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ARTICLE INFO ABSTRACT

Ferritic/martensitic steels will be used as structural components in next generation nuclear reactors. Their
Dataset link: https://doi.org/10.5281/zenodo. successful operation relies on an understanding of irradiation-induced defect behaviour in the material. In this
10804185 study, Fe and FeCr alloys (3-12%Cr) were irradiated with 20 MeV Fe-ions at 313 K to doses ranging between

0.00008 dpa to 6.0 dpa. This dose range covers six orders of magnitude, spanning low, transition, and high dose
regimes. Lattice strain and hardness in the irradiated material were characterised with micro-beam Laue X-ray
diffraction and nanoindentation, respectively.

Hardness Irradiation hardening was observed even at very low doses (0.00008 dpa) and showed a monotonic increase with
Lattice strains dose up to 6.0 dpa. Lattice strain measurements of samples at 0.0008 dpa allow the calculation of equivalent
Defects Frenkel pair densities and corrections to the Norgett-Robinson-Torrens (NRT) model for Fe and FeCr alloys at
low dose. NRT efficiency for FeCr is 0.2, which agrees with literature values for high irradiation energy. Lattice
strain increases with dose up to 0.8 dpa and then decreases when the damage dose is further increased. The

Keywords:
Iron alloys
Ion irradiation

* Corresponding author.
E-mail addresses: kay.song@eng.ox.ac.uk (K. Song), felix.hofmann@eng.ox.ac.uk (F. Hofmann).

https://doi.org/10.1016/j.jnucmat.2024.154998
Received 15 August 2023; Received in revised form 29 February 2024; Accepted 2 March 2024

Available online 7 March 2024
0022-3115/© 2024 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


http://www.ScienceDirect.com/
http://www.elsevier.com/locate/jnucmat
https://doi.org/10.5281/zenodo.10804185
https://doi.org/10.5281/zenodo.10804185
mailto:kay.song@eng.ox.ac.uk
mailto:felix.hofmann@eng.ox.ac.uk
https://doi.org/10.1016/j.jnucmat.2024.154998
https://doi.org/10.1016/j.jnucmat.2024.154998
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jnucmat.2024.154998&domain=pdf
http://creativecommons.org/licenses/by/4.0/

K. Song, D. Sheyfer, K. Mizohata et al

Journal of Nuclear Materials 594 (2024) 154998

strains measured in this study are lower and peak at a larger dose than predicted by atomistic simulations. This
difference can be explained by taking temperature and impurities into account.

1. Introduction

Reduced-activation ferritic/martensitic (RAFM) steels are leading
candidate materials for structural components of fusion reactors, par-
ticularly for blanket/first-wall components [1]. They possess superior
resistance to radiation-induced swelling and better thermal properties
than austenitic stainless steels [2].

To better understand the effect of irradiation on the microstructure
and material properties of RAFM steels, iron-chromium (FeCr) binary
alloys have often been studied as a model system [3-7]. The FeCr
system can provide a mechanistic understanding of irradiation dam-
age in ferritic/martensitic steels while removing many microstructural
complexities. Consequently, it becomes more feasible to compare ex-
perimental and simulation data [8].

A significant challenge in fully understanding the effects of nuclear
fusion operations on structural steels is the lack of an existing power
plant facility. While certain aspects of irradiation can be replicated with
fission neutrons [9-11] and ion irradiation [12-14], it is costly and
time-intensive to reproduce the full range of conditions expected for
structural materials in a nuclear fusion power plant. This necessitates
the development of reliable simulation models ranging from first prin-
ciples atomistic simulations to simulations that capture evolution and
degradation at the component scale [8,15-17].

Comparison to experimental data is crucial for the validation and
optimisation of these models. However, several key gaps exist in the
literature on FeCr regarding experimental studies:

1. Low-temperature (< 573 K) irradiation effects: The majority of ex-

periments have been performed in the 623-773 K temperature
window expected in-service for most of the structural components
[18]. Hardening following ion-irradiation has been observed at
these temperatures, reaching saturation around 1-2 dpa, particu-
larly for Cr content greater than 5% [19,20]. It is interesting to note
that most of the data in the literature regarding hardening follow-
ing neutron irradiation indicate hardness saturation beyond 5-10
dpa [18]. This could be a result of different dose rates and primary
knock-on atom energy spectra between neutron and ion-irradiation
[21]. Transmission electron microscopy (TEM) observations have
revealed the presence of a(100) and g(l 11) dislocation loops, with
the former more dominant at temperatures closer to 773 K and the
latter prevailing at 573 K or below [22]. At high temperatures, the
stability of dislocation loops is reduced [23] and dislocation mi-
crostructures also undergo coarsening, both of which affect loop
distribution and density [24].
However, the effects of irradiation at low temperatures have not
been extensively studied. Low temperatures are also of operational
significance as reactor cooling components are expected to operate
below 573 K [25]. Experimental data is required from irradiation in
this temperature range, particularly at room temperature, in order
to study and model the athermal effects of defect population and
behaviour at lower temperatures.

2. An extensive range of irradiation levels: Reactor components in

operation are expected to sustain irradiation exposure up to ~100
dpa [9,26]. Volumetric swelling, caused by the formation of voids
at high doses (> 1 dpa) and elevated temperatures (> 673 K), has
been extensively investigated for Fe and FeCr-based alloys [27,28].
At low doses (< 0.1 dpa), volumetric swelling has been demon-
strated to originate from the lattice strain of point defects [29].
The issue for reactor components is that even at low dose, lat-
tice swelling can cause large stresses on the order of hundreds of

MPa [30,31] and their non-uniform distribution due to irradiation
may lead to macroscopic deformation. In FeCr, lattice strains are
strongly dose- and composition-dependent [32], but the parameter
space explored thus far is limited.

Studying material property changes at low doses (« 1 dpa) is
important for several reasons. Firstly, many irradiation-induced
changes reach saturation at a certain dose [20,33,34]. Determining
the dose threshold for saturation is crucial for operation. Secondly
certain modelling techniques, such as ab initio and molecular dy-
namics [17], face limitations when trying to simulate a large range
of exposures due to constraints on computational resources. There-
fore, the availability of experimental results obtained at a range
of, including very low, doses for comparison is needed. Thirdly,
the distribution of defects and material property changes in a real-
life reactor component will not be homogeneous. Predicting how
these distribution gradients will affect material performance re-
quires knowledge of material property changes across a wide range
of damage levels. Finally, the damage microstructure of materials
has been found to depend on pre-existing damage [35,36]. As such,
knowledge of the damage accumulation history and effects at lower
doses is crucial.

3. The synergistic effect of dose and composition: Though there are
many studies of irradiation-induced effects in FeCr that explore
a range of sample conditions [1,7,18,37], the parameter space
covered in each individual study (e.g. dose level, compositional
variation, temperature, irradiating ion species) is generally limited
[7,38]. For example, the nanoindentation work of Heintze et al.
[19] only covers 2 doses (1 and 10 dpa) for Cr content ranging
from 2.5% to 12.5% following ion irradiation at room temperature.
There is of course a trade-off between examining specific phenom-
ena in detail versus covering a broader parameter space. However,
identifying synergistic effects, as well as broader parameter space
effects, from comparing different studies is difficult due to varia-
tions in sample history and irradiation conditions.

To address these aforementioned gaps in literature, it is important
to also consider which irradiation effects to focus on. TEM is one of
the most common methods of studying irradiation-induced defect struc-
tures and populations [22,39,40]. TEM has provided many key insights
on defect density, size distribution, and defect type. However, the lack
of sensitivity of TEM to small defects (< 1 nm) [41] makes it incom-
plete for the study of the full defect population, particularly at low
doses where a majority of defects are below the detection threshold
[42]. Positron annihilation spectroscopy revealed a discrepancy, of up
to two orders of magnitude, in defect cluster density compared to TEM
measurements at doses as low as 1073 dpa [43]. Measurements of ma-
terial properties such as thermal diffusivity [44] and lattice strain [32]
have also revealed key insights into defect populations, while also show-
ing significant discrepancies in defect density estimates compared to
TEM studies at the same dose. The study of irradiation-induced changes
in the mechanical properties of steels has also been useful to under-
stand the effect of the damage microstructure [45,46]. Therefore, lattice
strain and hardness characterisation have been chosen for this study to
obtain a broader understanding of defect populations in FeCr. Further-
more, key mechanistic insight can also be revealed by comparing and
contrasting the evolution of different material properties.

In this study, we present the characterisation of lattice strain and
hardness changes induced by Fe-ion irradiation of Fe and FeCr alloys.
We examine a range of doses from 0.00008 dpa to 6 dpa, spanning
six orders of magnitude, for six compositions of FeCr binary alloys



K. Song, D. Sheyfer, K. Mizohata et al

Table 1

Journal of Nuclear Materials 594 (2024) 154998

The chemical compositions of the FeCr alloys used in this study as measured by the man-
ufacturer using glow discharge mass spectrometry [47,48]. The manufacturer reported
values in weight content, which have also been converted to atomic content as shown
in the table. The mean grain size was determined from EBSD measurements, with + 1
standard deviation shown here (see Appendix A).

Alloy Cr (Wt%) C (wppm) S (wppm) O (wppm) N (wppm) Mean grain
(equivalent atomic content, at% or appm, in brackets) size (um)
< 0.0002 4 2 4 1
Fe (<0.0002) (18) 3 14) @ 187 £ 150
3.05 4 3 6 2
Fe3Cr oo 18) ©) @1 ® 160 + 114
5.40 4 3 6 2
Fe5Cr (5.78) as) ©) @1 ) 112 + 60
7.88 6 2 10 2
Fe8Cr (8.41) (28) ) (35) 8) 86+63
10.10 4 4 4 3
FeloCr 19.77) as) %) a4 12) 98+55
11.63 6 2 4 <10
Fel2Cr (1938) @8) @) a4 (< 40) 281 +250
(0 < Cr% < 12). We also discuss key insights, at low dose, of de- 6 ey 1000 =
fect production and retention rate, comparing with the commonly-used n Iniected g_
Norgett-Robinson-Torrens (NRT) model and microscopy results from s _“Iojn A 800 &
the literature. The effect of dose and Cr concentration on defect mo- 8 c
bility and clustering is explored by comparing experimental trends of Ty ;c%
. . . c . . [0) ©
h‘ardness and lattice strain, as well as with predictions from simula- 2 Depth range 600 ‘aE;
tions. O 3} for calculating o
.5 nominal dose o
2. Materials and methods T 400 ©
8’ G
2.1. Sample preparation and ion-implantation k= °
1 200 %
The high-purity FeCr alloy materials used in this investigation were 'qci
manufactured under the European Fusion Development Agreement 0 0
(EFDA) programme (contract EFDA-06-1901). The chemical composi- 0 1 2 3 4 5

tions and mean grain sizes of the as-delivered alloys are listed in Ta-
ble 1.

The alloys were produced by induction melting under an argon at-
mosphere, followed by hot-forging at 1273 K for Fe and 1423 K for all
other compositions. The bars were subsequently cold-forged with a re-
duction ratio of 70%. Heat treatment of 1 hour was conducted at 973
K for Fe, 1023 K for Fe3Cr, Fe5Cr, and Fe8Cr, 1073 K for Fel0Cr, and
1123 K for Fel2Cr. The recrystallised materials were then air-cooled
[47,48]. Surprisingly, for Fe8Cr, our electron backscatter diffraction
(EBSD) characterisation of the materials revealed significant signs of
cold work (intragranular misorientation) in the microstructure of the
materials, unlike the other compositions (Appendix A). In addition, the
measured average grain size of 86 + 63 um differs noticeably from the
manufacturer-quoted value of 320 um [48]. As such, we suspect that
the Fe8Cr raw material may not have been fully heat treated to the
conditions reported by the manufacturer.

The as-delivered samples were sectioned with a fast diamond saw
into pieces of approximately 5 x 5 x 0.7 mm?> in size. The polish-
ing process consisted of mechanical grinding with SiC paper, followed
by polishing with diamond suspension and colloidal silica. Finally, the
samples were electropolished with 5% perchloric acid in ethanol, with
15% ethylene glycol monobutyl ether, at 293 K for 2-3 minutes using a
Struers LectroPol-5 machine. The voltage applied during electropolish-
ing was 45 V for Fe and Fe3Cr, 35 V for Fe5Cr and Fe8Cr, and 30 V for
FelOCr and Fel2Cr.

An energy of 20 MeV was chosen for Fe-ion irradiation, as this pro-
duced a damage layer of 3.5 um thickness, allowing characterisation
with X-ray diffraction and nanoindentation. Depth profiles of the dam-
age and injected ion distribution (Fig. 1) were calculated with SRIM

Depth (um)

Fig. 1. The calculated dose and injected ion profile from SRIM for 20 MeV Fe-
ion irradiation on Fe target. The profile shown corresponds to a nominal dose
of 0.8 dpa (average of the first 2 um of the dose profile). It is assumed the total
profile of the dose and injected ions scale linearly with irradiation ion fluence.

using the Quick K-P model [49] with 20 MeV Fe ions on a Fe target
with 40 eV displacement energy [50] at normal incidence. The dpa pro-
file was calculated using the vacancy.txt method described in [51,52].
In this study, the nominal dose of an irradiation profile refers to the av-
erage damage dose in the first 2 pm of the sample, where the damage
profile is relatively flat and the injected ion concentration is still low.

Ton-implantation was performed at room temperature with Fe**+ ions
using the tandem accelerator at the Helsinki Accelerator Laboratory.
The vacuum level inside the irradiation chamber was maintained at
8% 10~7 mbar. The irradiation conditions are listed in Table 2. For each
sample composition, up to 7 different nominal dose levels were pro-
duced (0.00008 dpa, 0.0008 dpa, 0.008 dpa, 0.08 dpa, 0.8 dpa, 3.6 dpa
and 6.0 dpa). An unirradiated reference sample was also retained for
each composition. To enhance readability, we will use scientific nota-
tion labelling for the lowest 4 doses in this study. 0.8 is used as the
coefficient (e.g. 0.00008 dpa is written as 0.8E-4 dpa) to align the ex-
ponents in the notation with the exponents of the figures presented in
the Results section.

A custom-built holder was designed for the irradiation process that
allowed active temperature control using a combination of liquid nitro-
gen cooling and a cartridge heater. The samples were mounted on an
aluminium block, and a thermocouple was positioned within 10 mm of
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Irradiation conditions for this study. The nominal dose is calculated from the average of the
dose profile in the top 2 um below the surface, as shown in Fig. 1. The convention described
for the dose name will be used for the rest of this paper.

Dose name Nominal dose Total fluence Nominal dose Flux Irradiation time
(dpa) (ions/cm?) rate (dpa/s) (ions/cm?/s) (hour:min:sec)
0.8E-4 0.00008 5.30x10"! 3.54x10°¢ 2.34x10'° 00:00:17
0.8E-3 0.0008 5.30x10'2 3.54x107° 2.34x10'0 00:03:12
0.8E-2 0.008 5.30x10"3 4.65x1073 3.08x10" 00:02:51
0.8E-1 0.08 5.30x10'* 5.31x1073 3.52x10"! 00:25:06
0.8 0.8 5.30x10"3 2.78x1073 1.80x10" 08:09:27
3.6 3.6 2.39x10'6 4.61x107> 3.05x10"! 21:42:00
6.0 6.0 3.98x10'° 4.50x1073 2.98x10'"! 37:00:16

the samples to monitor the temperature. For the irradiations in this in-
vestigation, the temperature was held constant at 313 K. Due to the spa-
tial constraints of the sample holder, the samples had to be irradiated in
two separate groups (Fe/Fe3Cr/Fe5Cr and Fe8Cr/Fel0Cr/Fel2Cr). The
exception was for the 6.0 dpa irradiation where only Fe, Fe5Cr, FelOCr,
and Fel2Cr were irradiated simultaneously due to time constraints.

2.2. Micro-beam Laue X-ray diffraction

Lattice strain, i.e. change in the atomic plane-spacing of the crystal,
caused by the irradiation was measured using micro-beam Laue X-ray
diffraction at the 34-ID-E beamline, Advanced Photon Source (Argonne
National Laboratory, IL, USA). Depth-resolution in the sample mea-
surements was obtained using Differential Aperture X-ray Microscopy
(DAXM), which has been described in detail elsewhere [53-55]. Briefly,
the sample is mounted in 45° reflective geometry. An area detector
(Perkin-Elmer, #XRD 1621, pixel size 200 x 200 um?) positioned above
the sample records the Laue diffraction patterns. The key component of
this technique is a platinum wire (~100 pm in diameter, mounted on
a silicon monocrystal) that is oriented perpendicular to the beam di-
rection, and scanned parallel to the surface of the sample, through the
diffracted beams. By comparing the intensity of each detector pixel as
the wire is moved along consecutive positions, and triangulating using
the position of the incident beam and the wire edge, a profile of in-
tensity as a function of sample depth can be obtained for the whole
detector. This enables the reconstruction of diffraction patterns as a
function of depth into the sample along the beam path (i.e. at 45° to
the sample surface). By also scanning the incident X-ray beam energy,
a Bragg peak can be fully measured in 3D reciprocal space and as a
function of depth into the sample. Note that for the subsequent analysis
presented in this study, all profiles have been converted into a function
of depth perpendicular to the sample surface.

The X-ray beam size at the sample surface was 190 x 360 nm?2,
and the estimated depth resolution was ~1 um. For each sample, a
minimum of 3 points were measured on grains within 5° of (001) out-
of-plane orientation, identified in advance with EBSD. The energy of the
monochromatic beam was chosen to match that of a {00n} reflection in
the range of 11 to 16 keV. This ensured that the dominant source of the
diffraction signal is from the top 5 um of the sample where the irradi-
ated layer lies. For each measurement, an energy range of ~40 eV was
scanned to fully capture the diffraction peak in 3D reciprocal space. An
energy step size of 1 eV was used for all samples except for the lowest
dose irradiation, where a 0.5 eV step size was used. It should be noted
that measuring only the reflection closest to the normal orientation of
the grain gives the out-of-plane strain, not the full strain tensor. Pre-
vious DAXM measurements on ion-irradiated tungsten showed that the
in-plane strains are small compared to the out-of-plane strain [31,55].
This is due to the constraint imposed by the unimplanted material be-
neath the irradiated layer.

Two of the data points were further studied with a similar method
where depth-resolution of the diffraction signal was achieved using a
coded aperture instead of a platinum wire. Specifically these measure-
ments were performed for Fe8Cr 0.8E-4 dpa and Fe8Cr 3.6 dpa samples.

Further details of the coded aperture technique can be found elsewhere
[56,57].

2.3. Nanoindentation

The hardness of the implanted layer was measured by nanoinden-
tation using an MTS Nano Indenter XP with a diamond Berkovich tip
(Synton-MDP). The tip area calibration was performed on fused silica
(elastic modulus of 72 GPa). Indents of 2 pm deep were performed us-
ing continuous stiffness measurement (CSM) mode [58], with a strain
rate of 0.05 s~!, a CSM frequency of 45 Hz, and a harmonic amplitude
of 2 nm. At least 35 indents, spaced at a minimum distance of 50 pm
apart, were carried out across a minimum of 10 grains on each sample.

The representative hardness values were analysed in two ways. The
first by taking the average hardness from CSM between indentation
depths of 300-600 nm for all samples. This depth range was chosen
to largely avoid indentation size effects (ISE) at shallower depths and
contribution from the softer unirradiated bulk at greater depths.

The second method considers the Nix-Gao model, which accounts
for the contribution of geometrically necessary dislocations to correct
for ISE [59]. The depth-dependence of hardness is described by:

H h*

H_o =4/1+ " 1)
where H is the measured hardness at indentation depth s, H is the
bulk equivalent hardness at infinite depth, and 4* is a characteristic ISE
length scale that depends on the indenter shape and material hardness.
This method has been previously applied to ion-irradiated ferritic al-
loys by limiting the indentation depth range over which the analysis is
carried out to avoid contributions from the plastic zone extended into
the unirradiated bulk [60-63]. For this study, the range of indentation
depth for analysis is 100-600 nm. This minimises the effect of tip blunt-
ing and surface roughness at shallow indentation depths, and avoids the
bulk unirradiated material contribution. We note that for the unirradi-
ated samples, the indentation depth range for analysis is 100-2000 nm,
making use of the full depth range.

3. Results

3.1. Irradiation-induced lattice strain

3.1.1. Extracting strain from diffraction data
Fig. 2(a) and (d) show the measured integrated intensity for the

(004) peak at 0.8 dpa in the Fe and FelOCr samples, respectively. The
intensity is plotted as a function of the scattering vector magnitude
O = |0Q] and of the reconstructed depth into the surface. The depth-
reconstruction and integration procedure was performed with LaueGo
[64]. The distribution of Q changes as a function of depth (Fig. 2(b)
and (e)), with the distribution in the first 6 um shifting towards lower
Q values compared to those measured from 7 um and deeper. From
Fig. 1, the predicted range of displacement damage and injected ions
only extend to 3.5 um below the surface. Therefore, the distribution of
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Fig. 2. The integrated intensity plotted as a function of the magnitude of the scattering vector, Q, and depth perpendicular to the surface of the sample for (a) Fe at
0.8 dpa and (d) FelOCr at 0.8 dpa. (b), (e) Intensity vs. Q for different depths into the sample (indicated by white arrows in (a) and (d)). The measured diffraction
intensities shown here have been normalised to the point of highest intensity in each respective dataset. (c), (f) The corresponding lattice strain in the sample as a
function of depth into the surface. The dashed line showing zero strain is included for comparison. (For interpretation of the colours in the figure(s), the reader is

referred to the web version of this article.)

QO at depths much greater than this can be attributed to the undamaged
material in each sample, conveniently serving as a built-in strain-free
reference.

For each depth, a single Gaussian function was fitted to the intensity
distribution in Q, and the centre of the distribution (Q,) was extracted.
An intensity-weighted average of Q. from depths 7 to 12 um was used
as the strain-free reference Q, of each sample. The lattice strain e at
each depth is calculated using the expression:
0y—-0,

o,

Performing this analysis for all depths yields the results shown in
Fig. 2(c) and (f), respectively, for Fe and FelOCr implanted to 0.8 dpa.
These plots show that irradiation causes lattice strain changes down to
6 um below the surface, which is significantly deeper than the damage
layer thickness predicted by SRIM (Fig. 1). The magnitude of strain
increases with depth, reaching a peak at 3-3.5 um before decreasing to
zero at depths greater than 6 um.

Interestingly, at depths corresponding to the peak injected ion con-
centration, the intensity vs. Q profile is not a single Gaussian distribu-
tion (depth = 2.8 um-3.2 um in Fig. 2(b) and (e)). An additional peak
appears at lower Q, corresponding to lattice expansion. This is presum-
ably a result of injected ions existing as interstitials in the material,
which have a positive relaxation volume, leading to lattice swelling
[65]. The appearance of an additional Q peak was only observed for
damage levels of 0.8 dpa or higher. Very clear splitting was observed
for all FeCr alloys, while Fe samples only showed a slight asymmetric
peak broadening.

This study focuses on the lattice strain associated with the colli-
sion damage cascade formed during irradiation. As such, the subsequent
analysis will focus on the measurements in the depth range of 0 to 2 pum,
where the effect of the injected ions is negligible.

2

3.1.2. Strain as a function of dose
The lattice strain caused by the displacement damage, as opposed
to the injected ions, was examined by analysing the average strains

x107
O Fe12Cr
5 %Fetocr —/%F :
Fe8Cr / =
4 o Fe5Cr - \

O Fe3Cr Z \
£ . oFe 7i ¥
— 3 B /’/

175} _ :
[0) //
o2 /
[ = >
: W= Ay

1 5

: il ’:
0 : -
-1
107 103 1072 107" 10° 10"

Nominal Dose (dpa)

Fig. 3. The average out-of-plane lattice strain in the top 2 um of each sample
plotted as a function of irradiation dose for all compositions. The vertical error
bars represent the standard deviation in lattice strain across the 2 um layer. The
horizontal error bars represent the range of dose levels within the first 2 um of
the samples. Markers have been offset horizontally for clarity.

in the top 2 pum of the samples (Fig. 3). The reported uncertainties in
lattice strains are the standard deviation values across the top 2 um
of all measurements for each sample. The plotted error bars for dose
represent the dose range in the top 2 um of the irradiated samples. For
all sample compositions, except Fe5Cr, no lattice strain was detected at
0.8E-4 dpa. Lattice strain increases monotonically with dose from 0.8E-
4 dpa to 0.8 dpa for all sample compositions. In the case of pure Fe, the
strain does not change significantly as a function of dose beyond 0.8
dpa. However, for all FeCr alloys, there is a reduction in strain for doses
greater than 0.8 dpa.

Positive lattice strain indicates lattice expansion associated with
crystal defects that have a positive relaxation volume (€2, in units of
atomic volume). In BCC Fe, self-interstitials have a positive relaxation
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Fig. 4. The average out-of-plane lattice strain in the top 2 pm of each sample as
a function of Cr content for 0.8E-4 dpa, 0.8E-2 dpa, 0.8 dpa and 6.0 dpa. The
vertical error bars represent the standard deviation in lattice strain in the 2 um
layer for all measurements taken for each particular composition and dose.

-4
15 x10

o Fe5Cr

* Fe10Cr
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Fig. 5. A comparison of the strain profile as a function of depth for Fe (purple),
Fe5Cr (green), and FelOCr (orange) samples irradiated to 0.00008 dpa. The
error bars represent + 1 standard deviation from the measurements taken on
each sample. Markers have been offset horizontally for clarity. A dashed line at
zero strain is shown for reference.

volume (Q;,, ~1.6-1.8), while vacancies have a negative relaxation vol-
ume (Q,,. = -0.220) [65]. Therefore, the net effect of a Frenkel pair
is a positive relaxation volume. A reduction in lattice strain thus sug-
gests that there is a removal of interstitial defects from the system with
increasing irradiation dose, or a greater retention of vacancies than in-
terstitials.

3.1.3. Strain as a function of Cr

For all irradiation dose levels, a non-monotonic relationship be-
tween lattice strain and Cr content is observed (Fig. 4). Pure Fe samples
exhibit the lowest lattice strain level compared to FeCr samples at any
given dose, except 6.0 dpa. Lattice strain appears to be greatest for
Fe5Cr and Fe8Cr at all measured doses. Fel0Cr and Fel2Cr generally
show a similar amount of lattice strain at a given dose level.

3.1.4. Onset of strain with dose

At the lowest dose investigated for this study (0.8E-4 dpa), all sam-
ples except Fe5Cr showed no statistically significant strain within any
depth of the implanted layer (some representative examples are shown
in Fig. 5). There are some measurement points for Fe and Fel0Cr which
appear to show negative strain. However, considering the size of the
error bars, which represent + 1 standard deviation from values across
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all measurements on each particular sample, these negative values are
likely due to experimental uncertainty rather than an implantation ef-
fect.

Even though there are some fluctuations in the measurements and
fitting of intensity vs. Q at these low dose levels, the Fe5Cr sample
clearly exhibits positive strain in the first 4 pym (Fig. 5). The strain
profile peaks between depths of 2.5 pm to 3 um, similar to profiles
of samples implanted to higher doses (Fig. 2(c) and (f)). This peak is
likely due to the presence of injected Fe ions. From the measured strain
level, a lower-bound estimate of the equivalent Frenkel pair density can
be calculated (Appendix B). For the Fe5Cr sample at 0.8E-4 dpa, this
value is 5.9 x 102* m~3 within the first 2 ym below the surface. Note
that this corresponds to a defect retention efficiency of 87%, which is
much higher than the expected 20-30% (further discussed in the subse-
quent section). This high defect retention is likely due to a combination
of low irradiation temperature reducing recombination rates and the
high interstitial defect retention of Fe5Cr. The detailed discussions of
the possible mechanism for the latter factor are provided in Section 4.2.

3.1.5. Comparison to the NRT model

The defect concentration predicted by the NRT model [66], which
is used to calculate the dose in dpa, is a major overestimation, par-
ticularly at primary knock-on atom (PKA) energies much higher than
the displacement energy of the material [67]. This is the case for the
present study where the irradiation was performed with 20 MeV ions,
while the displacement energy of Fe is only 40 eV. The ‘NRT efficiency’
is the ratio of the actual concentration of defects in the material, usually
measured by electrical resistivity or calculated by molecular dynamics,
to the NRT model predictions. From studies in the literature [67], the
NRT efficiency of metals saturates at 0.2-0.3 at high PKA energy (> 1
keV).

By converting the measured lattice strain into a corresponding
Frenkel pair density (Appendix B), the NRT efficiency in Fe and FeCr at
313 K can be calculated (Fig. 6(a)). The lattice strain values at 0.8E-3
dpa and 0.8E-2 dpa were chosen for this calculation as all samples ex-
hibit non-zero lattice strain at these doses. Uncertainties in the lattice
strain measurements (from Fig. 3) have been propagated forward when
calculating defect densities and NRT efficiencies. Low irradiation doses
were chosen because the NRT-dpa definition and the NRT efficiency are
only applicable for non-overlapping cascades [68]. Furthermore at low
dose, the effect of defect clustering can be minimised, which allows a
more accurate conversion of strain to defect density. This is important
as one of the key assumptions made in the defect density calculation
is that all defects present in the samples are isolated Frenkel pairs (Ap-
pendix B).

The NRT efficiency is highest for Fe5Cr and Fe8Cr at both doses
examined (Fig. 6(a)), and the values fall within the expected range of
0.2-0.3 reported in the literature [67]. It is the lowest for pure Fe at
~0.02.

There is a reduction in NRT efficiency for all FeCr samples from
0.8E-3 dpa to 0.8E-2 dpa. This suggests either a decrease in defect re-
tention, or the occurrence of significant defect clustering or cascade
overlap. Interestingly, this is not the case for pure Fe, which has the
same NRT efficiency at both doses within measurement error.

By comparing to the theoretical strain from 100% defect production
and retention (i.e. NRT efficiency = 1), it can be seen that our samples
are in the regime where defect retention is much lower than predicted
by the NRT model (Fig. 6(b)). For all FeCr samples, defect accumula-
tion deviates from linear behaviour from 0.8E-3 dpa onwards. For Fe,
this deviation happens beyond 0.8E-2 dpa. This suggests the ‘low dose’
regime, before the onset of cascade overlap, ends between 0.001 to 0.01
dpa. This transition dose also depends on NRT efficiency, with a lower
dose threshold for higher NRT efficiency material (such as Fe5Cr and
Fe8Cr).



K. Song, D. Sheyfer, K. Mizohata et al

@ o3
0 0.8E-3 dpa
A =
0.95 0.8E-2 dpa
3
2 02
0
($)
£ 0.15
L
E 0.1
] %
0.05
boe T
0
0 5 10
Cr Content (%)

Journal of Nuclear Materials 594 (2024) 154998

(b) x10*

4 . g —f
< fiitr —&
o - ;o 1 /

-§ 1 /éﬂ‘/// # } s
® —8 LK 7 [¥Feloc
s ; ﬁ‘(ﬁ o Fism[e‘ié)")

< Fe (exp)

- NRT efficiency = 1
Fe10Cr (linear prediction)

- - Fe5Cr (linear prediction)

- - Fe (linear prediction)

102 102 107 10° 10
Nominal Dose (dpa)

’

2
107
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3.2. Hardness

Some solid solution hardening with the increase of Cr concentra-
tion is evident. From the constant-depth analysis (Fig. 7(a)), hardness
appears to increase linearly with Cr content. However, from the Nix-
Gao model (Fig. 7(b)), the bulk equivalent hardness shows that there
appears to be negligible hardness change with the addition of up to
5% Cr, which agrees with previous findings from the same bulk ma-
terials [32]. There also appears to be no change in hardness from 8%
to 12% Cr. Overall, the bulk equivalent hardness H,, is lower than the
constant-depth hardness, demonstrating that there is still contribution
to hardening due to ISE even when averaging between 300-600 nm in-
dentation depth data. Data of the fitted ISE length scale (7*) is included
in Appendix C.

The irradiation hardening increases as a function of dose up to 0.8
dpa. The difference in hardness between samples of different Cr content
at each dose increases with dose. This corresponds to a greater irradia-
tion hardening rate for samples of higher Cr content.

Beyond 0.8 dpa, the hardness curves appear to flatten out slightly
for Fe, Fe3Cr, and Fe5Cr, suggesting the onset of saturation in irra-
diation hardening. However, for Fe8Cr, Fel0Cr, and Fel2Cr, the dose-
dependence of hardening differs between the two analysis methods. The
constant-depth analysis suggests an increase of hardness as a function of
dose, whereas the Nix-Gao method suggests hardness saturation, similar
to the samples of other compositions in this study.

4. Discussion
4.1. Trends with dose

4.1.1. Low dose effects (< 0.008 dpa)

The lattice strain for Fe5Cr observed at 0.8E-4 dpa (the lowest dose
in this study) corresponds to a lower bound equivalent Frenkel pair
density of 5.9 x 10** m~3. The dose threshold for defect observation
with TEM in irradiated FeCr (manufactured under the same project as
the samples in this study) has been reported as 1.5E-3 dpa [69]. This
threshold is 20 times higher than the dose at which we observe the onset
of defect-induced lattice strain. The authors of the TEM study estimated
the defect density at 1.5E-3 dpa to be 6.5 x 102 m=3. From the lattice
strain measurements at a similar dose in this study (0.8E-3 dpa, Fig. 3),
the estimated defect density is between 6.0 — 17.1 x 10?* m~3 for Fe
and FeCr alloys. The significant difference in defect density estimates
from X-ray lattice strain measurements compared to TEM measurements
may be attributed to the limited sensitivity of TEM to very small defect
features (< 2 nm) [41]. At low doses, these small defects are expected
to dominate the defect population [22,42].

Similar findings from a different study of Fe irradiated with neutrons
at 325-345 K revealed that the defect cluster density estimated by TEM
is over two orders of magnitude lower than that determined by positron
annihilation spectroscopy [43]. From that study, a nanocavity density
of 2x 10?* m~3 at 1E-4 dpa was measured, with most nanocavities less
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than 1 nm in diameter (below TEM resolution limit). Even though this
nanocavity density value is different from the equivalent Frenkel pair
density found at 0.8E-4 dpa in this study, the difference can be recon-
ciled by considering that a 1 nm nanocavity could contain an equivalent
of up to 10 vacancy point defects [70].

Irradiation hardening was observed for all Fe and FeCr samples at
0.8E-4 dpa. The amount of hardening increases with Cr content, from
2% hardening for pure Fe to 5% hardening for Fel2Cr. In the literature,
a 10% increase in yield stress (related to changes in indentation hard-
ness) was observed for pure Fe following room temperature neutron
irradiation to 1.2E-4 dpa, comparable to the lowest dose explored in
this study [43]. However, the TEM characterisation on the same sample
did not identify any visible defects.

A neutron dose of ~0.7E-3 dpa in Fe, Fe4Cr and Fe9Cr at the same
temperature as the current study (313 K) has been found to cause an
increase in yield stress of 35-40% by Hammad et al [71]. In compari-
son, at 0.8E-3 dpa, an increase of 3-13% (increasing with Cr content)
in nanoindentation hardness was measured in our study. However, a di-
rect comparison of nanoindentation hardness and yield stress from bulk
tensile testing is not straightforward due to the difference in length-
scale and mechanisms [72,73]. Nanoindentation hardness depends on
both the availability of sources for the nucleation of dislocations, and
their subsequent propagation. On the other hand, macroscopic yield
stress from bulk tensile testing depends mainly on the mobility of pre-
existing dislocations. Another reason for the discrepancy between our
study and that of Hammad et al. [71] could be due to the different levels
of impurities present. The carbon content for all of our samples is less
than 10 wppm (< 30 appm), according to the manufacturer [47,48].
This value is 10 times lower than that reported in [71]. Lower impurity
levels could greatly reduce defect retention, leading to less irradiation
hardening in our samples.

The calculation of NRT efficiency at 0.8E-3 dpa for Fe5Cr (0.22)
and Fe8Cr (0.19) is in good agreement with literature values (0.2-0.3)
[67,74]. An important consideration in this comparison concerns the
clustering of defects. In this study, the calculation of defect density re-
lies on the assumption that defects remain as isolated Frenkel pairs.
When clustering occurs, the relaxation volume per defect decreases, re-
quiring more Frenkel pairs to be present to produce the same amount
of strain as a corresponding population of isolated point defects. Hence
the estimates of defect density and NRT efficiency can be interpreted
as a lower-bound estimate. Furthermore, measurements of NRT effi-
ciency in most other studies [67] were performed at 4 K, which reduces
the rate of defect recombination. Higher temperatures, such as in our
study, therefore result in a further decrease of NRT efficiency [75]. The
low levels of impurities present in our materials may further limit de-
fect retention [76], which could contribute to a lower experimentally
measured value of NRT efficiency compared to the other studies.

In the low dose regime (0.8E-4 dpa to 0.8E-3 dpa), an increase in ir-
radiation dose leads to a monotonic increase in both lattice strain and
hardness. Defects likely evolve from isolated Frenkel pairs to some clus-
tering, resulting in a reduction in NRT efficiency with increasing dose.
Eventually, the threshold dose is reached for direct observation of de-
fects in TEM (~1E-3 dpa [69]).

4.1.2. Intermediate dose effects (0.008 < dose < 0.8 dpa)

The hardness and lattice strain measurements of this present study
are in good agreement with previous measurements conducted on
Fe3Cr, Fe5Cr and FelOCr (same raw materials) in similar conditions
to doses of 0.8E-2 and 0.8E-1 dpa [32]. The lattice strain measurements
of this study agree with previous measurements (averaged within the
top 2 um of the sample) to within 30%. Discrepancies can be attributed
to measurement uncertainties for small strains and slight variations be-
tween individual grains. The hardness measurements of this study agree
with those from [32] to within 9%. The difference in hardness val-
ues may be attributed to the grain orientation specificity [77] of the
previous study, which only considers grains with (100) out-of-plane
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orientation. In both cases, the evolution of hardness is similar with a
monotonic increase with both dose and Cr content.

In the intermediate dose regime, the rate of lattice strain increase
decreases with increasing dose. This indicates a deviation from a linear
accumulation of isolated Frenkel pairs (2 ~1.4-1.6). This could result
from the clustering of defects or a change in the ratio of interstitial to
vacancy defects. Several factors likely contribute to this.

The first is the effect of cascade overlap, which becomes important
at doses greater than ~1E-2 dpa, leading to the formation of disloca-
tion loops [40]. This causes a reduction in the relaxation volume, and
thus lattice swelling contribution, per defect. Another factor is the re-
duction in the survival rate of subsequently introduced defects due to
pre-existing defects in the crystal [35,36]. This leads to an overall lower
rate of defect population growth.

The effect of finite temperature is also important. Stages of defect re-
covery as a function of temperature have been identified from resistivity
studies in Fe [78]. At 313 K, the active mechanisms include Frenkel pair
recombination, as well as di-interstitial and vacancy migration. Since
interstitials have much greater mobility than vacancy defects, they are
more likely to cluster and reduce their contribution to overall lattice
strain per defect. Furthermore, the increase in concentration of defects
will also lead to a greater rate of recombination [78]. The net effect is
the reduction in the rate of lattice strain increase, which is observed for
all samples.

4.1.3. High dose effects (> 0.8 dpa)

The reduction of lattice strain with increasing irradiation dose above
0.8 dpa in FeCr suggests a net removal of interstitial defects. This has
been observed previously in self-ion irradiated tungsten by Mason et
al. [33]. In tungsten, lattice strain increased monotonically up to 0.032
dpa, before dropping to zero at 0.056 dpa and ultimately becoming neg-
ative at doses beyond 1 dpa. This experimental result was compared
to simulation results from Frenkel pair creation and insertion using
the creation-relaxation algorithm (CRA). The CRA involves randomly
displacing an atom to a new position within the simulation cell and
then minimising the global potential energy in the cell [29]. Agreement
was obtained between experiments and simulation results regarding
the dose at which the strain peaked and then changed signs. But the
simulation results predicted a strain level that was 10 times greater in
magnitude than experimental observations.

For iron, Derlet and Dudarev have previously simulated strain in-
duced by irradiation using CRA up to 2.5 cdpa (canonical dpa) [29].
Note that the definition of cdpa in CRA simulations is the ratio of the
number of Frenkel pairs inserted to the total number of atoms in the
simulation. This is an analogous measure of defect production to dpa.
From CRA in iron, an increase of strain is observed up to 0.07 cdpa,
peaking at a strain of 5 x 1073 before decreasing to zero strain beyond
2 cdpa. Compared to the experimental results of this study, the magni-
tude of strain predicted is 10 times greater than those experimentally
observed in our study. The theoretical prediction of the dose threshold
for maximum lattice strain is also a factor of 10 lower than we observe
experimentally. These observations are similar to the results found for
tungsten [33].

The phenomenon of a positive peak in strain followed by a trend
towards zero strain (and in the case of tungsten, ultimately negative
strain) at high doses is attributed to the formation of large-scale defect
microstructures from an accumulation of interstitial defects [33]. As
the density of interstitial defects increases with dose, the defects begin
to coalesce. The growth of these extended defect structures eventu-
ally causes an evolution back towards a less defective crystal structure,
which removes positive lattice strain [29]. As vacancies are much less
mobile, they largely remain as isolated defects, contributing negative
lattice strain, which becomes dominant at high dose.

However, unlike tungsten, the lattice strain in iron and iron-
chromium alloys does not become negative, either in simulations [29]
or experimentally in this study. The reason for this could be the ratio of
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mobilities for interstitial and vacancy defects. In BCC iron, the migra-
tion energy of a single vacancy is 0.65 eV [79] and for a self-interstitial
loop, it can be as low as 0.1 eV [80]. Considering an Arrhenius rate be-
haviour for thermally-induced defect movement in crystals, there is a
factor of ~1.7 difference between interstitial and vacancy mobility. This
is much lower than the corresponding ratio for tungsten (> 5) [81,82].
This means for iron, a higher rate of Frenkel pair recombination is ex-
pected. Furthermore, the rates of migration and annihilation of defects
to sinks (e.g. dislocations and grain boundaries), and defect clustering
would be more comparable between interstitial-type and vacancy-type
defects. Therefore, even after the formation of extended dislocation net-
works at high doses, the imbalance of interstitial-type and vacancy-type
defects is not sufficient to cause the net lattice strain in iron to become
negative. However for tungsten, the low mobility of vacancies causes
them to remain ‘frozen’ in the lattice, such that they ultimately cause a
negative net strain at high doses after the interstitial defects aggregate
to form new crystal lattice planes [33].

The formation of large extended defect microstructures in iron fol-
lowing room temperature high-dose (> 6.5 dpa) irradiation has been
previously observed by TEM [83]. This dose is different to the dose
threshold of strain reduction that resulted from defect coalescence in
the present study. However, it is worth noting that TEM irradiation suf-
fers from defect loss to the surface of the foil, which would delay the
onset of defect coalescence [84].

The lattice strain predicted by CRA simulations of Fe [29] peaks at
a dose 10 times smaller than the experimental observations in FeCr.
This could be attributed to the greater mobility of defects in Fe and
FeCr at 313 K which would lead to increased recombination and sink-
annihilation of Frenkel pairs, thus delaying defect evolution and for-
mation of extended structures. This temperature effect could also be
the reason for the factor of 10 difference in the magnitude of strain
between simulations and experiments. Since CRA simulations are ather-
mal, with purely stress-driven relaxation of the lattice, there will be
much higher levels of defect retention due to lower recombination rates.
This is evident when comparing defect content and NRT efficiency be-
tween experiments and CRA simulations. From CRA simulations, the
ratio between defect content and cdpa value (analogous to NRT effi-
ciency) for cdpa < 0.01 is close to 1. Whereas from experiments, the
NRT efficiency beyond 0.008 dpa is less than 0.1 for all compositions in
this study (Fig. 6), in part due to temperature-enhanced recombination.

It is worth noting that the presence of impurities in the experimen-
tal samples, even at low concentrations, compared to a perfect starting
crystal in CRA simulations would cause enhanced retention of defects
[85-87]. This effect would act in opposition to that of finite tempera-
tures, as discussed previously. Interestingly, in our case, it appears that
the temperature effect is dominant, resulting in a net delay in lattice
strain evolution as a function of dose. This is consistent with the low
impurity levels of the as-received materials in this study.

The evolution of nanoindentation hardness is markedly different to
the behaviour of lattice strain in this dose range above 0.8 dpa. We do
not observe any changes in the sign of hardness change. Surprisingly,
there do not appear to be any prior studies on hardness changes in FeCr
as a function of dose following room temperature irradiation with self-
ions. A study at room temperature following irradiation with Ar ions
for RAFM T91 steel suggests hardness saturation at 4 dpa [88]. A study
of CLAM steel irradiated with Xe ions at room temperature up to 5 dpa
showed no hardness saturation [89]. However, direct comparison with
the results of the present study is not straightforward due to the use of
noble gases as irradiating particles in these previous works.

Self-ion studies [19,20] have only been performed for irradiation
at 573 K and showed hardness saturation for pure Fe and FeCr alloys
with Cr content greater than 5% above 1-2 dpa. For low Cr content,
no saturation was observed even up to 10 dpa. The trends from these
studies conducted at higher irradiation temperatures differ from our
results. Following room temperature irradiation, Fe, Fe3Cr and Fe5Cr
approached hardness saturation at doses > 0.8 dpa, but conclusive
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trends cannot yet be determined for Fe8Cr, Fel0Cr, and Fel2Cr as
trends differ depending on the analysis method (Fig. 7). One reason for
the discrepancy compared to previous results in literature could be due
to some carbon contamination from the irradiation process. Atom probe
tomography data of FelOCr at 0.8 dpa is included in Appendix D. We
estimate the carbon enrichment to be ~100 appm (20 wppm) after 0.8
dpa, compared to 18 appm (4 wppm) reported by the manufacturer for
the as-made samples. The additional carbon introduced, which scales
with irradiation dose, could contribute in part to the hardening seen
at high doses [90], particularly when analysed with the constant-depth
method.

Another reason for the observed difference in hardening trends with
other studies at higher irradiation temperatures could be enhanced de-
fect mobility, which leads to more defect recombination. TEM studies
have shown the movement of dislocation loops at 573 K around 0.6 dpa
[83]. Even at lower doses, the same authors observed a much greater
fraction of mobile loops at 573 K compared to room temperature [40].
As such, one might expect the asymptotic or saturation state of defects
in irradiated Fe and FeCr to occur at a lower dose for irradiation at
higher temperatures.

In contrast to lattice strain trends in the high dose regime, the non-
negative change of hardness as a function of irradiation dose indicates
that the presence of all irradiation defects, both isolated and within ag-
gregated structures such as dislocation loops and networks, contributes
to the hardening of Fe and FeCr.

4.2. Trends with Cr content

The trends for lattice strain and hardness as a function of Cr con-
tent differ greatly. While an increase in Cr content at each dose is
associated with greater irradiation hardening, lattice strains peak be-
tween Fe5Cr and Fe8Cr at each dose, with lower strains for higher
and lower Cr content. As previously discussed, hardness is an indica-
tor of the overall defect population, with interstitials and vacancies
additively contributing. Lattice strain is dependent on the imbalance
between interstitial-type and vacancy-type defects as their respective
contributions (relaxation volume) have opposite signs. By examining
both trends, we can gain an insight into how the defect population is
affected by Cr content.

There is a monotonic increase in hardness and hardening rate of
Fe and FeCr with Cr content. This suggests that defect retention in-
creases with Cr content, which causes an increase in defect number
density and/or size [37]. Heintz et al. [19] measured hardness after
room temperature irradiation to 1 dpa and similarly found that harden-
ing increased with Cr content. Interestingly, no hardening was observed
for Fe2.5Cr in that study, which is different to our results.

In contrast, the lattice strain trend is non-monotonic with maximum
lattice strain at Cr content between 5-8%. This suggests that the defect
population and types depend on Cr content. Larger positive lattice strain
can arise from a larger population and/or less clustering of interstitial-
type defects, as well as a smaller population and/or more clustering of
vacancy-type defects. Since interstitials are more mobile than vacancies
in iron [79], their population and mobility may have a greater effect on
lattice strain at room temperature.

It is interesting to note that FeCr has many non-monotonic trends
in the range of Cr content less than 20%. One such trend is that
the irradiation-induced change in ductile-to-brittle-transition temper-
ature reaches a local minimum at 9%Cr [4]. For irradiation-induced
void swelling, it also varies non-monotonically with Cr content [3,5,
7,27,91]. The diffusivity of interstitial defects in FeCr is also a non-
monotonic function of Cr content, as identified by molecular dynamics
and Monte Carlo studies [92]. At low Cr concentrations, an increase in
Cr content will increase the binding of self-interstitial clusters to the Cr
atoms, reducing their mobility [23]. With further increase of Cr content
past a critical minimum point, each interstitial atom could be interact-
ing with more than one Cr atom simultaneously, effectively ‘pulling’
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the defect in opposite directions. This then results in an increase of in-
terstitial diffusivity with Cr content. The point of minimum interstitial
diffusivity occurs around 10%Cr [93]. This mechanism has also been
used to explain the local minimum of void swelling at 5%-10%Cr ob-
served in some neutron irradiation studies (653 K, 30 dpa) [3,93]. It is
proposed that the origin of void swelling lie in the absorption of fast-
moving interstitial defects at sinks, such as grain boundaries and sur-
faces, leaving behind vacancies and vacancy clusters that subsequently
form voids. A reduction in interstitial cluster mobility will limit their
migration to sinks and thus enhance recombination, thereby reducing
void swelling. Furthermore, Cr only weakly interacts with vacancies
[941, so their population is not affected as strongly by Cr content.

Relating this to our observations, the balance of interstitial to va-
cancy defects will be strongly correlated with the mobility of interstitial
defects. A reduction in the mobility of interstitial clusters will increase
the ratio of interstitials to vacancies in the material, leading to a greater,
positive lattice strain. The range of Cr content (5-8%) that corresponds
to the highest level of lattice strain in this study is consistent with the
range for minimum void swelling and cluster diffusivity [3,92], sug-
gesting this could be an explanation for the non-monotonic dependence
of lattice strain on Cr content. However, we note that trends for void
swelling strongly depends on irradiation temperature [27], dose [7,91],
and sample processing history (e.g. cold-worked or annealed) [28]. Fur-
ther systematic studies on void swelling could reveal more insights into
the role of Cr on defect populations.

For pure Fe, a delayed onset of lattice strain saturation is observed
compared to the FeCr alloys. Even at 6.0 dpa, the lattice strain does
not appear to have reached a peak, unlike for the other FeCr alloys
where a decrease of lattice strain occurs beyond 0.8 dpa (Fig. 3). The
NRT efficiency for all FeCr alloys is reduced between 0.8E-3 dpa to
0.8E-2 dpa (Fig. 6 (a)). This suggests defect clustering is occurring, as
it causes a reduction in strain contribution per defect, which leads to
an underestimation of the defect density in the material. For pure Fe,
the NRT efficiency remains constant between 0.8E-3 dpa to 0.8E-2 dpa,
corresponding to a linear increase in isolated defect density. This sug-
gests that pure Fe should exhibit defect clustering at a higher dose than
FeCr. Furthermore, due to the low impurity content in the Fe material,
the barrier to defect recombination is low, resulting in a low NRT effi-
ciency and defect retention. As a result, all stages of defect evolution in
Fe are shifted to higher doses compared to FeCr where defect retention
is higher due to the binding of interstitial defects to Cr, as discussed
earlier.

5. Summary and conclusion

In this study, the effect of ion irradiation at 313 K on lattice strain
and hardness in Fe and FeCr alloys was investigated. A dose range of
0.00008 dpa to 6.0 dpa was covered for pure Fe and FeCr up to 12%Cr.
The key findings are as follows:

» Irradiation hardening was observed for all Fe and FeCr alloys at a
dose as low as 0.00008 dpa. Non-zero lattice strain in the implanted
layer was also measured at that dose for Fe5Cr, which corresponds
to an equivalent Frenkel pair density of 5.9 x 102* m~3. This is
well below the dose limit for any defect detection reported in the
literature by electron microscopy.

The NRT efficiency was calculated for all alloys at 0.0008 dpa.
The highest values (~0.2) were found for Fe5Cr and Fe8Cr, which
agrees with studies in the literature at similar ion energies.

FeCr alloys reach a maximum positive strain at a dose of 0.8 dpa.
Further increase in dose caused a reduction in lattice strain presum-
ably due to the formation of extended interstitial defect structures.
This agrees with simulation results after accounting for the effects
of finite temperature and impurities.

A delay in the onset of interstitial clustering as a function of dose
is observed in Fe compared to FeCr. No maximum in lattice strain
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was observed in Fe even at 6.0 dpa. In the absence of Cr, there is
comparatively little defect pinning in Fe, especially given the high
purity in the as-received material. As a result, the NRT efficiency is
low. Combined with the temperature, this means the evolution of
lattice strain in Fe at room temperature is delayed to significantly
higher doses than in FeCr.

Fe5Cr and Fe8Cr exhibit the highest level of positive strain out of
all FeCr samples studied at any given dose level. This falls into the
range of Cr concentration where the diffusivity of self-interstitial
defects is lowest, increasing their retention.

There is a monotonic increase in hardness with irradiation for all
samples investigated. However, even by 6.0 dpa, irradiation hard-
ening has not reached saturation for Fe or FeCr alloys. Fe, Fe3Cr
and Fe5Cr exhibit very low hardening rates while Fe8Cr, FelOCr
and Fel2Cr exhibited higher hardening rates at doses beyond 0.08
dpa.
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Fig. A.1. Representative grain maps for each composition of FeCr in this study measured by EBSD.
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Appendix A. EBSD maps of samples

Electron backscatter diffraction (EBSD) was carried on a Zeiss Mer-
lin FEG-SEM at the David Cockayne Electron Microscopy Centre at the
University of Oxford. The acceleration voltage used was 30 kV with a
probe beam current of 10 nA. Post-processing was performed using the
Oxford Instruments HKL Channel 5 Tango software to remove noise and
determine the grain sizes.

The representative orientation maps (Fig. A.1) were used to select
the appropriate areas for lattice strain measurements. The microstruc-
ture of the Fe8Cr material also exhibits signs of cold-work (intragranu-
lar misorientation). However, this did not have a significant impact on
the lattice strain measurements.

Appendix B. Defect density calculations

The method used to calculate the defect density from the lattice
strain measurements is similar to the method used in our previous
study [32]. For further details and example calculations, readers are
referred to the supplementary file of [32]. In this section, we provide
an overview of the equations used and assumptions made in our defect
calculations.

B.1. Defect density from lattice strain measurements

The out-of-plane strain, €
expressed as [31]:

_1A+V N o
€ZZ—§(1_V);I’! Qr

,z» induced by irradiation defects can be

(B.1)

11

where v =0.3 is the Poisson ratio (for pure Fe [95]), n4) and QﬁA) are
respectively the number density and relative relaxation volume for each
type of defect (A).

For low irradiation dose (< 0.008 dpa), we made the following as-
sumptions in our calculations:

« There is no clustering of interstitials or vacancies. This means the
relaxation volume per point defect is maximised [96].

« There is no loss of defects, particularly interstitials, to the surface of
the materials or to sinks such as grain boundaries. This means that
there is an equal number of interstitial atoms (1) and vacancies

().

Using these assumptions, we obtain a lower bound of the equivalent
Frenkel pair density (nf'?). Clustering of interstitials would decrease
the relaxation volume per point defect [65], requiring more Frenkel
pairs to be present in order to produce the same amount of positive
strain that was measured (covered by assumption 1). If interstitials were
lost to the surface, more equivalent Frenkel pairs would need to be
present to account for the amount of positive strain measured (covered
by assumption 2).

Rearranging Equation (B.1) and multiplying by the atomic density
of Fe (pp, = 8.48 x 10 m~3) yields the volumetric number density of
equivalent Frenkel pairs:

_ PFe€zz <3(1 - V)>
T QfP \ (1+v)
The relative relaxation volume, per point defect, of a (111) intersti-
tial is Qﬁlm = 1.65 and that of a (100) interstitial defect is Qﬁloo) =1.86
[65]. For a vacancy, the relative relaxation volume is Qf =-0.22 [65].
As a (100) interstitial has a higher positive relaxation volume, we can

use QFF =1.86 — 0.22 = 1.64 to get a lower bound estimate on the
equivalent Frenkel pair density in the irradiated samples.

NFP

(B.2)

B.2. NRT efficiency calculation

The NRT efficiency describes the ratio of produced and retain de-
fect density to the value predicted by the NRT-dpa model [67]. The
calculation of the NRT-dpa was from the vacancy.txt file generated by
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Fig. C.1. h* as a function of dose for different compositions.

SRIM using the Quick K-P model, following the descriptions provided
in [51,52]. The NRT efficiency can then be expressed by:

nFP
NRT efficiency = —
dpa

_ €2z 3(1 - V)

T (dpa)QfP \ (1+v)
From Fig. 6, the NRT efficiency value for each sample was calculated
from the average NRT-dpa in the top 2 pm of each implantation dose

profile. This is consistent with the calculation of the nominal dose for
each sample.

(B.3)

Appendix C. Nix-Gao analysis

The fitted h* parameter, representing the ISE characteristic length
scale as a function of dose is shown in Fig. C.1. h* appears to decrease
with increasing dose and does not show a clear dependence on Cr con-
tent. We note that the fitting for 3.6 dpa and 6 dpa samples appear to
show quite large errors compared to the lower dose samples.

Appendix D. Atom probe tomography results

Due to concerns about possible carbon contamination during the
irradiation process, atom probe tomography (APT) was performed on
the FelOCr sample, exposed to 0.8 dpa, to quantify the concentration
of carbon present in the sample. APT analysis was performed using a
Leap 5000XR microscope in laser mode. The laser energy was 50 pJ
with a pulse frequency of 200 kHz and detection rate of 0.5. Samples
were maintained at 50 K for the analysis.

The depth profiles of a few key elements are presented in Fig. D.1.
Near the surface (0 < depth < 100 nm), there is a high concentration
of carbon and nitrogen, possibly due to surface contamination and FIB
milling process. There is a spike in carbon concentration at ~400 nm
depth, which also correlated with a spike in oxygen atoms and C-Cr ions
(not shown in plot). The averaged quantities are shown in Table D.1.

APT results indicate a higher concentration of impurity elements
in the FelOCr alloy than reported by the manufacturer (analysed by

Table D.1

A comparison of the concentration (in both atomic and weight content) of
different elements in the FelOCr alloy as reported by the manufacturer and
measured by APT (averaged between 100 nm to 950 nm below the surface).

Elements Nominal content from manufacturer Measured content from APT
appm  wppm appm wppm

C 18 4 585+ 236 126 + 50

N 12 3 71 + 37 18+9

(o} 14 4 160 =107 46 + 31

P <9 <5 103 + 84 58 + 47
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Fig. D.1. Depth profile of iron, chromium, carbon and nitrogen as measured by
APT from the FelOCr 0.8 dpa sample.

glow discharge mass spectrometry [47]). For N, O and P, the concen-
trations measured by APT are between 7 to 11 times higher than the
manufacturer-reported values. For C, the difference is a factor of 30.
It is important to consider that the APT sample preparation required
FIB milling and lift-out, which itself will introduce some contamina-
tion. Similar discrepancies between the manufacturer-reported values
and those measured by APT have been reported previously for samples
cut from the same raw material [97]. The true amount of carbon enrich-
ment following irradiation is probably around 100-200 appm (20-40
wppm) for the 0.8 dpa samples.

It is also important to note that since the carbon contamination orig-
inated from the irradiation process, the level of contamination scales
with irradiation time and dose. This means for samples irradiated to
less than 0.8 dpa, the carbon enrichment is not expected to play a sig-
nificant role. From a visual assessment of the materials, only samples
irradiated to 0.8 dpa and above show slight to moderate browning due

to carbon deposition on the surface.
References

[1] Richard J. Kurtz, G. Robert Odette, Overview of Reactor Systems and Operational
Environments for Structural Materials in Fusion Reactors, Struct. Alloy. Nucl. Energy
Appl., Elsevier, 2019, pp. 51-102.
N. Baluc, R. Schéublin, P. Spdtig, M. Victoria, On the potentiality of using fer-
ritic/martensitic steels as structural materials for fusion reactors, Nucl. Fusion 44 (1)
(2004) 56-61.
E.A. Little, D.A. Stow, Void-swelling in irons and ferritic steels. II. An experimental
survey of materials irradiated in a fast reactor, J. Nucl. Mater. 87 (1) (1979) 25-39.
H. Kayano, A. Kimura, M. Narui, Y. Sasaki, Y. Suzuki, S. Ohta, Irradiation em-
brittlement of neutron-irradiated low activation ferritic steels, J. Nucl. Mater.
155-157 (PART 2) (1988) 978-981.
F.A. Garner, M.B. Toloczko, B.H. Sencer, Comparison of swelling and irradiation
creep behavior of fcc-austenitic and bee-ferritic/martensitic alloys at high neutron
exposure, J. Nucl. Mater. 276 (1) (2000) 123-142.
K. Vortler, C. Bjorkas, D. Terentyev, L. Malerba, K. Nordlund, The effect of Cr con-
centration on radiation damage in Fe-Cr alloys, J. Nucl. Mater. 382 (1) (2008)
24-30.
A. Bhattacharya, E. Meslin, J. Henry, A. Barbu, S. Poissonnet, B. Décamps, Effect of
chromium on void swelling in ion irradiated high purity Fe-Cr alloys, Acta Mater.
108 (2016) 241-251.
Lorenzo Malerba, Alfredo Caro, Janne Wallenius, Multiscale modelling of radiation
damage and phase transformations: the challenge of FeCr alloys, J. Nucl. Mater.
382 (2-3) (2008) 112-125.
Steven J. Zinkle, Jeremy T. Busby, Structural materials for fission & fusion energy,
Mater. Today 12 (11) (2009) 12-19.
J. Knaster, A. Moeslang, T. Muroga, Materials research for fusion, Nat. Phys. 12 (5)
(2016) 424-434.
H. Tanigawa, E. Gaganidze, T. Hirose, M. Ando, S.J. Zinkle, R. Lindau, E. Diegele,
Development of benchmark reduced activation ferritic/martensitic steels for fusion
energy applications, Nucl. Fusion 57 (9) (2017) 092004.
C. Abromeit, Aspects of simulation of neutron damage by ion irradiation, J. Nucl.
Mater. 216 (C) (1994) 78-96.

[2]

[3]

[4]

[5]

(6]

[7]

[8]

[91
[10]

[11]

[12]


http://refhub.elsevier.com/S0022-3115(24)00101-6/bib026777B65B30E733E97F9E627530F422s1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bib026777B65B30E733E97F9E627530F422s1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bib026777B65B30E733E97F9E627530F422s1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bib8C41947971D99AA8DEAE96BAA99B9860s1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bib8C41947971D99AA8DEAE96BAA99B9860s1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bib8C41947971D99AA8DEAE96BAA99B9860s1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bibC61D56E21BF690998A1DA13F22D1108Cs1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bibC61D56E21BF690998A1DA13F22D1108Cs1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bibBB15E8680D76025CE8D901329556CF2Ds1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bibBB15E8680D76025CE8D901329556CF2Ds1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bibBB15E8680D76025CE8D901329556CF2Ds1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bib41444072D16D92613353A0C2E5D5CAC3s1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bib41444072D16D92613353A0C2E5D5CAC3s1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bib41444072D16D92613353A0C2E5D5CAC3s1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bibD9BECC619DFE4CDF409D6E7A5341553Cs1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bibD9BECC619DFE4CDF409D6E7A5341553Cs1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bibD9BECC619DFE4CDF409D6E7A5341553Cs1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bibFD37AFC97A1677DE7FD1972DC9520C44s1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bibFD37AFC97A1677DE7FD1972DC9520C44s1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bibFD37AFC97A1677DE7FD1972DC9520C44s1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bib00E12274E8B53C56D6F3E087FAADFE06s1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bib00E12274E8B53C56D6F3E087FAADFE06s1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bib00E12274E8B53C56D6F3E087FAADFE06s1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bib6DC5C5E8F50B3439687AE6B4DB3FABBFs1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bib6DC5C5E8F50B3439687AE6B4DB3FABBFs1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bib217437D276293D0B6BEF99F795DB4706s1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bib217437D276293D0B6BEF99F795DB4706s1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bib5A23E684509B2D9C1D3F3DAEC084EA13s1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bib5A23E684509B2D9C1D3F3DAEC084EA13s1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bib5A23E684509B2D9C1D3F3DAEC084EA13s1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bibF434BB9AAF6D4E6CFF8044D5B78DC607s1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bibF434BB9AAF6D4E6CFF8044D5B78DC607s1

K. Song, D. Sheyfer, K. Mizohata et al.

[13] Gary S. Was, Challenges to the use of ion irradiation for emulating reactor irradia-
tion, J. Mater. Res. 30 (9) (2015) 1158-1182.

[14] R.W. Harrison, On the use of ion beams to emulate the neutron irradiation behaviour
of tungsten, Vacuum 160 (2019) 355-370.

[15] Steven J. Zinkle, Fusion materials science: overview of challenges and recent
progress, Phys. Plasmas 12 (5) (2005) 058101.

[16] F. Granberg, J. Byggmastar, K. Nordlund, Defect accumulation and evolution during
prolonged irradiation of Fe and FeCr alloys, J. Nucl. Mater. 528 (2020) 151843.

[17] M.R. Gilbert, K. Arakawa, Z. Bergstrom, M.J. Caturla, S.L. Dudarev, F. Gao, A.M.

Goryaeva, S.Y. Hu, X. Hu, R.J. Kurtz, A. Litnovsky, J. Marian, M.C. Marinica, E.

Martinez, E.A. Marquis, D.R. Mason, B.N. Nguyen, P. Olsson, Y. Osetskiy, D. Senor,

W. Setyawan, M.P. Short, T. Suzudo, J.R. Trelewicz, T. Tsuru, G.S. Was, B.D. Wirth,

L. Yang, Y. Zhang, S.J. Zinkle, Perspectives on multiscale modelling and experiments

to accelerate materials development for fusion, J. Nucl. Mater. 554 (2021) 153113.

Arunodaya Bhattacharya, Steven J. Zinkle, Jean Henry, Samara M. Levine, Philip

D. Edmondson, Mark R. Gilbert, Hiroyasu Tanigawa, Charles E. Kessel, Irradiation

damage concurrent challenges with RAFM and ODS steels for fusion reactor first-

wall/blanket: a review, J. Phys. Energy 4 (3) (2022) 034003.

C. Heintze, F. Bergner, M. Hernandez-Mayoral, Ion-irradiation-induced damage in

Fe—Cr alloys characterized by nanoindentation, J. Nucl. Mater. 417 (1-3) (2011)

980-983.

Christopher D. Hardie, Steve G. Roberts, Nanoindentation of model Fe-Cr alloys

with self-ion irradiation, J. Nucl. Mater. 433 (1-3) (2013) 174-179.

[21] C.D. Hardie, G.R. Odette, Y. Wu, S. Akhmadaliev, S.G. Roberts, Mechanical proper-
ties and plasticity size effect of Fe-6%Cr irradiated by Fe ions and by neutrons, J.
Nucl. Mater. 482 (2016) 236-247.

[22] M.L. Jenkins, Z. Yao, M. Herndndez-Mayoral, M.A. Kirk, Dynamic observations of
heavy-ion damage in Fe and Fe—Cr alloys, J. Nucl. Mater. 389 (2) (2009) 197-202.

[23] K. Arakawa, M. Hatanaka, H. Mori, K. Ono, Effects of chromium on the one-
dimensional motion of interstitial-type dislocation loops in iron, J. Nucl. Mater.
329-333 (1-3 PART B) (2004) 1194-1198.

[24] L.L. Horton, J. Bentley, K. Farrell, A TEM study of neutron-irradiated iron, J. Nucl.
Mater. 108-109 (C) (1982) 222-233.

[25] Hitensinh Vaghela, Vikas J. Lakhera, Biswanath Sarkar, Forced flow cryogenic cool-
ing in fusion devices: a review, Heliyon 7 (1) (2021) e06053.

[26] D.S. Gelles, Void swelling in binary FeCr alloys at 200 dpa, J. Nucl. Mater. 225
(1995) 163-174.

[27] Yan-Ru Lin, Arunodaya Bhattacharya, Da Chen, Ji-Jung Kai, Jean Henry, Steven J.
Zinkle, Temperature-dependent cavity swelling in dual-ion irradiated Fe and Fe-Cr
ferritic alloys, Acta Mater. 207 (2021) 116660.

[28] B.H. Sencer, F.A. Garner, Compositional and temperature dependence of void
swelling in model Fe-Cr base alloys irradiated in the EBR-II fast reactor, J. Nucl.
Mater. 283-287 (PART I) (2000) 164-168.

[29] P.M. Derlet, S.L. Dudarev, Microscopic structure of a heavily irradiated material,
Phys. Rev. Mater. 4 (2) (2020) 023605.

[30] Sergei L. Dudarev, Daniel R. Mason, Edmund Tarleton, Pui-Wai Ma, Andrea E. Sand,

A multi-scale model for stresses, strains and swelling of reactor components under

irradiation, Nucl. Fusion 58 (12) (2018) 126002.

F. Hofmann, D. Nguyen-Manh, M.R. Gilbert, C.E. Beck, J.K. Eliason, A.A. Maznev,

W. Liu, D.E.J. Armstrong, K.A. Nelson, S.L. Dudarev, Lattice swelling and modulus

change in a helium-implanted tungsten alloy: X-ray micro-diffraction, surface acous-

tic wave measurements, and multiscale modelling, Acta Mater. 89 (2015) 352-363.

Kay Song, Suchandrima Das, Abdallah Reza, Nicholas W. Phillips, Ruging Xu, Hong-

bing Yu, Kenichiro Mizohata, David E.J. Armstrong, Felix Hofmann, Characterising

ion-irradiated FeCr: hardness, thermal diffusivity and lattice strain, Acta Mater. 201

(2020) 535-546.

Daniel R. Mason, Suchandrima Das, Peter M. Derlet, Sergei L. Dudarev, Andrew

J. London, Hongbing Yu, Nicholas W. Phillips, David Yang, Kenichiro Mizohata,

Ruqing Xu, Felix Hofmann, Observation of transient and asymptotic driven struc-

tural states of tungsten exposed to radiation, Phys. Rev. Lett. 125 (22) (2020)

225503.

[34] D.E.J. Armstrong, X. Yi, E.A. Marquis, S.G. Roberts, Hardening of self ion implanted
tungsten and tungsten 5-wt% rhenium, J. Nucl. Mater. 432 (1-3) (2013) 428-436.

[35] F. Gao, D.J. Bacon, A.F. Calder, P.E.J. Flewitt, T.A. Lewis, Computer simulation
study of cascade overlap effects in a-iron, J. Nucl. Mater. 230 (1) (1996) 47-56.

[36] A.E. Sand, J. Byggmastar, A. Zitting, K. Nordlund, Defect structures and statistics
in overlapping cascade damage in fusion-relevant bcc metals, J. Nucl. Mater. 511
(2018) 64-74.

[37] Philippe Spatig, Jia Chao Chen, G. Robert Odette, Ferritic and tempered martensitic
steels, Struct. Alloy. Nucl. Energy Appl. (2019) 485-527.

[38] Daniel Brimbal, Estelle Meslin, Jean Henry, Brigitte Décamps, Alain Barbu, He and

Cr effects on radiation damage formation in ion-irradiated pure iron and Fe-5.40

wt.% Cr: a transmission electron microscopy study, Acta Mater. 61 (13) (2013)

4757-4764.

A. Prokhodtseva, B. Décamps, A. Ramar, R. Schdublin, Impact of He and Cr on defect

accumulation in ion-irradiated ultrahigh-purity Fe(Cr) alloys, Acta Mater. 61 (18)

(2013) 6958-6971.

Z. Yao, M. Herndndez-Mayoral, M.L. Jenkins, M.A. Kirk, Heavy-ion irradiations of

Fe and Fe-Cr model alloys Part 1: damage evolution in thin-foils at lower doses,

Philos. Mag. 88 (21) (2008) 2851-2880.

[18]

[19]

[20]

[31]

[32]

[33]

[39]

[40]

13

Journal of Nuclear Materials 594 (2024) 154998

[41] Z. Zhou, M.L. Jenkins, S.L. Dudarev, A.P. Sutton, M.A. Kirk, Simulations of weak-
beam diffraction contrast images of dislocation loops by the many-beam Howie—
Basinski equations, Philos. Mag. 86 (29-31) (2006) 4851-4881.

[42] X. Yi, A.E. Sand, D.R. Mason, M.A. Kirk, S.G. Roberts, K. Nordlund, S.L. Dudarev,
Direct observation of size scaling and elastic interaction between nano-scale defects
in collision cascades, Europhys. Lett. 110 (3) (2015) 36001.

[43] S.J. Zinkle, B.N. Singh, Microstructure of neutron-irradiated iron before and after
tensile deformation, J. Nucl. Mater. 351 (1-3) (2006) 269-284.

[44] Abdallah Reza, Hongbing Yu, Kenichiro Mizohata, Felix Hofmann, Thermal diffusiv-
ity degradation and point defect density in self-ion implanted tungsten, Acta Mater.
193 (2020) 270-279.

[45] P. Hosemann, C. Vieh, R.R. Greco, S. Kabra, J.A. Valdez, M.J. Cappiello, S.A. Maloy,
Nanoindentation on ion irradiated steels, J. Nucl. Mater. 389 (2) (2009) 239-247.

[46] D.E.J. Armstrong, C.D. Hardie, J.S.K.L. Gibson, A.J. Bushby, P.D. Edmondson, S.G.
Roberts, Small-scale characterisation of irradiated nuclear materials: Part II nanoin-
dentation and micro-cantilever testing of ion irradiated nuclear materials, J. Nucl.
Mater. 462 (2015) 374-381.

[47] J.L. Coze, Procurement of pure Fe metal and Fe-based alloys with controlled chemi-
cal alloying element contents and microstructure, Technical report, ARMINES Ecole
Nationale Superieure des Mines, 2007.

[48] A. Fraczkiewicz, Material Delivery Report BC4000483543/P5B51, Technical report,
Ecole des Mines, France, 2011.

[49] James F. Ziegler, M.D. Ziegler, J.P. Biersack, SRIM - the stopping and range of ions
in matter (2010), Nucl. Instrum. Methods Phys. Res., Sect. B, Beam Interact. Mater.
Atoms 268 (11-12) (2010) 1818-1823.

[50] ASTM E521, Standard Practice for Investigating the Effects of Neutron Radiation
Damage Using Charged-Particle Irradiation, Annu. B. ASTM Stand, vol. 12.02, ASTM
International, West Conshohocken, PA, 2016.

[51] R.E. Stoller, M.B. Toloczko, G.S. Was, A.G. Certain, S. Dwaraknath, F.A. Garner, On
the use of SRIM for computing radiation damage exposure, Nucl. Instrum. Methods
Phys. Res., Sect. B, Beam Interact. Mater. Atoms 310 (2013) 75-80.

[52] S. Agarwal, Y. Lin, C. Li, R.E. Stoller, S.J. Zinkle, On the use of SRIM for calculat-
ing vacancy production: quick calculation and full-cascade options, Nucl. Instrum.
Methods Phys. Res., Sect. B, Beam Interact. Mater. Atoms 503 (2021) 11-29.

[53] B.C. Larson, Wenge Yang, G.E. Ice, J.D. Budai, J.Z. Tischler, Three-dimensional X-

ray structural microscopy with submicrometre resolution, Nature 415 (6874) (2002)

887-890.

Wenjun Liu, Gene E. Ice, Bennett C. Larson, Wenge Yang, Jonathan Z. Tischler,

John D. Budai, The three-dimensional X-ray crystal microscope: a new tool for ma-

terials characterization, Metall. Trans. A, Phys. Metall. Mater. Sci. 35A (4) (2004)

1963-1967.

S. Das, W. Liu, R. Xu, F. Hofmann, Helium-implantation-induced lattice strains

and defects in tungsten probed by X-ray micro-diffraction, Mater. Des. 160 (2018)

1226-1237.

Doga Giirsoy, Dina Sheyfer, Michael Wojcik, Wenjun Liu, Jonathan Z. Tischler,

Depth-resolved Laue microdiffraction with coded apertures, J. Appl. Crystallogr.

55 (5) (2022) 1104-1110.

Doga Giirsoy, Dina Sheyfer, Michael Wojcik, Wenjun Liu, Jonathan Z. Tischler, Dig-

ital autofocusing of a coded-aperture Laue diffraction microscope, Rev. Sci. Instrum.

94 (1) (2023) 013702.

[58] W.C. Oliver, G.M. Pharr, An improved technique for determining hardness and elas-
tic modulus using load and displacement sensing indentation experiments, J. Mater.
Res. 7 (6) (1992) 1564-1583.

[59] William D. Nix, Huajian Gao, Indentation size effects in crystalline materials: a law
for strain gradient plasticity, J. Mech. Phys. Solids 46 (1998) 411-425.

[60] Ryuta Kasada, Yoshiyuki Takayama, Kiyohiro Yabuuchi, Akihiko Kimura, A new
approach to evaluate irradiation hardening of ion-irradiated ferritic alloys by nano-
indentation techniques, Fusion Eng. Des. 86 (2011) 2658-2661.

[61] Pengcheng Zhu, Yajie Zhao, Yan-Ru Lin, Jean Henry, Steven J. Zinkle, Defect-
specific strength factors and superposition model for predicting strengthening of
ion irradiated fel8cr alloy, J. Nucl. Mater. 588 (2024) 154823.

[62] Yitao Yang, Chonghong Zhang, Jie Gou, Jianyang Li, The impact of dose rate on
defect clustering and irradiation hardening in reactor pressure vessel steel under fe
ion irradiation, J. Mater. Sci. 59 (2024) 1056-1067.

[63] Aniruddh Das, Eberhard Altstadt, Cornelia Kaden, Garima Kapoor, Shavkat
Akhmadaliev, Frank Bergner, Nanoindentation response of ion-irradiated fe, fe-cr al-
loys and ferritic-martensitic steel eurofer 97: the effect of ion energy, Front. Mater.
8 (2022).

[64] J.Z. Tischler, LaueGo, 2020.

[65] Pui-Wai Ma, S.L. Dudarev, Universality of point defect structure in body-centered
cubic metals, Phys. Rev. Mater. 3 (1) (2019) 013605.

[66] M.J. Norgett, M.T. Robinson, .M. Torrens, A proposed method of calculating dis-
placement dose rates, Nucl. Eng. Des. 33 (1) (1975) 50-54.

[67] Kai Nordlund, Steven J. Zinkle, Andrea E. Sand, Fredric Granberg, Robert S. Aver-
back, Roger E. Stoller, Tomoaki Suzudo, Lorenzo Malerba, Florian Banhart, William
J. Weber, Francois Willaime, Sergei L. Dudarev, David Simeone, Primary radiation
damage: a review of current understanding and models, J. Nucl. Mater. 512 (2018)
450-479.

[68] Haocheng Liu, Wei Ge, Yugang Wang, Re-evaluating ion and neutron irradiation
data with calculated applicable arc-dpa, Radiat. Eff. Defects Solids 176 (5-6) (2021)
441-452.

[54]

[55]

[56]

[571


http://refhub.elsevier.com/S0022-3115(24)00101-6/bib7CC75AE850D476DAD9527DF023BAD5A2s1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bib7CC75AE850D476DAD9527DF023BAD5A2s1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bibB4D876CD0D0D17D36EC78CDD1E2AF4A4s1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bibB4D876CD0D0D17D36EC78CDD1E2AF4A4s1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bibB4BB4B9CED8FC4B5403DBA196468EB04s1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bibB4BB4B9CED8FC4B5403DBA196468EB04s1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bibFEFDCCE7B0BA44986EF75E0C8B44C76Bs1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bibFEFDCCE7B0BA44986EF75E0C8B44C76Bs1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bib54B3AB86319CE27C7F2E2B349AFF54BDs1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bib54B3AB86319CE27C7F2E2B349AFF54BDs1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bib54B3AB86319CE27C7F2E2B349AFF54BDs1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bib54B3AB86319CE27C7F2E2B349AFF54BDs1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bib54B3AB86319CE27C7F2E2B349AFF54BDs1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bib54B3AB86319CE27C7F2E2B349AFF54BDs1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bib0019683162ECDDC45FD8A07CEF97A30Bs1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bib0019683162ECDDC45FD8A07CEF97A30Bs1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bib0019683162ECDDC45FD8A07CEF97A30Bs1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bib0019683162ECDDC45FD8A07CEF97A30Bs1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bib3638981CC15D73EB9AC2C7586994B5CBs1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bib3638981CC15D73EB9AC2C7586994B5CBs1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bib3638981CC15D73EB9AC2C7586994B5CBs1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bibDE7AD063687D9D7D01405CB2F2B149BAs1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bibDE7AD063687D9D7D01405CB2F2B149BAs1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bib9E53155A248226F7E82029D5EE34E7F8s1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bib9E53155A248226F7E82029D5EE34E7F8s1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bib9E53155A248226F7E82029D5EE34E7F8s1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bib1AC5498546168F4B0880B22DBCDC647As1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bib1AC5498546168F4B0880B22DBCDC647As1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bib8C2CA176B4E930F8B31F3E0A62EADB7Es1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bib8C2CA176B4E930F8B31F3E0A62EADB7Es1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bib8C2CA176B4E930F8B31F3E0A62EADB7Es1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bibB2E2BAA41E7548B438FEAA00B105E34Ds1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bibB2E2BAA41E7548B438FEAA00B105E34Ds1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bib81ADB8F228F87233AD14E1E16766D106s1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bib81ADB8F228F87233AD14E1E16766D106s1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bib9127B7FC6319636074663959254D741Es1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bib9127B7FC6319636074663959254D741Es1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bib32D5C00390D5C73EB710E2DD36584B98s1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bib32D5C00390D5C73EB710E2DD36584B98s1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bib32D5C00390D5C73EB710E2DD36584B98s1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bibD45DCEB56057D1FC68B509026753C655s1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bibD45DCEB56057D1FC68B509026753C655s1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bibD45DCEB56057D1FC68B509026753C655s1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bibD8DB4B0200C6129F4A295825706153E9s1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bibD8DB4B0200C6129F4A295825706153E9s1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bib46680B8B0D4EA88783440165C84CD301s1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bib46680B8B0D4EA88783440165C84CD301s1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bib46680B8B0D4EA88783440165C84CD301s1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bibE622EBFEB0D55E6EEAE40CE8218CA2D6s1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bibE622EBFEB0D55E6EEAE40CE8218CA2D6s1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bibE622EBFEB0D55E6EEAE40CE8218CA2D6s1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bibE622EBFEB0D55E6EEAE40CE8218CA2D6s1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bib188314C591E7820025BAA85B979CECFAs1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bib188314C591E7820025BAA85B979CECFAs1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bib188314C591E7820025BAA85B979CECFAs1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bib188314C591E7820025BAA85B979CECFAs1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bibD2668C10D6A9ED499993070B0F53E30Es1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bibD2668C10D6A9ED499993070B0F53E30Es1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bibD2668C10D6A9ED499993070B0F53E30Es1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bibD2668C10D6A9ED499993070B0F53E30Es1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bibD2668C10D6A9ED499993070B0F53E30Es1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bib32466BCB8108404EC86A6E9385EDDC61s1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bib32466BCB8108404EC86A6E9385EDDC61s1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bib56F2C20A7C17036EC3FE2D4BB46F338Ds1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bib56F2C20A7C17036EC3FE2D4BB46F338Ds1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bib88896F3C90017A9BC0747EADA04E4379s1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bib88896F3C90017A9BC0747EADA04E4379s1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bib88896F3C90017A9BC0747EADA04E4379s1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bib7F1DA2B4F44AA8B4A290ABBCAF972CC6s1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bib7F1DA2B4F44AA8B4A290ABBCAF972CC6s1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bibCDC96E03EDE3BC6C3433B02BA4F86BC8s1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bibCDC96E03EDE3BC6C3433B02BA4F86BC8s1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bibCDC96E03EDE3BC6C3433B02BA4F86BC8s1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bibCDC96E03EDE3BC6C3433B02BA4F86BC8s1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bib02CA3D51A6081C975E2801FCBD8632AEs1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bib02CA3D51A6081C975E2801FCBD8632AEs1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bib02CA3D51A6081C975E2801FCBD8632AEs1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bib2FECB1C59BA2C4610881A0000F601EB6s1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bib2FECB1C59BA2C4610881A0000F601EB6s1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bib2FECB1C59BA2C4610881A0000F601EB6s1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bib7111E9F41955A258F45FF26FF53425C2s1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bib7111E9F41955A258F45FF26FF53425C2s1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bib7111E9F41955A258F45FF26FF53425C2s1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bib9A3ECB00CC807D7D87B5E9A0EE242A36s1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bib9A3ECB00CC807D7D87B5E9A0EE242A36s1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bib9A3ECB00CC807D7D87B5E9A0EE242A36s1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bib6A09A9587AE70668185FC2E49BB86701s1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bib6A09A9587AE70668185FC2E49BB86701s1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bibCA33B652ABCA870EB30893E84AAC8DF9s1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bibCA33B652ABCA870EB30893E84AAC8DF9s1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bibCA33B652ABCA870EB30893E84AAC8DF9s1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bibB8F7A34298BDDC783AE3B2F9AE9B6467s1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bibB8F7A34298BDDC783AE3B2F9AE9B6467s1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bib46A9CC0CB88357BE8511CF40DD454D9As1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bib46A9CC0CB88357BE8511CF40DD454D9As1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bib46A9CC0CB88357BE8511CF40DD454D9As1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bib46A9CC0CB88357BE8511CF40DD454D9As1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bib77462E53663CEF7FB6603D6F49FE09A9s1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bib77462E53663CEF7FB6603D6F49FE09A9s1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bib77462E53663CEF7FB6603D6F49FE09A9s1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bibAF34F10741A9C8D5D2BE18D5F30BCF06s1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bibAF34F10741A9C8D5D2BE18D5F30BCF06s1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bib35630238384D0201B199CAA6C9B5B987s1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bib35630238384D0201B199CAA6C9B5B987s1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bib35630238384D0201B199CAA6C9B5B987s1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bibD603755B82615335CD6B28C9CEB69928s1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bibD603755B82615335CD6B28C9CEB69928s1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bibD603755B82615335CD6B28C9CEB69928s1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bibED65DFE44C261FFB9AB72EE23B71DC56s1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bibED65DFE44C261FFB9AB72EE23B71DC56s1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bibED65DFE44C261FFB9AB72EE23B71DC56s1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bib783C8FD4896A2D99E54BDA1B7157739Bs1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bib783C8FD4896A2D99E54BDA1B7157739Bs1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bib783C8FD4896A2D99E54BDA1B7157739Bs1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bibADF240B348D1F2E846B9D0383F634E4Fs1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bibADF240B348D1F2E846B9D0383F634E4Fs1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bibADF240B348D1F2E846B9D0383F634E4Fs1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bibCC6D80D694BD2438E0008F5FD03E2F02s1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bibCC6D80D694BD2438E0008F5FD03E2F02s1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bibCC6D80D694BD2438E0008F5FD03E2F02s1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bibCC6D80D694BD2438E0008F5FD03E2F02s1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bib66E09C1F35A97100552B60B448A14575s1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bib66E09C1F35A97100552B60B448A14575s1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bib66E09C1F35A97100552B60B448A14575s1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bibF54D26DD8562535281CDE99B0FE8B7FCs1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bibF54D26DD8562535281CDE99B0FE8B7FCs1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bibF54D26DD8562535281CDE99B0FE8B7FCs1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bib8F24BB827BCC94D9530A74B70B88DE02s1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bib8F24BB827BCC94D9530A74B70B88DE02s1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bib8F24BB827BCC94D9530A74B70B88DE02s1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bib727DE1227E7D9C5AFB42780D405FBDF1s1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bib727DE1227E7D9C5AFB42780D405FBDF1s1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bib727DE1227E7D9C5AFB42780D405FBDF1s1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bib67CA74149F05216F9E405570BC8C8FCDs1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bib67CA74149F05216F9E405570BC8C8FCDs1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bib0B6E1ADE9240A0E565575A5CCBD1F70Cs1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bib0B6E1ADE9240A0E565575A5CCBD1F70Cs1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bib0B6E1ADE9240A0E565575A5CCBD1F70Cs1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bibAE433D5CC2ADD9A30C4E1F4740A8963Fs1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bibAE433D5CC2ADD9A30C4E1F4740A8963Fs1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bibAE433D5CC2ADD9A30C4E1F4740A8963Fs1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bib75DC40BEC4AFFECAB399258444DA3FE0s1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bib75DC40BEC4AFFECAB399258444DA3FE0s1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bib75DC40BEC4AFFECAB399258444DA3FE0s1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bib953E4AA4E46C35074A97A4329CF8CD83s1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bib953E4AA4E46C35074A97A4329CF8CD83s1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bib953E4AA4E46C35074A97A4329CF8CD83s1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bib953E4AA4E46C35074A97A4329CF8CD83s1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bibDB220ED4930701CACB47B4373CF47DD5s1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bib720AA5D96B07B3F34E88464F91FD06E7s1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bib720AA5D96B07B3F34E88464F91FD06E7s1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bib62CD3107791A0C0FDBC1023E015EA8E2s1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bib62CD3107791A0C0FDBC1023E015EA8E2s1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bibCD9BD8EC56ABD08760FED5C6A70262D3s1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bibCD9BD8EC56ABD08760FED5C6A70262D3s1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bibCD9BD8EC56ABD08760FED5C6A70262D3s1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bibCD9BD8EC56ABD08760FED5C6A70262D3s1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bibCD9BD8EC56ABD08760FED5C6A70262D3s1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bibA42108EE114AFD433FA39D9E175C36C4s1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bibA42108EE114AFD433FA39D9E175C36C4s1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bibA42108EE114AFD433FA39D9E175C36C4s1

K. Song, D. Sheyfer, K. Mizohata et al.

[69] R. Schéublin, B. Décamps, A. Prokhodtseva, J.F. Loffler, On the origin of the primary
1/2a0 (111) and a0 (100) loops in irradiated Fe(Cr) alloys, Acta Mater. 133 (2017)
427-439.

M. Eldrup, B.N. Singh, S.J. Zinkle, T.S. Byun, K. Farrell, Dose dependence of defect

accumulation in neutron irradiated copper and iron, J. Nucl. Mater. 307 (311(2

SUPPL.)) (2002) 912-917.

F.H. Hammad, M.K. Matta, K.E. Mohammed, Effect of fast-neutron irradiation on

mechanical properties of iron and some iron binary solid solutions, J. Nucl. Mater.

108-109 (C) (1982) 428-435.

K.L. Johnson, The correlation of indentation experiments, J. Mech. Phys. Solids

18 (2) (1970) 115-126.

Kay Song, Hongbing Yu, Phani Karamched, Kenichiro Mizohata, David E.J. Arm-

strong, Felix Hofmann, Deformation behaviour of ion-irradiated FeCr: a nanoinden-

tation study, J. Mater. Res. 37 (12) (2022) 2045-2060.

[74] L. Malerba, Molecular dynamics simulation of displacement cascades in a-Fe: a crit-
ical review, J. Nucl. Mater. 351 (1-3) (2006) 28-38.

[75] Qurat Ul, Ain Sahi, Yong Soo Kim, Primary radiation damage characterization of
a-iron under irradiation temperature for various PKA energies, Mater. Res. Express
5(4) (2018) 046518.

[76] N. Castin, A. Dubinko, G. Bonny, A. Bakaev, J. Likonen, A. De Backer, A.E. Sand, K.
Heinola, D. Terentyev, The influence of carbon impurities on the formation of loops
in tungsten irradiated with self-ions, J. Nucl. Mater. 527 (2019) 151808.

[771 W.A. Spitzig, A.S. Keh, The effect of orientation and temperature on the plastic flow
properties of iron single crystals, Acta Metall. 18 (6) (1970) 611-622.

[78] S. Takaki, J. Fuss, H. Kugler, U. Dedek, H. Schultz, The resistivity recovery of high
purity and carbon doped iron following low temperature electron irradiation, Ra-
diat. Eff. 79 (1-4) (1983) 87-122.

[79] C. Domain, C.S. Becquart, Ab initio calculations of defects in Fe and dilute Fe-Cu
alloys, Phys. Rev. B 65 (2) (2001) 024103.

[80] R.A. Johnson, Interstitials and vacancies in a-Iron, Phys. Rev. 134 (5A) (1964)
A1329-A1336.

[81] T. Amino, K. Arakawa, H. Mori, Detection of one-dimensional migration of single
self-interstitial atoms in tungsten using high-voltage electron microscopy, Sci. Rep.
6 (1) (2016) 1-9.

[82] D. Nguyen-Manh, A.P. Horsfield, S.L. Dudarev, Self-interstitial atom defects in bcc
transition metals: group-specific trends, Phys. Rev. B, Condens. Matter Mater. Phys.
73 (2) (2006) 020101.

[83] M. Hernandez-Mayoral, Z. Yao, M.L. Jenkins, M.A. Kirk, Heavy-ion irradiations of
Fe and Fe-Cr model alloys Part 2: damage evolution in thin-foils at higher doses,
Philos. Mag. 88 (21) (2008) 2881-2897.

[84] X.Y. Liu, Y.P. Li, G. Ran, Q. Han, P.H. Chen, In situ transmission electron microscopy
studies of 30 keV H2+ and He+ dual-beam irradiated Pd: defect generation and

[70]

[71]

[72]

[73]

14

Journal of Nuclear Materials 594 (2024) 154998

microstructural evolution under varied temperatures and foil thicknesses, Mater.
Today Energy 21 (2021) 100731.

[85] Dmitry Terentyev, Napoleén Anento, Anna Serra, Ville Jansson, Hassan Khater, Gio-
vanni Bonny, Interaction of carbon with vacancy and self-interstitial atom clusters in
a-iron studied using metallic-covalent interatomic potential, J. Nucl. Mater. 408 (3)
(2011) 272-284.

[86] Yu-Ze Niu, Yu-Hao Li, Qing-Yuan Ren, Zhong-Zhu Li, Dmitry Terentyev, Hui-Zhi Ma,
Hong-Bo Zhou, Guang-Hong Lu, Influence of carbon on the evolution of irradiation
defects in tungsten, J. Nucl. Mater. 579 (2023) 154393.

[87]1 N. Hashimoto, S. Sakuraya, J. Tanimoto, S. Ohnuki, Effect of impurities on vacancy
migration energy in Fe-based alloys, J. Nucl. Mater. 445 (1-3) (2014) 224-226.

[88] S.A. Karpov, G.D. Tolstolutskaya, Irradiation-induced hardening of structural mate-
rials after low temperature irradiation, in: 13th Int. Conf. “Interaction Radiat. with
Solids”, Minsk, Belarus, 2019, pp. 103-106.

[89] Yongqin Chang, Jing Zhang, Xiaolin Li, Qiang Guo, Farong Wan, Yi Long, Mi-
crostructure and nanoindentation of the CLAM steel with nanocrystalline grains
under Xe irradiation, J. Nucl. Mater. 455 (1) (2014) 624-629.

[90] Jing Wang, Mychailo B. Toloczko, Karen Kruska, Daniel K. Schreiber, Danny J.
Edwards, Zihua Zhu, Jiandong Zhang, Carbon contamination during ion irradiation-
accurate detection and characterization of its effect on microstructure of fer-
ritic/martensitic steels, Sci. Rep. 7 (1) (2017) 1-12.

[91] D.S. Gelles, Microstructural examination of neutron-irradiated simple ferritic alloys,
J. Nucl. Mater. 108-109 (C) (1982) 515-526.

[92] L. Malerba, G. Bonny, D. Terentyev, E.E. Zhurkin, M. Hou, K. Vértler, K. Nordlund,
Microchemical effects in irradiated Fe—Cr alloys as revealed by atomistic simulation,
J. Nucl. Mater. 442 (1-3) (2013) 486-498.

[93] D. Terentyev, L. Malerba, A.V. Barashev, On the correlation between self-interstitial
cluster diffusivity and irradiation-induced swelling in Fe-Cr alloys, Philos. Mag. Lett.
85 (11) (2005) 587-594.

[94] Pir Olsson, Christophe Domain, Janne Wallenius, Ab initio study of Cr interactions
with point defects in bcc Fe, Phys. Rev. B, Condens. Matter Mater. Phys. 75 (1)
(2007) 014110.

[95] Frangois Cardarelli, Ferrous Metals and Their Alloys, Mater. Handb., Springer Inter-
national Publishing, 2018, pp. 101-248.

[96] Daniel R. Mason, Duc Nguyen-Manh, Mihai-Cosmin Marinica, Rebecca Alexander,
Andrea E. Sand, Sergei L. Dudarev, Relaxation volumes of microscopic and meso-
scopic irradiation-induced defects in tungsten, J. Appl. Phys. 126 (7) (2019) 75112.

[97] Christopher D. Hardie, Ceri A. Williams, Shuo Xu, Steve G. Roberts, Effects of irradi-
ation temperature and dose rate on the mechanical properties of self-ion implanted
Fe and Fe—Cr alloys, J. Nucl. Mater. 439 (1-3) (2013) 33-40.


http://refhub.elsevier.com/S0022-3115(24)00101-6/bib778A69730AE6E869E3FCF840D3B26387s1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bib778A69730AE6E869E3FCF840D3B26387s1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bib778A69730AE6E869E3FCF840D3B26387s1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bib5B11D7F48F72A08E2F4CB8C1DC1927D1s1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bib5B11D7F48F72A08E2F4CB8C1DC1927D1s1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bib5B11D7F48F72A08E2F4CB8C1DC1927D1s1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bib07D69816459F2EE0D3AB8EF0D43ECA12s1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bib07D69816459F2EE0D3AB8EF0D43ECA12s1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bib07D69816459F2EE0D3AB8EF0D43ECA12s1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bib0343813A18A58756A368D3CC3FA5B2A8s1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bib0343813A18A58756A368D3CC3FA5B2A8s1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bib9A8E5215877601D8917A69CBFE976D5Cs1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bib9A8E5215877601D8917A69CBFE976D5Cs1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bib9A8E5215877601D8917A69CBFE976D5Cs1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bib2B386F2208C19144F3A62BCFB1FC3E05s1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bib2B386F2208C19144F3A62BCFB1FC3E05s1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bibFFACE046DA2C148B3E7CB641A6329E06s1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bibFFACE046DA2C148B3E7CB641A6329E06s1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bibFFACE046DA2C148B3E7CB641A6329E06s1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bibFC1D7525EFCAF76E8106EE0568FF8C99s1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bibFC1D7525EFCAF76E8106EE0568FF8C99s1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bibFC1D7525EFCAF76E8106EE0568FF8C99s1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bibDE3D12C2F20787EBAF4FAA96FD19EDD5s1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bibDE3D12C2F20787EBAF4FAA96FD19EDD5s1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bibFE56592095A8E505D9B640B38E7F4AE2s1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bibFE56592095A8E505D9B640B38E7F4AE2s1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bibFE56592095A8E505D9B640B38E7F4AE2s1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bibD147C806801D50BB8C0A0E1478B8F733s1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bibD147C806801D50BB8C0A0E1478B8F733s1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bibDC9931D4F2AB41BFDE9F61B1B3EE78D6s1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bibDC9931D4F2AB41BFDE9F61B1B3EE78D6s1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bib22ED94395FE1A2D3893A8DC50E917DC1s1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bib22ED94395FE1A2D3893A8DC50E917DC1s1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bib22ED94395FE1A2D3893A8DC50E917DC1s1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bib3EDA427D99943D3912DA603A072E3137s1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bib3EDA427D99943D3912DA603A072E3137s1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bib3EDA427D99943D3912DA603A072E3137s1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bib24E31DE54C46502E57C97AF43DD778ACs1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bib24E31DE54C46502E57C97AF43DD778ACs1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bib24E31DE54C46502E57C97AF43DD778ACs1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bibCD286A5A53B3411B5B29C756C41C4CE9s1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bibCD286A5A53B3411B5B29C756C41C4CE9s1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bibCD286A5A53B3411B5B29C756C41C4CE9s1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bibCD286A5A53B3411B5B29C756C41C4CE9s1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bib41CC47149EC7265BAB0169DE5B115166s1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bib41CC47149EC7265BAB0169DE5B115166s1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bib41CC47149EC7265BAB0169DE5B115166s1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bib41CC47149EC7265BAB0169DE5B115166s1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bib710055302A927802EC94134408B0E005s1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bib710055302A927802EC94134408B0E005s1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bib710055302A927802EC94134408B0E005s1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bib9018DABECFD4A05575E83F5890FCB535s1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bib9018DABECFD4A05575E83F5890FCB535s1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bibF64E13496B53920BAC88870560386C83s1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bibF64E13496B53920BAC88870560386C83s1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bibF64E13496B53920BAC88870560386C83s1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bib94FF62041BBBFDF26B68E52DF42395A4s1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bib94FF62041BBBFDF26B68E52DF42395A4s1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bib94FF62041BBBFDF26B68E52DF42395A4s1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bib0BFC36E918B44F76F1A05CDE11932DDBs1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bib0BFC36E918B44F76F1A05CDE11932DDBs1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bib0BFC36E918B44F76F1A05CDE11932DDBs1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bib0BFC36E918B44F76F1A05CDE11932DDBs1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bibD704D8F377A079EB532F14413708A60Ds1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bibD704D8F377A079EB532F14413708A60Ds1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bib4BFDBF374CA0D650FF65FA77FA4E477Fs1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bib4BFDBF374CA0D650FF65FA77FA4E477Fs1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bib4BFDBF374CA0D650FF65FA77FA4E477Fs1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bib9D9D2F5FE9B0A9A0A77CAA6D2B60C161s1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bib9D9D2F5FE9B0A9A0A77CAA6D2B60C161s1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bib9D9D2F5FE9B0A9A0A77CAA6D2B60C161s1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bib11434AA28EAC4A3CD2F756F1E6CCE4E3s1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bib11434AA28EAC4A3CD2F756F1E6CCE4E3s1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bib11434AA28EAC4A3CD2F756F1E6CCE4E3s1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bib472A3FD210EF7789F7FCD0831C0DC5FFs1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bib472A3FD210EF7789F7FCD0831C0DC5FFs1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bibA332DEEFDAE3EEDC2D67972FE7C6C494s1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bibA332DEEFDAE3EEDC2D67972FE7C6C494s1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bibA332DEEFDAE3EEDC2D67972FE7C6C494s1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bib19C3547FD032BD7BF81C8E34A3BF92F2s1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bib19C3547FD032BD7BF81C8E34A3BF92F2s1
http://refhub.elsevier.com/S0022-3115(24)00101-6/bib19C3547FD032BD7BF81C8E34A3BF92F2s1

	Dose and compositional dependence of irradiation-induced property change in FeCr
	1 Introduction
	2 Materials and methods
	2.1 Sample preparation and ion-implantation
	2.2 Micro-beam Laue X-ray diffraction
	2.3 Nanoindentation

	3 Results
	3.1 Irradiation-induced lattice strain
	3.1.1 Extracting strain from diffraction data
	3.1.2 Strain as a function of dose
	3.1.3 Strain as a function of Cr
	3.1.4 Onset of strain with dose
	3.1.5 Comparison to the NRT model

	3.2 Hardness

	4 Discussion
	4.1 Trends with dose
	4.1.1 Low dose effects (< 0.008 dpa)
	4.1.2 Intermediate dose effects (0.008 ≤ dose < 0.8 dpa)
	4.1.3 High dose effects (≥ 0.8 dpa)

	4.2 Trends with Cr content

	5 Summary and conclusion
	Funding
	CRediT authorship contribution statement
	Declaration of competing interest
	Data and code availability
	Acknowledgements
	Appendix A EBSD maps of samples
	Appendix B Defect density calculations
	B.1 Defect density from lattice strain measurements
	B.2 NRT efficiency calculation

	Appendix C Nix-Gao analysis
	Appendix D Atom probe tomography results
	References


