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Nuclear fusion is one of the most promising energy sources to satisfy our future needs.
However, several open challenges are yet to be solved for the realisation of fusion
electricity. Among the crucial issues, it is key to develop innovative solutions to increase
the lifetime of the components inside a fusion reactor.
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uclear fusion is the reaction that keeps our

Sun and the other stars burning. It occurs

when two light nuclei, for example made of

hydrogen isotopes, are brought sufficiently
close together so that the strong nuclear force can over-
come the repulsive electrostatic interaction, leading to the
formation of a heavier nucleus and the release of energy.
Using fusion on Earth as an energy source has been the
goal of scientists from all over the world since the 1950s.
Compared to other sources used for electricity produc-
tion, fusion offers indeed unique advantages. Firstly, fu-
sion is intrinsically safe since a runaway chain reaction
is physically impossible inside a reactor. Moreover, the
resources used as fusion fuel are available to all coun-
tries, meaning that no competition between governments
would arise to ensure the supply. Most importantly, fu-
sion benefits from a high environmental sustainability,
with little to no burden left for the following generations:
the fuel is virtually unlimited (available for millions of
years), the amount of material resources used per TWh
produced is small, no greenhouse gas is emitted during
the energy production process and no long-term radio-
active waste is generated. As far as waste is concerned, the

reactions inside a fusion power plant would leave behind
only a small amount of helium, which, being a monoa-
tomic inert gas, is non-toxic and does not contribute to
global warming. Therefore, the only waste to be managed
would be due exclusively to the decommissioning of the
reactor itself. The less material is needed for the overall
life of the fusion plant, the less are the expenses and the
environmental impact of fusion as an energy source. In
this mass balance, a key role is played by the lifetime of
the components operating inside a reactor, since more
durable components can be substituted less frequently.

The walls of a fusion reactor

Unfortunately, coming up with a long-lasting container
for a small burning star is not an easy task. The extreme
environment in which a fusion reactor operates results
in a combination of different loads on the walls. State-
of-the-art technology and material science are simply
not mature enough to deliver a component having a life-
time equal to the overall life of the fusion plant, and con-
sequently some parts must be replaced multiple times.
The damage to the components, that determines their
lifetime, depends on the different depositions that the
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burning plasma is applying on the walls, which consist
of heat loads, particle loads and neutrons. The ther-
mal energy and the particles are stopped at the wall
closest to the plasma, which is covered by the so-called
Plasma-Facing Components (PFCs). Neutrons, on the
other hand, penetrate deeply in the machine damaging
the whole volume of the reactor. Due to their location,
the PFCs receive the highest damage during operation
and thus these are the parts with the shortest lifetime in
the reactor. In particular, they receive the thermal power
that is continuously fed to the plasma to sustain the fu-
sion reactions, the so-called plasma heating power. Due
to the small heat exchange area, the heat fluxes experi-
enced by the PFCs are extreme, starting from ~ 1 MWm ™
and reaching peaks of 20 MWm™ in special regions. To
provide an idea of the order of magnitude, this power
density is comparable to the one leaving the surface of
the Sun, of about 60 MWm™2. Such power densities re-
sult in high temperatures and steep thermal gradients
that arise inside the loaded materials, leading to thermal
stresses. In the PFCs, such thermomechanical loads are
the main contribution to the stresses generated during
the nominal operation of the reactor, and they can lead to
the mechanical failure of the component by, for example,
thermal fatigue or creep-fatigue. The first phenomenon is
dominated by the low-cycle fatigue, which consists of the
failure of the material due to the accumulation of plastic
strain. An example of such behaviour can be found in
Figure 1, which shows deep cracking occurring in cer-
tain PFCs, called the divertortargets, after cyclic high heat
loads [1]. The creep-fatigue is a more complex and syner-
gistic phenomenon in which creep, that is the tempera-
ture dependent irreversible deformation of a material due
to the application of a monotonic stress, interacts with
the thermal fatigue resulting in the acceleration of crack
growth by the accumulated creep damage especially at
grain boundaries or other discontinuous locations. The
heat loads we have just described are applied for a suffi-
cient time such that the thermal equilibrium is reached
inside the PFCs, which is in the order of tens of seconds.
However, in addition to such fluxes, also thermal shocks
can occur inside a fusion reactor. These are due to insta-
bilities (e.g., Edged localized Modes (ELMs) or Vertical
Displacement Events (VDEs)) in the plasma which re-
sults in bursts of energy deposited on the wall. Since the
time scales of these transients are far lower than the time
scale of the thermal diffusion inside the material, only the
surface layers of the PFCs will absorb all the deposited
heat. Serious material degradation such as roughening
or crack formation on the surface can occur, depending
on the power density (which can reach ~1 GWm™ for ~1
ms), as well as the base temperature of the material be-
fore the transient event. Figure 2 shows an example of the
surface modification that occurs when applying multiple
thermal shocks to a PFC [2]. When the heat transients are

too energetic (e.g., during plasma disruptions), the energy
fluences are so high and the time so short that the surface
layer of the PFCs instantaneously melts and, in critical
regions, evaporates. Therefore, these latter events cannot
be tolerated inside a reactor and reliable mechanisms of

disruption prediction and mitigation are mandatory for
the design of a high-power fusion plant.

The particle fluxes experienced by the PFCs lead in-
stead to a plethora of phenomena called Plasma-Wall
Interactions (PWI). The PWI requirements put con-
straints on the choice of materials that can be used as an
interface with the plasma, the so-called Plasma-Facing
Materials (PFMs). This is the reason why the PFCs are
equipped with an armour, made of a PFM, which is
the part of the component interacting directly with the
plasma. Among the different damages resulting from
PWI, the most critical for the lifetime of components is
the erosion due to sputtering. Sputtering occurs because,
when charged particles collide onto a solid material, they
can exchange momentum, through Coulomb collision,
with the atoms inside the wall. This process can result in
the ejection of atoms from the solid material, which re-
sults in an effective erosion of the wall. In PEC, the life-
time due to such process is increased by both increasing
the thickness of the armor and choosing an appropriate
PEM. Presently, the most promising PFM for fusion re-
actors is tungsten (W), which being an element with a
high atomic number is less prone to sputtering. Another
detrimental effect due to PWTI is the formation of a na-
noscale porous structure, called “fuzz”, on the surface of
the PFM. Even if the effects of fuzz on the operation of a
fusion reactor are yet to be quantified, this phenomenon
could potentially lead to an increased possibility e e e
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electrical discharges occurring between the plasmaand a
PFC. Consequently, an increased production of W dust
and/or flakes could take place due to erosion.

Neutron irradiation of the materials

The interaction between the neutrons and the atoms
inside a solid material is of nuclear nature and leads to
irradiation damage. Nuclear reactions with the atomic
nuclei can occur. This leads to transmutations, which
consists of the generation of other elements that have
different properties than the original ones, with subse-
quent production of light gases such as hydrogen and,
most of all, helium inside the lattice material,. This leads
to swelling and cluster formation worsening the me-
chanical properties. In addition to these processes, the
lifetime of the components is also limited by the damage
generated due to the so-called collision displacements.
The elastic scattering, occurring between energetic neu-
trons impacting onto a solid component, can result in
the displacement of the atoms in the walls, effectively
rearranging the distribution of the nuclei in the mate-
rial. Such type of irradiation damage is measured with a
quantity called “displacement per atom” (or dpa) and is
defined as the number of times an atom is displaced, on
average, for a given neutron fluence. Due to irradiation
damage, the materials change their thermophysical and
mechanical properties, behaving effectively as different
materials. Specifically, alloys can, at high dpa, undergo
embrittlement. This is a major engineering concern, es-
pecially for the structural components which are the
parts and systems that support the whole structure of
the reactor. Embrittlement is a phenomenon in which
a material can no longer deform plastically before ul-
timate failure, and suddenly fails as soon as a defect is
initiated. Naturally, such a behaviour cannot be toler-
ated in a structural component, whose failure would

result in a major damage of the whole plant. At present
times, irradiation damage due to collision displacement
represents the main limiting factor to the lifetime of the
components of a fusion reactor able to deliver electricity
to the grid. Figure 3 shows how Copper-Chromium-
Zirconium (CuCrZr), which is a fusion-relevant ma-
terial, loses its ductility already at low dpa [3]. Such a
threshold has been up to now more than sufficient for
the present fusion devices. However, a reactor generating
electric power from nuclear fusion would have a drastic
increase in the neutron flux expected on the walls. For
this reason, the development of neutron-resistant mate-
rials is one of the most active fields in fusion research. For
the case of PFCs, which receive the highest neutron load,
one of the potential alternatives are Reduced Activation
Ferritic/Martensitic steels. However, due to their low
thermal conductivity (~10-15 times lower than copper),
they can be used only in the PFCs located at the region
with heat fluxes in the range of 1 MWm™. Also, W-based
composite materials are investigated, such as W/copper,
for the region with highest thermal loads, and W/iron.
Indeed, due to its high atomic number, W is less prone
to the elastic scattering due to neutron irradiation and
consequently only a small amount of dpa is generated
in the material. The detrimental effects of dpa accumu-
lation limits ultimately the lifetime of the whole fusion
plant, specifically when substantial irradiation damage
occurs in the parts of the reactor which cannot be sub-
stituted (e.g., vacuum vessel).

The DEMO fusion plant

For DEMO, the European fusion plant currently under
design that should supply electricity to the grid in the
second half of this century, the expected lifetime of the
vacuum vessel is of 6 full-power years (fpy) [4]. Such
a value comes from the damage threshold due to the
neutron damage of the stainless steel 316L(N), used to
manufacture the chamber. During this time, the PFCs
will be remotely substituted multiple times. Specifically,
the divertor units will be removed after 1.5 fpy due to
the neutron embrittlement limit, occurring at ~14 dpa,
of the CuCrZr used for the coolant pipes [5]. The first
wall, which is the PFC covering most of the plasma-facing
surface and the breeding blanket, is instead expected to
operate for ~5 fpy before removal [6], since will be made
of a RAFM steel, called EUROFER, which shows good
mechanical behaviour even at ~80 dpa [7]. Consequently,
four divertors and two breeding blankets are expected
to be used during the operation of DEMO. Coming up
with novel neutron resistant materials, as well as inno-
vative engineering solutions to increase the component
lifetime, would therefore impact both the economic and
the environmental sustainability of nuclear fusion, since
both costs and waste could be substantially reduced. The
research is very active on this subject, providing new



potential candidates [8]. Unfortunately, one still lacks the
experimental validation of such novel materials since no
present neutron source shares both the same energy spec-
trum and fluence expected in DEMO. A key facility will be
IFMIF-DONES, a specific center for material testing under
fusion-relevant neutron irradiation, planned to be realised
before 2030.

In conclusion, the lifetime of the components of a fusion
reactor depends on the different loads experienced by the
wall. Several types of damage can arise, depending on the
nature of the irradiation. At present times, particular focus
is dedicated to investigating synergistic effects of multiple
loadings (heat and neutrons, plasma and neutrons, efc.).
However, the most limiting factor to the lifetime of a fusion
reactor is currently the neutron embrittlement due to the
accumulation of atom displacements inside the material. In
the next decades, crucial data will be provided by IFMIF-
DONES, which will play a key role to validate novel neutron
resistant materials.
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