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A B S T R A C T

Ion irradiations are indispensable for exploring radiation effects on materials, for example, radiation hardening.
However, the extraction of radiation hardening as function of displacement damage from the nanoindentation
(NI) response of self-ion-irradiated metallic alloys is a challenge. In particular, recent attempts suffer from in-
terference with contributions arising from injected self-interstitial atoms. Moreover, instances of available mi-
crostructural evidence and NI results reported for the same material and same irradiation are rare. In order to
tackle these issues, the depth-dependent irradiated microstructure and the NI response were analyzed for Fe-9Cr
and oxide dispersion strengthened Fe-Cr alloys irradiated with 5 MeV iron ions. Cross-sectional transmission
electron microscopy indicated the appearance of irradiation-induced dislocation loops but no other types of
visible microstructural changes. NI indicated maxima of the radiation hardening as function of contact depth.
Links between the depth-resolved primary radiation damage, the observed depth-dependent characteristics of
loops and the measured hardening are considered. As a key point, the link between loops and hardening requires
the integration of the local hardening contributions over the indentation plastic zone. Calculations and mea-
surements are compared with respect to both the depth position of maximum hardening and the substrate effect.
The role of the model assumptions is discussed with special emphasis on the plastic zone size and the super-
position of hardening contributions. The latter is found to be material-specific. The model also allows hardening
contributions arising from displacement damage and injected interstitials to be separated.

1. Introduction

Irradiation of metallic materials with MeV ions gives rise to several
effects including (i) the displacement of atoms from their lattice sites,
mainly in the form of displacement cascades, (ii) the deposition of the
injected ions in the metal lattice, (iii) the formation and evolution of
irradiation-induced defect clusters such as dislocation loops, and (iv)
hardening as consequence of (i) to (iii). Each of these processes is
strongly dependent on the distance from the irradiated surface. One of
the long-term objectives of ion irradiation is to extract hardening as a
function of displacement damage. In the present experimental study,
the effect of 5 MeV Fe-ion irradiation of Fe-based materials on micro-
structure and hardening is addressed. As a rule of thumb, 5 MeV Fe ions
modify Fe-based materials in a depth range up to approximately 2 µm.

Processes related to (i) and (ii) can be simulated using the binary
collision code SRIM [1,2]. This code is capable of estimating the depth
profiles of both the displacement damage in units of displacements per

atom (dpa) and the injected self-interstitials per atom (ipa). While more
detailed descriptions of primary radiation damage have recently be-
come available [3,4], the present work is restricted to the use of SRIM
calculations for the sake of comparability with reported work.

The long-term evolution of dislocation loops or other ion-irradia-
tion-induced defect/solute clusters (iii) in engineering materials, be-
sides being depth-dependent, may strongly depend on both the initial
microstructure and the irradiation conditions. Cross-sectional trans-
mission electron microscopy (TEM) was frequently used to qualitatively
characterize the depth-dependent distribution of irradiation-induced
dislocation loops in particular cases, e.g. [5,6] for pure Fe, [7] for Fe-
9%Cr, [8,9] for oxide dispersion strengthened (ODS) steels, [10] for
austenitic stainless steels, and [11] for a ferritic/martensitic steel.
Quantitative characteristics of the loop distribution as function of depth
were reported in some studies, e.g. [5,9,10]. Other nanofeatures that
may form as a result of ion irradiation in particular cases include Cr-
rich α′-phase particles [12] and Ni-Si-P-Cr-enriched clusters [13].
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Moreover, ion-irradiation to high doses may give rise to changes of the
size distribution of oxide nanoparticles in ODS alloys, see [14] for a
recent review. While the present study is focussed on the TEM-visible
dislocation loops, other possible contributions will be addressed in the
discussion section.

The characterization of ion-irradiated metals with respect to irra-
diation hardening (iv) as function of indentation depth has become
popular as a result of the availability of commercial nanoindentation
(NI) devices. Issues with this approach were discussed by Hosemann
et al. [15]. For studies on ion-irradiation-induced hardening of Fe-based
alloys, we refer to [16–27], for a recent review, see [28]. Two aspects
are of particular relevance: First, NI is an integrating method, integra-
tion being performed over the indentation plastic zone. For ion-irra-
diated materials, the volume assumed by the plastic zone typically
exhibits steep damage gradients. To gain information on the irradiation
response, the depth of the plastic zone should ideally coincide with the
thickness of the irradiated layer. Assuming a generally accepted ratio
between plastic zone size and indentation depth between 5 and 10, the
analyzed range of indentation depth should cover the range from less
than 10% to more than 20% of the thickness of the irradiated layer. The
shape of the plastic zone is an issue. While most reported studies are
based on the half-sphere approximation, e.g. [24,25,29,30], few studies
considered deviations from a half-sphere shape [20,22,31]. The pro-
blem is that the shape of the plastic zone depends on the depth-de-
pendent hardness [30] and, simultaneously, the latter depends on the
former. Second, the depth-dependent hardening is superimposed with
the well-known indentation size effect (ISE) [29,32–35]. While hard-
ening mechanisms operating in uniform deformation are well under-
stood, e.g. [36–40], the extraction of the actual depth-dependent local
hardness/hardening from NI experiments [19,22–25] is still a challenge
and requires experimental verification in addition to just successful
fitting. It is important to note that the effect of the injected self-inter-
stitials was not explicitly addressed in the reported NI studies.

The superposition rule of hardening contributions has been a key
issue over decades [36,39,41–44]. Most of the suggested rules [36,42]
(but not all [43]) are between linear and square superposition. Some
recent studies related especially to NI of ion-irradiated samples made
use of linear superposition of hardness contributions arising from pre-
existing and ion-irradiation-induced barriers [24,25,31]. These authors
also averaged the depth-dependent hardness, as opposed to the square
of hardness, over the plastic zone. Direct experimental evidence on the
irradiation-induced microstructure of the investigated samples was not
exploited in these studies. Instead, a power law relationship between
hardness and displacement damage [45,46] was assumed, but both the
pre-exponential factor and the exponent may strongly vary as functions
of the material, microstructure and irradiation conditions [31]. The
conclusion is that direct microstructural evidence on the hardening
features is required. In another recent study [9], linear superposition of
pre-existing and irradiation-induced barriers was combined with aver-
aging of the dislocation line length over the plastic zone, the latter
corresponding to averaging the square of hardness instead of the
hardness itself. Noteworthy, experimental evidence on the irradiation-
induced microstructure was included in [10]. However, the authors of
the latter study only reported indentation hardness for a single in-
dentation depth, meaning that the full depth dependence of hardness
was not available for verifying the assumptions. Arguments, specific for
the case of ion irradiation, in favour of square superposition of pre-
existing and irradiation-induced barriers in combination with averaging
the square of hardness were also reported [23,26]. These authors
achieved reasonable fitting of the model with reported NI data, but did
not provide own experimental evidence on the irradiation-induced
microstructures in support of the model. Consequently, the type of su-
perposition/averaging has to be considered as case-specific.

In the present study, results on the irradiation-induced micro-
structure and the NI response are reported for an ion-irradiated Fe-
8.4 wt%Cr model alloy (denoted Fe-9Cr) and an ODS Fe-9.1 wt%Cr

alloy (denoted ODS FeCr) of different initial microstructure and in-
tentionally different initial hardness. In the discussion section, the link
between the depth profiles of displacement damage, injected inter-
stitials, and number density of irradiation-induced loops is addressed
first. The second and major part of the discussion, Section 4.2, is
dedicated to the microstructure-informed “prediction” of the hardening
as function of contact depth, which requires assumptions be made. Here
we apply the half-sphere approximation of the indentation plastic zone
[24,25,29,30,32] and the dispersed barrier hardening (DBH) model
[37,47] including variations of the plastic zone size and the type of
superposition of individual hardening contributions. The appropriate-
ness of the resulting “predictions” and underlying assumptions is as-
sessed one by one by way of comparison with the most striking features
of the measured hardening as functions of the indentation contact
depth. In Section 4.3, the total “predicted” hardening is decomposed,
apparently for the first time, into a contribution caused solely by dis-
placement damage and a contribution caused solely by the injected
interstitials. Section 4.4 is dedicated to evidence on the absence or
possible presence of hardening features in addition to dislocation loops.
Taking into account this insight, the applied superposition rules are
reconsidered in Section 4.5.

2. Experiments

2.1. Materials

The materials investigated in this study are a commercial-purity Fe-
Cr model alloy (8.4 wt% Cr) and an ODS Fe-Cr (9.1 wt% Cr) alloy of
different initial microstructure and intentionally different initial hard-
ness.

The Fe-Cr model alloy, here referred to as Fe-9Cr, was produced at
Ghent University (Belgium) [48]. The ingots were cold worked under
protective atmosphere to produce 9 mm thick plates. The plates were
heat-treated at 1050 °C for 3 h in high vacuum for austenitization fol-
lowed by air cooling. Tempering was performed at 730 °C for 4 h. The
composition is given in Table 1. An inverse pole figure (IPF) map ob-
tained by electron backscatter diffraction (EBSD) is shown in Fig. 1. The
microstructure consists of tempered martensite with minor contribu-
tions of ferrite.

The ODS Fe-Cr-based alloy was supplied by CEA Saclay (France)
[49]. Gas-atomized powder was blended with 0.25 wt% Y2O3 and
milled in a vertical attritor under hydrogen atmosphere protection.
Encapsulation, degassing, hot extrusion and air cooling were performed
to produce extruded bars. The material was investigated in the as-re-
ceived condition. Composition and an EBSD IPF-Z map are shown in
Table 1 and Fig. 1, respectively. The material exhibits a ferritic mi-
crostructure. Basic microstructural parameters and yield stress of both
materials are listed in Table 2.

Samples of 10 × 10 × 1 mm3 were prepared before ion irradiation.
The samples were mechanically polished with automatic grinding up to
2500 grit. After mechanically polishing with diamond suspension they
were electrolytically polished in solution of 2% perchloric acid in 98%
ethylene glycol monobutyl ether for about 3 min to remove the surface
damage introduced by mechanical polishing. The procedure was
checked by means of depth-resolved positron annihilation spectroscopy
[51] for a similar material. The arithmetical mean roughness value Ra
of the electro-polished surface was found to be 0.017 µm for Fe-9Cr.

Table 1
Composition in wt% [48,49].

Material Code C Mn Si Ti Cr Ni Y2O3

Fe-9Cr L252 0.02 0.03 0.09 0.003 8.4 0.07 –
ODS FeCr L22-M1 0.1 0.3 0.3 0.3 9.1 0.2 0.25
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2.2. Ion irradiation

Ion irradiations were performed with the 3 MV tandetron accel-
erator of the Ion Beam Center at HZDR Dresden. Fe2+ ions of 5 MeV
energy were implanted into the polished sides of the samples. The ir-
radiation temperature of 300 °C was maintained by fixing the samples
on a heating target. The temperature control was based on a thermo-
couple placed on the backside of one sample. The samples were scanned
by a properly focussed ion beam such that the irradiated area received a
laterally uniform exposure corresponding to the respective pre-
determined target values. The frequency of scanning was approximately
1 kHz. The ion flux was monitored continuously by means of Faraday
cups and integrated to obtain the ion fluence. The average ion flux is
summarized in Table 3 along with other irradiation parameters. The
profiles of displacement damage in units of displacements per atom
(dpa) and injected interstitials per atom (ipa) were calculated using the
SRIM-2013.00 binary collision code according to the recommendations
in [2] using the quick Kinchin-Pease calculation and a displacement
energy of 40 eV. The respective profiles are plotted in Fig. 2 [52].

2.3. TEM study of irradiation-induced defects

Cross-sectional TEM samples of the irradiated material were pre-
pared by focused ion beam (FIB) technique using a Zeiss NVision 40
instrument. The microstructure was studied in a FEI Talos F200X
transmission electron microscope operated at 200 kV. Irradiation-in-
duced dislocation loops were imaged under various diffraction

conditions in bright- and dark-field conventional TEM mode and, in
case of the Fe-9Cr model alloy, additionally with bright- and annular
dark-field STEM mode. The number densities of loops were counted in
images taken with the diffraction vector g = 〈1 1 0〉 . The depth
profiles of the loop number density and size were obtained by defining
and analyzing segments of 100 nm thickness in the direction perpen-
dicular to the surface. The thicknesses of the lamellae were estimated
by means of convergent beam electron diffraction. The number density
Nc of counted loops with g = 〈1 1 0〉 has to be corrected to account for
the invisibility of loops with g·b = 0. Taking into account that only
loops with Burgers vectors b = a 〈1 0 0〉 and b =½ a 〈1 1 1〉 (a is the
lattice constant) form in body-centred cubic Fe-based alloys, the total
number density of loops N lies between 1.5Nc and 2Nc [50]. Therefore,
it is reasonable to assume N ≈ 1.75Nc with an error range of
1.75 ± 0.25. This relationship was applied for ODS FeCr, for which it
was not reasonably possible to specify the fractions of 〈1 0 0〉- and
½〈1 1 1〉-type loops because of the smallness of the loops. For Fe-9Cr,
the ratio of the number densities of loops with b = a〈1 0 0〉 and

Fig. 1. EBSD IPF-Z maps for Fe-9Cr (left) and ODS FeCr (right).

Table 2
Microstructure parameters and yield stress [49].

Property Fe-9Cr ODS FeCr

Grain size (µm) 3 (47*) 1.2
Dislocation density (m−2) 0.6 × 1014 0.5 × 1014

Number density of oxide particles (m−3) – 1 × 1023

Mean size of oxide particles (nm) – 4
Yield stress (MPa) 289 720

* Prior austenite grain size [50].

Table 3
Summary of irradiation conditions.

Material Average ion flux (1011 cm−2 s−1) Average damage rate* (10−5 dpa/s) Total irradiation time Total displacement damage*

Fe-9Cr 1.6 6 11.6 h 2.5 dpa
ODS FeCr 1.4 5.2 23.1 h 4.3 dpa

* At 500 nm depth.

Fig. 2. Depth profiles of displacement damage (dpa) and injected interstitials
per atom (ipa) resulting from the performed ion irradiations of Fe-9Cr and ODS
FeCr.
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b = ½ a〈1 1 1〉 was determined according to [53] using images re-
corded with g= 〈1 1 0〉 and g= 〈2 0 0〉 taken in the depth range from
400 to 650 nm. The result corresponds to N ≈ 1.68Nc, which is as-
sumed to be representative for the whole depth range. The loop dia-
meter was measured along the largest dimension of bright-field images
of the loops. In the present approach, we did not discriminate between
vacancy-type and interstitial-type loops.

In order to check the size distribution of oxide nanoparticles in ODS
FeCr with respect to both spatial variations and irradiation-induced
changes, the TEM imaging conditions were selected such as to minimize
the diffraction contrast of loops. Standard image processing using the
program ImageJ, including contrast enhancement and conversion to
black and white, was used to improve the contrast between particles
and matrix.

For both materials, the TEM-analysed region extended over several
grains or martensite laths. Therefore, adjustments of the diffraction
conditions had to be made for each grain considered for counting and
sizing to obtain similar contrast. In order to check for representative-
ness of the results obtained from the FIB lamella and to evaluate po-
tential contributions related to FIB-induced damage, a plan view sample
(TEM foil parallel to the irradiated surface) was extracted from a depth
of about 500 nm for the Fe-9Cr model alloy using the electrolytic
thinning following the method described in [50].

2.4. Nanoindentation

Nanoindentation hardness HIT was measured at room temperature
using a Universal Nanomechanical Tester (UNAT, ASMEC GmbH, now
with Zwick-Roell GmbH) equipped with a Berkovich indenter. The area
function of the indenter has been calibrated by means of fused silica
and sapphire with known bulk moduli. The quasi continuous stiffness
measurement mode was applied in order to determine the contact
stiffness and calculate the contact depth according to the Oliver-Pharr
method [54,55]. Load control was applied with measurements of the
contact stiffness automatically conducted at 75 equidistant loads. The
maximum loads were 50 mN and 100 mN for Fe-9Cr and ODS FeCr,
respectively. The hardness-versus-depth plots were calculated from
about 30 indentation tests by averaging after manually excluding,
based on the quality of automatic surface detection, occasional cor-
rupted tests. The NI device is suitable for indentation depths larger than
approximately 100 nm. For smaller depths, measurements are formally
possible but errors increase rapidly under the present conditions. Re-
sults at depths smaller than 100 nm have been ignored in the analysis.
As a depth of 100 nm corresponds to approximately 5% of the thickness
of the irradiated layer, a sufficient number of NI data points with plastic
zones fully enclosed in the irradiated layer is available.

3. Results

3.1. TEM study of irradiation-induced defects

For both materials, irradiation-induced dislocation loops were ob-
served as the one and only type of irradiation-induced TEM-visible
defects. A loop-rich band was found to form in a certain depth range
below the irradiated surface. Fig. 3a displays a TEM bright-field image
of the FIB lamella of ODS FeCr, where the defect-rich band, aligned
parallel to the specimen surface, is visible in the depth range from 1.2 to
1.6 µm. The band contains a large number of dislocation loops ap-
pearing as black dots under two-beam kinematical bright-field condi-
tions and as white dots under weak-beam dark-field conditions, as de-
monstrated in Fig. 3b and c, respectively. Loops are also visible in the
area above the band, but not in the unirradiated substrate. In order to
distinguish irradiation-induced loops from pre-existing nm-size ODS
particles, an additional image from the same area was acquired with the

diffraction contrast minimized, Fig. 3d.
Fig. 4 shows a representative STEM BF micrograph of the cross-

section of the ion-irradiated layer in the Fe-9Cr model alloy taken with
=g [011] close to the [011] zone axis. The upper edge of the image

coincides with the sample surface. As in the previous case, a clearly
discernible defect-rich band parallel to the surface is observed close to
the lower edge of the image. Contrary to ODS FeCr, some of the dis-
location loops appear to be arranged along the 011 direction in images
taken close to the 011 zone axis, especially from about 650 nm to 1 µm
depth. However, a random distribution of loops is observed for images
taken close to the 111 zone axis. This is consistent with a 2-dimen-
sional distribution of loops on {100} planes as reported by Gao et al. [6].
Zones denuded of dislocation loops of about 50 nm width are observed
along grain boundaries. The observations made in the plan view sample
confirm the presence of denuded zones along grain boundaries. Some
indications of loop arrangements similar to those observed in the FIB
lamella were found mainly in thicker regions of the plan view sample.
The number densities as well as the size distribution of loops measured
in the plan view sample agree well with the results obtained for a depth
of 500 nm in the FIB lamella. The latter indicates that FIB artefacts
affecting the results in terms of number densities and sizes of loops can
be excluded.

The loops were counted and sized segment by segment as described
in Section 2.3. For each segment, the counted number of loops was used
to calculate the number density Nc. The results are shown in Fig. 5. The
depth dependence of Nc (solid blue lines) was parameterized, for the
purpose of adjustment and interpolation, using a straight line, a third
degree polynomial and a constant value of zero for the depth ranges
indicated by the dashed black lines. In Fig. 5b, the data points obtained
for Grains 1 and 2 (see Fig. 3a) are highlighted. For Fe-9Cr, the derived
depth dependence of the loop diameter is displayed in the inset of
Fig. 5a. For ODS FeCr, the loop sizes are close to the detection limit. We
have found that d = 4 nm is representative for the whole depth range
with reasonable accuracy.

Image processing of TEM micrographs, such as the one shown in
Fig. 3d, was used in order to enhance the visibility of oxide nano-
particles in ODS FeCr. The same image processing parameters, in par-
ticular contrast enhancement and black-white threshold, were applied
to the micrographs representing the unirradiated and the irradiated
condition. The black-and-white contrast, black areas representing oxide
nanoparticles, is shown in Fig. 6 for the unirradiated (Fig. 6a) and ion-
irradiated (Fig. 6b) areas of a FIB TEM sample. The positions are
marked in Fig. 3a. We have found insignificant, if any, differences be-
tween the unirradiated and irradiated areas with respect to both mean
size and number density of particles. In any case, possible minor dif-
ferences are smaller than the observed spatial heterogeneity of the
particle distribution as represented, for example, by the upper versus
lower half of the image for the unirradiated material in Fig. 6a or the
left versus right half of the irradiated material in Fig. 6b. Hence, it can
be assumed in the further analysis that the oxide nanoparticles do not
give rise to noticeable irradiation-induced hardness differences.

3.2. Microstructure as function of primary radiation damage

The goal of this section is to express the total number density of
loops N (in units of 10–5 nm−3) as a function of both displacement
damage D in units of dpa and injected interstitial atoms E in units of ipa.
N, D, and E are functions of the distance z from the irradiated surface.
There are good reasons to assume a relationship of the form:

= +N z a D z a E z( ) [ ( )] ( )p
1 2 (1)

Indeed, a power-law dependence of N on D, in a limited range of
displacement damage, is consistent with a power-law dependence of
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hardening as function of the displacement damage D, as reported for
neutron-irradiated materials [45,46] (for which there are no injected
interstitials). It is also reasonable to assume that a depth-independent

fraction of the injected interstitials ends up in loops, while the majority
of injected interstitials annihilates with vacancies or gets lost in point
defect sinks. That means, the injected interstitials add a number density
of loops proportional to E(z). The experimental values of N(z) were
derived from the counted loops Nc shown in Fig. 5 (solid lines) taking
into account the factors 1.68 and 1.75 for Fe-9Cr and ODS FeCr, re-
spectively, in order to correct for invisible loops, see Section 2.3 for the
explanation of the choice of these factors. Units of
10−5 nm−3 = 1022 m−3 are used for N(z). D(z) and E(z) were taken
from Fig. 2 in units of dpa and ipa (interstitials per atom). The effects of
D and E were treated as mutually independent as a first approximation.
Instead of applying a least-squares procedure with the need to handle z-
dependent weights, we found a heuristic approach more robust. The
idea was to find combinations of the parameters a1, p (0 < p < 1),
and a2 that meet the following targets:

• to provide a good fit of N(z) in the range of small z, where the
concentration of injected interstitials E is close to zero and can be
neglected,
• to reflect the maximum of N(z) well,
• to reproduce the z position of the peak of N(z) well.
The fits according to Eq. (1) are shown in Fig. 7. The best values of

the parameters given in Table 4 represent trade-offs between the three
targets. For Fe-9Cr, the initial slope, the height, and the position of the
peak are well represented, but it was impossible to match the width of
the peak based on Eq. (1). For ODS FeCr, the height of the peak is well
represented and a reasonable compromise between initial slope and
depth position of the peak was reached, but it was impossible to match

Fig. 3. TEM images of ion-irradiated ODS FeCr. (a) Overview, (b) two-beam kinematical bright-field, (c) weak-beam dark-field, and (d) bright-field image (diffraction
contrast minimized) of the area marked with a solid line in (a). The small dashed-line squares in (a) mark areas used for the characterization of oxide nanoparticles.

Fig. 4. Overview STEM BF image of the ion-irradiated Fe-9Cr model alloy ac-
quired in two-beam condition with =g [011] close to the [011] zone axis.
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the larger-z flank of the peak.

3.3. Nanoindentation

The measured indentation hardness is plotted in Fig. 8 as a function
of contact depth [52]. The errors were derived from standard deviations
of force and displacement. The curves for the unirradiated condition
were fitted by proper empirical functions, see solid lines in the plots, in
order to interpolate and calculate the irradiation-induced hardness in-
crease.

3.4. Modelling of irradiation hardening

Conceptually, starting point is the yield stress y,u of the uni-
rradiated material, which, in the present context, can be expressed as
[39,49]:

= + +y,u gb f
2

p
2

(2)

gb, f , and p are contributions arising from grain boundaries, forest
dislocations, and precipitates or oxide nanoparticles, respectively. It is
important to note that Eq. (2), including its parameterization, was
empirically confirmed in [49] for a number of ODS and non-ODS Fe-Cr-
based alloys with the two materials of the present study included.

A spatially uniform irradiation field gives rise to the formation of
dislocation loops and solute clusters or precipitates, which in turn “add”
contributions l and c, respectively, to the yield stress y,i of the

irradiated material. Plastic deformation of either the unirradiated or the
irradiated material gives rise to the formation of geometrically neces-
sary dislocations (GNDs) and statistically stored dislocations (SSDs).
These dislocations, once formed, also “add” contributions g and s,
respectively. While it is reasonable to sum up all contributions arising
from dislocations (forest, GNDs, SSDs) in terms of the linear sum of the
respective dislocation densities x ( =x f, g or s), the type of super-
position for irradiation-induced barriers were reported to depend on the
ratio of barrier strengths and the ratio of number densities [38,41–43].
This is why we cover the two extreme cases, namely linear sum and
square root of sum of squares, in the analysis.

The situation is significantly complicated for the case of ion irra-
diation and nanoindentation due to the introduction of steep damage
gradients, strain gradients, related size effects, and possibly synergistic
effects. In order to calculate the ion-irradiation-induced hardness in-
crease from observations of the microstructure, we have applied com-
binations of the half-sphere model of the indentation plastic zone
[24,25,29,30,32] and the DBH model [37,47] as approximations. The
geometrical situation of the indentation test is schematically introduced
in Fig. 9. The contact depth is denoted by h in both the scheme and the
following equations. The radius of the plastic zone denoted by R is
assumed to be proportional to h with c denoting the factor of pro-
portionality. As an additional approximation, the same factor c is used
for indentations in the irradiated and unirradiated material. We will
come back to the justification of this approximation in Section 4.2.

According to the DBH model, the hardness contribution H arising
from a single type of barrier of mean size d and number density N is

Fig. 5. Depth profile of the number density Nc of counted irradiation-induced dislocation loops. (a) Fe-9Cr, (b) ODS FeCr. The inset in (a) shows the mean size of
loops as function of z.

Fig. 6. Particle analysis based on TEM mi-
crographs of ODS FeCr with loop contrast
suppressed (see Fig. 3d) in order to highlight
oxide nanoparticles, (a) unirradiated condi-
tion, lower dashed-line square in Fig. 3a, (b)
ion irradiated condition, upper dashed-line
square in Fig. 3a. The same image proces-
sing parameters including contrast en-
hancement and detection threshold were
applied to (a) and (b).
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given by Eq. (3).

=H MGb Nd (3)

, , M, G and b are dimensionless obstacle strength, conversion
factor from yield stress to bulk-equivalent indentation hardness, Taylor
factor, shear modulus and Burgers vector, respectively.

In the case study below, we distinguish two possible rules of su-
perposition of hardening contributions arising from pre-existing and
irradiation-induced obstacles: linear sum (indicator “lin”) and square
root of sum of squares (indicator “srss”). For each of these rules, we
further distinguish averaging of contributions arising from different
volume elements of the plastic zone in terms of either hardness itself
(indicator “h”) or dislocation line length (indicator “d”), the latter being
equivalent with averaging of the square of hardness. These distinctions
result in the following four cases:

Case 1 (lin-h): For linear superposition of hardening contributions
arising from pre-existing and irradiation-induced barriers (here loops),
the pre-existing barriers drop out in the irradiation-induced change of
hardness. The same is true for the GNDs introduced by indentations of

equal depth, that means the indentation size effect. Averaging over
different volume elements of the plastic zone is performed in terms of
hardness ( or Nd ).

=H h MGb
V h

N z d z dV( )
( )

( ) ( )l

PZ PZ h
l l

( ) (4a)

Fig. 7. Best fit according to Eq. (1) (symbols) to the measured number density of loops according to Fig. 5 (solid lines). (a) Fe-9Cr, (b) ODS FeCr. Dashed and dotted
lines represent the depth at peak damage and maximum injected interstitials, respectively.

Table 4
Best values of the parameters of Eq. (1) derived by the heuristic approach.

Material a1 p a2

Fe-9Cr 1.38 0.8 940
ODS FeCr 0.54 0.3 570

Fig. 8. Measured indentation hardness for the unirradiated and as-irradiated conditions and the difference of both. (a) Fe-9Cr, (b) ODS FeCr.

Fig. 9. Scheme representing the indentation into a sample with graded damage
profile and the introduction of the coordinate system.
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V is the volume and PZ indicates the indentation plastic zone.
Execution of the integrations over x and y yields, assuming h ≪ R, the
following equation for the irradiation-induced hardness increase ac-
cording to Case 1:

=H h MGb
ch

z
ch

N z d z z( ) 3
2

1
( )

( ) ( ) d
ch

l

0

2

2 l l
(4b)

The parameterizations obtained for the experimentally observed
number densities and mean sizes as functions of depth z (see solid lines

Fig. 10. Irradiation-induced hardness increase derived from NI tests (symbols) and calculated according to Cases 1 – 4 of the microstructure-informed model
(coloured lines): Cases 1 to 4 from top to bottom. Numbers in the upper left plot indicate the value of c (see main text).
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in Fig. 5) allow the integration according to Eq. (4b) to be executed for
both materials. The following values of the model parameters were
chosen: = 0.33l (for loops, e.g. [27,41]), = 4 (estimated from the
yield stress in Table 2 and the bulk-equivalent indentation hardness
[21] of the unirradiated materials), =M 3.06, =G 84.4GPa [49,56], and

=b 0.248nm. The effect of variations of these factors will be considered
in the discussion. The factor of proportionality c between contact depth
and radius of the half-sphere plastic zone was varied between 5 and 10
in steps of 1. The results are plotted in the first row of Fig. 10 along with
the measured increase of the indentation hardness [52]. The values of c
are indicated in the plots. It is important to note that the procedure is
free of fitting. It is found that a substantial part of the measured
hardening can be explained in terms of loops and that a value of c= 8
reproduces the depth position of the measured maximum hardening
best.

In what follows, corresponding results are briefly summarized for
the other three cases.

Case 2 (lin-d): At difference from Case 1, averaging over different
volume elements of the plastic zone is performed in terms of dislocation
line length ( or Nd, which correspond to the square of hardness), Eq.
(5). The results are plotted in the second row of Fig. 10.

=H h MGb
ch

z
ch

N z d z z( ) 3
2

1
( )

( ) ( )d
ch

l

0

2

2
l

l
(5)

Case 3 (srss-d): At difference from Case 2, the irradiated hardness is
assumed to be the square root of sum of squares of the unirradiated
hardness and the irradiation-induced hardness contribution, Eqs. (6)
and (7). Contrary to the case of linear superposition, the pre-existing
obstacles (forest dislocations of density f , particles of number density
Np and mean diameter dp) do not drop out in the irradiation-induced
change of hardness. This is also valid for the GNDs of density g and
SSDs of density s. The density of GNDs g was calculated according to
Nix and Gao [29] assuming that GNDs are uniformly distributed over
the plastic zone of radius =R ch. Note that, contrary to [29], we did
neither introduce the characteristic length h* nor separate the ISE term.
Instead, the indentation size effect is equivalently included in the term

(h).

= +H h MGb
ch

z
ch

N z d z z( ) 3
2

1
( )

( ) ( )d
ch

0

2

2
l

l

(6)

= + + + =h N d
bhc

( ) with 3
2 tanf p p s g g 3 (7)

The expression for g was obtained as in [29], but taking into ac-
count a variable value of c, see Fig. 9, instead of c= 2.79 (plastic zone
and indent coincide at the surface) assumed in [29]. This corresponds to
the procedure suggested in [26]. For Eqs. (6) and (7), it is important to
note that the average density of SSDs s does not depend on h [34]. s
was assumed to be equal for the unirradiated and irradiated material in
Eq. (6). Moreover, it was set to zero for the reported calculations. In-
troduction of SSDs of non-zero density would be equivalent to in-
creasing f in the present framework. The same value of the obstacle
strength, = 0.33, was used for dislocations [49,57] of any origin,
oxide nanoparticles [49] and irradiation-induced dislocation loops (see
above) as an approximation. The density of pre-existing dislocations
and both number density and mean diameter of pre-existing particles
were taken from Table 2. The results are shown in the third row of
Fig. 10.

Case 4 (srss-h): At difference from Case 3 and in agreement with
Case 1, averaging over different volume elements of the plastic zone is
performed in terms of hardness, Eq. (8) with Eq. (7). The results are
shown in the lowest row of Fig. 10.

= +H h MGb
ch

z
ch

N z d z z( ) 3
2

1
( )

( ( ) ( ) )d
ch

0

2

2 l l
(8)

4. Discussion

In this section, the link between primary radiation damage and the
irradiation-induced dislocation loops is considered first. The link be-
tween microstructure, in terms of irradiation-induced dislocation loops,
and hardening established by the application of the microstructure-in-
formed hardening model will be addressed in Section 4.2. Both the
microstructure-informed “prediction” of hardening and the measured
NI response exhibit maxima as functions of the indentation contact
depth. In order to verify certain model assumptions, predictions and
measurements will be compared with respect to the depth position of
the maximum and to the slope of the curves towards larger contact
depths (i.e. the substrate effect). It is important to note that deviations
between prediction and measurement will not be interpreted, except for
extreme deviations, with respect to the height of the maximum because
of uncertainties of the model, in particular the omission of possible
TEM-invisible hardening features. Because of uncertainties of the
measurements at the lowest indentation depths, predictions and mea-
surements will not be compared with respect to the slope towards
smaller contact depths either. In Section 4.3, the predicted hardening
will be decomposed into a component related to the loop fraction
arising solely from the displacement damage and a component related
to the loop fraction arising solely from the injected interstitials. The
latter is irrelevant for the case of neutron irradiations and can be con-
sidered as an artefact [58]. Finally, the possible presence or absence of
additional irradiation-induced hardening features will be addressed in
Section 4.4.

4.1. Link between primary radiation damage and microstructure

The number density of irradiation-induced loops was successfully
decomposed into fractions arising from the displacement damage and
the injected interstitials according to Eq. (1). The first fraction can be
approximately expressed as a power-law function of the displacement
damage using the parameters listed in Table 4. Ignoring the minor ef-
fect of loop size, this is consistent with previous studies reporting ap-
plicability of a power-law dependence of the irradiation-induced in-
crease of hardness (or yield stress) on displacement damage
[24,25,45,46] with an exponent q = p/2, with p from Eq. (1). For Fe-
9Cr, q= 0.4 is close to the frequently observed exponent of 0.5 at lower
values of displacement damage [45]. The exponent q = 0.15 for ODS
FeCr, which is significantly smaller than 0.5, indicates an advanced
tendency towards saturation. This is also consistent with observations
for an ODS 9%Cr steel as compared to its non-ODS counterpart [59].
These findings indicate that it is impossible to use a fixed universal
value of p as occasionally done in the literature. Indeed, p depends on
both the material and the considered domain of displacement damage.

The coefficients =a 9402 for Fe-9Cr and =a 5702 for ODS FeCr
according to Eq. (1), see Table 4, can be converted into fractions of the
total number of injected interstitials that contribute to the observed
loops. Calculating the number of interstitials that constitute a loop of
diameter d [60] and taking into account the observed mean diameters
of loops, these fractions were found to be approximately 7% and 2% for
Fe-9Cr and ODS FeCr, respectively. The lower fraction found for ODS
FeCr correctly reflects the higher sink strength for point defect sinks
[38] caused by the oxide nanoparticles in combination with the smaller
grain size (see Table 2) as reported in [61]. The above estimation is
based on the interpretation of the detected loops as interstitial-type
loops. Very recently the loops detected under similar conditions were
found to be vacancy-type [62]. This point deserves further attention.

It is important to note that there is a finite range of depths, where
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the concentration of injected interstitials is negligibly small and the
displacement damage is different from zero, see Fig. 2. As the injected
interstitials pose a transferability issue to the case of neutron irradia-
tion, it was suggested, on the one hand, to use sufficiently high ion
energies, identify artefact-free or “safe” zones by way of microstructure
studies, and restrict transfer of conclusions to these safe zones [4,58].
On the other hand, NI (as well as other methods such as depth-resolved
positron annihilation spectroscopy [63]) integrates over a depth range
from the irradiated surface up to a finite depth (for NI, the depth of the
plastic zone), that means, over a range that can hardly be fully covered
in practice by a safe zone. It is therefore a reasonable option from the
viewpoint of NI to explicitly introduce the effects of injected interstitials
into hardness modelling and analysis.

4.2. Link between irradiated microstructure and hardening

We have found that the measured irradiation-induced hardness
change assumes maxima for certain values of the contact depth h, see
Fig. 10. It is important to note that the error bars shown in Fig. 10 do
not question the existence of such maxima. While these errors are re-
presentative for comparing, for example, different materials, the scatter
of the individual data points with respect to an average ΔH-h curve is
much smaller. The existence of a maximum of hardening as function of
contact depth is expected as a consequence of the irradiation-induced
microstructure. Indeed, each version of the microstructure-informed
hardening model predicts a maximum, see Fig. 10. The interpolated
positions of the measured maxima, hmax, are given in Table 5 for both
materials. The model calculations indicate that the position of the
maximum is shifted towards smaller indentation depths for increasing
values of c, i.e. the size factor of the plastic zone. Agreement between
the measured and predicted positions of the maxima, as determined by
way of interpolation using the model Case 1 (lin-h), is reached for size
factors, c1, also provided in Table 5. These results do not differ sig-
nificantly for Cases 1 to 4 of the model and are in general agreement
with reported values or ranges of c (5 – 10 [20] and references therein,
8 [22], 7.5 [24], 5 – 8 [25]).

An approximation of the size factor can be obtained by applying the
expanding cavity model [30] to the indentation plastic zone. The ex-
pression reported in [30] with the yield stresses from Table 2 (along
with a Young’s modulus of 210 GPa and a Poisson ratio of 0.28) yields
the values of cec given in Table 5. The experimentally obtained size
factors c1 are found to be slightly overestimated by the expanding
cavity model, for Fe-9Cr more than for ODS FeCr. This may be a con-
sequence of the strain-hardening capacity of the studied materials in-
dicated in Table 5 in terms of reported values of the uniform elongation,
the fractional value of which corresponds to the strain hardening ex-
ponent. Because of strain hardening, which is not taken into account in
the expanding cavity model, the materials appear harder, the more so
for Fe-9Cr, than what is indicated by the yield stress, tentatively ex-
plaining the observed overestimation. Further work is necessary to re-
fine the model in this respect.

It is important for the applied microstructure-informed model to
note that the dependence of the size factor c1 on the yield stress is weak,
in any case weaker than predicted by the expanding cavity model.
Indeed, the yield stress of ODS FeCr (720 MPa) is 2.5 times as large as

the yield stress of Fe-9Cr (289 MPa), whereas the corresponding factor
for the plastic zone size was found to be approximately 7.5/8.5 = 0.88.
This result has two consequences: (i) The shape of the plastic zone of
the irradiated materials may deviate from a half sphere because of the
depth-dependent irradiation hardening. However, this deviation is
small, in any case smaller than predicted by the expanding cavity
model. (ii) The plastic zone size of the irradiated material may deviate
from the plastic zone size of the unirradiated reference. However, this
deviation is also small, in any case smaller than predicted by the ex-
panding cavity model. These findings justify the approximations of both
the half-sphere shape of the plastic zone and the equality of the sizes for
the irradiated and unirradiated materials introduced in Section 3.4.

The individual results obtained for the considered model versions,
see Fig. 10, are discussed below case by case:

Case 1 (lin-h): There is agreement within the range of experimental
error between measurement and microstructure-informed prediction
for Fe-9Cr using c = 8 throughout the entire range of contact depths. In
particular, the slope of the ΔH-hc curve towards larger hc, that means,
the substrate effect, is well reproduced by the prediction. However, the
agreement between measured and predicted values of ΔH has to be
assessed as being coincidental. Expected deviations resulting from
measurement errors, possible additional hardening contributions,
model assumptions, and model parameterization (see Section 4.4) seem
to cancel out.

For ODS FeCr, the measured hardening is well reproduced by the
model with respect to the existence and, for a size factor between 7 and
8, the depth position of the maximum as well as the substrate effect.
The measured hardening is underestimated by approximately 30%,
which is more than the error of the measured hardening, see Section
4.4.

Case 2 (lin-d): The microstructure-informed model predicts posi-
tions of the maxima similar to those observed for Case 1 for both Fe-9Cr
and ODS FeCr. However, the predicted slope towards larger values of
the contact depth is significantly smaller than the measured slope for
both materials, that means, the substrate effect is not well reproduced.
We conclude that averaging dislocation line length (or Nd) instead of
hardness (or square root of Nd) over the plastic zone is not consistent
with the present observations and model assumptions of Case 2.
Presumably, the assumptions of linear superposition and averaging
dislocation line length are incompatible. A prediction equivalent to
Case 2 was also considered in [23,26] as a reference case (denoted
Model I there). These authors found by way of fitting that the substrate
effect cannot be reproduced well, in agreement with the present finding
for both materials. Interestingly, averaging the dislocation line length
according to Case 2 was successfully applied in [9] for ion-irradiated
austenitic stainless steels. However, these authors only reported hard-
ening for a single indentation depth. The depth dependence of the
measured hardening was not available for verifying their assumptions.
Given the approximations included in [9], comparison of measurement
and prediction for just a single value of indentation depth is insufficient
for a sound assessment of the validity of the assumptions.

Case 3 (srss-d): For Fe-9Cr, the measured hardening is well re-
produced by the model with respect to the existence and, for a size
factor between 8 and 9, the depth position of the maximum as well as
the substrate effect. The measured hardening is underestimated by
approximately 50%, see Section 4.4. The underestimation observed in
the framework of Case 3 for ODS FeCr is more drastic than for Fe-9Cr
and amounts to a factor of approximately 10. It is interesting to com-
pare our findings for Case 3 with reported results [23,26] based on both
the same type of superposition of the hardening contributions and the
same type of averaging the hardening contributions arising from dif-
ferent volume elements (see [23,26] and Model II in [26]). In [23,26] as
well as in our work, the treatments of the indentation size effect are
equivalent and the plastic zone is assumed to be a half-sphere of equal
size for the unirradiated and irradiated condition with a size factor of
7.5 used in [23,26]. However, the latter studies did not build on own

Table 5
Experimentally determined depth position of maximum hardness increase, size
factor c1 that fits the position of the maximum predicted within Case 1 (lin-h) to
the experiment, size factor cec according to [30] and reported uniform elon-
gation Ag.

Material hmax (µm) c1 (–) cec (–) Ag (%)

Fe-9Cr 0.21 ± 0.02 8.5 ± 0.5 11.0 15 [48]
ODS FeCr 0.26 ± 0.02 7.5 ± 0.5 8.1 10 [49]
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microstructural evidence representative of the samples exposed to NI.
Instead, these authors assumed a power-law dependence of the number
density of defects on depth with exponents and cut-off depths used to fit
the measured hardness. Given the multitude of simplifying assump-
tions, just successful fitting is insufficient, in our opinion, as a means to
validate the model.

Case 4 (srss-h): The prediction based on Case 4 is almost indis-
tinguishable from the prediction based on Case 3 except for small dif-
ferences at the largest contact depths for Fe-9Cr. Hence, for srss-type
superposition, the question of averaging the dislocation line length or
the hardness over the plastic zone cannot be decided within the present
framework.

4.3. Link between primary radiation damage and hardening

With the results of Sections 3.2 and 3.4 at hand, it is possible to
decompose the predicted hardening into contributions arising from the
loops formed due to either displacement damage or clustering of in-
jected self-interstitial atoms considered as independent processes. This
decomposition was conducted for Case 1 (lin-h) using Eqs. (1) and (4b)
along with the parameters given in Table 4 and assuming a plastic zone
size factor of 8 for both materials. The results are shown in Fig. 11. The
total number density of loops was supposed, according to Eq. (1), to be
the linear sum of both contributions, meaning that the total predicted
hardness is the square root of sum of squares of the individual con-
tributions in terms of hardness (dpa and ipa in Fig. 11). This should not
be confused with the linear superposition of the unirradiated hardness
and the irradiation hardening.

It is well known that there are several transferability issues with
respect to the application of ion irradiations in order to emulate effects
of neutron irradiation [64]. One of these issues consists in the effect of
injected interstitials, which are not introduced in the case of neutron
irradiation. Therefore, it is the dpa component in Fig. 11 that matters
from the viewpoint of reactor applications, while the ipa component
can be considered as artefact. The results suggest that, although the
effect of the injected interstitials is significant, the dpa component of
hardening is close to the total hardening because of the srss-type of
superposition of both components. Conversely, close agreement be-
tween the dpa component and the total hardening must not be mis-
interpreted as an implication that injected interstitials did not con-
tribute to hardening. Moreover, injected interstitials may play a more
important role for other irradiation conditions, e.g. lower ion energy or
other kinds of ions. Ongoing research is focused on the effect of the ion
energy.

4.4. Other potential hardening features

The TEM analyses performed within the present study did not reveal
any other kinds of irradiation-induced features than loops. However,
this observation does not exclude their possible presence. As already
pointed out, the present study was not aimed at providing a complete
quantitative prediction of the measured NI response. In fact, a complete
microstructure-informed model would require a complete description
of all irradiation-induced nanostructural changes including the depth
dependence of their characteristics. Theoretically, candidates for such
changes under the present conditions are the formation of solute atom
clusters, Cr-rich α’-phase particles, nanovoids or sub-nm vacancy clus-
ters, and changes of the size distribution of oxide nanoparticles. Loops
of size below the detectability limit of TEM (between 1 and 2 nm) also
have to be mentioned here.

The present TEM investigation was well suited to exclude changes of
the size and number density of oxide nanoparticles in excess of the
observed spatial variations, see Fig. 6 and the related discussion. No-
ticeable effects on the irradiation-induced hardness change of ODS FeCr
can therefore be excluded. A noticeable contribution of α’-phase par-
ticles can be excluded for both materials based on the combination of
the following three arguments: (a) Supersaturation at 300 °C is small for
the studied materials [65]. (b) The injected interstitials were reported
to suppress α′ formation when compared to the case of neutron irra-
diation [12]. (c) The barrier strength α according to Eq. (3) was re-
ported to be as small as 0.015 [56]. So even if a small number density of
α′-phase particles were formed, the contribution to hardening can also
be neglected. While precipitates (e.g. Si-Ni-Mn-rich G-phase particles
[66,67]) and nanovoids of size in excess of a few nm can also be ex-
cluded on the basis of the presented TEM evidence, nm-sized solute
atom clusters (e.g. highly diluted Ni-Si-P-Cr-rich clusters [13]) and sub-
nm vacancy clusters [68] cannot. In fact, depth-resolved versions of
other methods such as atom probe tomography (APT) [12] and positron
annihilation spectroscopy (PAS) [63] are needed to identify missing
defects or to convincingly exclude their presence. At least for neutron-
irradiated Fe-9Cr, even the formation of sub-nm vacancy clusters was
found by means of PAS to be completely suppressed due to the presence
of Cr [68]. In summary, nm-sized solute atom clusters are the only
reasonable candidates for possible contributions to the observed irra-
diation-induced hardness increase. However, their depth distribution,
which is governed by the depth-dependent displacement damage [13],
is expected to result in an approximately proportional elevation of the
respective ΔH-h curve (green dashed lines in Fig. 11) without noticeable
change of the shape including the position of the maximum.

Fig. 11. Decomposition of the predicted hardening (Case 1: lin-h) into contributions arising solely from displacement damage and solely from injected interstitials
according to Eqs. (1) and (4b) for (a) Fe-9Cr, (b) ODS FeCr. Parameters according to Table 4, c = 8.
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4.5. Superposition rules

Even being aware of the missing pieces of information as outlined
above, it is surprising that the microstructure-informed model with srss-
type superposition, which, according to [26], is more promising than
linear superposition, gives rise to an underestimation of the NI response
for ODS FeCr by an order of magnitude. This can hardly be explained by
possibly missing TEM-invisible hardening features. It cannot be ex-
plained by the approximations due to the model parameterization ei-
ther. Tentatively, we have to conclude that linear superposition is more
appropriate for ODS FeCr contrary to the reported opinion, e.g. [26].
This is at difference from the situation for Fe-9Cr, for which, taking into
account possibly missing hardening features, neither linear nor srss-
type superposition (nor anything in between) is in conflict with the
measured NI response. Indeed, mixed linear/srss-type superposition
[42] and superposition rules with fractional exponent between 1
(linear) and 2 (srss) [36] were suggested in the literature.

The difference between the superposition rules found to be appro-
priate for the two materials is presumably due to the ratio of irradiation
hardening and initial hardness. This ratio is approximately 1/2 and 1/5
for Fe-9Cr and ODS FeCr, respectively, see Fig. 8. In terms of micro-
structure, the most prominent difference is the presence of oxide na-
noparticles in ODS FeCr, which alone make up more than 50% of the
initial hardness.

5. Conclusions

The depth-dependent distribution of dislocation loops and the na-
nohardness as a function of contact depth were measured for Fe-9Cr
and ODS FeCr irradiated with 5 MeV Fe ions. Empirical models were
applied to link primary radiation damage with the irradiated micro-
structure and the microstructure with irradiation hardening.

TEM revealed visible bands of increased number density of loops in
the depth range around maximum dpa and maximum injected inter-
stitials. The experimentally determined depth-dependent number den-
sity of dislocation loops was decomposed into fractions arising from
displacement damage and injected interstitials. The latter fraction
corresponds to 7% and 2% of the total injected interstitials for Fe-9Cr
and ODS FeCr, respectively. The lower fraction for ODS FeCr is con-
sistent with the operation of oxide nanoparticles as point-defect sinks.

For both materials, a maximum of the irradiation-induced hardness
increase as a function of contact depth was found. This observation is
rationalized by a combination of the dispersed barrier hardening model
and the half-sphere approximation of the plastic zone. The predicted
and observed positions of the maximum were found to agree for size
factors of the plastic zone of 8.5 and 7.5 for Fe-9Cr and ODS FeCr,
respectively. The size factors calculated according to the expanding
cavity model [30] overestimate our values, but follow the same
ranking. The overestimation can be explained by strain hardening not
considered in the expanding cavity model.

The amount of predicted irradiation hardening depends on the se-
lected superposition rule of contributions arising from pre-existing and
irradiation-induced barriers. For linear superposition, the substrate ef-
fect is correctly reproduced by averaging the hardness over the plastic
zone, but not by averaging the square of hardness (i.e. the dislocation
density). No such discrimination was found for srss-type superposition.
Tentatively, the appropriate superposition rule is found to be between
linear and srss for Fe-9Cr and close to linear for ODS FeCr. This dif-
ference is presumably due to different ratios of irradiation hardening
and initial hardness. The inappropriateness of srss-type superposition
for ODS FeCr is surprising and requires further attention.

The presented framework is useful for the separation of the pure
effect of displacement damage from the total ion-irradiation effect on
hardening as a step towards improved transferability to the case of
neutron irradiation hardening. It is important to note that this is only
one out of several transferability issues also including effects of steep

damage gradients, pulsed versus continuous irradiation and irradiation
flux.

Important subjects of ongoing and future work are a more complete
characterization of the irradiated microstructure, including atom probe
tomography, of the investigated alloys as well as the consideration of
model alloys that exhibit only one type of irradiation-induced nano-
features. Such studies will allow microstructure-informed predictions
and the measured NI response to be compared with respect to the ab-
solute value of hardening. Ongoing work is also dedicated to the effect
of the ion energy on irradiated microstructures and hardening.
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