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Abstract

Severe plastic deformation changes the microstructure and properties of steels, which
may be favourable for their use in structural components of nuclear reactors. In this study,
high-pressure torsion (HPT) was used to refine the grain structure of Eurofer-97, a fer-
ritic/martensitic steel. Electron microscopy and X-ray diffraction were used to characterise
the microstructural changes. Following HPT, the average grain size reduced by a factor
of ~ 30, with a marked increase in high-angle grain boundaries. Dislocation density also
increased by more than one order of magnitude. The thermal stability of the deformed
material was investigated via in-situ annealing during synchrotron X-ray diffraction. This
revealed substantial recovery between 450 K - 800 K. Irradiation with 20 MeV Fe-ions
to ~ 0.1 dpa caused a 20% reduction in dislocation density compared to the as-deformed
material. However, HPT deformation prior to irradiation did not have a significant effect
in mitigating the irradiation-induced reductions in thermal diffusivity and surface acous-
tic wave velocity of the material. These results provide a multi-faceted understanding of
the changes in ferritic/martensitic steels due to severe plastic deformation, and how these
changes can be used to alter material properties.

Keywords: High-pressure torsion, Eurofer-97, nanocrystalline microstructure, annealing,

1on-irradiation
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1 Introduction

A key challenge for next-generation nuclear power is the development and processing of
highly radiation-resistant materials for structural components [1]. Reduced activation fer-
ritic/martensitic steels, such as Eurofer-97, are leading candidates due to their favourable me-
chanical and thermal properties [2], as well as good resistance to void swelling [3]. While the
exchange of Mo, Nb and Ni for W and Ta in Eurofer-97 helps to achieve low activation ca-
pability [4], the material still suffers from irradiation-induced changes such as hardening and
embrittlement, which affect its performance below 600 K [5].

Recently, nanostructuring and grain refinement via severe plastic deformation (SPD) has
been proposed as a potential method for increasing the radiation tolerance of materials [6]. The
goal for a radiation-resistant material is for its structure and properties to remain stable, or un-
changed, under irradiation. It is proposed that SPD increases the density of grain boundaries
in the material, which act as sinks for irradiation-induced defects such as vacancies and inter-
stitials, removing them from the bulk material and reducing their overall effect on the material
properties [7].

The effects of SPD on the irradiation response of structural steels include reducing
irradiation-induced segregation of alloyed solutes [8, 9], reducing the population of irradiation-
induced defects [10], and lowering irradiation hardening [11]. Some studies have shown that
grain refinement can suppress irradiation-induced void swelling by over an order of magni-
tude [12-14]. However, Aydogan et al. have found higher swelling near the surface region (top
1 um) in the irradiated SPD material compared to the as-annealed material [15].

The suitability of grain refinement by SPD for increasing radiation resistance of structural
steels 1is also unclear due to the complexity of studying different steels with varying compo-

sitions and crystal structures. For example, in face-centred cubic (FCC) materials, the grain



refinement mechanism depends greatly on the stacking fault energy and twinning. However for
body-centred cubic (BCC) materials, the results of SPD depend more on dislocation slip and
the plasticity of the individual material [16,17]. The range of conditions over which SPD can be
carried out (method of deformation, temperature, pre-/post-annealing treatments) also affect the
grain refinement and resultant material properties [6, 18]. Furthermore, the process of SPD it-
self also changes the properties of steels by increasing yield strength but also reducing ductility,
which will affect its operational performance [16, 19]. Therefore, more comprehensive studies
of the combined effect of SPD and irradiation are warranted in light of its potential use to modify
nuclear structural materials. In particular, there are comparatively fewer studies in the literature
on the effect of SPD on ferritic/martensitic steels compared to austenitic steels [16, 18]. As
such, the study of Eurofer-97, a prototypical ferritic/martensitic steel is particularly interesting.

High-pressure torsion (HPT) is a method which subjects materials to a compressive force
and simultaneous torsional straining. It is an effective method of producing nanocrystalline
materials with grain sizes less than 100 nm [20]. HPT produces a disc with radially increasing

shear strain, -, from O at the centre of the disc to:

2rNr
= 1
Y A (D

where IV is the number of rotations, r is the distance from the centre of the disc, and h is the
thickness of the disc [20]. As such, a range of strains can be accessed within the same sample.

Here we present a study on the effect of HPT, performed at room temperature, on the mi-
crostructure, thermal stability, and irradiation response of Eurofer-97. A range of experimental
characterisation techniques including electron microscopy, X-ray diffraction and transient grat-
ing spectroscopy were carried out. The results allow us to study the evolution of grain size,
dislocation density and character as a function of deformation, annealing temperature and irra-

diation. The thermal transport and elastic properties of the deformed and irradiated materials



were also probed. Considering the combination of these results, a multi-faceted picture of the
effect of HPT on the structure and properties of Eurofer-97, as well as its thermal stability and
irradiation response, emerges. This in turn allows us to examine the effectiveness of SPD as a
means of enhancing the radiation resistance and material properties of Eurofer-97 as a nuclear

structural component.

2 Materials and Methods

2.1 Sample Preparation

The Eurofer-97 material was provided by the UK Atomic Energy Authority. The original 4 mm
thick plate was produced by Bohler Bleche GMBH (Heat 993394) [21]. After hot rolling, the
material was normalised at 1253 K for 10 minutes and then tempered at 1033 K for 1.5 hours.

The manufacturer-provided composition is shown in Table 1.

Element | Cr \\ A Ta C Mn N Fe
wt% 9.08 | 1.07 024 | 0.13 | 0.11 | 0.56 | 0.04 | Bal.

Table 1: The chemical composition of Eurofer-97 with all values in wt% [21].

Samples were cut into discs of 5 mm diameter and 1 mm thickness. HPT was performed
using a Zwick Roell Z100 Materials Testing machine in a quasi-constrained set-up [20] with
custom-made anvils made from M42 tool steel. The samples were compressed with 80 kN of
force (~ 4 GPa pressure), and 9 complete rotations were performed while maintaining this force.
The final specimen thickness after HPT was 0.5 mm. Undeformed samples were also retained
as reference specimens. Shear strains investigated for the specimens in this study range from 0
at the centre of the disc to 280 at the edge of the disc.

All samples were mechanically ground with SiC paper, then polished with diamond sus-

pension and colloidal silica (0.04 pum). The final polishing step was electropolishing with 5%
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perchloric acid and 15% ethylene glycol monobutyl ether in ethanol at 293 K, using a voltage

of 30 V for 2-3 minutes using a Struers LectroPol-5.

2.2 Ion Irradiation

Irradiation with 20 MeV Fe** ions at room temperature was performed using the tandem accel-
erator at the Helsinki Accelerator Laboratory. Both the HPT-processed and undeformed sam-
ples were irradiated. The dose profile was calculated using the Quick K-P model in the SRIM
code [22], using 20 MeV Fe ions on a Fe target with 40 eV displacement energy at normal in-
cidence (Figure 1). The calculated damaged layer extends to 3.5 um below the sample surface.
The average dose in the first 2 um below the surface, where the injected ion concentration is
small, is 0.08 displacements-per-atom (dpa). The peak dose is 0.5 dpa at a depth of 3 um and
the average dose across the whole implanted layer (from O to 3.5 um depth) is 0.17 dpa. All
these doses fall into the transition regime before the onset of defect microstructure saturation in

ferritic materials [23-25].
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Figure 1: The calculated dose and injected ion profile from SRIM [22] for 20 MeV Fe-ion
irradiation on Fe target.



2.3 Electron Microscopy

SEM-based characterisation was carried out using a Zeiss Merlin FEG-SEM at the David Cock-
ayne Centre for Electron Microscopy, University of Oxford. Backscattered electron (BSE)
imaging was used for qualitative characterisation of grain morphology and carbide distribution
on the sample surface. For quantitative grain size analysis of the undeformed material, electron
backscatter diffraction (EBSD) was carried out at 30 kV with a beam current of 10 nA.

For the HPT-processed material, conventional EBSD did not provide sufficient spatial reso-
lution for microstructural characterisation due to the refined grain size. Lift-out samples were
made using focused ion beam (FIB) milling (Zeiss Crossbeam 540 FIB-SEM and Zeiss NVision
40 FIB-SEM). The samples were thinned with Ga ions to approximately 100 nm. Lift-outs were
taken at 2 different locations on each HPT sample (unirradiated and irradiated), corresponding
to shear strains of v = 110 and v = 230.

TEM imaging was carried out with a Jeol 2100 TEM with a LaB¢ source, operating at
200 kV. EDX measurements of the TEM samples to characterise carbides in the material were
carried out on a JEOL ARM-200F TEM, operating at 200 kV. On-axis transmission Kikuchi
diffraction (TKD) measurements were carried out using a Zeiss Merlin FEG-SEM at 30 kV, for
quantitative characterisation of grain size and dislocation density.

Grain size analysis was carried out using the Oxford Instrument HKL Channel 5 Tango
software, with the grain boundary critical misorientation set to 10°. Geometrically necessary
dislocation (GND) analysis was carried out in the same software, which uses the kernel average
misorientation approach described in [26]. The data was first filtered with the Kuwahara method
to remove some noise due to the small step sizes used for TKD [27]. The average misorientation
at each point was calculated with respect to its second nearest neighbours as it was determined
to be optimum for resolving the GND density distribution while not being too affected by step

size-related noise.



2.4 Synchrotron X-ray Diffraction

2.4.1 Grazing-incidence X-ray Diffraction

X-ray diffraction (XRD) measurements were made at the Diamond Light Source 111 beamline
with high-resolution multi-analyser crystal (MAC) detectors. The detector set-up consists of 5
MAC arms, which hold 9 analysing Si crystals each, mounted on a 20-circle with 30° separation
[28,29]. Due to the narrow rocking curves of the Si crystal, a high instrument resolution can be
achieved. A grazing-incidence geometry was used with a 10° incidence angle, and X-ray energy
of 15 keV (\ = 0.82656 A, AE/E = 10~%). This ensured that the majority of the diffraction
signal was dominated by contributions from the top 3 - 4 um thick layer of the samples, where
the implanted layer lies. The beam size was approximately 250 pm in height and 1 mm in width.
Measurements were taken at positions halfway between the centre and edge of the disc samples.
Accounting for the size of the beam and its footstep on the sample surface due to the incident

angle, the area measured corresponds to shear strains between 65 to 160.
2.4.2 In-situ heating X-ray Diffraction

To study the thermal stability of the deformed material, in-situ heating during XRD was per-
formed at the Diamond Light Source 112 beamline. Samples were mounted in a Linkam TS1500
heating stage for diffraction in transmission geometry. The nominal heating rate was 20 K/min,
then holding for 5 minutes at the target temperature, followed by cooling to room temperature
at a nominal rate of 30 K/min. The samples were held under an argon atmosphere throughout
the heating cycle to prevent oxidation. The highest nominal temperature reached during the
annealing cycle was 1323 K.

The X-ray beam was monochromated to an energy of 80 keV (A = 0.15498 A, AE/E =
10~%). The energy calibration and the instrument broadening function were measured using a

ceria standard sample. The beam size of 0.5 mm x 0.5 mm at the sample was defined using



slits. The position at which measurements were taken on the sample corresponded to a shear
strain of ~ 110. Two-dimensional XRD patterns were collected on a Pilatus 2M CdTe detector
positioned at a distance of 750 mm from the sample. Patterns were collected with 5 seconds of
exposure for the entire duration of the heating and cooling cycle. Azimuthal integration of the
2D raw data to obtain intensity vs. 20 (scattering angle) spectra was performed with the DAWN
software package [30].

Though the Linkam heating stage provided a temperature reading for each diffraction pat-
tern, a calibration was necessary to determine the actual temperature of the sample due to im-
perfections in the thermal contact between the stage and the samples. The sample temperature
was estimated by fitting the lattice parameter of each diffraction pattern and using the ther-
mal expansion coefficient of Eurofer-97 [31]. Further details are included in Appendix A. All

temperatures discussed from this point onwards refer to the calibrated sample temperature.
2.4.3 Convolutional Multiple Whole Pattern (CMWP) Analysis

Analysis of the intensity vs. 20 diffraction spectra (from both 111 and 112 beamlines) was
performed using the convolutional multiple whole profile (CMWP) fitting method [32,33]. This
allowed for the extraction of crystallite size distribution, dislocation density and dislocation
character. Briefly, CMWP analysis is based on fitting the sum of a background spline function
and a profile function, which is a convolution of the theoretical size and strain profiles, as well
as the measured instrument profile. The crystallite size profile is modelled as a log-normal
distribution. The strain profile considers the dislocation density, as well as the characteristic
lengthscale of their strain fields, which depends on their physical ordering and arrangement

[34,35].
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2.5 Transient Grating Spectroscopy

Transient grating spectroscopy (TGS) is a laser-based non-destructive technique to measure
thermal diffusivity and surface acoustic wave velocity. The details of the technique are de-
scribed elsewhere [36-38]. Briefly, two short pump laser pulses (0.5 ns duration at 532 nm,
with pulse energy ~ 1.5 pJ and 1 kHz repetition rate) are overlapped on the sample surface at a
fixed angle to form an interference pattern with wavelength \. Partial absorption of the light and
subsequent thermal expansion occurs at positions of constructive interference, creating a spatial
grating on the surface. At the same time, this rapid thermal expansion launches two monochro-
matic, counter-propagating surface acoustic waves (SAW). Following excitation by the pump
beams, this ‘transient grating” will decay due to the diffusion of thermal energy from maxima to
minima and also into the material bulk. By measuring this decay via the diffraction of a set of
probe laser beams (continuous wave at 559.5 nm), the thermal diffusivity and the SAW velocity
of the material can be determined. The key strength of TGS applied to ion-irradiated materials
is that the thickness of the probed layer is approximately equal to %, so A can be adjusted to
ensure the signal is dominated by contributions from the irradiated layer.

This study uses A = 5.116 £ 0.002 pm for most measurements. Extra measurements were
made for the HPT-deformed and irradiated sample with A\ = 5.116 4 0.002 um. The resultant
probed layer thickness for all measurements was ~ 1.6 um, which ensures that the signal orig-
inates from the 3.5 um thick damaged layer in the irradiated samples. The pump and probe
beam sizes were respectively 140 um and 90 ym (e% width). In order to measure properties
corresponding to different shear strains, lines of measurement points spaced 150 um apart were

taken across the diameter of the HPT-processed samples.
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3 Results

3.1 Electron Microscopy

(a) Undeformed i 5 (b) Undeformed

(d) Sample schematic

(D

Bulk HPT sample

Figure 2: The microstructure of the same area on the as-received Eurofer-97 characterised by
(a) EBSD and (b) backscattered electron (BSE) imaging. (c) A higher magnification BSE image
of the as-received material (same area enclosed by the yellow rectangle in (b)). Red and blue
arrows indicate the presence of large and small carbides, respectively. (d) A schematic of the
sample coordinates with respect to the deformed material. The orientation shown applies to all
micrographs in this figure. BSE imaging of Eurofer-97 after deformation at (e) v = 110 and (f)
v =230.

EBSD of the as-received Eurofer-97, before deformation via HPT, shows lath structures
characteristic of the martensitic microstructure of the material (Figure 2(a)). The area-weighted
average grain size of the undeformed material is 5.3 &£ 3.2 pm, using an angular misorientation
threshold of 10°. Following electropolishing, a dispersion of particles, each between a few
nm to 200 nm in size, becomes evident on the sample surface (Figure 2(b) and (c)). Particles
of similar size and spatial distribution have been observed in other studies of Eurofer-97 and
similar steels, and have been identified as carbides [15,39,40]. The larger carbides mainly

appear at the boundaries of prior austenite grains and are up to 200 nm in size (red arrows in
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Figure 2(c)). There are also smaller carbides, < 10 nm in size, distributed more homogeneously
across the sample (blue arrows in Figure 2(c)).

In this work, cylindrical coordinates will be used to describe directions in the HPT-deformed
material (Figure 2(d)). z is normal to the surface of the HPT sample (outwards positive), 7 is in
the radial direction, and 6 is the tangential direction along which torsion is applied. Following
deformation via HPT, a significant level of grain refinement is achieved (Figure 2(e) and (f)).
Quantitative measurements of the grain size following HPT will be presented in the subsequent
sections as EBSD was not able to achieve the required spatial resolution on the sample surface.
From SE and BSE imaging, it can be seen that most of the refined grains are equiaxed, with
no preferential alignment to the direction of torsion when observed along the —z direction
(in the -0 plane, Figure 2(e) and (f)). The carbides are still present following HPT but are
more homogeneously distributed. A mix of large and small carbides is present with similar size
distributions to the undeformed sample.

To further study the grain microstructures of the HPT material, FIB was used to prepare
TEM lamella from different samples and radial positions. A full comparison of TEM micro-
graphs from all samples is provided in Appendix B. There is no discernible difference in mi-
crostructure between v = 110 and v = 230, suggesting that strain saturation is reached before
v = 110. TEM of both the unirradiated and irradiated HPT material also shows that there is
no depth dependence of the microstructure down to 10 um below the bulk sample surface. An
example is shown in Figure 3(a) for the top 6 um of the deformed and irradiated sample.

When viewed along the radial direction (on the 8-z plane), the grains appear elongated
(Figure 3(a)-(c)). The axis of elongation is not completely aligned with the direction of torsion
0 (parallel to the platinum layer on the top edge of the lift-out) but inclined approximately
15°. This has been observed previously in other studies of HPT materials, even at shear strains

beyond microstructural saturation [41-44].
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Figure 3: TEM images of the deformed irradiated sample with the lift-out taken from a location
corresponding to v = 230. (a) Low magnification overview of the lift-out, showing the plat-
inum (Pt) protective layer on the bulk sample surface, with a carbon layer underneath (black).
(b)&(d) Magnified micrographs showing the grain shapes and microstructure in the irradiated
and unirradiated regions, respectively. The figures have been rotated to align with the 8-z plane
of the bulk sample. (c)&(e) Bright-field images of individual grains within the irradiated and
unirradiated regions respectively.

The presence of large carbides is detected in the TEM images as indicated by the red arrows
in Figure 3(b), similar to those indicated with red arrows in Figure 2(c). EDX was performed
to confirm that these regions, which appear grey and without sharp edges, are indeed carbides
enriched with chromium and tungsten (Appendix C).

Bright-field images of individual grains were recorded from both the irradiated (Figure 3(c))
and unirradiated (Figure 3(e)) parts of the lift-out. Numerous dislocation lines are evident in
both grains. The black spots (blue arrows), most likely carbides, also appear along the length

of the dislocation lines. No evidence of irradiation-induced microstructural changes (e.g. dislo-
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cation loops) were observed.
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Figure 4: TKD maps taken from the (a)&(d) unirradiated samples and the irradiated samples in
the (b)&(e) unirradiated regions, and (c)&(f) irradiated regions, from respectively v = 110 and
v = 230. Note that the top and bottom edges of each sample are parallel to the surface of the
bulk sample from which the lift-outs were taken. The grain boundaries (angular misorientation
> 10°) are indicated in white. Non-indexed areas are indicated in black.

Comparisons of the microstructure of different deformed samples were done with TKD
measurements (Figure 4). The average indexing rate was > 80%. Regions of low confidence
indexing occurs near the grain boundaries and around carbides (large compact black areas indi-
cated by white arrows with red outlines in Figure 4(c) and (f)).

Comparing the effect of shear strain on the microstructure (top row compared with bottom
row in Figure 4), it can be seen that the aspect ratio of the grains appears slightly larger for
~v = 230 compared to v = 110. The difference in strain level does not affect the indexing rate.

Comparing the unirradiated sample with the unirradiated regions of the irradiated sample
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at each strain level (Figure 4(a) and (c), (b) and (d)), it can be seen that the microstructure at
nominally the same deformation conditions is similar across different samples. This confirms
the reproducibility of the HPT method used for this study.

There appears to be no discernible irradiation-induced changes to the microstructure in the
TKD maps (Figure 4(c) and (f)). The overall grain shapes and distribution of unindexed regions
appear to be the same for the irradiated and unirradiated regions of the sample at each strain

level.

3.1.1 Grain Size
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Figure 5: The grain diameter distribution for the (a) undeformed and (b) deformed (v = 230)
material from TKD measurements. The grey regions indicate the range of inaccessible grain
sizes due to the limited measurement step size. (c¢) The average grain diameter for the unim-
planted and implanted regions at the two strain levels where lift-outs were taken. The error
bars represent + 1 standard deviation of the grain diameter. Note that all average and standard
deviation grain sizes reported are weighted by grain area.

The grain size distribution shape appears to be similar before and after deformation with
HPT (Figure 5(a) and (b)). Due to the presence of grains much smaller than the step sizes of
EBSD and TKD, it was difficult to probe the lower end of the distribution (< 250 nm for EBSD
and < 20 nm for TKD). The average grain size following HPT, to a shear strain of v = 230, is

reduced by over a factor of 35 compared to the undeformed reference. Comparing the grain sizes
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following HPT, there does not appear to be much change with strain level within measurement
error (Figure 5(c)). This confirms that the material microstructure is in the saturated regime at

or before v = 110. There is also no significant change in grain size following irradiation.
3.1.2 GND Density
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Figure 6: GND density map of the (a) undeformed and (b) deformed material (y = 230). Note
that the magnification and sample orientations are not the same for the two samples. (c) The
average GND density for the unimplanted and implanted regions at v = 110 and v = 230. The
error bars represent £ 1 standard deviation of the GND density.

The distribution of geometrically necessary dislocations (GND) in the undeformed mate-
rial shows extended swirling structures that are distributed evenly across and within the grains
(Figure 6(a)). The average GND density is on the order of 10'* - 10'> m~2 as expected for a
material that has undergone cold working [10,45]. The GND density increases by an order of
magnitude following HPT to 10'° - 10'® m~2 (Figure 6(b)). The regions of high dislocation
density are mainly near grain boundaries. Some bands of high dislocation density are oriented
perpendicular to the elongated axis of the grains.

Comparing dislocation density between the different lift-out samples of the deformed ma-
terials reveals little difference in average GND density as a function of strain between v = 110
and v = 230 (Figure 6(c)). Once again this confirms that strain saturation is achieved before

~v = 110. Implantation also did not change the average GND density of the samples. This is
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unsurprising as at this damage level, most irradiation defects likely exist as point defects or

small loops [46] and thus do not contribute to the large-scale lattice curvature from which GND

density is determined.

3.1.3 Grain Boundaries and Texture
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Figure 7: The distribution of grain boundary misorientation angle for the (a) undeformed and
(b) deformed material, along with (c)-(d) the corresponding {110} pole figures. (e) The theo-
retical {110} pole figure of pure iron that has been processed by torsion [47].

The undeformed Eurofer-97 material has a high proportion of grain boundaries with < 10°

and > 50° misorientation (Figure 7(a)). After torsion, this distribution changes to a large propor-
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tion of grain boundaries between 30° — 60° (Figure 7(b)). There is a significant peak around 30°
which was greatly enhanced following deformation with HPT. The true proportion of angular
misorientation below 2.5° could not be accurately determined due to experimental limitations
(grey regions in Figure 7(a) and (b)).

The {110} pole figure for the undeformed Eurofer-97 shows little preferred orientation or
texture (Figure 7(c)). After deformation with HPT, significant texture evolution occurs and
preferred orientation is evident (Figure 7(d)). The experimental observations qualitatively agree
with the theoretically predicted preferred orientations for torsioned iron (Figure 7(e)). There is
a ~ 15° rotation between the experimentally determined and the predicted texture. This is
similar to the angular difference between the top surface of the bulk HPT sample and the axis

of elongation for the grains in the 8-z plane (Figure 4(d)).

3.2 X-Ray Diffraction
3.2.1 Grazing-Incidence X-Ray Diffraction

Peak broadening is clearly observed in the raw diffraction patterns following HPT to v = 110
(Figure 8(a)). This suggests an increase of intragranular strain and/or a decrease in grain size.
The diffraction patterns shown in Figure 8(a) are functions of K = 2sinf/\, and the fittings
from CMWP (overlaid black lines) appear to agree well with the measured data. Due to strain
anisotropy, the peak broadening is not isotropic, i.e. it is not linear with /. Strain anisotropy
in peak broadening can be rectified by taking into account the dislocation contrast factors, C,
in the modified Williamson-Hall plot [48], where the FWHM or the integral breadth is plotted
against K 2C'. The contrast factor depends on the relative orientation of the diffraction vector, the
Burger’s vector and the line vector of dislocations, and the elastic constants of the material [35].
For polycrystalline samples, the average contrast factor of all the grains and dislocations is

determined in the CMWP fitting procedure. The modified Williamson-Hall plots in Figure
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Figure 8: (a) A section of the diffraction patterns, plotted as a function of K = 2sinf/\, for
the samples investigated. The traces have been vertically offset for clarity. The scatter points
are the experimental data points and the black lines are the fitted patterns from CMWP. (b) The
modified Williamson-Hall plot with C' calculated from CMWP fitting. The dashed lines are
included as a guide to the eye. (c) The area-weighted average crystallite size, (d) dislocation
density, and (e) ¢ parameter determined from CMWP. Further information about each parameter
is given in the main text. The error bars represent the fitting errors calculated by considering
the variations in the weighted-sum-of-squares residuals [32].

8(b) are produced following the procedures described in [35,48]. They demonstrate that strain
anisotropy in these samples can indeed be accounted for by considering the contrast factor fitted
from CMWP, as the integral peak widths are a linear function of K2C' [49].

CMWP line-profile analysis fits the microstructural parameters including average crystallite
size, dislocation density and the contrast factors, which describes the average character of the

dislocations (‘q parameter’) [32,35]. The results of this analysis are shown in Figure 8(c)-(e). A
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combined procedure using successive applications of a Monte Carlo (MC) statistical algorithm
and Levenberg-Marquardt nonlinear least-squares algorithm fits the peaks and physical param-
eters of the diffraction patterns. The error bars presented describe the range for each parameter
where the corresponding fit had a resultant weighted sum of square residuals (WSSR) that fall
within p% confidence value in the MC procedure [50]. At least 2000 iterations were completed
during the MC fitting, and p = 3.5 was used as it has been previously shown to yield a good fit,
even for complicated patterns. Further details of the fitting procedure can be found in [32,33].

The crystallite size fitted from CMWP for the undeformed material is ~ 300 nm (Figure
8(c)), which is much smaller than that measured by EBSD (Figure 2(a) and 5(a)). This is to be
expected as X-rays are much more sensitive to smaller angular misorientations (< 1°), hence
effectively mapping out regions corresponding to ‘subgrains’ in the undeformed material [51].
For grains larger than about two microns, the size contribution to X-ray peak broadening is not
possible to measure as its breadth becomes smaller than the instrument broadening contribu-
tions. Therefore, XRD is unable to accurately determine the size of ‘grains’ in the as-received
material in this study. In contrast, SEM-based methods are useful for measuring angular mis-
orientations of 10 - 15°, and on the lengthscale of microns, mostly resulting in the size mea-
surement of ‘grains’ (Figure 5(a)).

After deformation via HPT to v = 110, the average crystallite size is 42 nm. This value is
comparable to the TKD grain size measurements (Figure 5(b)). Irradiation does not cause any
significant change in crystallite size for the undeformed material. There is a slight irradiation-
induced increase in crystallite size for the HPT-deformed material.

Dislocation density increases by a factor of ~ 10 following HPT (Figure 8(d)). Subsequent
irradiation of the deformed material causes a 20% reduction in dislocation density. In contrast,
the undeformed reference material shows a slight increase in dislocation density following irra-

diation, likely due to irradiation-induced defects. The reduction in strain following irradiation
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of the deformed material can also be directly observed from the changes in peak broadening
of the diffraction spectrum (Figure 8(a)) and the slope of the modified Williamson-Hall plot
(Figure 8(b)). While the results of the deformed material shown in Figure 8 were measured for
v ~ 110, similar results (not shown here) were also observed for v ~ 230. This demonstrates
that self-ion irradiation removes some effects of the dislocations introduced by severe plastic
deformation.

The q parameter describes the average character (screw vs. edge) of the dislocations present
in the material. Its theoretical range depends on the elastic anisotropy (A; = 2c¢44/(c11 — ¢12))
and the ratio ¢15/cy44) [35]. For Eurofer-97, ab initio calculations give A; ~ 1.5 and ¢12/cqy = 1
[52]. This leads to a corresponding ¢ range of between 1 (pure edge dislocations) to 2.5 (pure
screw dislocations). Our fitting of the ¢ parameter suggests that the dislocations present in the
undeformed material (¢ ~ 2.3) are predominantly of a screw-type character, and after HPT
(q ~ 1.4) they are of more edge-type character (Figure 8(e)). Irradiation appears to have little

effect on the ¢ parameter.
3.2.2 In-Situ Annealing X-ray Diffraction Measurements

In the reference undeformed sample, the peak widths did not change as a function of temperature
up to 1043 K, at which point a phase transition took place (Figure 9(b)). The temperature at
which the phase transition from ferrite/martensite (body-centred cubic/tetragonal) to austenite
(face-centred cubic) take place can depend on the heating rate. In other studies of Eurofer-
97 in the literature, the transition begins to take place between 1025 K - 1133 K [31, 53, 54].
In this study, our measurements show that all ferrite/martensite peaks disappeared at 1093 K
during the heating ramp. The material contains only austenite phase during holding at 1153 K,
and during the cooling stage until the material cooled to 606 K. The martensite phase returned

with cooling below 606 K. This is consistent with previous findings in Eurofer-97 annealing
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Figure 9: (a) The calibrated temperature profile of the annealing cycle during the in-situ XRD
measurements. The diffraction intensity profiles as a function of K = 2sin /) and annealing
cycle time are shown for (b) the reference undeformed sample, and (c) the HPT-deformed sam-
ple, respectively. The vertical axes representing time in (b) and (c) are aligned with (a), from
which the annealing temperature can be read.

experiments [53]. However, some austenite phase is still present in the material with broader
diffraction peaks. Interestingly, the martensite peaks are also wider following the heating and
cooling cycle than in the initial state. This could be due to residual strain in the martensite
phase as it forms within the austenite phase upon cooling [55,56]. There is a volume expansion
associate with the formation and growth of martensite regions within the austenite grains. This
will impart a hydrostatic pressure within the austenite regions, which will also in turn cause
residual strains in the martensite grains [57,58]. Appendix E shows a different set of in-situ
annealing XRD measurements, in which a phase transition occurred for a shorter period of time,
and no austenite phase was retained following cooling. The martensite peak widths following
cooling remained as narrow as right before the phase change at 973 K. This is further evidence
that the post-annealing peak broadening is associated with the retained austenite phase.

During heating of the HPT-deformed material, the peak widths are initially large, then grad-

23



ually reduce until around 900 K (Figure 9(c)). Similar to the undeformed sample, a phase
transition from ferrite/martensite to austenite occurs at 1043 K, then from austenite back to
martensite at 606 K during the cooling stage. Both austenite and martensite phases remain in
the material even at room temperature following the heating cycle. Furthermore, the peaks after
cooling, for both the martensite and austenite phases, are broader than before and during the

annealing cycle, respectively.
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Figure 10: The microstructural parameters of the in-situ annealing diffraction measurements
determined from CMWP analysis. An explanation of each parameter is included in the main
text. The error bars are from the fitting algorithm discussed in Section 3.2.1.

From the CMWP fitting, the area-weighted average crystallite size is unchanged between
303 K and 367 K (~ 75 nm) during the heating stage (Figure 10(a)). Further increase in tem-
perature causes a corresponding increase in crystallite size until ~ 725 K, where the average
crystallite size is around 280 nm. After this point, the crystallite size increases dramatically
with temperature, suggesting that the size-broadening contribution in the diffraction patterns
is approaching zero. However, we note that recrystallisation has likely not progressed far at
this temperature as the XRD patterns still showed continuous Debye-Scherrer rings up until the
phase transition (see supplementary files for raw patterns).

There appear to be three distinct stages of evolution for dislocation density (Figure 10(b)).
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Between 303 K to 550 K, the dislocation density increases slightly and then decreases but the
average remains within 10% of the initial value (~ 1.3 x 10'® m~2). Between 550 K to 800

K, p decreases linearly to ~ 4 x 10 m~2

. Further reduction in p above 800 K appears to
be at a greater rate than in the previous stage, but it is also likely that the strain-induced peak
broadening is too small to be quantitatively probed in this particular experiment.

The ¢ parameter, which is indicative of the average nature of the dislocation character, also
changes during annealing (Figure 10(c)). At temperatures above 387 K, the ¢ parameter slowly
increases from 1.75 to 2 at 680 K, after which the fitting from CMWP analysis appears to be less

reliable. This suggests a general trend of the average dislocation character from more edge-like

to more screw-like, recovering features of the undeformed material (¢ ~ 2.3, Figure 8(e)).

3.3 Material Property Changes

Thermal diffusivity of the reference Eurofer-97 measured by TGS in this study (Figure 11(a))
is in agreement to within 10% of previous measurements using the laser flash technique (8.3 X
107% m?s~1) [59]. Following irradiation, the thermal diffusivity of the undeformed material
decreases by 6.7%, which is comparable to the results of FeCr [24] and stainless steel 316
L [60] exposed to similar damage doses. It is well-known that irradiation can cause a decrease
in thermal diffusivity due to the introduction of defects to the crystal that act as scattering
sites for electrons. Since thermal conductivity in metals is predominately electron-mediated, an
increase in electron scattering rate results in a reduction of thermal diffusivity [61].

Plastic deformation via HPT also has the effect of reducing the thermal diffusivity of
Eurofer-97 (Figure 11(a)). It is interesting to note that at nominally zero shear strain (at the
centre of the HPT sample), the thermal diffusivity is not the same as the reference as-received
material. This difference shows that even though the centre experiences nominally only com-

pression, which does not cause significant grain refinement, there is still a significant reduction
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Figure 11: (a) Thermal diffusivity and (b) surface acoustic wave (SAW) velocity of Eurofer-
97, comparing the reference (dark blue triangle), irradiated (red circle), deformed (light blue
asterisk), and deformed then irradiated samples (pink cross). The difference in (c) thermal
diffusivity and (d) SAW velocity following irradiation for the undeformed (blue circle) and
deformed (pink asterisk) set of materials. The values for the deformed material are obtained by
sampling points along the diameter of the specimen to measure areas of different shear strains.

in thermal diffusivity. This suggests that there is an appreciable increase in dislocation density
in the sample centre during the initial compression.

Thermal diffusivity decreases with increasing shear strain (Figure 11(a)). At v = 160,
the maximum strain level measured on the HPT samples due to the sample geometry, there
is a decrease of 12% from the reference Eurofer-97 value. HPT deformation increases the

dislocation density in the material and increases the ratio of grain boundaries to perfect crystal.
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Both these factors lower the mobility of charge carriers in the material and thus cause a reduction
in thermal diffusivity [62,63]. The rate of thermal diffusivity decrease appears to reduce with
increasing shear strain, particularly at v > 70.

Irradiation of the deformed material causes a further reduction in thermal diffusivity in
addition to the decrease associated with the deformation. At v = 160 in the irradiated sample,
there is a 19% reduction in thermal diffusivity compared to the reference unirradiated Eurofer-
97 sample.

Following irradiation, the material that has undergone prior HPT shows a smaller reduction
in thermal diffusivity compared to the undeformed material (Figure 11(c)). This could be due
to the irradiation-induced defects being absorbed by the greater proportion of grain boundaries
present in the HPT material [6], therefore causing less change to the thermal properties. There
could also be competing effects between the introduction of irradiation-induced defects and the
irradiation process itself causing simultaneous annealing of the pre-existing dislocations from
HPT (Section 3.2.1). As these two processes act in opposition to each other, the net change
to thermal diffusivity after deformation and irradiation is smaller than for irradiation alone.
However, we also note that the irradiation-induced difference in thermal diffusivity between the
undeformed and deformed cases is small, and could be within measurement error.

Surface acoustic wave (SAW) velocity is related to the elastic constants of the material.
However, since Fe and Fe-based alloys have strong elastic anisotropy, the relationship be-
tween SAW velocity and the elastic constants is dependent on the grain orientation or local
texture [64]. Since our grains are many times smaller than the measurement spot even in the
undeformed case, we cannot quantitatively measure the changes to the elastic constants in this
study. However, changes to the SAW velocities were still measured, indicating that the material
stifftness has been altered by HPT and irradiation (Figure 11(b)).

A 1% reduction in SAW velocity due to irradiation in the undeformed sample is observed.
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This could be due to the creation of point defects from irradiation. Previous studies with He-ion
irradiation in tungsten have shown a ~ 2% reduction in SAW velocity at 0.2 - 0.3 dpa [65, 66].
However, studies in copper and nickel (different crystal structures to Eurofer-97) have shown
an increase in SAW velocity for irradiation up to 5 dpa, which the authors attributed to the
interaction of defect clusters with dislocations causing a pinning effect [67,68].

Deformation causes a significant reduction in SAW velocity (Figure 11(b)). Note that due
to the measurement geometry, the SAW velocities reported here are in the radial direction r
(perpendicular to the shear direction 8). At v = 160, the SAW velocity has decreased by 2.5%
compared to the undeformed material. There also does not appear to be any saturation effect
until v = 140. This is a significantly greater level of strain than required for the saturation
of thermal diffusivity changes (Figure 11(a)) and hardness [69], both of which approached
saturation at v > 70. Grain size and GND density, as observed by TKD, have both saturated by
~v = 110 (Figure 5 and 6), which is also lower than the shear strain threshold for SAW velocity
change saturation.

Irradiation of the deformed material causes a further reduction in SAW velocity, however
this could be within measurement error. The change to SAW velocity due to irradiation is
less for the materials that have undergone prior HPT deformation compared to the undeformed
specimens (Figure 11(d)). This could again be due to a combination of the grain boundaries
absorbing irradiation defects and annealing of dislocations caused by HPT during the process

of irradiation.

4 Discussion

4.1 Effect of HPT

HPT causes significant grain refinement in Eurofer-97. From SEM-based analysis, the area-

weighted average grain size decreases from 5.26 um to 146 nm, which is a reduction by a
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factor of ~ 30 (Figure 5). From CMWP analysis of the grazing-incidence XRD data, the area-
weighted average crystallite size decreases from 295 nm to 42 nm, which is a reduction by a
factor of ~ 7 (Figure 8(c)). From CMWP analysis of the transmission XRD measurements,
the grain size of the HPT-deformed sample before annealing is 75 nm (Figure 10(a)). Though
the grain size reduction ratio from HPT is different between electron microscopy and XRD, all
measurements of the grain sizes following deformation are in good agreement. This has been
observed from other studies of deformed materials that compare electron microscopy techniques
with XRD [70,71].

The discrepancies between grain size measurements of the undeformed material from EBSD
and XRD can be attributed to their respective sensitivity to misorientations in the lattice (Section
3.2.1). As the XRD coherent scattering domains are small, the crystallite size measurements are
more indicative of ‘subgrain’ size. On the other hand, for EBSD, the misorientation threshold
used 10°, which allows the measurement of ‘grain’ size. However, the agreement between TKD
and XRD measurements for the grain and crystallite size of the HPT-deformed material suggests
that HPT causes the formation of high-angle grain boundaries. The distinction between ‘grains’
and ‘subgrains’ ceases to exist following grain refinement. This is also supported by the greater
distribution of grain boundaries with >30° misorientation of the HPT material compared to the
undeformed (Figure 7(a)-(b)).

The GND density measured by EBSD/TKD for the undeformed and HPT samples are re-
spectively 9.5 x 104 m~2 and 7.5 x 10 m~2 (Figure 6). In comparison, the total dislocation
density values measured by grazing-incidence XRD is 2.5 x 10* m~2 and 3.8 x 10'® m~2,
respectively for the undeformed and HPT-deformed samples (Figure 8(d)). From transmission
XRD, the dislocation density of the deformed material is 1.3 x 10'® m~2 (Figure 10(b)). The
factor of dislocation density increase from HPT deformation is ~ 8 from EBSD/TKD, and ~ 15

measured from XRD. These values are in good agreement despite the fact that EBSD/TKD only
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probes a thin layer near the sample surface and only GNDs. In comparison, XRD measurements
average over a much larger sample volume and mainly measure statistically stored dislocations
(SSDs) [72]. The comparison between TKD and XRD measurements of dislocation density
in the HPT-deformed material suggests that the density of GNDs is higher than the density of
SSDs. This can be rationalised by considering that in severely deformed materials, dislocations
are mainly located in the vicinity of grain boundaries (also seen in Figure 6(b)) and in the form
of GNDs [73].

For characterisation with EBSD/TKD, only the indexed points contribute to the GND den-
sity calculation, which means that sampling is skewed towards the regions further away from
the grain boundaries. In contrast, XRD probes the full sample volume, including regions of
strong lattice distortions close to grain boundaries, which are not indexed with EBSD/TKD.
The detection of a greater increase in dislocation density following HPT from XRD measure-
ments compared to EBSD/TKD supports the theory that large amounts of dislocations are stored
in the grain boundaries rather than the grain interiors [74,75]. It is important to note that for
EBSD/TKD, the GND density is related to the degree of misorientation between adjacent points,
and hence dependent on the step size used in the measurement. A smaller step size leads to more
measurement noise [76]. The step size used for the EBSD of the undeformed sample is 25 times
larger than the step size used for TKD in the deformed sample, due to the measurement con-
straints and the vastly different grain sizes in each sample. Therefore, the GND density in the
HPT-deformed samples could be slightly overestimated.

HPT processing also causes dislocation character to change from more screw-like to more
edge-like (Figure 8(e)). At room temperature in coarse-grained BCC metals, the dislocation
population is predominantly of screw type, which is the case for the undeformed Eurofer-97.
This is due to the high Peierl’s barrier and low mobility of screw dislocations [77], leading

to a greater retention than edge dislocations [78]. Interestingly, it has been observed in other
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nanocrystalline BCC metals produced by HPT including tungsten [79], molybdenum [80, 81]
and tantalum [82], there is an increased population of dislocations with edge character com-
pared to the coarse-grain material. There are several explanations proposed to explain these
observations. One of which hypothesises that the smaller grain sizes, and hence a greater pro-
portion of grain boundaries, means that fewer dislocations are retained in the crystal as they
are annihilated at the grain boundaries [83]. This reduces the significance of the difference in
mobility between edge and screw dislocations, leading to more comparable populations of each
type. Furthermore, HPT deformation causes a large increase in dislocation density (forest dis-
locations), which in turn impedes the motion of glide dislocations [84]. The mobility of glide
dislocations becomes increasingly governed by the forest dislocation density. This again makes
the difference in mobility between screw and edge dislocations more insignificant. The other
hypothesis is that hydrostatic compression increases the mobility of screw dislocations [83,85].
This is because higher stress reduces the activation volume for thermally-activated kink-pair
formation. This in turn reduces the thermal energy barrier for dislocation motion and assists the
movement of screw dislocations at low temperatures. An increase in screw dislocation mobility
would lead to a more comparable probability of retention between screw and edge dislocations.
Further studies are needed to determine which mechanism, or combination of them, is at play

here.

4.2 Thermal Stability of HPT Eurofer-97

Considering the changes in crystallite size and dislocation density, the HPT-processed material
first undergoes a recovery process between 450 K to 800 K (Figure 10). During the start of the
recovery stage (450 K to 550 K), dislocation density is not expected to change significantly.
The growth in crystallite size in this temperature range can be attributed to the rearrangement of

dislocations within grains, causing subgrain coarsening whilst total dislocation density remains
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unchanged [45, 86]. Further annealing causes both the growth of these subgrains as well as the
annihilation of dislocations, possibly at grain boundaries [87], reducing the overall dislocation
density as crystallite sizes increase. At ~ 800 K, the onset of recrystallisation causes rapid grain
growth and a reduction in dislocation density. Annealing also causes the average character of
dislocations in the HPT Eurofer-97 material to revert from more edge-like to more screw-like,
partially recovering the features of a coarse-grain BCC material [77,78].

Other thermal stability studies of HPT-processed steel have been reported in the literature.
For stainless steel 316L with « up to 360, the dislocation density and crystallite size prior
to annealing were comparable to this study, and these quantities stayed stable up to 560 K
after which dislocation density reduced significantly [88]. It is also interesting to note, that
in that study, the steel structure was initially austenitic and transformed to martensitic during
the process of HPT. During annealing, it slowly transformed back to austenitic, beginning at
650 K and up to 93% transformed following annealing at 1000 K. A study with differential
scanning calorimetry of a Fe-10Ni-7Mn martensitic steel processed by HPT up to v = 785
showed that dislocation annihilation with vacancies began around 504 K [89]. This is similar to

the temperature at which dislocation density started to reduce substantially in this study.

4.3 Effect of Irradiation

Ion irradiation to ~ 0.1 dpa did not cause any microstructural changes that were observable by
TEM or TKD. However, clear changes were measured with XRD and TGS. The reduction in
dislocation density and increase in crystallite size following irradiation in the HPT-processed
samples (Figure 8(c)-(d)) suggest an irradiation-induced-annealing type process. Similar effects
have been observed following irradiation of HPT-processed austenitic stainless steel 316 [9],
martensitic Fe-Cr-W steel [10], EK-181 [15], and T91 steel [12]. However, these other studies

typically examined much higher doses (> 1 dpa) and elevated temperatures (> 673 K). Ob-
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servations of crystallite growth and dislocation density reduction in our study suggest that the
movement of dislocations and subgrain coarsening aided by irradiation can happen at much
lower irradiation dose and temperature.

A previous nanoindentation study of this same set of materials found that HPT-processing
hardened the material significantly, approaching saturation beyond v = 70 [69]. Subsequent
irradiation to ~ 0.01 dpa caused slight softening, but further hardening is observed following
irradiation to ~ 0.1 dpa. The magnitude of hardening changes due to irradiation is much smaller
than from HPT deformation.

In light of the previous hardness results [69] and the findings from the present study, we can
draw a combined picture of the effect of HPT and irradiation. HPT introduces grain refinement
and a large population of dislocations due to plastic deformation. Subsequent irradiation intro-
duces point defects and dislocation loops into the material. This is supported by the fact that the
dipole character parameter fitted from CMWP suggests that the dislocations are arranged in a
stronger dipole formation following irradiation, a possible indication of dislocation loops (Ap-
pendix D). However, from grazing-incidence XRD measurements we see a reduction of total
dislocation density following irradiation in the HPT material compared to the unirradiated HPT
material (Figure 8). This indicates a relaxation or annihilation of dislocations due to irradiation.

HPT deformation and irradiation both individually cause an increase in hardness, and a de-
crease in SAW velocity and thermal diffusivity of Eurofer-97. The effect of HPT alone causes
more changes to the material properties, and total dislocation density, than irradiation alone.
The effects of HPT deformation and irradiation to ~ 0.1 dpa on the material properties are ad-
ditive, whereas for dislocation density, subsequent irradiation removed some dislocations from
prior deformation. Thus, we can conclude that changes to material properties are not simply
a function of the total dislocation density but on their type and lengthscale. The deformation-

induced extended dislocations annihilated in the HPT material during irradiation at ~ 0.1 dpa do
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not contribute as much change in material properties as the small defects introduced by irradia-
tion. However, the irradiation softening at ~ 0.01 dpa [69] could indicate that the initial removal
of dislocations from HPT deformation is significant for material hardening. On the other hand,
while the more dispersed but smaller irradiation-induced point defects and dislocation loops
contribute less to XRD peak broadening, they still have a significant effect on material proper-
ties. This is particularly noticeable for changes to thermal diffusivity. The additional reduction
of thermal diffusivity following irradiation of the HPT-deformed material is comparable to the
reduction from solely the HPT process. The effect of small point defects, such as vacancies, on

thermal diffusivity in other irradiated materials has been previously investigated [90].

5 Summary and Conclusion

In this study, grain refinement in Eurofer-97 has been successfully achieved via HPT at room
temperature. The thermal stability and irradiation response of the resultant material have been

characterised. The key findings are as follows:

* Grain refinement via the creation of high-angle grain boundaries was achieved with HPT.
Grains smaller than 100 nm were created and the average grain size reduced from 5.26

pm to 146 nm.

* The average dislocation density in the material increased by over an order of magnitude
following HPT, up to 10’ m~2. The majority of these dislocations are located at or near

grain boundaries.

* Grain refinement from HPT increased the proportion of dislocations with edge-like char-
acter. This is consistent with observations of other nanocrystalline BCC materials in

literature.
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* Saturation of grain size refinement and dislocation density increase was achieved by v =
110. Thermal diffusivity and SAW velocity changes saturated at v = 70 and v = 140,
respectively. The saturation of microstructure and material properties at different shear

strains indicates that they are governed by different mechanisms.

* Recovery was observed during annealing between 450 K to 800 K, with subgrain coarsen-
ing from the rearrangement and subsequent annihilation of dislocations. Recrystallisation

and rapid grain growth begin around 800 K.

¢ Irradiation of the undeformed Eurofer-97 material caused an increase in dislocation den-
sity. However, for the HPT-deformed material, irradiation caused a reduction in disloca-

tion density, suggesting an irradiation-induced annealing process.

* HPT processing prior to irradiation did not prevent additional irradiation-induced reduc-
tions in thermal diffusivity and SAW velocity, which also occurred in the undeformed
case. The irradiation-induced changes are slightly smaller in magnitude in the HPT ma-

terials compared to the undeformed but the effect is not significant.

By considering the microstructure and material properties of Eurofer-97, a multi-faceted
view of the effect of SPD, and its subsequent impact on thermal stability and radiation resistance

for ferritic/martensitic steels, emerges.
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Appendix A

During the in-situ annealing experiment at DLS I12 beamline, the temperature was initially
recorded as the temperature read-out (77) from the Linkam heating stage device. However,
due to imperfections in the thermal contact between the heater and the sample, this read-out
value may not be exactly the same as the actual temperature of the sample (7). In order to find
the relationship between 77, and 75, the lattice parameter of the sample (calculated from the
measured diffraction data) and the coefficient of thermal expansion were used. For simplicity,
this relationship was approximated as linear and the calculations only consider the patterns up

to the point of ferrite/martensite-to-austenite phase transition.

x Read-out from Linkam <
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Figure A-1: The lattice constant and corresponding temperature calculated and measured from
the experimental diffraction patterns, and the Linkam temperature read-out. The method for
obtaining the calibrated temperature curve is explained in the accompanying text.

Consider the undeformed Eurofer-97 sample as an example. Figure A-1, considering only
the left-hand-side axis for now, shows the lattice constant fitted from the experimental diffrac-

tion patterns (as). It also shows the lattice constant predicted from the Linkam temperature
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read-out (ar) as a function of time. a;, at a certain temperature 77, is given by:
AL(T=T,) = Os(T=303K) + &% X Qgr=303) X (T7, — 303)

where o« = 12.74 x 107° is the average coefficient of thermal expansion of Eurofer-97
between 293 K to 1073 K [91]. It is assumed at 303 K, the start of the experiment, that 77, =
T. = 303 K and thus a; = a, = 2.875 A (fitted from experiment).

Since the lattice constant is linearly dependent on temperature, the value of 75 is at a given
time can be calculated from the lattice constant by replacing a;, and 77, of the above equation
and rearranging:

As(T=T,) — As(T=303K)

T, = -+ 303

X X Qg(T=303K)

which gives the corresponding right-hand-side y-axis of Figure A-1.
A linear fit was obtained for 7T and 77,. Then a proportionality constant was obtained,
assuming the linear fits for 7 and 77, intersected at 303 K, to correlate 75 and 7, (as shown in

the black line of Figure A-1).
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Appendix B

The full comparison of TEM micrographs taken for each lift-out examined is included in Figures
B-1 and B-2. Low-magnification images have been rotated such that they are aligned with the

coordinates indicated.

HPT, y = 110, Unirradiated

Surface

Figure B-1: TEM images of the HPT sample at 7y = 110 and v = 230 with no irradiation at
different levels of magnification. Dislocation lines are evident within certain grains. There is
no significant depth dependence of microstructural features.
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HPT, y = 110, Irradiated

Top

Surface
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Figure B-2: TEM images of the HPT sample at v = 110 with the irradiated region indicated,
and imaged at different levels of magnification. Dislocation lines are evident within certain
grains. There is no depth dependence of features and irradiation defects could not be unam-
biguously identified in this study due to the complexity of the microstructure.

Appendix C

Second-phase regions were observed in TEM and TKD as discussed in the main text. Energy
dispersive X-ray spectroscopy (EDX) was performed on a TEM lift-out of the deformed (v =
230) and irradiated sample (Figure C-1). Those regions are found to be enriched with Cr (up to
30%), W (up to 10%), Mn and C. This is consistent with the carbides found in Eurofer-97 by

another study [40].
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TEM Image

Figure C-1: EDX maps of the carbide regions (circled in red) found between individual grains
after HPT.

Appendix D

The effective outer cut-off radius of the dislocations (R.) gives an indication of the range of
elastic strain from the dislocations. The ‘randomness’ of the dislocation arrangement can be
described by cylinders of radius R, that contain equal numbers of screw dislocations of positive
and negative sign, and these cylinders fill the whole crystal [34]. Since R, actually depends on
the dislocation density p, the dimensionless parameter M is defined to give an indication of the
dipole characteristic of the dislocation. It is calculated by M = R../p. When M > 1, the
dislocations are distributed randomly and in an uncorrelated arrangement. Smaller M, on the
other hand, indicates that dislocations of opposite sign are positioned close to each other [33].
From CMWP fitting, reductions in the M and R, values is seen following irradiation in the
HPT-deformed sample (Figure D-1). This suggests that the strain fields are becoming shorter

range and possibly indicates the formation of dislocation loops [92]. To characterise the exact
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Figure D-1: The values of the M parameter (blue bars) and the effective outer cut-off radius of
the dislocations (red bars, R.) fitted from CMWP analysis.

density of dislocation loops and line dislocations separately, the contrast factor C' of each type
needs to be known. This has been calculated for hexagonal materials [93] but remains to be

investigated for cubic materials.

Appendix E

The purpose of this section is to demonstrate that the peak broadening in the martensite and
austenite phases post-annealing is due to the presence of the retained austenite phase. We will
re-present the data from Figure 9 here, with more analysis, for a clearer comparison with another
set of in-situ annealing XRD data.

The fitted peak widths as a function of time is shown alongside the raw data in Figure E-1.
Key features of the raw data was discussed in Section 3.2.2 of the main text. The peak tempera-

ture reached for this set of annealed samples is 1153 K. The phase transition (ferrite/martensite
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Figure E-1: a) The temperature ramp and raw time vs K = 2sin 6/ plots of the b) undeformed
and ¢) HPT sample (as discussed in Section 3.2.2 of the main text). The peak widths (FWHM)
of the d) undeformed and e) HPT sample as a function of time during the annealing cycle. The
calibrated temperature profile is shown as the black dashed line. The ferrite/martensite phase
was fitted to a body-centred cubic (BCC) structure, and the austenite was fitted to a face-centred
cubic (FCC) structure.

to austenite) occurred from around 1025 K onwards. The peak widths of both samples just
before the onset of the phase transition are similar. After the annealing and cooling cycle, some
austenite phase remained in the sample as evidenced in the diffraction pattern. The peak widths
of both the martensite and austenite phases showed significant broadening after the marten-

site phase reappeared around 606 K during the subsequent cooling stage (Figure E-1(d) and
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(e)). The peak width of the sample after annealing is similar in both the undeformed and HPT

samples.
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Figure E-2: The temperature ramp and time vs. K = 2sin /) for the (a) undeformed and
(b) HPT samples annealed to a lower target temperature compared to Figure E-1. (c)-(d) Their
respective peak widths (FWHM) as a function of time as well as the temperature profile (black
dashed line). The ferrite/martensite phase was fitted to a body-centred cubic (BCC) structure,
and the austenite was fitted to a face-centred cubic (FCC) structure.

Another set of samples was annealed for this study but not discussed in the main text as the
temperature ramp was not well-controlled (Figure E-2). Specifically, for the annealing of the

undeformed sample, the peak temperature only reached 883 K due to poor thermal contact. The

peak widths of the undeformed sample did not change significantly during the whole annealing
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cycle and no phase transitions occurred. For the deformed sample, the peak annealing tempera-
ture was 1000 K, and it underwent a phase transformation starting at 977 K. The peak widths of
the ferrite/martensite phase right before the phase transformation occurred are comparable to the
peak widths of the undeformed sample. Upon cooling the austenite phase disappeared around
913 K. Due to the different heating rate of these samples compared to the samples presented in
Figure E-1, it is not surprising that the phase transition occurred at a different temperature.
The key difference compared to the first set of annealed samples (Figure E-1) is that the
peak widths following cooling remained small and there is no retained austenite phase (Figure
E-2). The continuity of the Debye-Scherrer rings (included in the supplementary files) after
cooling is reduced compared to the initial state. This suggests that some grain growth has taken
place to produce crystals that are dislocation- and strain-free, as expected. This gives further
evidence that the retained austenite phase, and associated residual stress, is the cause of peak
broadening post-annealing in the set of annealed samples discussed in Section 3.2.2 and Figure

E-1.

Supplementary Files

Four movies are included in the supplementary files which show the raw diffraction patterns
from the in-situ annealing portion of the study. The samples are discussed alongside Figure 9
(main text) and E-1 (Appendix E). The ‘LowTemp’ files correspond to the samples discussed in

Figure E-2 (Appendix E).
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