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Abstract:  14 

As well as having suitable mechanical performance, fusion reactor materials for the first wall 15 

and blanket must be both radiation tolerant and low activation, which has resulted in the 16 

development of reduced activation ferritic/martensitic (RAFM) steels. The current steels suffer 17 

irradiation-induced hardening and embrittlement, such that they are not adequate for planned 18 

commercial fusion reactors. Producing high strength, ductility and toughness is difficult, 19 

because inhibiting deformation to produce strength also reduces the amount of work hardening 20 

available, and thereby ductility. Here we solve this dichotomy to introduce a high strength and 21 

high ductility RAFM steel, produced by a novel thermomechanical process route. A unique 22 

trimodal multiscale microstructure is developed, comprising nanoscale and microscale ferrite, 23 

and tempered martensite with low-angle nanograins. Processing induces a high dislocation 24 

density, which leads to an extremely high number of nanoscale precipitates and subgrain walls. 25 

High strength is attributed to the refinement of the ferrite grain size and the nanograins in the 26 

tempered martensite, while the high ductility results from a high mobile dislocation density in 27 

the ferrite, the higher proportion of MX carbides, and the trimodal microstructure, which 28 

improves ductility without impairing strength. 29 

 30 

Text 31 

Nuclear fusion energy has long been regarded by many as a potential potent source of non-32 

intermittent, low carbon electricity (1–3). Fusion is attractive due to the abundance of fuel 33 

(hydrogen and its isotopes) (4) and short lifespan of the radioactive waste products (5). 34 

However, the service conditions in fusion reactors are extreme, with components subjected to 35 

irradiation, neutron bombardment, exposure to helium and hydrogen, and very high 36 
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temperatures (6–10). In particular, within the plasma-facing fusion first wall and breeder 37 

blanket a significant effort is required to develop structural materials behind the plasma-facing 38 

surfaces that can survive such conditions (> 600 °C) for realistic plant lifetimes; at least years 39 

for breeder blanket modules (1, 11–14). It is important that these materials can be 40 

manufactured at scale for future demonstration and commercial fusion power plants, such as 41 

the European DEMO (EU DEMO) or the UK Spherical Tokamak for Energy Production (STEP) 42 

programmes (15–17), and multi-tonne conventional production routes are attractive compared 43 

to the need to establish new process routes and supply chains, which require significant 44 

investment and time. 45 

Currently, some of the most promising materials for the breeder blanket are Reduced 46 

Activation Ferritic/Martensitic (RAFM) steels, due to their superior thermal conductivity, 47 

relatively low thermal expansion and resistance to radiation-induced swelling and helium 48 

embrittlement (11, 18–23). Despite international efforts to develop RAFM steels since the 49 

1980s, and more recently in China, Russia, India and South Korea, the use of current RAFM 50 

steels is limited. There are some important aspects that will restrict the use of current RAFM 51 

steels; for example, irradiation induces hardening and embrittlement at lower service 52 

temperatures (250-350°C) and loss of creep strength and embrittlement at high operating 53 

temperatures (550-650°C) (24–30). To address this, developments seek to either achieve fully 54 

martensitic structures to avoid phase boundaries and abnormal growth of ferrite grains (31), or 55 

introduce an extremely high number density of nanoscale precipitates for strengthening at high 56 

temperature and to absorb irradiation defects, for example ODS-RAFM steel (32, 33). However, 57 

fully martensitic structures lead to reduced ductility, and irradiation induced effects limits the 58 

application temperature to 450-500°C. It is also important to note the production of ODS steels 59 

is limited to small quantities and results in enhancing hardening performance at lower service 60 

temperatures. 61 

Unlike automotive steels, which are designed to either resist deformation (anti-intrusion) or to 62 

deform and absorb large amounts of energy in a crash scenario, RAFM steels are not required, 63 

nor expected, to plastically deform in-service. Rather, the focus is to resist (micro-) cracking 64 

and damage, with better high temperature creep resistance. The high operating temperatures 65 

in the fusion reactor can lead to very large thermal stresses which may result in catastrophic 66 

material failure in the presence of stress concentrators, e.g. cracks, voids or other features on 67 

the phase boundaries. Therefore, it is expected that by improving the room temperature 68 

elongation to failure, it will be possible to extend the high temperature service life of RAFM 69 

steels and improve their resistance to irradiation-induced embrittlement. Therefore, excessive 70 

strain- or irradiation hardening is undesirable, while at the same time, ductility, toughening and 71 

the ability to resist cracking, e.g. at notches, is desired. 72 
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In a simple single-phase polycrystalline material, the onset of dislocation slip will occur in the 73 

grains with the highest Schmid factor, which results in load transfer to the surrounding grains 74 

and eventually through the yield transition to the propagation of deformation to every grain in 75 

the material. Subsequent work hardening can be relatively limited. This is problematic, as once 76 

the work hardening rate drops below the yield stress, the material can neck at any geometric 77 

imperfection. Therefore, as the yield stress is raised, tensile ductility and the ability to blunt a 78 

crack generally drops, which gives the well-known strength-ductility trade-off. This is the 79 

reason why a single process, such as work hardening, is not able to increase strength without 80 

a penalty to ductility.  Thus, a range of strengthening mechanisms are required within a single 81 

material, often at different length scales, which operate harmoniously to simultaneously 82 

provide high strengthening and ductility (34–39).  83 

Here, we extend this concept of a spectrum of deformation scales to RAFM steels. By 84 

designing a novel thermomechanical process route we have been able to produce 3 distinct, 85 

heterogeneous ferrite/martensite grain size populations allowing the combination of high 86 

strength and ductility. The ferrite phase is usually avoided due to the ease with which it 87 

coarsens, however, we show that ferrite with a non-uniform grain size can in fact be used to 88 

enhance the damage tolerance of the steel. The novel process route induces an extremely 89 

high dislocation density throughout the microstructure. During heat treatment the high 90 

dislocation density subsequently induces an extremely high number density of nanoscale 91 

precipitates, and importantly replaces a significant fraction of the M23C6 by cubic (Ti,V)C 92 

intragranular carbides, giving better high temperature stability. This novel RAFM steel 93 

microstructure can extend necking, without over-reliance on strain hardening for improvement 94 

of the ductility.  95 

 96 

 97 

 98 

 99 

 100 

 101 

 102 
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 103 

Fig. 1. (a) Schematic of the novel thermomechanical manufacturing process and microstructural 104 
evolution. Note the bimodal microstructure is obtained without the warm rolling step but also with the 105 
same heat treatment. (b) Tensile behaviour of the reference material Eurofer97 and our bimodal- and 106 
trimodal- RAFM steels. (c) Comparison of the investigated steel and other literature and commercial 107 
Dual Phase (DP) and RAFM steels. The values from (c) for comparison with other high performance 108 
materials are reported in literature (40–54): Dual Phase steels (40-47); RAFM steels (48-54). 109 

 110 

Processing 111 

A novel thermomechanical manufacturing process was developed, shown schematically in Fig. 112 

1, to provide a multi-scale ferrite/martensite structure, expressly designed to give improved 113 

strength and ductility. An RAFM steel with a nominal composition of Fe-0.11C-9Cr-1.1W-0.2V-114 

0.07Ta-0.4Mn-0.25Si-0.01Ti was used, which is based on the composition for Eurofer97, but 115 

with the addition of 0.25Si (wt%). Si improves strength and ductility, accelerates strain induced 116 

ferrite formation, and is generally known to retard cementite formation on cooling of austenite 117 

in bainitic ferrite (34). After reheating the slab to the soaking temperature and breakdown rolling 118 

in the austenitic temperature regime, rolling was performed in 3 stages. In the austenitic 119 

temperature regime during Stage 1 (1150-1100°C) the steel is unable to fully recrystallise due 120 
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to the relatively high alloy content. Instead, partial recrystallisation results in a highly deformed 121 

unrecrystallised austenite core (γ1), decorated by fine recrystallised austenite grains (γ2) on 122 

the grain boundaries (37, 38).  123 

The steel was then rolled in Stage 2 at 950-900°C, just above the austenite-to-ferrite 124 

transformation, in order to bring about the Deformation Induced Ferrite Transformation (DIFT) 125 

(55–57). This nucleates nanoscale DIFT ferrite grains (α1) on both the γ1 and γ2 grain 126 

boundaries; the steel can then be quenched, which results in a bimodal microstructure with 127 

nanoscale ferrite grains (α1) and martensite (α’1), and microscale ferrite grains (α2). 128 

In Stage 3 the steel was rapidly cooled by spray quenching to a warm intercritical (α+γ) 129 

temperature, 850-800°C, and then immediately rolled. All the large precursor γ1 grains, small 130 

necklace γ2 grains, and the DIFT ferrite grains (α1) are co-deformed. At this stage, solute 131 

partitioning (particularly Cr) from the larger γ1 grains to the fine necklace austenite (γ2) and the 132 

deformation-induced ferrite (α1), is enhanced through dislocation-facilitated pipe diffusion. 133 

When the steel is then quenched after warm rolling, this difference in Cr content and grain size 134 

results in transformation of the large unrecrystallised γ1 grains to martensite α’1, while the 135 

smaller necklace γ2 grains transform to ferrite (α2) (both a higher Cr content and smaller grain 136 

size suppress Ms).  137 

Both Stage 2 and Stage 3 variants were then normalised at 980°C for 1h followed by quenching 138 

to room temperature. The α1, α2 and α´1 transforms to austenite; the Stage 2 steel with two 139 

grain size modalities, while the Stage 3 has three grain size modalities, namely γ3, γ4 and γ5 in 140 

increasing size. Grain growth is retarded by the precipitation of M23C6 (M=Cr,Fe) carbides on 141 

the grain boundaries of γ3, γ4 and γ5. Each austenite grain also inherits its previous composition 142 

as the normalisation time of 1h is insufficient for diffusion of larger substitutional species such 143 

as Cr and Mn. On quenching to room temperature, the larger γ5 grains transform to martensite 144 

(α´2) and the smaller γ3 and γ4 grains transform to ferrite (α3 and α4 respectively). The 145 

martensite transformation of γ5 → α´2 injected a large density of mobile dislocations into the 146 

surrounding α4 grains, similar to that observed in DP steels (58). 147 

Finally, both steels were aged at 750°C for 1.5h, below the A1 temperature where the 148 

austenite-to-ferrite transformation is complete. This ageing heat treatment has the effect on 149 

the microstructures of (i) tempering the martensite (αT´) (i.e. C diffusion but not the movement 150 

of substitutional species), (ii) allowing the dislocations within the martensite laths to rearrange 151 

themselves into subgrains and (iii) nanoscale precipitate formation.  152 
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 153 

Fig. 2. (a-d) Microstructures of the comparative two-stage bimodal RAFM steel and (e-h) three-stage 154 
processing route in the trimodal RAFM steel. (a) EBSD grain boundary map of the bimodal RAFM steel. 155 
BF-TEM micrographs of (b) the general microstructure, (c) tempered martensite grains and (d) showing 156 
the relatively low dislocation and precipitate density within an α4 grain. (e) EBSD grain boundary map of 157 
the trimodal RAFM steel. Black lines indicate HAGBs (>5˚) and red lines indicate LAGBs (<5˚). BF-TEM 158 
microstructures of (f) an α4 necklace grain, (g) tempered martensite grains showing a subgrain structure 159 
and (h) dislocations pinned by fine precipitates within an α4 grain. (i-l) TEM-BF and EDS maps of a ferrite 160 
+ tempered martensite region in the three-stage processed trimodal RAFM steel, showing the 161 
(Fe,Cr)23C6 and (Ti,V)C carbide locations. In the V map, finer scale (V,Ti)C are also visible (see Fig. S5). 162 

Microstructure 163 

Fig. 2 shows the microstructures of the steel obtained using both the Stage 2 (Fig. 2 (a-d)) and 164 

Stage 3 (Fig. 2 (e-l)) processing routes. In Fig. 2(a, e), the short chains of α4 necklace grains 165 

are observed using Electron Backscattered Diffraction (EBSD). These can be distinguished 166 

from the tempered martensite grains as the latter have an abundance of Low Angle Grain 167 

Boundaries (LAGBs, red lines) within each grain (high angle grain boundaries are in black). 168 

The grain size distributions from the EBSD measurements (above 5m, with a significant 169 

fraction below this, but only resolvable in the TEM) are given in Fig.S4. The Stage 3 structure 170 

had a higher proportion of fine grains (<10m) than the Stage 2. The ferrite fractions were 171 

measured as ~43% for the Stage 2 and ~33% for the Stage 3. 172 

As a comparison, the microstructure obtained after Stage 2 processing is shown in Fig. 2 (a-173 

d). Without Stage 3, the necklace α4 and tempered martensite αT´ grains are slightly larger than 174 



7 
 

the microstructure after Stage 3 processing (Fig. 2 (e-h)). Fig. 2 (c, g) shows the substructure 175 

of the αT´martensite laths for both stages, composed of subgrains, which also possess a high 176 

residual dislocation density. In Fig. 2 (f), a bowed boundary is observed, where the boundary 177 

unpinned itself from carbides, due to larger interparticle spacing, but is still being 178 

retarded/pinned by adjacent carbide precipitates, only allowing localised movement of the 179 

boundary. Furthermore, Fig. 2 (b, f) reveals a number of (Fe,Cr)23C6 carbides, decorating both 180 

the ferrite and tempered martensite grain boundaries in both Stage 2 and Stage 3 181 

microstructures. A bright field STEM micrograph and corresponding STEM-EDS images are 182 

shown in Figs. 2 (i-l); (Fe,Cr)23C6 carbides are mostly confined to the tempered martensite.  183 

In Fig. 2 (d, h), the dislocation structure in the α4 grains is significantly different between the 184 

Stage 2 and Stage 3 processing routes. In the Stage 3 steel α4 grains, the high dislocation 185 

density present after cooling from normalisation rearrange to form Low Energy Dislocation 186 

Structures (LEDS) (59, 60). These dislocations also facilitate pipe diffusion, forming high 187 

number density of nanoscale MX carbides (~15nm) (nominally, (Ti,V)C) on and in the 188 

immediate vicinity of these dislocations, effectively pinning the LEDS in place after Stage 3 189 

processing (Fig. 2 (h)). This is compared to Stage 2 rolling where only a random distribution of 190 

dislocations pinned by sparse nanoscale carbides in Fig. 2 (d) is observed. During ageing, 191 

there is also pressure for the α4 grains to coarsen. The α4 grain boundaries are highly 192 

decorated with either carbides or significantly finer α3 grains. These pinning particles effectively 193 

prevent the grain growth of α4 grains, but only begin to migrate slightly, forming curved 194 

interfaces (Fig. 2 (f)). 195 

 196 
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 197 

Fig. 3. Experimental configuration used in the current SANS measurements. (a) One-dimensional 198 
nuclear scattering intensities versus scattering vector obtained from the Eurofer97, the present trimodal 199 
RAFM steel, and pure iron (as a reference). (b) An incident neutron beam transmitted through a bulk 200 
specimen containing nano-sized precipitates embedded in a ferritic matrix. (c) The resultant SANS two-201 
dimensional pattern in the presence of a horizontal magnetic field.  202 

 203 

Small-Angle Neutron Scattering (SANS) experiments have been undertaken for the 204 

measurement of the precipitation density, Fig. 3. Fig. 3 (a) shows one-dimensional plots of 205 

nuclear scattering intensity versus scattering vector on the trimodal RAFM steel developed 206 

here, Eurofer97 and pure iron, respectively. Taking the ratio of magnetic to nuclear scattering 207 

(R(q)), we can determine that the trimodal RAFM steel has much lower R(q) (a value of ~1) 208 

than the baseline Eurofer97 (a value of ~2), indicating a lower fraction of Cr23C6 type 209 

precipitates larger than 150 nm (calculations in Supplementary Table 2). This is significant, as 210 

these grain boundary carbides are held to be deleterious to creep performance (61). The 211 

population of ~15 nm diameter cubic (Ti,V)C intragranular carbides was found by SANS to 212 

make up 0.16% volume fraction in the Stage 3 steel, shown in Fig. 3 and Fig. S2 and S3, while 213 

the fraction was nearly zero in Eurofer 97 steel. These nanoscale carbides would be expected 214 

to improve strength, without inhibiting ductility, while potentially providing higher tolerance to 215 

neutron damage. 216 

Tensile properties 217 

The tensile properties of both microstructures are shown in Figure 1(b), obtained using full-218 

size ASTM E8 sheet samples (62). Both stage 2 and stage 3 samples had a higher yield 219 
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strength than the baseline Eurofer97 RAFM steel. Interestingly, the addition of the stage 3 220 

warm rolling gave higher yield strength, most likely owing to improved precipitation 221 

strengthening rather than the final dislocation density per se, as evidenced by the SANS bulk 222 

measurement results (Fig. 3). Moreover, what was striking was the significantly improved total 223 

and post-uniform elongation, which lies well outside the normal “banana” relationship for 224 

current RAFM and Dual Phase steels, Fig. 1(c).  225 

In order to investigate the origin of the impressive mechanical properties, the accumulation of 226 

damage during tensile testing of the Stage 3 samples, a series of interrupted tensile tests were 227 

conducted at engineering strains of 9% (true strain: 0.09), 16% (true strain: 0.145), 38% (true 228 

strain: 0.32) and at failure (49% (true strain 0.49)), Figs. 4, S6. These strains were selected on 229 

the basis of the work hardening behaviour, Fig.S6. The arrangement of dislocations into cells 230 

occurred at a strain of 9%, Fig. 4 (b-d), pinned by (Ti,V)C precipitates at the cell boundaries. 231 

By a strain of 16%, the dislocation density in cell walls increased substantially and these 232 

became elongated in the applied stress direction with increasing strain until failure (49% strain). 233 

The cell interiors have relatively low dislocation density, but in some there are intense slip 234 

bands (Fig. S7). Such evidence of planar slip in ferrite has been reported in austenite-ferrite 235 

dual phase steels when grain rotation is inhibited (68, 69). In this case it is likely that the intense 236 

slip bands are due to the very fine ferrite grain size. With continued increase in strain to 38%, 237 

two planar slip systems are observed within the network cell structures, (110)[111] and 238 

(112)[111], Fig. S7 (d). The lack of forest hardening therefore indicates that there may be strain 239 

softening in the ferrite. However, there may nevertheless be considerable post-uniform 240 

elongation as the ferrite phase remains soft and ductile up to fracture. Thus, planar slip and 241 

elongation of subgrains, leading to softening, combined with the formation of dislocation cell 242 

structures, causing strengthening, significantly improves the mechanical properties to achieve 243 

extremely high post-uniform elongation deformation. 244 

At a strain of 38% a new microstructural feature was observed, hitherto not reported. New fine 245 

scale (<100nm), strain free, ferrite grains appeared, first in the EBSD-Transmission Kikuchi 246 

Diffraction (TKD) map (Fig. 4 (k, i)), with the number density increasing at a strain of 49% in 247 

BF-STEM as well as the TKD map (Fig. 4 (p, q)). These strain-free grains formed at the ferrite 248 

- tempered martensite interfaces at the regions of highest kernel average misorientation, an 249 

indicator of GND density. These features have not been seen before and are most likely 250 

associated with the intense dislocation activity in the grain structure with the presence of bowed 251 

boundaries (Fig. S8), and are likely to be a feature of the high tensile ductility.   252 

 253 
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 254 

Fig. 4. (a) Engineering stress-strain curve of the Trimodal RAFM steel. Markers indicate the strain to 255 
which interrupted tensile tests were conducted. (b-d) Sample strained to 9%: (b) grain boundary map, 256 
red – LAGB (< 5˚), black – HAGB (> 5˚), (c) STEM-BF micrograph of martensite and (d) STEM-BF 257 
micrograph of precipitates and dislocations in the ferrite. (e-i) Sample strained to 16%: (e) grain 258 
boundary map; (k) Transmission Kikuchi Diffraction (TKD) boundary map and its corresponding KAM in 259 
(l); STEM-BF micrographs showing (h) martensite and (i) dislocation cell formation in ferrite. (j-n) Sample 260 
strained to 38%: (j) grain boundary map; (k) TKD boundary map with red arrows pointing to the 261 
nucleation of low orientation gradient ferrite grains along a ferrite/martensite boundary and 262 
corresponding (l) KAM map; STEM-BF micrographs showing (m) martensite and (n) elongated 263 
dislocation cell formation in ferrite. (o-s) Sample strained to 49%, i.e. failure. (o) grain boundary map; (p) 264 
TKD boundary map showing periodic formation of strain-free ferrite grains with corresponding (q) KAM 265 
map; STEM-BF micrographs of (r) newly formed strain-free grains at a ferrite/martensite boundary and 266 
(s) elongated subcell formation in ferrite.  267 

Fig. 5 shows TKD maps from near the fracture surface (necked region). In Fig. 5 (a-c) voids 268 

can be observed at both the ferrite/ferrite and ferrite/tempered martensite boundaries. Voids 269 

on grain boundaries are not conventionally associated with positive effects. In dual phase (DP) 270 

steels higher volume fraction of voids on the dual phase boundaries leads to shorter post-271 

necking elongation. This occurs as those voids act as stress concentrations and lead to dual 272 
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phase boundary failure. However, it is interesting to note that quite a few of the voids remained 273 

small (~100nm), despite the material experiencing post-instability deformation. These small 274 

voids along with the new small grains of a similar size were found during the tensile test, Fig. 275 

5. It is interesting that such voids appeared stable, unlike those observed in DP steels, where 276 

voiding at the martensite/ferrite interface leads to failure, which is again another feature of the 277 

high tensile ductility observed for the Stage 3 processed material.  278 

 279 

Fig. 5. Micrographs were obtained from a post mortem three-stage trimodal sample just below the 280 
fracture surface. (a) TKD image quality map and corresponding (b) phase and boundary map showing 281 
several voids along a grain boundary. Black – HAGB, Yellow – LABG, red phase – BCC. (c) TKD image 282 
quality map from another region showing similar voiding along grain boundaries.  283 

Discussion 284 

The effect of the microstructural features developed by this process on both strength and 285 

ductility is significant. An increase in yield strength is classically obtained through a reduction 286 

in grain size (and with a reduction in grain size distribution (63)). However, the decreased 287 

ductility associated with fine grain sizes is a major limitation. For example, ODS steels have 288 

high strength, but poor impact toughness, which is a problem for fusion applications, 289 

particularly with irradiation-induced hardening and embrittlement problems. Recent work has 290 

shown in several metal systems that a bimodal grain size can improve ductility without 291 

significantly impairing strength. The finer grains in the structure impart high strength while the 292 

larger grains exhibit high work hardening ability, leading to higher ductility (35, 54, 64–67); 293 

such behaviour is also verified in our bimodal RAFM steel. In this study, the trimodal structure 294 

was developed to further improve both strength and ductility for RAFM steel, and this will be a 295 

more suitable microstructure for fusion reactor use than bimodal structures due to its greater 296 

hardening resistance and tolerance of defects, delaying embrittlement.  297 

For example, the trimodal microstructure RAFM steel achieved a remarkable elongation of 298 

49%, which far exceeds that found in current RAFM steels. In conventional DP steels, voids 299 

form at stress concentrations at the martensite/ferrite interface, which ultimately limit ductility. 300 

In contrast in the present case, fine voids were observed at these interfaces, but these 301 

appeared stable and were not ductility limiting. Moreover, very fine new strain free grains were 302 
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formed during tensile deformation, which, while not fully explained, are clearly a reflection of 303 

stable deformation to high strain. The key features in the microstructure that contributed to 304 

such high ductility include the high mobile dislocation density within the ferrite, which, with the 305 

absence of forest hardening, indicates that there may be strain softening in the ferrite. This 306 

allows considerable post-uniform elongation as the ferrite remains soft and ductile up to 307 

fracture. In addition, the higher proportion of fine MC carbides improve strength without greatly 308 

inhibiting ductility, and the nanoscale subgrains in martensite and nanoscale ferrite grains also 309 

both benefit the strength.  310 

Conclusion 311 

In summary, a new thermomechanical rolling process has been applied to an RAFM steel 312 

composition which produces a completely different microstructure to that conventionally seen 313 

in RAFM steel after heat treatment. This microstructure comprises micron-sized ferrite, ferrite 314 

with a size in the nanoscale range, and tempered martensite with subgrain structures, 315 

combining fine (Ti, V)C precipitates formed on the high density of dislocations, further pinning 316 

the structure and adding to the strength, named a trimodal microstructure. The newly designed 317 

RAFM steels achieved similar ductility to highly ductile interstitial free (IF) steels, but with 318 

substantially higher strength, giving the best combination of strength and ductility. This is a 319 

significant breakthrough in the design of RAFM steels, never accomplished before and will 320 

provide an RAFM steel with both the desired high temperature strength, sufficiently low impact 321 

transition temperature and potentially high tolerance radiation damage.  322 
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