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Abstract

This study presents the novel peridynamic constitutive relations formulated in order to predict the plastic defor-
mation and damage evolution in irradiated materials. The plastic behaviour of the material in which radiation induced
defects contribute to the defined peridynamic porosity is described by the Gurson-Tvergaard-Needleman (GTN) yield
criterion with irradiation hardening. The definition of peridynamic porosity is proposed as a volume of discontinuities
created in the volume of peridynamic particles. The new constitutive relations for irradiation hardening based on
the dilatational part of elastic strain energy are formulated. The physical relevance of coupling the porosity with the
nonlinear irradiation hardening is discussed. The expressions for the yield function, kinetics of evolution of radiation
induced porosity, irradiation hardening and plastic flow rule are derived in terms of the peridynamics variables. The
peridynamic predictions are calibrated based on the experimental data obtained during the advanced experimental
campaigns dedicated to irradiated materials to verify the validity of the proposed constitutive model. Ion irradiation
campaigns were carried out to mimic the effects of neutron irradiation. A series of indentation experiments were
conducted to elucidate the effects of material structure modification and assess the hardening effect originating from

radiation defects.
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1 Introduction

In many metallic materials, high plastic deformation is always accompanied by ductile failure. The evolution of plastic

strain fields in materials subjected to applied stresses that exceed their yield strength is directly related to the phe-



nomenon of ductile damage. Plastic strain induced damage is a cause of possible failure in structural components. The
reasons for failure can be multiple, fatigue damage accumulation, corrosion, the pre-existing nano-, and microscopic
material imperfections often act as starting point for material failure. The assessment of damage generated in mate-
rials subjected to high neutron flux and further evolution of the defects under mechanical loads is a major challenge
in technological domains connected to nuclear industries. In polycrystalline metals, nano-defects in the form of clus-
ters of voids, clusters of interstitials, dislocation loops and helium bubbles are the main sign of irradiation damage.
Radiation induced defects interact with the microstructure of the materials leading to a mechanical response charac-
terized by radiation hardening, increased yield strengths, reduction in ductility, decreased total strain to failure and
increased embrittlement as compared to the unirradiated behavior [Barton et al., 2013, Skoczen and Ustrzycka, 2016,
Hure et al., 2017, Zhou et al., 2022]. The problem of the evolution of radiation-induced defects is particularly im-
portant in the new generation of nuclear reactors, particle accelerators or detectors. It is known that the components
subjected to radiation demand stable mechanical, thermal and structural properties over a large temperature and neutron
fluence range. Moreover, the attractiveness of nuclear power as a present and future energy source is driven by new
concepts of advanced reactors that offer reliability. New concepts include more aggressive environments, higher tem-
peratures, and greater levels of radiation damage. The material behavior in the radiative environment plays an important
role and makes the constitutive modelling of irradiation effect on mechanical properties a subject of great importance
[Chen et al., 2020b, Xiao et al., 2021, Wu and Shao, 2022]. The nature of the radiation induced defects has a multi-
scale character. The radiation defects are induced by the interaction of energetic incident particles with lattice atoms.
At the same time, their effects are manifested at the component (engineering) level [Skoczen and Ustrzycka, 2016].
Prediction of the multiscale damage process before failure is still a major challenge within the framework of classical
mechanics. The phenomenological continuum damage mechanics (CDM) enables analysis of the damage development.
Extensive studies based on the concepts of the effective stress and mechanical equivalence between the damaged and
the undamaged material have been presented in the last decade’s [Kachanov, 1961, Murakami, 1984, Chaboche, 1988b,
Chaboche, 1988a, Szuwalski and Ustrzycka, 2012, Szuwalski and Ustrzycka, 2013]. The micromechanical description
of ductile failure in metals and alloys during plastic deformation is generally identified as the micro-voids nucle-
ation, growth and coalescence [Gurson, 1975, Tvergaard and Needleman, 1984, Gurson, 1977]. The investigations of
ductile failure using Gurson-Tvergaard-Needleman (GTN) damage model are still developed [Gholipour et al., 2019,
Nasir et al., 2021, Wu et al., 2019]. However, in order to recognize the physical mechanisms responsible for the be-
havior of metals and achieve an effective lifetime estimation, more research on the analysis of damage initiation and
evolution is needed.

Peridynamics (PD) is a novel theory proposed by Silling [Silling, 2000] based on integral form for the equation of
motion giving the possibility to improve modelling of progressive failure in materials. Further, the theory of peri-
dynamics enables the solution of multi-physics and multiscale problems. Due to this reason, peridynamics is of-
ten used to describe the damage in ductile materials [Silling and Askari, 2005, Agwai et al., 2011, Liu et al., 2022].
Further, PD belongs to the nonlocal and meshless methods because it considers finite distance interactions among
the material particles [Silling, 2000]. Therefor, it is well suited to problems related to crack propagation and fail-

ure [Friedrich et al., 2022, Tian and Zhou, 2021, Zhao and Shen, 2021]. It is worth pointing out that the classical



local plasticity models are mostly unsuitable for describing size-dependent plastic flow behavior. Due to this rea-
son, the rapid development of nonlocal theories like gradient plasticity with the advantage of including the direct-
neighbor interactions and non-neighbor interactions inside the material structure has occurred [Scherer et al., 2021,
Petryk and Stupkiewicz, 2016, Stupkiewicz and Petryk, 2016, Tuma et al., 2016]. Nonlocal theories have been pro-
posed in order to model inhomogeneous plastic flow. Recently, a new approach taking non-locality through fractional
derivatives, which, by definition, require a certain neighborhood to calculate their values has been proposed. Sumelka
and Nowak [Sumelka and Nowak, 2018] applied the fraction operator to the plastic flow rule in nonlocal anisotropic
plastic model with non-normality of plastic flow and volume change caused by plastic deformation. Similar results
have been obtained in [Szymczyk et al., 2020], where the fractional nonlocal viscoplasticity model with scalar dam-
age, interpreted as porosity, is proposed.

In order to obtain a complete description of damage evolution and the final failure many numerical models use the
so-called eXtended Finite Element Method (X-FEM). Crété et al., [Crété et al., 2014] retained the X-FEM method
to describe the engineering materials’ failure resulting from void initiation and growth. Although the X-FEM has
found many practical applications, there are still open questions related to the choice of reliable fracture criteria and
the initial size of the finite element mesh. In the meshless method the mesh is not required. Therefore, the damage
and resulting discontinuities can be introduced more naturally. The detailed comparison of X-FEM and peridynamics
methods is presented in [Zhao et al., 2017], highlighting their advantages and disadvantages. Peridynamics gives new
perspectives for solving physically-based multiscale problems and new possibilities for modelling of the evaluation of
damage generated in solids [Ongaro et al., 2022]. For modelling the evolution of material damage in peridynamics,
the failure criterion based on the critical value of bond relative elongation for breakage was formulated by Silling and
Askari [Silling and Askari, 2005]. The criterion fulfilment determines the irreversible break and the bond no longer
sustains a force. Such an approach to the failure problem can be successfully applied to brittle materials, hence,
the name of the material model is Prototype Microelastic Brittle (PMB). It is worth pointing out, that even though
the material is isotropic at the beginning of the process, the history dependent failure of bonds leads to anisotropy
in successive deformation steps. Mandeci and Oterkus [Madenci and Oterkus, 2016] proposed a new formulation of
damage modelling for plastic deformation. They utilized the classical Huber-Mises-Hencky (HMH) yield condition
with isotropic hardening in the state-based peridynamic method. In a similar way, a classical approach to plasticity
in terms of peridynamics is presented by Pashazad and Kharazi [Pashazad and Kharazi, 2019]. The modified form of
kinematic hardening and the mixed of isotropic and kinematic hardening is proposed. For this reason, the proposed
plastic model has been used to predict the behaviour of the material subjected to cyclic loadings.

Along with the faster development of peridynamics, the question arose whether the classical continuum constitutive
models can be used directly in peridynamics. Silling [Silling et al., 2007] proposed the so-called “PD corresponds
material models” which provide a way to convert an already developed continuum model in peridynamics framework.
These models use a shape tensor to convert peridynamics variables into stress and strain measures. Tupek et al.
[Tupek et al., 2013] used the modified Johnson-Cook constitutive model with damage evolution to analyze the failure
in the Taylor impact test which involves large deformation. Recently, Hu et al. [Hu et al., 2020] utilized the classic

GTN constitutive model in peridynamics to study the ductile fracture in steel plate. The developed model allowed



the correct description of necking phenomena and damage propagation during plastic deformation. More and more
classical continuum materials models are incorporated in the peridynamics framework, even though such an approach
has some limitations and drawbacks associated with instabilities [Silling, 2017]. For this reason, the model presented
in this work is based on the pure definition of vector states of peridynamics theory. Such an approach allows the direct
definition of the new physical quantities and, in an efficient way, builds the new variables into the constitutive model.
In this paper the peridynamic elasto-plastic damage model based on the Gurson—Tvergaard—Needleman (GTN) yield
condition for ion-irradiated materials is proposed. The PD damage constitutive model operating on the forces, defor-
mation states and the elastic strain energy decomposed into dilatational and distortional parts with a specific focus on
irradiation hardening is presented. The damage variable is defined at the level of the peridynamic particle and charac-
terized by a reduction of effective force transmission capacity caused by the coupling effect of the damage evolution
and the bond elongation increment. The driving force for porosity evolution is the rate of dilatation part of the plastic
stretch.

The paper is structured as follows, Section 2 introduces the fully coupled pressure-dependent damage constitutive
model. The constitutive relations are derived in terms of the horizon, force density and peridynamic strain energy
density. In order to validate numerical simulations the original experiments were carried out. The results of the ion
irradiation campaign are presented in Section 3. For the thin ion-irradiated layers the nano-indentation technique has
been adopted in order to quantify the damage evolution reflected by the load-displacement curves. In Section 4, the

computational studies are carried out and discussed.

2 Pressure-dependent damage constitutive model

The present Section is dedicated to a definition of peridynamic constitutive relations. Moreover, the concept of the peri-
dynamic elasto-plastic damage model is proposed. Section 2.1 is partially dedicated to a brief review of peridynamic
theory (Egs 1 - 15) formulated by Madenci and Oterkus [Madenci and Oterkus, 2016]. Moreover, in this Section new
peridynamic constitutive relations are formulated: the Gurson-Tvergaard-Needleman (GTN) yield function in terms
of peridynamics variables (Eq. 11), equivalent stress gy (Eq. 17) and pressure p(x) (Eq. 18). The peridynamic
porosity parameter is defined in Section 2.2. The irradiation induced hardening is defined in Section 2.3. The peridy-
namic elasto-plastic model accounting the irradiation effects is formulated in Section 2.4. In Section 2.5 the numerical

solution procedure for the elasto-plastic constitutive model is explained.

2.1 Peridynamics elasto-plastic relations

Peridynamics is a nonlocal theory, which for a given material point takes into account the through-bonds interactions
between all material points located in its close neighbourhood. The size of the neighbourhood is controlled by the
horizon h, which can be considered as the length scale parameter. The equation of motion for state-based peridynamics

[Silling et al., 2007] is expressed in the form

p(x)i(x,t) = /H [t(u—u',x —x',t) =t/ (0 —u,x’ — x,t)]dH + b(x,t) )]



where each material point is identified by x, p is the density, u denotes the displacement vector, b is the body force
vector, t is the force state and H defines a family region of neighbouring materials points. The superscript prim denotes
the quantities that are determined for the neighbouring point. As shown in [Madenci and Oterkus, 2016], the equation

of motion (1) can be expressed in discretized form as

n

prie = [60n () (0G5) = Wk X(G) = Xk £) = Gy (Wk) — () X0y — X35 8)] Vigy + by )
j=1

where lower subscript (k) defines the material point and n is the number of materials points located in family region.
W) denotes the volume associated with the point (j). The family of material point before and after deformation is

shown in Fig. 1.
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Figure 1: Peridynamics neighbourhood of the material point k. before and after applied deformation

During deformation, any two material points &£ and j can change their initial position and move to the new location.
If the displacement vectors of these points are different, the bond between them stretches locally and the material can

change its original shape (Fig. 1). The stretch, s (;), between material points k and j is defined in the following form

Y = Yol — %Gy — %l

3

S(k)(5) =
(k) (4) |X(j) —X(k)|

where y denotes position vector in the current configuration. Next, the peridynamic strain energy density at a material

point k can be written as

N
Wiy = (an — a,)00% + 56 > st 1X0) — X Vi) 4)
i=1
where 03, is the dilatation term defined as
N
Oy = do > sy X0y — X Vi) ®)
i=1

: o1 _5 _ 15u _ 9 . . . .
The material parameters: a,, = 5k, a, = g, b = 555 and d = = are expressed in terms of peridynamics horizon

0 where p denotes the shear modulus and « is the bulk modulus. Applying Eq. (3), the dilatation takes the form
N

Oy = d6 > s Ay Vi) (©)

i=1



where Aj,)(;) is defined in the following form

Y@ Y X@) — XK

Ak ™

o) Yl xe) = Xl
Following the concept presented in [Madenci and Oterkus, 2016], the elastic strain energy can be decomposed into

dilatational and distortional parts as

Wiy = Wiy + Wy, ®)
where
Wiy = axbi) ©)
and
N
Wiy =D 85300 1X0) = X0 Vi) — @bl (10)
j=1

The force density vector expressed by the bond stretch can be obtained by differentiating the elastic energy (Eq. 4 )

with respect to the current bond length |y (;y — y ()|

Ak (5)

twe) = (@ = au)20dp b

The force density vector (its magnitude) can also be decomposed into distortional tfk)(j) and dilatational t’("k)(j) terms

as
twG) = iy + Ho ) 12
Both terms of the force density vector can be expressed as a function of stretch sy(;) and dilatation 6y, in the

following form

20a,dA ) j)
thy = = (13)
M6 T Ty — x| ®
and
M 0 26a,d A )
(k)(4) B ™ ey — x| HOY®

The decomposition of Hook’s law into two orthogonal states allows to define distortional part of elastic energy in the
following form

2
1 d A
b I : 2
Wiy =029 | 55t Wy —xgy @ | X0~ XwlIVi) — @l as

j=1

The plastic behaviour of the material is described by the Gurson-Tvergaard-Needleman (GTN) yield function formu-

lated in terms of peridynamics variables as follows

2
a(k) 3420 (k) 9

where ozjk) corresponds to the current yield stress , f(1) is the porosity at a material point X y;.



The equivalent stress ¢;) and pressure p(y) at a material point X () can be expressed in term of the dilatational and

distortional parts of the elastic energies, respectively, as follows

) = /W, )

and
p(k) = 3 /QKW('?C) =V QHGKQ(k) (18)

The total stretch can be decomposed into elastic and plastic part in the following form
SG) = S(hG) T S(k() (19)
Similarly, the total dilatation can be split into elastic and plastic part as

It is worth pointing out, that in the case of the pressure dependent material model (GTN model) the plastic part of the
dilatation can naturally reach non-zero values 97(” %) # 0. Also, if the deformation of the material is in the elastic range,
Fx) < 0, the force density vector is computed according to Eq. 11. Otherwise, the following form of plastic flow rule
is adopted

A 1 OF ey (Piey» Aei))

CIORR ARG @D

9y (5)
where C{y,) is a positive proportionality constant. For the pressure-sensitive yield function, it is convenient to express

the flow rule (Eq. 21) in the following form

1 OF iy (P(ky, Aky) Oy OF () (k> d(k)) O
AS’(’,@(]-):fC(k) (k) \P(k)> 9(k) (k) (k) \P(k)> 4(k) (k) 22)
Vi (k) Ot (k) (5) qw) Ot (k) (5)
New variables are defined
OF 1y Py k)
AsPP = Cpy ———8mM8M ™= (23)
(k) (k) ap(k)
and
OF 1y (Pky» i)
Astl) = C’(k)M 24)

9aw)
where As? 13) and As’(’,’:) denote the increments of plastic bound stretch. The above equations (23, 24) represent the

distortion and dilatation part of plastic deformation, respectively. The incremental plastic stretch can be rewritten in

the form
1 ) 9q(x)
AsP = —— | AsP? + AsP? (25)
WOV | T Wotw P o)
Eliminating C(k> from Eqs (23) and (24) leads to
OF OF,
sPP —W Pl ®_ 0 (26)
( )3Q(k) ( )3p(k)



2.2 Peridynamic porosity

The damage evolution in materials described by peridynamics theory means the progressive physical process which
leads to the growth of voids in the volume of the peridynamic particles. In the present paper, damage is defined as the
nano/micro volumes of discontinuities created in the volume of the peridynamic particles. Consequently, the damage
evolution leads to the weakening of the bonds as a result of the reduction of particle volume and the accumulation of
forces in the neighborhood of defected volume. The local concentration of internal forces results from the damage
evolution and heterogeneous deformation of the material. Finally, the critical value of the damage parameter for the
single peridynamic particle leads to the breaking of bonds connected with this particle and consequently to material
failure. It is worth pointing out, that all stages of damage evolution may be studied using the proposed damage variables
in the framework of peridynamics theory.
Peridynamic porosity f(x)(z,t) is defined as a ratio between the integrated volume of voids and the total volume of
peridynamic particle.

Vil

N, 1) = —= 27
Ty @y s ) Vin 27

where x (i) denotes the material point, V{3, is the peridynamic volume of particle and V(Z ) is the effective volume of

the all voids which lie in V{;,. A damaged peridynamic particle is shown in Fig. 2.

f
Vf k)

Figure 2: Integrated volume of voids V(£> within the peridynamic particle volume V)

The value of the peridynamic porosity parameter is limited in the range 0 < f(y)(z(x),t) < 1, where f(;y = 0
denotes undamaged peridynamic particle and f(;) = 1 denotes the fully decohesion of the peridynamic particle. In
fact, the failure occurs through a process of instability for the critical level of porosity parameter reaching the value of
f¢" = 0.3. It is assumed, that such value is enough to the initiation of crack propagation [Ustrzycka et al., 2020a]. The

evolution law for porosity is derived from the expression for porosity in the following form



Viey — Vi
Viw) Vik)

where Vi, (x) is the matrix of the peridynamic particle.

fiwy =

As aresult of the the differentiation of Eq. (28) with respect to time the relationship for rate of the void volume fraction

is obtained

Viniiy Vi) _ Vi

fon = - 29)
©7 Vo Vi ) Viw)
where Vi, (x) is the matrix of the peridynamic particle.
In the light of the above, the kinetic law for porosity is expressed in the following form
fiy = (L= f)3th (30)

where é(p 15) is the rate of plastic stretch which corresponds to dilatation state. The evolution of peridynamic porosity
leads to the plastic enlargement of cavities inside the volume of material particles. In particular, the characteristic

features of the proposed definition of porosity in peridynamics are summarized in the following way:
* Damage is incorporated in the peridynamics theory at the level of the peridynamic particle

» Physical meaning of damage is understood as the increase of microvoids within the peridynamic particle at the

expense of the particle volume
¢ Increase of microdefects leads to weakening of the bonds

* Damage localization and evolution occur as a natural outgrowth of the equation of motion and constitutive

models

* Peridynamic damage of material is characterized by the reduction of effective force transmission capacity caused

by the coupling effect of the damage evolution and the bond elongation increment

Thus, the proposed formulation of porosity remains classical and is based on Gurson’s porosity plasticity model
[Gurson, 1975, Nahshon and Hutchinson, 2008, Madou and Leblond, 2012]. The complex nature of radiation defects
is close to porosity because of formation of clusters of vacancies and cavities. The origin of initial porosity (radiation
induced damage or micro-damage of mechanical origin) in the material is not significant but it is an important shaping
parameter of the global material response under multi-axial stress state. Therefore, the proposed peridynamic damage
model based on the evolution of porosity appears to be suitable for irradiated materials [Skoczen and Ustrzycka, 2016,
Ustrzycka et al., 2020b]. Radiation induced changes in the form of spherical voids in austenitic stainless steel are
shown in Fig. 3. The shape of radiation induced clusters in the form of spherical voids is shown in the TEM micro-

graph.



Figure 3: a) TEM image showing dislocation loops, precipitates and voids in irradiated HT9 ferritic/martensitic

steel at 155 dpa [Sencer et al., 2009] b) voids observed in irradiated austenitic stainless steel EI-847 at 73 dpa
[Porollo et al., 1998]

For this reason, the models describing the porosity evolution appear most suitable in the case of the irradiated materials
[Barton et al., 2013, Skoczeni and Ustrzycka, 2016, Ustrzycka et al., 2020b]. One of the most important mechanisms
of failure in irradiated materials is the growth and evolution of voids. The consequences of irradiation of component’s
structure are increased hardening, ductility reduction and embrittlement. The density of cavities (empty voids and

voids filled with helium) and average cluster size as a function of irradiation dose are shown in Fig. 4.
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Figure 4: Density of cavity and average cluster size as a function of irradiation dose, based on [Courcelle et al., 2016]

Radiation induced porosity fg’(“}c") is based on the mean value of radius r(ck) and density q(ck) of vacancy clusters. The

clusters of radiation defects of the size of several nanometers are qualified as spherical voids
QT c 4 c 3
fotky = 40y 3™ (%)) @D

The measure of radiation induced defects in the solid is dpa unit which expresses the number of atoms displaced from

their initial displacements [Nordlund et al., 2018]. As shown in Fig. 4 dpa reflects the formation of particular types

10



of defects including clusters of nanovoids that can be recalculated to the peridynamic porosity parameter. Clusters of
nanovoids are the major damage structures in materials subjected to strong neutron irradiation. Spherical nanovoids
are randomly distributed in the spatial domain. As a result, irradiated materials, including steels become highly porous
(Fig. 3). Thus, nanovoids are observed at higher doses of neutron irradiation. For this reason, the present paper
assumed that dpa reflects mainly the formation of vacancy clusters, and can be converted to the peridynamic porosity
parameter. It is worth underlining, that in the irradiated solids, as a result of the reaction between fast neutrons and
metal nuclei, the effect of generation and growth of helium bubbles takes place. In this case, the helium porosity
with different internal pressure in bubbles is created. To account for, all the other forms of defects like dislocation
loops, clusters of interstitial atoms and cavities filled with impurities, the kinetics of evolution of these defects under
mechanical loads must be established.

For the relationship of cluster density of cavities ) and the average cluster radius () as a function of dpa, the power

law is employed

4y = cqldpagy)™, () = cr(dpagy)™ (32)

where cg, ¢, ng, n, are the material parameters determined using experimental results obtained by Courcelle et al.
[Courcelle et al., 2016]. Referring to Eq. (31) the porosity parameter can be expressed as a function of radiation

damage measure (dpa)
3n,+ng

T

4
Jotry = §7rcqc§ (dpa(k)) (33)

It has been assumed, that the failure of irradiated material occurs as soon as the maximum porosity parameter char-
acterises peridynamic particle reaches the value of f°" = 0.3. In order to predict the material failure, the critical
value of total porosity parameter f(c,:) is adopted. The critical value of porosity parameter also means the breaking all
peridynamic bonds connected with the corresponding peridynamic particle. It results from the reduction of effective

force transmission capacity caused by the coupling effect of the damage evolution and the bond elongation increment.

2.3 Irradiation hardening

In order to capture the isotropic hardening behavior in PD elasto-plastic damage model it is assumed that the current

yield stress is a function of equivalent plastic stretch 54, radiation damage levels dpa and current porosity f()

Ty = Oy (Sk)» dPar), i) (34)

The equivalent plastic strain is obtained by assuming that the microscopic plastic power of the porous solid varies

according to the equivalent plastic work expression

Y P AS(R) + der) As(
O =TT e,

(35)

The additional parameter Ay was determined by Madenci and Oterkus [Madenci and Oterkus, 2016] by comparison of

the equivalent plastic stretch during uniaxial tension using peridynamics and classical continuum theory. Thus, for 3D



case the parameter Ay is defined as

A v5 36
0= T (36)

Interaction of dislocation generated during deformation with radiation induced defects in the form of randomly dis-

tributed spherical voids leads to changes in mechanical properties of the material, such as increase in yield stress,
embrittlement and hardness [Hure et al., 2017, Ch.Ling et al., 2017, Barton et al., 2013]. Randomly distributed voids
and helium bubbles become barriers to undisturbed dislocations motion and plastic flow. The influence of irradiation-

induced defects on strain hardening and softening is analysed.
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Figure 5: Engineering stress—strain curves of EC316LN stainless steel after irradiation to labeled doses in spallation

environments [Byun et al., 2002]

The Kocks-Mecking type hardening model [Kocks and Mecking, 2003] is the main way to obtain a physically based
description of irradiation hardening law. The yield function expressed by the components that contribute to the irradi-

ation hardening takes the form

¥ = hya S + ?/Oiw_h = f _@ 37
(k) = haoy/5) + 0y altS(k)\) Joo) + oacp | == )

where h, is a proportional factor, h, is a parameter with opposite signs controlling the annihilation of dislocations, «
denotes the Taylor strengthening coefficient and ;. denotes the shear modulus.

For non-irradiated materials, a strain hardening regime can be observed, which is related to the interaction among
dislocations (compare Fig. 5). The first term in Eq. (37) (hda,u\/?) describes the strain hardening mechanism.

Dislocation motion is impeded by the presence of obstacles in the form of forest dislocations acting as random obstacles

,1101’7‘1

() ‘ resulting directly from the increase of irradiation dose (dpa) is expressed

The increase of the initial yield point o

in the following form

yOirr

0 0
oly = U?k) + Bgaéjk) dpa (38)
Moreover, the expression in Eq. (38) is closely related to the initial yield strength of the non-irradiated material crl(’,g

[Byun et al., 2002, Byun et al., 2001].
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The dislocations dynamics is controlled by the annihilation process reducing the dislocation density during the plastic
deformation. Moreover, during the interaction of dislocation with voids (weak precipitate), the dislocation can separate
and dissociate into partial dislocations ([Osetsky et al., 2004, Lehtinen et al., 2016]). The third part (fha 18 (k) f(k))
describes the mechanisms responsible for softening.

The unpinning term (oaexp (7%» is introduced based on the observation that larger radiation obstacles require

higher stress to unpin ([Osetsky et al., 2004, Ch.Ling et al., 2017]) where o, denotes the reference stress for dislocation

unpinning

oa (fik),5)) = Boaﬂg(k)\/’(f(k) (S%) - f&,)‘ (39)
f(% is the initial porosity resulting from radiation and sy denotes a coefficient to adjust the avalanche speed after
unpinning the dislocations.
The modelling of irradiation hardening in metals for advanced nuclear reactors is based on the mechanisms of irra-
diation hardening due to the various irradiation-produced defects. Irradiation-induced defects produced in radiation
cascades act as barriers to dislocation gliding. This leads to an increase in the overall yield stress of the material. It is
assumed in the present paper, that the peridynamic porosity is the main source of radiation hardening. The hardening
model includes mechanisms of blocking dislocations at radiation-induced defects and the annihilation of dislocations
with opposite Burger’s vector or as a result of interaction with voids. Also, the general behavior of the irradiation

hardening model shows that as the radiation-induced porosity increases, the initial yield point increases.

2.4 Model summary

The proposed pressure-dependent damage material model with irradiated isotropic hardening consists of the following

system of equations

Ay
L) = (ar — a#)25d¢9(;€) + 2008 (1) (5) - isotropic Hooke’s law if ~ Fi;) < 0
\ X(5) = X(w)|
a(k) 3420k ) . .
Fuy = Uz“lk) + 241 f(x) cosh Tgk) —(1+ qgf(k)) =0  -yield function
AsPP OF 1) pq OF ) —0 lastic f 1 “0)
(k) %D — As(y)y T - plastic flow rule

a?k) = hqap /54y + UEJ:)W. — hatt3(k)\/ f(k) + 0aTp (755—’;)) - irradiated hardening/softening
Afwy = (1= fu)As(y - kinetic law of porosity

The advanced constitutive model consider fully coupled dissipative phenomena in the irradiated material. The peridy-
namic elasto-plastic model includes coupling the volumetric damage parameter with the yield function. This formula-
tion is kept based on the Gurson model. In the original Gurson model, the void coupled yield function is derived from
the void deformation behavior in a matrix material [Chen et al., 2020a]. In addition, peridynamic damage of material

is characterized by the reduction of effective force transmission capacity caused by the coupling effect of the damage



evolution and the bond elongation increment. Moreover, the hardening and softening rules are introduced to control
the evolution of the yield function. The nonlinear irradiation hardening and softening are coupled with the porosity
variation. This coupling effect results in an overall hardening and softening behaviour, owing to the combined effects
of both damage and plasticity.

The nonlinear system of equations (40) is solved using the iterative Newton method. A series of numerical tests demon-
strate the efficiency of the well-calibrated physically based constitutive model. Details of the iterative solution can be

found in the appendix.

2.5 Numerical solution procedure for elastic-plastic constitutive model

A numerical procedure of the developed peridynamics model can be implemented in the following steps listed below
for a given particle (k). The goal of the algorithm is to provide the basic equations to calculate the peridynamics
variables in the (n + 1) calculation step based on the known value from the previous one (n). Moreover, the goal of the
described algorithm is to show the step by step instruction for evaluation of the force density vector "“t(k)( ) based

on the known value of the total stretch ”’+ls(k)(j>.
1. Save the data from the previous calculation step n
"swiy Sar Smey Sk e "o
2. Get the value of the current bound stretch "+15<k)(j> in the family bonds of point (k).

3. Calculate trial elastic stretch "“sz )(;) and trial elastic dilatation "H%) as

N
n+1 n+1 n n+1 n+1
Hstom =" swm = "oy 0 =2 ("stom) Awe Vo)
j=1
4. Calculate the trial force density as
n+14t 2hd n+1gt n+1 .t
iy ) = X0 — X(k)|(aﬁ — )My () ( 9(k>) + 2hb< S(k)(j))

5. Determine the trial dilatational and distortional parts of the strain energy density as
+1 tige ) +1p7t S +1 4t
n K n n L n
Wiy = ax ("009) - "Wy = 30 (" sla) ko) —xm V)
j=1

t

6. Calculate trial hydrostatic stress "“p( ntlgt

q(k) as

nﬂp](tk) =\2Ka, (n+19fk)) ) n+1q2k) =4/6G ("“W(/Z))

7. Compute the value of the GTN yield function based on the trial state using Eq. 16

k) and equivalent HMH stress

"y =" gy (nﬂqék),"“ﬁk»”f(k))
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10.

11.

12.

13.

14.

15.

Check if trail calculation step is elastic

n+1F(k) <0

If step is elastic, set

n+1 A P —_
A8y =0
and go to step 13, otherwise go to next calculation step.

Pq,

Apply Newton iterative method to find unknowns variables ”+1As€£) (j) and "+1As( W G)-

(a) Assume initial values of the unknowns

n+1 Dp _ n+1 pq _
Asgyiy =0, As(ygy =0
(b) Check convergence
Fal<tol,  [iagn W wapgm age OO
[F| < tol, ") gy SR Gpg| =

(c) If assumed tolerance (tol) is obtained go to step 12, otherwise go to next Newton step.
(d) Compute jacobian matrix and solve linear system of equations for ”+1dAs€ 5) (j and ”+1dAsf 13) (j) accord-

ing to the equations given in Appendix.

(e) Update unknowns variables

n+1 pp _ n+l1 pp n+1 pp n+1 pq _ n+1 Pq n+1 Pq
Aty = Asg T MBSigy T ASwG) = B T A )
Update porosity
"y =" + Ao = ") (A )
Compute the increment of plastic stretch according to Eq. 25
n+1ASPk - L n+1 . p]lc) ' ap(k) n+1 Sp]g ) q(k)
(k)(4) Vi) ( )(])8t(k)(j) ( )(J)af(k)(j)
Compute the plastic and elastic stretch
n+1_p - n_.p n+1 P n+1 e _ n+1 n+1l_p
Smm = Som T A8k 6) SG) = S T SG)

Compute the elastic dilatation

n+lpe _ n+lpt n+1 ¥4
Oy =" Oy =" A0,
Using the Hooke’s law compute force density vector based on the elastic stretch and elastic dilatation

n+1t o 2hd ( - )A ) n+19€ +2hb n+1 e )
(k)(5) O = Q) (k) (5) (k) S(k)(5)

%) — %)l

Go to the first calculation step.



3 Experiments

Experimental characterization of initiation and evolution of nano/micro damage under mechanical loads in the irradi-
ated materials is rare in the literature. This Section is dedicated to presenting two experimental campaigns dedicated
to irradiated materials. The two experimental campaigns consist of: 1) ion irradiation in a wide range of damage levels

expressed in terms of displacement per atom dpa and 2) nanoindenation tests on irradiated specimens.

3.1 Ion irradiation

As an alternative to neutron irradiation, ion irradiation has become the most widely applied method to achieve radiation
damage corresponding to high neutron doses. To reach that high displacement damage level, the ion irradiation method
can be applicable in a relatively short time without the samples becoming radioactive. Ion irradiation belongs to
the methods where the defect formation can be controlled with high accuracy (including concentration and depth
distribution) and allows to obtain materials having a wide range of damage levels, usually expressed in dpa scale
(displacements per atom) [Nordlund et al., 2018]. Ion irradiation can generate the same various defects as neutron
irradiation, such as Frankel pairs, interstitials, vacancies, clusters of voids and dislocation loops. The austenitic stainless
steel 310S is proposed for this analysis due to its promising thermo-mechanical properties. This kind of steel is an
excellent candidate for environmentally extreme applications such as new nuclear energy systems due to its good
corrosion resistance, high strength, and ductility. Furthermore, the amount of carbon is limited, reducing the risk of
embrittlement. As-polished specimens of stainless steel 310S were irradiated at room temperature with 1.5 MeV Ni, 1.5
MeV Fe ions, and 1 MeV He ions. Fluences of these irradiations were 1E14, 1E15 and 1E16 ions/cm~2 for Ni, 1E14
ions/cm~2 for Fe and 1E15 ions/cm~2 for He. These conditions corresponded to the radiation-damage generation
from 0.02 to 13.22 dpa (displacement per atom; [Nordlund et al., 2018]) and were calculated using SRIM software
(The Stopping and Range of Ions in Matter) [Ziegler et al., 2010]. Described irradiation conditions also resulted in
modification approx. 0.8 um for Fe and Ni. Profiles of irradiation damage (in dpa) as a function of target depth for
1.5 MeV Fe ions and 160 keV He ions and for Ni ions at the fluence of 1E14, 1E15 and 1E16 ions/cm2 is shown in
Fig. (6). In order to best simulate the effect of neutron irradiation one rectangular sample was submitted to sequential
dual-beam ion irradiation. The parameters of ion implantation (energy) were again determined by using SRIM code
[Ziegler et al., 2010]. In order to maximize material damage at similar depths, the energy of He+ and Fe+ ions were
set as 160 keV and 1.5 MeV, respectively. The implantation with He-ions contributes to the creation of helium bubbles.
Fluences of these irradiations were 1E14 ions/cm~2 and 1E15 ions/cm?, respectively for He and Fe. These parameters
corresponded to modification of &~ 800 nm thick layer. However, the highest damage level occurs at a depth of about
500 nm, see Fig. (6). During implantation the ion beam current was limited to about 0.1 A ¢m — 2 to avoid significant
heating of the samples. The temperature of the specimens was controlled continuously using a thermocouple and the
irradiations were performed in the normal direction relative to the surface of the specimens. Detail description of the

irradiation campaign is presented in Table 1.



Table 1: Ion-irradiation campaign

Ion Fluence (ions/cm2) Energy dpa  porosity
Ni 1E14 1.5MeV 0.12 4E-8
Ni 1E15 1.5MeV 1.32 1E-5
Ni 1E16 1.5MeV 13.22 2E-3
Fe 1E14 1.5MeV 0.12 4E-8
He 1E15 1.0MeV 0.02 7E-10

Fe and He 1E14 and 1E15 1.5MeV and 160 keV  0.14 6E-8

Both single and double ion implantation campaigns were carried out using 3SDH-2 1.0 MV NEC Pelletron Tandem

accelerator.
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Figure 6: Simulated irradiation damage (in dpa) as a function of target depth for a) 1.5 MeV Fe ions and 160 keV He
ions b) 1.5 MeV Ni ions at the fluence of 1E14, 1E15 and 1E16 ions/cm 2

3.2 Nanoindentation tests

Modified layers induced by ion-irradiation are usually thin, approximately 0.1-3 micrometers. The depth of this mod-
ification depends on the ion energy and atomic weight of the implanted element. As a rule of thumb, higher energy
results in more profound material modification, while heavier elements penetrate smaller depths of the material than
light atoms (e.g., He). Generation of the irradiated layer with low thickness requires the use of nano/micro indentation
technique to measure their mechanical properties. In this work, the classical nanoindentation tests using the Berkovich-

shaped indenter were performed. The experimental set-up of the indentation tests is shown in Fig. 7. Fig. 7 A) shows
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the indenter system and the holder with a mounted tested specimen, while Fig. 7 B) depicts a snapshot of the ongoing
indentation test. Fig. 7 C) shows the sample surface after indentation. One can observe a series of indents with a
distance of 20 um from each other. Fig. 7 D) shows an SEM image of the indent with the developed characteristic slip

planes on each side of the indented wall-side.

ND 3 HFW
4.0 mm 2 000 x 207 pm

Figure 7: A) indenter system provided by MicroMaterials Ltd. B) snapshot of the indentation test C) SEM image of
the 310S sample surface after indentation with 5 mN load and D) SEM image of the indent with visible characteristic

slip planes developed during material deformation while loading

Each specimen has been tested at least 10 times. In order to prevent creep of the specimen, the maximum load was kept
for 1 s (up to 4.5mN) or 2s (up to 10mN), while the load/unload cycle took 3s and 2s for loads 0.25-0.5 mN, 5s and
3s for loads 0.75-4.5 mN, and 10s and 5s for loads 5-10 mN, respectively. To prevent the interference of the imprints
and their stress/strain fields, the distance of 20 um between the indentation spots was kept. In order to measure the
mechanical properties of the ion-irradiated layers, it should considered that the plastic zone’s volume developed under
the indenter tip is approximately 10 times thicker than the maximum indentation depth. The tests performed with
1 mN loads up to ~ 100 nm indentation depth corresponds to this proportion and allow conclude that the recorded
information comes from the irradiated region. Fig. 8 presents the indentation curves recorded for the virgin austenitic
stainless steels 310S and after irradiation using Fe, Ni, and He ions. It is known that the radiation-induced defects
developed during the ion-irradiaton process emulate neutron damage and act as obstacles to the dislocation movement
during plastic deformation. This leads to the material hardening. The currently presented results are coherent with
the physical approach. The results show that the irradiation-induced hardening of the material occurs in the examined

zone. This is manifested as the hardness increase with the irradiation dose (see Fig. 9).
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Figure 8: Load — displacement curves on a) virgin; Fe ion-irradiated 310SS specimen up to 0.12 dpa; and Fe+He ion-
irradiated 310SS specimen up to 0.14 dpa; b) virgin and Ni ion-irradiated 310SS specimen for three value of irradiation

dose 0.12 dpa, 1.32 dpa and 13.22 dpa

The object of the experimental analysis was to establish the basic mechanical properties, such as the hardness of the
irradiated steel as a function of the irradiation dose. The irradiated samples were tested within the wide load range from
0.25 to 10 mN. The maximum load corresponded to the range of 400 nm penetration depth. The hardness variation
deduced from the load—displacement (L-D) curves as a function of indentation contact depth is shown in Fig. 9 for
different values of dpa. The hardness increases with increasing irradiation dose (dpa). The evolution of the mechanical
properties of ion-irradiated materials is the obvious consequence of radiation damage created in the material. On the
other hand, the hardness decreases with increasing indentation depth due to the indentation size effect. Moreover, a
sudden decrease in the measured hardness at the early stages of the nanoindentation process (around 80 nm indentation

depth) is observed. This results from a faster accumulation rate of geometrically necessary dislocations (GNDs).

5 5
a) b)
41 4
© ©
a o
O 3 O 3
0 0 W
n 0
] 14}
[= =
T2 °2r
© ©
T | — virgin T | — virgin
1L — 1E14 Fe (0.12dpa) 1L — 1E14Ni (0.12dpa)
—— 1E15 He (0.02dpa) —— 1E15 Ni (1.32dpa)
—— 1E14 Fe + 1E15 He (0.14dpa) —— 1E16 Ni (13.22dpa)
1 1 | L Il |
OO 100 200 300 400 00 100 200 300 400
Contact depth [nm] Contact depth [nm]

Figure 9: Hardness variation as a function of contact depth for 310SS irradiated with a) Fe and Fe+He ions and b) Ni

ions
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4 Results and discussion

The problem of radiation induced defects requires deep analysis from experimental, theoretical and numerical points
of view. The peridynamic elasto-plastic model accounting for the irradiation effects and radiation-induced porosity is
formulated in Section 2. The proposed model can be applied to study the mechanical effects of radiation damage in
austenitic stainless steels and polycrystal metals or alloys used as structural materials in a reactor environment, detec-
tors at a particle accelerator and plasma devices. Different from the phenomenological continuum damage mechanics
developed by Lemaitre and Chaboche ([Gurson, 1977], [Chaboche, 1988a]), the peridynamics theory is adopted here
to solve the problem with complex boundary and loading conditions, flux of high energy particles and various mechan-
ical loading. The proposed constitutive model in Section 2.4 has been implemented in the peridynamics numerical
code using the C programming language. After implementing the relevant irradiation hardening terms, the full coupled
model was applied to comprehensively study the evolution of radiation induced damage and irradiation hardening.
Such a novel peridynamic approach is verified by the corresponding experimental data. The numerical simulations
are performed for the different radiation induced porosity levels. The influence of different types of hardening mech-
anisms of porous materials on yield stress and strain hardening is shown in Section 4.1. The character of predicted
by numerical model (Fig. 12) and experimental (Fig. 5) stress - strain curves for irradiated materials are compared.
In Section 4.2 peridynamics model for the contact between indenter and irradiated specimen is formulated based on
[Silling and Askari, 2005]. Finally, in Section 4.3 the numerical results are validated through the experimental mea-

surement to verify the accuracy of the peridynamics model.

4.1 Prediction of irradiation hardening during tensile deformation

Peridynamic simulations of the tensile tests were performed on unit cube element, Fig. 9 a). The location of the
analyzed point is marked in Fig. 9 b). The cube specimen of the size 10pm x 10pum x 10um is divided into three
regions to consider boundary conditions. The prescribed vertical velocity vector was applied to the top and the bottom
surface of the cube. The velocity magnitude was equal to 10pm/s For a horizon size of h = 3.03Ax, the system has
1331 peridynamic particles and 58147 bounds. The number of bounds associated with particles in the centre of the unit

cube is 175. All material parameters used in the simulations are summarized in Table 2.

20



prescribed constant velocity

analyzed point

,"\‘\
2%
23
4]
\‘
\\
‘\
0y
1

Figure 10: a) Schematic of the initial configuration of the peridynamics particles with marked boundary conditions for

the peridynamic simulations of tensile tests b) location of the analyzed peridynamics particle

Table 2: Parameters for the peridynamics damage plasticity model

E[GPa] p[GPa] plkg/m®] oy [MPal @[] @[] asl-] Bal-1 Byl

200 80 7800 200 1.1 1.1 2.0 3 1
ha [-] ha -1 cglem™3] ¢ fem™3] ngl[-l n. [ sol-]1  al]
0.05 3.0 1el19 5e-09 0.8 0.5 Se-1 0.3

For the irradiation hardening model formulated in Section 2.3, the critical stress is decomposed into components
related to the specific microstructure features of 310S namely the increase of the initial yield point associated with the
increase of irradiation dose (dpa). Moreover, isotropic hardening describes the forest hardening due to the dislocation
network. On the other hand, porosity-based softening is related to dislocation annihilation and separation efficiency
during plastic deformation. In addition, the irradiation hardening is associated with forcing the dislocations to bow out
by the radiation defects. Evolution of the stress-strain curves with selected a) isotropic hardening, b) porosity-based
softening c) irradiation hardening is demonstrated in Fig. 11.

Peridynamic simulations were used to examine the various hardening processes of porous materials (for different dpa
levels). In the case of irradiated material the initial yield stress naturally depends on the dpa level, which defines
the initial state of the material’s microstructure (compare with Fig. 5). Three main features were reported: isotropic
hardening, porosity-based softening and irradiation hardening. In Fig. 11 a), the simulated curves show typical work
hardening plastic behavior of materials in uniaxial tension. The strain hardening strongly depends on the increase of the
dislocations concentration and is independent of porosity evolution during plastic deformation. The other hardening

feature caused by the reduction in dislocation density is shown in Fig. 11 b). The dislocations annihilation rate affects
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the flow stress, especially at rather large strains. As a consequence, the annihilation term leads to a significant softening
effect. In addition, the softening effect is enhanced with the increase of porosity due to the interaction of dislocations
with voids and separating them into partial dislocations. It is worth pointing out that, the impact of defect annihilation
on the macroscopic behavior is much more pronounced at high doses of dpa. The fast decrease in the stress at the end
of the simulated curves leads to the necking and failure of the material. The irradiation hardening is observed in Fig.11
¢). This phenomenon corresponds to the blocking mechanism of the uniform motion of dislocation after encountering
local obstacles, such as radiation defects. The dislocation can be unpinned by increasing the stress on the dislocation.

Higher stresses are required to be able to unpin the dislocations from the local obstacles that force dislocations bowing.
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Figure 11: Evolution of the equivalent HMH stress as a function of equivalent plastic strain with selected a) isotropic

hardening b) porosity-based softening c) irradiation hardening for different intial level of irradiation

To summarize, prediction of the proposed elasto-plastic constitutive model with hardening-softening behavior (Eqs 40)
for the uniaxial tension tests is shown in Fig. 12. It is worth underlining, that the irradiation of materials leads to drastic

modifications of mechanical properties: increases the yield strength, increases hardness and reduces the ductility.
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Figure 12: Prediction of the proposed constitutive model for the uniaxial tension test with different initial level of

irradiation

The character of predicted (Fig. 12) and experimental curves (Fig. 5) for the 0.54 and 1.87 dpa doses is preserved.
The proposed model is sensitive to changes of the initial yield stress with increasing dose of radiation. In addition,
the constitutive model reflects well the coupling relationship between irradiation hardening resulting from blocking
dislocations on radiation defects and softening connected with annihilation of radiation-induced dislocation loops.

These results suggest that the proposed constitutive model is suitable for describing irradiated materials.

4.2 Peridynamics model of indentation test

The indentation test is defined as a contact problem between the indenter and the irradiated specimen, Fig. 13. Berkovic
indenter is modelled as a rigid body. The geometry of the indenter consists of a set of particles with an average nearest
neighbor distance equal to 50 nm forming the contact surface. The irradiated material in the form of a cube has
dimensions 1600 x 1600 x 1600 nm. The cube’s grid step Az is equal to 50 nm. The presented model consists of
15625 particles and 827267 bounds. The peridynamics horizon is assumed as 3.03 x Az corresponds to 175 bounds per
one particle. The reaction force is calculated as a weighted sum of force density vectors ;) ;) multiplied by the volume
of the particles V{; and projected to the direction of the indenter movement ([0, 1, 0] in this case). The influence of the
boundary effects resulting from a non-local approach was ignored in the simulation since a large volume of material is

considered. In such a case, the boundary effects do not significantly affect the obtained results.
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Figure 13: Discretized peridynamics model of indentation test
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Based on experimental results described in Section 3, the displacement-time curves have been extracted and used
as prescribed displacement of the indenter, Fig. 14. Two polynomials approximate the obtained curves: quadratic
(loading stage) and linear (unloading stage). The unknown coefficient of these polynomials has been found using the

least squares method.
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Figure 14: Fitted analytical curves for displacement history of the indenter

During the indentation process, contact forces occur between the upper surface of the box and the indenter. The contact
of the rigid indenter with irradiated material is modelled through short range contact forces [Silling and Askari, 2005].
By definition, the contact force is zero if the distance between particles (k) and (j) is greater than d) ;) (short-range
interaction distance)

Ay = min{0.9]|xy, — ;][,1.35(rk +r;} (41)
where 7 is the node radius of given particle (k) or (j). It is assumed that the node radius is constant for all particles and
it is equal to %Am. Therefore, the d ;) distance remains constant throughout the analysis. If the interaction distance
between two particles is lower than d ) (;y, the contact force is computed using the following formula

Yy — YG) 18r

CS
F) = 5 (v =yl = dwyi) V ¢s = 15— “2)

Oy =y
A bottom surface of the cube is fixed during the loading and unloading stage. All displacement components of the
particles located on this surface are set to zero. Four remaining side surfaces are treated as a free surfaces. The
developed material model was applied to study the material’s behaviour during plastic deformation. The entire cube is

assumed to made of the same homogeneous material.
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4.3 Numerical simulations

The numerical simulations for selected cases (Tab. 3) have been performed and validated by experiments. The four
experimental cases are selected so as to represent a wide range of radiation induced damage level. As a reference to the
irradiated materials, the unirradiated material is analysed. In other cases, different values of dpa are directly connected

with the initial radiation induced porosity of the samples.

Table 3: Summary of selected experimental cases for numerical simulations

No. name dpa  indentation depth [nm]
unirr virgin 0 94.87
irrl Fe+He0.14 0.14 75.38
irr2 Ni 1.32 1.32 77.11
irr3 Ni 13.22 13.22 79.39

The results of the numerical simulations in the form of the deformed configurations of the materials at the maximum
indentation depth are shown in Fig. 15. The effect of radiation porosity on the elasto-plastic behavior of austenitic

stainless steel 310S is shown. The indenter contact zone is clearly visible for all studied cases.
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a) b)

Figure 15: Deformed configurations at the maximum indentation depth for a) unirr b) irrl, ¢) irr2 and d) irr3.

A dislocation nucleation mechanism,propagation behavior and interaction of dislocations with nano/micro defects play
a critical role in the plastic behavior of irradiated and non-irradiated materials.The force applied to a structure causing
deformation is proportional to the contact zone size. The reduced increase of plastic zone size for the irradiated
materials results of radiation induced defects acting as obstacles to deformation in the irradiated material. Radiation
induced porosity causes higher stress concentrations leading to the increase of embrittlement and in the consequence
the brittle failure of the matrix material.

The comparison between the numerical and the experimental force - displacement curves for virgin material and the
material irradiated to different values of dpa are presented in Fig. 16. Generally, the simulations have been limited to
the indentation depth of some 80 nm, which corresponds to 10 of the maximum ion-irradiation depth. The maximum

load reaches some 1 mN.
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Figure 16: Comparison of the load — indentation depth curves between the experimental results and the numerical

simulations for a) virgin material and b-d) different values of dpa

The hardening slope results both from the defined irradiated hardening and from the geometric nonlinearity, resulting
from the shape of the indenter and the increasing contact surface with the material. The predictions of the proposed
constitutive model are in good agreement with the experimental data.

In a similar way, the distribution of equivalent HMH stress is shown in Fig. 17. At the nanoscale, the dominant
mechanism of plastic deformation is slip due to dislocations motion. The initial processes of the plastic deformation of
the materials during nanoindentation testing can be studied at the atomic level using Molecular Dynamics simulations.
Therefore, Molecular Dynamics simulations were performed to determine the corresponding quantitative stress level

necessary to trigger dislocation nucleation and activation of the plastic deformation.
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Figure 17: Distribution of equivalent HMH stress g at maximum indentation depth for several levels of dpa for a)

unirr b) irrl, ¢) irr2 and d) irr3. The units of stress is MPa

Such analysis offers a genuine insight into the processes occurring in the irradiated materials subjected to the inden-
tation process. The hardening modulus is coupled with radiation induced porosity (Eq. 37). Moreover, the initial
yield point is a function of the irradiation level, expressed by dpa parameter (Eq. 38). With an increasing dose of
radiation, the material’s initial yield and stiffness increase. Consequently, larger forces have to be applied to achieve
the material’s plastic behaviour. As expected, the greatest stress values are located in the vicinity of the indenter tip.
With increasing dpa, the stress level also increases causing the growth of porosity. The evolution of porosity, equiv-
alent plastic stretch and HMH equivalent stress under the loads caused by nano-indentation are presented in Fig. 18.

The equivalent plastic stretch increases rapidly for the unirradiated material. The radiation induced porosity expressed
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as a function of dpa significantly affects the process of evolution of plastic stretch in the material. With increasing
irradiation dose the rate of equivalent plastic stretch decreases, and, it remains steady during the unloading process.
As shown, the highest value of HMH equivalent stress is recorded for the maximum value of the irradiation porosity

and indicates the tendency to saturation. This analysis confirmed, that the evolution of porosity results in structural

changes.
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Figure 18: Development of porosity, equivalent plastic stretch and equivalent HMH stress during nano-indentation

processes for different level of initial dpa

In Fig. 19, the relationships between the void growth rate and the equivalent plastic stretch are plotted. The evolution of
radiation induced porosity is computed directly from the Gurson kinetics law (Eq. 29), which does not correctly reflect
the compressive processes. Gurson’s model assumes that the initial porosity level will be substantially reduced due
to the indentation process. This is due to the phenomenological assumptions about the fundamental qualities, that the
micro-porosity has to close up ahead of the indenter under compressive stress. In the proposed peridynamic pressure-
dependent constitutive model the modification of Gurson kinetics is introduced. The increase of initial porosity is

generated independently of the pressure direction.
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The character of nano/micro porosity evolution is certainly one of the interesting features. The porosity can’t be

reduced since material cohesion restoration is impossible. On the contrary, the closed voids are converted to some sort

of micro-cracks (of rounded edges), that might become origin of a macro-crack when the continuum is overloaded. The

change of the load direction will cause swiftly opening of the micro-cracks and subsequently their evolution. Moreover,

the porosity is constantly evolving and might become the origin of a macro-crack when the continuum is overloaded.

The main features of the proposed peridynamic elasto-plastic damage model for ion-irradiated materials (Eqs 40) are

as follows:

The proposed constitutive model is formulated within the framework of peridynamics theory, where the plastic

behaviour of the irradiated materials can be analysed at the nano/micro scale level.

Radiation-induced defects are described by the porosity parameter reflecting randomly distributed spherical clus-

ters of voids resulting from elastic interactions of energetic particles with lattice atoms.

Peridynamic porosity is defined as a volume of discontinuities created in the volume of peridynamic particles.
The peridynamic porosity can be easily recalculated to damage parameter within Continuum Damage Mechanics

(CDM).

The evolution of radiation induced porosity is driven by the volumetric plastic stretch rate combined with type
GTN yield surface. Peridynamic porosity evolution is the progressive physical process that leads to the growth

of voids in the volume of peridynamics particles.

The criterion of failure is formulated based on the critical value of the porosity parameter. The porosity evolution
leads to the weakening of the bonds due to the reduction of particle volume. Consequently, an increase of porosity

leads to the accumulation and local concentration of internal forces in the neighborhood of defected volume.

Gurson-Tvergaard-Needleman (GTN) yield criterion formulated for a porous solid is adopted. GTN model

provides the coupling of the radiation induced porosity parameter with the yield function.
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* The constitutive relations for irradiation hardening based on the dilatational part of elastic strain energy are for-
mulated. Formulated hardening and softening laws for irradiated materials are based on the physical mechanisms
of the dislocation motion impeded by irradiation-induced defects, the annihilation of dislocations, and the un-
pinning dislocations. The nonlinear irradiation hardening and softening are coupled with the porosity variation.

The hardening and softening rules control the evolution of the yield function.

5 Conclusions

The original peridynamic pressure-dependent constitutive model able to predict the porosity evolution for ion-irradiated
ductile material is proposed. The new nonlinear relations of the irradiation hardening are introduced into the consti-
tutive relations of the material. The hardening law for irradiated steels accounts for the mechanism of the dislocation
motion impeded by irradiation-induced defects, the annihilation of dislocations, and the unpinning dislocations. The
combined effects, the irradiation hardening phenomena and the evolution of radiation induced porosity are investigated.
To cover the presence of radiation-induced voids in the constitutive model, the volumetric damage is defined at the level
of the peridynamic particle. The evolution of the damage parameter is governed by kinetic law expressed in the form of
the rate of plastic stretch. The Gurson-Tvergaard—Needleman (GTN) yield criteria expressed in terms of peridynamic
variables in order to describe plastic yielding is used. Generally, the constitutive expressions for the yield function,
the plastic flow rule, kinetic law of damage evolution and irradiation hardening are expressed in terms of the basic
peridynamic variables. Ion irradiations have been carried out using the broad ions fluence range to obtain materials
with a wide range of damage level. The defects induced by ion irradiation in the austenitic stainless steel have been
investigated by using the nano-indentation technique. Numerical simulations using well-calibrated constitutive models
present the characterization of ductile porosity in the ion irradiated material subjected to plastic deformation during
indentation tests. The peridynamics constitutive model based on the equation of motion, the integral equation without
spatial derivatives, is valid, especially for materials with discontinuities like nano/micro voids, nano/micro inclusions
and cracks. Due to this reason, the developed peridynamic model gives a better description of the irradiated compo-
nents subjected to mechanical loads than models developed in the framework of CDM. Moreover, one of the major
drawbacks of the Gurson model is the reduction of porosity due to the compressive process. The voids evolve and
might become converted to some sort of micro-cracks when the continuum is overloaded. In the proposed peridynamic
model, this problem is corrected.

Finally, several new elements contained in the present paper can be summarized in the following way:

 formulation of the constitutive model with radiation induced damage evolution within the framework of peridy-

namics theory (PD), from consideration of the physical mechanisms that are involved in plastic flow processes
* defining peridynamic porosity as a new damage variable in peridynamics theory

¢ proposing new mathematical relation between the radiation damage measure (dpa) and the peridynamic porosity

parameter
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* defining irradiation hardening controlled by irradiation induced defects

 developing the numerical code using the C programming language based on the mathematical framework of the

constitutive relations

e carrying out two experimental campaigns dedicated to irradiated materials: ion irradiation in a wide range of

damage levels and nanoindentation tests made on irradiated specimens

« verification of the applicability of GTN yield function expressed in terms of peridynamic variables to analysis

the plastic behaviour of the irradiated materials

« simulating the deformation process of the ion irradiated materials numerically during the nanoindentation test

employing the peridynamic elasto-plastic damage model

6 Appendix

The numerical integration of the constitutive equations (40) is based on radial return mapping algorithm for pressure-
dependent material model presented by Aravas ([Aravas, 1987]). The proposed numerical algorithm has been modified
in order to adapt it to the new peridynamics model. In the first step of the algorithm, the trial elastic stretch sfi,)( o is
computed assuming that the total stretch increment As ;) is elastic

st = gt +Ask0) 43)

el

where s ( k7;]<j> is the known elastic stretch from the previous time step Next, using Eq. (5), the trail elastic dilatation is

calculated as
N

e e 2
Ok = A0 3 (56’ ) — X0 Vi (44)
i=1
Based on the above Eqs (43, 44), the distortional and dilatation part of the elastic energy are determined using Eqs (9)

and (10) as
N
K e t e e
WG = an(6)® Wy =0 (st xG) — X Vig) — au(¥)) 45)
j=1
Finally, the trial hydrostatic pressure pf ) and the trial equivalent HMH stress qgk) are calculated using Eq. 45

dho = SR, Dl = VERaS) o

Substituting Eq. (46) into the yield condition (Eq. 16) one obtains

2

t i
q 3qgap

Floo= | 0} 4 2g, f cosh W) (1 + g3 f?) @7
©\ oty 20

If the yield condition is not reached ka) < 0, the current step is considered to be elastic. Otherwise, the force density
vector is calculated according to Eq. (11) and the numerical procedure is finished. In the case of the plastic step, an

iterative method to obtain a plastic correction is needed.
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Spliting the increment of total stretch into elastic and plastic part,
Asw) ) = Asiy ) T A () @
and similarly, the total increment of dilatation,
Abry = AGG,) + AG’&,) (49)

the trial force density based on Hooke’s law is obtained as

Awi)
tey () =ty — |(ax —a )26d7A0T’ + 200As], (50)
(k)(5) (%) () ( 1% (j) — X(n)| (k)(4)
Eq. (50) can be split into two orthogonal state expressed in the following form
=gt 2500 Agr sy 51
W) = fe) T a0t A S(k) () Gh
(9) (k)
k)(3)
o = A a,.20d AG7, (52)
(k) (5) (k)(3) — \X(J) — X(p)|
The incremental plastic dilatation Af)f ) can be written using Eq. (5) as
N
AGfGy =6y Asfyy )My i) Vi) (53)
i=1
Eq. (52) can be simplified by substituting Eq. (13)
Ory = 05y — A6 (54)
The incremental plastic dilatation can be rewritten by substituting Eq. (25) into Eq. (53)
. P 9q(k)
AL, = déz AT B | 200V 5%

5t *)G ) 8t (1) (5)

After some algebraic manipulation and noting that plastic dilatation is not dependent on distortion state, Eq. 55 can be
expressed as
N
p(k

A0 = doASTE Z Bies (56)
Having all variables dependent on the two unknowns Asp p and As the system of nonlinear equations (40) is solved
using Newton method. The main steps of this method are shown below. In the first step the initial values of unknown
variables are assumed to be equal zero

Asp) =0, Asfy =0 (57)

Next the values of pressure, equivalent HMH stress and dilatation are calculated from the trial state
_ B (58)
Pk) =Py,  4d(k) = (k) (k) (k)
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The derivative of the equivalent HMH stress with respect to the force density vector is computed as

Oq(x) Aq(k) day W,

- : (59)
at(k)(]) 8t(k) GW(};C) 8% Y0)
where
Iq(x) B 6 o
Why 2. Jepw?
(k)
and
BW“) 1 d ar N ’
- b g (1= o j Vi 61
Ot{ry ) a5 ~ Xl + gan o | Al | Vi 61)

Following the approach presented by Aravas [Aravas, 1987], it is assumed that the derivative of the equivalent HMH

stress with respect to the force density vector is equal to the same derivatives taken form trial state

Oq(i) 9q(y,

= (62)
My Oty
Next, the derivative of the pressure with respect to the force density vector is calculated
P Op Ix() = X(w)l
(k) (k) — Ra, ©)) (k) (63)

D) O 200k dA 1) (j)

QI
The above expression is computed outside the Newton iteration loop because it is independent on the unknown vari-

ables. The following derivative has to be calculated inside the Newton loop.

OF ) ) 3q2pky \ 32
67 = 2(]1f(k:) sinh 2 QT (64)
P(k) % | 290
and
® _ y( )2 (65)
8‘](k) (o (k))
Finally, the values of two non-linear equations are computed
8F<k) 8F(k>
Aap P — AsPl (66)
¢ (k) 6 (k) 6P(k)
and
(;32 F(k (ASPI{)), AS ) (67)

If the values of two above equations are close to zero, then the Newton iteration loop is finished. Otherwise, the

Jacobian matrix J is calculated and the increment of unknown variables can be obtained using matrix notation

Ad=J"'F (68)
where
0¢1 9¢1
AN PP AN PT PP Pq pp
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8As(k) 8As(k)

35



Finally the value of the new increment of the unknowns variables is calculated using the following form
d"tl =d" + Ad. (70)

If the norm of vector F is close to the assumed tolerance, the Newton method is finished and the obtained values are
used to evaluate the force vector state. In order to calculate the Jacobian matrix the following derivatives with respect

to unknowns variables have to be determined
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Highlights

New original peridynamic pressure-dependent constitutive model formulated in order
to predict the plastic deformation and damage evolution in irradiated material
Nonlinear relations of the irradiation hardening introduced into the constitutive
relations of the material

Radiation induced porosity defined at the level of the peridynamic particle

The plastic behaviour of the material described by the Gurson-Tvergaard-Needleman
(GTN) yield function

Irradiation campaign using a tandem accelerator has been carried out within the wide
ions fluence range in order to obtain materials having a wide range of damage level
Numerical simulations present the characterization of ductile porosity in the ion
irradiated material subjected to plastic deformation during indentation tests
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