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Fusion Materials Development at Forschungszentrum Jiilich

Jan Willem Coenen

Material issues pose a significant challenge for the design of future fusion
reactors. From a historic point of view, the material mix used for the first wall of a
fusion reactor has continually evolved, from original steel vessels to carbon and
other low-Z materials such as beryllium to tungsten as the primary candidate for
a reactor’s first wall armor and divertor material. For materials considered for
fusion applications, a highly integrated approach is necessary. Resilience against
neutron damage, good power exhaust, and oxidation resistance during accidental
air ingress are design relevant issues while deciding on new materials or improv-
ing upon baseline materials. Neutron-induced effects, e.g., transmutation adding
to embrittlement, retention, and changes to thermomechanical properties,
are crucial to material performance. In this contribution, the recent progress
(2013-2019) in fusion materials development for current and future fusion
devices, at Forschungszentrum Jiilich GmbH, with activities focussing on
advanced materials and their characterization is given. It is a continuation

and extension of the work given by Coenen et al.

1. Introduction

While considering a future fusion power plant multiple inter-
twined issues need to be evaluated. Some of the main problems
a future reactor faces are linked to the materials exposed to the
fusion environment and their lifetime considerations.'

The following interlinked issues arise: mechanical property
evolution during operation, transmutation and neutron damage,
ion impact and sputtering, thermal properties (after irradiation)
related to steady-state heat loads and transient events, oxidation
behavior during accidental air or water ingress, and the remain-
ing issue of fuel permeation and diffusion.
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This article is focussing on the contribu-
tions to the field made from one singular
lab, work from other important contri-
butors, partners, and research groups are
acknowledged as part of the plenty-full cita-
tions and references in previous studies.*”!

In Figure 1, a rough sketch summariz-
ing abilities and issues of tungsten is given.
In the following sections, each of these will
be described in detail.

In the interest of brevity and precision,
the evolution of the general assumption to
utilize mainly tungsten as first wall
material will only be described in hindsight
in Section 2.

In Section 3, several materials classes
are being discussed. In Section 3.1, the
issues of material activation and its influ-
ence on potential contingency needs for
loss of coolant accidents are given. For the
operational needs during high heat loads
and high neutron fluxes, composites are
being considered to facilitate better mechanical properties
(Section 3.2). As W is mostly considered as armor material,
especially with respect to blanket and first wall applications, tech-
nologies need to be developed to join a thin tungsten armor on
top of the steel blanket material. Here, details on the issues and
solution can be found in Section 3.3. For the efficient and safe
operation of a fusion device, the safe use of tritium also needs to
be considered. In Section 3.4, permeation barriers are being
introduced as an essential part of the fuel management needed.

In the end, a brief summary of the solutions presented will
be given followed by an outlook on how to integrate the given
material solution into a component for a future fusion reactor.

2. From Carbon to Tungsten

Material development and studies in recent years have focussed
on tungsten as the prime material candidate for fusion. Multiple
devices have performed a change over from carbon fiber compo-
sites (CFCs) or graphite as their main first wall material.
Here, the leading devices are Alcator CMOD!®™® and Asdex
Upgrade.’ ! The reason behind that is manyfold; however,
the main downside of using carbon or other possible low-Z
plasma facing materials (PFM) is their strong erosion even under
low plasma edge temperatures. This finally limits the lifetime
and demands frequent component exchange. In addition, graph-
ite shows a critical degradation under neutron impact leading
to reduced thermal conductivity and anisotropic swelling.!'¥
The most crucial issue is, however, carbon-hydrogen codeposi-
tion and thus fuel retention.
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This was elucidated in multiple publications!™>*® and shows,
as schematically given in Figure 2, that processes such as
codeposition of fuel can be one of the main limiting factors while
operating, e.g., ITER, the next large experimental fusion reactor.
Fuel retention based on codeposition increases linearly with
particle fluence and can reach such large amounts that carbon
is not permitted in the active phase of ITER and therefore
basically excluded for future reactors due to its large issues
related to retention.”!

Fuel retention behavior of tungsten is subjected to previous and
current studies. Figure 3a shows one of the most prominent results
which lead to the exclusion of carbon from ITER. Studying
retention behavior related to the original material combination
for the nonactive phase for ITER consisting of plasma-facing
components (PFCs)™ made of Be for the first wall, CFCs for the
divertor strike-line area, and W for the divertor baffle and dome
area (Figure 3b), one can see that based on Figure 3a the retention
is strongly increased due to codeposits of fuel with carbon.

The replacement of carbon!®>*"! is driven by the requirement
to remain within the safety limit for in-vessel tritium inventory.
This means the long-term fuel retention. The latter is in carbon-
dominated machines determined by codeposition of tritium
with C which is transported stepwise to remote areas.’>”!
Instead of carbon as PFM, W is foreseen as in the divertor of
ITER and tungsten-based alloys are the most promising candi-
dates for PFCs in future reactors.!"!

To establish final proof experimentally that the replacement of
CFC with W indeed gives the desired effect, the Joint European
Torus (JET) was equipped with what is called the ITER-like wall
(ILW):**2#! 2 main wall made dominantly from beryllium and a
full tungsten divertor. The main power bearing part is made
from bulk tungsten and designed at Jiilich.

It was shown that replacing CFC with W in the JET signifi-
cantly reduces retention.?”)

Figure 4 shows for multiple operational scenarios that indeed
by replacing the first wall and divertor with a full metal material
mix, the retention can be reduced as expected from laboratory
studies, modeling, and smaller scale device experiments. The
studies related to fuel retention with the ILW show a strong
reduction in the long-term retention rate between a factor of
10 and 20, depending on the confinement regime, in comparison
with JET-C references. Results from the ILW are summarized in
various papers and shall not be given in detail here.**7]

One issue for an all-metal device that has been studied in
detail and shall not be given here apart from references is melt-
ing of PFCs. For an all-W ITER divertor, detailed studies have
been performed and are given in refs. [36-41]. It was established
that melting can and will be a potentially limiting factor and
needs to be controlled by shaping and plasma control.2%!

In the following section, the material solutions for an all-W
device shall be explored.

3. Materials for Fusion

In ref. [1], most of the problems for future fusion materials have
been set out with links to the established roadmaps and assess-
ments for fusion materials in existence at that time. Later, a short
summary is given to show the development of materials and the
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systematic efforts undertaken as part of the material program at
Forschungszentrum Jilich GmbH.

Materials programs as given in refs. [2,4,42—44] have already
shown that the boundary conditions*”! to be fulfilled for the
materials in a future reactor are in many cases above the
currently understood technical boundaries. 1) Extended power
handling, i.e., ability to withstand power loads close to
20 MW m ™2, Water cooling (low-temperature operation of the
coolant: >150°C) is the baseline option for the entire divertor
system (PFCs and cassette body), whereas gas cooling (high-
temperature operation of the coolant: >500 °C) is only regarded
as a backup option subject to long-term development.*?! 2) The
DEMO divertor will be exposed to an intense neutron irradiation.
The peak dose is predicted to amount up to 6.5 dpa in the Cu tube
and 2 dpa in the W armor per full power year (fpy).*”!

For materials related to the first wall and blanket, quite strin-
gent requirements are also needed. 1) It is assumed that despite
the radiation damage, erosion of the armor on the first wall is
the dominant lifetime determining factor. Here, it needs to be
considered that maximum thickness is also determined by the
neutron transmission required for trittum breeding. 2) Even
while starting up DEMO in phases, a final blanket could be
required to withstand up to 50 dpa to minimize the exchange
frequency, whereas a starter blanket might have to be exchanged
already after 20 dpa.

For the next step devices, e.g., DEMO,*>#¢*831 or 3 future
fusion reactor including Chinese experimental fusion test reac-
tor,?! the limits on power exhaust, availability, and lifetime are
even more demanding, as conventional monoblocks are allowing
for 10 MW m 2,22 and transmutation and radiation damage
can quickly diminish the thermal conductivity to 50%.5%>*
Radiation effects including neutron embritlement’® do limit
actively cooled W components in DEMO to about 3-5 MW m 2
due to the diminished thermal conductivity and the need to replace
CuCrZr with steels with their low thermal conductivity.*>>°!

Quite extensive studies and materials programs/>****¥! have
already been performed. Based on these, it is assumed that the
boundary conditions!****%! to be fulfilled for the materials are in
many cases above the technical feasibility limits as they are under-
stood today. Here, new design criteria are also needed.*¢*7—>!

In the following, we will, however, try to concentrate on three
groups of issues and related new material classes. 1) Tungsten
armor on the first wall: accident scenarios need to be considered,
e.g., loss-of-coolant and air ingress (Section 3.1). 2) First
wall armor joints: choose appropriate technologies for first
wall materials joints of W—and Steels (functionally graded
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Figure 1. W as first wall and divertor material is still facing challenges. The
blue lines give the status of performance with respect to ideal behavior,
represented by the outline of the hexagon. The labels give the envisioned
solutions and the colors the level of urgency from green to red. Nuclear
aspects are discussed as part of each side and thus colored black.
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Figure 2. Fuel retention and permeation issues under plasma exposure
conditions.

materials [FGMs] in Section 3.3). 3) High heat flux materials:
effects of material degradation due to neutrons and high
temperatures—generally embrittlement needs to be considered
(Section 3.2). 4) Tritium self-sufficiency and safety: loss of tritium
must be minimized (Section 3.4).

Even though the fusion materials program at
Forschungszentrum Jiilich GmbH covers a wide range of topics,
new materials for fusion are being considered worldwide and
also include new copper materials and copper composites,®*!
tungsten heavy alloy and ductile phase toughened tungsten(®-*
as well as advanced manufacturing methods for even more
advanced material concepts.®>-¢%)

3.1. W Alloys

As mentioned previously, W is the most promising candidate
materials for the first wall. However, in case of a loss-of-coolant
accident (LOCA), the temperature of the first wall armor made of
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W could rise up to 1450 K—due to nuclear after heat as shown in
Figure 5.16768] 1 combination with influx of air, a break of
vacuum or coolant, water, significant amounts of tungsten oxides
WOj3 can be formed, which can be mobilized by sublimation at
temperatures of about 1170 K. At the highest predicted temper-
atures of around 1450 K, a sublimation rate of 300kgh ' is
calculated assuming a 1000 m* of first wall surface.'*”)

In case of a reactor LOCA normally less than 50% of the
elements typically found in the aerosols (such as Ag, Re, W,
and so on) are actually released into the environment.”"!

To suppress the release of W oxides, tungsten-based alloys
containing vitrifying components seem feasible, as they can
be processed to thick protective coatings with reasonable thermal
conductivity, e.g., by plasma spraying with subsequent densifi-
cation as already demonstrated for titanium and tantalum
coatings.”! To suppress the release of W oxides, W-based self-
passivating alloys were proposed by Koch and co-workers.[*27%73]

As shown in Figure 6, a stable oxide scale would be formed in
contrast to a volatile layer of W oxides. The crucial part of the mate-
rials development is now to establish what alloying elements can
be used and are possible while also considering bulk production.

W-Si alloys showed good self-passivation properties by
forming a SiO, film at the surface.’”?) A compound of W-Si-Cr
showed an even further reduction of the oxidation rate by a factor
of 10* at 1273 K. However, the formation of brittle tungsten
silicides was identified as unfeasible for mass production. In a
next step, W-Cr-Ti was utilized and showed as well good
oxidation suppression.[73]

Intensive studies on oxidation behavior, manufacturing, and
mechanical properties were performed for both W-Cr-Si”* and
W-Cr-T1,”>7® and compared in previous studies.”**

Enhanced erosion of light elements during regular reactor
operation is not expected to be of concern as preferential sputter-
ing of alloying elements leads to rapid depletion of the first
atomic layers and leaves a pure W surface facing the plasma
as per the given different sputtering yields.®"#? Subsequently,
the tungsten layer suppresses further erosion, hence utilizing
its beneficial properties.

In the course of joint studies, a new composition
W-Cr-Y**# was proposed based on the existing results from
the study by Telu et al.®¥ Yttrium has the benefit of being
a low activation material and shows high thermal stability as
described previously. As before, model systems were produced
by means of magnetron sputtering and tested with respect to
the oxidation behavior.

So far, the most promising alloy systems feature Cr as a
passivating element as well as small amounts of yttrium as an
active element improving the oxidation resistance.

Y enhances the Cr transport toward component surface during
oxidation; it adds to the stability of the oxide layer and supports
the formation of a continuously growing, well-adhering, and
dense Cr,0; scale.®”

Inclusion of an active element is thought to facilitate the
formation of pegs, acting as a connection between the oxide
and the alloy, as shown in Figure 7. In addition, active elements
seem to alter the diffusion so that the oxide layer grows from the
metal surface, avoiding pores. Active elements also can bond
with impurities and thus allow a more pure oxide scale to grow
leading to more efficient self-passivation.
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Figure 4. Measured D retention rates (logarithmic scale) for different
plasma and confinement conditions in JET with the ILW and related to
JET-C references. Reproduced with permission.’?®! Copyright 2013, 10P.

In Figure 8, one of the main achievements is shown, the
production of, and oxidation study on field-assisted sintering
(FAST) produced, bulk W-Cr-Y samples. !

In ref. [85], it is stated that to achieve full passive safety it is
required that the alloy maintains the protective oxide layer for
several weeks to suppress sublimation. Thus, studies for passiv-
ation of up to 467 h were performed, as shown in Figure 8. One
of the crucial aspects identified was also the necessity of quanti-
fying not only the oxidation/mass gain but the direct measure-
ment of the sublimiation of the oxides.[>5¢!

It was shown that WCrY systems can suppress the oxidation
rate significantly compared with that of pure W and have a much
better performance than previous systems such W-Cr—Ti.[B*#7-9%

In addition to the properties related to oxidation, the relevant
studies also include the preparation for reactor deployment.®*
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This means that the materials as available also need to be studied
with respect to their plasma wall interaction (PWI) and erosion
properties. Here, the study by Schmitz et al. is so far the only
one which is available.”® WCrY and W samples were simulta-
neously exposed to pure D plasma at relevant ion energies for
DEMO > in the linear plasma device PSI-2; net erosion
and surface recession were measured. Modeling with SDTrimSP
including Cr diffusion was compared with experimental results.
The SDTrimSP code (SD = static dynamic; SP = sequential and
parallel processing) is a further development of TRIDYN with
focus on low energy collisions and sputter processes.””! For
details, please refer to ref. [98].

The Cr-concentration gradients induced by preferential
plasma sputtering obviates Cr diffusion. At sample temperatures
of more than 600 °C and sputtering by D plus residual oxygen
in the plasma ion flux, the Cr transport to the surface leads
to enhanced erosion of the utilized W-Cr-Y samples at particles
energy above the sputter threshold of tungsten. Considering
the need for a long first wall, lifetime further studies are
ongoing.

Main achievements in the area of W-Cr-Y are the inclusion
of yttrium into the ternary systems!®*®3 and the development
of two main production routes: FASTE® by the group at
Forschungszentrum Jiillich GmbH and hot isostatic pressing
(HIP) at CEIT (Spain).”>!% The detailed understanding of
the underlying oxidation and sublimation mechanisms is also
important.®>#¢ A new system under consideration is currently
W_Cr_7y [101.102]

The general need for self-passivating materials was identified
early on and is embedded in a general effort to study and develop
new solutions for materials in fusion reactors,**? and hence
has also lead to a wide international visibility."®®! For an
integrated approach, combination with composite materials also
ought to be considered.!**
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3.2. W Composites

To overcome the intrinsic brittleness and mechanical issues
while using W as armor, a W-fiber-reinforced W composite
material (W¢/W) incorporating extrinsic toughening mecha-
nisms can be used, as shown in Figure 9.

Various production routes are available while considering
components based on W¢/W composites; either chemical vapor

O2
02 Cro0
Y Cr
Pegs

No pores
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deposition (CVD)!'*>1%l or powder metallurgical (PM) processes
such as FAST!'71% and HIP,'**1%11 are available. As
presented by Coenen et al.,[*®" pressureless sintering of W¢/W
was unsuccessful, as additional external pressure during sinter-
ing of W¢/W is required to get a dense and crack-free sample. The
proof of principle for CVD and PM W¢/W has been achieved and
was presented in multiple publications.!""*~**! In the following,
a short overview on the basic mechanisms and achievements will
be given based on the PM production route initially developed at
Forschungszentrum Jiilich GmbH[10-111.116-119]

Typical samples of CVD and PM W¢/W are shown in Figure 10
where usual sizes are in the range of 40 mm x 40 mm x 5 mm
or slightly larger for the CVD route.

Potassium-doped W fibers with 150 pm diameter and 2.4 mm
length (OSRAM) together with pure W powders (OSRAM)
(average particle size: 5 pm) were used as raw materials. These
wires have been extensively characterized as to allow mean-
ingful extrapolations.!"**'?%) Potassium-doped W wires will
retain their ductility even at elevated temperatures (above
1500 K)."'? All pseudoductility mechanisms will thus remain
activated [0+ 111113]

Properties of the fibers will degrade however due to various
influences, e.g., by impurities during fabrication, high tempera-
tures, or neutron irradiation during operation."**'2” In ref. [128],
it was found that all fiber samples categorized as brittle exhibit
an increased C content compared with the fibers categorized
as ductile.

All samples which are found to behave brittle have a C content
of 0.0586 wt% compared with the ductile samples with lower
than 0.0013 wt%. This was also found later in the W¢/W samples
and found to be related to the carbon distribution in the
samples.['1>129]

The short fibers used in this PM version of W¢/W are shown in
Figure 11. Yttrium is used as the interface material to allow the
energy dissipation mechanisms to become active. Without the
interface, fiber and matrix would simple sinter together.
Yttrium is an ideal candidate as the interface material for the
W¢/W composite due to its several advanced properties: good
thermal and chemical stability, high mechanical strength, and
hardness.['**11¢!

Studies to understand the pull-out of fibers include
modeling [

For the developed PM production of W¢/W, the homogenous
introduction of powder between the fibers is required for good
material properties; therefore, short fibers are used in contrast to,

Purer Cr,O4

Figure 7. Functions of yttrium in changing the stability and performance of the oxide layer. a) Yttrium pegs are improving attachment of the
oxide layer. b) Yttrium changes transport mechanisms through the oxide, avoiding of pores. c) Reaction of yttrium with impurities improves the purity

of the Cr,05 scale.
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Figure 8. Photographs of the samples. a) W—-Cr-Y alloy before oxidation, after grinding. An identical pure W sample is not shown as it looks identical.
b) Pure W sample after 10 h of oxidation in synthetic air at 1273 K. c) Optimized W—Cr-Y alloy after 44 h of oxidation in synthetic air at 1273 K. d) W-Cr-Y

alloy after 467 h of oxidation in synthetic air at 1273 K.
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Figure 9. A selection of energy dissipation mechanisms in a fiber-compos-
ite material. Pull-out of fibers, pull-out of matrix elements, crack deflection
at the interface, crack bridging by fibers, crack meandering at the interface,
as well as plastic deformation of fibers.

e.g., woven preforms!"*!"1*% or parallel long fibers as used in the
CVD process route.[%>1%¢)

The process gives rise to pressure and high temperatures on
the interface and can thus cause a thin interface to dissipate.!***~3°)
Here, 2.5 pm-thick yttrium is applied for a viable interface
similar to the work given by Mao et al.'*! The fibers and
powders are mixed homogeneously before sintering, to produce
a W¢/W sample with a random fiber distribution and orientation.
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A density of ~94% was achieved after applying the sinter-
ing process at 2173K (4min) and 60MPa (heating rate
200 K min™")."*1U In most production cases, a fiber volume
fraction of 30% was used. However, variations thereof are used
to understand the influence of interface, fiber, and matrix.

One of the crucial issues is to maintain as much of the
properties!!*®! of the constituents even after exposing the material
to the production cycle and the fusion environment. This allows
for better extrinsic toughening and pseudoductile behavior. Here,
mainly the weak interface and the strength of the fiber are
important.'**! As the material should dissipate as much energy
as possible, it is hoped to at least start with the inclusion of
ductile fibers. Even if the fibers loose their ductility, the pull-
out of fibers and the crack deflection can still deliver some
pseudoductility for a viable material option. In the following,
we will describe that one aspect of the production needs to be
controlled with particular care to minimize the degradation of
the material properties of the fibers.

One of the major improvements of the PM W¢/W samples
established in the course of these studies was the role which
the impurity content can play. In ref. [113,127], it was established
that depending on the production mechanisms of the PM W¢/W,
namely the choice of the die material, the properties do change
from fibers becoming brittle to remaining ductile after produc-
tion. In Figure 12, a sketch of the two different FAST procedures
used is given. In one case, the powder and dye are separated by a
graphite foil, whereas in the other case a thin tungsten foil is
used. Based on FAST, samples with 20 and 40 mm diameter and
a height of 5 mm were produced, as shown in Figure 10.

Typical tests for the materials not only include three- or four-
point bending tests but also more advanced nondestructive
tests.*7138 From the bending test samples as given, e.g.,

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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in Figure 13, one can clearly see fracture surfaces and thus
the mechanisms at work required for pseudoductile behavior

(cf., Figure 9).
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For both PM W¢/W as well as CVD W¢/W, upscaling is crucial
for further applications; thus, the development of larger scale
material samples, mockups,**! and their tests is an important
part of the W¢/W development. For the PM W¢/W, upscaling
is related to the application of FAST on larger scale material
samples, and thus relatively straight forward. For the CVD route,
multiple complications arise. From previous work including
ref. [131] and modeling,**? it is known that the choice of pre-
form as well as deposition or infiltration process is crucial.
Should one choose a layer-wise deposition process!*?>16-113]
for the production of the W¢/W composite one has to carefully
adapt and choose the CVD parameters for proper densifica-
tion™3>% to allow full densification. The temperature as well
as partial pressures are the rate determining properties.

To overcome the limitations of a layer-wise deposition,
a continuous process was developed. For this process, a tungsten
weave is continually rolled onto a copper tube and coated in situ
with the W matrix. In general, it can be said that upscaling is the
next big challenge for all types of W¢/W.

As a final remark on W¢/W, it also needs to be said that studies
related to PWI are essential while applying new materials in the
fusion environment; thus, the influence of the interface—fiber—
matrix complex needs to be studied. The interfaces in the
material and at the material surface can potentially influence
fuel retention and erosion behavior significantly."*"! Yttrium
among other characteristics is also used as a permeation barrier
(see later).

3.3. W-Steel Joints

Having discussed tungsten as the main candidate for the PFMs
of a fusion reactor, the joint to the underlying cooling structure
or wall structure in general is crucial. From the differing thermal
expansion coefficients for the different materials (copper:
~16.5 pm mK™', tungsten: ~4.5ummK™', stainless steel:
~12 pm mK ™), it is clear that a mature solution of joining them
needs to be established. Thermally induced stresses and strains
may either spontaneously or in the long-term yield premature
failure of the FW component requiring feasible ways to reduce

(b) Graphite punch
Graphite die

s Graphite sheet

Tungsten fiber
Tungsten powder

Figure 12. Two FAST procedures are used to facilitate understanding of carbon diffusion on the final material properties. a) Tungsten foil as diffusion

barrier; b) graphite sheets for lubrication.
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Figure 13. a) Force displacement curves in (a.u.) are given to compare the reletive behavior of pure tungsten, FAST and HIP W¢/W. b) The fracture
surfaces in which the different energy dissipating mechanisms can be identified.

the loads."**'**! Here, especially the high neutron capture
cross-section and long cooling down time of tungsten, required
before maintenance, is limiting tungsten armor at the first wall
to a thin layer in the order of a few millimeter.'"**

As example systems for such armor layers, the development of
FGMs between W as the PFM and the structural material,
typically steel (EUROFER97), can be considered. As depicted
in ref. [145], FGMs are promising candidates for interlayers
between components of two different materials especially while
considering applications such as the blanket modules of a
DEMOM8¢ or even a helium cooled tungsten divertor with
low-to-medium heat-flux (1-5 MW m™?) for which the heat con-
ductivity of EUROFER-97 may be sufficient.

For the production of W-steel FGMs typically PM routes
are considered. Here, atmospheric and vacuum plasma
spraying,["*”1*8) a5 well as resistive sintering technologies, 1>
are relevant techniques. However, all current methods have
problems with the formation of cracks or intermetallic phases
(Fe;We and Fe,W) due to extended high temperature exposure
of the W-steel mixtures.

At Forschungszentrum Jillich GmbH, a new and unique
production route for W-steel FGMs is being considered. The
main new feature is the ultrafast sintering technique in addition
to mechanical alloying allowing for the suppression of the brittle
intermetallic phases.

The main focus of the activity is to establish if and how FGMs
can be superior or comparable with classical joints. Here, model-
ing and production methods are considered together.*>*~**! In
addition to the ultrafast sintered FGMs,">* atmospheric plasma
spraying (APS) produced FGMs are also being studied.!>”

From modeling, the following was concluded: 1) an FGM is
ideally composed of ten sublayers. Considering manufacturing
aspects, three layers are however a good compromise, still
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keeping plastic deformations in the component at a minimum.
2) FGM thickness depends on the thermal loads expected. For
lower heat loads, the stress-redistributing performance improves
with thicker FGMs.

Electrodischarge sintering (EDS) is a uniquely short sintering
technique™® that was first used for the fabrication of Fe/W
composites in ref. [154]. EDS combines characteristics of spark
plasma sintering (SPS) and capacitor discharge welding. After
mechanical alloying of the Fe and W powders, consolidation
takes place within seconds. Figure 14 displays the resultiung
microstructure of the final FGM after the EDS process. The
structure of the powders is typically stratified allowing for low
or no production of intermetallics. The resulting properties of
the FGM are summarized in Figure 15 and are in line with
the rule of mixture predictions.

In summary, 1) Fe/W composites shows little porosity and a
fine distribution of Fe and W volumes. 2) With increasing W
fraction, the Fe/W composites show a linear decrease in the
coefficient of thermal expansion (CTE). 3) Albeit defects such
as porosity and elemental interfaces, thermal conductivity of
all composites is still above that of Fe/steel. 4) The mechanical
parameters, e.g., yield strength, show an increase with increasing
W fraction.

The work is currently moving toward utilizing EUROFER
powders to produce even more relevant model-systems.

3.4. Permeation Barriers

One of the most prominent issues for fusion is fuel retention and
management. Deuterium and tritium are the two hydrogen
isotopes used. Tritium is a rare and radioactive isotope of
hydrogen, and as such decays with a half life of roughly 12 years.
Naturally occurring trititum is extremely rare on the Earth.

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 14. Microstructure of FGM produce via EDS. (Top to bottom)
100% Fe, 75% Fe, 50% Fe, and 25% Fe.

The atmosphere has only trace amounts, formed by the
interaction of its gases with cosmic rays. It can be produced
by irradiating lithium metal or lithium-bearing ceramic pebbles
in a nuclear reactor.

For fusion applications, both the availability and safety aspects
are important: the first one to maximize fuel efficiency and the
later to minimize environmental impact. To reduce fuel loss

www.aem-]ou rnal.com

and maximize inherent safety, trittum accumulation into reactor
walls and permeation through walls have to be prevented.
Therefore, the development of trittum permeation barriers
(TPBs) is crucial for safe reactor operation.!'>”~*>%!

For a viable power plant, permeation barrier with a
permeation reduction factor (PRF) in the range of 50-500
is necessary."”°®! In general, the layers applied as TPBs have
to feature high thermal and chemical stability in a reducing
atmosphere. A lot of thin ceramic coatings, e.g., Er,05 and Y,0s3,
fulfil these requirements."®*'®") In the past decades, Al,05 and
Er,O; are among a large basket of material suitable as perme-
ation barriers; "% however, many of them show issues with
respect to production and especially with stability under activa-
tion and activation itself.

At Forschungszentrum Jillich GmbH recently, Y,0; is being
considered as an ideal candidate for TPB material because of its
favorably low activation behavior.'** Studies on yttrium produc-
tion, coating, as well as the analysis of the permeation behavior
have been the corner stone of the activity. Based on a magnetron
sputtering deposition process developed for Y,05M' studies on
the permeation behavior of yttrium have lead to a significant
breakthrough in the PRF as well as the understanding of the
underlying microstructure.

For the determination of the PRF, a setup containing the sam-
ple between a high pressure volume (HPV) and a low pressure
volume (LPV) is used as shown schematically in Figure 16. By
varying pressure and temperature during the experiments, the
various dependencies of the permeation process can be eluci-
dated as described, e.g., by Engels et al.l'® Typically, the perme-
ation process can be described as a combination of a surface or
diffusion limited process, depending on surface properties and
of the systems used.

For the initial studies, Y,03 is deposited on both sides of
mirror polished Eurofer97 steel substrates.!'® Before coating
the samples, the substrate is cleaned by the magnetron plasma
at lower energies. Then, additionally oxygen is injected into the

Figure 15. Rough sketch of thermomechanical properties of W/lron FGMs based on the previous studies.
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Figure 16. Schematic view of experimental setup for permeation rate
determination.

chamber, and an yttrium metal target (Kurt J. Lesker Company)
is sputtered.

Due to the reaction of gas with metal ions an Y,0; thin film is
formed. After the deposition, the roughly 1 pm thin films are
annealed at 550°C for 16 h in a vacuum furnace at a pressure
to achieve the stable cubic phase structure of the Y,03 system.
For further studies, three different deposition modes were used.
The hot metallic mode with substrate surface heating during the
deposition process, the cold metallic mode without this surface
heating, and the reacted mode also without this surface heating.
Due to the higher resistance of the oxidized target, the deposition
voltage in the reacted mode (<100 V) is lower than in the hot
metallic mode (>300V).'**] Dependent on the mode used,
the mismatch of the CTE between steel and oxide ceramic can
lead to cracking. To reduce the surface temperature differences
between the deposition process and the subsequent experi-
ments, the substrate surfaces are heated up to ~300 °C for hot
metallic mode.

In Figure 17, the three main types of microstructures
produced are indicated and also related to their respective
production process. Figure 17a,b mainly shows the difference

Eurofer

www.aem-journal.com

between (hot) metallic mode and reactive mode, and Figure 17¢
also shows the option of a layered system.!'®)

While considering the different coatings, one of the main
outcomes of the studies at Forschungszentrum Jillich GmbH
can be summarized as follows.

The PREF varies clearly with the microstructure of the coating
in the order of up to a factor of 100.'**! Due to the difference in
the coating process, control of the microstructure can be
achieved, e.g., hot metallic versus reacted mode (Figure 17).
The thin films grow in the reacted deposition mode in an equi-
axed grain structure and in the hot metallic mode in a columnar
grain structure. In the layer system, both grain structures can be
found as one layer is based on the hot metallic and the other on
the reacted mode. Annealing at 550°C for 15h leads to all
samples showing the Y,0; stoichiometry. This annealing step
is essential to achieve the cubic phase of Y,0s.

For the three different samples, one can essentially identify a
decrease in grain boundary densities in the permeation direction
from highest to lowest: reacted mode, layer system, and
hot metallic mode—this is essentially also the trend for the
permeation flux. Consequently, the grain boundary diffusion
through the Y,0; thin films is preferred compared with bulk
diffusion. For the reacted mode, a PRF of 24 and for the hot
metallic mode a PRF of 1100 is determined. In addition to TPBs,
the permeation behavior through pure steel and EUROFER97
samples was also measured.*®”! In both cases, Eurofer97 and
316L, the permeation behavior is diffusion limited. The perme-
ation through the 316L Steel is about a factor of ten smaller
compared with EUROFER97. This is relevant in particular for
consideration in ITER operation as no permeation barriers are
so far considered.

For studies of other candidate materials, references related to
an intensive collaboration with a Japanese group are given.
Particularly erbia is considered in the subsequent section.['*¥~'83]

4, Conclusions

The fusion materials research at Forschungszentrum Jiilich
GmbH is focussing on the materials related to the plasma

Figure 17. TEM images of the Y,05 thin film cross sections after the permeation measurements of the a) reacted mode, b) the hot metallic mode, and
c) the layer system on Eurofer. b,c) Pt is coated on the top of each thin film.
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materials interface. This means the focus lies on tungsten, the
joint to the structural material, as well as issues related to hydro-
gen interaction. Two areas that were not presented in this arti-
cle are qualification of materials and diagnostic mirror, both
staples of the materials research at Forschungszentrum
Julich. This is not an oversight because in parallel to this review
on materials development two topical reviews on materials
qualification as well as diagnostic mirrors by Jilich authors
have been made available and thus can be considered as
excellent sources. For materials qualification, refer to ref. [184]
and sources there in, whereas for diagnostic mirrors please do
consider."® For details on “Material testing facilities and pro-
grams for plasma-facing component,” also refer to ref. [186].

In summary, it can be said that based on the current work new
operational space can be gained by making tungsten more resil-
ient to failure modes by utilizing a composite approach and
allowing for passive safety by controlling potential oxidation
behaviors by means of new tungsten alloys. The later is relevant
in particular for the first wall and blanket area of a future fusion
reactor while the composites due to their enhanced ductility,
while retaining pure tungsten thermal properties, is typically
considered for the load bearing components in the divertor.

In general, material for fusion needs to be considered in an
integrated approach; thus, joints and functional layers need to be
included in any component design, this is where FGMs as well
as permeation barriers play an integral party to make PFCs
viable for application. In future, the materials research at
Forschungszentrum Jiilich GmbH, related to fusion, will extend
the activities with respect to industrial upscaling and component
production and testing. Here, the focus will be the applicability in
the medium-to-long term for a European Demo to be constructed
in the 2040s. Material testing of those components will then be
performed analogous to the activities described by Linke et al.'8*
that successfully lead to the use and qualification of bulk baseline
tungsten materials in ITER.
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