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Abstract  16 

Reduced activation ferritic-martensitic (RAFM) steels are a recent class of radiation-17 
resistant steels designed for the structural components of power-producing fusion 18 
reactors. In this work an advanced (A)RAFM steel has been developed with superior 19 
radiation hardening resistance with respect to the EUROFER-97 upon which it was 20 
based.  21 
 22 
4D-STEM (scanning transmission electron microscopy) has been combined with a novel 23 
processing methodology to visualise all the fine MX precipitates that led to this 24 
outstanding radiation hardening resistance and determine a precipitate density of 5 × 25 
1022 m-3.  26 
 27 
Self-ion irradiation campaigns up to 100 dpa at 350˚C show an increase in hardness of 28 
only 35% at 10 dpa where EUROFER-97 exhibits a near-doubling of its hardness. The 29 
initial work hardening response, as determined from spherical nanoindentation, is 30 
unchanged between the as-received state and irradiation to 100 dpa, implying that the 31 
alloy should retain reasonable ductility under these conditions. Proton irradiations at 32 
250˚C, 350˚C, and 400˚C demonstrate that the low temperature hardening 33 
embrittlement threshold of the new steel is largely unaffected, increasing by only 34 
~50˚C with respect to EUROFER-97.  35 
 36 
A refinement of alloy chemistry and a subsequent modification of the 37 
thermomechanical treatments to favour MX precipitates is therefore a very promising 38 
strategy for the further development of fusion steels. 39 
 40 

Keywords: Ferritic Steels, Fusion Energy, Mechanical Behaviour, Nanoindentation, 41 
STEM 42 
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1. Introduction 47 

Reduced activation ferritic-martensitic (RAFM) steels are a recent class of radiation-48 

resistant steels designed to be used as the structural components of power-producing 49 

fusion reactors. Their goal is to provide high-temperature strength and creep resistance 50 

while consisting only of alloying elements that do not produce long-lived intermediate-51 

level radioactive waste after use to reduce cooldown waiting periods for maintenance. 52 

The current generation of RAFM steels are limited to operating temperatures below 53 

550˚C, after which the alloys are susceptible to grain boundary unpinning, phase 54 

instability and a loss in creep strength [1]. This is attributed to the coarsening of the 55 

M23C6 precipitates at high temperature [2]. 56 

Advanced RAFM steels, or ARAFM steels, are being developed by the UK NEURONE 57 

(NEUtron iRradiatiOn of advaNced stEels) programme to operate above 550˚C and 58 

increase the thermodynamic efficiency of the power plant [3]. The ARAFM design 59 

methodology seeks to combine an optimised alloy chemistry with refinements in the 60 

thermomechanical treatment (TMT) of the alloy to produce a microstructure 61 

strengthened by a fine dispersion of metastable, radiation-resistant MX-type 62 

precipitates.  63 

In addition to the increased operating temperature, there is a further desire to improve 64 

the microstructural stability of RAFM steels under irradiation. Several candidate fusion 65 

powerplants, including the UK’s Spherical Tokamak for Energy Production (STEP) 66 

program, are favouring a spherical tokamak geometry due to the increases in efficiency 67 

and plasma stability [4]. However, this geometry fuels a need for materials with an 68 

increased ability to retain their properties under irradiation, due to the increased 69 

neutron loading this geometry will impart [5]. It is envisioned that this fine MX 70 

precipitate dispersion will also increase the point defect sink strength of the alloy, 71 

thereby also improving resistance to radiation damage [6]. 72 

When looking at conventional RAFM steels, the two leading candidates are the 73 

European-led EUROFER-97, and the Japanese F82H [7]. Within these programs, there 74 

does not appear to be an appetite for a higher-temperature version of F82H, with 75 

research instead focussing on properties such as increased toughness [8]. The 76 
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development of high-temperature EUROFER-97 has focussed on producing a version 77 

strengthened by a fine dispersion of oxide particles (yttria), i.e. ODS-EUROFER [9]. 78 

However, these materials suffer from similar drawbacks to other ODS (oxide dispersion 79 

strengthened) steels, namely a manufacturing route limited by small quantities of 80 

mechanically alloyed powder, and reduced fracture toughness [9], [10]. 81 

Perhaps the most comparable steels to those produced within the NEURONE program 82 

are therefore those that were produced within the United States as Castable 83 

Nanostructured Alloys (CNAs). These also seek to exploit an increased density of MX 84 

precipitates to pin martensitic lath boundaries and subsequently increase the 85 

operational temperature window to c. 650˚C [11]. Six CNAs, strengthened by (V,Ta)N or 86 

TiC and/or TaC carbides were produced, all of which showed yield strengths 87 

comparable to ODS-EUROFER above 500˚C, creep resistance comparable to the 0.3% 88 

Y2O3 version of ODS-EUROFER, but with superior toughness to both ODS- and 89 

conventional EUROFER-97 [11]. These literature data suggest therefore that an MX-90 

strengthened approach is a promising avenue of investigation. 91 

However, characterising MX precipitates that have diameters below 10 nm in these 92 

newly developed materials is very challenging. Their microstructure consists of fine 93 

martensite laths containing a high dislocation density, making bright-field transmission 94 

electron microscopy (TEM) imaging difficult [12], and additionally the precipitates are 95 

often coherent and therefore do not produce any strain contrast  [13]. Dark-field 96 

imaging is hampered by the inability to show all the reflections at one time [14]. 97 

Chemistry-based techniques are also difficult: STEM (scanning transmission electron 98 

microscopy) typically relies on Z- (mass) contrast, which is also minimal for VN within 99 

an iron matrix [12]. Alternatively, energy-dispersive x-ray spectroscopy (EDX)-based 100 

visualisation requires significant scanning times to generate enough signal from small 101 

precipitates. While energy-filtered transmission electron microscopy (EF-TEM) has 102 

been used [13] it required very thin samples (<20 nm) to detect the smallest MX 103 

precipitates, as well as careful analysis by skilled microscopists. There is therefore a 104 

need for a robust and rapid analysis technique for visualising and analysing MX 105 

precipitate density in this family of steels, particularly for materials development efforts 106 

where many samples are of need of characterisation.  107 
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This work therefore reports on two avenues of research: first, on the irradiation 108 

performance of an industrially-scalable ARAFM steel produced within the UK’s steel 109 

supply chain that demonstrates superior performance compared to EUROFER-97. 110 

Second, a novel method based upon 4D-STEM that can be used to easily visualise the 111 

MX precipitates that provide its outstanding properties. 112 

 113 

2. Experimental Methods 114 

2.1. Alloy Development and Manufacture 115 

The compositions of the two very similar ARAFM steels investigated within this work as 116 

measured by optical emission spectroscopy (OES) are detailed in Table 1. The first is a 117 

NEURONE-developed steel referred to here simply as “NEURONE ARAFM-1”. The 118 

second was developed prior to the NEURONE program as part of the EUROFER Rapid 119 

Alloy Prototyping project [14], and is therefore referred to as “EUROFERAP” throughout 120 

this work. Both alloys were designed as a refinement of the EUROFER-97 chemistry, 121 

with a reduction in carbon and an increase in vanadium to favour MX precipitate 122 

formation (specifically VN). The thermomechanical treatments (TMTs) of the two alloys 123 

are similar, involving hot rolling to a reduction of approximately 50%, followed by a long 124 

hold at 900˚C – above the M23C6 formation temperature – to promote VN precipitation. 125 

The final step was a 750˚C and a 730˚C temper for the NEURONE ARAFM-1and the 126 

EUROFERAP alloy, respectively.   127 

Table 1: Composition of the investigated alloys, and the average target specification for EUROFER-97, a conventional 128 
RAFM steel. 129 

Alloy C Cr Mn Ta V W N Si 

EUROFER-97 0.1 9 0.4 0.12 0.2 1.1 
0.015-

0.045 
0.025 

NEURONE 

ARAFM-1 
0.083 8.19 0.196 0.021 0.265 2.12 0.027 0.164 

EUROFERAP 0.06 8.7 0.26 0.04 0.3 2.1 0.036 0.15 

 130 
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 131 

2.2. Irradiation Conditions 132 

To assess the effect of displacement damage on the microstructure and mechanical 133 

properties, self-ion irradiation was conducted at the Dalton Cumbrian Facility, UK, 134 

using 10 MeV Fe2+ ions at a temperature of 350˚C to peak doses of 1, 10, and 100 135 

displacements per atom (dpa). The “1 dpa” samples were irradiated to a total fluence 136 

of 1.06 × 10!" ions/cm2 over two hours, to achieve a dose ranging from 0.15 dpa at the 137 

surface to 1 dpa at the Bragg peak. The “10 dpa” and “100 dpa” samples were 138 

irradiated to a total fluence of 1.06 × 10!# and 1.06 × 10!$ ions/cm2 over fifteen and 139 

seventy hours, respectively. These correspond to dose rates of 1.4 × 10%& , 1.8 × 10%&, 140 

and 4.0 × 10%& dpa/s inside the Bragg peak for the 1, 10, and 100 dpa samples, 141 

respectively.  Figure 1a shows the dpa profile, generated by the SRIM software [15] 142 

using the quick Kinchen-Pease method, a displacement energy set to 40 eV [16], and 143 

lattice binding energy set to the default of 3 eV.  144 

A single energy implantation was performed to avoid the influence of additional injected 145 

ions on the microstructure. Throughout the manuscript the samples will be referred to 146 

by these peak damage levels for simplicity. It should be noted that values from the 147 

micro-mechanical tests, e.g. indentation hardness, will be averaged over the 148 

deformation volume – typically estimated at five to ten times the indentation depth [17] 149 

– and therefore the damage profile. They will therefore necessarily include a 150 

contribution from the less-damaged material up to the Bragg peak, and thus may not be 151 

a perfect, quantitative representation of the mechanical properties that would be 152 

obtained from uniformly (e.g. neutron) irradiated material. [17] 153 

A further proton irradiation campaign at the Dalton Cumbrian Facility was carried out to 154 

assess the threshold at which low temperature hardening embrittlement (LTHE) is 155 

prevalent. Irradiations at nominal temperatures of 250˚C, 350˚C, and 400˚C were 156 

performed, with an infrared camera used to capture thermal emission measurements 157 

calibrated against reference thermocouples. These additional measurements suggest 158 

the actual sample temperatures were 190˚C, 330˚C and 410˚C. The samples were 159 

irradiated using 2 MeV protons to a total fluence of 1.5 × 10!' ions/cm2 over twenty-four 160 
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hours, to achieve a dose of 0.5 dpa at 30% of the Bragg peak depth (i.e. roughly in the 161 

plateau region), as shown in Figure 1b. All the irradiation conditions are summarised in 162 

Table 2. 163 

 164 

(a) 

 

  (b) 

 

Figure 1: Damage profiles as predicted using SRIM (Stopping Range of Ions in Matter) for (a) the 10 dpa self-ion 165 
irradiation campaign (the depth profile being unchanged at other damage levels), and (b) the proton irradiation 166 
campaign. In (a) the depth from which the TEM lamella extracted from the 100 dpa sample was analysed is indicated. 167 

  168 
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 169 

Sample 

Shorthand 

Irradiating 

Species 

Irradiation 

Temp (˚C) 

Irradiation 

Energy 

(MeV) 

Irradiation 

Fluence 

(ions/cm2) 

Dose (dpa) 
Dose Rate 

(dpa/s) 

1 dpa 

Fe2+ 350 10 

1.06 × 10!" 

1  

at Bragg 

Peak 

1.36 × 10!" 

10 dpa 1.06 × 10!# 

10  

at Bragg 

Peak 

1.82 × 10!" 

100 dpa 1.06 × 10!$ 

100  

at Bragg 

Peak 

3.94 × 10!" 

Proton-

irradiated 
H+ 

250 

2 1.5 × 10!% 

0.5  

at 30% 

Bragg 

peak 

depth 

5.78 × 10!# 

 

at 30% 

Bragg peak 

depth 

350 

400 

Table 2:  Summary of irradiation conditions for all the materials investigated in this work. 170 

 171 

2.3. Micromechanical Testing 172 

Prior to irradiation, samples were prepared to a mirror polish using standard 173 

metallographic techniques, consisting of SiC grinding papers to a 2500-grit finish, 174 

followed by successive diamond polishing to a 1 µm finish. A short, ~60 second polish 175 

using colloidal silica was used as the final step, the time being restricted to avoid any 176 

preferential etching of the grain boundaries. 177 

All nanoindentation testing was carried out on a KLA iMicro nanoindenter system, 178 

equipped with either a diamond Berkovich indenter or a diamond spherical indenter, 179 

both supplied by Synton MDP. The area functions of the indenters were determined 180 
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using indents into a fused silica calibration sample, using the typical Oliver-Pharr 181 

method in the case of the Berkovich tip [18]. A spherical tip calibration function as 182 

suggested by Leitner et al. [19] was used to determine the tip area function for the 183 

(nominally) 5 µm diameter indenter. 184 

To assess radiation hardening, the hardness of each self-ion irradiated sample was 185 

measured using the Nanoblitz 4D test method from KLA. This performs a test using 186 

continuous stiffness measurement at a strain rate of 3 s-1 but with incremental 187 

millisecond pauses to measure hardness and modulus without the plasticity errors that 188 

would otherwise be present when testing at this rate [20]. Resultantly, hundreds of 189 

indents can be performed on each sample in reasonable experimental timescales. On 190 

the self-ion irradiated samples, mechanical properties of the irradiated layer were 191 

extracted between indentation depths of 200-400 nm in order to balance confining the 192 

plastic zone within the irradiated layer, and the experimental influences of surface 193 

roughness, tip blunting and the indentation size effect. In the proton irradiated 194 

samples, depths of 275-500 nm were chosen as representative of the 0.5 dpa damage 195 

levels away from significant influence of the Bragg peak. Note these depths only refer to 196 

data extracted from indents performed with a Berkovich tip. 197 

In order to understand the deformation mechanisms within these materials, and to 198 

assess whether they are affected by radiation damage, strain rate jump tests using the 199 

method of Maier [21] were additionally performed using the Berkovich tip. Indents were 200 

performed at a strain rate of 0.2 s-1 to a depth of 150 nm, followed by a jump to 0.001 s-1 201 

for the next 100 nm after which the rate returned to 0.2 s-1. The change in hardness was 202 

analysed at this "250 nm" jump to determine the rate sensitivity. This depth was chosen 203 

to balance maintaining the plastic zone around the indenter tip within the irradiated 204 

layer with the avoidance of errors arising from surface roughness or tip calibration 205 

uncertainties. 206 

As corroboration, a strain rate sweep test, very similar to the method introduced by 207 

Holz and Merle [22], was conducted. These tests have the advantage that the strain rate 208 

sensitivity is evaluated from a greater number of data points compared with a single 209 

jump. However, they may be more influenced by the indentation size effect. The tests 210 

were conducted at a constant strain rate of 0.2 s-1 until a depth of 250 nm, after which 211 
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the strain rate was ramped down to 0.01 s-1 over the next 150 nm to give a total 212 

indentation depth of 400 nm. 213 

Finally, to determine an indentation stress-strain curve by which the work hardening 214 

behaviour could be assessed, spherical indents were performed at a pseudo-constant 215 

strain rate of 0.001 s-1, using a load-controlled function proportional to (̇

(
$
%&
 as 216 

suggested by Feldner [23]. Around 64 spherical indents were performed in each case. 217 

The yield stresses and work hardening coefficients were acquired using a custom 218 

analysis script written in Python. This first performs a zero-point calibration (essentially 219 

refining the surface detection) based upon the work of Kalidindi [24], followed by a fit to 220 

a modified version of the Ramberg-Osgood equation [25], [26] that splits the measured 221 

strain into an elastic and plastic component (Equation 1). Here, 𝜀 is strain, 𝜎 the stress, 222 

𝐸 the Young’s modulus, and α is the proof strain (0.2% in this work). 𝜎*  is then the fitted 223 

yield stress, and 𝑛 a parameter related to the work-hardening. A set of six exemplary 224 

curves and their associated fit are shown in Figure 2, with the yield stress shown as the 225 

dotted point. While the form of the Ramberg-Osgood equation does not allow for the 226 

capturing of strain-softening effects, the elastic, initial yield and early hardening 227 

behaviour was well-fitted. 228 

 229 

Equation 1 230 

𝜀 =
𝜎
𝐸 + α0

𝜎
𝜎*
1

!
+

 231 
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 232 

Figure 2: A set of six exemplary curves (colour) and their associated fit following the Ramberg-Osgood equation 233 
(black, dashed line). The calculated yield stress is shown by the large white circle. Each curve is offset by 0.1 strain 234 
for clarity. 235 

To attempt to account for thermal effects such as annealing during the prolonged 236 

exposure to the ion beam, irradiation hardening for the self-ion irradiated samples was 237 

first calculated by performing testing on the irradiated section of the matchstick and 238 

subtracting the hardness determined from an area of the matchstick that was blanked 239 

by the sample holder and therefore was not exposed to the ion beam. However, it was 240 

observed these unirradiated regions do nevertheless increase in hardness with 241 

increasing dose / time. To exclude the possibility this is coming from contamination, the 242 

irradiation hardening was also calculated with respect to blanked area of the ‘1 dpa’ 243 

sample as it is expected that in this case the contamination is minimal. These data are 244 

subsequently plotted as a ‘hardening over the first sample’.  For the proton irradiated 245 

sample, as the goal was to probe thermal effects, the irradiation hardening was 246 

calculated with respect to reference samples that were neither irradiated nor heated. 247 

For all indents, regardless of method, the indent spacing was specified to be greater 248 

than ten times the ultimate indentation depth to prevent the plastic zone around each 249 

indent affecting the mechanical response of its neighbours [27].  250 
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2.4. Electron Microscopy 251 

Scanning electron microscopy (SEM) images were acquired using a Tescan MIRA3 252 

electron microscope at a 20 keV accelerating voltage, with electron backscatter 253 

diffraction (EBSD) collected using the attached Oxford Instruments Symmetry 2 254 

detector.  255 

A transmission electron microscopy (TEM) sample of the NEURONE ARAFM-1alloy 256 

irradiated to 100 dpa was produced via the focussed ion beam (FIB) lift- out method [19] 257 

across the irradiated and non-irradiated regions of the NEURONE ARAFM-1alloy, with 258 

the region localised to a single crystal of BCC iron. FIB was conducted at the Materials 259 

Research Facility (MRF) at UKAEA using a FEI Helios Nanolab 600i, with a Ga beam 260 

energy set to 30 kV for thinning the foil and 2 kV for final cleaning. TEM data were 261 

acquired using an FEI Talos with a Quantum Detectors Merlin direct electron detector. 262 

A 5 µm condenser aperture was used to create a pseudo-parallel beam with a semi 263 

angle of 0.75 mrad.  264 

2.5. STEM Data Processing 265 

As described earlier in this manuscript, the “advanced” versions of RAFM steels can be 266 

considered as those with a fine dispersion of MX precipitates, however these are very 267 

difficult to observe using most TEM imaging techniques. Therefore, in order to visualise 268 

these, a 4D-STEM (scanning transmission electron microscopy) dataset was acquired 269 

and processed using a novel method described here. 270 

Two useful aggregate diffraction patterns were constructed from the 4D-STEM dataset; 271 

the average pattern and the ‘maxima’ pattern. The average pattern is simply the average 272 

of all the diffraction patterns acquired. The maxima is the maximum value of all the 273 

patterns in a given pixel. 274 

More formally, the dataset can be described as a function of four variables α, β, 𝑥, and 275 

𝑦. Here, α and β are the dimensions of the diffraction patterns and 𝑥 and 𝑦 are the 276 

dimensions of the real space image. The maxima pattern is created by finding the 277 

maximum datapoint for each fixed value of α and β, with 𝑥 and 𝑦 still allowed to vary 278 

(Equation 2). 279 
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Equation 2 280 

max
,,*

=𝑓(𝛼. , 𝛽. , 𝑥, 𝑦) 281 

The average diffraction pattern (Figure 3a), can be thought of as a pseudo-SADP 282 

(selected area diffraction pattern). The matrix, which comprises the vast majority of the 283 

volume fraction of the region of material examined, dominates the diffraction pattern. 284 

The matrix pattern is therefore readily identifiable in the average pattern. The maxima 285 

pattern shows every phase that exists within the analysed volume of material, 286 

simultaneously. This is useful because it is insensitive to volume fraction and so 287 

highlights phases with very low volume fractions. Non-matrix (precipitate) reflections 288 

were identified as those present in the maxima, but not strongly present in the average 289 

pattern. Reflections were identified using the ‘find maxima’ function in ImageJ [28]. 290 

Within the maxima pattern (Figure 3b), bright rings around the matrix reflections can be 291 

seen. The multiple rings arise from ‘double diffraction’, a matrix reflection becomes 292 

sufficiently bright to cause noticeable secondary diffraction from itself. The rings are 293 

differentiated into a fine array of spots, which could be produced either from the MX 294 

precipitates, or from damage produced from the FIB preparation. To eliminate this 295 

latter possibility of amorphisation due to FIB damage, two maxima patterns were 296 

produced. One from the irradiated region and another from the non-irradiated region, 297 

these are shown in (Figure 3c) and (Figure 3d), respectively. The rings disappear in the 298 

maxima pattern from the irradiated region. As discussed more later, this demonstrates 299 

that there has been precipitate dissolution in the irradiated region and that the rings are 300 

not a result of FIB damage, as this would be expected throughout the lamella. 301 

 302 
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 303 

Figure 3: Diffraction patterns extracted from a 4D STEM dataset taken from a region of the material containing both 304 
irradiated (350˚C, 100 dpa) and non-irradiated material. (a) Average pattern of the whole region, encompassing both 305 
irradiated and unirradiated material, showing primarily matrix reflections from BCC Fe. The grain is orientated down 306 
the [103] zone axis. (b) Maxima pattern of the whole region, the red circle highlights the reflection used to create the 307 
images shown in Figure 5. (c) maxima pattern from the irradiated region, (d) maxima pattern from the non-irradiated 308 
region. The patterns have had their intensities normalised in order to remove saturation; dark saturation at the edges 309 
and white saturation in the middle. The intensity of the patterns centre is orders of magnitude higher than the edges. 310 

The 4D-STEM dataset can be further processed to create ‘virtual dark field’ images 311 

(VDFs) that allow for precipitate visualisation. Here, two virtual apertures were placed 312 

around every non-matrix diffraction spot; a circle of radius ‘𝑟’ and a ring of inner radius 313 

‘𝑟’ and outer radius ‘𝑟 + 1’ where	𝑟 = 4 pixels. 314 

Incoherent scattering is both present at all angles in the diffraction patterns, and 315 

variable. It varies both as a function of angle, and mass-thickness of the volume of 316 

material. Conventional dark field images of weakly diffracting phases (e.g. due to size) 317 

have a high signal (phase of interest) to noise (incoherent scattering) ratio. The ring 318 

virtual aperture serves as a ‘background’, to approximate the incoherent scattering 319 

locally within that region. This allows for the creation of ‘corrected dark field’ (CDF) 320 

images where the intensity of the image, 𝐼, is given by Equation 3. 321 
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Equation 3 322 

𝐼/0112/324 = 𝐼/.1/52 −	𝐼1.+6 	× 	
𝐴𝑟𝑒𝑎/.1/52
𝐴𝑟𝑒𝑎1.+6

	 323 

 324 

3. Results 325 

3.1. SEM Microstructural Analysis 326 

A representative EBSD map is given in Figure 4a for the NEURONE ARAFM-1 steel. It can 327 

be seen that the microstructure is fully ferritic-martensitic, with no additional phases 328 

detected, e.g. delta-ferrite or Laves. The Matlab library MTEX was subsequently used to 329 

reconstruct the parent austenite grains from the martensitic microstructure, following 330 

the procedure of Niessen et al. [29]. Figure 4b plots the angular deviation from known 331 

austenite-martensite crystallographic relationships, such that high angles (~5˚) are 332 

indicative of prior austenite grain boundaries (PAGB). From this method, the prior 333 

austenite grain size is around 50 µm, somewhat larger than that of the 5-10 µm reported 334 

for EUROFER-97 [30][31], but not unreasonable for an engineering alloy. Overall, the 335 

thermomechanical treatments applied have been successful in achieving the desired 336 

microstructure at this scale.  337 

(a) 

 

 (b) 

 

Figure 4: (a) EBSD of the NEURONE ARAFM-1 steel, indicating a fully ferritic-martensitic microstructure. The IPF is 338 
shown bottom-right. (b) The angular deviation from known austenite-martensite crystallographic relationships, such 339 
that high angles (~5˚) are indicative of prior austenite grain boundaries (PAGB). 340 

 341 

  342 
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Identifying Precipitates and Their Spatial Distribution 343 

As mentioned, in order to visualise the MX precipitates within the steel, a 4D-STEM 344 

dataset was acquired across the irradiated and non-irradiated regions of the NEURONE 345 

ARAFM-1alloy irradiated to 100 dpa, with the region localised to a single crystal of BCC 346 

iron. Using the methodology described in section 2.4, virtual dark field and corrected 347 

dark field images were created from the 4D-STEM dataset, and are shown in Figure 5. 348 

 349 

Figure 5: (a) Example of a virtual dark field (VDF) and (b) a corrected dark field (CDF) image created from the same 350 
reflection, highlighted in Figure 3b. The division between irradiated and non-irradiated shows the position after the 351 
Bragg peak, so this region will be strongly influenced by the effect of injected interstitials. 352 

 353 

Figure 5 shows that the precipitates appear more clearly as white spots in the corrected 354 

dark field image than the equivalent virtual dark field. CDFs, individually, still retain an 355 

issue with uniform reflection brightness. The aim of this methodology is to show all 356 

precipitates in a single image to allow for a comparison between precipitate size and 357 

density in the irradiated and non-irradiated regions. Consider an ideal scenario, where 358 

the precipitates have an identical orientation relationship with the matrix, such that 359 

within a single grain of the matrix, all precipitates have the same zone axis. Subtle 360 

changes in the orientations of the matrix, on the order of milliradians, are easily caused 361 

by dislocations and can change the intensity of a given reflection significantly. 362 
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Therefore, no single CDF image is representative of the entire distribution of 363 

precipitates. 364 

The solution to this is the same as the solution to identifying diffraction spots, 365 

discussed at the start of this section. The CDFs are a 3D (rather than 4D) dataset 366 

represented as a stack of images, from which, the average CDF image (aCDF) and 367 

maxima CDF image (mCDF) can be taken. The mCDF, shown in Figure 6 is very effective 368 

at highlighting all the precipitates simultaneously. The mCDF is bright if, and only if, a 369 

region of the diffraction pattern has a local intensity higher than its surroundings that 370 

does not arise from the matrix.  371 

This maxima corrected dark field image therefore allows two key conclusions: first, that 372 

the MX precipitates in the unirradiated region are present at an extremely high density 373 

(c. 5 × 1022 m-3, based on a lamella thickness of around 130 nm, as determined by 374 

EELS). Second, it reinforces the conclusion drawn from Figure 3c and d; the 375 

precipitates are not present in the highly irradiated, Bragg peak region. A third, tentative 376 

conclusion is also possible from the slight contrast still present in the top-right corner 377 

of Figure 6b: that some precipitates will be retained up to approximately 25 dpa. 378 

However, due to the contributions that dose rate and the presence of self-interstitial 379 

atoms have on precipitate dissolution, this cannot be stated conclusively. 380 

While TEM analysis has only been carried out on the 100 dpa sample, there is 381 

increasing evidence in the literature that these MX precipitates are stable until several 382 

tens of (matrix) displacements per atom. In addition to the previous study on a very 383 

similar ARAFM [14] where precipitates were re-dissolved past 40 dpa, Tanigawa et al. 384 

saw TaC dissolution past 20 dpa at 500˚C [32] while Kano et al. report TaC stability to 385 

50 dpa at 400˚C [33]. Tan et al. investigated a variety of MX chemistries, but in general 386 

saw MX stability to 49 dpa at 500˚C [34]. Green saw TiC dissolution at 15 dpa for 387 

irradiation temperatures <400˚C, and dissolution at 50 dpa at all temperatures. All 388 

these works were performed using ion-irradiation, hence the dose rates should all be 389 

relatively comparable. 390 

Therefore, it is strongly suspected that the MX precipitates are retained in the other 391 

samples (1 and 10 dpa self-ion irradiated samples, as well as the 0.5 dpa proton 392 
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irradiated materials) as the damage levels are significantly below the thresholds 393 

reported in the literature. 394 

 395 

 396 

Figure 6: a) Average corrected dark field (aCDF) and (b) Maxima corrected dark field (mCDF) images of the 100 dpa 397 
NEURONE ARAFM-1 sample. As described, the mCDF can be taken as a visualisation of all the precipitates present 398 
in the lamella. Here too the division between irradiated and non-irradiated shows the position after the Bragg peak, 399 
so this region will be strongly influenced by the effect of injected interstitials. Two large M23C6 carbides (identified via 400 
their diffraction pattern) are visible towards the bottom of the image (labelled in (a)), as well as a pair of larger MX 401 
precipitates in the centre, likely TaC based upon Ta enrichment visible in EDX mapping. The right-hand edge of the 402 
image is 2.1 µm below the surface of the sample.     403 

 404 

 405 

3.2. Irradiation Hardening 406 

The unirradiated hardness of the NEURONE ARAFM-1 alloy, as determined from indents 407 

performed in the unimplanted (but still heated) ends of the 1 and 10 dpa samples is 408 

4.66 ± 0.38 GPa. The unimplanted hardness for each sample and the hardnesses in the 409 

irradiated are shown in Figure 7, which plots the hardness after irradiation for the 410 

NEURONE ARAFM-1 samples after their respective self-ion irradiations, along with the 411 

EUROFERAP alloy after proton irradiation at the matching 350˚C irradiation 412 

temperature (exploring LTHE effects). The two datapoints corresponding to the 100 dpa 413 

sample come from two arrays of indents spaced some millimetres apart in the sample 414 

to verify the performance was not due to experimental error or sample inhomogeneity. 415 

M23C6 Carbide 

M23C6 Carbide Large MX (TaC) 

Large MX  (TaC) 
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The difference in hardness in the EUROFERAP and ARAFM-1 materials is likely a strain 416 

rate effect, as they were indented at 0.2 s-1 and 3 s-1, respectively. 417 

The data expressed as a percentage increase over the base value are displayed in 418 

Figure 8, which also contains several datapoints from the literature for comparison, 419 

shown as orange diamonds, mostly consisting of hardening of EUROFER-97 as 420 

measured from nanoindenation after ion irradiation [35][36][37] with one point taken as 421 

an increase in yield stress after neutron irradiation [2]. This figure plots two different 422 

methods of calculating hardness: solid points labelled “Same Sample” are calculated 423 

comparing the irradiated and unirradiated areas of each sample such that thermal 424 

effects are included. Open symbols, labelled “Hardening over 1st sample” are 425 

calculated as the hardness of the irradiated material over the unirradiated region of the 426 

1 dpa sample.  427 

When calculating hardening on a per-sample basis, i.e. the “same sample” dataset, it 428 

can be seen that very little hardening takes place at 1 dpa. At 10 dpa around a 20% 429 

hardness was measured, with no further evolution within experimental uncertainty up 430 

to 100 dpa. While a saturation in hardening is often observed around 10 dpa in RAFM 431 

steels [2] this low degree of hardening is noticeably different from the literature data 432 

(orange). 433 

However, the 100 dpa datapoints in particular are rather divergent when hardening is 434 

calculated when compared to the 1dpa unirradiated material (open symbols). Here the 435 

hardening then rises to closer to 90%. This difference is driven by an increase in the 436 

unirradiated hardness with “damage”: from 4.4 GPa in the 1dpa sample, 5.0 GPa in the 437 

10 dpa sample, and up to 7.3 GPa at 100 dpa. The four arrays contain almost 450 438 

indents between them, and are made in two distinct areas for each unirradiated and 439 

irradiated region. It is therefore unlikely to be experimental error leading to the higher 440 

unirradiated values of hardness.  441 

We suspect therefore that some contamination has occurred from the sample holder 442 

resulting in a hardened surface layer even in areas not exposed to the ion beam. As 443 

such, the open-symbolled “hardening over 1st sample” data are likely to be more 444 

representative of the true material response, given microstructural aging effects should 445 
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be limited over these temperatures and timescales (5 days at 350˚C). The discussion 446 

will therefore proceed assuming these data are the “true” results, but the others are 447 

still plotted for the sake of scientific completeness.  448 

 449 

Figure 7: Hardeness as determined by nanoindentation for the NEURONE ARAFM-1and EUROFERAP samples 450 
irradiated at 350˚C. Error bars show plus / minus one standard deviation in each direction based upon the 451 
distribution of hardness.  452 

  453 

 454 



 22 

 455 

Figure 8: Irradiation hardening expressed as a percentage increase over the relevant unirradiated material, in order to 456 
allow comparison with the literature data [2] [35][36][37] (orange). Literature data are largely taken from ion-457 
irradiation campaigns on EUROFER-97, with properties also measured via nanoindentation. Two methods of 458 
calculating hardening are shown: “Same Sample” data are taken from unirradiated and irradiated sections of the 459 
same sample for each irradiation condition, i.e. including thermal effects. “Hardening over 1st sample” data are 460 
caluclated with respect to the unirradiated region of the 1 dpa sample in an effort to exclude potential contamination 461 
effects. It should be noted that as this is a plot of hardening, as opposed to hardness, that these uncertainties are the 462 
root-square sum of the standard deviations of the irradiated and unirradiated material, and hence are larger than the 463 
“normal” spread for a single dataset. 464 

 465 

 466 

3.3. Variable Strain-Rate Indentation 467 

The activation volumes as determined by strain rate jump (SRJ) testing and the strain 468 

rate sweep (SRSweep) method are given in Figure 9, calculated using a Burgers vector 469 

length of 0.25 nm [38]. While noisy, the activation volumes determined by both 470 

methodologies are similar in terms of the deformation mechanism they imply, and the 471 

average value of 34 b3 in the unirradiated condition is consistent with values found in 472 

the literature [39]. This value is consistent with the expected behaviour for iron at room 473 

temperature, indicating deformation controlled by the glide of screw dislocations 474 

pinned largely by the Peierls stress. It can also be seen that this value does not change 475 

even after irradiation to 100 dpa (29 b3 when averaged).  476 
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 477 

 478 

Figure 9: Activation volumes as determined by strain-rate jump (SRJ) and strain rate sweep testing in the unirradiated 479 
and irradiated sections of the sample irradiated to 100 dpa, such that any thermal effects are comparable.  480 

 481 

  482 
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3.4. Spherical Nanoindentation Curves 483 

A nominally 5 µm spherical indenter was used to generate stress-strain curves for the 484 

NEURONE ARAFM-1samples to allow for comparison between pre- and post-irradiation 485 

work hardening behaviour. The curves from the c. 40 indents performed in each of the 486 

unirradiated and irradiated portions of the 100 dpa NEURONE ARAFM-1sample are 487 

shown in Figure 10, along with curves from material irradiated to 10 dpa .  488 

While strain is calculated, it is not plotted except in Figure 10d as plotting against 489 

indentation depth allows for a better comparison with respect to the depth of the ion 490 

irradiated layer. Two facts should be noted regarding the stress axis: firstly the stress is 491 

simply calculated as the force divided by the indentation contact area. This is because 492 

the strain-dependent constraint factors such as those from Leitner [19] that could be 493 

used to accurately convert to a representative uniaxial stress have not been validated 494 

on the ferritic-martensitic microstructures investigated here. Secondly, the data are 495 

subject to an indentation size effect, where the increased density of geometrically 496 

necessary dislocations lead to higher stresses being measured compared to 497 

macroscopic tests [40]. Care must therefore be taken if attempting to quantitively 498 

compare these data with macroscopic curves, not only for these reasons but also the 499 

significant difference in stress state between indentation experiments and tensile 500 

testing. 501 

It can be seen that there is largely no change between 0 (Figure 10a) and 10 dpa (Figure 502 

10b), with both the yield stress and post-yield work hardening largely unaffected by the 503 

irradiation. After 100 dpa (Figure 10c), the yield stress has increased from 3.5 to 4.5 GPa 504 

(i.e. 30%), and strain softening is observed after ~225 nm or ~8% strain. Finally, Figure 505 

10d plots an exemplary stress-strain curve from each of the samples in (a)-(c) to 506 

highlight better this change in yield stress and softening exhibited in the 100 dpa 507 

sample. 508 

  509 
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 510 

 (a)

 

(b)

 
(c) 

 

(d)

 

Figure 10: Stress vs indentation depth curves for the (a) unirradiated, (b) 10 dpa irradiated, and (c) 100 dpa irradiated 511 
material. The curves are plotted against indentation depth to better allow for comparison between penetration depth 512 
and the depth of the implanted layer. In (d), a single curve from each sample are plotted in terms of both stress and 513 
strain are plotted in a comparison between both the unirradiated and irradiated portions of the 10 dpa and 100 dpa 514 
samples. 515 

 516 

Figure 11 plots the data determined as a result of fitting the Ramberg-Osgood equation 517 

to the calculated stress-strain data: (a) plots the increase in the yield stress with 518 

damage, and (b) the calculated work hardening coefficient. By-and-large the changes in 519 

yield stress (Figure 11a) match those seen from the Berkovich indentation trends 520 

(Figure 7). As noted previously, the form of the Ramberg-Osgood equation does not 521 

allow for the capturing of strain-softening effects, hence the fit and the determined 522 

work-hardening coefficients (Figure 11b) only captures the early hardening behaviour. 523 

Nevertheless, as the softening is only seen past ~8% strain, this coefficient is still a 524 

useful indicator of in-service behaviour. Therefore, it is reassuring to see that there is no 525 

0 dpa 

100 dpa 

10 dpa 
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change – within experimental uncertainty – from the unirradiated value (0.083 on 526 

average) to 100 dpa (0.12). 527 

(a)

 

(b)

 
Figure 11: Spherical nanoindentation results showing (a) the increase in indentation yield stress from irradiation 528 
damage, and (b) the change in the work hardening coefficient. The line of best fit in (a) is fit to √dpa to capture the 529 
saturation in irradiation hardening seen in RAFM steels with dose [2]. 530 

 531 

3.5. Proton Irradiation: EKect of Temperature 532 

The NEURONE ARAFM-1alloy was not subjected to proton irradiation as it all had been 533 

consumed by the time the campaign was scheduled. However, the very similar 534 

EUROFERAP alloy (detailed in Table 1) allows for a reasonable assessment of how the 535 

low temperature hardening embrittlement (LTHE) threshold might be expected to have 536 

evolved as a result of the increased strengthening. In Figure 12 the increase in hardness 537 

over an unirradiated, unheated sample is plotted for the EUROFERAP material, 538 

alongside literature data for EUROFER-97 [41] for comparison. The three proton-539 

irradiated EUROFERAP samples were all irradiated to around 0.5 dpa of damage in the 540 

plateau region, hence the reduction in irradiation hardening with temperature is simply 541 

a result of the changing irradiation microstructure. The negligible hardening of 542 

EUROFER-97 at 400˚C results in the oft-quoted 350-400˚C limit for LTHE. It can be 543 

seen that the hardening of the EUROFERAP sample at 400˚C is only slightly above zero, 544 

given the scatter in the data, and hence it can be concluded that the LTHE threshold 545 

has only crept up <50˚C in the ARAFM, to around 400˚C. 546 
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 547 

Figure 12: Hardening in the EUROFERAP samples after irradiation to 0.5 dpa with protons at varying temperatures 548 
with respect to an unimplanted, unheated sample. Data for EUROFER-97 taken from microindentation data on 549 
neutron-irradiated material from Sacksteder et al [41] . 550 

 551 

4. Discussion 552 

In the processing of steels, particularly RAFM steels, the thermomechanical treatments 553 

(TMTs) affect the precipitate distribution and chemistry, as well as the overall alloy 554 

microstructure [42], [43]. The alloy must undergo several phase transformations during 555 

processing; from liquid, through the undesirable delta ferrite region, into austenite for 556 

mechanical processing; cooling through alpha ferrite to room temperature to form 557 

martensite, before final tempering to transform the metastable martensite into stable 558 

ferrite. In the austenite region, TMTs are applied to reduce the cast billet into its final 559 

plate dimensions, and the microstructure is refined as the prior austenite grain (PAG) 560 

size will affect the final microstructure upon transformation to martensite [44]. As all 561 

these phase boundaries are affected by composition, and particularly in the case of 562 

highly-alloyed steels working at the edge of the austenite phase field, it is necessary to 563 

alter the processing temperatures upon refinements of the alloy chemistry.   564 

It can be seen in the EBSD map of the sample (Figure 4a) that the updated (proprietary) 565 

TMTs for this alloy have been successful: the microstructure consists of fine 566 
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martensitic laths and there is no evidence of any retained delta ferrite. Reconstructing 567 

the PAG size shows that this alloy has an average grain size of around 50 µm.  568 

More detailed microstructural characterisation by TEM to observe the precipitate 569 

microstructure (Figure 6b), revealed a fine, dense dispersion of MX precipitates, very 570 

likely VN precipitates, with a volumetric density of 5 × 1022 m-3 . Prior characterisation of 571 

a similar ARAFM steel [14] determined a number density for the precipitates of 572 

~1 × 1022 m-3, with the needles having a mean length of ~16 nm, and mean width ~5 nm.  573 

It likely the combination of both the fine microstructure and the high precipitate density 574 

that leads to the high sink strength required for radiation-resistant microstructures [45]. 575 

This is evidenced in Figure 7 and Figure 8 where the extremely low levels of radiation 576 

hardening can be seen: 35% at 10 dpa where EUROFER-97 exhibits a near-doubling of 577 

its hardness. A more subtle, but non-zero improvement is still seen at 100 dpa once the 578 

MX precipitates have dissolved: 85% harder compared to the 120% of EUROFER-97. 579 

While the MX precipitates acting as efficient defect recombination centres likely 580 

explains the low hardening at 10 dpa, the result at 100 dpa cannot be attributed to the 581 

precipitate density. In both Figure 6b, as well as a study on a similar VN-strengthened 582 

ARAFM [14], there is complete dissolution of the precipitates at damage levels >40 dpa. 583 

The high density of grain boundaries, as well as the pre-existing dislocation density, are 584 

therefore also likely significant contributors. While the dislocation density has not been 585 

characterised in this work, EUROFER-97 with a similar final tempering temperature 586 

exhibits a high dislocation density in the martensite laths of 9.0 × 10!7 m-2 [46]. 587 

It is therefore most likely that two deformation mechanisms are occurring as irradiation 588 

proceeds.  The mechanical response is dominated by radiation hardening on top of 589 

precipitate strengthening up to around 10 dpa, where based on literature trends [2], it 590 

likely saturates.  Precipitate dissolution past ~40 dpa [14] would likely lead to the alloy 591 

softening, however this is compensated for by additional radiation hardening, resulting 592 

in a net hardening of 85% at 100 dpa. Nevertheless, a comparison with literature data 593 

on EUROFER-97 is very favourable, particularly at 10 dpa where Gaganidze [35] shows 594 

an increase in yield stress from 550 MPa in the unirradiated condition to 1075 MPa at 595 

300˚C (a 95% increase) and 1200 MPa after 70 dpa at 332˚C (a 120% increase). 596 
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Bhattacharya’s review shows that most RAFM steels show similar increases in yield 597 

stress [47]. The lower dose rates of neutron irradiation are expected to cause increased 598 

hardening effects with respect to the self-ion and proton irradiations performed here 599 

[48]. Nevertheless, comparisons with self-ion irradiated EUROFER-97 in the literature 600 

from Heintze [49] ( 26% increase at 5 dpa) and Das  [37] (a 17% increase at 1 dpa) are 601 

still favourable, with the NEURONE ARAFM-1 alloy showing reduced irradiation 602 

hardening, circa 30%, in the 1-10 dpa range where MX precipitates are present. 603 

Although the fine precipitate distribution contributes to the radiation hardening 604 

resistance of this new alloy, their instability under irradiation may be problematic in 605 

breeder blanket applications if their presence is a significant contributor to the strength 606 

of the alloy, and hence a weakening of the alloy would occur upon their dissolution. In 607 

terms of assessing strength, a dispersed barrier hardening model can be applied to 608 

estimate the contribution of the precipitates to the overall strength of the alloy. The 609 

model states that the increase in strength is given by Equation 4 [50]:  610 

Equation 4 611 

𝜎 = 𝑀	𝛼	𝜇	𝑏	√𝑁	𝑑 612 

With appropriate values of M of 3.06, 𝜇 of 75.3GPa, and 𝑏 of 0.249 nm, taken from 613 

literature values for irradiated stainless steels [50]. A value of 𝛼 = 0.33 [51] is assumed 614 

due to the relatively small size of the precipitates, thus assuming they are relatively 615 

weak obstacles. Finally, the precipitate density was calculated to be N = 5.0 × 1088 m-3 , 616 

and their size (𝑑) can be crudely estimated as the average of their length (16 nm) and 617 

width (5 nm), assuming that dislocations will encounter them from both directions [14]. 618 

Using these parameters, the estimated increase in strength from the MX precipitates is 619 

evaluated at 430 MPa, equivalent to a 1.3 GPa increase in hardness when converting 620 

from yield strength to hardness using the Tabor relationship [52]. This 1.3 GPa is around 621 

30% of the total measured hardness of the as-received, unirradiated materials, i.e. it is 622 

a rather significant fraction. In comparison, for EUROFER-97, a total MX (TaC + VN) 623 

precipitate density of 1.45 × 1089 m-3 with an average size of ~ 50 nm has been reported 624 

[30]. Using the above parameters, this corresponds to an estimated increase in 625 
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strength of 51 MPa, i.e. around 10% of that of the NEURONE ARAFM-1 steel, and also 626 

only a tenth of EUROFER-97’s room-temperature strength. 627 

The dissolution of the precipitates is compensated for by increased levels of radiation 628 

hardening, i.e. the material does not soften up to end-of-life levels of damage (Figure 8). 629 

However, it is therefore necessary to search for any other changes in mechanical 630 

properties that may occur as a result of the MX dissolution, given their significant 631 

contributor to overall strength. 632 

A further insight into the deformation mechanisms within the material can be gained 633 

using nanoindentation strain rate jump tests [21] and strain rate sweep tests [22]. These 634 

were performed to determine the rate-controlling step of dislocation mobility, and show 635 

(Figure 9) that in all conditions, the activation volumes of a few tens of cubic Burgers 636 

vectors are indicative of (screw) dislocation mobility controlling plasticity [53]. That 637 

mobility is not controlled by Orowan bowing around precipitates is likely the reason why 638 

the mechanism is unchanged after even 100 dpa of damage. Screw dislocations 639 

controlling plasticity is not unexpected for a body-centred cubic metal below its critical 640 

temperature; the same result is observed in neutron-irradiated tungsten in both the 641 

unirradiated and irradiated condition [54]. It should be noted that in the work on 642 

tungsten [54] , a significant shift in the brittle to ductile transition temperature was still 643 

observed, attributed to a decrease in average dislocation velocity. It is therefore 644 

emphasised that these results on this ARAFM steel cannot be taken to conclude that its 645 

toughness or its BDTT is unaffected by radiation damage. 646 

As an intermediate conclusion therefore, the very high density of MX precipitates 647 

contributes significantly to the overall radiation hardening resistance of the new ARAFM 648 

steel by acting as extremely potent defect sinks. While a significant factor in the 649 

strength of the alloy, they do not control the onset of plasticity, and their dissolution is 650 

compensated for by radiation hardening, implying that the end-of-life strength of this 651 

alloy should not significantly degrade through the loss of the VN precipitates. 652 

It should be noted that for the dissolution observed here, as well as in similar studies 653 

[31], [32], [34], the driving force for the dissolution is a ballistic one as a result of the 654 

heavy ion irradiation. The dose rates in such irradiations are around 107 - 10& times 655 
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faster than those that are expected to be experienced in service [48] . Therefore, it is 656 

expected that these ion irradiation studies result in increased precipitate dissolution. At 657 

first glance this is therefore a best-case scenario; the ARAFM appears to not be 658 

significantly degraded even with the worst precipitate loss possible (Figure 8).  659 

However, the ultimate destination of the solutes must be considered. The increased 660 

levels of solid solution strengthening from 0.265 wt% V are limited: around 130 MPa 661 

[55], i.e. roughly a third of the MX strengthening. However, if there is not a strong driving 662 

force for re-precipitation, these solutes have the potential to diffuse to microstructural 663 

features such as grain boundaries where they may contribute to larger, more 664 

incoherent, and therefore embrittling second phases. This phenomenon is unlikely to 665 

be seen during experiments such as these as the timescales, and therefore diffusion 666 

distances for vacancy-mediated diffusion are limited. The dose rate thresholds for 667 

precipitate dissolution would therefore be important to elucidate in future experiments. 668 

It would also be valuable to assess of microstructural changes after long-term ageing of 669 

heavily-irradiated samples at modest temperatures (i.e. operational temperatures of 670 

600˚C-650˚C, as opposed to 750˚C tempering temperatures) to assess whether re-671 

precipitation occurs. 672 

It has been suggested that future fusion alloys should be designed with as large a gap 673 

as possible between the yield stress and the ultimate tensile stress [2]. This maximising 674 

of the work hardenability of the alloy minimises susceptibility to low temperature 675 

hardening embrittlement [2]. The strain underneath a standard, self-similar Berkovich 676 

indenter is constant, typically taken as 7% [56] . Further nanoindentation tests 677 

employing a spherical tip were carried out so as to generate an (indentation) stress-678 

strain curve and determine a work hardening coefficient in the thin damaged layer.  679 

The trends in yield stresses and their increases after irradiation shown in Figure 11a 680 

match reasonably well with those seen in the indentation hardness data, suggesting the 681 

Ramberg-Osgood fitting carried out as part of the data analysis is performing well 682 

(Figure 2). The fits suggest that this alloy has a work hardening coefficient of around 0.1 683 

(Figure 11b) in all conditions, even after irradiation. At first glance, this suggests that the 684 

work hardening and toughening behaviour of the alloy is unchanged. 685 
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However, it must be emphasised that this work hardening coefficient has been 686 

determined via a compressive indentation test. Therefore, care must be taken with its 687 

application. It has been shown that in unirradiated 304 stainless steel that while the 688 

work hardening coefficient determined through spherical nanoindentation is 689 

comparable to that determined through micro-tensile testing [57], the same study 690 

showed that after 10 dpa of proton irradiation, spherical nanoindentation 691 

demonstrated a significantly higher work hardening exponent than the tensile tests. 692 

This was attributed to strain localisation taking place in the tensile tests that does not 693 

take place in indentation. This is due to a combination of the compressive stress state, 694 

as well as the expanding plastic zone deforming “fresh” material throughout the course 695 

of the experiment. This is also likely the reason why a true UTS is not reached and the 696 

typical observation from Considère’s criterion [58] – that the work-hardening coefficient 697 

is approximately comparable to the plastic strain at maximum stress on the stress-698 

strain curve – is also not seen. 699 

Interestingly, in this work, the stress-depth curves in Figure 10 do appear to show some 700 

strain softening that would be indicative of strain localisation. After approximately 701 

200 nm in the 100 dpa material there is a small degree of softening that is not present in 702 

the unirradiated curves, nor at 10 dpa. At these shallow depths, and given the softening 703 

is not seen after 10 dpa of damage, it is unlikely that this is simply a substrate effect 704 

where softening is observed due to the stress field penetrating into the unimplanted 705 

substrate. It is not immediately obvious as to why softening is occurring here but was 706 

not observed in the literature [57]. One possible explanation is the increased damage 707 

level in this work: 100 dpa here compared with 10 dpa in the literature, leading to an 708 

increased dislocation loop density and therefore a greater degree of softening once a 709 

defect-free channel is formed. 710 

That the work hardening coefficient does not vary after irradiation is interesting, as 711 

spherical nanoindentation tests in a series of Fe-Cr alloys irradiated up to 0.1 dpa 712 

showed in all materials a reduction in the work hardening exponent [59] with increasing 713 

damage. There are two potential explanations for this difference. The first, that the 714 

damage levels investigated here are too high to observe a decrease in work hardening 715 

rate, and it has simply saturated by 1dpa. However, in this case, it would be expected 716 



 33 

that at least the work hardening rate of the as-received material would be higher. The 717 

second possibility of an intrinsically lower work hardening rate in the NEURONE 718 

ARAFM-1 alloy compared to binary Fe-Cr seems therefore more likely.  719 

This is supported by tensile testing of similar bulk materials. As above, the room-720 

temperature yield strength of an Fe-9Cr alloy with a ferritic-bainitic microstructure is of 721 

the order of 300 MPa [60], with a UTS of around 400 MPa (i.e. 33% higher). The yield 722 

strength of EUROFER-97 is 531 MPa [61] with a UTS of 654 MPa (23% higher). Therefore, 723 

a combination of the ferritic-martensitic microstructure, as well as the precipitate 724 

strengthening, has reduced the work hardening capacity of the alloy.  725 

The indentation hardnesses measured here in the as-received conditions for both 726 

alloys are similar, when strain-rate effects are considered: EUROFERAP ~3.1 GPa and 727 

the NEURONE ARAFM-1 ~4.6 GPa. Heinze report a hardness of 3.8 GPa for EUROFER-728 

97 at a similar indentation depth [49] as reported here.  It is therefore likely that the 729 

work hardening characteristics of EUROFER and these advanced RAFMs are also 730 

comparable: as above, the representative strain in these tests is around 7%, and 731 

therefore the indentation hardness captures the work hardening of the material 732 

alongside the yield stress. The lower, and constant, values of the work hardening 733 

coefficient are therefore likely to be “real”, as opposed to resulting from fitting errors. 734 

There is thus tentative evidence that work hardenability of this alloy does not 735 

significantly deteriorate during irradiation, further suggesting it as a promising 736 

structural blanket material for future fusion power plants.  737 

The final assessment for candidate structural materials is their operating temperature 738 

window. There would be many candidate materials for 650˚C coolant outlet 739 

temperatures if ductility at low temperatures were not a concern. However, 740 

maintenance schedules (potentially around 40% of the plant lifetime [62]), mean that 741 

power plants will spend significant amounts of time at room temperature and therefore 742 

maintaining a BDTT below room temperature is therefore highly desirable.  743 

Proton irradiation to a constant damage level of around 0.5 dpa but at varying 744 

temperatures shows modest but measureable hardening of 20% in the EUROFERAP 745 

alloy at 190˚C (measured irradiation temperature) / 250˚C (nominal irradiation 746 



 34 

temperature). This persists at 330˚C (measured) / 350˚C (nominal), with an increase of 747 

15% compared with as-received material.  At 410˚C / 400˚C, hardening could be 748 

considered to neglible considering experimental scatter (Figure 12), but is likely still 749 

present at low levels. In comparison, literature data for EUROFER-97 [38] shows a 750 

similar level of hardening at 250˚C and 350˚C, but the materials is clearly unchanged 751 

by the irradiation at 400˚C.  The low temperature hardening embrittlement (LTHE) 752 

threshold for EUROFER-97 would therefore be ~350˚C, matching the operating 753 

temperature windows in the literature [63]. As the EUROFERAP alloy still shows some 754 

hardening after irradiation at 410˚C, it can be concluded that the LTHE threshold and 755 

thus the lower operating temperature has crept up slightly to ~400˚C. It is hoped that 756 

this small increase is compensated for by significant improvements in creep 757 

resistance, however this remains to be shown in future work.  758 

It may also be the case that using ion-irradiation to assess LTHE results in a worst-case 759 

estimate of the threshold temperature. The authors are unable to find any studies that 760 

use proton-irradiation or heavy-ion irradiation to assess the LTHE threshold in 761 

EUROFER-97. However, a self-ion implantation study of hardening with temperature of 762 

binary Fe-Cr alloys [48], including Fe-10Cr as the closest in composition to EUROFER-763 

97, still shows hardening after irradiation 400˚C with neglible hardening only seen for 764 

500˚C irradiations. Thus there is a hint that the LTHE threshold is slightly overestimated 765 

when using heavy ions. While this is promising for the work reported here, it is not 766 

possbile to state conclusively given the differences in materials as well as irradiation 767 

conditions, but would make for an interesting avenue for future studies. 768 

  769 
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5. Conclusions 770 

An advanced reduced-activation ferritic-martensitic steel has been developed with 771 

superior radiation hardening resistance with respect to the EUROFER-97 upon which it 772 

was based. Through the use of novel processing of a 4D-STEM dataset, it was possible 773 

to visualise all the fine MX precipitates that led to this outstanding hardening resistance 774 

and determine a precipitate density of 5 × 1022 m-3.  775 

Self-ion irradiation campaigns up to 100 dpa at 350˚C have been performed, after 776 

which an increase in hardness of only 35% at 10 dpa was measured, where EUROFER-777 

97 exhibits a near-doubling of its hardness. A more subtle, but non-zero improvement is 778 

still seen at 100 dpa once the MX precipitates have dissolved: 85% harder compared to 779 

the 120% of EUROFER-97. The work hardening response, as determined from spherical 780 

nanoindentation, was unchanged between the as-received state and irradiation to 100 781 

dpa, implying that the alloy should retain modest ductility under these conditions. 782 

However, it is emphasised that resistance to irradiation hardening is only one factor in 783 

the suite of properties that structural fusion materials require, and changes in e.g. BDTT 784 

must still be assessed. 785 

Proton irradiations at 250˚C, 350˚C, and 400˚C demonstrated that the low 786 

temperature hardening embrittlement threshold is largely unaffected, increasing by 787 

only ~50˚C with respect to EUROFER-97. A refinement of alloy chemistry and a 788 

subsequent modification of the thermomechanical treatments to favour MX 789 

precipitates is therefore a very promising strategy for the further development of fusion 790 

steels. 791 
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