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ARTICLE INFO ABSTRACT

Keywords: Tungsten features a unique combination of properties and is therefore the primary candidate for the most highly

Tu.ngsten loaded components in future fusion power plants. However, tungsten suffers from an intrinsic brittleness at low

‘CNlre . temperature and is susceptible to operational embrittlement, meaning the degradation of material properties
omposites

due to neutron irradiation will be a huge challenge. Tungsten fibre-reinforced tungsten composites overcome the
intrinsic brittleness of tungsten by relying on extrinsic toughening mechanisms. The effect of neutron irradiation
on these mechanisms has been an open question up to now. In this context the EUROfusion consortium launched
an irradiation campaign at the Belgian reactor BR2 to study the effects of neutron irradiation on the mechani-
cal properties of promising advanced materials including tungsten fibre-reinforced tungsten composites. In this
campaign, bulk tungsten long fibre-reinforced tungsten composites produced by chemical vapour deposition and
tungsten short fibre-reinforced tungsten composites produced by powder metallurgy have been irradiated for the
first time under neutron irradiation. The samples have been irradiated up to 0.7-0.8 dpa at 600 °C and 1000 °C.
3-point bending tests on miniaturised notched samples showed that both materials retain toughness after irra-
diation. While the short fibre-reinforced powder metallurgical material shows a deterioration of properties, the
chemically deposited material shows constant toughness after irradiation even at the lowest test temperature
of 100 °C. The results reveal that extrinsic toughening in this material is resistant to irradiation embrittlement.
Moreover, the reinforcing tungsten fibres show no sign of a reduction in ductility after irradiation. This is in
contrast to results obtained for bulk tungsten, which typically suffers from significant irradiation hardening, and
opens new design options.

Neutron irradiation
Extrinsic toughening
Ductility

1. Introduction trix. The wire is produced by cold drawing and thus features an ultra

fine grained microstructure as well as a high strength and ductility with

As tungsten features a unique property combination, it is currently
the main candidate for the plasma facing material in future fusion reac-
tors such as the European DEMO reactor [1-3]. In the last years many
new material concepts have been developed to overcome the low tem-
perature brittleness of tungsten [4-6] including, alloying, utilisation of
ultra fine grained material and composite structures [7].

Tungsten fibre-reinforced tungsten composites (W;/W) have been
developed by combining the two later concepts. W; /W consists of tung-
sten wire' with an engineered interface embedded into a tungsten ma-
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a brittle to ductile transition already at -100 °C [8]. The matrix is pro-
duced by chemical vapour deposition (CVD) or powder metallurgy (PM)
The CVD matrix is typically very dense with a few large range pores (see
e.g. Wartacz et al.[9]), the PM matrix shows a randomly distributed
porosity (see e.g. Mao et al. [10]). Thus, W;/W produced by CVD can
show large local quality variations whereas W /W produced by PM is
typically more homogeneous. The fiber reinforcement can be either di-
rectionally aligned continuous long fibers or randomly oriented short
fibers.
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Compared to conventional tungsten, the main benefit of W;/W is
its high fracture toughness, even at room temperature (RT), due to ex-
trinsic toughening mechanisms [11]. Similar to ceramic matrix compos-
ites, these mechanisms activate stress redistribution through local en-
ergy dissipation, thereby increasing the resistance to fracture [12,13].
Toughening is achieved when a growing crack interacts with the fibres
in its wake. A key property is the interface between fibres and matrix,
which enables debonding during crack propagation —a prerequisite for
toughening— and maximizing energy consumption during crack open-
ing [14]. The most effective mechanism is ductile fibre bridging, where
fibres in the crack wake are plastically deformed during crack opening
[15]. This plastic deformation dissipates energy and thereby increases
the materials resistance to crack growth and thus its toughness. Espe-
cially in the long-fibre material the properties are dominated by this
mechanism and thus by the fibre properties [16,17]. Other mechanisms
like elastic bridging and fibre pull-out still allow toughening even if
the W fibres embrittle [13]. Potassium doping is used to stabilize the
microstructure of the W fibres against temperature induced recrystalli-
sation and grain growth [18], stabilizing these key properties even at
elevated temperature [11,19]. However, the W fibre is susceptible to
embrittlement by small amounts of carbon [20,21].

Initial studies demonstrating that the toughening concept works
have placed this material among the promising candidates for high-
heat-flux applications in future fusion reactors [6,22]. In recent years,
development efforts have focused on upscaling and on compatibility
with the fusion environment [23]. The effect of neutron irradiation on
W;/W was identified as a critical knowledge gap very early on [22].
In particular, it is important to understand the effect of neutron irradi-
ation on the interface between fibres and matrix. Modifications could
have a significant impact on toughness, as reported for SiC;/SiC [24].
The effects on the mechanical properties of the fibres are highly signifi-
cant as well, since these strongly influence the behaviour of W;/W. Al-
though, fibres appear to retain their good mechanical behaviour during
ion irradiation [25,26], this is not clear for neutron irradiation, where
other effects could become active e.g. embrittlement by transmutation
products.

Plasma-facing materials in the environment of an energy-producing
fusion reactor are exposed to significant neutron irradiation originating
from the D-T nuclear reaction [27]. In addition to transmutation, neu-
tron irradiation induces lattice defects through atomic displacements
(displacement damage). In general, this leads to embrittlement which
can be seen by an increase in yield strength accompanied by a decrease
of ductility [28]. In bec metals like tungsten this can lead to a complete
loss of ductility after neutron irradiation at high fluences. Gaganidze
et al. [29] reported on a shift in the ductile to brittle transition temper-
ature (DBTT) of more than 750 °C for polycrystalline tungsten of ITER
specification after neutron irradiation to 1dpa at 1000 °C. More recent
studies have shown that some improvement of the resistance against ir-
radiation damage could be achieved by microstructural refinement [30].
The neutron energy spectrum in a D-T fusion reaction reaches 14 MeV
(see e.g. Gilbert and Sublet [31]). Currently there is no suitable facility
that provides sufficiently large fluxes at these prototypical fusion neu-
tron energies. Two methods are mainly used as alternatives for materials
studies: irradiation by high-energy ions [32,33] and irradiation in fis-
sion reactors [34,35]

Ion beams allow control of irradiation parameters such as energies,
dose rates and sample temperatures as well as fast iterations, both of
which are very helpful in material development programs [36]. How-
ever, depending on the used ion species and energy only a very shallow
penetration depth of a few nm to approximately 100 um (for light ions)
is possible [37]. This is a particular challenge for the study of bulk me-
chanical propertiesand especially important for composite materials like
W; /W, where the toughening mechanisms are active over length scales
of several hundred micrometers (um) and more. Details for the use of
high-energy ions as a substitute for neutron irradiation are found here
[28,38].
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A huge benefit of irradiation in fission reactors is the possibility to
irradiate larger structures. By using neutrons, the role of transmutation
can be investigated and damage rates are closer to what is expected in
a fusion reactor (see e.g. Vicente et al. [39]). However, the differences
in the energy spectrum need to be considered with respect to damage
accumulation and transmutation [40,41] (see Gietl et al.[42] for an
overview).

For the next step reactors, like DEMO, or even more so for a fusion
power plant, the requirement regarding irradiation stability will be sig-
nificantly increased [43]. While the damage level at the end of lifetime
for the ITER divertor will be ~ 1dpa in tungsten [44] it will reach up
to 2dpa in tungsten and 7 dpa for copper per full power year in DEMO
[3]. This makes the materials response to irradiation with respect to
thermal and physical properties an important task for the future de-
velopment [30]. In this context the EUROfusion consortium? launched
an irradiation campaign both for baseline materials (EUROFER, tung-
sten, and CuCrZr) and advanced materials’ concepts [6]. A number of
advanced materials were irradiated in the Belgian material test reactor
(BR2) in two lots, one for copper based materials (Lot A) and one for
tungsten based materials (Lot B). The first results of these investigations
are reported by Terentyev et al. [30].

In the group of W materials, tungsten fibre-reinforced composite
materials (W;/W) have been irradiated up to 0.7-0.8 dpa at 600 °C and
1000 °C. The main ojective of this study was to investigate the effect
of irradiation on the toughening mechanisms and to determine whether
the toughness remains.

Fracture mechanical 3-point bending tests on notched KLST® type
samples [45] were performed as they allow to asses this effect and have
been frequently used for W; /W in the past. As the properties of compos-
ites generally depend strongly on their architecture, representative com-
posite structures were chosen to assess the basic behaviour. Both, tung-
sten long fibre-reinforced tungsten composites produced by chemical
vapour deposition (L-W;/W) and tungsten short fibre-reinforced tung-
sten composites produced by powder metallurgy (S-W;/W) have been
investigated. Commercial W material produced by Plansee according to
the ITER specifications (ITER grade W produced by Plansee — IGP) was
used as a reference material.

In this contribution, we present information about the materials, and
the irradiation as well as the testing conditions. The results of fracture
tests in combination with microscopy investigations of the fracture sur-
faces are presented both for non-irradiated and irradiated material. Fi-
nally, we discuss the implications of the results for the potential appli-
cation of these composite materials in future fusion reactors.

2. Experimental

Long fibre- and short fibre-reinforced W;/W were investigated. In
both cases potassium doped W wire according to the chemical compo-
sition given in Table A.1 has been used as reinforcing fibres. L-W; /W
samples have been produced by layer-wise chemical vapour deposition
as described by Riesch et al. [46]. In the CVD process, WFq is used to-
gether with H to form solid tungsten in a heterogeneous surface reaction
on W wire weaves. The chemical composition of such a chemically de-
posited material is given in Table A.1.

For the weaves used in this study, warp wire with a diameter of
150 um and a spacing of 200 um is used together with weft wire with a
diameter of 50 um and a spacing of 2.5 mm. Details of the weave fabrica-
tion can be found in [47] (weave number 4). Due to the low weft wire
density the composite properties are dominated by the warp wires and
it can therefore be regarded as quasi-unidirectional. Prior to the CVD
process the weaves were coated with a 1 um thick Yttria layer by mag-
netron sputtering. The weaves were cleaned with isopropanol prior to

2 https://euro-fusion.org/
3 from the German “Kleinstprobe”
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the reactive magnetron sputtering process. A 99.9 % pure yttrium target
was used with the parameters given in [48]. The coating was performed
in a two step deposition process with a interruption to turn the weaves
similar to the procedure already used before [13,49].

To produce the composite, one of these weaves is placed on a heat-
ing table and the chemically deposited tungsten is grown into it until
a desired thickness is reached. Then a second mesh is placed onto the
infiltrated layer and the deposition is repeated. The steps are performed
iteratively until the desired thickness is achieved. The deposition tem-
perature was 600 °C leading to a deposition rate of 320 um - h~!. The
deposition time for one layer was around 30 min. In-between each layer
the reaction chamber was opened to place the next layer. This was done
at a temperature of 250°C as a compromise between processing time
and minimizing oxidation. All layers are placed with the same orienta-
tion, leading to a main reinforcement parallel to the warp wire direction
of the individual weaves. For the irradiation campaign and correspond-
ing reference tests in non-irradiated condition, two identical plates were
produced, each with 7 layer weaves and a size of 50 mm by 50 mm. The
same process was used to produce a third plate for additional reference
tests. After fabrication, some large cracks were detected on the plates
parallel to the warp wire orientation. The samples were cut avoiding
these cracks. Samples that looked best during visual inspection were
chosen for irradiation. The density and fibre volume fraction of L-W; /W
has been determined in the non-irradiated condition for 4 specimens
using cross-section pictures on polished samples in order to assess the
overall quality of the material. The cross-sections were done at a loca-
tion sufficiently far from the fracture surface to avoid being influenced
by it, yet as close as possible to remain representative. The density varies
between 96.6 % and 99.6 %. The fibre volume fraction ranges between 9
and 13 %.

For the production of S-W; /W, field assisted sintering as described
in [10] was used. Short fibres with a diameter of 150 um and a length
of 2.4 mm were coated with a 2 um thick Yttria layer (the same process
as described in [50] was used) and then mixed with pure W powder
(powder size 5um). This mixture was consolidated in a graphite die
by field assisted sintering. In this process the sample was heated up
to 1900 °C (as measured in the punch by a pyrometer) with a heating
rate of 200 °C/min. The holding time at 1900 °C was 4 min at a pres-
sure of 60 MPa. Three disks with a diameter of 40 mm and a thickness
of 5 mm were produced. The density was approximately 92 % (measured
by Archimedes principle) with a fibre volume fraction of 30 %.

The IGP (ITER grade W produced by Plansee) reference samples were
made of a forged and thermally stress relieved bar with a square cross-
section of 36x36 mm? and a length of 480 mm at a purity of 99.97 %. The
material features a needle like grain structure elongated in the forging
direction and was used in various other studies before (see for details
e.g. Gaganidze et al. [29], Wirtz et al.[51], Yin et al.[52], Gaganidze
et al. [53]).

From the raw materials sub-size charpy V-notch samples of KLST
type geometry with a nominal dimension of 3x4x27 mm? were produced
according to appendix XI in ASTM E2248 [54]. The notch had a depth
of 1.0 mm + 0.1 mm with a opening angle of 60°. Samples prepared from
the third L-W; /W plate had a notch depth of 0.6 mm + 0.1 mm and were
tested only in the non-irradiated state. Details of the sample geometry
are given in Fig. 1. The samples were processed using electrical dis-
charge machining (EDM). To minimize surface roughness/cracks caused
by EDM, reduced power (compared to the standard process) was used for
the first cut, followed by sizing with a reduced cutting speed. No sizing
was used for the notch to allow for easier crack initiation. Before cutting
the L-W; /W plates were ground to remove any unevenness caused by
the fabrication process. After cutting the samples were cleaned in nitric
acid to remove the debris from the EDM process. Eleven samples were
cut from the first two L-W;/W plates and nine samples from the third
plate. From each S-W; /W disk eight samples were fabricated. In Fig. B.1
the cutting schemes of the plates and disks are given. For the L-W;/W
material the samples were oriented in a way that the fibres were parallel
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- first cut with reduced power
- second cut sizing

%

| A
’ \izjsio.oz‘
13.5+0.02 3+0.02 <L7

Cross-section as much as possible at 3 mm x 4 mm, all corner sharp

+0.02

4

Notch
- fine wire with reduced power
- no sizing

Fig. 1. Geometry of KLST type samples and details of parameters for electrical
discharge machining.

to the long side. The samples were cut avoiding the large cracks on the
plates (see above). In addition, three L-W; /W samples were used from a
previous fabrication campaign (see Gietl et al. [49]). EDM was also used
to cut the IGP specimens from the bar in L-T orientation (as defined in
ASTM E399). Twelve samples were irradiated for each composite type
and eight samples for IGP. These samples were cleaned in an ultrasonic
bath before being placed into the irradiation capsules. The remaining
samples were used for reference tests in the non-irradiated condition.

Neutron irradiation was performed in BR2 for 167 days inside the
fuel element in the position close to the centre of the reactor and in
the midplane®. This position has an average fast neutron (E > 1 MeV)
flux of 1 x 10'*n/m?/s at a reactor power of 60 MW. The samples were
encapsulated in a stainless steel tube with 1.5 mm wall thickness filled
with He and Ne. Within the tubes the samples were held by holders
made of Ti for lower and of W for higher irradiation temperature. The
gap between the samples and the pressure tube was adjusted to achieve
the desired target temperature during the irradiation following thermal
and neutronic calculations. According to a finite element analysis of the
thermal flow, variation of 25 — 50 °C occurred during the irradiation
cycle (the lower the absolute irradiation temperature, the lower its in-
cycle variation) due to the burnup of the fuel element.

The irradiation dose is calculated in displacement per atom (dpa)
units using the MCNPX 2.7.0 code [55] with the threshold displace-
ment energy of 55eV, following the experimental data in [56,57] and
in a similar way as described in [30]. Besides the value of 55¢eV, other
values for the threshold displacement energy (TDE) in tungsten were re-
ported recently, namely: 90eV [58,59] or 70eV [60]. The currently re-
ported dpa values can be re-calculated for another TDE by linear rescal-
ing using a factor 55/TDE,,,. The irradiation doses were determined
to be 0.7dpa from 6.23 x 10¥n/cm?, E > 1MeV and 2.3 x 10! n/cm?,
E < 1 MeVat 600°C and 0.8 dpa from 7.12 x 102 n/cm?, E > 1 MeV and
2.6 x 10?2 n/ecm?, E < 1 MeVat 1000 °C using the MCNP calculations (ac-
counting for neutron flux, gamma flux, heat release due to prompt and
delayed gamma and neutron heating), reactor power measurements, and
finite element thermal calculations. The irradiation temperatures are
nominal values calculated as average during the cycle. Transmutation
is reduced due to the stainless steel capsules and by choosing a position
in the fuel channel where the highest fraction of fast neutrons occur. The

4 RH basket with capsules in the centre tube of a standard fuel element
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Table 1

Overview of performed tests. The first column gives the material and the
following ones the state of the material. For each state the number of per-
formed tests and the range of test temperatures are given.

Material Non-irradiated Irradiated at 600°C Irradiated at 1000 °C

IGPW  6testsat 150 - 600°C 3 test at 580-1200°C 3 test at 580-1150°C
L-W;/W 11 tests at RT — 1000°C 5 tests at 100 - 600°C 5 tests at 100 — 1000°C
S-W;/W 5 tests at RT — 600 °C 5 tests at 100 — 600°C 5 tests at 100 — 1000°C

transmutation of Re and Os was calculated as described in [30]. Most
of Re transmutation was expected to be close to the surface due to self
shielding. The ALEPH code developed at SCK CEN [61] and publicly
available nuclear databases [59,62,63] are used for the calculation of
transmuted elements. The transmutation rate has then been calculated
as a ratio of end dpa divided by total concentration of transmuted Re
or Os. It was determined to be ~ 1.8 - 2at.% Re dpa and ~ 0.2at.% Os
dpa which is in the range expected in a fusion power plant after one
year [31]. No other elements were evaluated as Re and Os are the main
transmutant elements of W. Six samples of each composite type and four
samples of IGP W were irradiated for each condition. Altogether 4 cap-
sules with 8 samples each were irradiated in one reactor cycle.

The post irradiation analysis was done in the material test labora-
tory of the Belgian Nuclear Research Center (SCK CEN) for tests up to
a temperature of 600 °C and the Fusion Materials Laboratory (FML) at
the Karlsruher Insitute for Technology (KIT) for high temperature tests
up to 1200 °C. 3-point bending tests were performed according to ASTM
E399 [64] .

At SCK CEN, an Instron servo-hydraulic universal testing machine
equipped with an environmental chamber was used, which undergoes
regular qualification and calibration procedures according to Belgian ac-
creditation rules (BELAC). The machine and chamber were placed in a
hot cell. Sample deflection was measured by the pull rod displacement,
and the force was measured by a load cell with a maximum capacity of
100kN. Both systems were calibrated prior to testing. The tests were per-
formed in a displacement controlled mode with a constant cross-head
speed of 0.2mm - min~!. The span size was 18 mm and the tests were
performed in air. The cross-head speed was chosen to equalize the de-
formation rate (in the tensile region of the sample) with the strain rate
of tensile samples from the same irradiation campaign (see Terentyev
et al. [30]). The load as well as the displacement of the central indenter
were measured to assess force-displacement curves.

The FML system was a servo electric testing machine from Zwick
located in a hot cell and equipped with a 10kN load cell and a high
temperature vacuum furnace (pressure 6 x 1073 Pa). The tests were per-
formed in a cross-head displacement controlled way with a deflection
rate of 2um - s~! and a span size of 25 mm. Displacement is reported as
cross-head displacement.

Composite samples in non-irradiated condition were tested from RT
up to 1000 °C while irradiated samples were tested from 100°C up to
1000 °C. The IGP W was tested from RT up to 600 °C in non-irradiated
condition and up to 1200 °C after irradiation. Table 1 gives an overview
of the performed tests. In Appenix C the procedure for data visualisation
is presented.

The broken half pieces of the tensile samples tested at SCK CEN were
investigated by scanning electron microscopy (SEM). The samples were
wiped with paper towels, and if necessary cleaned in an ultra-sonic bath
before they were brought into the hot cell. All SEM images presented in
this work were acquired using a secondary electron (SE) detector on
a JEOL JSM-7100LV (JEOL, Tokyo, Japan) microscope. The operating
conditions were: 20kV accelerating voltage and a working distance be-
tween 12 and 20 mm. Optical imaging was done on fracture surfaces after
bending testing at FML. The diameter of the broken fibres was deter-
mined as a measure of ductility for samples that were subjected to SEM
microscopy. This was done for all fibers that exhibited ductile fracture.
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3. Results

The force-displacement curves of IGP W are shown in Fig. 2 . In the
as fabricated case, samples tested up to 350 °C show only elastic loading
followed by a large load drop. For samples tested at 450 °C and above
a significant displacement is seen after elastic loading. Only elastic de-
formation is observed after irradiation up to a testing temperature of
590°C + 10°C regardless of the irradiation temperature. The maximum
force withstood by the irradiated samples show a variation typical for
brittle fracture. The displacement until fracture is similar for both ir-
radiation temperatures. At a testing temperature of 1000 °C and above,
plastic deformation follows elastic loading.

In Fig. 3 the fracture surfaces of irradiated samples tested at 590 °C +
10°C are shown. The fracture is dominated by cleavage. However, al-
though showing no ductility in the force-displacement behaviour, there
are some signs of ductile deformation in the fracture surface (see red ar-
rows in Fig. 3 (b,d)). Overall the fracture surface shows some waviness
which, however, does not influence the mechanical behaviour. There are
signs of oxidation due to testing in air (see red circles in Fig. 3 (b,d)).

In Fig. 4 the stress-strain curves for S-W; /W samples are shown. Non-
irradiated material tested at RT shows a full drop in load with no ad-
ditional displacement after elastic loading. At a testing temperature of
100 °C and above this behaviour changes and there is a more gentle de-
crease in load after reaching the maximum value. The maximum load
and thus the fracture strength shows a strong variation and is highest
for a testing temperature of 100°C. The deviation from purely elastic
behaviour at 100 °C corresponds with an onset of ductile deformation in
the composite fibres. The ductile deformation is shown in Fig. 5 (b,d)
in detail for the testing temperature of 100°C and 580 °C. There is no
obvious change with increasing temperature.

In the irradiated case the change in fracture behaviour from purely
elastic occurs at different temperatures. In the case of an irradiation tem-
perature of 600 °C this occurs at 300 °C and in the case of an irradiation
temperature of 1000 °C it occurs at 580 °C (see Fig. 4). Similar to the non-
irradiated state, this corresponds with a change in fracture behaviour of
the fibres which starts for the lower irradiation temperature to become
ductile at a testing temperature of 300 °C (see Fig. 6 (b)). At this temper-
ature the sample irradiated at 1000 °C shows a fully brittle fracture (see
Fig. 6 (d)). For this irradiation temperature very few individual fibres
show observable ductility at a testing temperature of 450 °C. At a testing
temperature of 580 °C the fracture surface seems to be more structured
with visible fibres but a clear identification of ductile fibre deformation
is not possible. The matrix is very similar for both irradiation tempera-
tures: grain boundary failure up to a testing temperature of 450 °C and
cleavage at 580 °C.

In Fig. 8, the force-displacement curves for L-W;/W in the non-
irradiated state are shown in comparison to irradiated state. For all tem-
peratures, the curves for the non-irradiated material show a decrease in
the slope after elastic loading similar to ductile materials. For most of
the samples, this continues until the maximum load is reached, after
which there is a gradual decrease featuring some step-wise drops. Some
samples show a large and steep drop in load (without displacement)
right at the end of elastic loading or until reaching maximum load be-
fore showing a gentle decrease.

In Fig. 7, the fracture surfaces for non-irradiated samples tested at
100°C and 580°C are shown. All fibres show ductile fracture. This is
representative for all non-irradiated L-W; /W samples. The fibres show
necking and in most cases a knife-edge fracture. Only three single fibres
show necking followed by cleavage fracture beyond the neck leading to
an hour glass like structure (see Terentyev et al. [65] for comparison).
The necking, i.e., the reduction in diameter, increases as the test tem-
perature rises (compare (b) and (d) in Fig. 7). The values for the reduced
diameter for each temperature are given in Table 2. The matrix shows
cleavage fracture for all test temperatures.

In the irradiated case the force-displacement curves look very sim-
ilar for all samples (see Fig. 8) and very similar to the non-irradiated
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Test temperature: 150 °C
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Test temperature: 300 °C
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Fig. 2. Force-displacement curves of IGP W before and after irradiation for different test temperatures. Black lines show non-irradiated material. Blue lines represents
samples irradiated at 600 °C, red lines samples irradiated at 1000 °C. The span was 18 mm for tests up to 475°C + 25 °C (solid lines) and 25 mm for tests at 1000°C
(dashed lines). For tests at 590 °C + 10 °C both spans were used. . (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)

case (no steep load drop). After a linear increase the slope decreases un-
til reaching a maximum load value. Maximum load of irradiated sam-
ples is mostly similar to non-irradiated samples. At higher temperatures
some non-irradiated samples show a higher maximum load. For irradi-
ated material the maximum occurs at a lower displacement compared
to the non-irradiated state. This is followed by a step-wise and gentle
decrease in the load. Samples featuring different irradiation tempera-
tures show similar displacement values but the maximum load is in all

cases higher for an irradiation temperature of 1000 °C. Also in the ir-
radiated case, almost all fibres show ductile deformation for all testing
temperatures (see Fig. 9). Single fibres show both ductile deformation
and brittle fracture. These fibres are concentrated in a region opposite to
the artificial notch. All fibres featuring ductile deformation and ductile
fracture show a significant reduction in diameter due to necking (see
Table 2). Different to the non-irradiated state the change in the re-
duction in diameter with changing test temperature is not pronounced.
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Table 2
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Overview of reduced fibre diameter after fracture for non-irradiated and irradiated L-W /W samples. More than 30 fibres were evaluated
for each condition. In the bottom row values for tests on the individual W-fibre (not within the composite) as determined in [19] are

given for comparison.

Reduced diameter ~ Reduced diameter

Reduced diameter

Reduced diameter ~ Reduced diameter = Reduced diameter

[um] [um] [um] [nm] [um] [um]
test temperature RT 100°C 300°C 450°C 500°C 590°C +10°C
non-irradiated 112+3 104 +6 92+5 - 82+5 78+6
irradiated at 600°C - 95+2 84+2 84+3 - 89+2
irradiated at 1000°C - 105 +2 89+2 85+3 - 90 +3
W-fibre [19] 105 101 81 - 66 63

tested at (590 + 10)° C

irradiated at 600° C

irradiated at 1000° C

Fig. 3. Fracture surfaces of pure W samples which were irradiated at 600°C
(a,b) and 1000°C (c,d) and tested at 590°C + 10°C. On the left an overview
picture is shown (sample size 3 mm x 4 mm). On the right a representative mag-
nification of the fracture surface is shown. The fracture is dominated by cleavage
but there are indications of ductile deformation some of which are exemplified
by red arrows. Flower-like structures on sharp edges indicate oxidation (high-
lighted by red circles). (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

There is no significant difference between the two irradiation temper-
atures. In all cases the matrix shows cleavage fracture. For the higher
testing temperatures only optical images are available. Nevertheless, a
dominating ductile deformation of the fibres is also obvious at these
temperatures.

4. Discussion
4.1. Measuring technique

In neutron irradiation experiments sample size is usually reduced to
minimize irradiation volume and maximize number of samples. Never-
theless, sample numbers are typically low due to restricted space. This
complicates quantitative measurements, especially if brittle fracture oc-
curs. KLST type samples used in this study allow, due to their small
size, for an adequate number of samples and have already been used
frequently to evaluate the properties of W /W [12,13]. Similar to previ-
ous studies 3-point bending tests on these samples allow an assessment
of the toughening effect and its active mechanisms. As long as sample
geometries and fibre volume fractions are similar, a quantitative com-
parison is possible, although size effects are known to be pronounced in
these materials [17]. This allows for a comparison in-between the tested

material groups and to other studies on W;/W-composites to assess the
effect of irradiation.

The presented mechanical tests were performed on two different sys-
tems featuring a different testing span of 18 mm (SCK CEN) and 25 mm
(KIT) respectively. The differences in the testing span lead to a different
stress at the crack tip under a similar load (assuming other geometries
are similar). This means that, at crack initiation, the same bending force
on test specimens with a larger span results in a 40 % higher stress at the
crack tip than on test specimens with a smaller span. Since the geomet-
ric dependencies change during crack propagation this correlation is
only possible for crack initiation. However, for L-W; /W samples tested
at 590°C + 10°C there are samples featuring a different test span but
show an almost similar curve. This indicates that at least a qualitative
comparison between the results of the two testing systems is possible.

Given the experimental constraints described above we performed
the following approach. We used the force-displacement behaviour to
qualitatively evaluate toughness, i.e. to determine whether extrinsic
toughening mechanisms are active in the composite materials. Inves-
tigation of the fracture surface is used to determine the type of active
mechanisms. As crack lengths were not measured we calculate the frac-
ture energy instead of fracture toughness® for a quantitative compari-
son. We use the integral of the force-displacement curve between the
first onset of failure after elastic loading and a load drop to a quarter of
the maximum load.

In the case of ductile fibre fracture the reduction in diameter allows
a quantitative assessment of the irradiation effect on ductility of the fi-
bre. Since a sample contains up to 48 fibers, the results are statistically
relevant despite the limited number of samples. As diameter reduction
has been frequently used as a measure for fibre ductility in studies on in-
dividual fibres [19] and W; /W composites [49], correlation to previous
studies is possible.

4.2. Irradiation effect on fracture behaviour and toughness

For a classification of the fracture toughness and its change due to ir-
radiation the fracture energy as the integral of force over displacement
was calculated for each sample (see Fig. 10 and Table E.1). Samples
with a smaller notch depth of 0.6 mm and thus a larger fracture area are
indicated by (*) and shown as open symbols. This has to be taken into
account, as samples with similar fracture properties but a larger area
would also show a larger fracture energy. Fracture energy in combina-
tion with the force-displacement behaviour and the examination of the
fracture surfaces makes it possible to evaluate the effect of irradiation on
the toughness of W;/W. In the following, a detailed discussion is given
for each material, and the results are summarized in Table D.1.

The fracture energy of the non-irradiated IGP-W is negligible below
300°C and increases significantly above this temperature. For irradi-
ated material, this transition happens at 1000°C, with the transition
from purely elastic to ductile behaviour being observed in the force-
displacement curve (see Fig. 2). This marks the DBTT. The shift of about

5 as defined in ASTM E399 [64]
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Fig. 4. Force-displacement curves of S-W;/W before and after irradiation for different test temperatures. Black lines show non-irradiated material. Blue lines
represents samples irradiated at 600 °C, red lines samples irradiated at 1000 °C. The span was 18 mm for tests up to 475 °C + 25 °C (solid lines) and 25 mm for tests at
1000 °C (dashed lines). For tests at 590 °C + 10 °C both spans were used. (For interpretation of the references to colour in this figure legend, the reader is referred to

the web version of this article.)

600 °C is consistent with the values reported in literature [29,53]. The
reduced absolute temperatures observed in comparison to literature val-
ues are attributed to the different sample orientation (elongated grains
perpendicular to crack direction).

In the case of S-W; /W, toughness (defined by an increase in the frac-
ture energy) is observed at a temperature of 100 °C and above. The ob-
served ductile deformation of the fibres indicates that the dominating
mechanism is the ductile crack bridging. In the irradiated case this onset

of toughening is dependent on the irradiation temperature - for samples
irradiated at 600 °C it occured at a testing temperature of 300°C, for
samples irradiated at 1000 °C at a testing temperature of 590°C + 10°C.
Whereas for an irradiation temperature of 600 °C also ductile fibre bridg-
ing seems to occur this is not clear for the higher irradiation tempera-
ture. In this case, the fracture surface with some protruding fibres indi-
cates that pull out may play a role. Looking at the fracture energy the
gain in toughness is much smaller compared to the ductile deformation
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tested at 100° C

tested at 600° C

Fig. 5. Fracture surface of S-W;/W in non-irradiated condition tested at 100°C
(a,b) and 580°C (c,d). On the left overview pictures are shown . The artificial
notch is on the left hand side of the picture. On the right a representative fibre
is shown in larger magnification.

of IGP-W above DBTT. As observed before [8] the toughening effect is
also smaller than for long-fibre reinforced material both before and after
irradiation (compare Figs. 4 and 8). A reason why S-W; /W does not per-
form as well as the long fibre material is that it has less fibres in loading
direction and thus, ductile deformation is restricted to individual fibres
[10]. In addition the fibres already show some degradation due to the
powder metallurgical production process either due to the high sintering
temperature of 1900 °C or the use of a graphite crucible. Doing this with-
out a protective layer leads to an embrittlement of the W fibres, probably
caused by an uptake of carbon into the material [20,21]. This behaviour
is consistent with other studies where S-W; /W shows low/no toughness
at RT [21]. An attenuation of this embrittlement effect at elevated test-
ing temperature could explain the observed increase in toughness. The
different behaviour in the irradiated state could either be caused by a
change in the interaction of the fibre and matrix or by a change in the
fracture behaviour of the fibre, as the behaviour of the matrix does not
change. We attribute this change to the effect of carbon on the fibre
behaviour. Samples were held at elevated temperature for a long time
during irradiation which facilitates the distribution of carbon from the
matrix towards the fibres (C diffusion is temperature dependent [66]).
This should be more pronounced for the higher irradiation temperature
and thus explains the later onset of toughening for samples irradiated
at 1000 °C. This would also explain why fibre ductility is affected in the
short fibre material but not significantly altered for the long fibre ma-
terial. Measurements of the carbon content within the fibres should be
performed to validate this theory.

Only L-W; /W shows toughness (defined by an increase in the frac-
ture energy), observed as stable crack propagation at RT in the non-
irradiated case. The long fibre samples show a higher toughness than
S-W; /W for all testing temperatures and than IGP-W up to its DBTT.
Toughness is highest at 100 °C. Irradiation leads to a reduction of tough-
ness, which is more pronounced at lower irradiation temperatures, but
does not lead to embrittlement. In all cases, toughness initially decreases
with increasing test temperature. In the irradiated case, it finally reaches
a plateau, while in the non-irradiated case it rises again after 500 °C.

This behaviour corresponds to the force-displacement curves, which
exhibit the characteristic shape of ductile materials for all test cases,
both before and after irradiation (see Fig. 8). The shape of the curves can
be related to the toughening mechanisms being active in L-W; /W. Shape
and fracture surfaces clearly point to ductile fibre bridging as dominat-
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ing mechanism. During bending, there is a direct correlation between
displacement and crack opening, and therefore also with the strain in
the fibres, as these bridge the crack. Maximum in load is usually associ-
ated with a massive failure of the bridging fibres and can therefore be
related to fibre strength [16]. Both directly influence the effectiveness
of ductile fibre bridging [67]. The maximum load decreases with rising
temperature (see Fig. 8). This corresponds well with the degradation of
strength of tungsten fibres with rising temperature [19] and can explain
the reduction in toughness of the samples observed for rising test tem-
peratures. The lower fracture energy for lower irradiation temperature
corresponds to lower maximum load in this case. However, more tests
would be needed to confirm this behaviour. There has been only one
sample per condition, and the difference is less then the error bar for
non-irradiated samples, where more samples were tested.

For all irradiated samples (and non-irradiated samples at RT), the
maximum load occurs at a lower displacement compared to the non-
irradiated state at elevated temperature, which also explains the overall
lower toughness. The change at elevated temperature for non-irradiated
material could be explained by an increased ductility of the fibres (larger
reduction in area at 100 °C compared to RT) which could have compen-
sated for the reduction in strength. This is not a good explanation for the
reduction in the irradiated case as fibre ductility, as defined by fibre di-
ameter reduction, is not reduced (compared to the non-irradiated state).
It is possible that there are other relationships between fibre strain and
ductility and/or crack opening and fibre strain in the irradiated case. For
example, it is reported that the constraint on the fibre, i.e. the interac-
tion/bonding to the matrix has strong influence on the contribution by
ductile deformation [67,68]. To confirm this, irradiation studies on the
individual systems should be performed i.e. on the fibre-matrix-interface
system for the role of the constraint or the individual fibre/wire for the
effect on fracture strain. Neutron irradiation on individual fibres has
been performed or is ongoing and evaluation by means of mechanical
tests and microstructural analysis are planned. In addition studies by
transmission electron microscopy (TEM) on ion irradiated W fibres with
a thinner diameter are ongoing. Furthermore, TEM analysis has started
for the samples presented in this study to give both insight in the damage
caused by irradiation as well as the extent of transmutation.

The fracture behaviour of the matrix is cleavage for all test condi-
tions, in contrast to Charpy impact tests on similar material, where a
transition to ductile matrix failure was observed at 1000 °C [49]. This
difference also applies to non-irradiated material and is therefore not
caused by irradiation, but rather a consequence of the test conditions.

4.3. Conservation of ductility in W fibre

Similar to the non-irradiated case all W fibres in L-W; /W show duc-
tile failure with significant necking after irradiation (see Table 2). The
necking diameter is very similar to the non-irradiated case up to a test-
ing temperature of 500 °C and slightly larger for a testing temperature of
590°C + 10°C. Only fibres irradiated at 600 °C and tested 100 °C show
a significantly larger necking compared to the other conditions. Fig. 11
shows the reduced diameter as a function of the test temperature for
the different cases and for an individual W fibre. Trend lines have been
added as a visual guide. While a linear decrease can be observed in the
non-irradiated case, the irradiated case levels off at higher test temper-
atures. This even seems to lead to a decrease in diameter reduction at
higher test temperatures. However, tests above 590 °C + 10 °C would be
necessary for clarification, as the values are very close to each other in
view of the error bars. Whether this change in behaviour is caused by
a change in the behaviour of the individual fibre or by its interaction
within the composite needs to be clarified.

During Charpy tests on non-irradiated, similar material with the
same geometry [49] slightly less necking was observed at RT tests
(118 pm = 2 pm) and a slightly larger value for tests at 600°C (69 um +
1 um). This variation is in the same range as all differences observed
after irradiation and therefore probably represents the natural spread.
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tested at 580° C

Fig. 6. Fracture surface of S-W;/W samples which were irradiated at 600 °C (a,b,e,f) and 1000 °C (c,d,g,h) and tested at 300 °C and at 580 °C. In each case, overview
pictures are shown on the left side (sample size 3mm x 4 mm). The artificial notch is on the bottom side of the picture. On the right a representative region is shown

in larger magnification.

tested at 100° C

tested at 600° C

Fig. 7. Fracture surface of L-W; /W in non-irradiated condition tested at 100 °C
(a,b) and 600 °C (c,d). On the left an overview picture is shown . The artificial
notch is on the left hand side of the picture. On the right a representative fibre
is shown in larger magnification.

Although the different testing speed might play a role, this shows that
the effect of irradiation on the ductile deformation of the W fibres might
be low in our study. In the charpy tests the DBTT of the fibres was re-
ported to be between —100 and —50 °C. The results in this study confirm
that the DBTT is below RT before irradiation and below 100 °C after ir-
radiation. However, as already pointed out in [25] a shift in DBTT by
irradiation to a value below testing temperature would not have been
detected in our studies.

In tungsten fibre-reinforced copper composites (W;/Cu) ductile de-
formation was less pronounced for W fibres after irradiation (to similar
damage level in W) showing both ductile and brittle fracture [69]. For
a testing temperature of 150 °C necking was, for an irradiation temper-
ature of 150°C, in a similar range as in our study and was less pro-
nounced for an irradiation temperature of 450 °C. To understand this,
one needs to look at the differences in fibre-matrix interaction in the
two composite systems. In W;/Cu W fibres are used for strengthening

rather than for toughening. This means that debonding is not desired
and the matrix-fibre interface should be as strong as possible [8]. This,
combined with the fact that fracture strain is much higher in the Cu-
CrZr matrix [70], prevents non-constraint deformation and thus hinders
necking. If the CuCrZr matrix is embrittled as reported for low irradi-
ation temperatures, necking should be more pronounced compared to
higher irradiation temperature where the matrix stays more ductile (see
Fabritsiev and Pokrovsky [71] for irradiation effect on CuCrZr). As men-
tioned above, tests on the individual fibre/wire would allow for sepa-
ration of the effects of constraint and irradiation on ductility. In con-
trast, ductility and its conservation during irradiation is better utilized
in W;/W as it relies on a brittle matrix. This is in line with findings by
Zinovev et al. [72], who showed that individual tungsten foils are much
more resistant to radiation embrittlement than when they are part of a
composite.

Necking diameter in tensile tests of the individual fibre in the non-
irradiated state were determined to be slightly larger by Riesch et al.
[73] in RT tests. However, in studies of Terentyev et al. [19] they were
slightly smaller at RT as well as at elevated temperature. Beside this
spread, probably caused by different testing procedures, a reasonable
explanation of the lower values in our studies is the constraint on the
fibres provided by the composite structure.

The necking behaviour of W fibres with a diameter of 16 um thinned
to 5um was independent of damage by ion irradiation up to 10dpa
in RT tests [25,26]. This behaviour was attributed to defect annihila-
tion at the grain boundaries in this ultra fine grained material and/or
the special deformation mechanism below a diameter of I mm. W fi-
bres with a diameter of 150 um, used in the L-W;/W composites, ex-
hibits a similar deformation behaviour [73] and a fine micro structure
[74]. Because of this, the same effects could explain the low influence
of irradiation observed in our study. Transmutation typically seen as
an important source for hardening/embrittlement seems to have no in-
fluence on the W fibre ductility for our experimental conditions. The
TEM studies will help to understand the role of transmutation prod-
ucts. Neutron irradiation on fibres with a diameter of 150 um is on-
going and will enable a better understanding of the role of transmu-
tation. The results will also show whether, as with thin fibres, the
irradiation has no effect on the mechanical behaviour. If this is the
case, the observed changes in the necking behaviour after irradiation
(compare Fig. 11) are likely caused by a change in the fibre-matrix
interaction.
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Test temperature: 100 °C
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Fig. 8. Force-displacement curves of L-W;/W before and after irradiation for different test temperatures. Black lines show non-irradiated material. Blue lines
represents samples irradiated at 600 °C, red lines samples irradiated at 1000 °C. The span was 18 mm for tests up to 475 °C + 25 °C (solid lines) and 25 mm for tests at
1000 °C (dashed lines). For tests at 590 °C + 10 °C both spans were used. Non-irradiated samples tested with the larger span featured a smaller notch depth of 0.6 mm
(indicated by (*)). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

4.4. Irradiation effects on tungsten fibre-reinforced composites

After neutron irradiation L-W; /W shows toughness down to the low-
est testing temperature with only minor degradation compared to the
non-irradiated state. This is a clear proof that extrinsic toughening is
also effective after neutron irradiation. Fibre-Matrix debonding occurred
during fracture and ductile fibre bridging was clearly identified to be

10

the main toughening mechanism even after irradiation,with only small
changes in ductile fibre deformation. This conservation is very benefi-
cial as ductile fibre bridging is the most effective toughening mechanism
in W;/W. Nevertheless, the changes observed after irradiation, even if
small, can probably be correlated to an effect on the fibre-matrix in-
terface or the fibre properties. Influence of the heat treatment during
irradiation is expected to be low due to the temperature stability of the
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tested at 580° C

Fig. 9. Fracture surface of L-W; /W samples which were irradiated at 600 °C (a,b,e,f) and 1000 °C (c,d,g,h) and tested at 100 °C and at 580 °C. In each case, overview
pictures are shown on the left side (sample size 3 mm x 4 mm). The artificial notch is on the bottom side of the picture. On the right a representative fibre is shown
in larger magnification for each test regime. The surface structures on the fibre seen in figure (h) is probably caused by oxidation and was also observed for fibres

that were irradiated at 600 °C and tested at the same temperature.
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Fig. 10. Overview of fracture energies calculated as the integral of force over
displacement. Results for IGP-W are shown as triangles, for S-W, /W as squares
and for L-W; /W as circles. In the case of L-W; /W open circles show data for sam-
ples featuring a smaller notch depth (indicated by (*)). Data points are shown in
black for non-irradiated material, in blue for material irradiated at 600 °C and in
red for material irradiated at 1000 °C. Typically only one sample per condition
has been tested. If there are more samples, the mean and the standard deviation
are given. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)

W wire used as fibre (see e.g. Nikoli¢ et al. [18], Ciucani et al. [75] for
more details). For a final clarification, test on the individual fibre or
composite model systems would be helpful.

In L-W; /W, the toughness and its resistance to irradiation induced
degradation were significantly better than those of S-W;/W, due to a
better utilization of ductile fibre-bridging behaviour. It was shown that
S-W; /W can be produced while maintaining fibre ductility [12]. How-
ever, due to the better utilization of the fibre properties long fibre-
reinforced material should be preferred. Recently, long fibre material
utilizing a powder metallurgical production route was successfully qual-
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Fig. 11. Reduced diameter after fracture for L-W,;/W as a function of the test
temperature according to Table 2. Data points are shown in black for non-
irradiated material, in blue for material irradiated at 600 °C and in red for ma-
terial irradiated at 1000 °C. In green data for the individual W fibre is given as
determined in [19]. As a visual guide, trend lines are added (linear for non-
irradiated and polynomial for irradiated material). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web ver-
sion of this article.)

ified [76]. As long-fibre composites feature in general non isotropic be-
haviour fibres should be aligned in the direction of maximum stress.
Although the toughness of L-W;/W is lower compared to IGP W
above its DBTT, the low temperature toughness and the stability af-
ter irradiation provides room for design freedom. Predictable properties
enable components to be designed in accordance with these properties.
When looking at the proposed design of a high heat flux component
there will always be a region where the temperature will be below the
DBTT and the material therefore will exhibit brittle failure. This will
even be more pronounced in the irradiated state. This temperature was
found to be up to 1000 °C for IGP W after irradiation. The low DBTT of
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L-W; /W both before and after irradiation allows this region, which is
considered critical in the design of these components [6], to be avoided
or at least minimized.

The structure and composition of the composite materials used
in this study were chosen to investigate the effect of irradiation on
extrinsic toughening but were far from being optimised. Composites
need to be designed according to their application especially non
isotropic material as L-W;/W [23]. Measures for improvement may
include the following, among other things: a reduction of porosity,
an increase of fibre volume fraction or the utilization of stronger
fibres.

5. Conclusions

W; /W was identified as a promising candidate for the high-heat flux
region of a future fusion reactor as it shows increased toughness due
to extrinsic toughening mechanisms. However, the effect of neutron
irradiation on these mechanisms has been an open question. In this
study short and long fibre-reinforced W;/W as well as IGP W as a
reference material have been irradiated up to 0.7-0.8dpa at 600°C
and 1000 °C. 3-point bending tests were used to evaluate the effect of
neutron irradiation on the toughness. For IGP W the DBTT increased
from 300°C to at least 600°C (irradiation temperature 600°C) and
to at least 1000°C (irradiation temperature 1000°C). For S-W;/W it
increases from 100°C to 300°C (irradiation temperature 600°C) and
600°C (irradiation temperature 1000°C). L-W;/W shows toughness
at RT in the non-irradiated state and down to the lowest testing
temperature of 100°C after irradiation. Above the DBTT, the fracture
energies, which serve as a measure for toughness, are higher in L-W; /W
than in S-W;/W, both in the non-irradiated and irradiated states.
For L-W;/W fracture energies decrease slightly due to irradiation,
but the decrease is very similar for both irradiation temperatures.
At a test temperature of 300°C, non-irradiated L-W;/W exhibits a
fracture energy of 0.22J +0.02J, compared to 0.13J and 0.17] after
irradiation.

The main conclusions are

¢ Extrinsic toughening remained active in W; /W after neutron irradia-
tion with the ductile fibre bridging being the dominating mechanism.

e Neutron irradiation up to 0.8 dpa had only a minor influence on the
fracture behaviour of L-W; /W

e W fibres in L-W; /W stayed ductile and showed only slight deterio-
ration due to neutron irradiation.
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This behaviour provides design freedom and now needs to be incor-
porated into the design of new components as proposed in [23]. Further
tests should be performed to understand the resistance of the W fibre
ductility against irradiation embrittlement e.g. utilizing neutron irradi-
ation experiments on individual W fibres or using the new experimental
setup GIRAFFE [77] which allows mechanical testing of thin W fibres
during in-situ irradiation by high energetic ions.
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Appendix A. Chemical analyis

In Table A.1, the chemical composition of W wire and W produced by CVD is given. The wire was produced with a similar fabrication process
from the same supplier as the wire used in this study (both for S- and L-W;/W). The CVD material has been produced in a similar process on the
same device as the L-W; /W plates. O and C were determined using combustion analysis. The other elements are determined by a combination of
inductively coupled plasma mass spectrometry (HR ICP-MS) and inductively coupled plasma optical emission spectrometry (ICP-OES).

Table A.1

Chemical composition of W wire and W pro-
duced by CVD. The wire was produced with a
similar fabrication process from the same sup-
plier as the wire used in this study (both for S-
and L-W;/W). The CVD material has been pro-
duced in a similar process on the same device as
the L-W; /W plates.

Element W wire CVD W
g gt ng-g!

Al 9.1+0.1 < 0.1

Ca <03 <03

Co <0.1 <0.1

Cr 2.6+0.1 <0.1

Cu <0.1 <0.1

Fe 7.0 <0.1

K 72+£2 0.3+0.1

Mo 102+0.3 <0.1

Na 0.7+0.3 <0.1

Ni <03 <03

Os <2 <2

Re no measurement possible

Si <3 <3

Ta <2 0.1+0.1

Ti 03+0.1 0.1 +0.1

\% 8.1 <0.1

O’ 885+1.8 139.0+18.4

C 375+1.8 223+20

* Based on measurement of 2-3 samples, error
given as standard deviation of the mean

Appendix B. Cutting scheme of W; /W samples

In Fig. B.1 the cutting scheme of the plates and disks is shown. The samples were orientated in a way that the fibre axis are along the long side
for the L-W; /W material.

(a) (b)

(40)

(55)

L second cut . . )
L1 | I T all dimensions in mm
4 4
0

2

Fig. B.1. Cutting scheme of KLST type samples for (a) the L-W;/W material and (b) for the S-W;/W material. All dimensions are given in mm.

Appendix C. Evaluation force-displacement curves

A robust estimate of the pre-peak elastic response is obtained by fitting a linear model f =~ a(d — D) = ad + b to the low-force portion of the
paired displacement-force datasets (d;, f;). After removing invalid data points and optionally correcting a constant force baseline, contiguous sliding
windows of varying length are scanned over the ordered data. Each window that satisfies toe- and span-filters (to ensure the window starts sufficiently
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far from zero force and guarantee that the force variation inside the window is large enough to determine a slope) is evaluated with a mean centred
ordinary least-squares (OLS) estimator constrained to a > 0. Within each admissible window 7 we compute a mean-centred OLS line

Y (d; —dp)(f; - )
i) =g, kD= -aDd, (V)
Y\ (d;—dp)?
iel
and evaluate its goodness of fit by the coefficient of determination

3 (f; - a@yd; - KD))*

i€l
QU= 2

i€l

RX(I)=1-

as well as the force span
Af(I) = max f; —min f;. (C.3)
i€l iel

The window maximizing the lexicographic score (4, R>, Af) above a descending set of R? thresholds is selected, and its horizontal shift is recovered
from D, = —b/a.A This procedure yields a physically meaningful elastic slope and offset even in the presence of noise or limited data. All experimental
datasets are shifted by Dy, no further points representing the elastic line were inserted.

Appendix D. Overview of results of fracture mechanical tests

In Table D.1, an overview of results of the fracture mechanical tests is given. The first column shows the test temperature. In the other columns
the main behaviour of the samples is stated .

Table D.1

Overview of results of fracture mechanical tests. The first column shows the test temperature in °C. In the other columns the main behaviour of the samples is
given: x for brittle behaviour, o for tough behaviour / b for brittle fibre failure, d for ductile fibre failure, - for not applicable, brackets for transitions or non
conclusive behaviour.

IGP W S-Wy/W L-Wy/w
Non- Irradiated at Irradiated at Non- Irradiated at Irradiated at Non- Irradiated at Irradiated at
irradiated 600°C 1000°C irradiated 600°C 1000°C irradiated 600°C 1000°C
RT x/b o/d
100 o/d x/b x/b o/d o/d o/d
150 x/-
300 x/- o/d o/d x/b o/d o/d o/d
350 (0)/-
475 25 o/- X/- x/- o/d o/d x/(d) o/d o/d o/d
590 + 10 o/- (0)/- X/- o/d o/d (0)/(d) o/d o/d o/d
1000 o/- o/- o/-

Appendix E. Fracture energies

In Table E.1, the fracture energies calculated as the integral of force over displacement as given in Figs. 2,4 and 8 are shown. These values are
illustrated as a digram in Fig. 10.

Table E.1
Overview of fracture energies calculated as the integral of force over displacement. The first column shows the test temperature in °C. In the case of L-W;/W

data for samples featuring a smaller notch depth is indicated by (*). Typically only one sample per condition has been tested. In this case only the value of
the integral is shown. If there are more samples, the mean and the standard deviation are given.

IGP W S-Wy/w L-Wy/W
Non- Irradiated at Irradiated at Non- Irradiated at Irradiated at Non-irradiated Irradiated at Irradiated at
irradiated 600°C 1000°C irradiated 600°C 1000°C 600°C 1000°C
RT 0.002J 0.19]
100 0.087J 0.0017J 0.0004J 0.29J 0.15J 0.19J
150 0.0047
300 0.003J 0.087J 0.06J1 0.004J 0.227 +0.027J 0.13] 0.17]
350 0.29J
450 1.57] 0.04J 0.005J 0.117J 0.14J
500 2.33] 0.091 0.17J £0.01J
590 + 10 2.781 0.05J+0.057 0.01J 0.08J 0.05J 0.03J 0.227 / (0.24J +0.041)* 0.12J +0.01J 0.11J
1000 0.13J 0.06J 0.473)* 0.11J
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