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Abstract
Reduced activation ferritic martensitic (RAFM) and oxide dispersion strengthened (ODS) steels
are the most promising candidates for fusion first-wall/blanket (FW/B) structures. The
performance of these steels will deteriorate during service due to neutron damage and
transmutation-induced gases, such as helium/hydrogen, at elevated operating temperatures. Here,
after highlighting the operating conditions of fusion reactor concepts and a brief overview, the
main irradiation-induced degradation challenges associated with RAFM/ODS steels are discussed.
Their long-term degradation scenarios such as (a) low-temperature hardening embrittlement
(LTHE)—including dose-temperature dependent yield stress, tensile elongations, necking ductility,
test temperature effect on hardening, Charpy impact ductile-to-brittle transition temperature and
fracture toughness, (b) intermediate temperature cavity swelling, (c) the effect of helium on LTHE
and cavity swelling, (d) irradiation creep and (e) tritium management issues are reviewed. The
potential causes of LTHE are discussed, which highlights the need for advanced characterisation
techniques. The mechanical properties, including the tensile/Charpy impact of RAFM and ODS
steels, are compared to show that the current generation of ODS steels also suffers from LTHE, and
shows irradiation hardening up to high temperatures of∼400 ◦C–500 ◦C. To minimise this, future
ODS steel development for FW/B-specific application should target materials with a lower Cr
concentration (to minimise α′), and minimise other elements that could form embrittling phases
under irradiation. RAFM steel-designing activities targeting improvements in creep and LTHE are
reviewed. The need to better understand the synergistic effects of helium on the
thermo-mechanical properties in the entire temperature range of FW/B is highlighted. Because
fusion operating conditions will be complex, including stresses due to the magnetic field, primary
loads like coolant pressure, secondary loads from thermal gradients, and due to spatial variation in
damage levels and gas production rates, an experimentally validated multiscale modelling
approach is suggested as a pathway to future reactor component designing such as for the fusion
neutron science facility.
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1. Introduction

The Fe(8–9)%Cr-based reduced activation ferritic martensitic (RAFM) steels are the most promising
candidates for fusion first-wall/blanket (FW/B) structures [1–5]. In the interest of maintaining the vision for
fusion as clean energy with few harmful radioactive by-products, RAFM steels were originally derived from
9Cr–1Mo steels to facilitate simplified waste management like shallow land burial or the possibility of
material recycling. As a result, radiologically undesirable neutron activation prone elements with long decay
half-lives, such as Nb and Mo, are replaced by metallurgically equivalent relatively low activation elements, Ta
andW [6–8]. Further, severe restrictions are imposed on the concentrations of other elements like Cu, Co, Al,
Ni and various impurities to limit the generation of high long-term radioactivity [7]. The ideas of a RAFM
steel concept were postulated in the early 80s [9]. In the mid-80s, this gave birth to the very first successful
normalised-tempered 9%Cr RAFM steel designs based on Cr–W–V–Ta by researchers in the US at oak ridge
national lab (ORNL) [10, 11], by JAEA in Japan [12] and almost simultaneously by researchers in the UK at
Culham lab and British Steel [13]. Following this, several experimental RAFM steels using a combination of
slightly different micro-alloying chemistries and heat treatment conditions have been developed in the US
[7, 10, 11, 14–16], Japan [12, 17–20], UK [21] and Europe [22–27]. More recently China [28, 29], India
[30, 31], Russia [32, 33] and South Korea [34–36] are developing their own RAFM steel variants. The design
philosophy of RAFM steels is to obtain the desired material properties with a tempered martensitic structure
that combines high strength due to martensitic transformation producing laths, followed by incorporating a
high density of precipitates such as M23C6 carbides and MX carbonitrides that render high-temperature
strength [5, 16, 37–39]. Precipitates in RAFM steels also act as a sink for point defects, thereby improving the
overall irradiation performance of the steels. Following a normalisation treatment in the range of
∼980 ◦C–1150 ◦C, these steels are tempered at around∼750 ◦C–760 ◦C to let carbon out from the
supersaturated solid solution of the martensitic matrix that forms carbides and simultaneously recover the
body-centered tetragonal crystal structure to render ductility. As a result, RAFM steels exhibit a good
combination of strength (∼300–600 MPa) and tensile ductility (>9%–10%) in normalised-tempered state up
to∼500 ◦C [7, 38, 40–42]. By far, the most well-studied RAFM steels with the largest database of material
properties exist for 8Cr2WVTa F82H [40, 43], which was initially produced in Japan in 1992 as a part of an
international collaboration and for 9Cr1WVTa Eurofer97 steel developed in Europe since the late 1990s
[23, 44, 45]. Specifically, the Eurofer97 steel fabricated using clean steel-making processes has achieved the
major milestone of being recently code-qualified with non-irradiated property data in the RCC-MRx French
reactor construction code that will be used to build the DEMO reactor [44], while efforts are ongoing to
achieve code qualification of F82H in RCC-MRx [46]. A specificity of fusion reactors is that construction
codes such as RCC-MRx require full code qualification of RAFM steels with neutron-irradiated
properties, for which international collaborative research is ongoing jointly between the fusion programmes
of Japan, the EU and the US to generate relevant neutron-irradiated properties for both Eurofer97
and F82H.

Initially not considered for fusion, fearing potential deleterious interactions of ferromagnetic steels with
strong magnetic fields inside fusion reactors [47], the primary reason for the choice of RAFM steel in fusion
reactors is driven by its cavity swelling resistance in irradiation environments [48–50]. This is because the
operating conditions envisaged for the fusion FW/B are severe. While the ITER test blanket module (TBM)
dose-temperature range is rather limited (∼2.5–3 dpa,∼300 ◦C), fusion power demonstration concepts such
as DEMO in EU/Japan and the Fusion Neutron Science Facility (FNSF) in the US will experience much
worse irradiation damage compared to ITER (see figure 1). Currently, DEMO first-phase operations are
expected to receive a maximum of∼20 dpa in RAFM steels’ starter blanket, rising up to∼50 dpa for the
second blanket. For the FNSF concept in the US, the neutron doses are not expected in Phase 1 (He/H
plasma, known as the shakedown phase) and Phase 2 (deuterium–deuterium (DD) fusion, known as the
plasma pulse extension phase) [51]. But significant neutron wall loading ramp-up in FNSF is expected from
Phase 3 onwards with deuterium–tritium (DT) fusion reaction, where the doses and operating temperatures
will be similar to DEMO [52–54] (figure 1). This means RAFM steels must at least survive⩽3 dpa for
ITER-TBMs to be successful and∼10–20 dpa for early-phase operations of FNSF or DEMO to be successful
under relevant operating temperatures. For a full power generating fusion reactor, the end-of-life doses in
the range of∼150–200 dpa are expected over a wide temperature range [1]. Additionally, transmutation of
Fe atoms in steels by 14 MeV neutrons will produce∼10 atomic parts per million (appm) helium (He)/dpa
and∼45–50 appm hydrogen (H)/dpa in the near-plasma regions [55, 56]. In such scenarios, the well-studied
300 series Fe–Cr–Ni austenitic steels are unsuitable due to dimensional instabilities by cavity swelling that a
high-dose irradiation environment with simultaneous generation of He/H will trigger [1, 49, 57]. In addition
to cavity swelling resistance, RAFM steels have numerous other attractive properties as compared to
austenitics, such as high strength, high thermal conductivity, low coefficient of thermal expansion, relatively
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Figure 1. Operating temperatures and neutron dose regimes of fusion FW/B steel structures in different fusion reactor concepts.
For FNSF in the US, neutron dose ramp-up is expected from Phase 3 onwards with DT fusion and conditions similar to European
Union (EU) DEMO [51, 54], while no dpa is expected in Phase 1 (He/H fusion) and Phase 2 (DD fusion). The ITER-TBM and
DEMO conditions obtained from [52, 57, 59].

low cost due to the absence of Ni, and ease of fabrication by the well-established conventional steel making
process of casting-forging-rolling [7, 39, 58].

1.1. Major challenges for RAFM steels
The chief concern with current generation (Gen-I) RAFM steels is the projected very narrow operational
temperature window of∼350 ◦C–550 ◦C in fusion environments [45, 54, 58]. The lower temperature limit is
imposed due to the irradiation-induced low-temperature hardening embrittlement (LTHE) phenomenon,
resulting in an increase of yield and tensile strength, loss of tensile elongation and severe loss of fracture
toughness (FT) with an increase in ductile-to-brittle transition temperature (DBTT) for neutron doses as
low as∼0.1–15 dpa and irradiation temperatures (T irr)⩽∼350 ◦C [38, 60–66]. LTHE is a major challenge
in reactor design, particularly for the water-cooled DEMO blanket concepts, where operating temperatures
in the range of∼280 ◦C–350 ◦C are expected [67]. The lower operating temperatures envisaged especially
for the early phases of FNSF (based on a dual-cooled lead lithium blanket design) are also very close to the
temperature range where LTHE issues may pose a challenge—especially due to added uncertainties regarding
the effect of helium (see figure 1). The upper temperature limit is imposed due to poor thermal ageing
behaviour and loss of creep strength in the range of∼550 ◦C–600 ◦C [45, 58, 61, 68, 69], which might
further worsen with neutron irradiation and He/H co-generation in the steel [70]. In fact, the
high-temperature thermal creep properties of RAFM steels are worse than many present-day 9%Cr steels,
and equivalent to the second-generation Grade91/92 steel properties [70–77]. The upper temperature limit,
that limits the thermodynamic efficiency of a power plant, is a critical challenge for He or dual-cooled
blanket designs, where operating temperatures in the range of∼600 ◦C–650 ◦C are envisaged [78, 79].
Further, fatigue and creep–fatigue interactions that cause cyclic softening of RAFM steels severely limit the
maximum allowable design stresses [70, 80–84]. It is also worth noting that cavityswelling scenarios in
RAFM steels are not fully mapped out, and it is quite likely that enhanced swelling will occur under a fusion
neutron spectrum, synergistically aided by He/H generation beyond >20–50 dpa that could pose
unacceptable dimensional instabilities further worsened with anticipated swelling–creep–fatigue
interactions. Due to thelimited number of fusion-relevant neutron irradiation experiments, the performance
of RAFM steels in the intermediate temperature range (∼400 ◦C–500 ◦C) is also not fully evaluated to
identify acceptable lifetime doses affected by cavity swelling and other degradation mechanisms. Specifically,
the deleterious effect of He on LTHE [65, 85, 86], cavity swelling [49, 87, 88] or high-temperature mechanical
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properties [89] may further narrow the acceptable temperature range of RAFM steel’s operations; this needs
to be fully mapped out. In addition, uncertainties exist regarding the performance of RAFM weldments and
heat-affected zones (HAZs) in fusion blankets. RAFM steels require post-weld heat treatments (PWHTs) that
will be challenging in full-size breeding blankets and TBMs with the presence of many other complex welded
components of different thicknesses. The gap between typical PWHTs and tempering treatments carried out
at 750 ◦C–780 ◦C is quite narrow [90–93], further complicating this operation on bulky multi-shaped
components due to the required accuracy of the temperature control [68]. Moreover, the behaviour of welds
and HAZs under neutron irradiation is not sufficiently quantified, due to which uncertainties remain in
predicting their performance. With the initial tempered martensitic structure largely modified in the HAZs
[92], it is unclear how He might further worsen the fast fracture properties relevant for low-temperature
operations and thermal/irradiation creep combined with swelling scenarios in mid- to high-temperature
blanket operations. In the following sections, the irradiation damage scenarios of RAFM and oxide
dispersion-strengthened (ODS) steels are presented to highlight their implications on FW/B designing for
fusion reactors including DEMO and US FNSF, and the necessity to design high-performance alloys.

2. Low temperature hardening-embrittlement (LTHE) in RAFM and ODS steels

2.1. Irradiation hardening and loss of ductility in RAFM steels
During neutron irradiations at relatively low temperatures (T irr ⩽ 0.4Tm, where Tm =melting point),
RAFM and conventional FM steels suffer from LTHE, with the severity depending upon T irr and dose
[5, 45, 66, 68, 86, 90, 94–106]. LTHE is typically quantified using post-irradiation tensile tests, FT tests and
Charpy impact tests. Without irradiation, the yield stress (σYS) of RAFM steels decreases monotonically with
the temperature (figure 2). Due to LTHE, an increase in σYS (hardening) and severe loss of tensile elongation
occurs for T irr < 400 ◦C, which is particularly pronounced for T irr < 350 ◦C. Minimal hardening is observed
near 450 ◦C–500 ◦C and some slight softening may occur for T irr >∼450 ◦C–500 ◦C (figure 2). For
T irr ⩽ 350 ◦C, the σYS of both conventional FM and RAFM steels tends to continually increase at lower T irr

values. However, the variation of irradiated σYS at lower T irr and up to∼300 ◦C–350 ◦C is relatively gradual
as compared to the rapid recovery of σYS when T irr ⩾ 350 ◦C. Hardening increases sharply with neutron
doses as low as∼0.1–0.2 dpa, and continues to increase up to at least∼10–15 dpa in RAFM steels (figure 3).
By ITER-relevant conditions of 2.5–3 dpa around 300 ◦C, RAFM steels can harden by as much as 50%–70%
(∼by 350–400 MPa) compared to their initial σYS [62, 66]. After∼15 dpa, hardening in RAFM steels such as
Eurofer97 or F82H saturates and remains nearly constant up to very high doses exceeding >50–70 dpa, as
shown in figure 3. The saturation in hardening with the dose is interpreted to be due to saturation in the
irradiation-induced microstructural defects in these alloys. The extent of irradiation hardening in RAFM
steels is much lower than in conventional FM steels such as 9Cr–1MoVNb or 9Cr–1Mo, highlighting better
LTHE resistance in RAFM steels. As an example, hardening in RAFM steels can be∼200–300 MPa lower than
in 9Cr–1MoVNb steels at high doses of >60–70 dpa. Moreover, saturation in hardening, for example in
9Cr–1MoVNb, occurs at much higher doses (>40 dpa) than in RAFM steels. For the important T irr region
between∼250 ◦C and 350 ◦C that is relevant for water-cooled blanket concepts, conflicting data scatters
exist regarding the effect of T irr on incremental radiation hardening. Some studies have reported comparable
or decreased radiation hardening in RAFM steels in this temperature range [3, 5, 45, 107, 108], whereas other
studies such as on Eurofer97 have reported non-monotonic T irr dependence with maximum hardening at
∼300 ◦C [41, 109], which is difficult to explain by the current understanding of irradiation-induced
microstructural phenomena. These inconsistencies between different studies are most likely associated with
differences in the dose-dependent hardening up to∼5–10 dpa at different T irr values [66]. Further, a major
problem with literature data is that numerous neutron irradiation studies only provide the design neutron
irradiation temperatures but lack proper thermometry data and neutron flux distribution data across
samples. Differences between actual versus design temperatures in neutron irradiations and neutron flux
inhomogeneities across samples are known to occur, which will contribute to scatter in the measured
properties [66]. Unfortunately, such effects on measured properties for neutron irradiation experiments are
typically not discussed in detail in published manuscripts.

It is generally observed that harder under-tempered RAFM steels (room temperature
σYS > 800–900 MPa), being designed to optimise high-temperature strength [26, 62, 144], offer a relatively
low percentage increase in σYS after neutron irradiation as compared to those produced by conventional heat
treatments or by over-tempering [62, 66]. The harder steels also seem to show relatively less degradation of
the tensile elongation due to irradiation. This behaviour should not be interpreted as improved LTHE
performance. The steels being already much harder in the non-irradiated state and having low uniform
elongation means the possibility to further harden or lose ductility is lower compared to softer steels. Such
steels typically show relatively inferior pre- and post-irradiation FT [64, 145, 146].
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Figure 2. Yield stress of neutron-irradiated RAFM steels compared against some conventional FM steels for doses between∼0.1
and 94 dpa, showing an increase in yield stress when T irr ⩽ 350 ◦C–400 ◦C. Figure produced using data compiled from [5, 7, 20,
23, 41, 45, 62, 66, 86, 94, 107, 110–137].

Figure 3. Irradiation hardening measured as increase in yield stress of RAFM steels compared with conventional FM and some
ODS steels. Except otherwise stated in the figure, all tests performed at T irr. SPN= spallation proton–neutron irradiations. Figure
produced using data from [5, 66, 83, 96, 106, 114, 121, 123, 130, 136–143].

Figure 4. Effect of tensile test temperature on measured irradiation hardening. Figure compiled using data from [135].

Test temperatures play a role in the experimentally measured hardening. Typically, higher hardening is
observed at lower tensile test temperatures, as shown in figure 4, where high-dose fast reactor irradiated data
for a variety of steels is compiled. The yield stress increase is always much higher for tests performed at room
temperature (RT) as compared to tensile testing at elevated temperatures such as T irr. This behaviour is
attributable to the stronger temperature dependence of the deformation activation volume for
irradiation-induced defects compared to the non-irradiated value [147–149]. Dependence of the measured
irradiation hardening on the test temperature implies that a single hardening value for RAFM/ODS steels
should not be assumed over the temperature range of FW/B operations. The variation in irradiation
hardening with the test temperature needs to be included in the engineering design of the components.

A major consequence of irradiation hardening is the severe loss of strain hardening capacity, typically
measured as the ultimate tensile stress to yield stress ratio (σUTS/σYS) figure of merit. In the entire
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temperature range of ITER-TBM-relevant operations, RAFM steels such as Eurofer97 or F82H show much
lower strain hardening capacity as compared to 300 series austenitic steels [61]. After neutron irradiations to
doses as low as 2.5–3 dpa (ITER-TBM), not much strain-hardening capacity is left in these materials with
σUTS/σYS < 1.1 and approaching σUTS/σYS ∼ 1 in many RAFM variants or at higher doses [45, 66]. Negligible
remnant strain hardening capacity in RAFM steels after very low neutron doses is a critical design challenge,
especially for the water-cooled blanket concepts, because RCC-MX/RCC-MRx imposes a minimum limit on
this value; for example, Eurofer97 is currently set at a minimum σUTS/σYS >∼1.18 measured at RT in the
non-irradiated condition [61, 150]. While Eurofer97 is code-qualified in RCC-MRx with non-irradiated
properties and F82H will likely achieve this status soon, both these classes of materials require additional
code qualification with irradiated property data for DEMO—for which joint research is ongoing at different
European labs under EUROfusion for Eurofer97, in Japan for F82H, and in joint research efforts for
generating irradiated property data of both Eurofer97/F82H in DOE-QST and ORNL-EUROfusion
collaboration. Therefore, it remains to be seen what limits may be imposed for the irradiated properties. If
the strain hardening capacity limit for irradiated steels in RCC-MRx is chosen to be similar to the values of
non-irradiated steels, then it is likely that none of the Gen-I RAFM steels will meet the criteria. Historically,
the reactor design programmes in Japan and EU have considered that RAFM steel will be suitable for
water-cooled blanket concepts. The RCC-MX/RCC-MRx change is a relatively new modification that has not
yet been assessed by other countries, including the US (and therefore it may not be required for licensing in
other countries). Nevertheless, this highlights an important phenomenon that might require higher
operating temperatures to avoid LTHE. In the US, code qualification activities of RAFM steels are currently
not as elaborate as in Japan or the EU, but will likely be inspired by the ongoing DEMO-related activities. As
detailed in figure 1, the initial development of FNSF with target doses up to 20 dpa is based on Gen-I RAFM
steel designs because such steels are ahead in technology maturity level. But a shift towards advanced RAFM
steels and/or a combination of RAFM-ODS steels is anticipated beyond 20 dpa. With the increasing dose, the
preliminary strategy suggests a progressive increase in the lower operating temperature limit of components
designed using advanced RAFM steels or ODS steels in the later FNSF phases. This strategy originates from
the desire to operate a fusion reactor at higher temperatures (better for plant efficiency) [51, 54] depending
upon the progress in the development of steels optimised for high-temperature performance and also likely
influenced by uncertainties in LTHE behaviour at lower temperatures for steels optimised for
high-temperature performance, such as ODS steels and newer RAFM steels currently in development in the
US (like castable nanostructured alloy (CNA), on which no neutron-irradiated data currently exists).

Comparison of the tensile properties of neutron-irradiated FM and RAFM steels is often better expressed
in true stress units, where regions of uniform plastic deformation versus the regions of no plastic
deformation can be mapped as a function of irradiation-induced LTHE [66, 151, 152], as shown in figure 5.
The true stress at σUTS is defined as the plastic instability stress (σPIS) [152, 153], which is constant for a
given steel independent of the neutron dose [153]. The σPIS is effectively the true stress at maximum load up
to which a material shows uniform plasticity as long as σYS < σPIS [153]. As σYS increases with the neutron
dose and approaches σPIS, the capacity to uniformly deform reduces under tensile loading conditions. When
σYS = σPIS, no uniform deformation occurs, and the material shows plastic instability with prompt necking
at yield [152]. The dose at which σYS = σPIS is the critical neutron dose (Dc, in figure 5) for necking onset at
yield. If dose > Dc, the worst case scenario occurs because RAFM and FM steels will show no uniform tensile
ductility (although significant post-necking strain typically remains [66, 153]). Numerous values of Dc have
been historically obtained for 9%Cr steels depending upon their chemistry and heat treatment condition.
Generally, Dc for FM and RAFM steels ranges between∼0.04 and 0.1 dpa for T irr < 350 ◦C [151–153], which
are extremely small doses to lose uniform plasticity compared to the dpa values envisaged for fusion concepts
like ITER, DEMO or FNSF. Therefore, alloy designing should target producing materials with a large
separation between σPIS and σYS, so that the materials can maintain a relatively large work hardening margin
and uniform deformation capability after irradiation, resulting in minimisation of the susceptibility to
LTHE. The improvements in σPIS should not be achieved at the cost of a highly increased initial σYS, which is
often the case for relatively harder RAFM steel concepts such as those produced by under-tempering to
improve the high-temperature creep performance [66, 144]. However, this option may be unavoidable if
high-temperature properties such as creep strength are of primary interest.

In LTHE scenarios, irradiation hardening is accompanied by loss of tensile ductility. To prevent failure, it
is necessary to ensure that strain due to applied stresses during in-service conditions such as primary and
secondary FW/B loading conditions do not exceed the remaining elongation of the material [61]. A major
problem with all FM and RAFM steels is the severe loss of uniform elongation (UE) because of irradiation
(see figure 6(a)). After ITER-TBM-relevant irradiation conditions, the UE measured at RT in Gen-I RAFM
steels such as Eurofer97 or F82H is negligible (typically <1%), while some emerging advanced variants of
Eurofer97 produced using non-standard manufacturing/processing routes perform only slightly better
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Figure 5. Plastic instability stress (σPIS) and yield stress (σYS) in neutron-irradiated RAFM, FM and ODS steels. Adapted from
[152, 153] with additional RAFM and ODS data points added from [38, 45, 106, 135, 136].

Figure 6. Loss of (a) uniform elongation and (b) total elongation of neutron irradiated RAFM steels compared with some
conventional 9%Cr FM steels and certain 9%–14%Cr-based ODS steels for T irr < 350 ◦C. Figure compiled using data from [5, 45,
70, 86, 122, 130, 135, 137, 140, 158].

[62, 66]. Matters are worse when test temperatures are higher because RAFM steels typically suffer from
lower uniform tensile ductility at elevated test temperatures up to∼500 ◦C–550 ◦C likely due to dynamic
strain ageing (DSA) [154]. As a result, the UE reduces to even lower values when tensile tests are performed
at component-relevant elevated temperatures [61, 66].

In general, the loss of UE due to LTHE when T irr < 350 ◦C is very sharp with a drastic drop for doses as
low as∼0.1–0.5 dpa, and attains saturation at very low values (<1%) around∼3–4 dpa (figure 6). While
there are some uncertainties regarding the exact doses to attain saturation (including uncertainties as to what
are the saturated UE values), and it is challenging to properly validate these values due to variations in
irradiation temperatures and test temperatures between different studies, the overall tendency of RAFM
steels is that the UE is almost non-existent when neutron irradiated in the severe LTHE regime
(T irr <∼330 ◦C–350 ◦C). The total elongations and fracture strains remain high (⩾10%) after irradiations
around∼2.5–3 dpa, and typically saturate between∼5%–10% by∼10–12 dpa (figure 6(b)). From a
power-plant design point of view such as the descriptions in ITER structural design criteria for in-vessel
components [61, 155] or RCC-MRx, plastic flow localisation due to plastic instability in neutron irradiated
RAFM steels is related to the loss of UE [156]—which presents the first failure mode, while ductility
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Figure 7. Necking deformation in neutron-irradiated RAFM and conventional FM steels. (a) RA eduction in area after neutron
irradiation; data compiled from [41, 66, 110, 113, 130, 158]. (b) Scanning electron microscopy (SEM) results showing fully
ductile fracture surface of Eurofer97 steel variant irradiated in HFIR to 2.94–3.24 dpa, T irr ∼ 300± 30 ◦C.

exhaustion induced local fracture is the second mode of component failure that is linked to the loss of total
elongation [61]. The second mode of deformation is typically not a major issue for Gen-I RAFM steels
because they retain sufficiently high total elongations (⩾5%, see figure 6(b)), and tensile failures are largely
ductile. However, failure due to immediate plastic flow localisation with almost non-existent UE is a concern
for Gen-I RAFM steels [66, 152, 157]. It should be noted that the majority of RAFM steel irradiation data
from European programmes originates from cylindrical gauge tensile samples [45, 94], while neutron
irradiation programmes in the US and Japan have historically used miniature flat tensile geometries. The
differences in sample geometries may affect the measured elongation values, and require some attention.
From small specimen test technique studies, the differences between sheet and round tensile elongation
values are reasonably comparable as long as pin- or shoulder-loaded specimen grips are used (clamped-end
tab gripping should be avoided). The strength values estimated from miniature flat specimens and
cylindrical specimens are robust and directly comparable.

2.2. Post-irradiation necking behaviour in LTHE regime in RAFM steels
Higher total elongations as compared to uniform plastic strain in neutron irradiated RAFM steels means the
primary ductility remaining in the material is necking ductility. This is directly inferred from the reduction
in area (RA) values that remain generally high, typically >65%–70% for doses up to∼10 dpa, while values of
>50% are reported for doses up to∼70 dpa, when T irr ∼ 300 ◦C–330◦C (figure 7(a)). Most tensile fractures
are ductile cup-and-cone type (figure 7(b)). The post-necking strain and RA decreases due to irradiation as
compared to non-irradiated RAFM steels, but this decrease is not as significant as compared to UE loss.
Despite severe loss in UE, the sufficiently high necking ductility and ductile failures mean that calling RAFM
steels ‘embrittled’ by only uniaxial tensile testing, as is often reported in the materials community, is
technically incorrect in the absence of FT data. In other words, tensile tests measure hardening and loss of
ductility but not embrittlement due to neutron irradiations (unless there is a clear proof of change in fracture
mode to brittle fracture after irradiation). Figure 7(a) also shows that the RA of as-quenched FM or RAFM
steels is typically much lower (less than 50%) as compared to normalised and tempered steels. Recent high
flux isotope reactor irradiated (HFIR) results on Eurofer97 variants show that the RA of harder steels
produced by under-tempering can also be quite low, with a substantial decrease in RA values by∼3 dpa [66].
This further suggests that in the absence of high UE in RAFM steels, under-tempered RAFM varieties that are
being tailored for improved high-temperature properties [3, 144] will perform poorly at low temperatures
where LTHE is a concern.
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Figure 8. Irradiation hardening measured as increase in σYS plotted against loss in RA measured as the difference between RA of
irradiated and non-irradiated samples of some low dose neutron irradiated RAFM and conventional FM steels. Reprinted from
[66], copyright (2021), with permission from Elsevier.

Figure 9. DBTT or FTTT of neutron irradiated RAFM and ODS-Eurofer97 steel,∼4–70 dpa. Data compiled from [94, 96, 100,
142, 159]. M3CVN=miniature 3-notch bend bar, PCCVN= pre-cracked Charpy V-notch, DCT= disc compact tension.

Low-dose (<3.5 dpa) neutron-irradiated FM and RAFM steel data compiled in [66] reported that
hardening and loss in RA due to LTHE may be inversely correlated (figure 8). A similar trend is also
speculated regarding loss in UE and loss in RA [66]. This is opposite to conventional wisdom and may imply
that steels performing better after irradiation in terms of uniaxial properties (σYS and UE) may show a
relatively poor performance for property changes relevant under triaxial stress states such as necking
deformation. UE might be sensitive to material parameters that are different from those influencing RA after
irradiation, even though both are measures of ductility. Historically, RA values are typically not compared
with σYS and UE after irradiation because of the uniaxiality versus triaxiality argument. More experimental
data points are needed to populate figure 8 and verify this speculation. In general, to complete the story of a
materials’ irradiated ductility, the UE, TE and RA values should all be reported because that might help
better elaborate the key underlying mechanisms responsible for the loss of ductility under irradiation in this
class of materials.

2.3. Irradiation embrittlement of RAFM steels
Due to the LTHE phenomenon, the DBTT measured using Charpy impact tests or fracture toughness
transition temperatures (FTTT) measured using FT tests increase to higher values in RAFM steels (see
figure 9), accompanied with a reduction in upper-shelf toughness [45, 70, 94, 116, 142]. For doses as low as
∼2.5–3 dpa, a significant increase of DBTT or FTTT can occur (sometimes higher than RT for
under-tempered steels) and tends to be much higher than RT for most RAFM steels for doses⩾∼10 dpa.
This embrittlement is most severe for T irr ⩽∼330 ◦C–350 ◦C as shown in figure 9. With the increase in dose,
the shift in DBTT increases sharply up to∼5–7 dpa and tends to saturate around∼15–20 dpa, which
generally correlates well with saturation in hardening detected after tensile testing. For doses around
∼30–35 dpa, DBTT shifts as high as∼200 ◦C can occur in RAFM steels. For T irr ∼ 400 ◦C, the increase in
DBTT is generally much smaller than 100 ◦C and almost no DBTT shift occurs for T irr ⩾ 450 ◦C–500 ◦C
because of the relatively low density of irradiation-induced dislocation obstacles at elevated temperatures.
Compared to conventional FM steels, the DBTT shift of irradiated RAFM steels is typically much lower,
highlighting better FT properties of the clean reduced activation steel variants (figure 10). As an example,
>70 dpa-irradiated T91 steel can show a DBTT shift as high as >300 ◦C [135], while the same for Eurofer97
or F82H remains much smaller [96]. RAFM steels also perform better compared to other Fe-based bcc
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Figure 10. Irradiation embrittlement of RAFM, conventional FM and ODS steels shown as the shift in DBTT or FTTT with
neutron dose. Toq =Master Curve provisional reference FTTT. Data used from [63, 64, 94, 96, 135, 136, 142, 143, 160].

materials such as reactor pressure vessel (RPV) steels, which also suffer from well-known irradiation
embrittlement [98]. Similar to RPV embrittlement scenarios, the shift in the DBTT or FTTT of RAFM steels
correlates almost linearly with an increase in σYS or Vickers microhardness [64, 98, 159], suggesting as a
first-order approximation that embrittlement resulting in poor FT is related to matrix hardening.

Differences between tensile tests showing largely ductile fracture surfaces while impact or FT testing
showing embrittlement should be carefully and collectively analysed in irradiation experiments. During
tensile tests, there is no stress concentrator initially (such as a notch) due to which the flow of a material is
not constrained. As a result, the material has the margin to deform significantly until the true fracture stress
limit is achieved. However, unlike in tensile tests, high stress concentration is already localised at the crack tip
during FT testing. Therefore, the margin to reach fracture stress from the initial stress state is lower, resulting
in much less deformation of a material (brittle fractures). Only performing tensile testing has the risk of
incorrectly interpreting a material’s failure mode as ductile when the same may fail by catastrophic brittle
fracture in an irradiation environment. FT testing is particularly important because engineering materials
and full-size components may often have imperfections that will stress concentrate under real loading
conditions.

2.4. LTHE comparison: RAFM versus ODS steels
Literature on the mechanical properties of neutron-irradiated ODS steels is not as vast as for RAFM steels.
With relatively limited data, it is still evident that ODS steels also suffer profusely from irradiation hardening
and loss of tensile ductility (see figures 3 and 6). The susceptibility to LTHE of ODS steels is material
dependent. Figure 3 shows that 9%Cr-based ODS-Eurofer97 hardens almost as much as Eurofer97 and other
RAFM steels for doses <5 dpa but may harden significantly more than RAFM steels at high doses (>40 dpa)
[86]. For 14%Cr-based MA957 (French INCO alloy), data up to∼40–80 dpa suggests comparable or slightly
lower hardening as compared to the different RAFM steel varieties (figure 3—the extent of hardening seems
slightly lower than Eurofer97 but comparable to F82H). Only low dose neutron data up to∼1.5 dpa exists
for 14%Cr-based 14YWT alloy [143]. At such low doses, hardening in this material is very small (∼30 MPa,
figure 3) with almost no change reported in tensile ductility or FT, whereas Eurofer97 and ODS-Eurofer97
steels exhibited pronounced LTHE effects [143]. In the absence of medium to high dose neutron data,
understanding of 14YWT’s susceptibility to LTHE as a function of the neutron dose or T irr is an open
question. It is generally considered that radiation-induced hardening will be reduced in high sink strength
materials such as ODS steels because the nano-dispersoids act as point-defect recombination sites that lower
the overall defect supersaturation [50]. However, the data in figure 3 for both ODS-Eurofer97 and high sink
strength (>1016 m−2) alloy MA957 shows that ODS steels can also harden significantly with values
comparable to or higher than RAFM steels (depending on the alloy). The 14YWT alloy has a slightly higher
sink strength than MA957, but within the same order of magnitude [50]. Therefore, quite likely this alloy
may also behave in a qualitatively similar manner to MA957 with added neutron dose because both are
designed based on a concentrated Fe–14%Cr matrix.

Recent results using Vickers microhardness indentation testing on several HFIR-irradiated ODS alloys
suggest that significant radiation-induced hardening in this class of material can occur up to higher
temperatures—T irr > 400 ◦C–450 ◦C and maybe even up to 500 ◦C depending upon the material (see
figure 11(a)). Data are plotted for 14%Cr-based MA957, 12%Cr-based 12YWT and 20%Cr–5.5%Al-based
PM2000 that were irradiated between 300 ◦C–500 ◦C to the dose range of∼4.5–23.3 dpa. Compared to their
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Figure 11. Irradiation hardening in ODS alloys. (a) Vickers microhardness after HFIR neutron irradiations at 300 ◦C–500 ◦C and
4.5–23.3 dpa. Results are reported for MA957 (INCO alloy), 12YWT (Kobelco) and PM2000 (Plansee) [163]. The dpa values are
annotated in the figure. For comparison, hardness results from F82H-IEA, F82H-mod and Eurofer97 variants are overlaid.
Adapted from [163] with RAFM data points added from [64, 163, 165]. (b) Increase in yield stress of several Fe–Cr and
Fe–Cr–Al-based ODS steels developed in Japan after neutron irradiation in JMTR up to∼0.75 dpa. Reprinted from [161],
copyright (2007), with permission from Elsevier.

non-irradiated conditions, the hardness increased sharply for T irr = 300 ◦C. However, no major recovery of
irradiated hardness seems to occur in these steels for T irr = 450 ◦C (figure 11(a)). For T irr = 500 ◦C, some
reduction in hardness occurs (especially for MA957), but the values remain higher than the non-irradiated
matrix hardness of all three ODS steels. One of the well-known results of neutron irradiation-induced
hardening in ODS steels was reported in Japan on a variety of Fe–Cr and Fe–Cr–Al-based alloys named as
K1, K2, K3, K4 and K5 ODS alloys—after irradiations in the Japan Materials Test Reactor (JMTR) up to
∼0.75 dpa and T irr ∼ 290, 400 and 600 ◦C [161]. The increase in yield stress of the JMTR-irradiated
materials after room temperature tensile testing are compiled from [161] in figure 11(b), where all the alloys
showed hardening at 290 ◦C and 400 ◦C. The hardening behaviour was material dependent—higher
hardening was reported in alloys with higher Cr concentration for the Fe–Cr–Al-based ODS steels. The data
also showed some remnant hardening in 19%Cr–4%Al (K4) and 22%Cr–4%Al(K5) ODS alloys even at
600 ◦C. The authors concluded that while high-temperature hardening in the ODS steels was due to
embrittling α′ formation, Al addition increased the irradiation hardening (comparing K1 and K4 in
figure 11(b)). The results of hardening at higher T irr are qualitatively consistent between the five different
ODS alloys irradiated in JMTR to low doses (0.75 dpa) and three ODS alloys irradiated in HFIR over a range
of doses (4.5–23.3 dpa). Irradiation hardening at 400 ◦C is also reported in JOYO reactor irradiated∼12%Cr
ODS steels between∼2.5–21 dpa [162]. The unexpected hardening of ODS steels in figure 11 for
T irr > 350 ◦C–400 ◦C is contrary to that in RAFM steels, where drastic recovery of radiation hardening
occurs at higher temperatures and hardening almost completely subsides for T irr > 400 ◦C–450 ◦C with a
tendency for some slight softening for T irr >∼450 ◦C–500 ◦C (see figure 2). This T irr-dependent radiation
hardening scenario of ODS steels requires careful further investigation to quantify the tensile and FT
properties as a result of remnant hardening up to 500 ◦C. If radiation hardening of ODS steels up to
∼400 ◦C–500 ◦C poses a threat to the relevant engineering properties, then it is quite likely that the lower
operating temperature limit of ODS steels (currently loosely taken as∼350 ◦C based on RAFM steels data)
may have to be increased to higher temperatures. Microstructural results exist that explain why ODS steels
continue to harden up to such high temperatures; this is discussed in section 2.5.
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In terms of post-irradiation tensile ductility, the UE and TE of ODS steels decrease with the dose;
however, the behaviour is material-dependent as evident in figure 6. The ODS-Eurofer97 behaves almost
identical to RAFM steels, where the UE reduces severely to values below∼0.5%–1% for doses as low as
∼1 dpa. Thereafter, the UE saturates at the lower values and is almost non-existent. In MA957, irradiation
data up to∼6 dpa at 325 ◦C shows much higher post-irradiated UE values (∼between 3% and 6%)
compared to RAFM steels [137]. But both RAFM steels and MA957 show a similarly poor UE (<1%) at
higher neutron doses (>70 dpa); see figure 6(a). Figure 6(a) also shows that while RAFM steels and their
tempered-martensitic 9%Cr ODS variants almost completely lose their capacity to uniformly deform very
quickly (<1–2 dpa), fully ferritic ODS steels like MA957 lose the UE somewhat gradually. Therefore, despite
radiation hardening of alloys like MA957, they still show superior tensile ductility compared to tempered
martensitic RAFM steel variants or tempered martensitic ODS steel variants like ODS-Eurofer97. Between
MA957 and ODS-Eurofer97, the difference in ductility may also originate from a variety of other reasons,
including different chemistries, processing routes, grain microstructures (ferritic vs tempered martensitic)
and different distributions of oxide particles. The irradiated tensile ductility of other alloys like 14YWT after
high dose neutron irradiations remains to be quantified in the literature. It should, however, be explicitly
noted that the most important property required for FW/B steel structures is FT because of the anticipated
thick-walled nature of the components. For other envisaged applications of ODS steels, such as for
thin-walled fast reactor cladding tubes, FT is not the primary requirement. Therefore, the higher tensile
ductility of materials such as MA957 before and after neutron irradiation does not necessarily mean better
properties for FW/B operations because the FT of ODS steels is generally worse compared to tempered
martensitic FM steels (detailed below). In other words, a material can show vastly superior tensile ductility
after neutron irradiation in terms of UE and TE values, but that does not directly imply that they have good
FT; ODS steels like MA957 are a classic example of this behaviour. If relatively low FW/B temperature
operations as detailed in figure 1 for fusion in-vessel components are unavoidable, future research should
target developing ODS alloys with improved FT along with better tensile properties. One must note that FT
is not necessarily linked to tensile ductility, but depends more on hardness (σYS)—with a general tendency of
most alloys typically showing poor FT for harder materials irrespective of their tensile ductility. It should also
be noted that the elongation properties of ODS steels can be direction-dependent, with better properties
measured along the extrusion direction while inferior properties in the other directions. Therefore, a full
understanding of the tensile ductility reduction of ODS steels such as MA957 due to neutron irradiation
require testing in both directions—which is unfortunately not the case for the data reported in the literature.
For example, all MA957 tensile sample neutron irradiations in BOR60 [135, 136], OSIRIS [136, 137] and
HFIR reactors [163] were performed on samples machined along the extrusion direction, implying the best
case scenario for ductility. Another major difference between RAFM and different ODS steels is the inferior
RA of the latter. While RAFM steels show high necking ductility with >80% RA in non-irradiated conditions
and >50% RA remaining after doses as high as 70 dpa (figure 6(a)), the local necking deformation of ODS
steels even in non-irradiated conditions is vastly inferior. As an example, the RA values of the well-known
14YWT alloy ranges between∼15% and 25%, with the performance progressively worsening at higher
temperatures between RT and 700 ◦C [164]. With the lack of neutron data, it is unclear how irradiations,
specifically LTHE, may further worsen the necking behaviour in ODS steels.

ODS steels generally perform poorly in terms of impact or FT properties in non-irradiated conditions
when compared to RAFM steels [94, 166], as also mentioned in the previous paragraph. As an example, Y2O3

particle addition in ODS-Eurofer97 worsens the DBTT and reduces the upper-shelf energy compared to
reference Eurofer97. The FT of MA957 and early generations of 14YWT is also quite inferior [167–169]. In
fact, the impact properties such as the DBTT of ODS steels in the non-irradiated condition have similar
values to irradiated RAFM steels (see figure 9). Therefore, their applicability as thick-walled structures in
nuclear environments where irradiation temperatures are lower than∼400 ◦C (triggering LTHE) remains an
open question. Improvements in non-irradiated FT have been recently demonstrated by processing
optimisation for 14YWT alloy at ORNL [169]. This holds promise to develop toughness-improved ODS
steels, but such alloys require neutron irradiation testing to validate their performance. The literature
suggests the upper-shelf energy of Fe–Cr-based bcc steels scales linearly with the RA [158], so poor necking
of ODS alloys during tensile testing is likely an indirect indicator of their poor impact or toughness
properties. After neutron irradiation, properties are material dependent. Low-dose,∼1.5 dpa/300 ◦C HFIR
irradiations on 14YWT show no appreciable effect on FT measured using three-point bending [143].
Systematic higherdose data are needed for this alloy to confirm the behaviour. Results on ODS-Eurofer97
show a large increase in DBTT due to neutron irradiation (∼16–17 dpa, T irr < 350 ◦C [94]), and the DBTT
reduces progressively with T irr up to 450 ◦C—however, it never fully recovers to the non-irradiated values as
seen in figure 9. This is different from the behaviour of RAFM steels where no major DBTT shift occurs for
T irr > 350 ◦C–400 ◦C. Regarding MA957, the∼40 dpa irradiation data in figure 10 shows an extremely high
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DBTT shift (∼350 ◦C) due to neutron irradiation as compared to the∼200 ◦C–225 ◦C DBTT shift for
RAFM steels like F82H or Eurofer97 when exposed to similar doses—further confirming that ODS steels are
not immune to LTHE and, depending upon the alloy system, their fast fracture performance degradation
under neutron irradiation can be worse than that of RAFM steels. It should be noted that the database of
neutron irradiated properties of ODS steels is still much smaller as compared to RAFM steels, and ODS steels
are typically much more complex, consisting of widely varying chemistries and microstructures as compared
to∼8%–9% Cr-based RAFM steels. For a better understanding and quantification of LTHE in ODS steels
more systematic future neutron irradiation experiments and data collection is needed to fully map the
susceptibility of different ODS steel types to the important issue of LTHE and benchmark against the
well-known results in RAFM steels.

2.5. Potential causes of LTHE
As evidenced in the earlier subsections, there are many aspects to the LTHE problem. The primary first-order
aspects are the following: (a) increase in hardness and σYS, (b) loss of tensile ductility (most affected is UE),
(c) deterioration of local necking deformation (but not quite as much as UE), (d) worsening of impact
properties evidenced by increase in DBTT and reduction in upper-shelf energy, and (e) loss of FT. Each of
these properties is inter-related. But despite decades of research, there is no full consensus on the true origins
of hardening-embrittlement, not only for RAFM/ODS steels, but also for other materials such as RPV steels.
From the analysis of tensile tests on conventional FM and RAFM steels and microstructural analysis on
deformed samples it appears that plastic instabilities due to irradiation cause flow localisation (deformation
channeling) [170, 171], and this is the reason for the loss of UE. However, tensile results analysed on true
stress–true strain units suggest that the primary effect of irradiation is to partially exhaust the
strain-hardening capacity of a material [152, 153, 172], resulting in higher strength and lower ductility until
failure, while the true fracture stresses remain somewhat unaffected (until drastic embrittlement occurs
when σPIS = σYS) [153]; see figure 5. This inference is strengthened from observations that the true
stress–true strain curves of irradiated FM steels overlap with the non-irradiated curves, but are displaced to
the right [153]. Which phenomenon is the dominant mechanism is an open question. From a mechanistic
point of view, microstructural features that obstruct dislocation glide motion will cause hardening, and the
harder matrix then results in lower ductility. Based on this argument, the hardening component of LTHE in
RAFM steels is historically attributed to dislocation loops [173]; see figure 12(a). However,
irradiation-induced solute nanoclustering can play a tremendous role in hardening in Fe–Cr-based
conventional FM and RAFM steels that should not be ignored. As an example, results from irradiated binary
Fe–Cr alloys show that impurities such as Ni, Si, P that form Cr-NiSiP co-clusters under irradiation can
further contribute to the σYS increase [174–176]. The formation of CrMn-rich clusters around dislocation
loops coupled with co-segregation of Si and P was shown to drastically increase the σYS of Eurofer97 neutron
irradiated from∼15–32 dpa at 300 ◦C–330 ◦C [177] (see figure 12(b)). Similarly, F82H-IEA steel also
showed enhanced hardening due to irradiation-induced heterogeneous co-clustering of Mn and Si on
dislocation lines/loops after HFIR neutron irradiations to∼4.5 dpa at 300 ◦C (figure 12(a)) [178].
Interestingly, no Cr-rich clustering was detected in F82H compared to the high-dose Eurofer97 data, so it
remains to be seen at what dose Cr starts to enter such clusters. Mn–Si–Ni-rich solute nanoclustering was
also recently reported in neutron-irradiated 9Cr–1MoVNb steels [179]. The formation mechanisms of such
solute nanoclustering of minor alloying or impurity elements are in the early stages of exploration for RAFM
steels, but judging by the Eurofer97 and F82H results in figure 12 it is evident that Mn is a key element. The
role of Mn in the formation of deleterious embrittling phases has been studied even in RPV steels for decades
[180–183]. In addition to Mn–Si–Ni–P-rich clustering, the segregation of Cr to dislocation loops is
experimentally known to occur in bcc Fe–Cr-based steels, which is also expected to contribute to additional
hardening in these materials [184, 185].

Regarding ODS steels, these alloys are primarily high Cr concentration (∼9–20 wt.%)-based materials
and contain numerous other elements in varying proportions [169, 186–190]. In the non-irradiated
condition, ODS alloys typically consist of a high density of ultra-fine nano-dispersoids in the matrix
(figure 13(a)) owing to Y2O3 particle addition during ball milling. After irradiation, dislocation loops are
known to form in ODS steels that will cause hardening (figure 13(b)). The dislocation loops can often be
irregularly shaped because of the presence of hard nano-dispersoids [186], highlighting that
nano-dispersoids may affect the growth of loops by acting as pinning points. For ODS steels with >10% Cr,
the most important factor in the temperature range of fusion blanket operations is the formation of Cr-rich
embrittling α′ precipitates under thermal ageing (well-known 475 ◦C embrittlement) or neutron irradiation;
see figure 13(c) [191–199]. The radiation-enhanced α′ formation is the main reason for the significant LTHE
detected in the ODS steels for Cr⩾ 12% in the 300 ◦C–500 ◦C temperature range [194, 196–198, 200, 201].
For HFIR irradiated MA957, evidence of α′ at both 300 and 450 ◦C is provided in figure 13c and d using
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Figure 12. Neutron irradiation induced dislocation loops and radiation-induced/enhanced solute nanoclustering in RAFM steels
that can contribute to hardening. (a) Low angle annular dark field STEM image of dislocation loops and atom probe
iso-concentration analysis showing Mn–Si co-clustering on dislocation lines/loops in F82H-IEA steel irradiated in HFIR to
∼4.5 dpa at 300 ◦C, adapted from [178]. (b) Atom probe iso-concentration analysis showing CrMnSiP-rich co-clustering in
Eurofer97 irradiated in BOR60 to∼15 dpa at 300 ◦C. Reprinted from [177], copyright (2020), with permission from Elsevier.

multivariate statistical analysis (MVSA) of high-throughput scanning transmission electron microscopy
(STEM)-energy dispersive x-ray spectroscopy (EDX) data and by atom probe tomography (APT). Moreover,
α′-induced hardening and embrittlement is also reported for the JMTR-irradiated ODS alloys by Cho et al
[161] and Oh et al [201]. The observed increase in hardening with increasing Cr concentration of the
JMTR-irradiated ODS steels is also likely linked to α′ because a higher α′ formation is expected with an
increase in Cr concentration; for Cr concentrations as high as 16%, 19% and 22% used in JMTR
experiments, α′ will form even at higher temperatures greater than 500 ◦C because such alloys will be inside
the miscibility gap of the Fe–Cr phase diagram [202, 203]. Radiation-enhanced α′ formation is also reported
for fast flux test facility (FFTF) irradiated MA957 (412 ◦C, 109 dpa) [204], Phénix fast reactor irradiated
MA957 (412 ◦C, 50 dpa and 430 ◦C, 75 dpa) [194], and α′-induced hardening and embrittlement is reported
for Phénix irradiated 13%Cr-based DY ODS steel (∼13%Cr–1.5%Mo–2.03%Ti–0.45%Y–0.3%
O–0.05%Al) [196, 205, 206]. This is a well-known challenge in concentrated Fe–Cr-based alloys [207], and
causes overall uncertainties in the thermo-mechanical property resilience of ODS steels for a fusion FW/B. In
addition to α′, the experimental results also show irradiation-induced/enhanced solute nanoclustering and
formation of other embrittling phases of different elemental species in ODS alloys after neutron irradiation.
For example, Phénix fast reactor irradiations on 13%Cr ODS steels showed embrittling intermetallic χ phase
(70%Fe–15%Cr–7%Ti–6%Mo) [196, 206, 208] formation. HFIR irradiated MA957 shows extensive
clustering of Ni–Ti-rich phases due to neutron irradiation (figure 13(c)), whichis also expected to worsen
LTHE.

For Fe–Cr–Al-based ODS steels, while α′ embrittlement remains an issue, there is growing evidence of
irradiation-induced or irradiation-enhanced formation of different phases that may also worsen the LTHE
scenario; e.g. PM2000 alloy was shown to suffer from a homogeneous clustering of an Al–Ti-rich phase when
neutron irradiated in HFIR to >50 dpa/300 ◦C and 4.5–8.7 dpa/T irr ⩾ 450 ◦C–500 ◦C [197, 209]. Moreover,
Cho et al [161] concluded that adding Al increased irradiation hardening, which could be due to a similar
phenomenon as reported for PM2000. In fact, the Fe–Cr–Al–Ti system is known to form an Al–Ti-rich β′

phase upon thermal ageing [210, 211]. It is quite likely that such phase formation is accelerated under
irradiation that may lead to observations such as those made recently in HFIR irradiated PM2000 [197, 209].
While α′ precipitation is relatively well understood under neutron irradiation conditions, a proper
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Figure 13. (a) Down axis bright-field TEM image of oxide nano-dispersoids in a 14%Cr-ODS steel
(14%Cr–1%W–0.4%Ti–0.3%Y2O3) from CEA and (b) dislocation loops in the same ODS alloy after self-ion irradiation to
∼5 dpa at 450 ◦C; adapted from [214, 215]. (c) α′ precipitation and NiTi co-clustering in 14%Cr MA957 (INCO alloy)
neutronirradiated in HFIR to >50 dpa/300 ◦C, revealed using MVSA on high-throughput STEM-EDX maps; adapted from [197].
Iso-concentration analysis of APT data showing Cr-rich clusters (expected to be α′) and NiTi co-clustering in MA957
neutron-irradiated in HFIR to 5.5 dpa/450 ◦C; adapted from [200]. The iso-concentration thresholds were Cr > 25 at.% and
Ni > 2 at.% [200].

quantification of phase instabilities and microchemical phenomena related to other alloying elements is
presently not fully detailed in the literature for ODS steels—this needs to be understood in order to explain
LTHE in ODS steels. Presently, the combined effect of irradiation-induced/enhanced phase instabilities such
as α′, Ni–Ti and Al–Ti clustering is considered as a potential reason for the higher hardening detected in a
few HFIR irradiated ODS alloys in figure 11(a) [197, 212]. Therefore, it appears that the extra hardening
effects that seem to occur in many of the ODS steels are associated with specific solute additions. Further
work is needed to evaluate preferable solute concentrations that suppress hardening at temperatures
>350 ◦C. To minimise the deleterious effects of α–α′ unmixing, lower Cr concentrations (∼8–10 wt.%) in
ODS steels for fusion applications are desirable, such as in ODS-Eurofer97 designed in Europe and the
recently developed 10%Cr-based M4/M5 ODS alloys designed at ORNL [213]. These alloys also require
careful chemistry tuning to minimise the concentration of elements that may cluster under irradiation and
enhance hardening embrittlement (like Ni–Mn–Si or Al–Ti).

In addition to solute nanoclustering, the stability of the oxide nano-dispersoids in ODS steels under
irradiation is critical to ensure a satisfactory performance is maintained for in-service conditions including
LTHE resilience and other important properties of ODS steels such as cavity-swelling resistance and
high-temperature properties. Because oxide particles act as point-defect sinks, any changes to the
nano-dispersoid microstructure will affect the overall radiation tolerance of the alloy in the entire operating
temperature range for FW/B structures. The oxide particle stability, recently reviewed in [216], has been
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extensively researched using neutrons [194, 196, 199, 204, 205, 217–230], ions [219, 231–260] and electron
irradiations [261, 262] in a variety of ODS steels. Extensive ion irradiation literature exists on a wide range of
ODS steels where nano-dispersoids are reported to be stable over the irradiation temperature and dose
ranges of RT–835 ◦C and ion doses from∼2 to 200 dpa [205, 233, 234, 237, 240, 243, 247–249, 251,
259, 263]. However, substantial literature also exists over a similar ion irradiation temperature and dose
range, where deterioration of the oxide particles is reported [205, 219, 222, 226, 231, 235, 238, 239, 241, 242,
245, 250, 257, 261, 262, 264, 265]. The majority of these reports typically show changes in the size or number
density of the nano-dispersoids, while irradiations in the temperature range of RT–400 ◦C have also shown
radiation-induced amorphisation (RIA) of the oxide particles in many ODS steels [196, 229, 235, 243, 251,
261, 264]. This includes RIA near RT of oxide particles in MA957 [243], ODS-Eurofer97 [251], 18%Cr-ODS
[264] and electronic stopping power-induced amorphisation of oxides in DY ODS steels [235], while RIA
using heavy ions at higher temperatures (⩾400 ◦C) of nano-dispersoids is reported in EM10-ODS [205] and
DY ODS steels [196, 205]. Dissolution of the nano-dispersoids under cascade damage conditions due to
ballistic effects is also known, especially at lower temperatures, as seen in the results from cryogenic
irradiations of 14YWT [226].

For fusion in-vessel applications, the stability of the nano-dispersoids under neutron irradiations, instead
of ion irradiations, is of primary interest. Specifically under neutron irradiations, there is evidence of
noteworthy structural deterioration and chemical changes occurring in nano-dispersoids in many ODS steels
[196, 199, 205, 208, 217, 220–222, 224, 228, 266]. For example, fast reactor irradiations as fuel pin claddings
in Phénix of 13%Cr DY ODS steel between 532 ◦C–580 ◦C 30.5–78.8 dpa showed dissolution and then
reprecipitation of the oxides, leading to the formation of a halo of smaller oxides around the larger ones and
a disappearance of the initially homogeneous distribution of oxides that were smaller than∼20 nm in
diameter (see figures 14(a)–(c)) [196, 205]. The authors further reported that the matrix–oxide interface
upon irradiation became irregular [205]. Moreover, there was Al, Ti and Y loss from the nano-dispersoids
due to irradiation, with greater loss of Al, then Ti and then Y [196, 205]. Microstructure examination of
>50 dpa/300 ◦C HFIR-irradiated PM2000 steel shows complex structural-chemical transformations
occurring within the particles—including the development of internal cavities and semi-amorphous
transformation of the particles with distinct embedded crystalline islands (see figure 14(d) and
[200, 224, 266]). The crystalline islands, visible as regions of relatively bright contrast in Z-sensitive
high-angle annular dark-field STEM imaging, are likely distinct in chemistry as compared to the rest of the
oxide particles [197, 209]. ODS-Eurofer97 has also shown formation of internal cavities along with complete
amorphisation of the nano-dispersoids after fast neutron irradiations in the BOR-60 reactor at 250, 350 and
450 ◦C up to 16.2 dpa, reported by Klimenkov et al [221], thereby suggesting qualitatively similar
observations between relatively coarse oxides of PM2000 versus relatively finer oxides in ODS-Eurofer97.
Moreover, APT results from Rogozhkin et al on BOR-60-irradiated ODS-Eurofer97 (330 ◦C, 32 dpa) also
show chemical changes in the nano-dispersoids due to irradiation—chemistry of the particles evolves by loss
of V and progressive increase of Y concentration hypothesised due to dissolution of particles >10 nm in
diameter [222, 228]. Structural deterioration including formation of internal cavities in the nano-dispersoids
is known for neutronirradiated MA956 (328 ◦C, 4.36 dpa) [199]. Neutron irradiation-induced oxide particle
stability was also studied in MA957 after irradiations in multiple reactors such as Phénix in France [194, 195,
218], JOYO in Japan [220], and FFTF and HFIR in the US [204, 230], while new microstructural studies are
ongoing for MA957 irradiated in HFIR [197, 209]. The results are mixed. The JOYO irradiations were
performed at higher temperatures between 502 ◦C and 709 ◦C, up to∼100 dpa; this resulted in a number
density reduction by about half of the non-irradiated particle density, claimed to be due to ballistic
dissolution of the nano-dispersoids due to displacement cascades [220]. The authors also reported a
progressive increase in the average size of the nano-dispersoids, collectively indicating significant changes to
the nano-dispersoid microstructure. But HFIR irradiations at low doses of∼3 dpa/600 ◦C, characterised
using APT, did not suggest a major change in the particle size and density [230]. A Phénix irradiation study
on MA957 at relatively lower temperatures (412 ◦C, 50 dpa and 430 ◦C, up to 75 dpa) also showed a slight
decrease in the oxide nano-dispersoid number density but not much coarsening—likely due to the lower
temperatures where disordering due to cascade effects may be more pronounced as compared to at higher
temperatures. The entire collection of Phénix irradiated MA957 results analysed using analytical
transmission electron microscopy (TEM) suggests that different oxides in the alloy are likely behaving
differently—more severe dissolution of the coarse Ti-rich oxide particles was reported as compared to the (Y,
Ti, O)-rich particles [194]. For FFTF irradiated MA957 (412 ◦C, 550 ◦C, 670 ◦C, 109–113 dpa), the results
are opposite to the JOYO and Phénix data. At 412 ◦C, the authors reported a significant increase in the
nano-dispersoid number density measured by APT analysis, postulated to be due to ballistic dissolution of
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Figure 14. Structural and chemical transformation of oxide nano-dispersoids in ODS steels by neutron irradiation. (a)–(c) TEM
images showing deterioration of oxides in DY ODS steel versus non-irradiated condition after fast neutron irradiation in Phénix
reactor— [196], reprinted from [205], copyright (2004), with permission from Elsevier. (d) Z-sensitive high-angle annular dark
field STEM image of nano-dispersoids in a PM2000 alloy irradiated in HFIR to >50 dpa at 300 ◦C. Dark contrast is internal
cavities, while adjacent semi-amorphous regions within crystalline areas are visible as bright spotty regions. Different chemistries
were reported for crystalline versus amorphous regions [224, 266].

the larger nano-dispersoids caused by displacement cascades [204]. At the higher irradiation temperatures,
the nano-dispersoid density remained similar to the non-irradiated values, indicating a lesser contribution of
ballistic effects [204]. Some of these discrepancies are likely due to the fact that different characterisation
techniques are used for analysis, such as APT, conventional TEM, analytical STEM or high-resolution TEM,
and each has its own advantages and limitations. Therefore, a combination of all these techniques is perhaps
the best way forward to better understand how nano-dispersoids behave under irradiation. Nevertheless, the
collection of data from the literature presented above points to the fact that nano-dispersoids in different
ODS alloys can suffer from significant damage due to neutron irradiations in the entire temperature range of
the envisaged FW/B operations. Such modifications of the nano-dispersoid microstructures will worsen the
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overall radiation tolerance of ODS steels, including worsening LTHE, as previously discussed by Monnet et al
[196, 205]. Future research is required to quantify a link between the degradation of the oxide
nano-dispersoids and LTHE scenarios in fusion-specific ODS steel designs.

3. The effect of helium

Uncertainties regarding the potential synergistic effects of He with displacement damage on the performance
degradation of fusion in-vessel components is a critical issue facing the development of FW/B structures. The
high He generation rate envisaged in RAFM steels by D-T 14 MeV neutrons was the primary motivation to
propose the International Fusion Materials Irradiation Facility (IFMIF), and a similar motivation is echoed
for the Fusion Prototypic Neutron Source (FPNS) being planned in the US [267, 268]. Efficient management
of He in steels to minimise its deleterious effect on microstructural evolution and mechanical property
degradation may be achieved by incorporating high sink densities in high-performance alloys
[50, 190, 269, 270] as compared to Gen-I RAFM steels. However, a fundamental understanding of the effect
of He on the thermo-mechanical properties of RAFM steels over the entire temperature range of FW/B
operations is not fully clear, while negligible neutron irradiation data on He effects in ODS steels currently
exists. Specifically for RAFM steels, debate still exists on the deleterious effect of He on fast fracture
properties (measured using tensile, Charpy and FT testing) relevant for water-cooled blanket designs, while
very little research is available on the effect of He on high-temperature deformation/creep behaviour in
RAFM steels that is relevant for He or dual-cooled blanket designs. Further, the effect of He on cavity
swelling in the intermediate temperature range under fusion-relevant neutron irradiation conditions is also
uncertain. The main reason for this is the lack of He generation in RAFM steels when irradiated by fission
neutrons in materials test reactors (MTRs)—only∼0.1–0.5 appm He dpa−1. In the next sections, the
challenges and strategies to obtain fusion-relevant He/dpa ratios for neutron irradiations are discussed along
with the current understanding of the effect of He on hardening and embrittlement.

3.1. Challenges to obtain fusionrelevant He/dpa ratios in RAFM steels
In the absence of IFMIF or FPNS, simulating fusion-relevant He generation and obtaining the bulk
mechanical properties from RAFM steels require irradiations either in spallation proton-neutron (SPN)
facilities or using isotopic tailoring of steels with elements that have a high (n, α) reaction cross-section in
the fission neutron spectrum such as for 10B, 58Ni and 54Fe [271–273]. The coating of steels with
He-producing elements such as Ni-rich injector foils/coatings is also efficient in producing He in MTR
irradiations [274]. These methods have their specific advantages and disadvantages. For the injector
foils/coatings method, He generation is limited to a few µm thick regions with no access to bulk properties
(similar to ion irradiations). For SPN facilities, high doses are achievable. But the He generation rates are
much higher than fusion (see figure 15). Furthermore, for certain early SPN irradiations such as STIP-I,
obtaining constant temperature irradiations with a high beam current was challenging, and beam trips are
known to occur that can cause temperature excursions during irradiations [86]. Another recently discovered
issue is the formation of transmutation-induced solid spallation products in RAFM steels, revealed by atom
probe analysis, that actively modify the microstructural evolution [275]. The potential effect of spallation
products on the degradation of mechanical properties currently remains unaccounted for.

For the isotopic doping technique, 54Fe isotope has the advantage of not modifying the chemistry of the
alloys. However, 54Fe is a very expensive isotope with costs typically ranging from $5000–$10 000 per gram.
Moreover, the achievable He/dpa ratios are limited to∼2–2.3 appm He dpa−1 in high-flux reactors
(figure 15). Doping with boron can produce high He/dpa ratios in MTR irradiations and comparing 10B and
11B can isolate the effect of He from the effects of chemistry modification [85]. However, the very high (n, α)
reaction cross-section of 10B means rapid burn-up of the isotope in the first few days at the beginning of the
cycle of neutron irradiations, which initially causes a very high He generation rate [276]. Boron also tends to
segregate heavily at grain boundaries, due to which He generation is not homogeneous in the material [271].
Moreover, compared to reference RAFM steels, the addition of boron can significantly modify the steel
microstructures due to the formation of coarse (Fe,Cr)B-rich precipitates [7, 85]. Further, extra dpa from 7Li
recoils needs to be considered and, depending upon the initial 10B concentration, this added dpa may not be
negligible [276, 277]. The addition of Ni to RAFM steels also stimulates He generation during MTR
irradiations [273]. A major advantage is the possibility to obtain a wide range of He/dpa ratios by carefully
tuning the ratio of 58Ni/60Ni in the material for a fixed total Ni concentration (figure 15). It must be noted
that RAFM steels do not contain much Ni or B. Adding these elements to the steels affects their metallurgical
properties. Therefore, neutron irradiations using isotopic tailoring must always be performed on steels
doped with identical chemical elements with two distinct isotopes—one producing He (58Ni, 10B) and the
other not producing much He (60Ni, 11B). This is necessary to isolate the effect of chemistry modification on
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Figure 15. He/dpa ratios achievable in RAFM steels with different neutron irradiation facilities and isotope doping conditions.
For 58Ni/60Ni addition, calculations are performed for a fixed total Ni concentration of∼1.2–1.4 wt.% and progressively changing
the ratio of the two isotopes. The 54Fe and SPN data adapted from [271, 278].

the irradiated properties. A direct comparison of chemically modified isotopically tailored RAFM steel to
non-chemically modified steel is not recommended.

Especially for the Ni doping technique, the total Ni concentration should be kept lower than
∼1.5–2 wt.%. Changes in the mechanical properties like the hardness and σYS of RAFM steels may occur
even for [Ni]⩾ 0.5 wt.% [7]. Moreover, Ni is an austenite stabiliser, which lowers the ferrite to austenite
transformation temperatures (Ae1 and Ae3 temperatures). If too much Ni is added (⩾1.2–1.5 wt.%), the
typical tempering treatment temperatures of 750 ◦C–760 ◦C risk lying in the dual-phase austenite+ ferrite
region, which upon cooling risks producing untempered martensite [100, 279]. Therefore, if a direct
comparison with Ni-doped and non-Ni-doped RAFM steels is sought, Ni concentrations more than
⩾0.5 wt.% are discouraged. This will limit the total He generation rate achievable in steels. For higher Ni
contents to obtain higher He/dpa ratios, the results should compare data between 58Ni and 60 Ni-based steels
and not with non-Niadded RAFM steels. A summary of the advantages and disadvantages of the different He
generation methods for neutron and ion irradiations is given in table 1.

3.2. The effect of He on LTHE
Helium stabilises cavities/bubbles in the microstructure, which act as obstacles to the dislocation glide [280].
As a result, He may deleteriously affect LTHE. The effect of He on the irradiated tensile properties, impact
properties and FT has been studied in RAFM steels doped with 10B, 58Ni, 54Fe, and using SPN facilities
[85, 86, 99, 100, 115, 281–283]. Because SPN irradiations do not require chemistry modification of RAFM
steels, historically these data points have been the primary basis for our current understanding of the effect of
He. For T irr ⩽ 350 ◦C, comparing SPN irradiations (up to 20 dpa, 1800 appm He, EM10 alloy) with fission
MTR data suggests no saturation in hardening at∼20 dpa in SPN-irradiated FM steels, while the behaviour
is similar at lower doses (⩽10 dpa) (see figure 3). At around 20 dpa, the increase in σYS for SPN-irradiated
FM steels can be as high as >700 MPa [86, 283]. The SPN results also show that hardening extends to higher
irradiation temperatures (⩾350 ◦C–400 ◦C) where conventional RAFM steels typically do not show much
LTHE after MTR irradiations [101]; see figure 16. This additional hardening after∼10 dpa has been
attributed to the effect of He-induced bubbles [65, 85]. Between∼10–18 dpa and∼750–1300 appm He, SPN
irradiations also show almost no tensile ductility in RAFM steels with brittle intergranular fracture
occurring, sometimes even before the σYS [101, 283]. A separate set of SPN irradiations for T irr

∼140 ◦C–360 ◦C and doses up to 20 dpa and∼1800 appm He on other 9%Cr steels such as EM10 and
Grade91 also show significant hardening when tensile tests are performed at RT and >250 ◦C, accompanied
with severe loss of ductility and fully brittle failures after∼15–16 dpa [86].

MTR irradiations on 54Fe-based F82H steel do not show a clear effect of∼2–2.3 appm He dpa−1

generation rate on the irradiated tensile properties after∼34 dpa at 300 ◦C [115]. Recent results on HFIR
irradiated ORNL-9Cr-2WVTa alloy showed a higher σYS increase of up to∼160 MPa in 58Ni-doped samples
(228 appm He, 9.5 appm He dpa−1) compared to 60Ni-doped samples (7 appm He, 0.03 appm He dpa−1)
when irradiated to∼24 dpa at 300 ◦C (Ttest = T irr) [99]; see figure 16. This result questions the validity of a
previous hypothesis suggesting irradiation hardening due to He is minimal below∼500 appm He for
T irr < 400 ◦C based primarily on spallation data or high-energy He implantation data [85]. What is
interesting is that the 58Ni/60Ni-doped ORNL-9Cr-1WVTa data do not show much change in tensile ductility
due to He and neither shows a major effect of He on the tensile properties at a high T irr of 400 ◦C [99], which
is the opposite to the SPN data where He-induced hardening extends to higher temperatures (although He
concentrations are higher); see figure 16. More experiments, especially MTR-based irradiations on
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Table 1. Advantages/disadvantages of different He generation methods in RAFM steels under irradiation.

Type Technique He/dpa Advantages Disadvantages

Spallation
neutrons

Spallation
proton-neutron
source

∼30 to <100 • High doses
• High He generation
rate

• He/dpa much higher than fusion
• Poor temperature control due
to very intense beam and beam
instabilities

• Solid spallation products that act-
ively participate in microstructural
development

Neutron
irradiations in
MTRs

54Fe doping ∼2–2.3
54Fe(n,α)51Cr

• No major chemical
effects

• Homogeneous He
generation

• Very high isotope cost
• Low He/dpa

10B/11B
addition

Up to 10–12
10B(n,α)7Li

• High He generation
rate

• Inexpensive

• Nearly insoluble in steels
• Segregates to grain boundaries—
heterogeneous He generation

• Non-negligible chemical effects:
modification of metallurgical
properties

58Ni/60Ni
addition

∼0.3 to >10
58Ni(n, γ)
59Ni(n, α)
56Fe

• Wide range of He/dpa
ratios achievable by
tuning isotopic ratio

• More homogeneous
distribution compared
to B addition

• Slow burn-up rate
compared to B

• Can segregate to grain boundaries
• Non-negligible chemical effects
• More than ∼1.5%–2% Ni addition
drastically changes steel’s proper-
ties

• Ni-induced enhanced hardening
due to Ni-rich solute nanocluster-
ing

Ni-based
injector
foils/coatings

∼0.3 to >10
58Ni(n, γ)
59Ni(n, α)
56Fe

• Wide range of He/dpa
ratios achievable

• Homogeneous
distribution of He

• Chemistry
modification of steels
is not required

• He implantations limited to a few
µm thick near-surface regions

• Bulk properties inaccessible
• Ballistic mixing of the coating-
steel interface under cascade dam-
age condition is not fully evaluated

Single/dual-beam
ion irradiations

Implantation
with
accelerators

0 to >100 • Wide range of He/dpa
ratios available

• Relatively cheap
• Good control over
temperature and
irradiation parameters

• High doses achievable
in reasonable time

• Very shallow irradiation depths
• Bulk thermo-mechanical proper-
ties inaccessible

• Inhomogeneous damage profile
• Strong surface effect and injection
ion artefacts

• Major effect of high dose rate
on microstructure evolution,
including ballistic dissolution of
precipitates/second-phase particles

Figure 16. The effect of He on yield stress of RAFM steels. SPN= spallation proton/neutron irradiations. Figure plotted using
data from [5, 99, 283, 284].

20



J. Phys. Energy 4 (2022) 034003 A Bhattacharya et al

Figure 17. DBTT shifts measured using Charpy impact tests and shear punch tests on SPN-irradiated FM and RAFM steels
compared to DBTT shifts measured on MTR irradiated steels. Adapted from [85, 283]. CVN= Charpy V-notch.

58Ni/60Ni-doped steels, are needed to fully understand and properly quantify the dose–temperature–He
concentration scenarios on the tensile properties of RAFM steels.

In terms of the Charpy impact properties, the 10B/11B doping technique in F82H shows an appreciable
further increase in DBTT in 10B samples due to He after neutron irradiations in JMTR at 250 ◦C at very low
doses (<2 dpa) [285]. The largest database of B-doped neutron irradiation results exists for Eurofer97 from
the European irradiation programs SPICE and ARBOR [45, 94, 281], where a higher DBTT due to He is also
claimed over a wide T irr range of∼250 ◦C–450 ◦C, doses up to∼70 dpa and He generation between
∼10–432 appm He. Large DBTT shifts compared to non-doped steels were as high as∼100 ◦C for only
120 appm He, and the extra DBTT shift rate of 0.5–0.6 ◦C/appm He was estimated. However, a major
drawback of the studies in Eurofer97 is that the results are derived from natural boron (∼20% 10B) and 10B
doping only, and did not include 11B to account for the effect of chemistry modification. Therefore, even
though these studies provide valuable data points, the results may not be viewed as a separate effects study
purely originating due to He in the absence of 11B data. It must also be noted that while the effect of B on
non-irradiated microstructures is relatively well known, what effects it may bring about under irradiation are
not fully evaluated in literature. This major unknown further mandates that 11B samples should always be
included in such irradiation campaigns and 10B results are not directly comparable with non-doped steels.
Data also exist for 2 wt.% natural Ni and 58Ni-doped F82H and 9Cr–1MoVNb steels after HFIR irradiations
where some effect of Ni was seen, interpreted as the effect of He on DBTT. However, the results are not clear
because the effect of He is masked by the potential effects of Ni addition in the absence of 60Ni-doped samples
to account for chemistry modifications [286]. Charpy impact tests and shear punch tests on SPN-irradiated
RAFM and conventional FM steels, however, suggest a drastic effect of He on the DBTT shift (figure 17).
With increasing doses and added He concentration from∼140 appm to∼1600 appm, DBTT shifts as high as
600 ◦C–650 ◦C are reported for Eurofer97 and F82H, while the same for MTR irradiations tends to saturate
at around∼200 MPa in the absence of much He. Such drastically strong effects of He suggested by SPN
irradiations require validation by high-dose MTR irradiations on carefully isotopically tailored RAFM steels.

While tensile and Charpy tests are important to study the LTHE phenomenon, FT data are the most
engineering-relevant to quantify the fast fracture behaviour of RAFM steels. Because of the complexity of the
testing technique on neutron irradiated materials, FT data on the effect of He are very limited in literature.
Recently, DEMO/FNSF final phase-relevant neutron irradiation data on FT properties were obtained for
F82H containing 1.4 wt.% 60Ni and 58Ni (220 ◦C–530 ◦C, 6.8–70 dpa and He generation rates of 0.3 and
11 appm He dpa−1) [100]. While the results validated the use of 1.4 wt.% Ni addition, no conclusions could
be derived on the critical dose or He concentration levels that could deteriorate FT. Results for T irr

∼300 ◦C–342 ◦C, 70 dpa/770 appm He, showed FTTT shifts of >150 ◦C due to He, but no major effects of
He were visible at lower doses up to∼18 dpa/176 appm He and at higher temperatures (400 ◦C–500 ◦C,
8.6–22 dpa, 60–231 appm He), as shown in figure 18. These results contradict Eurofer97 data using the
B-doping technique where very little He (as low as 120 appm He) seemed to show an effect on the impact
properties [45, 94, 281].

It is evident that more dedicated research is needed to fully understand and quantify the effect of He on
the LTHE scenario in RAFM steels. The significant discrepancies and lack of data in the literature imply that
the hypothesis of concentrations below∼500 appm He for T irr < 400 ◦C having little effect on LTHE require
unbiased scrutiny.
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Figure 18. Comparing the positive shifts in the Master Curve provisional reference temperature T0q between F82H IEA and
Ni-doped F82H irradiated in HFIR between∼6.8 dpa and 70 dpa. The F82H-IEA data for 68–70 dpa case show low shift in T0q

likely due to deviation of irradiation capsule design temperatures versus actual sample temperatures. Reprinted from [100],
copyright (2020), with permission from Elsevier.

Very little data exist regarding the susceptibility of ODS steels to potential He-modified fast fracture
scenarios. Cyclotron-based He implantation studies followed by Charpy testing on 9%Cr- and 14%Cr-based
ODS steels have shown no impact of∼1000 appm He on DBTT [287]. SPN irradiations between
100 ◦C–360 ◦C, 20 dpa and up to 1750 appm He show fully ductile tensile fractures in a 14%Cr-based
MA957, while 9%Cr FM steels suffered brittle fracture [288]. More experiments are needed to holistically
map the dose–temperature–He concentration range on the irradiated mechanical properties of ODS steels.

3.3. Susceptibility of RAFM steels to high temperature helium embrittlement (HTHE)—an open
question?
At T irr ⩾ 0.4-0.5Tm, the combination of high He concentration and applied stresses can induce
non-hardening grain boundary embrittlement due to the enhanced formation of grain boundary bubbles
[85]. This embrittlement being at very high temperatures means the neutron dose is not the primary factor
contributing to HTHE [289]. However, conventional martensitic steels and RAFM steels are historically
considered highly resistant to HTHE; this has been attributed to the high sink density [287, 290–292] and
low creep strength [293, 294] in these steels. Specifically, it is considered that the good resistance of RAFM
steels to HTHE is due to the high trapping capacity for helium atoms in the martensitic structure that
consists of dislocations, lath/grain boundaries and carbide/matrix interfaces [295]. Thermal desorption
studies and simulation studies show that indeed dislocations can trap helium atoms in a bcc Fe-based system
[295], while positive binding of helium to other sinks such as grain boundaries or interfaces is a well-known
phenomenon. However, SPN-irradiated tensile fracture data on martensitic steels do show severe grain
boundary inter-granular failure due to He-induced bubble formation at low irradiation temperatures
(<400 ◦C) [86, 139, 283]. The present hypothesis of better HTHE performance of RAFM steels primarily
originates from He implantation studies using cyclotrons, which report no major effect of He on the tensile
and in-beam creep performance for T irr > 400 ◦C and up to 600 ◦C [290, 291, 293, 295, 296]. Moreover, data
from 10B-doped F82H steels neutron-irradiated in the JRR-2 reactor to low doses (<0.1 dpa) also do not
show much effect of He on the tensile properties for T irr >500 ◦C [116]—but high dose data are needed to
better understand the behaviour. Further, ion irradiation and cyclotron implantation experiments
systematically show very high He-induced grain boundary cavity formation in FM steels, which indirectly
suggest a deleterious effect on mechanical properties. Major problems so far are (a) the absence of applied
stresses during bulk neutron irradiations, without which the susceptibility of RAFM steels (and ODS) to
grain boundary He bubble formation and HTHE cannot be evaluated, and (b) while the cyclotron based
in-beam creep tests provide data for good fundamental understanding, they probe only limited sample
volumes due to the shallow penetration depths (a few tens of µm) of He ions—therefore bulk properties are
inaccessible which can be different from very thin He-implanted samples. Also, most HTHE studies in
RAFM steels used post-implantation tensile test strain rates where the HTHE effects might not be evident as
compared to reactor design-relevant strain rates of <10−7 s−1 [297]. It should be noted that limited in-beam
creep data on martensitic steels do suggest emerging signs of HTHE when the He concentration is
∼3000 appm at 600 ◦C [293], which highlights that dedicated research on RAFM steel varieties is needed to
properly quantify their susceptibility to HTHE. Research on austenitic steels, which has been extensively
evaluated for HTHE, shows that the application of stresses during irradiations is critical in quantifying
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HTHE because mechanical loads as low as∼20 MPa can severely accelerate grain boundary cavitation [298].
In fact, the application of stresses during irradiation experiments is critical not only for evaluating the HTHE
susceptibility of RAFM and ODS steels but also to properly quantify the overall thermo-mechanical
performance relevant for FW/B conditions that will suffer from very high thermo-mechanical loading
conditions, including transients [1, 51, 54, 299]. This is a critical technical gap that necessitates performing
irradiation experiments under stress, especially during in-pile neutron irradiations.

An important point to note is that increasing the sink strength, such as by nano-dispersoids in ODS steels
or increasing the concentration of MX in RAFM steels, is a desired pathway to distribute He in the alloys and
prevent He-induced grain boundary embrittlement [190, 300]. In fact, oxide nano-dispersoids are excellent
to sequester He [301, 302] and are therefore excellent to manage He in fusion structural steels. However, as
will be detailed in section 7, increasing the nano-dispersoid or MX number density is a trade-off because on
the one hand it helps to manage He better, but on the other hand there is a risk of excess tritium trapping in
high sink strength materials [303].

4. Cavity swelling in RAFM and ODS steels

In the intermediate temperature range of∼400 ◦C–500 ◦C, dimensional instabilities due to cavity swelling
are a concern for fusion structural steels. Furthermore swelling–creep interactions concomitantly worsened
by radiation-induced microchemical phenomenon such as radiation-induced segregation/precipitation that
is pronounced in this temperature region [49, 304] are expected to synergistically worsen the steels’ overall
performance. Conventional FM and RAFM steels offer superior cavity swelling resistance as compared to
Fe–Cr–Ni-based austenitic steels [49, 57]—which is the primary reason for their choice as FW/B structures
[58, 299]. Their post-transient steady-state swelling rate is generally accepted as 0.2% dpa−1 as compared to
1% dpa−1 for austenitic steels [49, 305], while the length of the swelling incubation period is also larger for
RAFM steels.

Despite the improved radiation tolerance, experimental observations after fission neutrons
suggest that the cavity-swelling performance of RAFM steels such as F82H or Eurofer97 is adequate only for
doses up to∼20–50 dpa at∼400 ◦C–500 ◦C (figure 19). While high dose swelling data exist for conventional
steels like T91 or ODS varieties like MA957, there is a lack of neutron data in the literature beyond 50 dpa
on the swelling behaviour of the well-known RAFM steels like F82H or Eurofer97. It has been recognised
for many decades that high concentrations of He and H produced by neutron transmutation in RAFM steels
will worsen the swelling behaviour. Therefore, the radiation resistance offered by RAFM steels during fission
neutron irradiations may be severely impaired during DT fusion neutron irradiations. Figure 19 summarises
some experimental results on the effects of He co-generation during neutron irradiations on RAFM steels
for T irr ∼380 ◦C–430 ◦C. Fission reactor data show⩽1%–1.2% swelling at around∼50 dpa at 400 ◦C in
Boron-doped F82H due to combined neutron damage plus He, while the swelling reduces to lower values in
the absence of He. It is unclear how the swelling scenario will evolve at higher doses. Particularly, identifying
the onset doses for steady-state swelling around the peak swelling temperatures of RAFM steels requires high
dose neutron irradiation experiments in the intermediate temperature range from∼400 ◦C–500 ◦C. Dual and
triple ion beam results suggest fusion-relevant He andHwill accelerate the swelling in RAFM steels [306, 307].

Irradiation studies show exceptionally high swelling resistance of ODS steels as compared to FM steels
[308–310]. Figure 19(a) shows the superior swelling resistance of 14%Cr-based MA957 compared to RAFM
and conventional FM steels up to 500 dpa. The resistance to cavity swelling originates from the high density
of oxide nano-dispersoids that act as efficient point defect sinks that lower the defect supersaturation by
enhancing recombination at the matrix-dispersoid interface [49]. Therefore, the irradiation stability of the
nano-dispersoids ultimately controls the radiation tolerance of ODS steels. Until now, it was typically
considered that nano-dispersoids in ODS steels will be stable under thermal-ageing or neutron irradiations.
However, as detailed in section 2.5, experimental results on many neutron irradiated ODS steels show severe
structural and chemical instabilities in nano-dispersoids, including modifications of the matrix–particle
interfacial chemistry [224, 266]. Such degradation of the nano-dispersoids may compromise the radiation
tolerance of ODS steels, including resistance to dimensional stability, which requires thorough future
evaluation. Further research using advanced analytical characterisation tools is needed to fundamentally
understand the irradiation degradation mechanisms of ODS particles and its implications on radiation
tolerance.

5. Irradiation creep and creep–fatigue interaction

In addition to cavity swelling, another crucial dimensional instability phenomenon is creep, which can be a
combination of thermal creep or irradiation creep. It is well known that conventional FM and RAFM steels
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Figure 19. (a) Cavity swelling in ion irradiated and (b) neutron irradiated RAFM, conventional FM and ODS steels. For neutron
irradiations, the effect of He on swelling is simulated by B doping and 58Ni/60Ni isotopic tailoring technique. Data used from
[87, 99, 119, 199, 208, 308, 309, 311–317]. Figure (a) reprinted from [309], copyright (2014), with permission from Elsevier.

show poor thermal creep strength after 500 ◦C–550 ◦C, while ODS steels have a highly superior creep
performance. Irradiation creep acts in addition to thermal creep. Collectively, creep and swelling can induce
significant dose-dependent distortion of fusion reactor structures that experience variations in dose rate,
temperature or stress state [319]. Irradiation creep is one of the earliest reported radiation degradation
phenomena in materials [320], and phenomenologically is proportional to the displacement damage dose
and the applied stress with a weak temperature dependence between∼0.25 and 0.5Tm [321–325]. The
magnitude of steady-state irradiation creep can be empirically described by the following equation [326]:

ε̇= σ
[
B0 +DṠ

]
(1)

where ε̇ is the plastic strain rate per unit dose, σ is the applied effective stress, B0 is the creep compliance for
irradiation creep, D is the irradiation creep-swelling coupling coefficient, and Ṡ is the cavity swelling rate per
unit dose. Several studies on austenitic steels have also reported the existence of a transient low-dose regime
with relatively high irradiation creep [327, 328], but there is limited reported evidence for this transient creep
regime in FM steels. The typical reported creep compliance term for FM steels (including reduced activation
steels) is B0 ∼ 0.5× 10−6 MPa−1 dpa−1 [69, 305, 329, 330]. The swelling creep coupling coefficient (D) has
reported values near 0.006–0.025 MPa−1 for ferritic steels [329]. Considering the reported steady-state cavity
swelling rates in FM steels of 0.1–0.2% dpa−1 and much lower swelling rates in the lower-dose transient
regime [49], the irradiation creep of FM steels is typically dominated by the B0 creep compliance term in the
low-dose (lowswelling rate) transient regime and is dominated by the creep-swelling coupling term once
steady-state swelling is achieved. The overall plastic deformation associated with irradiation creep in FM
steels is relatively minor for fusion reactor design-relevant conditions (figure 20). For example, assuming an
applied stress of 100 MPa and a design dose of 100 dpa, the irradiation creep associated with the creep
compliance term (B0) is only∼0.5%, which is comparable to the linear expansion induced by heating the
steel component from room temperature to 500 ◦C. Significant anisotropy in the faulted dislocation loop
habit planes has been reported to occur in facecentered cubic alloys irradiated with applied stress (taken as
evidence for stress-induced preferential absorption of point defects, SIPA, being a predominant contribution
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Figure 20. Irradiation creep in 9%Cr steels. Data show stress normalised midwall creep strains for 9Cr–1Mo steel pressurised
creep tubes irradiated at nominal temperature of∼400 ◦C by fast neutrons in the materials open testassembly in the FFTF. The
data for 60 dpa hoop stress at higher doses show spurious results that should be ignored because irradiation creep should be
proportional to dose. Reprinted from [334], copyright (1994), with permission from Elsevier.

to irradiation creep) [331, 332], but evidence of the pronounced anisotropic loop habit plane behaviour has
not been frequently reported in FM steels, including the reduced activation variants.

There are mixed observations regarding the potential effect of high atomic densities of precipitates or
dispersoids on the steady-state irradiation creep levels in alloys. From standard rate theory calculations, a
high sink strength would be predicted to induce lower irradiation creep rates due to suppressed point defect
supersaturation levels. Paxton et al reported reduced irradiation creep in austenitic alloys with high
precipitate densities [325], whereas other austenitic steel studies have not observed a significant effect of sink
strength [206, 325]. The reported steady-state irradiation creep compliance for MA957 ODS ferritic steel was
comparable or slightly higher than the typical values for standard FM steel [333]. Additional experimental
irradiation creep data on FM steels with a wide range of dispersoid densities would be useful to better
quantify potential sink strength effects.

One important consequence of irradiation creep is that stress relaxation of components such as springs
and fasteners will inevitably occur in irradiated structural components [335]. This creates considerable
design challenges for secure fastening methodologies; the retained stress may decrease to∼10% of the initial
value after doses of∼10 dpa [328].

Strength degradation associated with combined plastic deformation from creep and fatigue is an
important consideration for structural materials exposed to non-static loads [336, 337]. Plastic deformation
during cyclic fatigue can produce a dramatic reduction in creep lifetime. In general, either time fraction
(stress-based) or ductility exhaustion (strain-based) approaches have been used to estimate creep–fatigue
failure criteria [338–340]. It has been noted that the traditional ASME boiler and pressure vessel section III,
Division 5 creep–fatigue methodology can produce very conservative predicted lifetimes in FM steels such as
modified 9Cr–1Mo steel [341, 342]. This may be due in part to the effects of cyclic softening and coarsening
of the FM steel microstructure during the fatigue testing; such effects may need to be taken into account for
more precise damage calculations [343]. Essentially nothing is known regarding the creep–fatigue behaviour
of FM and RAFM steels during irradiation, which remains a critical R&D gap to validate the application of
such steels in fusion environments.

6. Strategies to improve RAFM steel performance for fusion applications

For high-temperature blanket operations, the structural steels must possess good high temperature
mechanical properties. While ODS steels show excellent high temperature strength and creep performance,
the main drawback of RAFM steels is their thermal creep performance, which is inferior to that of
conventional steels like Grade91—which limits their maximum operating temperature at∼550 ◦C
[58, 299, 344]. To achieve a high thermal efficiency of the power conversion systems required for future
fusion power plants, there is a need for structural steels that can operate up to significantly higher
temperatures (up to 650 ◦C, possibly beyond) [345]. Therefore, there is an ongoing effort worldwide to
develop alternative RAFM steels with improved high temperature mechanical properties such as strength,
creep and creep–fatigue properties to allow for an extension of the operational temperature range
[3, 70, 346]. As mentioned in the introduction, the high temperature mechanical properties of RAFM steels,
in particular their thermal creep resistance, are due to their tempered martensite microstructure. Several
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Figure 21. Stress as a function of time to rupture for creep tests performed at 650 ◦C on CNAs [355], 9%Cr–3%W-B (3WhB)
RAFM steel [359] and Eurofer97 [360]. The data shown in this figure correspond to ausformed Eurofer97 tempered at 760 ◦C.
Comparison with creep data for baseline Eurofer97 [361], Grade91 and Grade92 [362].

features contribute to the strength of these steels at elevated temperatures, such as dislocation and lath/block
boundary hardening, solid solution strengthening and precipitation hardening [347, 348]. M23C6 carbides
and MX (M: metallic elements; X: C and N) carbonitrides are formed during tempering, while other phases,
for instance Laves phases, may precipitate during long-term operation at high temperature [347, 349–352].
The presence of fine coherent or semi-coherent MX particles is known to play a key role in the long-term
creep resistance at high temperatures of FM steels due to their slow coarsening rate by Ostwald ripening
[353]. Therefore, the strategy followed by alloy designers for certain advanced RAFM steels such as the CNAs
[3, 354, 355] is to increase the amount of MX compared to the volume fractions present in Eurofer97 or
F82H. CNAs strengthened by MX carbonitrides or MX carbides were developed, with a focus on
strengthening by carbides [355]. The chemical compositions of the ‘carbide-CNAs’ include Ti, in the range
0.11–0.16 wt.%, and the N content is restricted to less than 40 ppm, which promotes the formation of (Ti,
Ta)C carbides, while avoiding the formation of coarse TiN particles or the conversion of MN nitrides to
Z-phase nitrides with a high coarsening rate during long-term service at high temperature, a phenomenon
known to induce significant loss of precipitation strengthening [356]. The calculated equilibrium MX
volume fractions in the CNAs are up to 0.5%, significantly higher than the MX volume fractions in
Eurofer97 and F82H (<0.2%) [3, 354]. The CNAs were fabricated at laboratory scale (in batches of
0.7–23 kg), and their microstructures and mechanical properties were characterised in detail. In addition to a
high density of MX precipitates, especially in the carbide-CNAs [269, 355], these steels also show much
refined tempered martensite microstructures, i.e. smaller size of laths, packets, prior austenite grains as
compared to the microstructures observed for baseline RAFM steels. As a result, the CNAs exhibit increased
strength. For example, CNAs show up to 300 MPa higher yield stress than reference RAFM steels like
Eurofer97 or F82H when tested in the RT–800 ◦C range, at a cost of slightly lower total elongation [355, 357].
It is important to note that despite the increased tensile strength, Charpy impact tests reveal DBTT values
comparable to those measured on current RAFM steels, together with higher upper shelf energies (USEs). In
particular, the carbide-CNAs exhibit a high USE, which is tentatively attributed to the lower nitrogen and
carbon content [355]. Creep tests performed at 600 and 650 ◦C show that CNAs exhibit much higher creep
resistance compared to baseline steels such as Eurofer97 (see figure 21 and [355]). Figure 21 also suggests an
improved creep performance of CNAs as compared to Grade91, although additional data are needed for
confirmation. It should, however, be noted that better creep properties of CNAs versus other steels requires
further validation from long-term creep data, preferably up to 5000 h or higher.

Since ASME code approval of Grade91 in 1984, new 9%Cr FM steels with much improved creep
resistance have been developed [356, 358] such as Grade92 (see figure 20). Contrary to Grade91, Grade92 is
alloyed with W and with some B addition. The current 9%Cr conventional FM steels with the highest creep
resistance contain about 3 wt.% of W as well as B content up to about 140 ppm [75, 347]. To increase the
creep strength compared to Eurofer97, an approach followed in Europe was to investigate RAFM steel
compositions inspired by the best performing conventional steels, i.e. with 3 wt.%W and high B content.
However, due the low activation requirements, some elements, for instance Co, which among other effects
acts as an austenite stabiliser, could not be included in the selected chemical compositions. Therefore, to
somewhat mitigate the ferrite stabilising effect of high W content up to 3 wt.% and ensure a fully tempered
martensite final microstructure, the Mn concentration was raised from 0.5 wt.% as in reference Eurofer97 to
1 wt.%. Further, the N content was kept low to avoid the formation of coarse boron nitride particles, which
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would reduce the available B content and degrade the toughness properties. Boron has long been known to
have a beneficial effect on creep lifetime [363]. The loss of creep strength during long-term tests at high
temperature is correlated with the recovery of the tempered martensite microstructure, including the
subgrain structure, which is enhanced near prior austenite grain boundaries [347]. M23C6 carbides stabilise
the subgrains but become less efficient due to coarsening. Microstructural investigations such as atom probe
experiments have shown that B is enriched in M23C6 carbides in B-added steels [360–362] but not in other
types of precipitates. B enrichment is considered to decrease the coarsening rate of M23C6 carbides, thereby
enhancing the creep resistance of B-added steels, although the underlying mechanism is yet to be fully
understood [366]. As pointed out by Klueh [367], for use in a fusion reactors 11B should be used, as natural B
contains∼20% 10B, which transmutes during irradiation with the formation of He and Li. Regarding W,
high W content improves the creep properties, due in part to solid solution strengthening. However, during
creep at temperatures typically above 500 ◦C, Laves phase precipitation occurs in steels with supersaturated
W in solid solution. It was shown that fine precipitation of the Laves phase is beneficial as it decreases the
creep rate in the transient creep region, although subsequent coarsening of the precipitates induces a creep
acceleration [368]. Recently, creep tests were performed at 650 ◦C on an experimental RAFM 9%Cr–3%W-B
steel batch (known as 3WhB) designed in Europe [359]. While additional tests are needed to fully identify
quantitative trends, the early results are encouraging as they indicate that the investigated B-added steel has
higher creep resistance than Grade92 (see figure 21). However, in contrast to the CNAs, the 9Cr3WB RAFM
steel exhibits poorer impact properties than Eurofer.

An alternative strategy to improve the high-temperature mechanical properties is to apply
thermomechanical treatments (TMTs). These treatments usually involve nonstandard normalisation and/or
tempering conditions, in most cases combined with a controlled plastic deformation stage, such as warm
rolling in the metastable austenite domain (ausforming). This type of approach was used in the past for
conventional FM steels [75, 77, 369–371]. Following the early pioneering work of Klueh at ORNL [14, 74],
TMTs are also being further developed to improve the properties of RAFM steels (both baseline steels or
steels with optimised chemical compositions) [27, 346, 360, 369]. In many studies, a higher austenitisation
temperature than the standard values was used to enhance the dissolution of precipitates, especially MX
[77, 346, 360, 370, 372]. This is to target an increased number density of MX precipitates after tempering,
especially when tempering is performed at lower temperatures than the standard 750 ◦C–760 ◦C. However,
this type of treatment leads to a coarsening of the austenite grains, which can grow to very large sizes when
the selected austenitisation temperatures are high enough to induce complete dissolution of the MX
precipitates that cannot pin the austenite grains any further [372]. Ausforming is reported to modify the
martensitic microstructure both in the as-quenched and tempered conditions. For instance, in as-quenched
martensite, ausforming increases the density of dislocations, which act as nucleation sites for MX precipitates
during tempering and refine the sizes of martensite laths and subgrains [77, 369, 370, 373]. An additional
effect is to produce an anisotropic microstructure, with elongated grains in the rolling directions, and
texture, due to variant selection resulting from martensite transformation of deformed austenite [370, 372].
After tempering, in many cases ausforming is shown to modify the precipitate distributions, with increased
densities of MX precipitates and refined precipitate sizes [369, 370, 374].

In terms of the mechanical properties at high temperatures, TMTs induce a large increase in tensile
strength as well as a strong improvement of thermal creep resistance [75, 346, 360, 369, 374]. The fatigue
properties are also improved, although the cyclic softening phenomenon known to occur in FM steels is
typically not suppressed [75, 77]. An example of the effect of TMT on the creep properties of Eurofer97 is
shown in figure 21, where ausforming (hot-rolled with 40% thickness reduction at 650 ◦C and tempered 1 h
at 760 ◦C) exhibited a creep behaviour of Eurofer97 comparable to that of the CNAs. However, in contrast to
CNAs, ausforming degrades the impact properties compared to the reference Eurofer97 in the standard
metallurgical condition. Tempering at lower temperatures (720 ◦C) may result in much longer creep
lifetimes, but at the cost of a further degradation of the impact behaviour [360]. Other drawbacks of TMT
are the induced texture, elongated grains and associated anisotropy of mechanical properties. Finally, it
should also be pointed out that the fabrication of breeding blankets (BB) for future fusion reactors will likely
involve many welding operations. Therefore, the suitability of using RAFM steels subjected to TMT for BB
fabrication is questionable, since the effect of TMT will likely be lost after welding, especially after several
welding operations and post-welding heat treatments.

FT improvements of RAFM steels by TMTs combined with minor alloying chemistries has been
attempted, for example in the mod3 variant of F82H [20] and some variants of Eurofer97 [62]. While the
mod3 variants showed improved mechanical properties in the non-irradiated condition and seem to show
slightly better FT properties after high dose neutron irradiations [100], the variants of Eurofer97 fabricated
with TMTs showed only modest improvements in the neutron irradiated FT and tensile properties [64, 66].
While harder under-tempered steels designed to target improved high-temperature properties naturally
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Figure 22. Diffusivity of deuterium in FM, RAFM and ODS steels. Reprinted from [384], copyright (2021), with permission from
Elsevier.

show poor LTHE susceptibility [62, 66], only TMTs targeting prior austenite grain size reduction showed
some promise regarding improved LTHE behaviour [63, 66]. It remains challenging to develop alloys that
show improved resistance to radiation hardening/embrittlement while simultaneously showing better
high-temperature creep.

7. Tritiummanagement

In DT fusion reactors, tritium management is essential to minimise tritium loss to the coolant and release to
the environment through the steam generator, and to minimise the amount of tritium inventory in the
fusion reactor. Therefore, tritium permeation and inventory are key issues in fusion development [375, 376].
Since hydrogen permeability is generally known to be high in ferritic steels, the tritium permeability of
RAFM steels and their ODS counterparts have been actively studied [377–384]. Tritium permeation of
ferritic ODS steels (from the nuclear fuel pellet to the cooling water in fission reactors) has also been studied
due to the interest in ferritic ODS steels as a candidate for accident-tolerant fuel cladding [385, 386]. It is
observed that hydrogen diffusion in RAFM steels is generally comparable or better than in other martensitic
steels, while higher Cr concentration results in lower permeability [378, 380, 384], and it has been pointed
out that grain boundaries, including martensitic lath boundaries where Cr carbides precipitate, may serve as
hydrogen trapping sites. The effect of surface oxidation has also been noted as a major factor in lowering the
permeability [381], and the permeability of ODS steels has been reported to be much lower than that of
RAFM steels. Some studies suggested that the ODS grain surface (or oxide/matrix interface) may be a further
hydrogen trapping site that causes overall lower diffusivity [379, 385].

Figure 22 compiles the data on various RAFM, FM and ODS steels, where the diffusivity of different ODS
steel varieties is compared to Grade91, two CNA variants and Eurofer97 using deuterium as a surrogate for
tritium [384]. The lower diffusivity (higher retention) of deuterium in ODS steels is evident, and is presently
attributed to the positive interaction and trapping of hydrogen with the high grain boundary density (due to
the smaller grain sizes), dislocations and most importantly with the strengthening particles, postulated both
experimentally [384, 387] and theoretically [388]. This trade-off issue, where the finer microstructure of
ODS steels traps more hydrogen, but on the other hand is beneficial for helium embrittlement, requires
further analysis to find the right balance of properties. If too much tritium remains trapped in ODS steels
during in-service applications, it may pose risks to safety and operations, which requires scrutiny. Of
particular potential concern is the possibility of dramatically enhanced tritium trapping at radiation-induced
He-containing cavities preferentially located at the interfaces between ODS particles and the matrix (in
addition to the H isotope trapping at dispersoid interfaces observed in non-irradiated materials) [50, 303].
Future research should focus on this critical topic, including understanding the tritium retention
complexities in this class of materials in the presence of radiation damage (particularly in the void swelling
regime) that are presently not well understood.

It should be noted that the permeation environment may influence the permeation behaviour. While
many permeation studies have used a vacuum downstream to permeate hydrogen, it has been reported that
an Ar gas atmosphere can alter the oxygen potential and affect the chemical form (gas or water) of the
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molecules released from the surface, affecting the final permeation rate [382]. It has been reported that the
molecular form of hydrogen released from the surface in ODS steels is the gaseous molecular form due to the
high stability of the Cr2O3 surface.

8. Need for advanced characterisation andmultiscale modelling

8.1. Advanced characterisation
Advanced characterisation of the microstructure is required for improving alloy designing activities in
support of fusion energy [389]. Advanced characterisation of the microstructure and elemental distribution
at the near-atomic scale is also required to understand the different irradiation degradation scenarios in
RAFM and ODS steels, caused by either formation of second-phase precipitates and solute nanoclusters,
extended interstitial-type/vacancy-type defects or changes induced by He or tritium present in the material.
Many examples are available in the literature, in which advanced characterisation tools have improved the
understanding of the structure and chemistry of defects, with the predominant characterisation tools being
APT, TEM and STEM combined with analytical techniques such as EDX and electron energy loss
spectroscopy (EELS), small angle neutron scattering (SANS), and more recently transmission Kikuchi
diffraction. Tools such as APT and analytical STEM are a necessity because the chemistry of RAFM and ODS
steels will evolve in-service, either by nuclear transmutation or by radiation-induced clustering of elemental
species. The three-dimensionality of the analysis and the capacity to resolve the chemical identities of atoms
with APT, even at extremely dilute concentrations, or of very light species that are not easily distinguishable
via electron microscopy, help us understand the contribution of different chemical phenomena to the steels’
thermo-mechanical response. As an example, the potential deleterious effect of Mn–Si and Cr–Mn–Si–P
co-clustering on LTHE in RAFM steels was only discovered recently when APT experiments were performed
on neutronirradiated materials (figure 12), which explained the extra experimental hardening detected in
these alloys compared with dispersed barrier hardening model predictions [177]. Access to other
complimentary analytical tools like STEM-EDX with modern data analytics like MVSA collectively aid in
presenting a detailed picture of fusion structural steels’ irradiation-driven chemical phenomena. However,
because of the strengths and weaknesses of individual techniques, no single technique can solve the problems
associated with fusion structural steels. Therefore, combinations of two or more techniques need to be
applied in order to get a more complete picture, including the composition, morphology and distribution of
radiation-induced defect features. For example, STEM-EDX spectrum imaging (with or without MVSA)
usually presents an excellent picture of embrittling microstructural features like solute nanoclusters in steels
(figure 13(c)), but the analysis is often qualitative because of the nanoscale features being embedded in a
matrix containing similar elements as in the defect, thereby requiring quantification by APT. Combined
analytical STEM and APT analysis of radiation-induced/enhanced solute nanoclustering is needed to
understand the complex LTHE scenario in ODS steels, where irradiation hardening is detected up to very
high temperatures (figure 11). Scattering techniques such as SANS that can probe the variances of length
densities within a material have the advantage of yielding information from a relatively large volume of
material; thereby the data derived from SANS are considered to be from the ‘bulk’ of the material
[183, 390, 391]. A quantitative understanding of the Cr-rich embrittling α′ phase in Fe–Cr-based steels is
largely derived from combined APT and SANS studies [390]. It should be noted that while accurate
quantitative prediction by SANS requires some prior knowledge of the features, combined STEM, APT and
SANS investigation studies regarding embrittling features in RAFM and ODS steels are not nearly as vast as
for other widely studied steels that are also prone to LTHE, such as RPV steels [183, 392]. Learnings from
RPV steels also suggest that the quantification of vacancy-type defects that are below TEM’s resolution limit
is necessary to present a full picture of the steels’ microstructural evolution scenario [183]. Given that the
formation of solute nanoclusters causing hardening-embrittlement often requires vacancies, tools like
positron annihilation spectroscopy are needed to quantify the vacancy defects and develop a
phenomenological understanding of microstructure evolution in neutron irradiated RAFM and ODS steels.

The radiation tolerance of structural materials is inherently dependent upon the stability of the high
density of point-defect sinks such as the MX phase in RAFM steels or nano-dispersoids in ODS steels.
Central to this is how the composition of these nanofeatures and structures modified by irradiation may
affect the bulk performance. While the MX particles are generally considered radiation-tolerant [393, 394],
the stability of different oxide nano-dispersoids under neutron irradiation remains an open debate. Figure 14
suggests that oxide nano-dispersoids can suffer from drastic structural–chemical changes in real high dose
neutron irradiation environments. While the true origins of such complex transformations in ODS particles
are presently unknown, they are expected to be driven by multiple synergies under neutron irradiation
(including transmutation effects) that may often not be well represented by high dose rate ion irradiation
experiments, where nanoprecipitates are susceptible to ballistic dissolution [195]. Such degradation as in
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figure 14 of ODS particles may not be easily distinguishable by conventional characterisation techniques and
requires analytical STEM or high-resolution TEM/STEM studies. More neutron irradiation studies over a
wide range of doses and temperatures followed with high-resolution characterisation in post-irradiation
examination is required to develop a thorough understanding of the instabilities in both nano-oxide particles
and MX-type precipitates. It should be noted that most studies examining the oxide particles have used APT.
But due to trajectory aberrations during the field evaporation of oxides, obtaining accurate compositions can
be challenging, and necessitates performing both APT and STEM investigations. In ODS-Eurofer97, APT
was used to examine the composition of the nano-dispersoids, and it was found that the metal:oxide ratio
(Y,Mn,Si:O) was around 3:2 [395]. In a high-resolution TEM study of nano-dispersoids in ODS-MA957, the
structure was postulated to be that of a Y2Ti2O7 pyrochlore phase [396]. This phase results in a M:O of
4:7—the inverse of the M:O ratio calculated in the characterisation of the ODS-Eurofer97. At this stage it is
also important to acknowledge that the proposed structures of A2B2O7 or A2BO5 pyrochlore phases for the
nano-dispersoids can be thermodynamically stable in non-stoichiometric ratios, and can in particular
accommodate significant structural vacancies [397, 398]. Given the propensity of the pyrochlore (and
perovskite) phase to accommodate vacancies and additional elements [399, 400], measurement of the
compositions of the nano-dispersoids can be challenging due to the errors/aberrations inherent to the
techniques used for the observation, e.g. APT and STEM.

Regarding the effect of He, the accumulation within the matrix and on grain boundaries as cavities
causing embrittlement requires dedicated studies using advanced characterisation tools [401]. While the
classical method of quantifying the size and number density of He-induced cavities is using the Fresnel
contrast in TEM [402], the content of He within cavities is a key question that has serious challenges. This
quantification, if possible, would help to identify the early stages of potential He-induced
hardening-embrittlement or to identify the key underlying He migration mechanisms in RAFM and ODS
steels having complex microstructural features as compared to simple bcc Fe or Fe–Cr alloys. The use of
EELS in situ of a STEM offers the possibility of determining the He concentration [403]. Using this
technique, the He 1s signal is located within the low-loss region of the energy loss spectrum (∼15 eV
depending on the material). This is co-located with the plasmon peak and therefore obtaining sufficient
signal-to-noise to deconvolve the plasmon and He 1s signals is critical. Early research on He bubbles, for
example in He-implanted SiC, showed that during data capture, the He signal decreased with increasing
electron exposure [404]. This was ultimately attributed to the energetic electrons knocking out He from the
cavity during observation. Surface plasmons should also be accounted for when attempting to quantify He
concentrations using STEM-EELS techniques. With the advent of monochromated aberration-corrected
STEMmicroscopes, the EELS energy resolution improvements below sub-10 milli eV are now possible [405],
and hold promise to significantly improve the signal-to-noise ratio for quantifying He inside bubbles in
fusion structural steels. This quantification is necessary not only for RAFM steels but also for ODS steels that
can sequester He through trapping at the nano-dispersoids [406, 407]. As the He accumulates around the
particles, it is unclear how the defect trapping efficiency of the matrix–particle interface may evolve.

8.2. Multiscale modelling
Modelling must play a critical role in alloy designing, in the planning and interpretation of irradiation
experiments, and in the design of in-vessel components for fusion reactors. Regardless of the choice of
structural and functional materials, it is unlikely that experimental testing alone will provide sufficient data
to predict all aspects of engineering performance in future fusion builds. The challenge for modelling is to
integrate and extrapolate from fundamental approaches at small length and time scales out to
engineering-relevant predictions of performance at the reactor scale (size and operational time); this requires
a so-called multiscale approach [408].

A key aspect of this integration concerns using predictions based on the fundamental nuclear physics of
how neutrons interact and change matter in models that can elucidate the consequences for material
behaviour associated with those fundamental reactions, including aspects related to transmutation and
damage. Modern computational tools can simulate the propagation of neutrons through models of fusion
reactors. These ‘transport simulations’ provide instantaneous neutron fluxes and energy-spectra but cannot
easily consider the temporal effects (e.g. transmutation, swelling, functional changes) due to the
computational expense of representing reactor geometries and propagating neutrons, usually via statistical
Monte-Carlo methods, through metres of material and undergoing dozens of interactions (each). However,
these simulations can be used to help predict the (structural) damage creation events in materials during
reactor operation—by recording the energies of the recoiling atoms that undergo collisions with the
neutrons. In practice, this is a little used feature of transport simulations, which often does not go beyond,
from a damage perspective, the simple dpa measure of damage dose. Alternatively, moving beyond dpa [409]
can begin with evaluation tools such as SPECTRA-primary knock-on atom (PKA) [410, 411], SPECTER
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[412] or dedicated event-generator codes such as PHITS [413, 414], can calculate the distribution of recoil
events, the so-called PKAs, which can be subsequently used in modelling to predict the creation and
evolution of microstructural damage; for example, using the method of cluster dynamics [415]. In the case of
alloys, including steels, codes such as DART [416] can even account for compound effects, where the total
damage dose is not merely a linear combination of the evaluated damage in matrices of the individual
elements making up a compound [417].

The same input nuclear data used in transport simulations (or PKA evaluations), describing how the
neutrons interact with matter, and combined with the ‘zero time’ neutron fields from the transport
simulations, can be used to perform inventory calculations, which model the time evolution in material
composition (the transmutation or ‘burn-up’). For example, figure 23 and the associated video file (available
online at stacks.iop.org/JPEnergy/4/034003/mmedia) show the output of such a simulation, performed with
the FISPACT-II inventory code [418] for Eurofer97 steel during a two full-power year irradiation in a typical
first-wall fusion environment for EU-DEMO. These data, either at the individual nuclide/isotope level in the
chart of the nuclides-style tableau [419] in the figure/video, which is particularly important for
understanding the radiological response of materials, or at the elemental level (e.g. as shown in the line graph
in the figure) must be included in any multiscale modelling framework. Of particular significance in
figure 23 is the prediction of the production of He and H, which is calculated to be much higher in fusion
compared to fission [56], due to the higher production probability (cross-section) of key gas producing
neutron reaction at DT fusion neutron energies. Section 3 discussed the implications of high He production
rates in RAFM steels.

Beyond the fundamental nuclear physics aspects, modelling of complex alloys like RAFM and ODS steels
is challenging. However, there have been recent advances in the multiscale modelling formalism of fusion
materials, including on Fe–Cr alloys (which are the most simple representatives of RAFM/ODS steels), where
both modelling and supporting experiments on these binary (or sometimes ternary) systems are seen as a
step on the path to being able to model the full complexity of engineering steels. Soisson and Jourdan [420]
reproduced the experimentally observed radiation-enhanced diffusion (RED) in low-flux irradiation of
Fe–Cr alloys, which leads to segregation of Cr and embrittling α′ formation, using atomistic kinetic Monte
Carlo simulations. Phase-field modelling [421], meanwhile, demonstrated that both RED and cascade
mixing must be included to explain the formation of α′ phase in Fe–Cr exposed to ion irradiation. Balbuena
et al [422] confirmed, via Object kinetic Monte Carlo (OkMC) simulations, that segregation and
precipitation in Fe–Cr is driven by the populations of defects—the vacancies and self-interstitials—created
by irradiation. Modelling of how structural damage evolves in alloys beyond the initial formation of damage
in individual cascades has also progressed. For example, OkMC has been used to study the microstructural
evolution of irradiated Fe–Cr alloys. Chiapetto et al [423, 424] used OkMC to show that irradiation-induced
swelling is strongly dependent on Cr content, allowing interpretation of the experimentally observed
suppression of swelling in the presence of Cr [88, 425], while showing that too much C might negate the
benefits produced by Cr. However, further work, even in the relatively simple binary Fe–Cr case, is still
needed; for example, the complete phase diagram as a function of temperature for this system is still
uncertain [426]. Translation of the fundamental modelling of phase separation in simple systems needs to
evolve to incorporate complicated microstructures and differing chemistries typically encountered in steels
that may explain other deleterious features contributing to the degradation of steels under irradiation (such
as the clustering detected in neutron-irradiated RAFM and phase instability in ODS steels shown in figures 12
and 13). Such activities are crucial given the evolving chemistry of steels under irradiation (figure 23).

There have also been recent significant improvements in modelling and interpretation of behaviour in
simple, one-component systems, and this is where multiscale modelling is beginning to provide an
understanding at the engineering scale. Dudarev et al [427] developed an approach that exploits elasticity to
evaluate the strains, stresses and swelling in nuclear components based on considering the relaxation volume
of radiation-induced defects, which can now be applied, via finite element analysis, to real engineering
designs of fusion components using information about damage events predicted by nuclear transport codes
[428]. As discussed in the next section, constitutive models based on the experimentally measured properties
of RAFM steels are helping to generate a first-hand impression of the mechanical response of FNSF
components at engineering-relevant levels—such component scale modelling via the finite element method
requires input from atomistic and microstructure models.

Even atomistic simulations (mainly molecular dynamics or MD), while still limited in scale (time and
space), are at least now able to produce statistically significant databases of damage cascades, for example in
Fe, that can be exploited to understand cascade overlap behaviour at higher doses [429, 430]. Furthermore,
alternative atomistic simulations based on the creation reaction algorithm approach can model very high
irradiation doses (approaching reactor-relevant doses) by exploring the steady-state equilibrium
microstructure of defects created at longer operational timescales [431], and thus begin to explore
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Figure 23. Transmutation response of Eurofer RAFM steel in a typical fusion first-wall environment. The graph and the
embedded video show the elemental evolution of the composition during two full power years of exposure in DEMO. The nuclide
chart tableau [419] shows the nuclide composition distribution at two years, demonstrating the creation of many additional
nuclides not present in the original composition (original nuclides indicated by the ∗ symbol). A video file showing the time
evolution of isotopes can be found separately attached.

phenomena that could not previously be explored, such as macroscopic strains [432]. However, despite this
progress at the atomistic level, which is a key component of any multiscale modelling framework [419], there
is still a gap between capabilities that allow single elements or simple binary systems, such as Fe–Cr, to be
modelled, and the fidelity that would be required to consider the full complexity of RAFM steels. A
promising avenue that could provide a solution is the use of machine learning to develop descriptions of how
atoms interact. First-principles calculations, subject to length scale constraints, can model structures in
multi-component alloys such as Fe–Cr–Mn–Ni alloys [433]. But there remains a challenge when using such
information to parameterise a potential that can reproduce these density function theory-predicted
equilibrium structures and thence provide predictive modelling capabilities for dynamic scenarios. Machine
learning has recently been shown capable of bridging the gap between quantum and classical (MD) methods
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to provide accurate potentials for other elemental systems for fusion applications such as W [408, 434]. The
method demonstrated could be applied to multi-component systems if sufficient training configurations can
be generated from first principles, and thus allow for atomistic simulations with predictive modelling
capability to support the future development and characterisation of fusion structural steels in multiscale
frameworks combining a variety of techniques at various scales.

9. Design challenges for fusion reactors including FNSF

The engineering design of fusion core components, including FW/B structures (RAFM/ODS steels),
divertors, radio-frequency launchers and diagnostic apparatus, requires an entirely new approach to
assessing viability and reliability in an FNSF. The complex environment of plasma, neutrons and gamma
rays, stress, temperature, transmutation products, and magnetic field combined with loading on the
functionality of these components creates an enormous challenge to standard engineering approaches. One
critical aspect is that fusion in-vessel components will have their material properties degrade over a relatively
short time (∼2–5 years), due to both the irradiation environment and their operating conditions—to the
point where they must be replaced. This provides some relief to requiring that a component survive for an
entire fusion power plant lifetime. However, some components behind those close to the plasma will be
lifetime components (e.g. vacuum vessel), and their degradation will have to be much weaker.

For a fusion power plant design to be successful, component design and materials science (including
irradiation effects) must be integrated, with non-irradiated and irradiated property data and failure modes
feeding into macroscale models with realistic geometries, temperatures and stress-driven thermo-mechanics
analysis. Furthermore, correlating microstructural characterisations to macroscopic property changes is
essential to producing efficient and accurate projections of component performance throughout its life. A
deep fundamental understanding of the various irradiation environments (using ions, fission neutrons and
fusion neutrons) is needed to provide a useful translation to accurate predictions of material degradation
scenarios. For fusion in-vessel components such as the FW/B, a major complexity is introduced due to the
anticipated strong variations in radiation parameters with the distance from the plasma. For example, the
neutron dose, He production and H production all vary at different rates through the depth of the blanket.
The neutron energy spectra that the fusion core structural materials in FNSF must endure can be seen in
figure 24, for the FW, the vacuum vessel and the toroidal field coil case [435]. Here, the 14.1 MeV maximum
neutron energy peak is evident, but the FW and regions behind it will experience a broad neutron energy
spectrum. In order to show the nuclear impacts, the dpa, He and H production rates through the radial
depth of an FNSF blanket modelled using F82H steel are shown in figure 25 [436]. The neutron dose is at a
maximum at the FW and decreases with the radial distance into the backend outboard breeding zone. The
He production rate decreases much faster than the neutron dose rate, indicating that the FW/B steel
structures in FNSF will experience varying He/dpa ratios along the depth from the plasma-facing wall. A
similar situation is also anticipated for DEMO [55]. Further, temperature variations are expected based on
the differentheating and cooling strategies, and the stresses will vary depending upon the coolant pressure
and temperature [54]. Moreover, fusion utilises large permanent magnets to confine the plasma, potentially
providing 3–15 T depending on the confinement approach, and it is not clear how the forces due to the
magnetic fields will affect irradiation damage evolution. The H production rate inside the steels may become
a concern if it is trapped and unable to diffuse out—a situation that might be aggravated in advanced
nanostructured steels with high densities of precipitates that can trap gaseous species (like ODS steels).

A consequence of the spatially-dependent dpa and gas production rate is that the corresponding
thermo-mechanical properties of the component will vary from location to location as one moves through
the blanket. Shown in figure 26 are sections of an FNSF blanket with the Von Mises stress and temperatures,
highlighting the significant variations expected throughout the blanket. Due to the difficulty in performing
neutron irradiations inside the limited volumes of MTRs with controlled large spatial variations in
irradiation parameters and simultaneous applied stresses, robust macroscale constitutive modelling is
required that can incorporate such variables to predict FW/B degradation. Recent research to develop
constitutive relations for the σYS, σUTS and swelling [437–440] show a strong effect of non-uniform dose/gas
generation on FNSF’s RAFM steel blanket performance [439]. Consistent with the neutron irradiation
results, the macroscale modelling shows severe hardening of the blanket for temperatures <400 ◦C (expected
at the backend) over a range of doses up to 80 dpa, and softening for temperatures >400 ◦C (towards the
plasma-facing end) [439]. Such spatially varying material properties will significantly re-distribute stresses in
the blanket calculated in the absence of irradiation. When the depth-dependent non-uniform neutron dose
is incorporated, a drastic modification of stress states and deformation modes in the RAFM steel blanket
sub-model can occur as compared to the results when through thickness uniform irradiation parameters are
assumed [439]. The spatially-dependent swelling and plasticity parameters because of the steep gradient in
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Figure 24. Neutron energy spectra in the outboard first wall, the vacuum vessel, and the toroidal field magnet coil case for the
FNSF design [54], showing the significant attenuation of neutrons and broadening of their energy spectra (adapted from [435]).
Courtesy of L El-Guebaly, University of Wisconsin–Madison.

Figure 25. Radial distribution of dpa, He and H production versus depth into the outboard (OB) blanket of FNSF, in F82H steel,
showing the strong gradient in production rate of these quantities. FPY= full power year, FW= first wall, BZ= breeding zone.
Reprinted from [436], copyright (2018), with permission from Elsevier. CC BY-NC-ND 4.0.

neutron dose and He generation rate in an FNSF blanket module (∼14.8 dpa yr−1 at FW, dropping to
0.24 dpa yr−1 at the back end) are expected to cause displacement gradients in the blanket (figure 27).
Consequentially, the stress and effective plastic strain of the blanket increases as compared to assuming
uniform irradiation conditions, thereby necessitating thorough failure mode analysis of individual blanket
sections separately [439]. These efforts are critical to allow proper thermo-mechanical design of fusion core
components. However, the constitutive models are inherently reliant upon robust experimental data under
relevant exposure conditions as input to ensure accurate predictions. Since the microstructure features after
irradiation determine the large-scale properties, understanding the specific microstructural defect feature’s
impact on the property changes is needed to develop a bottom-up approach for designing fusion
components. The characteristics of the microstructural features will likely be influenced by the variables
present in the exposure conditions, including gradients in stress, temperature and gas production rates (and
potentially magnetic field) that currently require experimental validation under neutron irradiation
conditions to support empirical constitutive models for property prediction.

The more advanced variants of RAFM steels utilising a high density of precipitates have been shown to
sequester He [190, 269, 302] and also simultaneously benefit from higher strength as a function of
temperature [355]. A major benefit of such advanced steel variants is that the component lifetime
(characterised by maximum allowable dpa and He-induced property degradation) may be longer and higher
stress levels may be sustained at the upper end of the operating temperature range. This latter property can
potentially allow higher operating temperatures that will improve the thermal conversion efficiencies for
electricity generation. The maximum component lifetime will also determine how often the fusion core
components are replaced, which is expected to require a major remote maintenance activity that will (a) be
costly, (b) impact power-plant availability and (c) affect the radioactive waste volume produced.

Other environmental factors like corrosion can ultimately compromise the material integrity in any of
the fusion in-vessel components. For both the lead–lithium liquid metal breeder and the lithium ceramic
oxide solid breeder concepts, corrosion remains an issue with the RAFM steels [441–443]. Since the
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Figure 26. Von Mises stress (top) and temperature (bottom) for a section of the RAFM steel inboard blanket for the FNSF [54].
Variations throughout the blanket will create differing background fields within the materials. On the stress figure, the striations
are from high pressure helium coolant channels.

Figure 27. Effect of spatially varying dose and swelling on displacement gradients of free side walls in an FNSF blanket sub-model
designed from F82H steel. (a) Case of uniform irradiations up to 90 dpa and uniform swelling. (b) Spatially varying swelling and
neutron dose—14.8 dpa yr−1 in FW near-plasma region and progressively dropping to 0.24 dpa yr−1 at the back end (88.9 dpa to
1.4 dpa). Reprinted from [440], copyright (2021), with permission from Elsevier.
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mechanisms are chemical, the temperature plays a central role and can limit maximum operating
temperatures based on phenomena occurring at the solid–solid or solid–liquid material interface. In the case
of a liquid breeder, the flow speed and magnetic field are also important factors [79], and for the solid
breeders the chemical composition of the purge gas will be important. The 9%Cr-based RAFM steels are
‘stainless FM steels’ that benefit from corrosion resistance due to the protective Cr2O3 (chromia) layer on the
surface. But Al2O3 (alumina)-rich protective surface layers in steels show improved corrosion resistance in
general, and specifically in lead–lithium environments [444, 445]. Based on this well-known behaviour,
Al-added steels using the Fe–Cr–Al system hold promise to mitigate corrosion issues in fusion environments.
A metallurgical limitation is that both Cr and Al are ferrite stabilisers, resulting in a body-centered cubic
(bcc) ferritic microstructure up to the melting point. In the absence of α–γ phase transition, Fe–Cr–Al-based
steels may not obtain a tempered martensitic structure. In other words, fusion steels for enhanced corrosion
resistance may either rely on a fully ferritic Fe–Cr–Al-based matrix (including Fe–Cr–Al-ODS) [445, 446] or
RAFM steels with deposited Al coatings [447–449]. With the lack of neutron data, such materials require
systematic evaluation under fusion-relevant irradiation conditions. It should be noted that blanket designs
are complex, and will often have other integrated materials for various functionalities, such as thermal
and/or electrical insulators, coolant channels (expected to be ceramics like SiC), tritium permeation
barriers/corrosion barriers, and fluids (e.g. lead–lithium) that may collectively create a complex situation
where they allow degrading interactions between the different material types that needs to be understood
(e.g. ferritic steel and SiC [450]).

At the first-wall surface facing the burning plasma, it is typical for a low physical sputtering and high
melting temperature material to be used (e.g. tungsten), which will be adhered to an RAFM structure of a
blanket or radio-frequency launcher, for example [1, 54, 451, 452]. These layers are thin,∼0.2 mm, but
provide protection against plasma transients, and otherwise do not significantly affect the structural or
thermal performance of the component. However, the interface between RAFM structures and thin layers
such as of tungsten under various loading conditions may degrade, and their behaviour in a neutron
environment is entirely unknown. Due to the difficulty in joining tungsten to an RAFM steel substrate,
long-term research requires developing graded materials to remove the interface and improve the thermal
properties of the structure (e.g. thermal conductivity). In fact, RAFM steel’s rather low thermal conductivity
makes it challenging to design efficient cooling structures in the first wall of a blanket or a divertor, that can
handle multi-MWm−2 heat loading due to the combination of structural needs of pressurised coolants,
operating material temperature limits, and coolant properties. Although many refractory metals have better
thermal properties, they are typically not acceptable materials for structural loading. It should be noted that
tungsten is expected to receive lower dpa and lower He and H production rates relative to RAFM steels
(5 dpa, 2.5 appm He, 10 appm H per full power year at the first wall).

Overall, structural materials for the fusion core including the FW/B necessitate the development as a
combined effort between materials science and engineering design, involving thermo-mechanics, coolant
thermohydraulics, tritium behaviour and neutronics. Simple design criteria are likely to become challenged
by the strong interactions of an evolving material and multi-element environment, although they may
remain the first step in design in any material-design qualification efforts. It is paramount that at least
thermo-mechanics include irradiated property data of structural materials such as RAFM steels in design
assessments as a routine, and that the fusion materials database is established even if it is an early
manifestation of an engineering qualified database.

10. Conclusions and recommendations

(a) Understanding irradiation hardening: RAFM steels offer better radiation tolerance, such as
void-swelling resistance, as compared to austenitic steels. One of the biggest technical challenges is
associated with LTHE under irradiation for operating conditions envisaged in all blanket concepts.
LTHE results in an increase in hardness/yield stress (σYS), severe loss of tensile ductility, loss of
strain-hardening capacity, reduction in necking ductility, and a loss of FT with the shift in DBTT to
higher values. This phenomenon, which is most severe for T irr < 400 ◦C and rises sharply for
T irr ⩽ 350 ◦C, is historically attributed to the dislocation loops; but neutron-irradiated microstructure
results increasingly show the non-negligible deleterious contribution of irradiation-induced/enhanced
clustering of alloying elements such as Mn–Si–P, along with Cr. Quantification of chemical phenomena
under irradiation is therefore essential to develop a proper fundamental understanding of LTHE in this
class of materials, necessitating irradiation research guided by advanced characterisation, mechanical
property testing and multiscale modelling. Under tensile loading conditions, irradiation hardening
saturates around∼15 dpa in RAFM steels, highlighting better performance compared to conventional
FM steels that show signs of saturation at doses of >30–40 dpa when T irr < 350 ◦C. Similar to the

36



J. Phys. Energy 4 (2022) 034003 A Bhattacharya et al

saturation in hardening, DBTT shift also saturates with neutron dose and it roughly correlates well with
σYS increase of RAFM steels.

(b) Test temperature effect on hardening: Irradiation hardening, measured as an absolute or percentage
increase in yield stress (σYS), is not only a function of the neutron dose and irradiation temperature but
also depends on the test temperature—higher hardening will be measured at lower test temperatures,
highlighting that a fixed value of∆σYS must not be assumed over the envisaged range of FW/B
operating temperatures.

(c) Loss of ductility: The total elongation in RAFM steels remains acceptable (∼5%) up to higher doses
(>70 dpa). The uniform elongation reduces severely for doses as low as∼0.5–1 dpa and saturates at very
low values (<0.5%–1%) by∼3–4 dpa. This means the primary ductility remaining in irradiated RAFM
steels is necking ductility. The tensile failures remain largely ductile with high (>50%) RA values for
doses >70 dpa.

(d) RAFM steels alloy design strategy to minimise LTHE: To minimise LTHE including the problem of
immediate flow localisation, alloy development should focus on designing steels with a large separation
between the σYS and plastic instability stress (σPIS) to ensure a large work hardening margin and
uniform deformation capability are retained after irradiation. If LTHE improvement is the primary goal,
then improvements in σPIS should not be achieved at the cost of highly increased σYS. While harder
RAFM steels typically show better creep properties, their FT before/after irradiation will generally be
poor, meaning a poorer LTHE performance. Moreover, the concentrations of elements prone to
radiation-induced clustering/segregation such as Mn–Si–P should be minimised in the steels.

(e) LTHE in ODS steels: The FT of current-generation ODS steels in non-irradiated conditions is typically
worse than that of RAFM steels. After neutron irradiations, the ODS steels are not as highly resistant to
LTHE as sometimes claimed. Depending upon the details of the alloy, these materials can harden nearly
as much or even higher than RAFM steels under neutron irradiation, especially at higher doses >40 dpa
and up to∼80 dpa. An emerging concern is that recent neutron irradiation results show significant
hardening in 12%–20% Cr ODS steels after neutron irradiation for temperatures as high as
400 ◦C–500 ◦C, where RAFM steels do not typically show much of an LTHE problem. The higher
retained hardening in ODS steels reflects the relatively worse FT properties after irradiation, due to
which it is likely that the lower operational temperature limit envisaged for thick-walled ODS
components may have to be higher than 350 ◦C. This may pose a significant design challenge because
the safe operational temperature window envisaged for ODS steels may shrink for fusion applications.
Many of the LTHE issues reported in the literature appear to be associated with solute additions (not
directly an ODS particle phenomenon), although there are some synergistic nucleation effects. For
example, the reason for the higher retained hardening in ODS steels originates from
radiation-accelerated phase instabilities in the alloys, including the formation of embrittling Cr-rich α′

precipitates and co-clustering of other alloying elements to form other embrittling phases (such as the
Ni–Ti, Al–Ti or χ phase).

(f) Need for additional neutron irradiations on ODS steels and interlinked alloy designs: Data on LTHE
in ODS steels are still largely sparse compared to FM steels, and dedicated future experimental studies
are needed. With advanced characterisation techniques, emerging neutron irradiation data also suggest
significant deterioration of the oxide particles after neutron irradiations. A fundamental understanding
of the effect of oxide particle deterioration (combined with the effects of phase instabilities) on ODS
steels’ thermo-mechanical properties is needed in future studies. For ODS alloy design, minimisation of
LTHE susceptibility should be targeted, which means a lean ODS steel is the likely the path
forward—the Cr concentration should be reduced (8%–10%) to minimise the α′ embrittlement, and
the concentration of other elements that could cluster under irradiation should also be minimised in
conjunction. In addition to the LTHE problem, questions remain regarding tritium retention due to
trapping by nanofeatures in ODS steels (and high sink strength materials in general). This may pose
risks to fusion power plant design if tritium is unable to diffuse out—raising safety concerns.

(g) Helium effect on LTHE: The influence of He on the thermo-mechanical properties of RAFM steels
remains an open question, primarily due to the difficulty in generating fusion-relevant He/dpa ratios
inside fission reactors. A proper understanding of the effect of He on the LTHE performance is needed.
Data from SPN sources suggest an additional increase in σYS up to higher irradiation temperatures and
an additional DBTT shift due to He co-generation. While SPN irradiations have generated the first-step
valuable data towards addressing the He challenge, the reported results require scrutiny and unbiased
validation using MTR irradiations or when a 14 MeV neutron source becomes available because of the
well-known temperature excursions reported in SPN irradiations combined with results showing solid
spallation products forming in RAFM steels (that may affect the mechanical properties). The threshold
He concentrations that could worsen the LTHE scenario for RAFM steels are not well established due to
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discrepancies between the SPN data and recent results obtained from the isotopic doping technique in
MTR irradiations.

(h) Isotopic tailoring approach to study He effect: In the absence of a 14 MeV source, isotopic tailoring
such as with 54Fe or tuning 58Ni/60Ni ratios is a viable method to stimulate He generation using mixed
spectrum fission reactors to develop the foundational neutron effects science for later validation with a
14 MeV source. The properties of isotopically doped and non-isotopically tailored steels, however,
should not be directly compared to extract the effect of He. The irradiated materials are only
comparable when two isotopes—one that produces He while the other does not produce He—are
studied simultaneously (to separate any effects of chemistry modification by isotopic tailoring on the
irradiation performance).

(i) Unknown effect of applied stress on steel performance: A major challenge in quantifying the effect of
He on the overall properties of RAFM/ODS steels is the absence of applied stresses during irradiation,
especially during in-pile neutron irradiation experiments. While some progress has been made on
innovative capsule designs facilitating stress application inside MTRs, dedicated research is needed to
advance the state of the art in stress application. Future research should target experiments to map the
dose–temperature–He-stress scenarios to the performance of fusion structural steels.

(j) Susceptibility to HTHE is an open question: The lack of applied stresses during neutron irradiations is
also one of the key reasons why the susceptibility of RAFM steels to high-temperature He embrittlement
(HTHE) is not well evaluated. While it is generally accepted that RAFM steels may not suffer from
HTHE, this conclusion is derived from irradiations without applied stress or with cyclotron-based He
implantation plus in-beam creep experiments that may not accurately represent the bulk performance
because of the shallow He implantation depths. In general, the effect of He on both fast fracture
properties and on slow-strain rate deformation, including creep, needs to be evaluated in the entire
temperature range of the blanket operations. These experiments are also necessary for emerging variants
of RAFM steels that are tuned for high-temperature creep properties having much higher hardness in
non-irradiated conditions than conventional Gen-I RAFM steels. Being already much harder may
deteriorate the hardening embrittlement properties faster due to the potential effects of
transmutation-induced gases. Neutron damage scenarios on mechanical properties, including the effects
of He or H, are entirely missing from advanced RAFM steels such as CNA alloys.

(k) Cavity-swelling scenarios:While the cavity-swelling performance of RAFM steels is better compared to
austenitic steels, additional research is needed to quantify the swelling in neutron environments in the
intermediate temperature range (∼400 ◦C–500 ◦C). Furthermore, the effects of the He/dpa ratio and
the additional synergistic contribution of H on swelling and swelling–creep fatigue interaction under
neutron irradiation are not fully quantified. These experiments are necessary for a proper design
evaluation of the FW/B. The requirement for bulk swelling and thermo-mechanical property
degradation data to predict blanket performance mandates a focus on neutron irradiation testing,
including the effects of transmutation gases. Cavity swelling is not expected to be a major issue for ODS
steels.

(l) High-temperature creep performance:While irradiation creep may play a negligible role in the blanket
performance, the thermal creep performance of Gen-I RAFM steels is inadequate to ensure operations
beyond∼550 ◦C. Recent progress was achieved in improving the creep properties by (a) TMTs, (b)
using a combination of TMTs with chemistry modification including boron addition, (c) optimisation
of chemistry processing to nucleate a high density of MX particles in advanced alloys like CNA alloys.
The behaviour under neutron irradiation of such creep-resistant alloys needs investigation in the entire
temperature range of FW/B operations. Qualification of advanced RAFM/ODS steels is necessary for
application in later stages of DEMO or FNSF (beyond 20 dpa) where Gen-I RAFM steels may not be
suitable.

(m) Creep–fatigue: Creep–fatigue interactions under irradiation that will ultimately control the upper
operating temperature of RAFM/ODS steels are entirely unknown. Similarly, swelling–creep–fatigue
synergies and with the added effect of transmutation gases also remain to be evaluated for fusion
structural steels.

(n) Tritium management: Tritium management is essential to minimise tritium loss, release to the
environment and minimise the tritium inventory in the fusion reactor. High sink strength materials
such as ODS steels are superior for He management but tend to trap more tritium than RAFM steels due
to the lower diffusivity of hydrogen in these materials. This is due to the positive interaction and
trapping of hydrogen with a high density of grain boundaries (due to the smaller grain sizes in ODS
steels), dislocations and most importantly trapping by the high density of nano-dispersoids. Future
engineering and safety case studies are needed for ODS steels and emerging advanced high sink strength
varieties of RAFM steels like CNA alloys to evaluate what level of tritium build-up is acceptable for the
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FW/B structures in these materials. Furthermore, a fundamental understanding of tritium trapping and
build-up in these materials needs to be established in the presence of neutron damage (especially during
nanoscale cavity formation), which also requires dedicated future studies.

(o) Multiscale approach to fusion component design (including for FNSF): Fusion reactor in-vessel
component design requires a multiscale approach where the microstructural changes due to neutron
damage and transmutation-induced gas production are established and translated up to macroscopic
property changes. This multi-length scale translation requires irradiation experiments combined with
advanced characterisation, feeding experimental input into microscopic models that will inform
macroscopic continuum models. The multiscale approach is necessary to cover the full range of time
and length scales of defect formation, and key events to address all relevant bulk failure mechanisms.
Modelling activities are additionally necessary due to the difficulty in performing neutron irradiation
experiments inside MTRs that can also include the potential effects of stress such as from primary loads
(from coolant pressure), secondary loads (from thermal gradients), spatial variation in damage levels
and gas production rates, and relevant transients.
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