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ABSTRACT

The high-power laser energy research (HiPER) project was a European project for demonstrating the feasibility of inertial fusion energy based on
using direct-drive targets in a shock ignition scheme using a drywall evacuated chamber. HiPER was intended to drive the transition from a
scientific proof of principle to a demonstration power plant in Europe. The project was divided into three realistic scenarios (Experimental,
Prototype, and Demo) to help identify open problems and select appropriate technologies to solve them. One of the problems identified was the
lack of appropriate plasma-facing materials (PFMs) for the reaction chamber. Therefore, a major challenge was to develop radiation-resistant
materials able to withstand the large thermal loads and radiation in these reactors. In this paper, we describe the main threats that coarse-grained
W would face in the diverse HiPER scenarios. Based on purely thermomechanical considerations, the W lifetimes for the HiPER Prototype and
Demo scenarios are limited by fatigue to 14 000 h and 28 h, respectively. The combined effects of thermal load and atomistic damage significantly
reduce these lifetimes to just ~1000 shots for the Experimental scenario and a few minutes and seconds for the Prototype and Demo scenarios,
respectively. Thus, coarse-grained W is not an appropriate PFM for the Prototype or Demo scenarios. Therefore, alternatives to this material need
to be identified. Here, we review some of the different approaches that are being investigated, highlight the work done to characterize these new
materials, and suggest further experiments.

© 2020 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://creativecommons.org/
licenses/by/4.0/). https://doi.org/10.1063/5.0010954

I. INTRODUCTION

Nuclear fusion is a promising option for providing clean energy,
and it may be able to fulfill the increasing energy demands worldwide.
It would help to meet the decarbonization requirements recognized
by EURATOM within the Horizon Europe research program, which
is to run from 2021 to 2027. The main advantages of nuclear fusion

There are two main approaches to fusion energy: magnetic con-
finement fusion (MCF) and inertial confinement fusion (ICF). The
current choice for an ICF driver due to its superior capabilities is a laser;
thus, ICF is also called laser fusion. There are important technological
differences in ICF between direct-drive targets (in which laser beams
directly illuminate the target) and indirect-drive targets (in which the

compared to other clean energy sources are its high-power density
and reliable power supply. However, to make fusion a reality, some
weak points must be overcome. Some of these are related to plasma
physics and reactor technology, whereas others are related to the
development of materials able to withstand the harsh reactor envi-
ronment (mainly high thermal load and high radiation flux). Indeed,
the lack of suitable materials is a major concern.

laser energy is converted to x-rays, which illuminate the target). The
most advanced project to demonstrate the viability of MCF is the In-
ternational Thermonuclear Experimental Reactor (ITER), now under
construction in France with support from organizations in Europe, Asia,
and the USA." "~ For ICF, the most relevant projects are the National
Ignition Facility (NIF) in the USA,*” the Laser Megajoule (LM]J) and
PETawatt Aquitaine Laser (PETAL) in France,” OMEGA in the USA,’
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the Fast Ignition Realization Experiment (FIREX) in Japan,” and also
projects in Russia and China.

To prepare for the next step in constructing a power plant, the
MCF community is proposing demonstration projects in Europe,””
]apan,I ! Russia,'” Korea,'” and China.* Similarly, the ICF com-
munity has proposed two projects: HiPER (high-power laser energy
research) in Europe and LIFE (laser inertial fusion energy) in the USA,
which use direct-drive'” '® and indirect-drive'” >’ targets, respec-
tively. Direct-drive targets have a simpler design and may have a
higher gain than indirect ones because the efficiency is not reduced by
the creation of x-rays. In addition, advanced ignition schemes,”* such
as shock ignition (as in HiPER) are much easier to implement with
direct-drive targets.

The European HiPER project aimed to study the possibility of
laser fusion with direct-drive targets, shock ignition, and a drywall
evacuated chamber. A full demonstration plant was considered.”” The
project was divided into three scenarios corresponding to different
phases in the development of nuclear fusion technology: experimental
facilities (Experimental scenario), a power plant operating in relaxed
mode far from full power (Prototype scenario), and a full-scale
demonstration power plant (Demo scenario). Other projects, such
as HAPL™ and ARIES” in the USA, and KOYO-F,”" LIFT,” and
FALCON-D? in Japan, had the same goals, which were based on
central ignition (USA) or fast ignition (]apan).‘”‘“l

In shock ignition,”””* the D-T target is first compressed to high
density by shooting a long laser pulse directly on to its surface. When
maximum compression is achieved, a convergent spherical shock
wave is launched into the compressed fuel using a high-intensity spike
in the laser pulse. According to simulations, this promotes pressure
amplification and ignition. Shock ignition significantly reduces the
laser energy required for ignition in comparison to fast ignition.”*
Apart from the differences in the way in which ignition is attained, in
all direct-drive approaches, after ignition, x-rays, high-energy neu-
trons (11 MeV-12 MeV),”” and ions (keV-MeV) are produced.

Plasma-facing materials (PFMs) are directly exposed to the
target explosion. They protect the structural material from the ir-
radiation. Thus, a PFM must have excellent structural stability, since
severe cracking or mass loss would reduce its protective role. It also
has to have: (i) high thermal shock resistance, (ii) high thermal
conductivity, (iil) high melting point, (iv) low physical and chemical
sputtering, and (v) good compatibility with the coolant. Moreover, for
safety reasons, low tritium retention is also a must.

Due to its properties, W is a candidate PFM.’® However, pre-
vious work indicates that W has important drawbacks, such as its high
ductile-to-brittle transition temperature (423 K-673 K),”” low yield
strength,” oxidation at elevated temperatures into WOs,”” and re-
crystallization well below its melting temperature.’”"' Moreover, it
has a very detrimental ability to retain light species easily, mainly
hydrogen“ > and helium,***° which leads, among other fatal effects,
to surface blistering, cracking, and exfoliation.

The performance of W under H, He, and to a lesser extend under
mixed (H + He) irradiation has been studied under diverse irradiation
conditions.” ** Because the effects of radiation depend on the ir-
radiation conditions (ion energy, flux, fluence, and temperature) and
on sample characteristics (defects and impurities), data sets must be
compared carefully, especially when trying to extrapolate results (e.g.,
from low-flux low-energy to high-flux high-energy experiments). The
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pulsed nature of the most relevant irradiation events in both ICF and
MCEF requires special consideration, because pulsed and continuous
irradiation cause different types of damage to materials.*”” Note that
under pulsed irradiation, the damage also depends on the pulse
conditions (pulse duration, repetition rate, and whether the samples
suffer thermal loads concurrent to the pulses).”

Thus, when studying the effects of ion irradiation in HiPER, one
should recreate, as far as possible, the particular irradiation conditions.
These include hundreds to thousands of nanosecond pulses
comprising a high flux (102 m™s™'-10>> ms™") of high-energy light
ions (ranging from keV for debris to MeV for fast burn products) and
simultaneous pulsed thermal loads (of up to 10° MW m™>). Testing
materials under these irradiation conditions requires dedicated facilities.
To the best of our knowledge, there is no facility that can test materials
under realistic conditions, which hampers the characterization of ir-
radiation effects for the materials proposed for HiPER as well as for other
inertial fusion reactors operated in the direct-drive configuration.

So far, the most relevant experiments studying the effects of
irradiation on PFMs in reactors like HiPER have been performed in
the repetitive high-energy pulsed power facility (RHEPP-1)°" at
Sandia National Laboratories and in high-energy plasma focus (PF)
devices all around the world.”” °° In RHEPP, samples were exposed to
up to more than 1000 pulses of high-energy ions (500 keV-900 keV)
at energy fluences up to 8 J/cm?, for a pulse duration of ~100 ns, and
repetition rates close to 0.1 Hz. High-energy PF devices produce
pulses with a duration of hundreds of nanoseconds with a high flux
(102 m?s7'-10” m~>s™") of high-energy ions (ranging from keV to
MeV).”” However, RHEPP-1 was dismantled and using PF devices to
study the effects of irradiation on materials is not trivial because it is
necessary to achieve precise control and reproducibility of the irra-
diation conditions, which is difficult for these devices. Currently,
efforts are focused on accurately characterizing the radiation envi-
ronment in PF devices. Indeed, the International Atomic Energy
Agency is promoting coordinated research projects to do this and ™ is
bringing together specialists on PF devices and materials scientists.”

Other facilities for testing PFMs for ICF reactors are those used by
the MCF community for testing divertor materials.”’ These are mainly
linear plasma facilities, such as the Garching large divertor sample test
facility (GLADIS)"' in Germany, or the neutral beam injection facility
at the National Institute of Advanced Industrial Science and Tech-
nology in Japan.®” These two facilities can generate pulses with a high
flux (~10*' m™ s7") of high-energy (keV) ions with a duration of
seconds or microseconds, respectively. However, note that these fa-
cilities can estimate only the effect of pulsed irradiation by debris (keV)
but not by fast burn products (MeV). Moreover, the differences in the
duration of pulses generated in these facilities and those reachinga PFM
in ICF should be considered. Nevertheless, the result of the experiments
performed in these facilities, even when not fully reproducing the
radiation environments in ICF, are very interesting, since at least they
can be used to validate simulation codes, which are valuable for
studying and developing materials. In this sense, collaborative work by
the MCF and ICF communities would enhance progress, save money,
and avoid duplication of results

In this paper, we review the harsh conditions (large thermal load
and damage from high-energy ions) that W would face in the three
HiPER scenarios: Experimental, Prototype, and Demo. Next, we
study the performance of W under such harsh conditions and discuss
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the limitations of coarse-grained W (from now on W) as a PFM.
Finally, we review new approaches that are being considered to
develop more radiation-resistant materials, highlight the work done
so far, and suggest some complementary studies that will be needed
for the systematic characterization and definition of the operational
limits of PFMs.

Il. CHAMBER DESIGN AND IRRADIATION CONDITIONS

In HiPER, three different scenarios were considered: Experi-
mental, Prototype, and Demo. The Experimental facility aimed to
demonstrate an advanced ignition scheme and repetitive laser op-
eration; therefore, irradiation was limited to bunches of a few shots
with energies of ~20 MJ. The Prototype power plant planned to study
target injection, tracking, repetition mode, tritium production, heat
extraction, and the effects of irradiation on materials. It was to operate
under relaxed conditions (1 Hz and 50 MJ). Finally, the full-scale
demonstration (Demo) power plant aimed to prove the feasibility of
the technology under the operating conditions of a power plant
(10 Hz and ~150 MJ). The main operating conditions for the three
diverse HiPER scenarios are shown in Table I.

In all scenarios, the reaction chamber has to be designed to fulfill
diverse requirements, mainly related to proper target injection, laser
beam transport, survivability, safety, maintenance, and clearance.
One of the key issues for the chamber is identifying the optimum
materials and chamber dimensions, which must be set to avoid or to
minimize, as much as possible, damage to the chamber, to ensure the
proper operation of the facility during its intended lifetime.

A definitive scheme for the HiPER reaction chamber was not
defined. Nevertheless, some advanced concepts for it have been
described.'®® In all scenarios, the chamber was designed to be
spherical, with 48 openings for the laser beamlines, allowing sym-
metrical target illumination (Fig. 1). As shown in Fig. 1(b), the
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chamber had concentric layers: (i) PFM (expected to be made of W)
(ii) substrate, to give mechanical support to the PFM, and (iii) cooling
blanket (for the Prototype and Demo scenarios).”” "’

The irradiation spectra used as input data to calculate the ra-
diation spectra in HiPER were taken from the ARIES project fora 154-
MJ direct-drive target (Demo scenario),”® which was rescaled to 20 M]J
and 50 M]J for the HiPER Experimental and Prototype scenarios,
respectively.’” As reported in Refs. 68 and 69, the energy generated in
the target ignition is carried by neutrons, energetic burn products (H,
D, T, and He), and debris (D and T ions from unburnt plasma and
low-energy He). Neutrons carry ~71% of the energy released by the
explosion and ions nearly 27%, while the remaining energy is carried
by x-rays (1%-2%). The ion and x-ray spectra are reported in Refs.
69-71. The neutron spectrum is reported in Ref. 72.

Based on the chamber depicted in Fig. 1 and considering that the
chamber radii in the Experimental scenario are 5 m and 6.5 m in the
Prototype and Demo scenarios, the time of flight to reach the PFM in
HiPER is shorter than a microsecond for fast burn products (D, T, and
He) and around tens of microseconds for debris ions (slow D, T, and
He). The time of flight of x-rays is negligible; thus, the x-ray pulse hasa
duration similar to the target illumination, around tens of nano-
seconds. Therefore, in HiPER, the entire process of energy deposition
in the PFM would last less than 10 ys. More precise data are published
in Ref. 69.

Spatial energy profile for the different species in HiPER as
calculated with the SRIM code,”” for ions, and the appropriate ab-
sorption coefficients for x-rays’* indicate that x-rays deposit most of
their energy at depths <1 ym, deuterium and tritium debris ions at
depths <2 ym, and most of the helium burn product ions at depths <4
pm. Note that most of the energy carried by x-rays and ions is de-
posited in the first few micrometers of the PFM. Around 90% is
deposited at depths <5 ym. The most energetic ions (>2.5 MeV)
deposit the remaining 10% at depths <100 ym. Figure 2 is a schematic

TABLE I. HiPER operating conditions for the three HIPER scenarios (Experimental, Prototype, and Demo) together with the main operating parameters and the predicted lifetimes
based on purely thermomechanical considerations and on synergistic effects (combined effect of pulsed thermal load up to 105 MW m~2 and high-flux high-energy He irradiation).

Experimental Prototype Demo
Frequency Few shots per bunch 1 Hz 10 Hz
Shot energy (MJ]) 20 50 154
Inner chamber radius (m) 5 6.5 6.5
Blanket No Yes Yes
Total energy fluence of ions (J m™) 1.7 X 10* 2.5 X 10* 7.7 X 10*
Heat flux factor, Fr (MW m™2 s%°) 9.7 144 44.4
Maximum pulse temperature (K) 875 1410 3400
Maximum steady-state temperature (K) e 610 934
Plastic region (X10~° m) 5 10 100
Plastic strain range reached during the 45 %107 ~1072 ~6 X 1072
cycle load (A€)
Allowed number of shots (based on 270 X 10° 5% 107 1 X 10°
purely thermomechanical
considerations)
Lifetime based on thermomechanical Not applicable 14 X 10° (580 days) 28
considerations (hours)
Lifetime based on synergistic effects ~1 X 10 shots Minutes Seconds
(thermal loads and He irradiation)
Matter Radiat. Extremes 5, 055201 (2020); doi: 10.1063/5.0010954 5, 055201-3
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FIG. 1. (a) Layout of the HiPER reactor. Reprinted with permission from J. M. Perlado et al., Proc. SPIE 8080, 80801Z (2011). " Copyright 2011 SPIE Digital Library. (b) Schematic
view of the chamber designed for the HIPER Prototype and Demo scenarios.
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energy.
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overview of the most significant species produced from the explosion,
showing their time of flight and the depth at which they deposit most
of their energy. A more detailed description of the spatial and
temporal radiation deposition can be found in Ref. 69.

11l. THREATS FOR W OPERATING UNDER HIPER
CONDITIONS

A. Pulsed thermal loads

Due to the long penetration range of neutrons, they do not
deposit their energy in the PFM, but deeper into the chamber wall.
Therefore, only the energy carried by ions and x-rays is deposited in
the PFM. Moreover, for direct-drive targets, as in HiPER, ions are the
main contributors to the thermal load.

In the case of ion irradiation in which ions arrive at different
times, a first assessment of the thermomechanical behavior of W can be
made using the heat flux factor (Fgz), which was introduced to nor-
malize the thermomechanical effects of irradiation with pulses of dif-
ferent durations. It is defined as the product of the power surface density
(P.ps) and the square root of the pulse duration (D;): Fgr = Pgps D*.

Figure 3 shows Fypvalues for the three HiPER scenarios together
with values reported by Linke et al.”” and Renk et al.” for surface
deteriorations: roughening (Fp = 20 MW m > s*), cracking (Fyp
=20 MW m 2 s%°-50 MW m 2 s*), melting (Frzp = 70 MW m > s%?),
and boiling (Fyr = 200 MW m~2 s%).

As shown in Fig. 3, the Fyr calculated for the Experimental and
Prototype scenarios is lower than the reported damage threshold (~20
MW m25%%),”>7° but is larger for Demo. Indeed, the value obtained
for Demo is within the range for cracking. Cracking is unacceptable
for a PFM because it would lose its protective ability. These results
were the first indication that W may not be suitable under Demo
conditions. However, Fyr provides only a rough estimate of how well
W would perform as a PFM. Therefore, for a proper assessment of the
thermomechanical behavior of W as a PEM, it is necessary to study its
temperature and stress state during operation.

REVIEW scitation.org/journal/mre

As described by Raffray et al.,°® Sethian et al,”” and Garoz
et al,”" the temperature of W increases as the irradiation arrives,
especially at depths <10 ym, where most of the energy is deposited.
Garoz et al.”' calculated a detailed picture of the temperature evo-
lution at the W surface and at different depths (<1000 ym) during the
arrival of each pulse for the three HiPER scenarios. The results are
shown in Fig. 4.

In the Experimental scenario, W returns to its initial temperature
shortly after irradiation. However, in the Prototype and Demo sce-
narios, W is heated by each pulse until a steady state is reached. The
maximum temperature calculated at the W surface together with the
maximum steady-state temperature are shown in Fig. 5. For com-
parison, the recrystallization and melting temperatures for W are also
shown.

The calculated maximum temperature at the W surface in all
HiPER scenarios is always lower than its melting temperature
(3700 K).”® However, for the Prototype and Demo scenarios, it is
sufficiently high to cause recrystallization (1300 K-1800 K)."**'
Recrystallization has important consequences for W, since it en-
hances the effects of irradiation and affects its mechanical prop-
erties (reducing its strength and hardness).”” The calculated steady-
state temperature is always lower than the recrystallization
temperature.

The temperature variations illustrated in Fig. 4 and their cyclic
nature notably influence the mechanical properties of W. From a
mechanical point of view, before the pulse, W is in a tensile state.
During the pulse, due to the temperature increase and the chamber
geometry, the W surface expands axially and compresses transversely,
generating stresses and leading to a strong reduction in the yield stress
(from 1.2 GPa at room temperature to <100 MPa at more than
2000 K),”* which produces a plastic region within the first few mi-
crometers of the W surface (Table I). After the pulse, the W cools
down and returns to its initial tensile state. As illustrated in Fig. 6, due
to the repeated heating and cooling, W experiences compressive and
tensile stresses, which generate cyclic stresses. As a consequence of the
cyclic stresses, fatigue appears.

10*

® Reported values [75, 76]

R: roughening

C: cracking

M: melting

B:boiling

HiPER

® Experimental
Prototype

000

e Demo

rogw

2 .05
Fs(MW m™ s™)
3
q
00

T
107 10° 10° 10* 10°
Pulse duration (s™)

10? 10"

FIG. 3. Heat flux factor (Fy) calculated for the different HIPER scenarios: Experimental (green dot), Prototype (yellow dot), and Demo (red dot). For comparison, Fpr values
reported by Linke et al.”” and Renk et al.”® for surface modifications are also plotted (blue dots): roughening (R), cracking (C), melting (M), and boiling (B).
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FIG. 4. Temperature of W as a function of time at different depths within the PFM for (a) HIPER Experimental scenario (first pulse), (b) HIPER Prototype scenario (steady state), and
(c) HIPER Demo scenario (steady state). The steady state was reached ~6 s and ~60 s after the beginning of operation for HIPER Prototype and Demo scenarios, respectively.
Reprinted with permission from Garoz et al., Nucl. Fusion 56, 126014 (2016). Copyright 2016 IOP Sciences.
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FIG. 5. Maximum temperature calculated at the W surface and the maximum
steady-state temperature. For comparison, the recrystallization and melting tem-
peratures for W are indicated with dashed lines.

Based on purely thermomechanical considerations, fatigue
loading is the limiting factor for the lifetime of W as a PEM in HiPER.
According to the model developed by Blanchard and Martin,”’ the
maximum number of cycles that W can withstand without failure is
~27 X 107, ~5 X 107, and ~1 X 10° cycles for the Experimental,
Prototype, and Demo scenarios, respectively, which as shown in
Table I, corresponds to 14 000 h (580 days) and 28 h of operation for
the Prototype and Demo scenarios, respectively. Because of its op-
erational conditions (bunches of a few shots and low yield targets), no
lifetime limit is foreseen in the HiPER Experimental scenario.”’

Crack initiation and propagation also have important detrimental
effects on W. The maximum tensile stress calculated for the different
HiPER phases is shown in Fig. 6. For the Prototype (1050 MPa) and
Demo (1250 MPa) scenarios, this stress (>1000 MPa) is strong enough
to cause crack initiation. Any cracks at the W surface will propagate
under cyclic irradiation along the axial direction under the transverse
tensile stress, so that the W will lose its structural stability. Crack
propagation mainly depends on the crack length and on the separation
between cracks. An analysis of crack propagation using the stress in-
tensity factor KI'® shows that for Demo, the crack length from the W
surface is limited to 100 ym-200 ym. A more detailed description of
crack propagation in HiPER can be found in Ref. 71.
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FIG. 6. Transverse stress (left) and axial strain (right) in W as a function of time for different depths. (a) HIPER Experimental scenario (first pulse). (b) HIPER Prototype scenario
(steady state). (c) HIPER Demo scenario (steady state). Reprinted with permission from Garoz et al., Nucl. Fusion 56, 126014 (2016). Copyright 2016 IOP Sciences.

Apart from the purely thermomechanical effects, ions and
neutrons cause atomistic damage in W. Therefore, in addition to the
severe effects stemming from the thermomechanical response, the
combined effect of thermal loads and atomistic damage is, overall,
detrimental. A detailed description of this combination is presented in
the following.

B. Synergistic effect of thermal loads and atomistic
damage

1. lons
60

As already described in Secs. I and II, high-flux pulses
(102 m™? s7'-10%° m™2 s™') with a duration of roughly hundreds of
nanoseconds (He) to thousands of nanoseconds (D and T) composed
of high-energy (keV to MeV) ions (mainly deuterium, tritium, and
helium) will reach the PFM in the HiPER scenarios. High-energy ions
produce Frenkel pairs (i.e., a vacancy and a self-interstitial atom) in
the PFM at the depths where they are implanted (between 1 ymand 10
um below the W surface),”” which has important consequences for
properties and performance of the PFM.

In the following, we present the most relevant results for the
combined effect of thermal loads and atomistic damage (Frenkel pair
production and light ion implantation) in W, highlighting the

importance of evaluating materials under high-energy pulsed irra-
diation and under mixed ion irradiation (H + He).

C. Single-beam irradiation
1. Helium

He atoms can diffuse easily in W.*"*” Indeed, experimental

studies show that He becomes mobile at temperatures lower than
5 K.’ However, in the PFM, implanted He can become trapped at
vacancies with a high binding energy (i.e., ~4 eV for a He atom in a
monovacancy)®"* to form bubbles. He bubbles in materials used for
ICF are mainly created at depths close to the projected He range. The
formation of bubbles occurs over a wide temperature range (up to
~2000 K).*° Moreover, if the W surface temperature is high enough, as
in the HiPER Demo scenario, the expansion and coalescence of He
bubbles is accelerated. For example, at ~1250 K, helium/vacancy
(He + V) complexes become mobile and coalesce into large He
bubbles” some micrometers beneath the sample surface. As the
bubbles grow, they blister the surface, which leads to surface cracking
and exfoliation, with layers up to several micrometers thick. This is
unacceptable for a PFM. In addition to vacancies, He can be also
trapped at impurities,””*” grain boundaries (GBs),””’ dislocations,”’
and other He atoms (self-trapping).””
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Renk et al.”® performed pulsed irradiation experiments (pulse
duration 500 ns) to study the consequences of a combination of pulsed
thermal loads and high-energy He irradiation on the performance of
W. The W samples were irradiated with a high flux (~10** m™s™") of
high-energy He ions (250 keV-800 keV) at different fluences. Here,
Fup=20 MW m™2s°. Figure 7 shows a scanning electron microscopy
(SEM) image of the surface of a W sample after being exposed to 1600
He pulses (1.6 X 10*° m™2). For comparison, a SEM image of a W
sample exposed to the same number of pulses of a N beam, under
similar irradiation conditions, is also shown. There are clear differences
between the two surfaces. In particular, the surface of the sample
exposed to He has pores and side-wall protrusions, which are not seen
in the surface of the sample exposed to N. These pores and protrusions
appear at a He fluence of ~10"° m™,

Dutta et al.” obtained similar results by irradiating W samples
with a high flux (10 m?s7") of high-energy He (keV-MeV) in a PF
device. Samples exposed to one single pulse (10'®* m~?) had cracks
with a micrometer-sized width (~1 yum-4 ym), whereas those exposed
to more pulses (5 or 10) had a network of interconnected cracks. They
also observed that the effects of irradiation decrease as the thermal
load decreases (i.e., further away from the beam axis).

A very significant conclusion from these works is that the
damage fluence threshold for W samples exposed to the combined
effects of pulsed thermal loads and high-flux high-energy He irra-
diation is 10" m™2-10'° m™2, which is at least two orders of mag-
nitude lower than that reported for continuous He irradiation
(10*! m™2-10** m™2).”*”° The reason for such a decrease in the
damage fluence threshold when irradiating in pulsed mode has not
clearly been established from experiments, though significant He
retention is a possible cause.

Rivera et al.”’ performed computer simulations using the Object
Kinetic Monte Carlo code (OKMC) to evaluate the difference between
continuous and pulsed He irradiation of W. Their results, depicted in
Fig. 8, show that at temperatures over ~1300 K, pulsed irradiation
leads to larger He retention and creates a much higher density of
vacancies that are highly occupied by He atoms compared to con-
tinuous irradiation under the same conditions (ion energy, tem-
perature, and fluence). These results account for the decrease in the
damage threshold experimentally observed.”*””

1600 N pulses
1.0-1.5 x10* Jm2/pulse

REVIEW scitation.org/journal/mre

Note that in HiPER, a damage fluence threshold of ~10" m2
would be reached after ~1 X 10> pulses in the Experimental scenario
and in times of the order of a few minutes or seconds (i.e., almost
immediately) after the beginning of operation for the Prototype and
Demo scenarios, respectively. Thus, these results indicate that W is
not suitable as a PEM in HiPER under repetitive pulsed irradiation at
high repetition rate (Prototype and Demo scenarios).

2. Hydrogen isotopes

Experiments and computer simulations show that H trapping in
W occurs at vacancies,”” "’ dislocations,"" chemisorption sites on
the walls of voids,**'"* and impurities."® Unlike He, H does not self-
trap. In fact, the H-H interaction is repulsive at short distances.' """
The extent of H trapping at GBs is unclear. Some authors found that H
can be trapped at GBs,'’° '"” whereas others concluded that this
can happen only if there are vacancies at the GBs,''’ otherwise
vacancy-free GBs behave as effective diffusion channels for H."''''"’
Sec. [V B 4 provides a more detailed description of the role of GBs on
H behavior. Anyhow, there is a consensus that the trapping energy of
H in W is very low (i.e., ~1.4 eV for Hin a monovacancy),1 *in-
dicating that at T'= 700 K, these traps may not be able to hold the H so
that it is quickly released from the W. For more details, see Ref. 102
and the references therein. The same holds for D, whose trapping
energy has been reported to be around 1.4 eV.""”"'® Thus, at the
operating temperatures of the HiPER Prototype and Demo scenarios,
neither H nor D would be expected to become trapped in the PFM;
nevertheless, they would still cause damage to the PFM.

Greuner et al.'"” reported the erosion and formation of nano-
sized pores at the surface of W samples irradiated in pulsed mode
(3.5 s) with a high energy (keV) and high flux (1.3 X 102! m™2 7).
Here, Fyr ~ 18 MW m ™2 s°° and the fluence was ~2 X 10** m™.
At this fluence of low-energy continuous irradiation, blisters
formed.''*"*" This result shows clearly that synergistic effects are more
significant in the deterioration of the surface than continuous irradi-
ation. Moreover, the ion energy used in this experiment is from only the
lower part of the energy spectra (debris) of HiPER, and not the high-
energy part (fast burn products). However, note that there is a dif-
ference between the pulse durations of this experiment and HiPER.

1600 He pulses
~1.2 x10* Jm¢/pulse

L —

L Jsopm.

N

FIG. 7. Scanning electron microscopy images of the surface of a W sample after exposure to 1600 pulses of (a) a nitrogen beam and (b) a helium beam. Reprinted with permission
from Renk et al., Fusion Sci. Technol. 61, 57-80 (2012). Copyright 2012 Taylor and Francis the American Nuclear Society (http:/www.asn.org/).
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FIG. 8. [ga)—(c)] Ratio of He retained to total implanted He for W samples irradiated with He at 3 keV under different conditions: (a) Continuous irradiation at a dose rate of 2 X 102

em2s™

. (b) Pulsedirradiation, with 2 x 102 cm~2 per pulse at a repetition rate of 1 Hz. (c) Comparison of continuous and pulsed irradiation at 1300 K and for different fluxes. In all

cases, the number of He ions per cm? averaged over 1 s is the same (2 X 10"2cm=2 or 2 X 10" cm™2). [(d)—(f)] Fraction of He retained in trapping sites for W samples irradiated
with He at 3 keV under different conditions. (d) Pulsed irradiation at 700 K, with 2 x 10 cm™2 per pulse at a repetition rate of 1 Hz. (€) Pulsed irradiation at 1300 K, with 2 x 10"

|

cm™2 per pulse at a repetition rate of 1 Hz. (f) Continuous irradiation at a dose rate of 2 X 10" cm=2s~". Reprinted with permission from Rivera et al., Nucl. Instrum. Methods Phys.

Res., Sect. B 303, 81-83 (2013). Copyright 2013 Elsevier.

Some other authors have described the presence of microcracks,
holes, bubbles, large blisters, erosion, and melting at the surface of W
samples exposed to H irradiation in PF devices.'”' '** However, the
Fyr used in those works was several orders of magnitude above the
Fyr for HiPER and the reported damage threshold. Therefore, it is
difficult to separate the consequences of thermomechanical effects
from those of atomistic damage in those data.

To the best of our knowledge, there are no reliable data on the
combined effects of pulsed large thermal loads and H irradiation of W
in the MeV range. However, since as deduced by Ogorodnikova
etal'” and Gonzalez-Arrabal et al.'*” that in W samples with a large
density of vacancies, the amount of H trapping can be correlated with
the densities of vacancies and vacancy clusters, the behavior of H
isotopes under HiPER conditions may depend on the competition
among the diffusion of H isotopes, the thermal detrapping of H
isotopes, and vacancy clustering, so that predicting the results
requires a reliable model.

D. Mixed irradiation (He + H)

All the results presented up to now are for single irradiation (He
or H). However, to evaluate whether W could be used as a PFM in
HiPER, we have to study its behavior under mixed irradiation
(He + H).

Despite its importance, little experimental work has been carried
out on this subject, due to the lack of facilities mimicking real op-
erating conditions. To the best of our knowledge, there are no data on
the performance of W under synergistic effects like those expected in
HiPER, in which the irradiation is expected to be a combination of He
and H isotopes. Nonetheless, some conclusions can be drawn from
computer simulation.

Computer simulations indicate that the presence of He notably
modifies the behavior of H. Density functional theory (DFT) cal-
culations by Becquart and Domain'*® and by Zhou et al.'*” illustrate
that He + V complexes can act as additional trapping sites for H,
which can drive the segregation of H at those sites. In addition, since
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the binding energy to a vacancy is larger for He (~4 eV) than for H
(~1.4 eV) and the diffusion barrier to reach a vacancy is lower
(0.06 eV) for He than for H (0.14 eV), then He is more likely to occupy
any given vacancy. Similarly, based on molecular dynamics (MD)
simulations, Juslin and Wirth'*® and Cusentino'*’ concluded that, in
the temperature range from 300 K to 2100 K, He bubbles can be a sink
for H and retain a large number of H atoms. Moreover, MD simu-
lations performed by Grigorev et al.'”’ show that the migration
barrier for a H + He complex is higher, by almost a factor of two, than
that of an interstitial He atom or pure He clusters of similar size,
indicating that the addition of H atoms to the He clusters significantly
reduces their mobility.

The simulation data have been corroborated by experiments.
Tokitani et al."”" irradiated W samples in pulsed mode (30 ms) with a
high flux (2 X 10°® m™>s™") of a high-energy (25 keV) mixed beam
(90% H + 10% He) at fluences of 10 m2-10** m ™. They found that
at 2517 K, samples irradiated with the mixed beam retained notably
more H atoms than those irradiated with a pure H beam. Note that in
this experiment, Fyr = 50 MW m~2 %2, which is larger than that
reported as the damage threshold (~20 MW m™2 %), but similar to
that expected in the HiPER Demo scenario. Greuner et al.''” noted
that the erosion rate for samples irradiated with a mixed beam (He
+ H) is larger than for those irradiated with a pure H beam.

All these results indicate that the effects of mixed irradiation
(He + H) on W would be more detrimental than irradiation by a pure
He or H beam, which would further decrease the damage fluence
threshold for W irradiated with He (<10'® m™2),”° meaning a further
reduction in the W lifetime as a PEM. Unfortunately, considering the
lack of data, it is not possible to produce a precise estimate of this
reduction.

1. Neutrons

Neutron irradiation can produce: (i) atomic displacements,
i.e., the formation of Frenkel pairs due to collisions that lead to
collisional cascades and (ii) impurity atoms (e.g., He, H, Re, or Os) due
to transmutation reactions.'”>'*” The production of impurity atoms
such as Re and Os may reach several percent after several years of
exposure to neutrons,"”* which implies that under neutron irradia-
tion, pure W becomes an alloy containing mainly Re and Os as solutes.
The transmutation products not only affect the performance of W
(increasing its hardness'”'*° and thermal conductivity' ) but also
the retention of light species.]‘\’7 0 However, because of the large
penetration depth of neutrons, the number of Frenkel pairs produced
in the PFM will be almost negligible in comparison to those produced
by ions.

The same applies for the He and H atoms produced in trans-
mutation reactions. The damage and transmutation rates calculated
by Rodriguez-Paramo for HiPER Demo' "' are shown in Table 1.

Renk et al.”® performed experiments in the RHEPP facility to
study the thermomechanical performance of WRe alloys with a large
Re concentration (such as W25Re). They found that after 1200 N
pulses, the threshold fluence for cracking in this material was lower
by a factor of 2.5 than that for pure Linke et al.'* studied the effect of
thermal loads (by laser heating) and neutron irradiation (up to
0.6 dpa) on the thermal conductivity of W. They observed no sig-
nificant degradation at the operating temperatures for HiPER. These
results indicate that the effects of neutron irradiation would not limit
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TABLE Il. Neutron flux, average power density, damage rate, and transmutation rates
caused by neutron irradiation in W in the HIPER Demo scenario. fpy stands for full power
year.

Neutron flux (m™2 s7}) 1 X 10"
Average power density (kW m ) 8115
Damage rate (dpa/dpy) 1.6
Transmutation rate H (appm/fpy) 3
Transmutation rate He (appm/fpy) 0.7

H (dpa) 1.9

He (dpa) 0.5

operations of HiPER in the short term, but they will lead to swelling,
cracking, and a decrease in thermal conductivity in the long term
(years).

IV. NEW APPROACHES

The results presented in Sec. I1] indicate that W is not suitable for
either the HiPER Prototype or Demo scenarios. Therefore, there is a
need to identify alternative materials to W (coarse-grained W).
Different approaches are being investigated.

A. Nanostructured materials

Nanostructured materials in which the grain size has been reduced
down to the nanometric scale have been reported to be more radiation-
resistant.*” The additional advantages of nanostructuration would be
an increase in the yield stress and improvements in the ductile-to-brittle
transition temperature, ™ recrystallization temperature,'*’ tough-
ness,"** and mechanical properties.*”

The radiation resistance of nanostructured materials is due to the
large GB density, which favors the annihilation of interstitials and
vacancies. This annihilation promotes self-healing, which is the
spontaneous return to the unirradiated structure due to the re-
combination of vacancies and interstitials or the annihilation of these
defects at the surface or GBs."*"""”” However, self-healing of nano-
structured materials happens only under certain circumstances,
which are mainly related to the material properties (grain size and GB
configuration and density) and to the irradiation conditions (e.g.,
temperature and fluence).

The radiation response of nanostructured materials was de-
scribed by Beyerlein et al.'*’ based on a temperature-dependent
model for gold (Au). In this model, there are three temperature
regimes (low, intermediate, and high), which affect the mobility of
vacancies. In the low-temperature regime, vacancies are immobile.
Any damage to nanostructured Au is more widespread than in coarse-
grained Au. This is because highly mobile self-interstitial atoms travel
along the bulk toward GBs, leaving behind immobile vacancies in the
interior of the grain. At intermediate temperatures, the vacancies are
still immobile. Some damage annihilation is attributed to interstitial
re-emission from GBs. Lastly, at high temperatures, the vacancies
become mobile and move toward GBs. In the high-temperature
regime, the GBs effectively annihilate radiation-induced damage.
In the high temperature regime, vacancies become mobile and move
towards GBs where they recombine with interstitials, annihilating
the radiation-induced damage. The evolution of defects and the
temperature threshold from one regime to the next depends on
material composition and microstructure.
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B. Nanostructured W

Nanostructured W has been proposed as a possible alternative to
coarse-grained W as a PFM in nuclear fusion reactors.''”'”" SEM
images showing the top view and cross section of a pure a-phase
nanostructured W coating deposited by sputtering are shown in
Fig. 9.

In the following, the advantages and limitations of nano-
structured W as a PFM are discussed based on an analysis of the
influence of GBs on radiation-induced damage and on the behavior of
light species.

1. Radiation-induced damage: Vacancy density
and distribution

As mentioned in Sec. III B 1, He and H become trapped in
vacancies and vacancy clusters (voids), which damages the W.
Therefore, the first aspect that needs to be characterized when
studying the capability of nanostructured W as a PFM is the influence
of GBs on the density and distribution of vacancies.

Valles et al.''” and Panizo-Laiz et al.''” studied the influence of
GBs on the density and distribution of vacancies at temperatures
below (T'=473 K) and above (T =573 K) the activation temperature of
vacancy migration. They calculated the vacancy concentration using
OKMC simulations for monocrystalline and nanostructured W
samples (grain size ~100 nm) irradiated in continuous mode se-
quentially by high-energy C and H ions (170 keV for H and 665 keV
for C, similar to the average energies in HiPER), and for samples
annealed after irradiation. The results of these studies are shown in
Fig. 10.

In all cases, the vacancy concentration calculated for the
nanostructured W samples is notably higher than that for mono-
crystalline W, showing that the GBs significantly influence the
number of vacancies after irradiation by acting as sinks for (highly
mobile) self-interstitial atoms. For all samples annealed at T'< 473 K,
the vacancy concentration is constant. However, for nanostructured
samples annealed at T = 573 K (the temperature at which vacancy
migration is significant), it decreases slightly. These results can be
explained using Beyerlein’s model by considering the large differences
between the migration energies of vacancies (1.66 eV) and interstitials
(0.013 eV) in W.** Interstitials can easily migrate at temperatures
above ~15 K, whereas vacancies start to migrate at temperatures
higher than ~500 K.'**'** Therefore, according to Beyerlein’s model,
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FIG. 10. Depth distribution of vacancies for nanostructured (NW) and monocrys-
talline (MW) W samples sequentially irradiated in continuous mode at room
temperature by C and H ions at energies of 665 keV and 170 keV, respectively,
as calculated by the Object Kinetic Monte Carlo (OKMC) code MMonCa at 300 K
(black), and after annealing for 30 min at 473 K (green) or at 573 K (blue). Data taken
from Ref. 113.

below ~500 K interstitials migrate toward GBs where they are trapped,
whereas vacancies remain in the interior of the grain in the region
where they were created. For temperatures above ~500 K, efficient
vacancy migration occurs, making it possible for vacancies to migrate
to the GBs where they can activate self-healing.

2. Influence of GBs on the behavior of light species

For PFMs, the influence of GBs on the behavior of light species
also has to be considered. Data in the literature on the retention of
light species by samples irradiated in continuous or pulsed mode tend
to indicate that nanostructured W samples retain more He and H than
monocrystalline samples.'' > '*'*>'>* In principle, this is not a de-
sirable result, since retaining a larger amount of light species could
lower the blistering threshold fluence. However, this may not be the
case, since the behavior of nanostructured materials depends on
whether the retained light species are mainly in vacancies or mainly

FIG. 9. Top view (a) and cross-sectional (b) scanning electron microscopy images of pure a-phase nanostructured W coatings deposited by sputtering at the Instituto de Fusién
Nuclear Guillermo Velarde following the procedure described in Ref. 152. The coating is made of columns with an average diameter of ~100 nm, which grow perpendicular to the

substrate.
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between GBs and vacancies in the interior of the grains. In the latter,
overpressurization of the bubbles would occur later, shifting the
radiation damage threshold to larger fluences. So far, all experiments
and computer simulations show that both He and H preferentially
migrate toward GBs,””"'*'**""*” making this second situation much
more likely than the first. The best situation would be if GBs not only
behave as a sink for light species but also as effective diffusion
channels for them, promoting their release from the samples. A key
point then, in understanding the performance of nanostructured
materials as a PFM, is knowing whether the migration of light species
along GBs is high or low.

The following presents research on the role of GBs on the be-
havior of light species. The work mainly focuses on the influence of
GBs on the behavior of He or H separately, since to the best of our
knowledge the influence of GBs on the effects of mixed irradiation
(He + H) has not been reported so far. However, because of the
importance of trapping of H by He, this does need to be investigated.

3. Influence of GBs on the behavior of He

According to the literature, GBs trap He. El-Atwani et al. ™"’
experimentally observed He trapping in W GBs at temperatures at
which vacancies are mobile for samples irradiated in continuous
mode with He (2 keV, 3.3 X 10" m™? 57", 3.6 X 10" m™). They
observed that He tends to accumulate at GBs forming bubbles,
whereas the interior of a grain retains less He and is damaged less.
Using a combination of ab initio and classical atomistic simulations,
Wang et al.”’ showed that GBs behave as trapping sites for He.
Moreover, using MD simulations, these authors showed that there is
little He transport along GBs. Using atomistic simulations, Ham-
mond et al.” found that He transport is low in low-X GBs. Based on
DFT calculations, Gonzalez and Iglesias'”” concluded that He atoms
are trapped in realistic non-coherent {110/112} GBs. However, they
suggested a possible He migration path through GBs and that He
would probably be released at high temperatures or when the GBs are
completely full and deformed.

All of the experimental and computer simulation data in the
literature indicate that He retained in nanostructured samples dis-
tributes between vacancies and GBs, and the amount of He at GBs
depends on the grain size. Based on OKMC simulations, Valles
et al.'*’ studied the influence of GBs on the retention of He in
nanostructured W samples irradiated in pulsed mode at an energy of
625 keV, a flux of up to 2 X 10" m™2 571, and at room temperature.
They assumed that for every pulse, the temperature evolution would
be similar to that calculated for the HiPER Prototype scenario, such
that the temperature increases from a base of 773 K up to ~1500 K
followed by a fast cooling, for several tens of microseconds, back to the
steady-state temperature. They found that the amount of He at GBs
was ~50% for samples with a grain size of 100 nm and larger than that
for samples with smaller grains. Similarly, El-Atwani et al.'”” ex-
perimentally observed that W samples irradiated in continuous mode
(2keV, 1223 K, ~3 X 10 m™2 sil) with grains larger than ~100 nm
had a uniform distribution of bubbles, whereas those with grains
smaller than 40 nm had no helium bubbles in the interior of the grains.

The ratio of helium to vacancies (He/V) affects the pressuri-
zation of bubbles. Thus, this ratio can allow us to estimate the per-
formance of W. Using OKMC, Valles et al. 10 calculated that He/V is
lower for nanostructured than for monocrystalline W samples
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irradiated by pulses. These results are compatible with the experi-
mental observations of El-Atwani et al.,'°" who found that nano-
structuration leads to a reduction in the average bubble size and to a
smaller change in the grain volume, particularly for samples irra-
diated at high fluences (3.2 X 10*° m™2). In principle, these data
suggest that the performance of nanostructured W as a PFM may be
better than that of coarse-grained W. However, a very major dis-
advantage for nanostructured W as a PEM is the formation of He
bubbles at GBs.

The trapping of He and the formation of He bubbles at GBs may
detract from the applicability of W as a PFM because of the dete-
rioration of its mechanical properties,”® particularly at the high
temperatures expected under real reactor operational conditions. For
example, drastic embrittlement (even at very low overall helium
concentrations), ®” a decrease in the yield strength,w‘ a decrease in
the mechanical properties (hardness and Young’s modulus),** and
enhanced GB grooving'** have been observed. Thus, the influence of
the accumulation of He at GBs on the structural integrity of nano-
structured W affects its suitability as a PFM, since crack initiation may
reduce the lifetime of W. Having accurate data for the migration
energies of He in GBs as a function of GB architecture and irradiation
temperature would help to elucidate this.

4. Influence of GBs on the behavior of H

Inconsistent results have been reported in the literature on the
role of GBs on the behavior of H in W. Some publications show that
GBs favor H transport by behaving as effective diffusion channels for
H, whereas others report that the migration energy for Halonga GB is
higher than in the bulk. In particular, von Toussaint et al."'' based on
MD simulations and Valles et al.''* and Panizo-Laiz et al.''” based on
OKMC simulations concluded that GBs act as effective diffusion
channels for H. In contrast, based on MD simulations, Yu et al.'*®
calculated the diffusion barriers for the two possible diffusion paths of
Hin a 25 (3 1 0) tilt GB of W to be 2.32 eV and 1.65 eV, which are
much larger than in the bulk. Similarly, based on DFT, Zhou et al. 108
concluded that 25 (3 1 0) tilt GBs can act as trapping centers for H, as
the trapping energies are similar to those for monovacancies in the W
bulk. In principle, these dissimilarities may be due to differences in the
GB structure or in the temperature ranges considered. For example,
OKMC simulations of nanostructured W samples (grain size
~100 nm) indicate that GBs in W coatings favor H release,''>'?
whereas MD simulations indicate that, in general, GBs favor H
trapping. 19

Of the published data, the data reported by Valles et al.''” and by
Panizo-Laiz et al.'"” are important since these authors compare re-
sults from experiments and computer simulations (OKMC), as shown
in Fig. 11. They found that acceptable agreement between experi-
mental and simulated H depth profiles can be achieved only if the H
atoms in the simulation are in the interior of the grains, disregarding
those at GBs. Thus, the experimental and simulated data agree only if
GBs are effective diffusion channels for H. Thus, as shown in Table 111,
at T'< 473 K, the GBs reduce by up to ~50% the fraction of H retained
in W, which indicates that below this temperature, H is released from
the samples only via GBs. At T > 573 K, almost all the H has been
released from the nanostructured sample (via GBs) and from the
monocrystalline sample (via the surface after diffusing through the
bulk). Moreover, the similarity between the measured and the
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FIG. 11. Implantation profiles of H calculated by the SRIM code for unannealed W: (a) nanostructured and (e) monocrystalline. Experimental (measured) and MMonCa simulated
(calculated) depth profiles of H and vacancies for nanostructured W (left) and monocrystalline W (right) samples irradiated in continuous mode sequentially by high-energy C and H
ions (665 keVand 170 keV, respectively) both at room temperature and at a fluence of 5 X 10 2° m~2: [(b) and (f)] unannealed, [(c) and (g)] after annealing for 30 min at 473 K, and
[(d) and (h)] after annealing for 30 min at 573 K. The shaded region between 0 nm and 150 nm is not considered in the analysis because it is highly influenced by surface
contamination. Data taken from Ref. 113.
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calculated (SRIM) H implantation profiles indicates that in nano-
structured samples, retained H atoms are trapped close to the im-
plantation region, where the vacancies are located. Indeed,
simulations show that H atoms are trapped by vacancies in the in-
terior of grains and form different kinds of H,V,, cluster (n < 5 and
m > 1). At T<475K, H is mainly in monovacancies and GBs favor the
formation of low-H/V clusters, whereas at T = 573 K, GBs favor H
trapping in vacancy clusters. These results indicate that nano-
structuration increases the H fluence threshold for blistering.

Zhao et al.'’” also compared experimental data (those reported
by Valles et al.''”) with data from computer simulations computed
using cluster dynamics. They could reproduce the experimental data
by assuming that retained H atoms are in vacancies in the GBs.
However, they used a binding energy for H in W GBs of 2 eV in the
simulations, which is in clear disagreement with that estimated from
DFT by Gonzalez et al.''’ (1.44 V) for the GB configuration of the
measured nanostructured samples.

5. Thermal metastability of nanostructured tungsten

The inherent thermal metastability of nanostructured materials at
high temperatures is important, because under certain circumstances
(irradiation or temperature), grain growth can be initiated with un-
wanted consequences. For nanostructured W, grain growth is activated
at temperatures of ~1173 K,'”’ slightly higher than the steady-state
temperature in the HiPER Demo scenario and notably lower than the
maximum temperature reached during a pulse in all HIPER power plant
scenarios. Thus, based on ODS-steels research, nanostructured W has
been fabricated by embedding in the W matrix Oxide dispersed
nanoparticles such as Y,03 and La,O; which makes the nanostructured
W stable at high temperatures.'”' Nanostructured W reinforced with
Y,05'"? or La,05'”* has been fabricated. This material could be used to
develop structural materials with good mechanical properties' " or to
improve safety after an accidental loss of coolant.'”" Thus, it would be
desirable to know more about the behavior of light species in these
materials.

C. Nanostructured W-based high-entropy alloys

Reduced-activation W-based high-entropy alloys (HEAs) are
also being investigated as PFMs. HEAs have at least three major
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metallic elements, individually having a concentration between
5 at. % and 35 at. %. Besides the principal elements, HEAs can contain
minor elements, each below ~5 at. %.'®° These alloys are characterized
by a high mixing entropy, which eases the formation of solid solution
phases such as face-centered cubic (fcc) and body-centered cubic
(bec), or a mixture of both with simple structures, reducing the
number of phases.

HEAs often have a high melting temperature (above 2873 K),
high hardness, high yield strength, high ductility, excellent fatigue
resistance, and good fracture toughness even at elevated tempera-
tures.'°® Moreover, as deduced from experiments and simulations,
they also have a high radiation resistance, even though some seg-
regation of the elements due to the radiation is always reported.' """
For CoCrCuFeNi HEAs, Xia et al.'®” noted the formation of various
types of interstitials and vacancies because of the multiplicity of
metallic elements, which may facilitate their recombination. Gran-
berg et al.'*” concluded that the behavior of NiCoCr when irradiated
is governed by a reduction in the mobility of dislocations.

El-Atwani et al."®” described the thermal and irradiation be-
havior of WTaCrV, a nanostructured W-based HEA with a bimodal
grain-size distribution. They showed that from room temperature up
to 1073 K, there was no grain growth, but a slight segregation of
certain elements toward GBs. They did not observe radiation-induced
effects (such as defect clusters), but did observe a change in the
geometry of precipitates and a small amount of hardening. Computer
simulations using a reaction rate model to account for this radiation
response show that in this material, the recombination probability
between interstitials and vacancies is very high because of the large
density of GBs and the similar mobilities of vacancies and interstitials
within it.

In principle, these results are very promising because they in-
dicate that nanostructured HEAs have good radiation behavior.
However, the influence of the segregation of elements toward GBs on
the mechanical properties and the integrity of the HEA has to be
studied. Moreover, the performance of HEAs should be tested under
more realistic thermal loads and radiation environments.

D. Engineered surfaces

A different approach is to use engineered surfaces with a large
surface area, such as needles and foams. Such materials can cope with

TABLE IIl. Brief overview of the type of W, annealing time and temperature, fraction of retained H obtained from experiments and simulations and main path for H release for
nanostructured tungsten, and for monocrgstalline samples. Prior to the analysis, all samples were first irradiated with 665-keV C ions and then with 170-keV H ions, both at room

temperature and at a fluence of 5 X 10

0 m~2. Identical irradiation parameters were used for computational simulations. Data taken from Ref. 113.

Retained hydrogen as a percentage of implanted

Annealing hydrogen (%) Main H Release path
Time (min.) Temperature (K) Simulations MMonCa Experimental RNRA" GBs Sample surface
Nanostructured 53 48 Y N
Monocrystalline . . 95 e N N
Nanostructured 30 473 46 39 Y N
Monocrystalline 30 473 95 .. N N
Nanostructured 30 573 17 25 Y Y
Monocrystalline 30 573 23 N Y
“RNRA stands for resonant nuclear reaction analysis.
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heat better. Moreover, if properly designed, they could also behave as
self-healing materials and favor the outdiffusion of light species.

1. Needles

Renk et al.'”” suggested that the PFM could be protected by
covering it with an engineered surface that prevents impinging
ions from striking each point of the surface, at maximum fluence,
e.g., developing non-planar surfaces. These authors realized from
experiments on a carbon composite that carbon fibers have better

300 um underneath needle tip

a) unirradiated

Pt over
suiface of
Mo film

T 1

REVIEW scitation.org/journal/mre

radiation resistance than the carbon matrix. At the RHEPP-1
facility, they irradiated needle-like carbon fibers covered by a
W layer (thickness of 1.6 um at the fiber tip and less than that at the
fiber side) with a high-energy high-flux pulsed N beam. They
observed that in the whole fluence range investigated, both the
fiber and the substrate were undamaged with the exception of the
fiber tip, which at the highest fluence had transformed into a ball
after melting. They explained these results by considering that in
such structures, only the fiber tips receive the full ion flux. The fiber
sides received a lower effective ion fluence as the ions impact the

b) 300 um underneath needle tip
1600 He pulses

Slab-Tike
polycrystalline
structure of
Untreated w |

Shyrm Electron bmage 1

FIG. 12. Cross-sectional transmission electron micrographs of a section of (a) a Mo-coated W needle (a) unirradiated, (b) exposed to 1600 He pulses. (c) Scanning electron
microscopy image of a Mo-coated W needle after exposure to 1200 He pulses in RHEPP-1. Reprinted with permission from Renk et al., Fusion Sci. Technol. 61, 57-80 (2012).
Copyright 2012 Taylor and Francis the American Nuclear Society (http://www.asn.org/).
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fiber at a glancing angle. They concluded that by carefully de-
signing the fiber geometry (length, shape, and diameter), fiber
pattern on the substrate (separation distance between fibers), and
the tilting angle to the substrate, they could protect the substrate
from damage.

In a second experimental campaign in the same facility, Renk
et al”® irradiated individual W needles and an array of W needles
(1.5 cm in length and 250 ym in diameter) covered with a thin Mo layer
on a stainless steel substrate, but using a He beam to study the effects of
He irradiation. The energy fluence was lower or equal to that at which
irradiation effects had been observed in bulk W (10'° m™2). As shown in
Figs. 12(a) and 12(b), unlike what happened with the bulk, both single
and arrayed needles were hardly or not affected by the irradiation after
irradiation with 1600 He pulses. For example, there was no evidence of
pore or bubble formation. The only effect was the partial erosion of the
Mo layer [Fig. 12(c)].

These results suggest that using the optimal aspect ratio could
alleviate radiation-induced damage. In particular, self-healing and the
release of light species may occur in structures with a high aspect ratio,
such as nanocolumns.

REVIEW scitation.org/journal/mre

2. Foams

Foams are networks of interconnected ligaments surrounded by
free surfaces (interfaces). In principle, because of their large surface
area, they should be better able to accommodate high thermal loads.
Moreover, if the ligaments are small enough (in the nanometer range),
they may exhibit the same self-healing behavior, previously described for
nanostructured materials, due to the ideally unsaturable sink strength of
the free surfaces. Additionally, an optimal filament diameter would
allow He and H to reach the free surfaces and eventually, to outdiffuse.
Figure 13 shows SEM images of tungsten foam in which the ligaments
(with a length of ~5 ym) are coated with monocrystalline tungsten.

Experiments and MD simulations of Au nanofoams irradiated in
continuous mode by Ne at 45 keV, at a fluence of 4.5 X 10*¥*m™2 anda
flux ~1 X 10° ions m® s™' confirm that the foams have a range of
diameters in which they are self-healing."””

Using finite element modeling and expanded kinetic rate theory,
Sharafat et al.'’® computationally studied the performance of W
foams subjected to pulsed He irradiation and thermal cycles. If the W
foams had an adequate ligament size and pore density, they could
withstand thermal loads because their cells rotated and deformed.

FIG. 13. Nano-turf-coated tungsten foam. (a) 50<, (b) 200X, and (c) 2500 < magnification. The ligaments are coated with single tungsten crystals and have characteristic lengths
scales of the order of 5 ym. Reprinted with permission from Sharafat et al., J. Nucl. Mater. 347, 217-243 (2005). Copyright 2005 Elsevier.
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They also reported that coating the ligament surface with mono-
crystalline W may enhance the release of He.

Ogorodnikova et al.'’” experimentally studied the synergistic
effects of both thermal loads and D irradiation of W fuzz samples
with a foam-like structure (diameter and pore size of ~20 nm). The
samples were irradiated in pulsed mode (pulse duration of ~1 ms)
with a low-energy D beam (60 eV) at temperatures below the W
melting threshold. After irradiation, the W foam-like structure did
not vanish, but the length and thickness of the filaments were slightly
reduced. Irradiation also led to a decrease in the initial He concen-
tration. The retention of D was lower in the W foam-like structure
than in coarse-grained W.

All these results show that, in principle, foams are promising
materials for use as PFMs.

3. Additional considerations

Usually, the reduction in size or the changes in the surface-to-
volume ratio make the physical properties of an engineered surface
quite different from those of the bulk materials. For example, the
thermal conductivity for a W foam is about two orders of magnitude
lower than that for coarse grained W'’*'*’ which would lead to even
higher temperature enhancements at the PFM. Thus, it may be
possible to optimize the shape and size to accommodate high thermal
loads and improve the radiation resistance while retaining the other
properties required for a PFM.

Another important consideration is the adhesion of a micro-
engineered surface to the substrate [e.g., oxide dispersion-strengthened
Reduced activation ferritic/martensitic (RAFM) steels], especially when
operating at high temperatures. Poor adhesion to the substrate restricts
the possible applications. As an example, W nanocolumns have been
successfully fabricated using existing methods, such as sputtering, *>"*’
which is an easy-to-control, environmentally friendly, versatile, scal-
able, and low-cost deposition technique. However, materials deposited
by sputtering have large compressive residual stresses.** Such stresses
are inherent to the deposition method and lead to poor adhesion of the
materials onto the substrate. Methods to overcome this adhesion
problem need to be identified. Finally, the integrity of micro-engineered
surfaces under long-term irradiation also needs to be investigated.

V. SUMMARY AND CONCLUSIONS

The performance of W as a PFM in the three different scenarios
for HiPER (Experimental, Prototype, and Demo) has been reviewed.
HiPER was a direct-drive ICF facility based on shock ignition in a
drywall evacuated chamber.

Tons are the main threats to the PFM. The high-flux and high-
energy (keV to MeV) pulses of ions produce repetitive thermal loads
and atomistic damage. The synergistic effects between the thermal
loads and atomistic damage lead to surface damage such as bubbles,
cracking, and exfoliation.

Based on purely thermomechanical considerations, fatigue will
limit the lifetime of W as a PFM to 14 000 h and 28 h for the HiPER
Prototype and Demo scenarios, respectively. Because of the relaxed
operation mode, no lifetime limit is foreseen for W in the HiPER
Experimental scenario. Optimizing the chamber geometry, using
radiation mitigation strategies, materials engineering, and using a
lower target yield may lead to a tolerable thermomechanical response.

REVIEW scitation.org/journal/mre

However, even if the thermomechanical responses can be alleviated,
atomistic effects cannot be avoided.

Synergistic effects produced by the combination of atomistic
effects (both Frenkel pair production and implantation of light
species, He, and H isotopes) with large thermal loads are much more
detrimental than purely thermomechanical effects. For pure He ir-
radiation, the synergistic effects limit the fluence threshold for surface
modification to 1X10'° m™ (about two orders of magnitude lower
than that for continuous irradiation). Such a fluence will be reached
after 1X10° pulses in the HiPER Experimental scenario and a few
seconds and some minutes after the beginning of operation for the
HiPER Prototype and Demo scenarios, respectively. Because of the
He-H interaction, this fluence threshold is expected to be lower for
mixed irradiation (He + H). Unfortunately, it is not possible to predict
this reduction accurately with the available data. Thus, W cannot be
used for either the HiPER Prototype scenario or the Demo scenario.
Therefore, there is a need to look for alternative solutions to W.
Several approaches are being investigated.

Nanostructuration: The main aim of nanostructuring is to
create a large density of GBs, which will promote self-healing and
delay blistering by increasing the effective area where light ions can be
accommodated or by creating effective diffusion channels that allow
the light species to escape. For that to happen, the grain size and GB
architecture have to be designed carefully so that as well as fulfilling
these criteria, the material still satisfies the requirements for a PEM.

The data in the literature on the influence of GBs on the behavior
of light species are not conclusive. Thus, more research is needed to
clarify the effects of GBs on the behavior of light species and to identify
fully the capabilities and limitations of nanostructured materials as
PFEMs. In particular, special attention has to be paid to characterizing
the migration energies of light species in GBs under realistic oper-
ational conditions, since the retention of light species in GBs makes
nanostructured materials useless for PEM applications.

Nanostructured W-based HEAs: The present results are very
promising, but the influence of the segregation of elements toward
GBs on their mechanical properties and integrity need to be inves-
tigated. Moreover, the HEAs must consist of elements with low
activation to retain the self-healing behavior. Further efforts are
needed to test the performance of these materials under more realistic
thermal loads and radiation environments, and to investigate the
behavior of light species within them.

Engineered surfaces: Due to their large surface area, needles and
foams can better accommodate thermal loads. If properly designed
(with nanometer-scale dimensions), they should also behave as self-
healing materials and allow the effective outdiffusion of light species
via their free surfaces. However, as for nanostructured materials, their
dimensions have to be optimized to enhance their radiation-
resistance while fulfilling the requirements for a PFM. Their integ-
rity under long-term irradiation is also a concern.

In conclusion, currently there is no known material able to
withstand the harsh conditions (combined effects of large thermal
loads and atomistic effects) expected within a direct-drive inertial
fusion reactor with a drywall evacuated chamber, such as HiPER.
Therefore, for fusion to become a reality, it is necessary to define a
realistic roadmap for materials development that focuses on the
search for suitable PEMs. Moreover, it is also important to collaborate
in establishing experimental facilities appropriate for testing materials
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under conditions as close as possible to those expected in nuclear
fusion reactors.
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