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Abstract

Proposed fusion and advanced (Generation IV) fission energy systems re-
quire high-performance materials capable of satisfactory operation up to
neutron damage levels approaching 200 atomic displacements per atom with
large amounts of transmutant hydrogen and helium isotopes. After a brief
overview of fusion reactor concepts and radiation effects phenomena in struc-
tural and functional (nonstructural) materials, three fundamental options for
designing radiation resistance are outlined: Utilize matrix phases with inher-
ent radiation tolerance, select materials in which vacancies are immobile at
the design operating temperatures, or engineer materials with high sink den-
sities for point defect recombination. Environmental and safety considera-
tions impose several additional restrictions on potential materials systems,
but reduced-activation ferritic/martensitic steels (including thermomechan-
ically treated and oxide dispersion—strengthened options) and silicon carbide
ceramic composites emerge as robust structural materials options. Materials
modeling (including computational thermodynamics) and advanced manu-
facturing methods are poised to exert a major impact in the next ten years.
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1. INTRODUCTION

Access to reliable, environmentally sustainable, and economically competitive energy is important
for worldwide economies (1). Nuclear fission energy is one of several options for clean energy;
it currently provides approximately 13% of the worldwide electricity and, along with hydroelec-
tricity, currently provides the vast majority of non-CO,-emitting electricity (2). A variety of next-
generation fission reactor concepts are currently in various stages of development (2). Nuclear
fusion, presently under development worldwide, offers the potential for further enhancements in
safety and has been identified by the US National Academy of Engineering as one of the top grand
challenges for engineering in the twenty-first century.

1.1. Overview of Nuclear Fusion

Nouclear fusion involves the joining of two light nuclei to create a heavier (energetically more
stable) nucleus, resulting in a large release of energy. Of the dozens of potential fusion reactions,
the easiest in terms of confinement requirements (nuclear cross section) and ignition temperature
is the fusion of the deuterium (D) and tritium (T) isotopes of H, which has a net energy release of
17.6 MeV per reaction (3, 4):

"H+°H — *He (3.5 MeV) 4z (14.1 MeV). 1.

Overcoming the coulombic repulsive forces of the fusing nuclei requires high kinetic energy (tem-
perature); at these high temperatures, a neutral plasma of energetic ions and electrons is formed.
For the D-T reaction, the fuel temperature must exceed ~2 x 10® degrees Celsius (~20 keV ki-
netic energy) to achieve the fusion reaction rates appropriate for commercial energy production
(3-5). Because tritium is not a naturally stable isotope, it would need to be produced via neutron
reactions with Li that are accomplished within the blanket structure of the fusion reactor.

There are two complementary approaches by which to achieve the high plasma densities and
temperatures needed for practical fusion energy. Magnetic fusion energy (MFE) utilizes intense
(~10-T) magnetic fields for steady-state plasma confinement at moderate pressures and temper-
atures. For such a D-T fusion reactor, the necessary plasma density is ~2 x 10** nuclei/m? (with
a plasma pressure of ~10 atm) at a temperature near 20 keV and an energy confinement time on
the order of seconds (6). In contrast, inertial fusion energy utilizes intense laser or ion beams to
produce very high particle densities (which are more than 10 orders of magnitude higher than the
densities produced in magnetic fusion) (4, 6) over short time periods (tens of picoseconds) (7) in a
cyclic manner yielding similar time-averaged power as does MFE. Both approaches have yielded
significant advances in plasma physics (4, 5), leading to the construction of major inertial (7) and
magnetic (5) fusion machines designed to explore adequately confined, hot, dense plasmas near
the conditions relevant for commercial fusion energy systems.

Figure 1 provides a schematic overview of the ITER international magnetic fusion device
(hereafter referred to simply as ITER) currently under construction in Cadarache, France. The
D-T plasma is magnetically confined in the D-shaped toroidal region of the tokamak reactor.
High heat loads and high particle and neutron fluxes will impinge on the first-wall and divertor
regions surrounding the plasma; Figure 1 shows the total neutron fluxes and the anticipated
lifetime fast neutron fluences for several components. Although the blanket region beyond the first
wall in ITER will serve mainly for neutron shielding (to minimize radiation doses to the vacuum
vessel, magnets, and cryostat), the blankets in next-step technology demonstration (DEMO) fusion
reactors will also need to breed the tritium fuel and to harness fusion energy deposited as heat by
the D-T fusion neutrons.
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Overview of neutronics and cross section of the ITER tokamak. The inset figure on the right (») highlights the position-dependent
total neutron fluxes (based on work of R. Feder & M. Youssef). The table on the left (#) compares calculated fast neutron fluences for
several key components in ITER and in a demonstration (DEMO) fusion reactor (based on input from M. Sawan).

A handful of blanket concepts are under consideration to harness the energy released by fusion
reactions (8, 9). A wide range of coolants (water, He gas, liquid metals, molten salts) and tritium-
producing blanket concepts (solid ceramics or liquid metals containing Li) are under consideration,
with a correspondingly wide range of potential operating temperatures, chemical compatibility
issues, and thermomechanical stresses. Most concepts utilize ferritic/martensitic steels [including
oxide dispersion—strengthened (ODS) variants] as the structural material, although concepts based
on SiC fiber—reinforced SiC ceramic matrix composites (SiC/SiC composites) and V alloys are
also being considered (8-10). Depending on the particular blanket concept, different feasibility
and operational issues arise. For example, the intense magnetic fields can profoundly influence
the flow distribution (11) and corrosion (12) characteristics of liquid metal-cooled structures. In
ceramic-based tritium breeding blanket concepts, difficulties with tritium extraction from ceramic
pellets at low temperatures and chemical compatibility with surrounding structures at elevated
temperatures narrow the potential operating temperature window (13).

1.2. Materials Challenges in Fusion Energy Systems

An important consequence of the D-T fusion reaction (Equation 1) is the generation of 14-MeV
neutrons. These neutrons gradually slow down by scattering events in the materials surrounding
the plasma, thereby efficiently depositing the D-T fusion energy within the first-wall and blanket
region in the form of heat that is subsequently extracted to produce electricity. However, these
energetic neutrons induce significant atomic displacements (vacancies and interstitials) in the
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Example of radiation damage processes in Cu. Molecular dynamics (MD) simulation of neutron-induced 25-keV cascade damage near
the transient peak displacement time (~0.25 ps) (), transforming into resolvable vacancy-type stacking fault tetrahedra and
interstitial-type planar dislocation loop geometries after ~30 ps (). These defect clusters can be experimentally imaged (c,d) with TEM
and produce hardening and loss of ductility (¢) that become progressively more pronounced with increasing dose. The MD images
(panels # and /) and the weak-beam TEM image (panel 4) are from unpublished work by Y. Osetsky and S.J. Zinkle, respectively, and
panels ¢ and e are from References 155 and 156, respectively, with permission.
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first-wall and blanket materials [as high as hundreds of displacements per atom (dpa) for antici-
pated 3—5-year lifetimes of the replaceable fusion structures] and generate substantial gaseous (H
and He) and solid transmutation products that degrade materials properties (14-17). Figure 2
illustrates the effect of neutron damage to Cu from the initial billiard-ball fast neutron-induced
cascade of atomic displacements within the Cu lattice (Figure 24), producing highly mobile
interstitials and less mobile vacancies that condense within ~10 ps to a much smaller number
of defects ranging from isolated vacancies and interstitials to a variety of clustered geometries
such as disk-shaped dislocation loops. For the example of Figure 25, an imperfect stacking
fault tetrahedra (SFT) is predicted by molecular dynamics and can be visualized either with
high-resolution transmission electron microscopy (TEM) (Figure 2¢) or as one of the myriad
defects visualized with lower-magnification, weak-beam, dark-field TEM imaging (Figure 2e).
These irradiation-induced microstructural changes introduce a plethora of property degradation
phenomena (summarized in Section 2), including radiation hardening and a loss of tensile
ductility (Figure 2e). These radiation-induced structural degradations are of concern because
the technological and economic viability of fusion energy requires the structural materials to sat-
isfactorily maintain their mechanical properties without large dimensional changes for the design
lifetime of ~5 years in the presence of the extreme conditions of high fluxes of neutron radiation
damage, high stress, elevated temperature, high volumetric heating, and corrosive coolants.

Zinkle o Snead



The economic, safety, and environmental attractiveness of fusion is linked to the development
of high-performance, radiation-resistant, reduced-activation materials that minimize the waste
disposition and safety burden of fusion power (14, 15). In particular, the overarching goals are
production of economically competitive energy without any public evacuation for design-basis
accidents or long-lived high-radioactivity waste (18). Fusion offers several potential environ-
mental, safety, and nuclear safeguard advantages over fission power. The tritium fuel will be
generated on-site, so shipping of sensitive material is eliminated after initial reactor start-up. Fur-
thermore, because there are no radioactive products of the D-T fusion reaction, the short-term
safety and long-term radioactivity burden of fusion can be minimized by utilization of the ap-
propriate reduced-activation materials in the surrounding structure (3, 15, 19, 20). The so-called
low-activation criteria are a major factor in selecting fusion materials. A handful of elements in
the periodic table provide acceptable (minimal) amounts of short-term volatile and long-lived ra-
dioactive species (21, 22). However, minimizing structural damage due to fast neutron irradiation
is a daunting challenge.

Whereas two of the primary elements of stainless steels (Fe and Cr) are inherently reduced ac-
tivation, many of the common alloying additions such as Ni, Cu, Nb, and Mo produce undesirable
radiological isotopes after exposure to D-T fusion reactor neutrons (21, 22). This situation has
led fusion materials researchers to develop specially tailored (23, 24) 9-14%Cr reduced-activation
ferritic/martensitic (RAFM) steels with W (replacing Mo), Ta (replacing Nb), and V (replac-
ing Nb). Due to similarities with conventional ferritic/martensitic steels, these RAFM steels are
technologically mature, satisfying many of the performance requirements for early operation of
a DEMO fusion reactor. However, the operating temperature limit of RAFM steels is currently
~550°C, thus limiting the overall thermodynamic efficiency of the power plant, and as with all
fusion materials, our current understanding of D-T fusion neutron radiation effects is lacking
(15-17). Unfortunately, conventional austenitic steels and high-temperature Ni-based superal-
loys cannot be considered due to the high activation of Ni (along with concerns regarding the
radiation stability of austenitic steels and superalloys).

To extend the operating temperature window for fusion reactors while maintaining low acti-
vation, several alternative materials options are being pursued. These alternatives include ODS
ferritic steel, V alloys, and SiC/SiC composites. ODS steels offer the potential to increase the
upper operating temperature by 100 to 200°C but are at a relatively early stage of development
(16, 25-28). V alloys are a potentially attractive option for self-cooled liquid Li blankets (29) but
have environmental incompatibilities with nearly all other high-temperature coolants along with
radiation embrittlement concerns at operating temperatures of less than ~400°C and will require
the development of robust insulating coatings (28, 30, 31). SiC/SiC composites may enable oper-
ating temperatures up to ~1,000°C and have demonstrated good radiation stability at 500-800°C
during fission reactor irradiation up to 80 dpa but overall are in the early stages of incorporation
into practical structural designs (32).

Considerably more challenging are the plasma-facing components of ITER and DEMO, in
which materials must survive exposure to simultaneous high fluxes of heat and particles along
with intense bulk neutron irradiation (33-35). As the ITER first-wall and diverter design has
evolved, a number of materials have been considered: Be, carbon fiber composites, and W as
surface materials (36, 37) and stainless steel and Cu alloys as substrates. High-purity Be brazed to
a Cu alloy heat sink and type 316 stainless steel is currently the first-wall choice for ITER (35, 38).
For the divertor, there is full coverage of W, again bonded to a Cu alloy heat sink. The selection
of blanket and first-wall materials for ITER has been driven primarily by consideration of the
very high particle and heat fluxes to the surfaces (along with tritium sequestration concerns and
commercial availability and fabrication experience). Whereas the first-wall heatload is ~1 MW/m?
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over a pulse of several minutes, the divertor receives ~10 MW/m? in this time frame, and the
anticipated short-term disruptions are twice that power level. ITER materials selection has also
been driven by expediency, or the need to field nuclear-qualified components in the near term.
Unfortunately, although these materials and components are anticipated to perform satisfactorily
in the ITER environment, they are entirely unsuitable for the DEMO environment in part due to
the irradiation instability of all these materials at the higher doses relevant for DEMO and violation
of the low-activation criteria in the case of type 316 stainless steel and Cu. Specifically, Be suffers
from a low melting temperature, severe irradiation embrittlement, and transmutation such that it
is not suitable for DEMO (36, 39). W, the current leading option for beyond-ITER applications
(40, 41), is notoriously difficult to manufacture and shares the very low dose embrittlement issue
with Be, rendering it an essentially nonstructural material. Moreover, in a D-T fusion neutron
first-wall environment, the W transmutation rate to Re and Os is ~0.25 at%/dpa (~1.4 at%/year),
with unknown consequences (42).

A significant gap in the current understanding is the behavior of materials under the high neu-
tron doses and transmutant H and He levels that are prototypical of fusion reactor first-wall and
blanket structures (10, 43—45). The high neutron energy associated with the D-T fusion reaction
(Equation 1) generates approximately 50- to 100-times-higher He/dpa in materials such as ferritic
steels than does fission reactor irradiation. Figure 3 summarizes current experimental He and
displacement damage regimes investigated for neutron-irradiated RAFM steels compared with
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Figure 3

Summary of the RAFM steels experimental database in terms of transmutant He versus displacement
damage in actual (RTNS-II, fission reactors), under construction (ITER), and proposed (SNS/SINQ, MTS,
IFMIF) temperature-controlled facilities compared with the anticipated operating conditions in a
demonstration fusion reactor. Abbreviations: IFMIF, proposed D-Li International Fusion Materials
Irradiation Facility; MTS, proposed Materials Test Station spallation source at Los Alamos National
Laboratory; RTNS, Rotating Target Neutron Source, previously at Lawrence Livermore National
Laboratory; SINQ, the Swiss Spallation Source at Paul Scherrer Laboratory; SNS, Spallation Neutron
Source at Oak Ridge National Laboratory.
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temperatures for Stages I, III, and V of defect recovery are listed above the temperature scale, corresponding to initiation of long-range
self-interstitial-atom migration, monovacancy migration, and thermal dissolution of small vacancy clusters, respectively. SFT denotes

stacking fault tetrahedra.

the anticipated operating parameters to be encountered in DEMO. Although experimental data
have been obtained in fission reactors for damage levels approaching DEMO-relevant doses, the
level of simultaneous transmutant He generation from fission reactors is more than two orders of
magnitude below that from fusion reactors. As summarized in Section 2.1, the simultaneous gen-
eration of H and He can greatly affect the microstructural evolution and accompanying property
changes of irradiated materials.

2. RADIATION EFFECTS IN MATERIALS

2.1. Effects of Temperature, Dose, and Transmutant Gas

In general, the microstructural evolution in irradiated materials depends on numerous param-
eters, including temperature, primary knock-on atom energy, displacement dose, damage rate,
crystal structure, solute additions, and transmutant elements such as H and He (46). Figure 4
shows examples of typical temperature-dependent TEM microstructures produced in irradiated
materials. Although the precise transition temperatures between different irradiated microstruc-
tural regimes are materials dependent, these transitions can be roughly approximated by using the
homologous irradiation temperature (7771, where Ty is the melting temperature) because the
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rate-controlling energies representing interstitial and vacancy migration, vacancy cluster binding
or dissociation, He-vacancy complex migration, and so forth for different materials are approxi-
mately proportional to the materials melting temperature. Three particularly important transition
temperatures are historically known from defect production recovery studies (47, 48) as stages I,
III, and V, which correspond to the onset temperatures for long-range self-interstitial-atom mi-
gration, monovacancy migration, and thermal dissolution of small vacancy clusters, respectively.
At low temperatures at which point defect migration does not occur (below recovery stage I),
crystalline-to-amorphous phase transitions can be induced in many intermetallic and ceramic ma-
terials (either via direct in-cascade amorphization or via point defect accumulation processes) (46,
49). Small, diffuse point defect clusters are also created. At temperatures above stage I, distinct in-
terstitial dislocation loops and other defect clusters are produced. At temperatures above stage III,
cavity (gas-filled bubble or underpressurized void) formation can be induced, and a variety of
radiation-induced solute segregation and precipitation phenomena can become pronounced. At
very high temperatures, stress-assisted migration of transmutant He to grain boundaries may oc-
cur. These temperature-dependent microstructural regimes in turn induce a variety of property
changes in materials.

As discussed elsewhere (17, 50, 51), there are five main radiation-induced degradation
phenomena in structural materials. At low temperatures (up to stage V), rapid accumulation of
thermally stable defect clusters can produce pronounced hardening and loss of macroscopic strain
hardening capacity in the dose range of 0.01-1 dpa. In addition, this matrix hardening can reduce
fracture toughness, and a shift in the ductile-to-brittle transition temperature to temperatures
above room temperature may occur (52). At high temperatures (greater than ~0.5 Ty), the
combination of applied stress and transmutant He generation can induce He migration to grain
boundaries and the formation of large intergranular bubbles, thereby significantly degrading the
grain boundary strength (53). The low-temperature radiation-hardening and high-temperature
He embrittlement phenomena typically define the allowable minimum and maximum operating
temperatures, respectively, for fusion structural materials. At intermediate temperatures (~0.2—
0.55 Th), the three radiation-induced processes of void swelling (16, 46, 54, 55), phase instabilities
(56, 57), and irradiation creep (54, 55) collectively define the maximum allowable operating dose
for fusion structural materials for most operating scenarios. For example, volumetric expansion
due to void swelling or irradiation creep is typically limited to less than ~5% for structural
applications, and similarly, matrix or grain boundary embrittlement due to solute segregation and
precipitation cannot exceed certain levels. All five of these degradation phenomena are influenced
by transmutant H and He gas generation. For example, He appears to enhance low-temperature
embrittlement, possibly by nonhardening as well as by matrix-hardening mechanisms (10, 43).
In addition, the enhanced cavity nucleation by He and H generally promotes void swelling
and high-temperature He embrittlement, and maximum swelling is observed in some mater-
ials such as austenitic steels at fusion-relevant He/dpa values (10, 46, 58-60). However, the
quantitative impact of D-T fusion-relevant H and He production is uncertain due to modeling
limitations and a lack of intense fusion neutron irradiation experimental facilities (10, 43-45,
58).

In addition to the five degradation phenomena mentioned above, radiation-induced
crystalline-to-amorphous phase transitions and degradation in physical properties such as thermal
and electrical conductivity can be very important for some types of materials. For example,
structural ceramics such as SiC/SiC composites and oxide insulators for plasma heating and
diagnostic components irradiated at low temperatures at which self-interstitial atoms and/or
vacancies are immobile may be susceptible to amorphization with an unacceptably high (>5%
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Overview of structural materials operational experience in a variety of civilian fission reactor systems
compared with the proposed operating conditions for deuterium-tritium fusion reactors. The
dose-temperature plot in Reference 17 was modified to include operational experience at or near full power.
Abbreviations: GEN II, Generation II; GFR, gas-cooled fast reactor; LFR, lead-cooled fast reactor; LWR,
light-water-cooled fission reactor; MSR, molten salt—cooled reactor; SCWR, supercritical water reactor;
SFR, sodium-cooled fast reactor; VHTR, very high temperature reactor.

in magnitude) level of volumetric swelling (61, 62). Section 2.2 includes additional discussion of
radiation-induced degradation phenomena in nonstructural materials.

There is considerable operational experience with austenitic steels and certain Ni-base alloys
under commercial fission reactor irradiation conditions of ~300°C and moderate doses of up to
~50 dpa (2). In particular, more than 15,000 reactor years of civilian operating experience have
been accumulated; more than 85% of this experience is associated with water-cooled reactors (63).
However, the structural materials operating experience in other high-performance fission reactor
irradiation environments is relatively limited. Figure 5 compares the structural materials oper-
ating experience in current (Generation II) light-water-cooled fission reactor systems, with the
operating conditions for Generation IV civilian fission reactors, ITER (under construction), and
the proposed DEMO fusion reactor (2, 17, 63). Whereas light-water-cooled fission reactors have
accumulated more than 12,000 reactor years at or near full power, the operating temperatures
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and displacement damage doses for structural materials in these reactors are relatively low. The
practical operational experience with structural materials in higher-temperature, high-dose reac-
tors is limited to approximately 140 years at or near full power in Na-cooled fast reactors (out of
~400 years of total reactor operation, including maintenance and other factors), approximately 50
full power years in very high temperature gas-cooled reactors (with low to moderate displacement
damage), and approximately 1.5 full power years in molten salt reactors. As a consequence, there
is limited practical experience on structural materials at the high temperatures and displacement
doses anticipated for fusion.

2.2. Radiation Effects in Nonstructural Materials

The nonstructural materials of fusion power reactors will be required to reliably maintain numer-
ous specific optical and thermophysical properties while operating over a wide range of tempera-
tures. Applications include thermal and electrical insulators, diagnostics sensors, windows, plasma
heating feedthroughs and cabling, and the constituents of superconducting magnets (64-66). In
comparison with the microstructural and mechanical property performance of nuclear structural
alloys, nonstructural components are typically more prone to irradiation degradation of key physi-
cal properties. For example, thermal, electrical, and optical properties may be dramatically affected
by point defect production and transmutation that occurs upon neutron irradiation, even for doses
of <1 dpa (66). Moreover, the materials most appropriate for many specialty applications operate
at a relatively low fraction of their homologous temperature, limiting defect mobility and the
ability to thermally recover radiation damage. An additional challenge is that many nonstructural
materials possess covalent or ionic bonding, adding a new level of constraint to the as-irradiated
microstructure. Whereas metals are essentially unaffected by ionizing radiation, glasses and some
ceramic materials undergo significant volumetric, optical, and thermophysical property changes
directly from absorbed gamma irradiation (67).

The required radiation hardnesses (lifetimes) of functional and engineering materials in fusion
and nuclear power systems span orders of magnitude and pose serious limitations to both near-term
systems such as I'TER and future fusion power systems such as DEMO. Particularly radiation-
sensitive materials include the glass of fiber-optic sensors (unacceptable transmission loss by
~10%" n/m?) (68), the organic insulation for superconductors (loss of strength by ~2 x 10*
n/m?), thermally insulating ceramics and the superconducting materials used for magnets (pro-
nounced degradation by ~10%* n/m?), the sapphire used for optical windows (50% darkening by
5 x 102 n/m?) (68), and the dielectric materials used for mirrors (degradation above 10%° n/m?)
(69). As Figure 1 shows, these neutron fluences are similar to the lifetime ITER fluence, but the flu-
ences correspond to only weeks or months of service at DEMO-relevant flux levels. Although some
components could be replaced as part of routine maintenance, frequent replacement of numerous
nonstructural materials would be economically untenable for fusion energy. In some cases (e.g., in
the case of magnets), a combination of shielding and improvements in constituent materials (e.g.,
better organic insulation or use of inorganic insulation) may be possible. These relatively radiation-
sensitive materials and components are in stark contrast to structural materials that can gener-
ally survive to much higher neutron doses. For example, the fracture toughness of RAFM steel
becomes compromised by ~10? n/m* at ITER-relevant (<300°C) temperatures and at higher
doses for anticipated DEMO (>300°C) operating temperatures (10). A similar limitation relates to
irradiation-induced swelling in RAFM, in which 5% swelling is anticipated to develop after ~10%
n/m?. Alumina, which is utilized in diagnostic or insulator applications, would exhibit similar levels
of swelling at an order-of-magnitude-less neutron dose. For the glass used in fiber optics, a further
four-order reduction in dose to achieve comparable 5% volumetric swelling is observed (70).
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3. APPROACHES FOR ENHANCED RADIATION TOLERANCE
IN MATERIALS

A wide variety of different approaches for developing radiation-resistant materials have been pro-
posed and tested over the past 50 years. For example, amorphization (loss of long-range cry-
stalline lattice structure) is perhaps the most drastic irradiation-induced change. In certain cases,
crystallographic structures exhibit superior tolerance to radiation-induced amorphization that is
specifically linked to ease of cation disordering (71). Similarly, high-dose radiation effects research
on metals (72) initially suggested that high dislocation densities associated with cold working could
delay the onset of void swelling (by providing numerous sites for the absorption of migrating point
defects), but subsequent research determined that the dislocation densities in cold-worked ma-
terials generally relax under prolonged irradiation and approach values comparable to those of
irradiated annealed materials after only a few dpa (73, 74). Solute additions that result in the en-
hancement in vacancy-solute diffusivity (16, 75, 76) or, more importantly, in the creation of a high
density of matrix precipitates (16, 77, 78) also suppress void swelling and other radiation-induced
microstructural changes. As discussed in this section, three general strategies can be employed
to increase radiation tolerance in materials: radiation-resistant matrix phases, immobilized point
defects, and engineered high-sink-strength microstructures.

3.1. Radiation-Resistant Matrix Phases

Early fundamental research on radiation effects in metals experimentally examined a wide range
of atomic mass and crystal structures to explore whether certain phases might exhibit inherently
superior resistance to defect accumulation (48, 79-82). More recently, molecular dynamics simu-
lations (83) and density functional theory models (84) have provided valuable insight into defect
production, migration, and clustering processes in a variety of materials. In general, metals based
on face-centered-cubic (FCC) crystal structures exhibit slightly higher residual defect production
efficiency than do body-centered-cubic (BCC) and hexagonal-close-packed (HCP) crystal systems
(79, 80, 83). Anisotropic growth in irradiated HCP materials (which can induce microcracking and
other undesirable phenomena) generally excludes HCP materials from consideration for nuclear
structural applications.

Of potentially greater importance are the lower overall fraction of relatively large (TEM-
visible) defect clusters and the more finely dispersed distribution of defect clusters in BCC com-
pared with such distribution in FCC crystal systems produced directly within energetic displace-
ment cascades (51, 82, 83). This fine dispersion of primary defects can lead to more efficient defect
recombination during subsequent microstructural evolution. Figure 6 compares the defect clus-
ters visible by TEM in austenite (FCC) and ferrite (BCC) regions of a dual-phase steel following
low-temperature neutron irradiation. The visible defect density in the FCC regions was much
higher than in the BCC phase, and the resulting retained defect concentration in the dislocation
loops after 0.065 dpa was approximately 30 times higher in the FCC phase.

A similar dramatic difference in defect accumulation is observed in FCC and BCC steels
irradiated at higher temperatures at which void swelling occurs. Figure 7 compares the void-
swelling behavior of type 304L austenitic (FCC) stainless steel and 9-12%Cr ferritic/martensitic
(BCC) steels following fast fission reactor neutron irradiation at 400-550°C (2). The observed
swelling rate per dpa is approximately 50 times higher for the 304L stainless steel than for the
9-12%Cr ferritic/martensitic steels over the investigated damage levels. At higher damage levels,
the steady-state swelling rates for ferritic/martensitic steels remain approximately a factor of five
lower than in austenitic steels (54).
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Comparison of visible defect cluster accumulation in body-centered-cubic (BCC) versus face-centered-cubic (FCC) regions of a type
308 stainless steel weldment after fission neutron irradiation at 120°C to 0.065 displacements per atom (dpa). (#) General microstructure
showing BCC §-ferrite stringers in an FCC (austenite) matrix. (b,c) Defect clusters in (b) §-ferrite and (c) austenite regions. (d,e) The size
distributions of dislocation loops in (d) §-ferrite and (¢) austenite regions. From S.J. Zinkle & R.L. Sindelar, unpublished research.
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The physical mechanism(s) responsible for the generally superior radiation resistance of BCC
materials is not fully understood. Possible contributing mechanisms include reduced in-cascade
production of sessile point defect clusters [and overall finer dispersion of defect clusters produced
within energetic displacement cascades (51, 82, 83)], lower dislocation bias (i.e., the preferential
absorption of interstitials at dislocations compared with vacancies) (85), and higher self-diffusion
coefficients (76). The production of finely dispersed mobile point defects and defect clusters within
energetic displacement cascades promotes enhanced defect recombination compared with recom-
bination in cases in which the defects are initially bifurcated into relatively large self-grouped
vacancy and interstitial clusters; that is, on the basis of random-walk diffusion principles, the
probability of vacancy-interstitial recombination events is reduced if the defects are contained in
a few relatively large, low-mobility clusters as opposed to many relatively small, high-diffusivity
clusters or isolated point defects. Due to significantly smaller point defect relaxation volumes (85)
and the higher proportion of screw dislocations versus edge dislocations (16) in most BCC versus
FCC metals, the biased absorption of self-interstitial atoms at dislocations is significantly lower
in BCC metals, and vacancy accumulation is therefore suppressed due to a lack of vacancy super-
saturation. The generally higher self-diffusion coefficients in BCC metals (at a given 7/Ty) also
enhance self-recovery diffusion mechanisms and thereby suppress radiation damage accumulation.

Although the void-swelling resistance of BCC metals is generally superior to that of FCC
metals, this behavior is not universal. For example, very high void swelling (>90% after 34 dpa)
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Figure 7

Comparison of void swelling in neutron-irradiated type 304L austenitic stainless steel (304L SS) and
9-12%Cr ferritic/martensitic steel (9—12 Cr FM steel) at 400-550°C.

has been observed in neutron-irradiated V-5%Fe, whereas most other V alloys exhibit very low
radiation-induced void swelling (86). The high swelling in V-5%Fe has been attributed to an
unusual preferential absorption of the undersized Fe solute atoms by dislocations in this alloy (87).

Several other materials systems beyond BCC alloys offer the (as-yet-unproven) potential for
enhanced radiation resistance. High-entropy alloys (88) composed of approximately equimolar
concentrations of multiple principal elements can possess configurational entropies that exceed
the entropy changes associated with melting. Modification of the point defect recombination
processes (e.g., increased point defect recombination radius) by such high configurational entropy
could result in radiation resistance different from that of conventional alloys based on one primary
solvent element. A recent scoping study (89) found that the solute segregation and radiation defect
accumulation behavior of an ion-irradiated, high-entropy, single-phase FCC Fe-Mn-Ni-Cr alloy
was indeed significantly different from the behavior of a conventional solid-solution FCC Fe-
Cr-Ni or Fe-Cr-Mn alloy. In particular, pronounced Cr enrichment (rather than the depletion
observed in conventional alloys) occurred at grain boundaries in the high-entropy alloy irradiated
at 500°C, and void formation was not detected up to 10 dpa. Although the overall irradiation
stability of the examined high-entropy alloy was not suitable due to Cr grain boundary segregation,
the dramatically different solute segregation and defect clustering (void and dislocation loop)
behavior of the high-entropy alloy compared with the behavior of the conventional alloys merits
further study. As another example, certain ceramic crystallographic structures such as fluorites
exhibit superior tolerance to radiation-induced amorphization, as discussed in the beginning of
Section 3 (71, 90). This superior tolerance has been attributed to the intrinsic ability of this crystal
structure to accommodate lattice disorder. Amorphous materials such as bulk metallic glasses (91)
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are another potential radiation-resistant materials system. Due to the lack of crystalline structure,
Frenkel (vacancy-interstitial) defects are not created in glasses by energetic irradiation, although
a variety of molecular defect aggregates can be produced. Whereas early radiation studies on
relatively simple amorphous materials such as silica glass (92) and model nuclear waste form
glasses (93) found significant radiation-induced dimensional changes, several glass compositions
with good dimensional stability during prolonged irradiation have been identified (93).

3.2. Immobile Vacancies and/or Interstitials

An alternative approach to selecting radiation-resistant materials is to choose materials for which
one or both of the radiation-induced point defects (interstitials and vacancies) are immobile at the
anticipated operating temperatures. This choice provides the potential to directly introduce point
defect recombination centers as a result of the neutron irradiation. If none of the created point
defects are mobile, then the defect concentration linearly increases with dose until it approaches
a saturation concentration generally determined by the spontaneous recombination distance for
vacancy-interstitial pairs or by impingement of displacement cascades on preexisting defect clusters
(94-96). In practice, this saturation concentration is reached after ~0.1 to 1 dpa, with typical
values of ~0.1 at% for metals and ~1 to 5 at% for ceramics; the higher atomic concentrations
in ceramics are due to higher point defect recombination barriers compared with those in metals
(97). Figure 8 compares the temperature-dependent saturation volumetric swelling in several
materials at temperatures and doses above the critical temperature for amorphization and below
the onset of void swelling, i.e., within the point defect swelling regime in which interstitials are
mobile and vacancies are sessile (98-100). The point defect swelling for all materials decreases with
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Figure 8

Comparison of point defect swelling behavior in irradiated metals and ceramics. The Cu lattice expansion
data are taken from X-ray measurements of specimens irradiated in the ORR fission test reactor. From
S.J. Zinkle & B.N. Singh, unpublished research.
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Temperature intervals associated with onset of interstitial migration (defect recovery above Stage I) and
prior to vacancy migration (below Stage III) in selected materials.

increasing temperature due to thermal-activated migration and dissolution of small defect clusters.
The point defect swelling of BeO at low temperatures is unacceptably high and anisotropic (due
to the HCP structure), leading to pronounced microcracking and loss of strength. Microcracking
and loss of strength are also observed in coarse-grained Al,O; (but not in fine-grained Al,O3)
due to anisotropic swelling within individual grains of this HCP material (101). Microcracking
has not been observed in irradiated cubic SiC or MgO ceramics, and the swelling at a given
temperature remains constant for doses from more than ~0.1 dpa to at least 40 dpa in neutron-
irradiated SiC (32, 102). The point defect swelling values in metals such as Cu and Ni [maximum
saturations AV/V ~ 0.1-0.2% (95, 96)] are much lower than in ceramics, which implies smaller
point defect recombination radii and/or reduced energy barriers for point defect recombination
for these metals.

For intermetallics and ceramic materials, there is a potential for crystalline-to-amorphous
phase transitions (with accompanying undesirable large volumetric changes) if both interstitials
and vacancies are immobile (46). For example, SiC experiences a volumetric expansion of ~11%
due to amorphization when neutron irradiated at temperatures of less than ~100°C (103). There-
fore, for practical application of the immobile point defect concept, the irradiation temperature
during operation should be above recovery stage I (to avoid amorphization in ceramics and in-
termetallics) and below stage III (to avoid the void-swelling regime). Figure 9 summarizes the
temperature range above stage I and below stage III for selected materials on the basis of point
defect mobility data summarized in Reference 46 and graphite data summarized in Reference 104.
For most metallic elements, the onset for vacancy motion occurs at too low temperatures for
practical application of this radiation-resistant mechanism in nuclear energy systems; Re and W
are the only possible metallic candidates, even for relatively low temperature water-cooled reactor
concepts. Other potential materials systems such as Al O exhibit susceptibility to microcracking
due to their anisotropic crystal structures. However, SiC/SiC composites emerge as an attractive
structural materials candidate for nuclear energy systems due to the wide potential operating win-
dow of ~200-950°C. The very high density of small interstitial clusters and isolated or clustered
vacancies (~10%°/m?) provides numerous sites for point defect recombination. By using the sink
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strength estimates discussed in Section 3.3, a very high sink strength density of ~10'8/m? is cal-
culated. SiC does not exhibit good radiation resistance when irradiated at temperatures greater
than the onset for vacancy migration; significant void swelling begins to occur in SiC at irradi-
ation temperatures greater than 1,000°C due to the onset of Si vacancy mobility and becomes
pronounced above 1,300-1,400°C due to C vacancies becoming mobile (105).

3.3. Engineered High Sink Strength

The predominant effort worldwide for designing radiation-resistant materials since the early 1970s
has been based on the introduction of a high density of point defect recombination centers (gen-
erally referred to as point defect sinks). This activity has been motivated by kinetic rate theory
models (55, 106, 107) that have shown a pronounced reduction in point defect supersaturation val-
ues and related phenomena such as void swelling and radiation-induced solute segregation when
high sink strengths are present. Numerous experimental studies have verified the importance of
high concentrations of dislocations (72, 108, 109) and finely dispersed precipitates (74, 77, 78,
110, 111) in void-swelling suppression.

The quantitative point defect capture effectiveness of various microstructural features has been
analyzed by using kinetic rate theory. The sink strength of cavities of radius 7 and number density
Nc is given by (55)

SC = 47chNc(l + Sl/zi"c)Zc, 2.

where S is the cumulative sink strength of all sinks and Z is the cavity sink capture efficiency of
order unity. A similar expression can be used for spherical precipitates or dispersoids. The sink
strength of grain boundaries is given by Sy, = 60/4* when S'2d <« 1 and by Sy, = 65'/?/d when
S12d4 > 1, where d is the grain diameter. The sink strength for dislocations is Sq4 = Zyp4, where
Z4 is the dislocation capture efficiency of order unity.

Figure 10 summarizes the effect of initial sink strength on the radiation-hardening behavior
of several types of ferritic/martensitic steels (including ODS steels) following fission neutron ir-
radiation near 300°C (10, 112-114). There is relatively little influence on radiation hardening for
sink strengths of up to ~10'®/m?, but there is a clear trend for reduced radiation hardening at very
high sink strengths (>10'%/m?). A similar trend for reduced radiation degradation at very high
sink strengths has been observed in the fracture toughness of fission neutron—irradiated ODS and
ferritic/martensitic steels after ~1.5 dpa at 300°C (112). Similarly, at high temperatures, high den-
sities of sinks such as precipitates can efficiently trap He and thereby suppress high-temperature
He embrittlement (16, 53, 115-117). Therefore, high-sink-strength modifications have the po-
tential to beneficially suppress low-temperature radiation hardening and high-temperature He
embrittlement and thereby expand the operating temperature window for structural materials in
nuclear energy systems.

At intermediate temperatures, high sink strengths also beneficially suppress void swelling (16,
74, 77, 78, 110, 111) and thereby enable higher lifetime doses. Figure 11 summarizes a few
examples of the effect of overall sink strength (precipitates, dislocation loops, network dislocations,
and cavities) on void swelling of Fe-Cr-Ni austenitic alloys irradiated near the peak swelling
temperature (118-121). These results suggest that sink strengths greater than ~101°/m? (typically
created by the introduction of a high density of fine precipitates) effectively suppress void swelling.
Analysis of the critical radius for conversion of He-filled bubbles to bias-driven voids in high-dose
irradiation studies on a variety of austenitic and ferritic/martensitic steels has found that sink
strengths greater than ~10'/m? are generally needed to provide superior void-swelling resistance
(122,123). Among the structural alloys currently under investigation, finely dispersed nanoclusters
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Effect of initial sink strength on the radiation hardening of steels following fission neutron irradiation near
300°C to damage levels of 1.5 to 78 displacements per atom (dpa). Materials include conventionally
fabricated low-activation ferritic/martensitic steels (the Japanese low-activation ferritic JLF-1 and
EUROFER) and several oxide dispersion-strengthened (ODS) steels fabricated by using powder metallurgy
processes.

in several grades of ODS steels provide sink strengths near or greater than 10'*/m?* (Figure 10),
although this effectiveness still remains to be proven up to high doses. High sink strengths can also
be achieved via nanoscale films (which have a high surface-to-volume ratio) or via closely spaced
grain boundaries or multilayered structures (124-128).

An important point from rate theory modeling analyses (55, 106, 123) is that the ratio of the
total sink strength to the dislocation sink strength (rather than simply the total sink strength) has a
major influence on radiation defect accumulation. In particular, cavity swelling is maximized when
the ratio of the dislocation sink strength to the cavity sink strength is near unity (16, 55); under
this scenario, efficient (biased) partitioning of interstitials to dislocations is facilitated, thereby
resulting in maximum vacancy supersaturation.

One proposed strategy for radiation-resistant materials is based on nucleation of a high
concentration of small He bubbles, which presumably promotes point defect recombination
via their high sink strength, simultaneously delaying the conversion of bubbles to bias-driven
(rapid) growth by diluting the He over numerous cavity sites (111, 123, 129, 130). This concept
is appealing for moderate radiation environments, but for the extreme dose and He generation
conditions in fusion reactors (Figure 3), it may not provide sufficient radiation resistance. To
achieve a cavity sink strength of ~10'%/m? (Equation 2 and Figures 10 and 11) for overall radi-
ation resistance while simultaneously keeping volumetric swelling to less than 5%, an extremely
high density (>5 x 102/m?) of small cavities is required, as shown in Figure 12. Several of
the highest-density experimentally observed cavity parameters for neutron- and ion-irradiated
metals (131-133) are plotted in Figure 12. Even for the relatively high He/dpa conditions in
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Effect of sink strength on the volumetric void swelling of ion-irradiated (4-MeV Ni and 200-400-keV He)
and fission neutron—irradiated Fe-Cr-Ni austenitic alloys. Symbols denote the following: blue square, P7
pure type 316 stainless steel (Reference 118); blue circle, B11 cold-worked Ti- and P-modified
Fe-14Cr-15Ni austenitic steel (Reference 119); blue triangle, B12 cold-worked Ti-, P-, and Si-modified
Fe-14Cr-15Ni austenitic steel (Reference 119); red diamond, N lot type 316 stainless steel (Reference 121);
red triangle, A3 prime candidate alloy (PCA) Ti-modified type 316 stainless steel (Reference 121); red circle,
solution-annealed Japanese PCA (JPCA) Ti-modified type 316 stainless steel (Reference 120); red inverted
triangle, cold-worked PCA Ti-modified type 316 stainless steel (Reference 121); red square, cold-worked
JPCA Ti-modified type 316 stainless steel (Reference 120).

these experiments compared with fusion-relevant conditions, ultrahigh cavity densities were not
achieved; the maximum cavity densities for neutron irradiation conditions obtained to date are 3
to 10 times lower than needed to achieve the desired ultrahigh sink strengths from cavities alone.

The high-sink-strength mechanism can be combined with the radiation-resistant matrix phase
mechanism (Section 3.1) to engineer very potent radiation resistance. Such a combined approach
is the basis for the apparent superior performance of ODS ferritic steels (e.g., Figure 10 and
References 132, 134, and 135) that combine a radiation-resistant ferrite matrix with the high sink
density of nanoscale dispersoids.

4. ENGINEERING DESIGN OF ADVANCED MATERIALS

4.1. Computational Thermodynamics

Remarkable progress in density functional theory models now allows numerous atomistic
properties to be accurately calculated in materials (84). Similarly, the advent of a suite of
computational thermodynamic software tools has led to a marked acceleration in the design of
new high-performance materials over the past 15 years (136-140). These computational thermo-
dynamics studies have concluded that many current commercial alloys are far from optimized,
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Figure 12

Relationship between cavity size and density for simultaneously achieving a cavity sink strength of >101¢/m?
(Equation 2) and a volumetric swelling 477¢>N¢/3 of less than 5%. The data points show experimentally
observed cavity parameters for neutron-irradiated steels [circle and triangles (from References 131 and 132)]
and for He ion-implanted metals [squares (from Reference 133)].

with allowable solute compositions and heat treatments that in some cases could give rise to
undesired phases (139, 141). If one takes into consideration the principles for designing radiation-
resistant materials discussed in Section 3, ferritic/martensitic alloys containing a high density of
uniformly dispersed, highly stable precipitates or dispersoids are of considerable interest. By using
thermomechanical treatments along with targeted modification in the composition of minor
elements, precipitate densities that are up to a factor of ~1,000 higher than those of conventional
ferritic/martensitic steels have been designed and fabricated; the tensile strength concomitantly
increases by ~50%, with no appreciable reduction in ductility or fracture toughness compared
with conventional steels (140, 142, 143). The calculated defect sink strengths for these new steels
are on the order of a few times 10'°/m?, which is near the lower bound of the sink strength required
to provide superior radiation resistance (see Section 3.3; Figures 10 and 11). Some scoping
irradiation experiments are currently in progress to assess the radiation performance of these new
ferritic/martensitic steels (140). In the future, further optimization to include tailored resistance
to specific phenomena such as design-specific creep-fatigue processes may be envisioned.

4.2. Advanced Manufacturing

In parallel with the advances in designing new materials with computational thermodynamics
tools, rapid progress has recently been achieved in a host of new advanced manufacturing pro-
cesses. Of particular interest are additive manufacturing techniques (144, 145), such as electron
beam melting that enables precision manufacturing of complex geometries a few atomic planes at
a time, and ultrasonic manufacturing that, for example, facilitates precise insertion of embedded
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sensors. Advantages of additive manufacturing over conventional processing include the potential
for atomic-scale materials engineering/fabrication, much less waste material (particularly impor-
tant for rare or expensive materials), rapid component prototyping and optimization (due in part
to direct utilization of CAD drawings), and the possibility of fabricating components that would be
impossible to produce by conventional manufacturing techniques. These additive manufacturing
techniques could potentially be used to create unique engineering architectures (e.g., enhanced
heat transfer swirl tubes) that would be beneficial for fusion energy applications. However, there
may be a potential trade-off between the improved ability to manufacture complex geometries
and the reduced performance of the base material because the current advanced manufactur-
ing techniques are not easily amenable to the postfabrication thermomechanical treatments that
are conventionally required to produce optimum materials properties and radiation resistance.
Further research is needed to determine the base materials properties of components fabricated
by using additive manufacturing techniques and subsequently to investigate modifications of addi-
tive manufacturing processing conditions that might lead to enhanced properties (including those
specifically tailored for radiation resistance).

4.3. Environmental and Safety Considerations

A key objective for fusion is to reliably and economically generate power without the need for
public evacuation under design-basis-accident scenarios. The D-T fusion reaction does not di-
rectly create radiological products (if higher-order cross-product reactions are ignored). However,
transmutation reactions by energetic fusion neutrons (Equation 1) can create radioactive isotopes
in the materials surrounding the plasma chamber. Therefore, careful selection of materials in the
fusion chamber is required to simultaneously minimize long-lived radioactive species (for waste
recycling and disposal) and short-term decay heat and production of volatile radioactive or haz-
ardous species (for public and worker safety) (18, 21). Dispersal of radiological species is a potential
safety concern under transient situations such as loss-of-coolant accidents and station blackout
conditions, in which residual afterheat from neutron-induced transmutation decay chain isotopes
can cause gradual heating of the fusion reactor chamber (even when the fusion reaction is stopped)
if flowing coolant is not available. For example, safety calculations of the decay heat and potential
volatization of radiological species stemming from transmutation of Mn in a loss-of-coolant acci-
dent (21) led to the abandonment of fusion research on Mn-stabilized austenitic steels (where Mn
replaced Ni to reduce long-lived radioactivity), even though these steels exhibited low, long-term
(>100-year) radioactivity.

Several studies observed enhanced H isotope trapping in materials following irradiation (146
149). This enhanced trapping raises safety concerns because large amounts of tritium from the
D-T fuel could be trapped in plasma-facing or structural components of a fusion reactor and
subsequently released during a loss-of-cooling accident. H trapping appears to be particularly
pronounced when cavities are present (10, 147) but appears to be relatively modest at lower irra-
diation temperatures, at which other microstructural configurations predominate (see Figure 4
for an overview of temperature-dependent microstructures). Therefore, one should perform H-
trapping evaluations on materials that have been irradiated at reactor-relevant temperatures, keep-
ing in mind that the high transmutant He generation from energetic D-T fusion neutrons is an ad-
ditional stimulant for cavity formation (46, 59). Recent simulation studies found that H is strongly
trapped near the surfaces of cavities in Fe and W (150, 151). If high cavity sink strengths are present
(see Figure 12), tritium sequestration issues could become a controlling consideration. For exam-
ple, if one assumed monolayer coverage on cavities in the ~1-cm-thick W tiles in the plasma-facing
regions in a fusion reactor [an ~850-m? surface area in ITER (152)], the product of the cavity
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density and radius squared would need to be Nerc? < 10°/m to stay below the ~740-g ITER site
limit for tritium. This trittum-trapping limit would place severe constraints on the allowable cavity
sizes and densities in the W armor (e.g., N¢ < 10%/m? for an average cavity radius of 1 nm), which
mightrequire frequent replacement or maintenance of the plasma-facing armor to keep the tritium
inventory at an acceptable level. Even more restrictive cavity parameters would apply for first-wall
and blanket structures in a future DEMO fusion reactor due to their larger volume. As noted
elsewhere (10, 141, 148), further research is needed to understand and quantify tritium-trapping
mechanisms in irradiated materials. However, using high cavity sink strengths as a strategy for
radiation resistance may be problematic in fusion reactors due to trititum-trapping considerations.

5. CONCLUSIONS

The materials to be deployed in fusion reactors must satisfy stringent environmental and safety re-
quirements in addition to maintaining high performance in the harsh D-T neutron environment.
On the basis of these considerations, the most promising strategy for designing structural materials
for fusion energy applications is to use either high noncavity sink strengths such as precipitates or
dispersoids in BCC materials (e.g., thermomechanically treated or ODS RAFM steel) or materials
in which vacancies are immobile at the design operating temperatures (e.g., SIC/SiC compos-
ites). Similar principles may be valuable for the selection of key materials systems in advanced
(Generation IV) fission reactors. The potential confluence of accurate multiscale models and
emerging advanced manufacturing techniques offers an attractive prospect for the future design
of complex components.

FUTURE ISSUES

1. Anappropriate high-flux fusion neutron irradiation facility is needed to validate radiation-
resistant materials concepts, quantification of trititum-trapping issues in materials, explo-
ration of basic maintenance and repair issues of irradiated materials, and development of
an irradiated materials engineering database for fusion reactor design and licensing.

2. The engineering design rules for low-ductility materials are incomplete (157). ITER
developed modified design rules to use austenitic stainless steel with low uniform elon-
gation (due to radiation hardening). These design rules should be further extended to
include W, SiC, and other low-toughness steels.

3. Engineering and/or materials science solutions to resolve the low irradiation dose life-
times of many of the current candidate functional materials systems for fusion should be
developed.
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