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Fe-Cr binary alloys serve as simplified model systems to study irradiation damage relevant to fusion structural
materials. Here, Fe-3 %Cr and Fe-5 %Cr samples were irradiated with 4 MeV Fe ions under a dose rate of 4 x
107% dpa/s across a linear thermal gradient (120°C-480 °C) in a single experiment, enabling direct comparison of
temperature and Cr content effects under identical conditions. Depth-resolved Laue micro-diffraction (~10~*
strain sensitivity), nanoindentation, and AFM reveal non-monotonic evolution of lattice strain and hardness: both

decrease with temperature up to ~300 °C, then increase beyond. This turning point reflects changes defect
mobility and solute-defect clustering, which stabilize damage. Fe-3 %Cr shows consistently higher strain and
hardening than Fe-5 %Cr, especially at lower temperatures. Minimal change in post-indentation pile-up indicates
limited softening or localization. These results highlight how Cr content and temperature jointly affect irradi-
ation response, offering new insights into defect evolution in fusion-relevant alloys.

1. Introduction

The global push toward sustainable, low-carbon energy sources have
made nuclear fusion a central focus of energy research. Fusion offers an
abundant and clean energy source with minimal long-lived radioactive
waste, producing mainly helium and short-lived isotopes like tritium.
Unlike fission which generates hazardous transuranic byproducts [1].
However, realising practical fusion energy remains challenging due to
extreme operating conditions and complex material interactions [2-4].
One of the foremost challenges is developing structural materials that
withstand the harsh environment inside fusion reactors, including
elevated temperatures (~800 °C at plasma-facing components and
500-600 °C at blankets) [2,5], intense thermal loads up to 10 MW,/m?
[6-8], plasm-induced erosion and damage from 14 MeV fusion neutrons
[9,10]. Radiation damage is especially critical: high-energy neutrons
and helium ions displace atoms, producing point defects (vacancies,
interstitials) [11-13], dislocation loops, voids [14-16], and
helium-vacancy bubbles [17]. Neutron-induced transmutation re-
actions, especially (n, a) and (n, p) processes, generate helium and
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hydrogen within iron-based alloys, exacerbating swelling and embrit-
tlement [18]. Understanding how such defects form, evolve, and affect
mechanical properties is essential for designing resilient reactor mate-
rials. Given these challenges, the search for structural materials that can
resist radiation damage while maintaining mechanical integrity is cen-
tral to fusion reactor development. To investigate radiation damage, two
main emulation methods are used, ion implantation and fission-neutron
irradiation. Ion implantation is favoured for rapid damage induction
without activating the materials, enabling accelerated studies [19,20].

Among the leading structural candidates for fusion applications are
Reduced Activation Ferritic-Martensitic (RAFM) steels, developed to
minimise long-lived radioactivity and enable shallow burial of decom-
missioned [1,21-23]. These alloys exhibit low swelling, high strength,
low thermal expansion and good thermal conductivity, making them
suitable for plasma-facing and blanket structures [24-30]. Their per-
formance depends strongly on irradiation temperature, dose and chro-
mium content. Chromium plays a key role in defect clustering [31],
swelling behaviour [32,33], and irradiation-induced hardening [34,35].
However, excessive chromium content can lead to solute-rich clusters
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that intensify hardening and reduce ductility [36-38]. The complex
microstructure of RAFM steels, which includes various alloying ele-
ments, further complicates the study of defect dynamics [39]. To address
this, researchers often use simplified binary Fe-Cr alloys as model sys-
tems to isolate the fundamental effects of chromium on radiation dam-
age and mechanical properties.

Research on irradiation effects in Fe-Cr alloys has extensively
explored chromium content, temperature, and dose-related changes.
Studies have demonstrated that chromium can suppress the formation of
vacancy type defects, particularly at higher doses, by altering the sta-
bility of radiation-induced point defects [31]. Additionally, in the
presence of minor alloying elements such as Ni, Si, and P, vacancy-solute
clusters may form and significantly contribute to irradiation-induced
hardening [36]. While moderate Cr additions improve radiation toler-
ance, excessive chromium content can lead to irradiation-induced
embrittlement, reducing material ductility and fracture resistance
[37]. Similarly, irradiation dose plays a vital role in defect formation
and evolution. High dose accelerate the accumulation of vacancy clus-
ters and voids, leading to material swelling and hardening [32,34].
Temperature, on the other hand, directly impacts defect mobility and
recovery processes that reduce swelling [33]. However, such recovery
mechanisms are often accompanied by creep deformation, complicating
material performance under extreme conditions [16,17].

Researchers have developed various advanced characterisation
techniques to study irradiation damage in FeCr alloys, given their
importance in nuclear reactor materials due to their high resistance to
radiation-induced degradation. Transmission Electron Microscopy
(TEM) has been instrumental in identifying dislocation loops and
vacancy-type defects, revealing a mix of < 100 > and 1 < 111 > loops
in Fe-Cr alloys and their dependence on chromium content, which im-
pacts radiation resistance [40]. Atom Probe Tomography (APT) has
provided atomic-scale insights into irradiation-induced segregation of
Cr, Si, and P at grain boundaries and dislocations, interpreting changes
that influence corrosion resistance and mechanical properties [41].
Positron Annihilation Spectroscopy (PAS), complemented by Doppler
Broadening Spectroscopy (DBS), has detected vacancy clusters and he-
lium bubbles, confirming the formation of helium-vacancy and their
retention profiles, particularly in helium-irradiated Fel2 %Cr alloys
[42]. Additionally, Small-Angle Neutron Scattering (SANS) has charac-
terised Cr-rich precipitates, highlighting their contributions to radiation
hardening [43], while Mossbauer Spectroscopy has further confirmed
the role of Cr in reducing vacancy mobility compared to other solutes
[44]. Together, these techniques provide the essential information of
defect behaviour and microstructural evolution under irradiation, aid-
ing in the development of radiation-resistant materials.

Despite these insights, gaps remain in the understanding of how
chromium content and temperature collectively influence the behaviour
of Fe-Cr alloys. Most studies focus on individual parameters, making it
difficult to establish systematic correlations between these factors.

To address this, we employed a novel thermal-gradient ion-
—irradiation method [45] that enables a continuous temperature range
(120-480 °C) to be explored within a single Fe-Cr sample. Two binary
alloys— Fe-3Cr and Fe-5Cr were irradiated to 0.3 dpa at a constant dose
rate (~10~* dpa/s) to study how temperature and composition jointly
influence retention and mechanical behaviour.

A comprehensive characterisation is employed using a combination
of complementary techniques such as synchrotron Laue diffraction,
nanoindentation, and atomic force microscopy (AFM). Synchrotron
Laue diffraction is chosen for its ability to measure small strains non-
invasively with high precision, as demonstrated in studies on helium-
irradiated tungsten and under other irradiated materials [46]. Lattice
strain measurements of the order of 10~* provide detailed insights into
the microstructural changes induced by irradiation. In contrast to con-
ventional techniques such as transmission electron microscopy (TEM)
and atom probe tomography (APT), which are inherently destructive
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and limited to nanoscale or localised volumes, Laue microdiffraction
enables a non-destructive assessment of the crystalline lattice over
micrometre scale regions. Similarly, while small-angle neutron scat-
tering (SANS) provide bulk-averaged information on nanoscale defect
clusters, it lacks spatial resolution and depth resolution within the
irradiated layer. This allows a more representative understanding of
irradiation-induced defect populations, including point defect-induced
lattice distortions within the bulk material. Nanoindentation serves as
a unique tool to induce and measure deformation in the micron-thin
irradiated layer, while atomic force microscopy (AFM) can be used to
capture, in high-resolution, the resulting surface variations.

2. Materials and methodology
2.1. Sample preparation

High-purity polycrystalline Fe-Cr alloys with 3 and 5 wt% chromium
content were procured by the European Fusion Development Agreement
(EFDA) under the contract named EFDA-06-1901 [47]. These alloys
were prepared by mixing of a melted Fe-Cr mother alloy and purified Fe,
to achieve a desired chromium concentration. Hot forming was per-
formed at 1150 °C to obtain a 20 mm diameter of hexagonal bar, fol-
lowed by a cold forming with a reduction ratio of 70 % to achieve a size
of 11 mm diameter. The cold formed bars were heat treated for an hour
between 650 °C and 850 °C under argon to prevent oxidation followed
by air cooling. Details of the materials are available in Table 1.

Hereafter, the two alloys containing 3 and 5 wt% Cr will be referred
to as Fe3Cr and Fe5Cr, respectively. Bars were cut using an electro-
discharge machine in a matchstick shape having size of 1 x 1 x 25 mm®.

Surface of the samples were ground using grades P360 through
P1200 of SiC abrasive paper for 3-4 min depending on surface finish
achieved. Subsequently samples were polished by 9, 3, and 1 pm dia-
mond suspension followed by 0.05 pm colloidal silica to obtain a mirror
finish. An optical microscope was employed for visual inspection after
each grinding and polishing operations to ensure there are no surface
deformation present due to previous steps.

2.2. Ion implantation

Ion implantation was accomplished by Dual Beam Ion Irradiation
Facility for Fusion Materials (DiFU) at Ruder Boskovic Institute, Croatia.
Samples were irradiated using the TGAS equipment, which is detailed
elsewhere [48]. In summary, samples are clamped with a heater at one
end and a water-cooled clamp at the other. Two K-type thermocouples
were inserted into precision-drilled shallow holes (10 mm separation),
7.5 mm from each end, to measure the sample temperature variation.
Each thermocouple was secured under a retaining bolt on the copper
block, ensuring firm mechanical and thermal contact throughout the
experiment. The measured temperature difference between the ther-
mocouple tip and the sample surface was within +5 °C and the tem-
perature stability during irradiation was maintained withing +1 °C. The
overall arrangement of the heating and cooling blocks, including the
thermocouple placement, is shown in Appendix B. A temperature
gradient of 120-480 °C was achieved between the two holes on samples.
Samples were irradiated with 4 MeV Fe ions with 3 x 10 jons/cm? for
6840s, to give a peak damage rate of 4 x 10> dpa/s Fig. 1 illustrates the
injected ions and displacements per atom (dpa) as a function of depth in
the sample. The ion dose required to reach the peak damage level of 0.3
dpa was estimated using SRIM 2013 with the Quick Calculation of

Table 1

Chemical composition of Fe3Cr and Fe5Cr alloys.
Alloy Cr (wt%) C (ppm) S (ppm) N (ppm) O (ppm) P (ppm)
Fe3Cr 3.05 4 3 2 4 5

FeSCr 5.40 4 3 2 4 5
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Damage option (NRT-modified Kinchin-Pease model) and a threshold
displacement energy of 40 eV [49]. Since SRIM reports vacancy pro-
duction as vacancies per Angstrém per ion, the vacancy profile was
converted to dpa by normalising with the atomic density of the target
and the applied fluence [50]. Depth-dependent displacements per atom
(dpa) were calculated from SRIM vacancy distributions by converting
the number of vacancies per ion per unit depth into dpa per ion using the
atomic density of the Fe-Cr alloy (determined from the bcc lattice
parameter a = 2.87 A). The dpa profile corresponding to a given ion
fluence was obtained by multiplying the dpa-per-ion distribution by the
implanted fluence. An oval shaped (approximately 10 mm tall and 4 mm
wide) heavy ion beam was rastered over samples, with a frequency of
488Hz, to achieve a uniform irradiated area of 14 x 14.5 mm?> The
scanned area was defined by vertical and horizontal slits.

After irradiation, both side of the exposed area of samples were
scored with a knife to demarcate the non-irradiated and irradiated
regions.

2.3. Synchrotron Laue X-ray diffraction

Irradiation damage can introduce defects in the crystal, and these
defects create a strain field which can be measured. Micro-beam Laue
diffraction can be used to non-destructively probe any lattice strains
present in the sample after irradiation with high spatial resolution. The
beamline setup 34-ID-E at Advanced Photon Source, Argonne National
Lab, USA was utilised here. The experimental setup of micro beam Laue
diffraction is represented in Appendix A.

A resolution of ~500 nm was obtained along the incident beam di-
rection (i.e. as a function of depth into the sample) using the Differential
Aperture X-ray Microscopy (DAXM) technique. Details about the DAXM
technique can be found elsewhere [51] Briefly, the diffraction patterns
collected on the detector, is a sum of intensity measured along all points
lying along the direction of the incident beam. To resolve the diffraction
intensity as a function of depth, a platinum wire was placed between the
sample and the detector. This platinum wire moved in sub-microns
steps, parallel to the sample surface. The platinum wire acts as a dif-
ferential aperture. By subtracting and measuring the differential in-
tensity corresponding to the sub-micron steps, and extrapolating using
the line edge and wire of the beam, a depth resolution of ~500 nm was
obtained in the reconstructed data.

<001> oriented grains (~150-200 pm size) were identified across
the length of the sample using electron backscattering diffraction
(Appendix B). A polychromatic (white) X-ray beam of 7-30 keV was first
used to survey the sample and confirm suitable <002> oriented grains
were present. The beam was focussed by KB mirrors to a 300 nm x 300
nm spot (FWHM), and measurements were performed in a 45-degree
reflection geometry. Detector was placed ~500 mm above sample.
Once the target grains were identified, the beam was switched to
monochromatic mode for high-resolution depth-resolved strain mea-
surements. In each grain, the strain in the <001> direction was
measured using the diffraction setup at 34-ID-E. The measurement gave
a strain resolution of the order of 10~# [52-54].

For each (00n) reflection, the incident beam was monochromated
and the photon energy was scanned to produce a 3D reciprocal space
map. The order of the (00n) reflection was chosen to ensure that the
diffraction peak centre was in the photon energy range of 11-14 keV.
For each reflection, an energy interval of ~30 eV was scanned with 1 eV
steps. At each energy DAXM was also carried out to resolve the scattered
intensity as a function of depth into the sample. The diffraction data was
post-processed using the LaueGo software package [55] and mapped
into a 4D space demarcated by the reciprocal space coordinates, gy, qy,
gz and the distance along the incident beam (depth into the sample).

Description of scattering vector is explained elsewhere [56]. Fig. 2
shows the diffracted intensity, integrated over the tangential reciprocal
space directions (normal to the sample surface), and plotted as a func-
tion of the scattering vector magnitude (Q) and the depth into the
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Fig. 1. Profile of injected ion represented as dotted curve and damage (solid
curve) as a function of depth in the sample.
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Fig. 2. Integrated diffracted intensity (as a function of scattering vector
magnitude |Q| and depth in the sample) from a <001> oriented grain in the
Fe5Cr sample at 440 °C. The integrated diffracted intensity is shown in the
colour bar (arbitrary units). (For interpretation of the references to colour in
this figure legend, the reader is referred to the Web version of this article.)

sample. It can be observed from the surface there is a broad peak in Q (i.
e. large variation in strain) for about 2.5 pm, which corresponds with the
irradiated layer. Beyond this, the sharp peak drop corresponds to the
non-irradiated bulk. From Q, with increasing depth, the transition from
the irradiated to the non-irradiated part, a sharp transition in the Q
vector magnitude is observed.

This Laue data is used to calculate the lattice strain component in the
<00n> direction i.e. normal to the sample surface. The peak centre at
each depth (represented by the red dots in Fig. 2), (Q,) is found using the
centre-of-mass method. Considering small strain approximation, the
lattice strain can then calculate as

Q.r - Qjef
Qref

€z =

Here, &, is lattice strain, Q- and Qs are scattering vector at irradiated
and non-irradiated region of the sample, respectively. Q. is the peak
position for the reflection in an unstrained crystal. Here we calculate Q.
by considering the average of the peak position in the last 1.5 pm depth
(which is about 10-12 pm away from the surface).
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2.4. Nanoindentation

Nanoindentation was conducted on Agilent G200 Nano-indenter
equipped with a 5 pm spherical diamond indenter tip and a standard
Berkovich tip to measure the mechanical properties of ion-irradiated
FeCr alloys.

Spherical Indentations were performed to a depth of 200 nm on
<001> oriented grains, identified on the samples at different points
along the temperature gradient (Appendix B). The depth of 200 nm was
chosen such that the plastic zone induced by the deformation is fully
contained in the irradiated layer which is predicted to be of depth of
about 1.5 pm. A spherical indenter was chosen here to reduce the
sensitivity of the measurements to the tip geometry which is particularly
evident in cases of sharp Berkovich tips with a high strain gradient near
the tip. The experiment utilised the Continuous Stiffness Measurement
(CSM) technique, which provided real-time data on stiffness and hard-
ness as a function of depth, supported by a harmonic stiffness parameter
with a targeted harmonic displacement and frequency of 2 nm and 45
Hz. A constant strain rate of 0.05 s~! was maintained throughout, while
the surface approach velocity was set at 10 nm/s to ensure controlled
indentation. These settings minimise the impact of thermal drift and
instrument noise, ensuring precise measurements even at shallow depths
where surface effects are more pronounced.

Peak loads achieved at a maximum indentation depth of 200 nm
across different regions of the sample are compared, and hardness (H) is
calculated as follows:

H= 1 2
Where P is the applied load, and A is the projected area corresponding to
the given indentation depth. These measurements do not incorporate
corrections for factors such as pile-up, indentation size effects or
detailed depth-dependent hardness.

Berkovich indentation was performed to a maximum depth of 2000
nm on random grains across the temperature gradient using the same
nano indenter and CSM parameters (2 nm harmonic displacement at
45Hz). The Berkovich tip area function was calibrated against a fused
silica standard prior to testing. Hardness values obtained from both in-
denters were averaged over the depth range of 100-200 nm to minimise
the roughness effects, size effect and to capture mechanical response
within the irradiated layer. The strain rate and surface approach velocity
were consistent with those used for spherical indentation.

2.5. Atomic force microscopy

Atomic Force Microscopy (AFM) was performed using a Dimension
D3100 AFM to investigate the surface morphology of indentation. This
technique provided high-resolution, three-dimensional topographical
data to characterise surface features such as pile-up and sink-in around
nanoindentation sites. The AFM imaging complemented nano-
indentation results by offering insight into localised deformation
behaviour around indents in parts of the samples under different irra-
diation conditions. Measurements were conducted in contact mode to
achieve high-resolution imaging of the indented regions and quantify
surface features with nanoscale precision. Scan areas of 10 pm x 10 pm
were selected to capture both the indentation and the surrounding
surface features. The scanning resolution was set to 512 x 512 pixels,
and a scan speed of 1 Hz was maintained to ensure a balance between
imaging speed and data quality. AFM provided precise height data,
enabling quantification of pile-up heights and distributions around each
indentation site. Cross-sectional surface profiles were analysed to iden-
tify variations in pile-up and sink-in behaviour across temperature
gradient.

All image processing and analysis steps were performed in MATLAB.
AFM height data was processed using a custom MATLAB script. Raw
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surface topography was levelled by fitting and subtracting a plane from
the central region of the scan (excluding edge effects), effectively
removing sample tilt and background curvature.

Cross sectional profiles were interactively selected along user-
defined lines, and the height values were extracted through 2D inter-
polation along each line. Each profile corresponds to a single line, and
multiple profiles were aligned based on their minimum height and
superimposed for comparative analysis.

All post-irradiation examination, micro-Laue, indentation and AFM
were conducted at room temperature.

3. Results
3.1. Lattice strain

Irradiation-induced lattice strain was measured across a range of
temperature points in both Fe5Cr and Fe3Cr using the Laue diffraction
setup. Fig. 3 (a) shows a typical plot of the out-of-plane strain (eq. (1)) as
a function of depth into the sample, alongside the corresponding
SRIM-calculated damage distribution for comparison. A pronounced
near-surface maximum in g,, is observed, rather than a peak at the
predicted damage maximum, indicating that lattice strain does not
necessarily coincide with the SRIM peak. This near—surface maximum
reflects the genuine distribution of retained irradiation-induced defects
rather than a measurement artefact. Any purely elastic surface-
relaxation zone is expected to extend less than 100 nm, well below the
~500 nm depth resolution of the Laue method, confirming that the
observed strain peak arises from actual defect accumulation in the
implanted region. The safe analysis region (~0.2-0.8 pm) established
for 3-5 MeV Fe-ions irradiation provides an artefact-free mid-depth zone
bounded by surface-denuded and implanted-ion affected regions [57,
58].

The strain is seen to reduce with increasing depth into the sample,
until it reaches a point where it plateaus out in the unstrained crystal
below the irradiated layer. From this point the strain is assumed to be
zero, this depth is termed as “d0”. From our implantation conditions and
based on the SRIM calculation (Fig. 1), an irradiated layer depth of about
1.5 pm was expected. However, in Fig. 3 (a) it is seen that the strain
attributed to irradiation defects extends far beyond that depth (specif-
ically in this case up to 5.8 pm) as indicated by the red circle. The
extended strain does not indicate additional damage throughout this
depth but may arises from two concurrent effects. First, limited ion
channelling along low-index crystallographic directions can permit a
small fraction of 4 MeV Fe ions to penetrate deeper than the nominal
SRIM range. Second, elastic constraint between the implanted layer and
the underlying substrate transmits part of the residual stress several
microns into the non-irradiated region.

For both samples, Fe5Cr and Fe3Cr, a strain curve, similar to the
example plot shown in Fig. 3 (a), was plotted across a range of tem-
perature points. For each case the maximum strain value from this curve
is represented as peak strain values in Fig. 3 (b). The average of the
strain values from the surface to “d0” are represented in Fig. 3 (c). The
change in “d0” as a function of changing chromium content and tem-
perature is shown in Fig. 3 (d). The error bar associated with the mea-
surements in Fig. 3 (b), (¢), and (d) represent the standard error (SE) of
the mean, calculated by combining uncertainty from two key sources,
uncertainty introduced by the surface detection (available for all tem-
peratures) and reproducibility error from additional measurements
taken for selected temperatures at different points on the same <001>
grain at a given temperature. The multiple measurements indicate po-
tential sensitivity to local microstructural differences or experimental
conditions. A 95 % confidence interval is approximated as +1.96 x SE,
assuming normally distributed data. SE values and number of mea-
surements for each temperature are provided in a supplementary file. As
described in Section 2.3, the strain is calculated from the surface (sur-
face shown in (Fig. 2), up to several microns deep into the sample. For
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Fig. 3. (a) Example of a plot of out-of-plane strain calculated from diffraction measurements plotted as a function of depth into the sample. Here the plotted strain
curve corresponds to a measurement at an irradiation temperature of 282 °C in the Fe5Cr sample. Black curve represents the damage profile as a function of depth.
(b) A plot of the peak strain versus temperature for both Fe5Cr and Fe3Cr. (c) A plot of the average strain over depth “d0” versus temperature for Fe5Cr and Fe3Cr. (d)
A plot of “d0” versus temperature for Fe5Cr and Fe3Cr. The dotted green line shows the depth of the irradiated layer as predicted by SRIM. The error bars represent
the uncertainty introduced in the measurement due to uncertainty in surface choice (refer to appendix C for details). (For interpretation of the references to colour in

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

some cases, the detection of the surface is more uncertain as compared to
others where the surface may be very distinct (Appendix C). For cases
where the choice of the surface was unclear, the analysis of the strain
measurement results the average of the analysis performed with the
multiple choices of the possible surfaces. For some temperature points,
multiple diffraction measurements were also analysed. The resulting
peak and average strain are represented as error bars in Fig. 3 (b) and (c)
which represents the uncertainty due to both surface choice and mea-
surement repeatability.

From Fig. 3 (b), comparing the non-irradiated regions, the hot end
(>500 °C) has slightly higher observed strain as compared to the strain
in the cold non-irradiated part. This difference is not attributed to
temperature effects but is likely due to experimental scatter. The average
strain is effectively zero, see Fig. 3 (c). We note here that there was
negligible difference in the strain measurements for the non-irradiated
regions from both Fe3Cr and Fe5Cr samples, hence these points are
shown collective as single black point. Thus, the non-irradiated data
points in Fig. 3 (b)-(d) can be considered representative of the non-
irradiated regions in both Fe5Cr and Fe3Cr samples.

The irradiation induced strain, however, across all temperature
points, is significantly higher than the strain in the non-irradiated re-
gions (both cold and hot) for both Fe3Cr and Fe5Cr. For both alloys, it is
seen that the peak strain initially decreases as the irradiation tempera-
ture rises, reaching almost 0.5-1.2 x 10~% Beyond 300 °C, the peak
strain values start increasing with increasing temperature. The lower
chromium content is seen to have slightly higher strain values below
300 °C as compared to Fe5Cr. Beyond 300 °C, the peak strain values are
seen to be unaffected by the difference in chromium content.

The variation of the average strain with temperature and chromium
content (Fig. 3 (¢)) is seen to follow a trend similar to that of the peak
strain (Fig. 3 (b)) and is smaller than peak strain due to averaging across
a profile similar to Fig. 3 (a). For both samples, the average strain values

are seen to decrease with increasing temperature till 300 °C (~5 x
10*5), beyond which the strain values increase with increasing
temperature.

Similar to observations in peak strain vs temperature, below 300 °C,
the average strain values are seen to be higher for 3 % Cr than the
corresponding values for 5 % Cr. Beyond 300 °C, the change in the
average strain values with temperature is seen to be nearly the same for
both chromium content.

Fig. 3 (d) shows that for both samples, for all the measured points,
the depth of zero strain is higher than the depth of the irradiated layer as
predicted by SRIM (depicted by the green dotted line in Fig. 3 (d)). Thus,
the lattice strain due to irradiation defects, penetrates well beyond the
irradiated layer. The variability in “d0” with temperature is seen to be
significantly high below 300 °C for both Fe3Cr and Fe5Cr. Beyond
300 °C, the “d0” values for the Fe3Cr and Fe5Cr samples, are approxi-
mately close to a mean value of 5.25 pm (95 % CI, 4.47-6.02 pm) and
4.21 pm (95 % CI, 3.93-4.48 pm) respectively. A specific trend in the
variation of “d0” with temperature is not seen for either of the two
samples. Nevertheless, it is interesting to note that for any given point,
the combination of “d0” and the peak strain, captured in the average
strain measurement, shows a distinct and similar pattern for both
samples.

3.2. Deformation behaviour

We note here that due to lack of suitable grains for indentation, data
points could not be obtained for the hot non-irradiated end for the Fe3Cr
sample. The “non-irradiated” data shown in Fig. 3 (a) were taken from
the cold- and hot-end regions of the same temperature-gradient spec-
imen, located outside the ion-beam footprint and demarcated by a
visible score mark (Appendix B, Fig. B. 1). Berkovich data are repre-
sented only for hardness measurements as they are better suited for
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comparative hardness analysis (Fig. 4b—c). Since spherical tips require
significantly higher peak loads due to their larger contact area and are
more sensitive to the onset of plasticity, the peak load vs displacement is
shown exclusively for spherical indentations.

Comparison of the non-irradiated regions in Fe5Cr does not show
noticeable change as a function of temperature. However, comparing
the irradiated zone to the non-irradiated regions, a non-monotonic trend
is observed across the measured temperature range for both Fe5Cr and
Fe3Cr. For both, the peak load and relative hardness, initially decrease
with increasing temperature up to ~300 °C, followed by an increase up
to ~400 °C, and then decline beyond (Fig. 4a—c). This behaviour is
consistently observed for both spherical and Berkovich indenters. While
spherical indentation produces higher hardness values, particularly in
the irradiated region. We note that this difference may be influenced not
only by the indenter geometry but also by the crystallographic orien-
tation of the indented grains. Spherical indentation was performed
exclusively on grains oriented near <001>, whereas Berkovich inden-
tation sampled random grain orientation. Previous studies on Fe-Cr
alloys have shown that crystallographic orientation can cause variation
in hardness, due to differences in dislocation-loop mobility and slip
activation along different orientations. However, the magnitude of this
effect is typically limited to only a few percent [59-62].

A similar temperature-dependent trend has been reported for Fe-Cr
alloys irradiated with 2 MeV Fe' ions by Hardie et al. [63], where the
maximum hardening occurred near 300 °C and decreased at higher
temperatures. In contrast, Bhattacharya et al. [64] observed nearly
constant hardness up to ~450 °C in neutron-irradiated Fe-Cr alloys at
much lower dose rates. Our temperature-gradient ion-irradiation results
therefore exhibit the similar overall trend as previous ion-irradiation
data, while differing from the more temperature-insensitive neutron
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behaviour due to the higher dose rate and shallower implanted layer.

Fe3Cr shows consistently higher peak load and relative hardness
than Fe5Cr at corresponding temperatures, regardless of indenter type,
indicating greater irradiation-induced hardening in the lower Cr alloy.
In case of the lattice strain, the difference as a function of chromium
content lowered beyond 300 °C which is not seen here for the defor-
mation behaviour. Beyond 400 °C, the peak load and hardness are seen
to reduce for both Fe3Cr and Fe5Cr, more prominently so for Fe3Cr.

Comparison of the non-irradiated regions shows that the peak load
and hardness does not vary with temperature without any irradiation for
either of the two samples.

In general, the peak load and relative hardness values for the 3 % Cr
samples is higher as compared to the 5 % Cr sample. For both samples,
the peak load and relative hardness varies insignificantly with temper-
ature except in the temperature zone 250-300 °C. Outside this tem-
perature zone, the peak load for the 3 % Cr and 5 % Cr sample is
approximately around the average value of 6.47 + 0.28 mN with a 95 %
CI and 5.83 £ 0.15 mN with a 95 % CI respectively. This is in alignment
with the dip in peak strain and average strain values also observed in this
similar temperature zone (Fig. 3). Although the data exhibit some
scatter, Fe3Cr tends to show slightly higher peak loads than Fe5Cr,
indicating a possible tendency for greater resistance to deformation
under irradiation conditions.

3.3. Surface morphology

A 2D AFM map is shown in Fig. 5 (a), with white arrows indicating
the various cross sections used for analysis. Three cross-sectional lines
were taken in each direction to account for possible errors arising from
user selection. In total, these six cross-section lines provided twelve
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Fig. 4. (a) Shows the peak load obtained from the load-displacement curves using the spherical tip for both samples as a function of varying temperature points. The
error bar represents the 95 % CI of the repeated indent experiments, detailed analysis is available in appendix D. (b) & (c) shows the hardness (described in eq. (2)) as
a function of temperature, for Fe3Cr and Fe5Cr, respectively. Error bars represent the uncertainty in the relative hardness, calculated as the ratio of hardness in the
irradiated region to that of the non-irradiated reference. For temperatures with multiple irradiated measurements, standard errors of both irradiated and reference
hardness were combined using standard error. For temperatures with a single irradiated measurement, error bars reflect only the uncertainty in the refer-

ence hardness.
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Fig. 5. (a) 2D AFM plot of Fe5Cr at 651 °C shows six cross-section lines used to extract cross sectional profiles along the pile up. Twelve maximum pile-up heights
were obtained from these profiles, and the corresponding standard error was applied in (b). (b) Deformation induced maximum pile up height around indents aligned
with the family of {110} plane for various temperatures across the sample, illustrating temperature-dependent variations in material response. (c) and (d) represent
the cross-sectional plot of pile up in Fe3Cr and Fe5Cr, respectively, with standard error represented as a shaded band.

measurements of maximum pile-up heights around each indent. An
average and standard error were estimated, and maximum pile-up vs
temperature was plotted (Fig. 5 (b)). The cross-sectional profiles of pile
up at different temperatures were plotted (Fig. 5(c) and d). For Fig. 5(c)
and (d), the two chosen temperatures correspond to the temperature in
the non-irradiated cold end where an AFM measurement was done and
the temperature at which the maximum pile-up was observed across
each sample respectively (2D plots are available in Appendix E).
Demarcation lines are provided in Fig. 5 (b), representing the temper-
atures corresponding to the irradiated and unirradiated regions.

Due to the shallow indentation depths, surface pile-up remains
minimal across most regions, indicating limited surface relaxation. As
shown in Fig. 5 (b), there is negligible variation in maximum surface
pile-up with changes in either chromium content or temperature. The
only notable exception is observed in the Fe5Cr sample at 253 °C, where
increased pile-up was recorded. However, this region exhibited visible
surface oxidation under an optical microscope, which is likely respon-
sible for the anomaly observed in the AFM scan. Additionally, there is
little difference in maximum pile-up between irradiated and unirradi-
ated regions, likely due to the very shallow nature of the indents.
Overall, under the given irradiation dose and across the studied tem-
perature range, no significant irradiation-induced softening or associ-
ated surface localization is observed.

4. Discussion

The results show that even a small irradiation dose of about 0.3 dpa
induces a measurable lattice strain in both Fe3Cr and Fe5Cr samples. It is
also noteworthy that high-resolution diffraction measurements allow us
to probe lattice strains of the order of 10™%,

Overall, a positive lattice strain is observed for both chromium
contents across the entire temperature range investigated. The depth-
resolved Laue measurements reveal a gradual increase in lattice strain
with depth, followed by a broad maximum close to the surface region,
rather than a sharp peak at the SRIM-predicted damage maximum. This
behaviour contrasts with the conventional profiles observed in higher

energy Fe-ion irradiations, where the peak strain typically coincides
with the subsurface damage maximum. A similar correspondence be-
tween the lattice strain and SRIM-calculated damage profile has been
reported by Song et al. [65], where 20 MeV Fe3* irradiation produced &,
peaking at ~3 pm, coincident with the deeper damage maximum. In our
case, the lower ion energy (4 MeV) yields a shallower projected range
(~1.1 pm) and lower peak dose (~0.3 dpa). the moderate fluence and
irradiation temperature promote partial recombination of near-surface
defects and redistribution of damage. These factors reduce the
contrast in retained defect density and shift the strain maximum closer
to the surface. The resulting profile thus reflects the actual near-surface
defect accumulation and redistribution characteristic of low-energy
irradiation, rather than the position of the ballistic damage peak.

Previous studies indicate that the defect microstructure in self-ion
irradiated FeCr alloys is primarily dominated by dislocation loops
[66-68]. This aligns well with our results, where the net positive lattice
strain can be attributed to the positive relaxation volume associated
with interstitial loops [69]. While it remains challenging to deconvolve
lattice strain data to directly infer loop size, type and density, our results
clearly demonstrate that the defect microstructure evolves notably with
changes in both chromium content and temperature.

Effect of chromium content below 300 °C

At temperatures below 300 °C, a lower chromium content corre-
sponds to higher lattice strain and higher peak load, indicating a more
hardened material. This suggests that even a minor reduction in chro-
mium content can significantly alter the configuration, population, and
density of irradiation-induced defects. Our observations align with those
reported by Matijasevic et al. [70], where TEM analysis of Fe2.5Cr and
Fe5Cr alloys irradiated at 300 °C up to 0.6 dpa (a dose close to ours)
revealed larger dislocation loops (~13 nm) well-distributed throughout
the matrix in the lower Cr alloy. In contrast, the higher Cr alloy showed
smaller defect clusters (~7 nm) with reduced defect density. This
disparity in defect microstructure could explain the higher strain and
peak load observed in Fe3Cr samples, particularly below 200 °C. Similar
findings of smaller loop sizes with increasing chromium content have
also been reported [71].
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Effect of chromium content above 300 °C

Above 300 °C, the difference in lattice strain with respect to chro-
mium content diminishes. This observation is consistent with findings
from related studies involving detailed TEM investigations of cavities
formed in irradiated FeCr alloys at temperatures between 400 and
500 °C. These studies [63] show that, while cavities do form under
irradiation, the influence of chromium content on cavity formation and
associated swelling becomes negligible at higher temperatures. Thus,
our observations imply that below 300 °C, chromium content plays a
dominant role in shaping the defect microstructure, whereas beyond
300 °C, thermal effects may become the primary driver of defect evo-
lution, thereby reducing the impact of compositional variation.

Effect of temperature

Temperature significantly affects both lattice strain and deformation
behaviour, reflecting a substantial change in defect population with
temperature. Notably, there is a clear transition in the trend around
300 °C. As temperature increases toward 300 °C, both lattice strain and
hardness decrease, and at 300 °C, the impact of irradiation appears
minimal—almost comparable to unirradiated material. Beyond 300 °C,
however, further microstructural evolution leads to renewed increases
in both lattice strain and hardness.

Low-temperature zone (up to ~200 °C)

Determining the exact nature of defect configurations in this range
requires additional microscopy or atomistic simulations. Nonetheless, it
is well-established that room-temperature irradiation of FeCr alloys
leads to dislocation loops with Burgers vectors of either 1/2a<111> or
a<100> [72]. TEM analysis by Prokhodtseva et al. [73] confirms that
such conditions produce small loops (~2.5 nm diameter), consistent
with early-stage radiation damage. Song et al. [65] report lattice strains
of ~5 x 10~% in FeCr alloys irradiated with 0.4 dpa at room tempera-
ture. In our study, the observed strains at ~100 °C are about 1-2 x 10™*
(with higher values for Fe3Cr), indicating a reduction in irradiation
strain with temperature. This decline in strain continues steadily up to
~300 °C.

Mid-temperature zone (~300 °C)

Even at 300 °C, the microstructure remains dominated by dislocation
loops, with loop size decreasing as chromium content increases [70].
The reduced lattice strain and hardness observed up to 300 °C may thus
be attributed to enhanced mobility of these loops. Increased loop
mobility can lead to more frequent annihilation at sinks and recombi-
nation, resulting in lower defect density and, consequently, lower strain
[74]. In situ TEM studies have corroborated this trend of decreasing
defect density with increasing temperature [75].

High-temperature zone (>300 °C)

At temperatures exceeding 400 °C, TEM studies have demonstrated
vacancy cluster in irradiated FeCr alloys, with cluster size increasing
with temperature [63]. Although our study does not extend to such high
temperatures, this literature indicates a significant microstructural
transition beyond 300 °C. This evolution may involve a combination of
dislocation loop formation and Cr precipitation, all of which could
contribute to the observed rise in lattice strain and hardening beyond
300 °C. Recent findings by Fedorov et al. [76] show that even trace
impurities of carbon and nitrogen can promote Cr clustering at elevated
temperatures (>300 °C) through vacancy-impurity interactions. This
impurity-assisted clustering may stabilize irradiation-induced defect
clusters at high temperatures, providing a plausible explanation for the
increasing lattice strain and hardening beyond the transition point. It is
worth noting that such contamination (~100 appm of C and N) is
common during ion irradiation [77].

Very high-temperature zone (>550 °C)

Although not directly studied in our experiments, it is reasonable to
expect a reduction in irradiation-induced strain at temperatures
exceeding 550 °C, in line with earlier reports of irradiation softening in
FeCr alloys and steels under high-temperature conditions [78]. For
example, the Berkovich indentation at 500 °C show a reduction in
irradiation hardening as compared to lower temperatures.
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In summary, lattice strain and hardness in irradiated FeCr alloys with
<001> orientation show a complex but compelling temperature
dependence, particularly in the 200-400 °C range. The observed tran-
sitions suggest significant changes in the defect landscape, warranting
further electron microscopy to uncover the underlying mechanisms.

Discussion on AFM results

Irradiated metals often exhibit localised plasticity in the form of slip
channels and strain localization, especially in grains with <001>
orientation [79,80]. This is reflected in the form of surface pile up in-
crease around indents as has been shown for helium-implanted [81].
However, AFM measurements in this study show no significant change
in surface morphology or pile-up as a function of either chromium
content or temperature. This suggests limited strain localization in these
conditions, which can likely be attributed to the low implantation dose
and resulting low defect density. This interpretation is consistent with
the relatively small lattice strains observed in our samples.

Furthermore, the minimal pile-up detected in AFM scans across all
conditions may also result from the geometry of the spherical nano
indenter tip. Compared to sharp tips like the Berkovich, spherical tips
engage more gradually and generate a wider plastic zone, reducing
localized strain concentrations and surface extrusion. This broader dis-
tribution of plastic deformation likely suppresses visible pile-up, even in
irradiated regions. Hardie et al. [82] observed significant pile-up in
Fel2Cr alloys irradiated at similar doses using sharper indenter geom-
etries (Berkovich and cube corner tips) at the indentation depth of 250
nm. In contrast, our study’s use of spherical indenter indented up to
shallow depths may further be limiting surface strain localization.

Discussion on depth of irradiation effects

An intriguing observation is the depth at which irradiation-induced
lattice strain is detected: approximately 4 pm, nearly three times
deeper than the 1.3 pm depth predicted by SRIM simulations. Typically,
studies conducted at room temperature show good agreement between
SRIM predictions and observed strain depth [65]. Our findings suggest
that elevated temperatures during irradiation may enhance defect
mobility, enabling deeper penetration of irradiation defects. However,
this hypothesis requires further investigation using first-principles cal-
culations or atomistic simulations to fully understand the mechanisms
driving this behaviour.

Overall, our results clearly demonstrate that even small variations in
chromium content, when coupled with temperature, can lead to signif-
icant differences in irradiation-induced lattice strain and deformation
behaviour in FeCr alloys. These findings underscore the complex inter-
play between composition and temperature in determining the radiation
response of FeCr-based materials, and point to several promising ave-
nues for future research, particularly using microscopy and modelling to
further resolve the nature of the evolving defect structures.

5. Conclusion

This study investigated the temperature-dependent irradiation
response of Fe3Cr and Fe5Cr binary alloys, used as model systems to
understand defect evolution in RAFM steels. Employing high-resolution
synchrotron Laue diffraction, nanoindentation, and atomic force mi-
croscopy, we characterised lattice strain and micromechanical response
across a thermal gradient from 120 °C to 480 °C within each sample.

Lattice strain of the order of 10™* was observed at low irradiation
doses (~0.3 dpa), with a non-monotonic temperature trend: strain
decreased up to ~300 °C and increased thereafter. This suggests a
transition from mobile, recombining defects at lower temperatures to
stabilized defect configurations—such as point defects or solute-
decorated clusters, above 300 °C. Nanoindentation results mirrored
this behaviour, with hardness showing similar temperature dependence.
Fe3Cr consistently showed higher strain and hardness than Fe5Cr,
especially below 300 °C, implying stronger defect retention and possible
solute-stabilized clustering.

AFM revealed negligible post-indentation surface morphology
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changes across all conditions, consistent with shallow indentation
depths, reduced strain localization, and diffuse defect structures.
Notably, lattice strain extended nearly three times deeper than SRIM
predictions, indicating enhanced defect mobility and redistribution at
elevated temperatures.

These findings highlight how small variations in Cr content and
irradiation temperature strongly influence defect evolution and defor-
mation response. Integrating microscopy (e.g. TEM, APT) with first-
principles or atomistic calculations, may help to reveal the underlying
mechanisms, enabling a more complete understanding of defect kinetics
and interactions in Fe-Cr alloys under irradiation.
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Appendix A

X-ray Laue Diffraction Microscopy in 3D at 34-ID-E, APS
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Fig. A. 1. Experimental setup pf micro-X-ray Laue diffraction with respective coordinates system [83].

The lattice strain or swelling in the irradiated layer was measured using micro beam Laue diffraction at Argonne National Laboratory, USA on 34-
ID-E beamline. The principle behind the Laue diffraction is based on Bragg’s law, expressed as:

ni=2dsin 6

Eq. (A1)

Where, n represents an integer, 1 is the wavelength of the beam, interplanar distance is represented by d, and 6 is the angle of the beam. Details of Laue
diffraction can be found elsewhere [46]. Briefly, when a beam of an X-ray interacts with the atoms, it diffracts in a specific direction due to diffraction
and produces a diffraction pattern. The resulting diffraction pattern i.e. the Laue diffraction pattern consist of peaks that correspond to the
constructive interference of waves scattered by the atoms. The different peaks are representative of crystallographic lattice planes. The diffraction
pattern being dependent on the interplanar spacing, is altered by change in lattice strain i.e. change in d. Thus, by comparing the diffraction patterns of
pure and irradiated layer, the distortion of lattice can be measured.

Appendix B

Fig. B. 1 (a) and (b) represents the matchstick samples of two different chromium content 3 % Cr and 5 % Cr, FeCr alloy. Scorching marks provided
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during irradiation, are clearly visible on samples. The red grains on the figure below, shows the 001 oriented grains on the Matchstick sample
accomplished by electron back scattering diffraction (EBSD).

Fig. B. 1. Chosen 001 oriented grains from EBSD analysis of (a)Fe3Cr, and (b) Fe5Cr represented in red colour. Figure width is 25 mm.

Fig. B. 2 shows the thermal-gradient setup, where the blue cables supply power to the heater and the thin silver wires correspond to the ther-
mocouples trapped under the bolts.

Fig. B. 2. Photograph of the thermal-gradient ion-irradiation setup used at the Dual Beam Ion Irradiation Facility for Fusion Materials (DiFU). The copper blocks
serve as the heating and cooling stages. Blue cables deliver power to the resistive heaters, while the thin silver wires are thermocouples trapped beneath the bolts in
shallow holes to maintain firm contact with the copper blocks and ensure stable temperature measurement.

Appendix C

The above figure shows the diffracted intensity, integrated over the tangential reciprocal space directions, and plotted as a function of the scat-
tering vector magnitude (Q) and the depth into the sample for two cases. In Fig. C. 1 (a), it is seen that the surface is very distinct as pointed by the blue
arrow. However, in Fig. C. 1 (b) it is seen that the choice of the surface is not very clear. The surface may be at either of the two points indicated by the
two blue arrows. So, for the cases, where this kind of uncertainty was present, the analysis of the strain measurement (as described in section 2.3) was
done with the multiple choices of surface. These multiple measurements are presented as error bars in the representation of the peak strain or average
strain in Fig. 3 of the main text.
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Fig. C. 1. Diffracted intensity vs depth showing the uncertainty of surface of the sample.

Appendix D

Reproducibility of nanoindentation experiment was conducted on Fe3Cr and Fe5Cr samples. 001 oriented grains from the cold non-irradiated
region of both samples were selected, specifically grain at 80 °C and 86 °C of Fe5Cr and Fe3Cr, respectively. A 3 x 3 array of indents was per-
formed on grains with 20 pm spacing between them to avoid interference from the plastic deformation zone. There is an offset between 0.01 and
0.03 °C were applied on temperatures to distinguish among peak loads. A variation of peak loads among repeated array experiments are observed in
Fig. D. 1. Around 0.5 mN difference is seen between maximum and minimum values for both samples, which comes under the acceptance limit. Mean
and standard deviation from these results are calculated and necessary error bar is applied in Fig. 4.
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Fig. D. 1. Nanoindentation plot of peak load vs temperature of Fe3Cr and Fe5Cr via a 3 by 3 array of indents at 86 °C and 80 °C, respectively.

Appendix E
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Fig. E. 1 Represents the 2D AFM plots of Fe5Cr (a-d) and Fe3Cr (e-h). All images are oriented to align the 100 and 010 directions to horizontally and

vertically, respectively. Lighter shade shows the maximum height around the indents, providing visuals of pile-up around the indents. Height is split in
gradient of two colours, Viridis colourmap from —50 to 50 nm and grey colourmap from —250 to —50 nm for best visualisation of pile-up. For Fe5Cr,
one cold and one hot non-irradiated 2D AFM profile are available, along with two irradiated regions. However, due to difficulties during AFM
scanning, only cold non-irradiated indent was scanned for Fe3Cr, which also has three AFM scans of irradiated region.

Data availability

Data will be made available on request.
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