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Abstract

Tungsten is the major candidate material for the armour of plasma facing components in
future fusion devices. To overcome the intrinsic brittleness of tungsten, which strongly
limits its operational window, a W-fibre enhanced W-composite material (W¢/W) has been
developed incorporating extrinsic toughening mechanisms. Small W¢/W samples show a
large increase in toughness. Recently, a large sample ( 50 x 50 x 3 mm?) with more than
2000 long fibres has been successfully produced allowing further mechanical and thermal
testing. It could be shown that even in a fully embrittled state, toughening mechanisms as
crack bridging by intact fibres, as well as the energy dissipation by fibre-matrix interface
debonding and crack deflection are still effective. A potential problem with the use of pure
W in a fusion reactor is the formation of radioactive and highly volatile WO3 compounds
and their potential release under accidental conditions. It has been shown that the oxida-

tion of W can be strongly suppressed by alloying with elements forming stable oxides.
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WCr10Ti2 alloy has been produced on a technical scale and has been successfully tested
in the high heat flux test facility GLADIS. Recently, W-Cr-Y alloys have been produced
on a lab-scale. They seem to have even improved properties compared to the previously

investigated W alloys.
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1 Introduction

Plasma-facing materials of future fusion power plants will face unique challenges
in terms of power, particle and neutron loads [1]. Tungsten (W) is the main can-
didate material for the first wall as it is resilient against erosion, has the highest
melting point of any available metal and shows rather benign behaviour under neu-
tron irradiation. However, tungsten has a fairly high ductile to brittle transition
temperature (DBTT) even increasing under neutron irradiation. To overcome this
brittleness, mainly W alloying (for example [2—4]) and oxide dispersion strength-
ened/stabilized W materials (for example [5—7]) were investigated (see [8] and [9]
for recent reviews on the W materials development). Another route is W-composite
material. In plasma facing components a combination of W with Cu has been pro-
posed for tungsten laminates [10], functionally graded W/Cu layers (see for exam-
ple [11,12]) and W fibres in a Cu matrix (see for example [13—-15]. Specifically
the laminates and the fibre reinforced composites make use of the exceptional me-
chanical properties of tungsten foils and fibres. Combined with the high thermal
conductivity of Cu they yield improved thermomechanical properties at temper-
atures beyond the operational range of CuCrZr. If the material is intended to be

used as armour material, the maximum temperature can range beyond 1000° C



which requires a further step towards composites using only tungsten. To this end
tungsten-fibre reinforced tungsten-composites (W¢/W) has been developed incor-
porating extrinsic toughening mechanisms [16].

A potential problem with the use of pure W in a fusion reactor is the formation of ra-
dioactive and highly volatile WO3; compounds and their potential release under ac-
cidental conditions. It has been shown that the oxidation of W can be strongly sup-
pressed by alloying with elements forming stable oxides as a passivating layer[17].
In the following section the basic procedure and ingredients of the production of
W;/W composites will be sketched. Section 3 will concentrate on the results of
mechanical bending tests of fully embrittled W¢/W specimens and their interpre-
tation in terms of toughening. In Sec. 4 the status of the current development of
self-passivating W-alloys will be shortly summarized and results of the latest ex-
periments will be presented. Finally, Sec. 5 will conclude the paper and give an
outlook on the planned activities which are aimed at the industrial scale production

of material samples for their testing as part of plasma facing components.

2 Tungsten fibre reenforced tungsten (W f/W)

2.1 Fabrication of the tungsten matrix in We/W composites

The very high melting point and high temperature strength both for fibre and ma-
trix do not allow for conventional composite production routes (see examples in
[18]). Furthermore it is important that the properties of fibre and interface are not
degraded during the process. Chemical deposition techniques allow low processing
temperatures (< 600° C) and a force-less fabrication, and thus the preservation of
the interface and fibre integrity as well as fibre topology. In this process tungsten-
hexafluoride is reduced by hydrogen in a heterogeneous surface reaction and thus
solid tungsten is formed. The sample prepared for the bending tests described below
is produced by chemical vapour deposition (CVD) on a fibrous preform consisting
of pure tungsten wire with a diameter of 150 pm (similar as for the chemical in-
filtration experiments performed in [16]). The fibres were coated in advance by
magnetron sputtering with an EryOg interface layer with a thickness of 1 pm in
order to provide a stable interface towards the matrix (see [19] for details on the
process). Laterally, the fibres are separated by approximately 100 gm by means of

a mechanical clamping system. The sample was built successively depositing tung-



sten on each layer adding another fibre layer when the latter one was completely
coated. By this procedure a vertical distance of the fibre planes slightly above 100
pm is achieved. In total 10 fibre planes with 220 fibres each were deposited. The
sample has a size of about 25 cm? and a volume of 10.7 cm?. Its density reaches
93-96% (deduced from image evaluation) and a fibre volume fraction of about 0.3
has been achieved in this way. Fig. 1 shows the sample after production and its

metallographical cross section (right).

Fig. 1. Photo of the as produced W¢/W sample (left) and its metallographical cross section
(right (optical microscopy)) showing the fibres and the radial crystal growth of the matrix.

The dark areas in the cross section show the pores resulting from the CVD process.

2.2 Mechanical properties of W-wire used as fibre in W f/W composites

A key benefit of W¢/W under cyclic high heat loads are the exceptional properties
of the tungsten wires used as fibres: Pure as well as potassium doped (K-doped)
tungsten wires show exceptional ductility and strength in contrast to conventional
bulk tungsten being brittle at room temperature. These are ideal properties facili-
tating the toughening in W¢/W as the high strength is important for the bridging
effect and ductile deformation allows the dissipation of substantial amount of en-
ergy [20]. Pure tungsten and potassium doped wires with a diameter of 150 pm
supplied by OSRAM GmbH have been investigated by means of tensile tests in
[21,22]. The pure W wires were tested in the as-fabricated state and after annealing
for 30 minutes at 1273 K and 1900 K. Whereas the as-fabricated and the low heat
treated fibres showed ductile behaviour and a strength of more than 2900 MPa and
1900 MPa, respectively, the high temperature heat treated fibres failed in a brittle
manner with a mean fracture strength of approximately 900 MPa, but revealing a

large scatter. The potassium doped wires were annealed up to 2573 K. Only at this



very high annealing temperatures a strong (secondary) grain growth was observed
leading to a brittle failure. For annealing temperatures up to 2173 K the potassium
doped wires showed a ductile behaviour with strengths reaching from 2720 MPa
(as fabricated state) to 1970 MPa (annealed at 2173 K). Details on the experiment,
specifically concerning the differences in the recrystallisation between the pure and
the K-doped wires can be found in [22]. Similar to pure tungsten wires the em-
brittlement of the K-doped wires is correlated with the loss of the fine elongated
grain structure. As the K-doped wire does not lose its good mechanical properties
and in particular its ductile behaviour up to very high temperature the application

temperature of W¢/W might be considerably increased if doped wires are used.

3 Bending tests on embrittled tungsten-fibre reinforced composite

As discussed above a key mechanism for the toughening in W¢/W is the ductile
deformation of the fibres [20]. However, in tests with single fibre samples it could
also be shown that W¢/W features toughness even after full embrittlement of the
fibres mainly by fibre bridging and pull-out respectively [23] in agreement with the
extrinsic toughening mechanisms of brittle materials described in literature [24,25].
In order to check the extrapolation from single fibre probes to samples containing
several fibres bending tests on embrittled bulk W¢/W were performed. An in-situ
surface observation by a scanning electron microscope (SEM) and dedicated sur-
face preparation allow the observation of crack propagation and potential stopping.
The testing conditions were similar to the ones done on as produced samples de-
scribed in [16]. For these tests still the pure W wires were used as fibres because
they allow the investigation of full embrittlement as a test for operationally induced

effects with less experimental efforts involved.

3.1 Sample preparation

The test sample is cut according ASTM E399 [26] (see Fig. 2) from the the sam-
ple produced by chemical vapour deposition (CVD) as decribed above (see Sec.
2.1). In order to produce W¢/W with fully brittle components it is necessary to
embrittle the fibres as the matrix produced by CVD behaves brittle [27] already
without any treatment. Pure tungsten fibres (as used for the production of the sam-

ple) are embrittled when heated above the recrystallization temperature (see above



and [21,22]), hence the tested sample was embrittled by heating it at 2000K for
30min. Details of the process are given in [28]. A careful surface preparation is
required to allow the observation of the crack propagation. A combination of a me-
chanical (SiC grinding paper and diamond suspension) and a mechanical-chemical
(Logitech SF1 ”Syton”) procedure is used (details in [29]). The sample is prepared
in such a way that the first layer of fibres is cut in half. This allows the observation
of the interaction of the crack with the first fibre layer in the surface. This is shown
in Fig. 2, where the sample is depicted schematically with a micrograph of the cen-
tral region overlayed. The sample is notched to concentrate the stress at the notch
tip and to create a well-defined crack initiation point. As a sharper crack lowers
the load needed for crack initiation [30], a three-step notching procedure with de-
creasing notch radii as described in [16] is used. The overall resulting notch depth
is a = 1200pm.
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Fig. 2. Micrograph of the embrittled W¢/W sample and schematic drawing of 3-point bend-
ing setup. The sample is polished in a way that the surface fibre layer is cut half. The dashed

box indicates the area where crack propagation has been observed.

3.2 Bending tests with in-situ surface observation by a scanning electron micro-

scope

After the unit is installed inside the SEM, the sample is placed into the bending
sample holder. The surface of the sample is orientated in a way that the load input is
from top and bottom of the sample (Fig. 2). The sample is loaded in a displacement-

controlled manner while the crack tip (respectively the notch tip) is observed in a



fast scanning mode to capture any changes at the crack tip immediately. In parallel
the force measurement unit was monitored for crack propagation indicated by small
load drops. For the acquisition of high quality pictures the displacement is stopped
when a defined load or displacement is reached or when a sudden change at the
surface or a load drop (e.g. crack propagation) is observed. Since the displacement
is kept constant during this time a slight unloading of the sample may take place
due to relaxations. The bending test is therefore conducted stepwise. More details

on the experimental procedure are given in [16].

3.3  Results and discussion

The load-displacement curve of the bending test on the multi-fibre W¢/W sample
is shown in Fig. 3 and the different phases of the test are denoted by Roman and
Arabic numerals. After mechanical setup, the load increases linearly (part I). At a
load of 158 N, crack initiation in the matrix is observed at the surface (step 1 in Fig.
3). The crack bypasses the first fibre and is stopped between fibre 1 and 2. The crack
initiation is accompanied by a load drop of 3 N. With on-going loading, stable crack
propagation is observed, accompanied by almost linearly increasing load up to 198
N (part II). A load plateau is observed at 180 N accompanied by a simultaneous
crack propagation towards the second fibre (Fig. 3, step 2). The crack is stopped
at this fibre. At further loading the crack is widened but no further propagation is
observed at the surface (Fig. 3,step 3). A massive load drop occurs after reaching
the maximum load of 198 N. With this load drop the sample fails completely.

The fracture toughness K is determined according to ASTM E399 (equation A.3.1
and A3.2 in [26], see [16]). For the evaluation of K throughout the experiment,
i.e. the determination of an R curve, the actual crack length must be known, but
in an inhomogeneous composite material such as W¢/W the determination of this
length using only a surface observation is not possible [31]. Therefore the length
of the notch, is used for a conservative estimation of K. As the true crack length
is clearly longer and even increases during the test, the true value of K should be
even higher. The fracture toughness of the matrix (crack initiation) is 7 MPa m®?

and the maximum fracture toughness is 9 MPa m®5.

At room temperature, CVD tungsten typically fails in a brittle manner with a mix-
ture of cleavage fracture and grain boundary fracture [27]. Tungsten fibres show

brittle failure when heat treated above recrystallisation temperature [21]. In con-
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Fig. 3. Force-displacement curve of the bending test on an embrittled multi-fibre W¢/W
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sample. The dashed lines indicate a displacement stop, accompanied by a detailed surface
observation. The curve was adopted and extrapolated (dotted line) in a way that the elastic
line crosses the origin. Two different parts of the loading are identified with I and II. On the
right micrographs of the unloaded sample (no number) and of the indicated displacement
steps (1-3) are shown (observation area is indicated by dashed box in Fig. 2). Micrograph
1 shows a straight crack bypassing the first fibre. In 2 the crack propagates towards fibre 2
and is stopped there. In 3 the crack is widened.

trast the bending test reveals that W¢/W even when embrittled shows controlled, i.e
stable, crack propagation and a rising load-bearing capacity. The crack bridging by
intact fibres could be observed for the surface layer. The stress intensity for the first
visible crack initiation is in a typical range for undeformed (recrystallized, sintered)
tungsten materials [32]. However, in this test the load increases with increasing sta-
ble crack propagation, leading to a increase in measured toughness. This behaviour
is typical for a composite material with extrinsic toughening mechanisms [33] and
was already observed for as fabricated bulk W¢/W [16]. Only the first layer of fibres
is visible on the specimen’s surface and only mechanisms acting in this layer are
visible. Therefore a quantitative evalution of the contribution of each mechanism
is not possible, however, the observed toughening effect, e.g. the crack stopping
within the matrix, indicates that these mechanisms are also active within the sam-
ple. The sample shows a severe load drop accompanied by a full fracture rather

than a controlled failure and a gentle slope in the load displacement curve reported



being typical for extrinsic toughened materials [18]. This is an indication that the
contribution of fibre pull-out is limited which was reported for single-fibre W¢/W
model systems in bending tests before [23]. The main contribution to the tough-
ening is therefore probably by elastic fibre bridging. Due to the restricted fracture
strain in embrittled fibres the bridging range is restricted. Therefore only small
crack opening is possible which was also observed here. An examination of the
fracture surface will shed more light into the role of the respective mechanism. The
crack bridging by intact fibres, as well as the energy dissipation by fibre-matrix in-
terface debonding and crack deflection at these interfaces, have also been reported
for single fibre composites [20,23]. Similarly, the rising load bearing capacity af-
ter crack initiation has been observed for as fabricated samples [16]. However in
the latter case the maximum load is higher and no catastrophic failure occurs after
the first severe load drop. The main reason for this is probably that in this case
the ductile deformation of the fibres is the main toughening mechanism, which is
more effective and robust under bending load [23]. In addition the different fabri-
cation processes (dual step chemical infiltration (in the case of [16]) rather than the
layered process used here) have a noticeable impact on the matrix microstructure
and thereby on the crack formation and propagation. A quantitative comparison of
the results is therefore difficult and additional tests for both states are planned to

quantify the similarities and differences.

In summary, the toughening effect increases the load-bearing capability even with
crack propagation before a pronounced macroscopic effect occurs. Extrapolating
the this behaviour to a real structure implies that restricted cracks (size or location)

are not necessarily catastrophic as normally in brittle materials.

4 Development of self-passivating tungsten alloys

A potential problem with the use of pure W as first wall material in a fusion reac-
tor is the formation of radioactive and highly volatile WO3 compounds and their
potential release in case of a loss of coolant accident (LOCA) with additional air
ingress. In order to suppress the release of W oxides the use of tungsten-based al-
loys containing vitrifying components seems to be feasible. Enhanced erosion of
light elements during normal reactor operation is not expected to be of concern.
During operation plasma ions erode the light constituents of the alloy (preferential

sputtering [34]), leaving behind a thin depleted zone with only tungsten remain-



ing. Subsequently, the tungsten layer suppresses further erosion, hence utilizing
the beneficial properties of tungsten. In case of a loss-of-coolant and air or water
ingress the tungsten layer oxides releasing a minimum amount of WO;3 and then
passivating the alloy due to the content of elements being enriched at the surface
and producing temperature stable oxides (see Fig. 4).

During Operation Loss of Coolant Accident
D, T,He, Ar, ...

0,, H,0 atmospehere

?\
limited WO, release
7
Passivating Layer
XXOX

Edge Plasma

Structural Part / Coolant Structure

Fig. 4. Schematic behaviour of self-passivating W alloys.

Left side: Normal operation (at ~ 600° wall temperature): formation of a W surface by
depletion of alloying elements through preferential sputtering.

Right side: Accident conditions (up to = 1200° K, oxygen atmosphere): formation of a
protective layer against further W oxidation and release.

4.1 Thin layers as model systems

In order to allow an efficient test of the basic oxidation behaviour of different W
alloy systems screening was performed on thin films produced by magnetron sput-
tering. The setup consisted of up to five magnetrons and pure elements were used
as sputter targets. The composition of the individual samples was adjusted by vari-
ation of the discharge power of each magnetron. As substrates quartz and sapphire
were used. The advantage of this procedure stems from the fact that alloys of mul-
tiple elements with any composition can be produced. Moreover a nano-dispersive
distribution can be achieved, however at the cost that only layers wit a few microns
can be deposited (see [17]). Many ternary systems have been investigated as for ex-
ample W-Cr-Ti, W-Ta-Ti, W-Ta-Zr, W-Ta-Hf, W-Hf-Ti, W-Cr-Zr, W-Zr-Ti amongst
which the system W-Cr-Ti (> 10 wt.% Cr, 2 wt.% Ti)showed the lowest oxidation

rate.
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Very recent studies demonstrated significant advantages of W-Cr-Y self-passivating
alloys [35]. For production of these alloys, three-electrode configuration of the
PREVAC magnetron facility was used. The tungsten target was operated at DC
mode with applied voltage of —420 V to —340 V and the power of 420-500 W.
Similarly, the chromium target was operated in DC mode with the voltage ranging
from —310 V to —240 V and the corresponding power of 150-270 W. The Yttrium
target was operated in RF mode with applied power of 40-170 W and voltage of
105-270 V. The duration of the exposure was in the range of 60-130 minutes. The
substrates were not actively heated during exposure. The grown films had homoge-
nous nano-crystalline structure with the tungsten grains ranging 100 nm - 500 nm
as detected with electron-beam analyses. X-Ray diffraction (XRD) measurements
performed on the films, provide clear peaks of tungsten and chromium outlining
the purity of these elements in the produced alloy and the absence of oxidation
during the film preparation. Due to its low amount, yttrium was not detectable.
Experiments performed on quartz and sapphire substrates do not reveal noticeable
influence of substrate material on grown film.

The addition of even a small amount of yttrium in the alloy is expected to increase
the stability and smoothness of chromium oxide in the alloy system. A scan of the
elemental composition of the alloys was performed and as the result of these stud-
ies, the self-passivating alloy containing 89.7 wt% of W, 10 wt.% of Cr and 0.3
wt.% of Y was developed and obtained in the lab scale. As for direct compara-
tive oxidation test of the candidate alloys W-Cr, W-Cr-Ti and W-Cr-Y alloys were
tested under identical oxidation conditions. W-Cr-Y achieves superior suppression
of oxidation in comparison with W-Cr and W-Cr-Ti alloy systems. The parabolic
oxidation constant of the Y-containing system at 1000°C &, _cr—y) = 6.5 - 1076
mgZcm ™~ *s™! is much smaller than that of W-Cr kg —_cr) = 6.7-107° mgZem~*s™1)
and of W-Cr-Ti, kpow—cr—riy = 2.3 - 107° mgZem™*s™1).

4.2 Production of bulk W alloy materials

Although the thin W-alloy layers allow an efficient selection of potential self-
passivating systems, production of larger/thicker samples and finally of amounts
on technical scale is indispensable in order to allow a full characterisation of the
oxidation process (also taking into account diffusion from the bulk) as well as ther-
momechanical tests. Laboratory size samples (215 x 30 mm?®) of WCr10Ti2 have

been produced by encapsulation and hipping at 1200°C (150 MPa, 1 h) resulting in
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100% dense homogenous material with an average grain size of 100-150 nm [36]
(see Fig. 5).

Fig. 5. SEM micrographs of WCr10Ti2 produced by encapsulation and hipping at 1200°C
at 150 MPa for 1 h.

Additional thermal treatment at 1600° C leads to an increased grain size (= 1 ym),
a decrease of hardness as well as a decrease of the Cr-rich phase. Similar obser-
vations were made after first successful irradiation tests at the high heat flux test
facility GLADIS [37] (P/A = 2 MWm ™2, At = 25, Ty,f(calc) = 1000°C, 30
pulses): The Cr content was reduced on the first few nm resulting in an enrich-
ment of W (more than expected from preferential sputtering), as deduced from
SEM investigation using a focussed ion beam for cross-sectioning. Besides that no

structural damage of the sample was observed.

4.3  Experiments and discussion

The oxidation behaviour of the bulk WCr10Ti2 samples was tested under ’acciden-
tal-like’ conditions: The samples were heated up to 600°C and exposed to synthetic
air (Ar + O,). Subsequently the temperature was slowly ramped up to 1000°C (16.7
h) and the weight increase (due to oxidation) was measured. At 1000°C the tem-

perature was held for another 4 hours toggling the oxygen supply on and off twice.
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The sample shows a rapid increase of its weight starting from about 900°C and a
parabolic behaviour in the isothermal segments (at 1000°C) (see Fig. 6). During the
phases with no oxygen injection no mass loss was detected, which means that the
evaporation of tungsten oxides is below the sensitivity of the measurement.

Motivated by the encouraging results with W-Cr-Y layers, the powder metal-
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Fig. 6. Mass change during the oxidation of WCr10Ti2 under accidental-like’ conditions.
The trajectory of the preprogrammed temperature ramp is given in blue, those of the argon
and oxygen flow rate in green and magenta, respectively. The large ’spikes’ in the Ar flow
were programmed for a rapid flushing of the residual oxygen gas. The red curves give the
mass change for the as fabricated alloy (dash-dotted line) and for W-alloy previously at

1600° heat treated one (dotted line). Further explanation please see text.

lurgical production of W-Cr-Y has just started. The industrial fabrication of the
WCr10Ti2 alloy is ongoing and two samples with masses above 1 kg have been
already produced. Details on their microstructure and the results of first oxidation

tests will be presented elsewhere [38].

S Summary and Outlook

Tungsten is the main candidate material for the first wall as it is resilient against
erosion and has the highest melting point of any available metal. However, it has a

fairly high ductile to brittle transition temperature even increasing under neutron ir-
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radiation. Furthermore its use as first wall armour bares the risk of potential release
of highly volatile (radioactive) WO3 compounds in the case of a loss of coolant
accident (LOCA) with additional air ingress.

In order to overcome the intrinsic brittleness of W, a possible concept is its reen-
forcement by W fibres. The proof of principle has been achieved with W¢/W model
systems in the as-produced and embrittled state [20,23] and with as fabricated bulk
samples [16]. In this work, the first mechanical experiment on embrittled tung-
sten fibre-reinforced tungsten composites containing multiple fibres has been pre-
sented. An active extrinsic toughening effect is demonstrated in a qualitative and
quantitative in-situ analysis. Controlled, i.e. stable, crack propagation and a rising
load-bearing capacity has been shown. Interface debonding and crack bridging are
directly observed. A detailed examination of the fracture surface together with an
analytical description of the experiment will be presented in a succeeding paper.
The experimental observation proofs that the toughening in W¢/W is still effective
after embrittlement, which is important for fusion applications in view of acciden-
tal thermal overload and the embrittlement through neutron irradiation.

The recent installation of a CVD device at the Forschungszentrum Jiilich will al-
low a strong optimisation of the deposition process parameters. The investigations
will aim at low porosity samples with improved interfaces with the final goal of the
production of an actively cooled component with W¢/W as plasma facing material.
This will be achieved by the use of textile techniques for the production of tungsten
fibre fabrics, which could be demonstrated recently with the proper parameters for
the fibre arrangement. Together with a tool to position the fibre fabrics insitu with-
out venting the recipient larger sample thicknesses necessary for the production
of PFC mock-ups should become available soon [39]. Further optimisation of the
properties of W¢/W can be achieved by optimizing the fibre coating in order to
control the interface debonding. As the potassium doped W-wires do not lose their
good mechanical properties and in particular its ductile behaviour up to very high
temperature [22] the application temperature of W¢/W might be strongly increased
making use of the ductile behaviour of the doped wire. Furthermore it could open
the powder metallurgical production route for W¢/W composites [40] since the fab-
rication temperature could be significantly increased.

The development of self-passivating W-alloys has already progressed to the pro-
duction of first samples on an industrial scale. Rigorous investigations of their
oxidation behavior and testing under high heat flux and plasma loads are either
progressing or are under preparation. The material can be considered for first wall

components with surface temperatures below ~ 1000° especially when combined
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with the strengthening properties of the W¢/W composite which might become pos-
sible if its powder mechanical production route becomes available.

In addition to the above described investigations important aspects of plasma mate-
rial interaction, specifically the behaviour and retention of hydrogen in the material
have to assessed in an early stage in order to satisfy the integrated approach neces-

sary for the material’s application in a future fusion reactor [1].
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