion is established to
account for the nucleation, growth and coalescence of voids
under continuous deformation. Based on the analysis of this
theoretical model, the irradiation embrittlement of austenitic
steels is attributed to the formation of channel fracture or
intergranular fracture, which, respectively, originates from
the shearing of voids under the channel deformation or twin-
ning when irradiation-induced defects weaken the strength
of grain boundaries [93,94].

To sum up, the theoretical models for the irradiation
embrittlement have been developed for decades within the
framework of fracture mechanics, and applied in nuclear
industries to assess the shift of the DBTT and evolution of
the fracture toughness as a function of the test temperature.
It should be noted that most of these models are phenomeno-
logical hence are limited with experimental data, and can
hardly be applied to predict the failure of other nuclear
structural materials when changing the irradiation condi-
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tions. To solve this tough problem, theoretical models based
on physical mechanisms should be developed to take into
account the evolution of microstructures [95] and tempera-
ture effect [96,97]. The theoretical study of the irradiation
embrittlement is difficult as a number of intrinsic materials
properties and extrinsic environmental conditions affect the
failure mode of irradiated materials. Therefore, the develop-
ment of a unified theoretical model for the analysis of the
irradiation embrittlement from micro-scale to macro-scale
still deserves further efforts.

4 Summary and outlook

This review provides a systematic summary of the research
progress of the irradiation hardening and embrittlement from
the aspects of theoretical modelling. The relation between
irradiation-induced defects and mechanical properties of
nuclear materials has been addressed over the last decades
[1,20,40]. According to the previous discussions, one can
see that a number of research works have been performed to
understand the fundamental mechanisms related to the irra-
diation hardening and embrittlement. However, the current
knowledge on these mechanisms is far from being complete,
and further aspects need to be investigated.

Firstly, it is meaningful to extend the study of the irra-
diation hardening and embrittlement to the conditions of
high irradiation temperature and dose, which are close to
the expected service environment of nuclear materials in
the future fission and fusion reactors. Based on the existing
knowledge of the irradiation effect at moderate irradiation
conditions, the mechanical properties of nuclear materials
under even worse irradiation conditions can hardly be pre-
dicted as the fundamental deformation mechanisms can be
quite different. Therefore, the combined research including
experiments, simulations and theories is necessary for the
comprehension of the irradiation effects at high irradiation
dose and temperature.

Secondly, the interchangeability study of neutron irradi-
ation and ion irradiation should be emphasized as the per-
formance of neutron irradiation experiments is much more
complicated than that of ion irradiation experiments, which
makes ion irradiation be a promising alternative to study the
irradiation effect. This study should include the comparison
of both irradiation-induced microstructures and mechanical
properties. Due to the difference in the impact energy, elec-
trical property, particle mass and irradiation rate of neutrons
and ions, the density and distribution of irradiation-induced
defects are not the same at a fixed irradiation dose and temper-
ature. Moreover, conventional mechanical testing methods
adopted for neutron-irradiated samples are not applicable for
ion-irradiated materials, mainly due to the limited irradiated
layer and non-uniform damage distribution. Consequently,
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one should be cautious when directly comparing the mechan-
ical properties of neutron- and ion-irradiated materials.

Thirdly, attention should be paid to the establishment of
a complete theory framework for the explanation, analy-
sis and prediction of the embrittlement behavior induced
by irradiation-induced defects. Comparing with the unam-
biguous understanding of the irradiation hardening, the
fundamental mechanisms for the comprehension of the irra-
diation embrittlement are still not very clear. It is expected
that related theoretical models, based on the physical under-
standing of the evolution of microstructures within and
between adjacent grains, can be developed to help investigate
the reduction of ductility, decrease of fracture toughness and
increase of DBTT after irradiation.

Finally, the establishment of an effective multi-scale
simulation framework to assess the irradiation effects is
increasingly important for the analysis of the mechanical
properties of the newly developed irradiation-resistant mate-
rials. However, it is still a big challenge as the study of
irradiation effects covers the spatial scale from nanometers
to meters, and the temporal scale from picoseconds to years.
One possible solution method is to set up an effective data
transmission strategy for the simulation methods at differ-
ent scales, and validate the rationality and accuracy of the
method by comparing the predicted numerical results with
corresponding experimental data. Once this multi-scale mod-
elling method works, it can, for sure, facilitate the R&D of
nuclear structural materials.

It is envisioned that this review could help understand the
basic features of the irradiation hardening and embrittlement
at moderate irradiation conditions, provide scientific insights
to the fundamental mechanisms resulting in the degradation
of the mechanical properties of irradiated materials, and help
the R&D of next-generation nuclear materials that could tol-
erate the neutron damage levels expected in the future fission
and fusion reactors.
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