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ARTICLE INFO ABSTRACT

Keywords: An experimentally-based computational methodology is developed to predict the irradiation hardening in
Nanoindentation materials for nuclear applications, aimed at avoiding neutron irradiation. The results are expected to
Ion irradiation accelerate the delivery of new research data in nuclear materials science by reducing the time, costs, and

Finite element method
Crystal plasticity
Irradiation hardening

resources necessary for neutron irradiation. The effect of ion irradiation on nanohardness is measured with
nanoindentation and computationally replicated on the basis of the tensile tests data from neutron-irradiated
specimens. Thus, the established procedure aims to interconnect two important phenomena: the effect of ion
vs. neutron irradiations on mechanical properties; and the nanocompressive vs. macrotensile deformation. The
accuracy of the outcoming results is discussed. The tests performed are used to establish and validate a crystal
plasticity finite element method model of irradiated Eurofer97 steel. The constitutive material law is modified
with respect to the hardening caused by the neutron irradiation dose and is used to feed the crystal plasticity
finite element method model of the nanoindentation process. This consequently allows one to accurately
reproduce the experimental hardness-depth values obtained from the ion-irradiated specimen. Eventually,
a basic proof of concept is provided, which can be further refined for the prediction of neutron-induced
hardening, while working only with ion-irradiated material.

1. Introduction determining the radiation-induced degradation (e.g., irradiation hard-
ening) of the mechanical properties is an essential objective of nuclear
The development of innovative nuclear reactors requires a com- materials research. These techniques must reduce the resources needed
prehensive knowledge about the mechanical properties and the en- for irradiation or post-irradiation examination.
vironmental performance of the structural materials chosen for the A partial solution to reduce the activity levels is to rely on the
construction of their components. Conventional mechanical testing miniaturization concept [7-9] by reducing the dimensions of sam-
can be applied to deduce these properties under variable conditions, ples. However, another problem is the level of displacement damage
such as temperature or strain rate. An effective design of nuclear achievable. For instance, current Gen II fission reactors may achieve
components additionally relies on the behavior of the materials un- up to 50 dpa damage for in-vessel components, while future Gen IV
der constant neutron irradiation. Structural components suffer from designs may exceed 150 dpa [10,11]. Such magnitudes of damage doses

are extremely high for any materials test reactor to be achieved in a
reasonable time, hence limiting the availability of test results. Today,
test reactors are capable of providing 3-5 dpa/year, commercial fast-
neutron reactors up to 20 dpa/year [12,13], the use of which, however,
is limited for research purposes.

radiation-induced degradation [1-6], imposing strong limitations on
the development of new materials for nuclear applications. Moreover,
neutron irradiation leads to activation, hence its use in the research
context requires significant time, costs, and human resources. The
development of reliable experimental techniques aimed at effectively
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Therefore, the nuclear materials scientific community is increas-
ingly exploring ion irradiation to emulate neutron irradiation damage.
Irradiation with heavy ions is virtually unlimited in terms of damage
scales, as the magnitudes can reach tens of dpa in hours. It is 100
to 1000 times cheaper than neutron irradiation [12], as it requires a
particle accelerator instead of a complete nuclear fuel-powered fission
reactor. Using heavy ions for irradiation typically leaves negligible
residual activity, allowing the samples to be tested soon after expo-
sure without extra safety measures. Ion irradiation is generally safe,
cost-effective, and fast, but it has distinct limitations due to the differ-
ences in how neutrons and ions interact with matter. Neutrons, being
uncharged, cause a broad range of energy transfers during nuclear
collisions, producing a wide distribution of primary knock-on atoms
(PKAs). Conversely, heavy ions, as charged particles, interact through
Coulomb forces, leading to more localized energy transfer and a nar-
rower PKA spectrum. Consequently, neutron-induced damage is more
evenly spread throughout the material, whereas heavy ion damage is
confined to a thin surface layer, typically a few micrometers deep,
varying with ion energy and material type [14-20].

To accurately assess the effects of ion damage, nano- or microscale
characterization techniques, such as nanoindentation (NI) [21], that
can provide standardized mechanical property measurements must be
employed. It can be additionally supported by microstructural inves-
tigations using scanning or transmission electron microscopy (S/TEM),
and atomic force microscopy (AFM). The substantial difference between
neutron and heavy ion irradiations relates to neutron-induced trans-
mutation and gas production (hydrogen or helium leading to bubbles
and embrittlement) in the target material [16,19,22]. Heavy ions, while
capable of causing atomic displacements, do not induce significant
transmutation; conversely, they deposit a higher amount of interstitial
nuclei in the crystal lattice of the target material and facilitate ion
beam mixing [19]. Factors like the choice of ion species, energy and
irradiation temperature need careful consideration to mimic specific
aspects of neutron damage [14,15,18,19]. Moreover, it is known that
the difference in irradiation dose rates may lead to different degrees
of irradiation hardening in FeCr-based materials [23]. Therefore, the
effect of the dose rate must be accounted as well to ensure the transfer-
ability of the ion and neutron damage. Recently, there was a proposal
to use a temperature shift (to raise up irradiation temperature of ions)
to compensate for the higher dose rate (3-4 orders of magnitude
compared to neutrons) [24]. However, the irradiation investigations
from this work were performed in the frame of a larger project [25]
where the irradiation conditions for ions were decided for a group of
materials. It has been decided to execute the irradiation at equivalent
temperatures and compare the mechanical response.

Research mostly relies on simulations software like SRIM (Stopping
and Range of Ions in Matter) [26] to estimate damage profiles and
guide experimental design; it has been shown that different software
applications may disagree quite substantially on the simulated damage
profile [27]. The use of NI in nuclear materials science is rapidly
emerging nowadays, as it is able to characterize the properties of the
material using a minimum testing volume, which complies with the
mentioned miniaturization concept, while the characteristic depth lies
within the range of hundreds nanometers to tens micrometers, which
makes NI a tool of choice to study the impact of ion irradiation and its
relation with neutron irradiation damage.

In combination with computational analysis using the finite ele-
ment method (FEM), NI can expand the understanding of the physical
processes occurring during the deformation. With a proper experimen-
tal validation, this combination can provide underpinning knowledge
about fundamental quantities associated with the deformation process
(stress, strain, dislocation density, etc.). As in the works of P. Lin
et al. [28-31] or X. Xiao et al. [32-34] FEM simulations of the NI pro-
cess in irradiated materials for nuclear applications are commonly ap-
plied. More general applications of microscopy or modeling techniques
to support NI testing for nuclear materials, including ion-irradiated
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materials, are provided in Refs. [35-40]. Briefly, the mentioned works
aim at predicting the plastic properties from tests done below the
ductile-to-brittle transition temperature, after irradiation hardening,
studying grain boundary effects, etc. Furthermore, S/TEM or AFM is
generally applied to support the experimental process and reconfirm
the measured data. In [41], for example, TEM was used to analyze the
evolution of the subsurface microstructure due to irradiation, where
the depth of the hardening peaks was found to be in good correlation
with the highest concentration of irradiation defects. In [42] a system-
atic study of the heights of indentation pile-ups is performed using
AFM, providing their dependence on the microstructural state of the
indented specimen. A good overview of recent challenges and solutions
in nanoindentation testing and modeling of ion-irradiated materials can
be found with [43].

In this work, a novel semi-empirical approach to characterize and
interconnect the macro- and microscale plastic behavior of irradiated
materials for nuclear applications is introduced. Crystal plasticity fi-
nite element method (CPFEM) modeling is supported by experimental
characterization to reproduce mechanical responses affected by ion and
neutron irradiations. The proposed research aims to develop a method-
ology that allows one to evaluate radiation-induced hardening in a
neutron-irradiated material using NI tests applied to an ion-irradiated
material. This effect is assumed to be comparable for materials exposed
to both types of irradiation at the same dose and similar irradiation
temperatures. CPFEM modeling allows the simulation of the NI process
of a specimen with a modified subsurface, mimicking the effect of
ion irradiation. In addition, NI tests can be used to validate those
modifications. Eventually, the correctly obtained (experimentally val-
idated) hardening—dose function introduced to the subsurface layer of
the NI model may be used as a modification representing the effect of
irradiation. Thus, a predictive tool is established that allows the charac-
terization of the irradiated material in a cost-effective and convenient
way (i.e., without radiation-induced activation) and to use these data
to computationally model its macroscale behavior under operational
conditions and desired geometry.

The approach is validated by NI and tensile tests applied to reduced
activation ferritic/martensitic (RAFM) steel Eurofer97, a well-studied
material [44,45] developed for structural components in future fusion
and Gen IV reactors [46-48]. This material plays a crucial role for in-
vessel components. Many studies are oriented towards the development
of modified chemical compositions and subsequent thermomechanical
treatments, thus providing new materials with better properties; how-
ever, still based on the reference examples (Eurofer97, T91, F82H,
etc.) [49-53]. Any new product would benefit from relatively simple
and fast methods to estimate their properties after irradiation and radi-
ation tolerance. Eurofer97 is a reference material for the development
of new methods, aimed at a faster, safer and cheaper characterization
of materials for nuclear applications.

2. Methodology
2.1. Simulations of the ion damage

The idea that prompted this work was to find an efficient rep-
resentation of the ion-irradiated subsurface, which will be sensitive
to the non-uniform distribution of damage. Therefore, NI simulations
of the ion-irradiated material are performed by division of the ion-
irradiated subsurface into distinct layers (four in the case of this work)
to comply with variable damage levels; see Fig. 1. Furthermore, the
layer input parameters must be related to conventional mechanical
properties in order to simplify the connection with the effect of neutron
irradiation (i.e., limited post-irradiation testing capabilities). Hardness
is known to be closely related to the yield stress [54-56], the standard
property measured in metallic materials, including neutron-irradiated.
Thus, each layer is assigned to a reference constitutive law, however
modified to account for the effect of irradiation hardening (increased
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Fig. 1. Schematic representation of the layered geometry.

yield stress) typical of an average damage dose expressed in dpa in that
region (i.e., layer).

The concept is to find simulation parameters that provide the con-
stitutive laws with yield stress values that (a) follow the distribution
of the damage dose according to the damage-depth profile; (b) are
appropriate for the replication of the NI hardness—depth profiles ob-
tained experimentally. The idea is shown schematically in Fig. 1. It is
assumed that the constitutive laws obtained will be representative for
the neutron-irradiated material and can be used to simulate large-scale
tests and complex geometries through FEM. The irradiation param-
eters, however, must be carefully selected to ensure similar damage
accumulation.

Eventually, an ion-irradiated specimen can be used for the char-
acterization of radiation-induced hardening of a material in a range
of doses, the selection of which is dependent on the ion-irradiation
parameters. The selection of the number of layers to be four is originally
assumptive, aimed at a sufficient replication of the SRIM profile, while
keeping a low demand for the calculation and fitting time. Never-
theless, increasing the number of layers to eight did not show any
significant improvement in the result.

The present work first establishes and demonstrates the reverse
procedure: knowledge of the impact of neutron damage allows repro-
ducing the behavior of an ion-irradiated material. The constitutive laws
are modified with respect to the tensile tests data for the neutron-
irradiated material available in the literature [57], and then used as
layer inputs in the simulations of the NI process. Eventually, once the NI
simulations with the modified subsurface reproduce their experimental
ion-irradiated analogues, a proof-of-concept is obtained, allowing the
use of tensile test data after neutron irradiation to simulate NI tests after
ion irradiation. Obviously, when NI analysis of ion-irradiated materials
is discussed, the real interest and ultimate goal is to use it to predict the
effect of neutron damage. The reverse approach allows one to confirm
the validity of the idea, while it is of no practical application (it is
worthless to irradiate a material with neutrons to predict ion irradiation
damage). As the second step, the sought algorithm is implemented,
in which results obtained by manual fitting are presented providing
decent accuracy. The correct approach is crucial to make this method
useful in real applications. Both approaches are compared in Fig. 2.

While the method can still be used by applying the manual fitting,
it remains an inaccurate and time-consuming procedure. The devel-
opment of a computational algorithm assigned to the fitting of the
complex hardening—depth-dose function can be proposed. It is based
on iterative NI simulations of ion-irradiated material, which are crucial
for the evaluation of the constitutive parameters responsible for the
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irradiation hardening and, therefore, macroscale simulations of the
material emulating the effect of neutron irradiation.

The algorithm that combines all aspects of the proposed method is
illustrated in Fig. 3.

2.2. Description of the CPFEM framework

The computational analysis has been done by coupling a user-
defined material law (UMAT subroutine) that implements crystal plas-
ticity theory to a FEM solver. The solver is combined with the open
source three-dimensional finite element mesh generator with a built-
in CAD engine: gmsh [58]. The CM3 libraries FEM solver [59] was
developed in the Department of Aerospace and Mechanical Engineering
of the University of Liege in Belgium, while the crystal plasticity routine
was developed by Delannay et al. [60,61]. Here a short review of the
constitutive formulations and the introduction of the irradiation effect
will be given, while Ref. [62] provides a detailed description of the
applied crystal plasticity framework.

2.2.1. Modeling of plastic deformation

Elasticity is determined through the elastic coefficients C,;, C,,
and C,4, which are enough to establish the stiffness tensor in a BCC
material, due to the symmetry of cubic crystals. Plasticity is assumed
to be caused only by the glide of dislocations, as the main mechanism
relevant to structural materials. The strain rate is then controlled by
the rate at which dislocations are released from pinning points, which is
thermally activated and driven by the applied stress. Thermal activation
and obstacles overcome by dislocations are predicted by an Arrhenius-
type equation [63,64]. The dislocation slip rate y* in a slip system
a may be expressed as a function of the shear stress r, in this slip

system [65]:
(-0-557)] o

In this expression, Gyub® = 2Hy represents the value of the enthalpy
of kink-pair formation for a screw dislocation, where y = (C;; — Cy, +
2C,4)/4 is the shear modulus, b is the magnitude of the Burgers vector
and G, is a constant. y, is a reference slip rate, kgT is the product of
the Boltzmann constant and temperature, and p and q are constants that
describe the profile of the Peierls potential barrier, being equal to 0.5
and 1.5 respectively [66]. The critical resolved shear stress (CRSS) is
controlled by two terms: the athermal stress z, typical of BCC metals
and the thermal stress #, which determines the thermal sensitivity of
the plastic flow.

Goub? Goub?

b
P =7 - 2 sinh
7 yoexp< T > sin| [ KT

B
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Athermal stress can be expressed as a function of dislocation density
p. To account for the effect of irradiation hardening, we introduce a
hardening term Sj..:

T = SO + Sirr + hdisﬂb\/; (2)

where hgg is the dislocation strength coefficient and S, represents
the sum of the contributions of the lattice friction stress, the Hall-
Petch effect [67], and other typical hardening mechanisms for steels,
such as solid solution or precipitation hardening. S;, depends on
the introduced irradiation dose in dpa. Although this is the athermal
contribution to the CRSS, it is known that Ay, in BCC metals may
depend on temperature [68]. p is the dislocation density which evolves
according to the modified law proposed by Kocks and Mecking [69]:

p= (kl\/l;—szp)r 3

Here k, is a fitting coefficient representing the rate of dislocations
accumulation due to increase of plastic strain, and k, is a coefficient
describing dislocation recovery rate due to their annihilation when
having the opposite signs. k, is computed from the saturated dislocation
density value p ,, and remains constant, and the temperature and strain
rate effects are additionally controlled by the term & [70]:

ky >2
sat — \ 27 C))
Psat ( K,
1
]
% A > 7
={1-(Z2—n2 5
¢ ( Go n 7 )
where I’ is the sum of the slip rates in all slip systems:
(6)

F’églnl

It is well known that strain softening due to annihilation of irradiation-
induced defects may lead to plastic instability and deformation localiza-
tion. The RAFM steel Eurofer97, however, represents a nano-structured

material, the plastic deformation of which is dominated by high dis-
location density and the martensite lath structure. The irradiation
hardening term S, depending on dose only, decoupled from strain,
what represents a reasonable simplification, while the strain depen-
dence of the forest hardening by the dislocation density p is described
by the Kocks-Mecking model in Eq. (3).

2.2.2. Stand-alone mode Taylor-type homogenization

The described crystal plasticity framework can be used either stand-
alone or coupled with a finite element solver (CPFEM mode). In the
stand-alone mode, the model equations are applied to a theoretical
(virtual) polycrystal with one material point, in which every grain
undergoes the same strain as the polycrystal as a whole (Taylor mean-
field crystal plasticity model [71]). The grains of this virtual polycrystal
are not defined in terms of their geometrical shape, size, and arrange-
ment. Thus, the effect of these factors on the mechanical response is
neglected. However, a specific crystallographic texture may be assigned
to the polycrystal. Even though the iso-strain assumption makes the
approach less realistic than CPFEM, the stand-alone calculations rely
on the same mathematical modeling of dislocation slip and allow us to
capture the main macroscopic trends.

In this work, the stand-alone mode is applied to replicate the
constitutive laws of the material according to the uniaxial tensile tests,
as their scale, geometric simplicity, and structural homogeneity are
high enough. NI simulations are then performed using the CPFEM
mode because they require a more complex geometrical setup and
consideration of the crystal anisotropy effects.

2.3. Specimen preparation & experiments

The Eurofer97 material used in this work for all types of mechanical
tests was produced by Bohler Edelstahl GmbH and commonly referred
to as Batch 1. The heat was produced in the form of bars 100 mm in
diameter. It was normalized at 980 °C for 1.5 h, and tempered at 740 °C
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Table 1
Chemical composition of the Eurofer97 product in wt%.
Cr C Mn \4 w Ta N, 0, P S
8.87 0.12 0.42 0.19 1.1 0.14 0.018 0.0013 0.004 0.003
B Ti Nb Mo Ni Cu Al Si Co As+Sn+Sb+Zr
<0.0005 0.008 <0.001 <0.001 <0.007 0.022 0.008 0.07 0.004 <0.015
Table 2 3 - 1.000
Surface preparation method of the Eurofer97 samples. —leplacer)went d.a.mage
— -Injected interstitials
Method Parameters e
: - PR 3 1 80 €
Step 1 Mechanical grinding 500 grit grinding paper T =
Step 2 Mechanical grinding 1000 grit grinding paper v 5 o
Step 3 Mechanical grinding 2000 grit grinding paper o ‘_;
Step 4 Mechanical polishing 3 pm diamond suspension g 1 600 _g
Step 5 Mechanical polishing 1 pm diamond suspension E £
Step 6 Active oxide polishing OP-S (2 h) 5 E
Step 7 Electrolytic polishing 10% oxalic acid at 5 V £ 1 400 ¢
g 1 -
° 2
8 d
Table 3 B 1 200 ¢
Eurofer97 chemical composition and displacement energy (E,) values chosen -
according to ASTM E521-16 recommendations.
Element Composition wt% E, [eV] 0 = : : : 0
Fe 20 20 0.0 0.5 1.0 15 2.0 2,5
cr 8.9 40 Distance from surface (um)
w 1.1 90
Fig. 4. Damage-depth profile for the ion-irradiated Eurofer97 specimen ob-
tained with SRIM code.
Table 4

Testing parameters for the nanoindentation tests.

Parameter Value

Loading type Linear loading/force controlled

Max. load 20/100 mN
Loading/unloading time 30s
Dwelling time 30s
Acquisition rate 10 Hz

for 3.7 h, followed by air cooling. The chemical composition of the
material is provided in Table 1, as reported by the manufacturer [72].

2.3.1. Polishing & ion irradiation of nanoindentation specimens

A set of Eurofer97 samples was cut with dimensions 10x 10x 1 mm?.
One-sided grinding and mechanical polishing was used down to the
active oxide polishing suspension “OP-S”. As the final step, electrolytic
polishing was applied at room temperature using 10% oxalic acid at a
voltage of 5 V. The surface preparation steps are provided in Table 2.

One of the specimens was irradiated with iron ions at the Helmholtz-
Zentrum Dresden-Rossendorf (HZDR) institute located in Dresden, Ger-
many. The irradiation campaign was carried out as part of the M4F
project [25]. Fe?* ions of 5 MeV energy produced by the 3 MV Tande-
tron accelerator were used. The irradiation temperature was 300 °C.
The total fluence was 2.4-10'> ions/cm?. Approximately 10 h were
needed to reach 1 dpa, what gives the dose rate of 2.78-10~> dpa/s.
Calculations using the binary collision code SRIM were performed to
obtain the depth profiles of the displacement damage and the injected
interstitial atoms. The calculations were based on the Kinchin-Pease
model using the quick calculation mode with the lattice binding energy
and the surface binding energy set to zero, as suggested by Stoller
et al. [73]. The main chemical elements (elements above 1% in weight
and rounded up to a closer value) of Eurofer97 together with their
displacement energies recommended in the ASTM E521 standard [19]
are provided in Table 3. The damage-depth profile is provided in Fig.
4. It shows an exponential increase in displacement damage from ~0.5
dpa on the surface to the Bragg peak of ~2.6 dpa at ~1.25 pm depth.
Beyond this peak, damage decreases significantly, reaching zero at
~1.8 pm.
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2.3.2. Nanoindentation

Nanoindentation experiments were carried out in collaboration with
the Micro-Characterization Laboratory of the Joint Research Centre of
the European Commission in Petten, The Netherlands, within the Open
Access program [74].

The equipment used in the indentation campaign was the Anton
Paar UNHT? Ultra nanoindentation tester. The testing module consists
of the indenter tip and a reference ball tip located at a distance
of 9.3 mm from each other. The specimen is fixed by mechanical
clamping. A picture of the testing module is provided in Fig. 5.

Nanoindentation single-cycle tests using a Berkovich tip were per-
formed on Eurofer97 specimens in the reference (unirradiated) and
ion-irradiated states. The ion damage-depth profile makes the material
properties vary with depth; therefore, the tests were performed at two
different loads of 20 mN and 100 mN corresponding to the penetrations
of the tip to ~500 nm and ~1200 nm, respectively. The hardness
and Young’s modulus values were calculated using the Oliver-Pharr
method [75]. The NI testing parameters are summarized in Table 4.

Fig. 6 shows that the measured elastic modulus of the material
does not agree well with the commonly established value (~210 GPa)
measured by other methods. Elevated unloading stiffness can originate
from the formation of indentation pile-ups in the irradiation-hardened
material; reduced stiffness from specimen compliance due to specimen
fixation by mechanical clamping only. 10 X 10 x 1 mm? size specimens
appear to be insufficiently large to be properly fixed in the holder with-
out gluing. To confirm the enhanced pile-up formation in the irradiated
material, the 100 mN indents were inspected using a scanning electron
microscope, as shown in Fig. 7.

In the Oliver-Pharr method, the unloading stiffness is the key quan-
tity that is used to calculate both the contact area and the reduced
modulus. Since hardness is most important to analyze the impact of
the irradiation effect, a manual stiffness correction was performed. This
was possible because the value of the elastic modulus of the material is
known and changes only slightly with irradiation (in contrast to what
is seen in Fig. 6). To apply the stiffness correction [76], the stiffness
value is manually adjusted in the Oliver-Pharr equations to obtain the
known value of Young’s modulus of 210 GPa. This will consequently
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correct the contact area affecting the hardness. A corrected contact
area is used to determine a new corrected hardness. After applying this
correction procedure, the hardness values were obtained as presented
in Fig. 8. Here, the irradiation hardening effect is clearly seen: ~0.77
GPa hardness increase for 20 mN (~500 nm indentation depth) and
~0.42 GPa for 100 mN force (~1200 nm indentation depth). One
also notes that the magnitude of the irradiation hardening decreases
with depth. This is expected because at larger depths the effect of the
irradiated zone diminishes as more non-irradiated material is involved
in the deformation process.

2.3.3. Tensile tests of unirradiated material

Tensile tests were carried out on non-irradiated miniaturized flat
tensile samples (dogbone) with a gauge length of 5.2 mm and a cross-
sectional area of 1 x 1.6 mm? using an INSTRON model 1362 coupled
with a load cell of 100 kN. To correctly estimate the 7 parameter
from Eq. (1) controlling the thermal sensitivity of the plastic flow,
two different test temperatures were required. Therefore, tests were
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carried out at room temperature and 300 °C at a strain rate of 2.78 -
10~* s~1, Tensile properties were established according to the ASTM
E8/E8M [77] standard. The engineering stress-strain curves and the
corresponding recalculated true stress-strain curves are presented in
Fig. 9. A classical thermally-activated behavior can be seen, where
the yield stress, hardening rate, and uniform elongation decrease with
respect to temperature.

3. CPFEM analysis of Eurofer97 in the reference and irradiated
state

In this section, the described methodology and experimental data
from Section 2 are applied to interconnect the material behavior after
neutron and ion irradiation. To this end, data from the tensile tests
performed on the unirradiated material (Section 2.3.3) are replicated
using the computational framework described in Section 2.2, and then
modified to correspond to the yield stresses of the neutron-irradiated
material available in the literature [57]. These data are used as input
for the CPFEM simulations of the nanoindentation process into the
specimen box with the layered subsurface, as described in Section 2.1
and shown in Fig. 1. The simulation results obtained are then compared
with the experiments and the FEM maps of the distributions of stress,
accumulated slip, and dislocation densities are analyzed and discussed.

3.1. Adoption of the constitutive laws

To establish the elastoplastic behavior of the material, a set of pa-
rameters responsible for the formation of the dislocation slip described
in Section 2.2 has to be determined. The number of active slip systems
was taken as 24, the elastic constants C;,, C,,, and C,, were taken
from [78], the Burgers vector was taken for the g(lll) dislocation (so

N

the magnitude of the Burgers vector is 7311), where a is a-Fe lattice
parameter of 2.856 A [79], and 2H, was determined in Ref. [80].
This value was adopted in this work to reflect the presence of carbon
impurities, which interact with the kinks, effectively increasing the
apparent activation energy. Atomistic simulations describing such an
interaction can be found in Ref. [81]. The initial dislocation density
is widely available in the literature for Eurofer97 [51,82], and is
commonly measured to be around 104 m~2. Here the value of 5.5 -1013
m~2 is taken because it gave a better fit to the simulated curves. This
reduction can be attributed to a smaller fraction of mobile dislocations
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Fig. 7. 100 mN indents placed on Eurofer97: (a) non-irradiated; (b) ion-irradiated.
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Table 5

List of constitutive parameters used to simulate the material law of the unir-
radiated Eurofer97. For some parameters, more than one value can reproduce
the transition from room temperature to 300 °C.

Parameter Value Source

Elastic coefficient, C), 230 [GPa] Ref. [78]

Elastic coefficient, C|, 135 [GPa] Ref. [78]

Elastic coefficient, Cy, 117 [GPa] Ref. [78]

Burgers vector length, b 0.2482 [nm] Ref. [79]

Shear modulus, u 82.25 [GPa] Calculated
Reference slip rate, 7, 10 [s71] Fitted
Strengthening mechanisms, S, 100 [MPa] Fitted

Initial dislocation density, p, 5.5.10'3 [m2] Ref. [82]/decreased
Kink pair formation enthalpy, 2H, 2.365 [eV] Ref. [80]/increased [81]
Dislocation interaction strength, Ay, 0.13-0.115 [-] Fitted

Saturated dislocation density, p,
Kocks-Mecking parameter, k,
Thermal stress, 7

2.75-10"° [m2]

Fitted

9.4-108-1.5-10° [m~'] Fitted

115 [MPa]

Fitted

compared to the total measured value. Other parameters are fitted to
correctly reproduce the true stress—strain curves (¢ - ¢) shown in Fig.
9. The simulations of uniaxial tension were performed in the stand-
alone mode described in Section 2.2.2, so no geometrical parameters
were given to the model. Deformation time was chosen to replicate the
experimental strain rate of 2.78 - 10~* s~! (10% of total deformation
in 360 s). The virtual polycrystal consisted of 50 randomly oriented
grains. This amount was confirmed to provide a comparable output to
the case of 1000 randomly oriented grains (maximum difference is less
than 2%). A summary of the described parameters is provided in Table
5. The resulting material laws compared to the experimental curves are
shown in Fig. 10.

3.1.1. Radiation-affected material laws

To establish the material laws of the radiation-affected subsurface
and simulate irradiation hardening, the dpa dose distribution along the
irradiated area of the NI specimen must be divided into distinct layers
and analyzed, see Fig. 1. The constitutive parameter .S; . from Eq. (2) is
parameterized to associate yield stress and indentation hardness with a
certain level of the damage dose. To this end, the 5., values are fitted
to the yield stresses from the real tensile tests of neutron-irradiated
Eurofer97 as taken from [57]. Then, the established constitutive laws
are transferred to the subsurface layers of the specimen box to simulate
the ion-irradiated material. In replication of the experimental NI data,
the interconnection between irradiation hardening levels caused by
ions and neutrons is established through the modified material laws.
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Fig. 10. Simulated and experimental true stress-strain curves of Eurofer97 in
comparison.

To associate radiation-induced hardening (in terms of yield stresses)
with the damage dose, the following formula has been used:

Aoyg = hd" @)

where Aoyg is the magnitude of irradiation hardening (the difference
between yield stresses of the reference and irradiated materials) in
MPa, d is the displacement damage dose in dpa, h and n are the fit
parameters. This power-law expression is one of the simplest models for
the irradiation hardening [83]. To find the Acyg values to be applied
in the simulations of the NI process, the data from the tensile tests
performed on the neutron-irradiated Eurofer97 from [57] were used.

Now, the power law regression method can be used to deduce
the h and n parameters to establish the power law relationship and
apply it to the ion irradiation damage-depth profile presented in Fig.
4. This provides the distribution of the irradiation hardening along the
subsurface of the ion-irradiated NI specimen through the correlation
between the yield stress increases and the damage doses. Fig. 11
shows the distribution of irradiation hardening due to the variable
damage dose introduced by the ion irradiation. Since only four layers
were chosen to mimic hardening (Fig. 1), the displacement damage is
differentiated and averaged by layers of 0.5 pm depth, as presented
in Fig. 12. Then the S;, parameter is parameterized by performing
simulations of the uniaxial tension in the stand-alone mode. This allows
obtaining yield stresses at these averaged dose levels, in accordance
with the experimental data from [57]. It can be seen that the peak
dose of 2.3 dpa in the Layer 3 in Fig. 12 is higher than the avail-
able data provided in [57]. Therefore, the corresponding yield stress
is extrapolated according to the power law applied to establish the
hardening-depth profile (Fig. 11). Once experimentally validated, this
may indicate the predictive capability of the method. It should be
mentioned that irradiation hardening is known to saturate at higher
damage doses [84]. Hence, if higher damage doses are used in this
method, more advanced models of irradiation hardening accounting for
saturation can be used instead of Eq. (7), see for example [83].

Fig. 13 complies the true stress—strain curves simulated using the
stand-alone mode according to the experimental data from [57]. It
is important to understand that irradiation damage causes not only
irradiation hardening, but also a reduction of uniform and total elon-
gation [85,86], so the constitutive laws presented in Fig. 13 are not
completely representative of the plastic deformation mode. This work,
however, focuses on the application of NI as the primary experimental
technique capable of measuring hardness, which is closely related to
the yield stress. There is no simple way to estimate the plastic behavior
using self-similar NI with the Berkovich indenter.
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Fig. 11. The magnitude of irradiation hardening in ion-irradiated Eurofer97
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(black). The horizontal dashed line stands for yield stress at 0 dpa. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

The obtained S, values are given in Fig. 14 and Table 6. The trend
reflected in Fig. 14 is correct, as the CRSS depends on the density of
irradiation-induced defects, which increases with increasing damage
dose.

3.2. Nanoindentation simulations

3.2.1. FEM setup

To simulate the NI process in ion-irradiated material, the FEM
setup described in Section 2.2 was developed. The dimensions of the
specimen box were chosen as 50 x 50 x 15 pym?>. The 2 pm deep
subsurface was divided into four layers (see Fig. 16), which represents
the volume affected by ions. Each layer of 0.5 pm and is assigned with a
different material law. The established FEM model is shown in Fig. 15.
A mesh was generated with refinement in the deforming area achieved
using two spherical mesh fields of different radii (see Fig. 16). The first
sphere has a radius of 1.3 pm and a characteristic element length of
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Table 6
Yield stresses and the corresponding S, values with respect to the damage dose and a layer.
Layer Volumetric averaged damage dose, [dpa] Yield stress, [MPa] Sy [MPa]
1 (surface) 0.785 753 90
2 1.5 845 150
3 2.3 940 250
4 0.67 713 70
5 (bulk) 0 550 0
1600 averaged. This method allows analyzing the deformation process with
respect to the principal crystal orientations, while the averaged force—
1400 displacement curve is more statistically accurate, than a single one. This
approach can be commonly found in the literature [29,32,87].
1200 +
© 3.2.2. Simulations results
% 1000 ~ By applying the FEM setup presented in Section 3.2.1, the NI tests
e were simulated. For the reference material, each layer was assigned
@ 800 ~ with the same material law derived from the tensile tests performed
® on non-irradiated material presented in Sections 3.1.1 and 2.3.3. To
g 600 ~ —— Bulk/0 dpa simulate the ion-irradiated material, the layers were assigned with the
= 1st layer/0.785 dpa corresponding combination of damage dose and constitutive law, as
400 2nd layer/1.5 dpa previously described in Section 2.1. The resulting force-displacement
— 3rd layer/2.3 dpa curves were obtained with respect to the three principal crystal ori-
200 —— 4th layer/0.67 dpa entations and then their averaged response was compared with the
— — Experimental experimental data, as presented in Fig. 17. The x error bar indicates
0-— ! J Y the scatter between individual NI cycles.
0,00 0,05 0,10 0,15 0,20 . .
In [62], where the same computational framework was applied to
True strain

Fig. 13. True stress—strain curves obtained from uniaxial tension simulations
in the stand-alone mode. The S, parameter is being fit until the yield stress
at a certain dose is reproduced.

Source: The yield stress values are taken from Ref. [57].
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Fig. 14. Stress contribution from the irradiation hardening to the CRSS in a
slip system a.

0.125 pm (to improve accuracy at shallow depths), while the second
sphere has a radius of 6 pm and a characteristic element length of
0.25 pm (to balance between accuracy and CPU resources). The volume
of the specimen box where no deformation is expected seamlessly
transitions to the elements with a characteristic element length of
5 pm at maximum. Eventually, the applied mesh consists of 221273
Ist-order tetrahedral elements, where locking is avoided by averaging
the volumetric deformation. The simulation was carried out along the
surface orientations [100], [101], and [111], and the responses were
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simulate the NI process in pure iron, the similarity between simulation
vs. experimental couples of force-displacement curves was discussed.
It was pointed out that these couples have different intermediate cur-
vatures (between 0 and h,,,,) of the curves due to the indentation size
effect (ISE) coming from the coarse microstructure. In this way, the ma-
terial response at shallow depths was noticeably different between the
experiment and the simulation, which consequently affected the entire
force evolution. In the present work this conclusion is confirmed: in Fig.
17(a) one can see a similar phenomenon, however significantly weaker
(i.e., higher similarity). This is meaningful, since Eurofer97 has a fine
nanostructure [88-90] compared to the pure iron product from [62],
thus the ISE has less of an impact. In [91] a nanoindentation hardness-
depth profile for non-irradiated Eurofer97 is obtained with many data
points, where the ISE influence is already weak after approximately
200 nm of contact depth. As the impact of the ISE decreases even more
after irradiation [92,93] (due to the presence of additional defects,
i.e., reduction of the strain gradient length scale), the curvature of
the experimental force-displacement curve closely approaches that of
simulations, where the ISE is absent at all. This assumption is verified
in Fig. 17(b).

To calculate the hardness—depth profiles obtained by FEM, the
simplified hardness formula was used in [62]:

_F

24.56h2
In this equation, the total depth h is used instead of the contact depth A,
to calculate the indent projection area. This substitution is justified by
two facts: first, the simulations were performed using an ideal perfectly
sharp Berkovich indenter; second, the contact depth and total depth
values calculated experimentally were found to differ only by ~6% in
the case of steels, which is small enough for avoiding extra complexity
in the hardness equation. When the hardness profiles are compared to
the experimental single cycle indentations at two different depths and,
as shown in Fig. 18, one notes a good match between the simulated
curves and the experimentally obtained values. The difference does not
exceed 9%. It may be noted that if the contact depth was used instead of
the maximum depth (4, < h,,,) in the hardness calculations (Eq. (8)),
this would give a shift-up of the simulated hardness—-depth curves along
the y axis, making them match more the 100 mN results, but being
higher than the 20 mN results. To minimize these incompatibilities, it

(®
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The plastic zone radius to indentation depth ratios r,/h for both states of the material at 2 = 150 nm. Plastically deformated
regions are determined through the accumulated slip I and 0.2% of equivalent strain e,,.

Surface orientation r./h(I"), reference

r./h(I"), irradiated

7. /h(ey)s reference 7. /h(ey)s irradiated

[100] 8.31 6.63
[101] 12.06 9.06
[111] 11.3 8.73
Averaged 10.56 + 1.95 8.14 +

1.01

6.89 6.07

10.0 8.3

9.73 7.86

8.87 + 1.38 7.41 + 1.15

(a) Half-cut side view.

(b) Inside view (the indenter is removed).

Fig. 15. Geometry and meshing of the FEM setup of the ion-irradiated specimen shown from different views.

e
The first

sphere

/

The second
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Fig. 16. Geometry and meshing of the layered FEM setup.

is recommended to use the difference between the irradiated and ref-
erence curves for comparison, as demonstrated in Fig. 19. Apparently,
analyzing radiation-induced hardening as the difference in hardness in
the irradiated and reference states seems to be the most meaningful
way to use this approach. So that:

H

irr

- Href = Hdpa (9)
H.

where Hy,, is the radiation-induced hardening, and H;,, and H, are
the absolute hardness values for both states of the material.

One may also note in Fig. 18 a slight increase of hardness at
lower depths for the reference curve. This effect may be mistakenly
considered as the indentation size effect; however, it is an effect of
elasticity contributing to the calculated hardness. At the initial stages of
indentation, the number of plastically deformed elements is relatively
low, so the deformation is primarily accumulated elastically. The ma-
terial elastic stiffness is significantly higher than plastic, so the overall
system response appears stiffer, and the calculated hardness is higher.
A mesh convergence study was performed to minimize the elastic
contribution, while keeping a reasonable calculation time. This way the
mesh described in Section 3.2.1 was established. Eventually, this effect
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of elasticity is not a major issue, as by affecting both irradiated and
references curves it is being neglected when Hy, is used.

3.2.3. Analysis of FEM maps

FEM maps with distributions and magnitudes of important quan-
tities associated with mechanical deformation are analyzed. In Fig.
20 distributions of accumulated slip are given for the case of [110]
surface orientation. These maps are used to visualize the extend of the
plastic zone beneath the indenter. Elements that have undergone at
least 0.001 deformation as accumulated slip are shown. This threshold
was chosen to identify regions where plastic deformation has occurred,
and lower values did not significantly extend the plastic zone further.
The indentation depth equals to 150 nm for both cases.

The extensions of the plastic zones are measured directly from
the FEM maps along the z-direction (beneath the indenter), yielding
1809 nm for the reference case and 1359 nm for the irradiated case.
This corresponds to plastic zone radius-to-indentation depth ratios r, /A
of 12.06 and 9.06, respectively, at 4 = 150 nm indentation depth. The
values are slightly higher than the commonly accepted range of 5-10
for metals [94,95]. However, this factor is typically estimated using
Hertzian contact theory and Von Mises criterion, with the engineering
approximation of plasticity defined as 0.2% of equivalent strain. In
the presented work, the plasticity is determined as the occurrence of
accumulated slip, i.e., the regions where the conditions for plastic slip
has been satisfied. This determination is arguably more precise than the
0.2% threshold, allowing to allocate plastic deformation beyond this
boundary, resulting in a larger plastic zone.

The reported accumulated slip values can be approximately con-
verted to a quantity analogous to the equivalent strain using the
formula that relates strain with slip through the Taylor factor [96]:

Meeq =TI (10)

Here the averaged Taylor factor value of 3 is used for simplicity. How-
ever, this factor actually varies with crystal orientation and activated
slip systems, what should be noted if more precise recalculation is
required. The obtained r,/h values are listed in Table 7.

A reduction in the plastic zone with irradiation is clearly observed.
This behavior is expected, as the irradiation-hardened substrate im-
pedes dislocation movement, thus reducing the material’s ability to
plastically deform. Moreover, the averaged r, /h(eeq) for the reference
material is in a good agreement with the value reported in [91], where
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Fig. 18. Hardness—depth profiles from the simulations compared to the exper-
imental single cycle measurements.

the plastic zone radius-to-indentation depth ratio for Eurofer97 was
obtained analytically by fitting experimental data to a model.

The plastic zone remains constrained until approximately h
250 nm. Beyond this indentation depth, critical stresses reach the non-
irradiated bulk, which begins to deform rapidly, causing r,/h values in
the irradiated material to match or even exceed those of the reference
case. However, the plastic zone of the ion-irradiated material remains
constrained on the xy-plane on the hardened substrate. Fig. 21 presents
the accumulated slip maps at 42 = 1250 nm. Although r, becomes larger
in the irradiated material, it is still possible to estimate the plastic zone
size by measuring r, instead. As the deformed zone is not symmetrical,
ry is measured in both directions and then averaged. For the [111]
surface orientation the average r, is 12000 nm in the reference case
and 10950 nm in the irradiated case, corresponding to r,/h values of
9.6 and 8.76, respectively (or 8.04 and 7.4 when expressed in terms of
eeq).

Although this ratio may vary depending on the layer selected for
measurement (due to different degrees of hardening) the main con-
clusion remains: the irradiated substrate effectively constrains plastic
zone expansion, and the resulting r/h values are consistent with those
reported in the literature.
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Fig. 19. Difference between hardness of the reference and the irradiated
material (radiation-induced hardening).

The distributions of the dislocation densities at ~ = 1250 nm are
given in Fig. 22, where the scale bars for the heights of the specimen
and the irradiated subsurface can be seen in Figs. 22(a) and 22(b),
22(d), 22(f), respectively. The first thing observed is that the evolution
of the dislocation density is suppressed in the area where the irradiation
hardening is present. This shrinks the dislocation forest, making its
distribution more concentrated around the indenter tip (indicated by
the red arrows in Figs. 22(b), 22(d), 22(f)). Further observation is that
the dislocation density evolution propagates deeper into the specimen,
once it passes through the hardened subsurface. The parallel red lines
between each pair of pictures show that the magnitudes of deformation
in the reference material develop less deep than those in the irradiated
one. It seems that the dislocations accumulate in the irradiated zone
until the stress required to pass it is reached. Then, its evolution
concentrates in the less hardened zone (bulk), whereas in the case of
the reference material, it can propagate along the surface, reducing its
own ability to propagate into bulk. These observations are similar to
the behavior of accumulated slip.

The introduction of ion-induced defects activates two competing
mechanisms in the dislocation dynamics: (1) defects act as additional
obstacles impeding dislocation motion; and (2) they may also serve as
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Fig. 21. Distributions of accumulated slip (log scale) at 2 = 1250 nm for [111] surface orientation from FEA: (a) reference; (b) ion-irradiated. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version of this article.)

additional Frank-Read sources, enhancing the ability of the dislocation
network to evolve. TEM analysis of the indented regions is required
to evaluate the prevailing process for the given irradiation and test-
ing conditions, which is planned as future work. Such analysis will
help to evaluate the predictive capability of the approach. Depending
on the results, the model may require further improvements in the
representation of the irradiated zone. This can be achieved either by
adjusting additional constitutive parameters responsible for dislocation
dynamics (e.g., k;, k,, a) within the irradiated layers, or by explicitly
implementing a law that accounts for dislocation-defect interactions.

In Fig. 23 the maximum shear stress profiles are provided for
h 1250 nm. The maximum shear stress is calculated as the half-
difference between the maximum and minimum principal stresses o,
and o5 obtained from the Cauchy stress tensor 6:

Tmax

1
= 5(01 —63) (11)

As expected, the highest stress concentrations are found in the
hardened layers. The magnitudes reach approximately 600 MPa in bulk
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stress, and at least 1200 MPa on the irradiated subsurface, so it more
than doubles for these irradiation conditions. Favorable directions for
stress propagation are aligned with slip systems.

4. Discussion

The present approach is semi-empirical. While based on an ana-
lytical formulation for the dislocation dynamics, no equations were
introduced for the behavior of irradiation defects, their densities, or
types. Therefore, the S;., parameter is used to reproduce the magnitude
of irradiation hardening only empirically. Indeed, an introduction of
such equations could increase the accuracy of the results, and make the
description of different hardening phenomena more fundamental and
distinguishable; however, working in the way presented significantly
reduces the complexity of this predictive technique. It also allows to
avoid complex investigations of the irradiated microstructure, reducing
the entry threshold of the method application. Under the conditions
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Fig. 22. Dislocation density distributions (log scale) at h,,, for different surface orientations from FEA. (For interpretation of the references to colour in this

figure legend, the reader is referred to the web version of this article.)

presented, the predictive capability of the method appears to be suf-
ficient enough to rely only on the empirical response. Nevertheless,
the accuracy of the model can be further assessed by performing TEM
of irradiated and deformed samples, comparing the microscopy results
with the computational output. This may confirm the necessity to
implement additional models describing dislocation-defect interactions
to more precisely capture the processes occurring in the irradiated
layers. The TEM analysis is included in the scope of the future work.
Besides, the predictive capability of the method is likely expected
to vary with the material type. Therefore, its applicability should be
investigated for other nuclear materials, which is planned for further
work. An ideal candidate for this would be tungsten, a fusion-related
structural material that has been extensively studied after ion and
neutron irradiation and frequently modeled using CPFEM approaches,
including a framework similar to the one employed in this study [97].

At the same time, the computational framework lacks an implemen-
tation of additional models capable of simulations of the indentation
size effects. The magnitude of irradiation hardening can be estimated
incorrectly at shallow depths, and in materials where the ISE is high.
Therefore, the presented CPFEM framework could benefit from addi-
tional control on the physical phenomena affecting the NI process.
Specifically, a strain gradient plasticity model could not only account
for the ISE, but also allow the polycrystalline microstructure to be
correctly simulated, noting that the Hall-Petch effect may be attributed
to strain gradient effects at the grain interfaces. Taking into account
the scales of grain boundary strengthening in materials with fine mi-
crostructure and the scales of the indentation size effect in materials
with coarse microstructure, as well as the impact of both phenomena
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on the NI process, the implementation of a strain gradient plasticity
model is considered priority for a further development of the present
method.

When NI analysis of ion-irradiated materials is discussed, the real
interest and ultimate goal is to use it to predict the effect of neutron
damage. The present research establishes the reversed procedure: when
knowledge of the impact of neutron damage allows the performance
of an ion-irradiated material to be reproduced. This allows validating
the approach, but, on the other hand, it cannot be applied practically.
A direct method is crucial to make this approach useful in real ap-
plications. To demonstrate the direct method, manual fitting can be
used. The S, parameter at each layer is manually fitted to obtain a
good reproduction of the experimental NI hardness-depth functions
(Fig. 24(a)), and then used to simulate the uniaxial tensile tests to
mimic the neutron-irradiated material. Fig. 24(b) shows yield stresses
obtained experimentally on the neutron-irradiated material compared
to yield stresses from the present approach as applied to the ion-
irradiated material. The predictive capability is summarized in Table 8,
where relative errors (RE) are calculated with respect to the total yield
stress values (full) and to the magnitudes of irradiation hardening only
(i.e., the non-irradiated yield stress value is subtracted) (increase).

Several conclusions can be drawn regarding the demonstrated pre-
dictability. Firstly, manual fitting of four closely related parameters
(hardness of each layer) is not an efficient procedure. The accuracy
provided in Table 8 and in Fig. 24 can be improved by implementing a
computational algorithm, which will combine several aspects, such as:
fitting of the material laws, transferring them into CPFEM simulations,
performing these simulations, and simultaneously analyzing the output
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Fig. 23. Maximum shear stress distributions at 4 = 1250 nm for different surface orientations from FEA.
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Fig. 24. (a) Hardness—depth functions obtained experimentally and by manual fitting of .S;,, in simulations; (b) Experimental yield stresses of neutron-irradiated
Eurofer97 in comparison with the presented approach.

Table 8

Predictive capability of the method. .S, is manually fitted to the known distribution of the damage dose from SRIM.
Damage dose, [dpa] Predicted yield stress, [MPa] Measured yield stress from [57], [MPa] Absolute difference, [MPa] RE (full) RE (increase)
0.67 645 731 86 11.77% 47.51%
0.785 690 753 63 8.37% 31.03%
1.48 841 860 19 2.21% 6.13%
2.13 920 902 -18 2.0% 5.11%
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to be in match with the experimental data; making corrections if the
output is outside a certain tolerance, and following the distributions
of the damage doses. Such an algorithm can be implemented by using
Neural-Network accelerated Bayesian inference of model parameters,
where NI hardness—depth curves are used as a surrogate model [98].
Secondly, the observed mismatch, which is especially high for the lower
damage doses, can be associated with the differences in the irradiation
dose rates: 2.78-10~° dpa/s for ions versus 1.5-10~7 dpa/s for neutrons.
Although the dose rates in this work differ by about 2.3 orders of
magnitude (while it can reach even 3-4 orders of magnitude in the
literature), such a difference may still lead to a distorted balance in
defect formation and precipitation processes. This can be crucial for
achieving a representative material state after ion irradiation to neutron
irradiation, so lowering ion dose rates or increasing ion irradiation
temperature is recommended. Overall, other irradiation parameters,
such as damage dose and temperature may also affect the predictabil-
ity of the method. The former is known to saturate the hardening
effect with its increase, which means that the presented method is
only working up to a certain dose level, specific for each material.
However, it may be still applicable within a certain range of doses
even close to the saturation, but where the difference in hardness is
still distinguishable. This would require employing a more advanced
hardening model instead of Eq. (7), which is already being investigated
for ion-irradiated Eurofer97 with 5 dpa in peak damage.

The constitutive material law was established for room temperature
and 300 °C; therefore, it can be used to perform the nanoindentation
CPFEM simulations at elevated temperatures. However, it requires a
more complex high temperature NI experimental campaign, which
must also account for the irradiation temperature (300 °C in this case)
to avoid annealing of the irradiation damage. Overall, the elevated
temperature NI tests are of primary interest in this subject, since these
conditions represent the real operational environment of nuclear reac-
tors. Validational experiments for the high temperature NI simulations
are considered as a follow-up to the present development.

Eventually, a valuable contribution to the presented work would
be a nanoindentation campaign performed on neutron-irradiated Eu-
rofer97. This would allow to introduce an intermediate data set to
investigate how CPFEM modeling can connect the same modes of
deformation under different irradiation types — or conversely, how
nanoindentation and tensile testing correlate after neutron irradiation.
However, performing nanoindentation on neutron-irradiated materi-
als is extremely challenging, with only few laboratories worldwide
equipped with such a setup.

5. Summary & conclusions

In this work, a semi-empirical approach to interconnect the im-
pact of ion and neutron damage on the mechanical properties of the
RAFM steel Eurofer97 was introduced. This interconnection is found
through the correlations of yield stress and hardness values, which
were reproduced in accordance with the corresponding irradiation
damage doses. The computational results obtained were experimentally
validated. The effect of the ion irradiation damage is incorporated into
the CPFEM model via division of the specimen sub-surface into four
layers; each assigned with a modified constitutive law representing
irradiation hardening with respect to the average dose on the layer.
The modifications were performed in accordance with the experimental
data obtained from tensile tests on the neutron-irradiated material. It
allowed reproducing the experimental NI hardness—depth relationship
with an accuracy of less than 9% as absolute values and approximately
6% as the difference between the irradiated and reference hardness—
depth curves (radiation-induced hardening). Several conclusions can be
drawn:
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» The constitutive parameters were obtained on the basis of the lit-
erature and fitting to the tensile tests. The dislocation—dislocation
interaction factor and the Kocks—-Mecking parameter are the only
parameters that change with temperature, and this finding is in
accordance with the information available in the literature. The
initial dislocation density was reduced (from 1.5-10'* to 5.5- 1013
m~2), which can be explained by the fact that only a fraction of
the entire dislocation forest represents mobile dislocations.
According to FEM maps of accumulated slip and dislocation den-
sity, the plastic zone created by the indenter tip is constrained
due to the irradiation; however, this observation is valid at the
indentation depths lower than 250 nm. At greater depths, plastic
deformation starts to propagate to the non-irradiated substrate,
what enhances the plastic zone evolution into depth. Neverthe-
less, in the latter case plasticity is still constrained along the
surface, where the hardened layers are present. The degrees of
the contraction correlate with the ones commonly reported in the
literature.

When analyzing and comparing the hardness obtained both com-
putationally and experimentally, it is more accurate and meaning-
ful to use their differences Hgy,, rather than the absolute values.
It allows suppressing any experimental and modeling artifacts
which are not associated with the effect of irradiation (assuming
them to be equally inherent for each irradiated-reference couple
of curves). However, the usage of Hy, is justified only in the case
when the absolute values are also in an acceptable comparable
range.

The predictive capability of the method must be further investi-
gated, as it is likely dependent on material type and irradiation
parameters. Moreover, ion irradiation dose rates are significantly
higher that the neutron ones, what may lead to a different nature
of damage accumulation. The approach should be applied to other
irradiated materials and irradiation parameters, what is partially
ongoing as a follow-up to this work.

Developing a direct algorithm to efficiently fit the irradiation
hardening parameter S;, to the complex dpa-hardness—depth
profile is necessary to improve the accuracy and eliminate manual
fitting.
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