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Abstract

In future fusion reactors, tungsten is considered as the main candidate material for plasma-facing
components. However, the intrinsic brittleness of tungsten is of great concern during operation. To

overcome this drawback, tungsten fiber-reinforced tungsten composites (W¢W) are being



developed relying on extrinsic toughening principles. Tungsten (W) fibers with extremely high
tensile strength and ductility are used to reinforce a tungsten matrix.

In this work, field assisted sintering technology (FAST) is used to produce W#W material.
Mechanical characterizations including Charpy impact and 3-point bending tests are performed.
Based on the 3-point bending test results, the W¢#/W materials can facilitate a promising pseudo-
ductile behavior even at room temperature, similar to fiber reinforced ceramic composites.
Fracture energy density and fracture toughness together with the crack-resistance curves (R-curves)
are measured. Compared to conventional pure tungsten, W¢W shows significant improvement in
fracture toughness.
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1. Introduction

For future fusion reactors, plasma facing components will face severe challenges and materials
with advanced mechanical and thermal properties are required for this application [1, 2]. Tungsten
(W) is currently the main candidate material for this application as it is resilient against erosion,
has the highest melting point of any metal and shows rather benign behavior under neutron
irradiation [3]. However, a major concern when using pure tungsten is its intrinsic brittleness, with
respect to the fusion environment with high transient heat loads and neutron irradiation. Cracks
will likely form and lead to component failure due to material brittleness [4]. To overcome this
drawback, tungsten fiber-reinforced tungsten (W¢/W) composites are being developed. Relying on
extrinsic toughening principles, even with brittle fibers and matrix, this material shows improved

tolerance towards cracking and damage compared to conventional tungsten [5-10].



Extensive studies have been performed based on W¢W produced by chemical vapor deposition
(CVD) process [10-13]. However, industrially, powder metallurgical (PM) processes are the main
path to tungsten materials. Therefore, the development of a PM route is important for large-scale
production of tungsten composites.

Recently, a process using field assisted sintering technology (FAST) has been established to
produce W¢W bulk material [5-7, 14]. FAST is a low voltage, pulsed direct current (DC) activated,
pressure-assisted sintering and synthesis technique. This method can be used to synthesize new
compounds and/or to densify materials in single step [15, 16].

For CVD produced W¢/W, long fibers are normally used to reinforce the tungsten matrix. However,
as it is technically difficult to introduce aligned long fibers into the bulk material in the FAST
process. Therefore, short fibers with random distribution are used to realize the reinforcement [5].
This different fiber structure could lead to a significant difference with respect to the fracture
behavior compared to CVD produced WyW. Therefore, a clear understanding of the fracture
behavior of the random fiber W¢/W is necessary. An analysis of W¢W material regarding the
fracture energy and fracture toughness is required to allow a comparison with pure tungsten
material. In general, similar to the ceramic fiber reinforced composites, a relatively weak interface
between the fiber and the matrix is considered to be beneficial to achieve pseudo-ductility [5, 17,
18].

This work deals with the fracture behavior and fracture resistance of randomly distributed short
fiber W¢/W. A Charpy impact test is used to measure the impact energy. A 3-point bending system
allowing an in-situ observation of the crack opening process is applied. Based on the quantitatively

measured force displacement curve, the fracture energy and fracture toughness together with the



fracture resistance curves (R-curves) have been calculated, indicating an increased defect

tolerance.

2. Experiments

2.1 Composite manufacturing

The raw materials for the W¢'W composite production are pure tungsten powders (provided by
OSRAM GmbH) with 5 um average particle size and potassium doped short tungsten fibers
(provided by OSRAM GmbH) with 2.4 mm length and 0.15 mm diameter. The tungsten fibers are
produced by a drawing process and then cut into the required length. Relying on the elongated
drawn grain structure, the tungsten fibers are ductile with extremely high tensile strength (~3000
MPa) [19]. The potassium doping provides an improved high temperature stability [20].
Before the consolidation process, the tungsten fibers are coated with yttrium oxide as interface
material. The coating is prepared by a 4 steps process with magnetron sputtering similar to [5].
The coating thickness is ~2 um. Then the coated fibers are mixed with the tungsten powders by
manual shaking in a vessel with a fiber mass fraction of 30%. The mixture is then poured into the
FAST graphite mold (Figure 1). The consolidation process is performed in a FAST system (HP D
25-2) from “FCT Systeme GmbH”.
A schematic drawing of the sintering mold systems is shown in Figure 1. Two different types of
tool design are used:
a) Graphite sheets are placed between punch and mixture, aiming to reduce the damage of the
punch surface and to facilitate easier sample removal after the FAST process (Figure 1 left).
b) Instead of graphite sheets, tungsten sheets are placed between punch and mixture, aiming to

reduce the carbon contamination.



Previous studies [6, 21] revealed that, when the sample is sintered with a graphite foil, the tungsten
fibers become brittle after sintering due to carbon contamination. By replacing the graphite foil
with pure tungsten foil, this undesirable outcome is avoided.

Graphite punch Graphite punch

Graphite die Graphite die

/ Graphite sheet

.

‘//Tu ngsten sheet
o

Tungsten fiber
Tungsten powder

Tungsten fiber
Tungsten powder

Figure 1 Two FAST mold systems for W¢/W production

Figure 2 left: typical sample after sintering; right: the mechanical testing sample

During the consolidation process, a constant heating rate of 200 °C/min up to a temperature of
1900 °C (the temperature is measured at the bottom of the semi-hollow punch), with 4 minutes

holding time and a constant pressure of 60 MPa is applied [22-24]. The average cooling rate from
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1900°C to 400°C is ~375 °C/min. The sintering is performed in vacuum below 0.1 mbar. As result,
coin shaped samples (40 mm diameter and ~5 mm height) are produced (Figure 2 left). The relative
density of the samples after sintering is around 94% according to the density measurement using
the Archimedes principle. After the sintering process, the microstructure of the W¢'W is studied by

a LEO 982 scanning electron microscope (SEM).
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Figure 3 mechanical testing sample geometry (based on [25])
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Mechanical testing (Charpy impact and 3-point bending) samples are manufactured based on the
EU standards DIN EN ISO 148-1 and 14556: 2006—10 [25]. According to this standard the small
size specimens have the following dimensions (KLST geometry, Figure 3) [26]: 3 mm x 4mm x
27 mm, 22 mm span, | mm V-notch depth, 0.1 mm notch root radius. The sample dimension is
shown in Figure 3 and typical real sample is shown in Figure 2 right. All samples are shaped by

EDM without further surface and notch modification.

2.2 Charpy impact test

To measure the impact energy of the W¢'W, a Charpy impact test is performed. Charpy impact

testing involves striking a standard notched specimen with a controlled weight instrument tup from



a defined height. The Charpy impact test device is designed in a drop-weight style. During the test,
the energy absorbed by the impact can be determined as impact energy (K,,).It shows whether the
material can be classified as being either brittle or ductile. In addition, the appearance of a fracture
surface also gives information about the type of fracture that has occurred.

To analyze the temperature influence on the impact energy, Charpy impact tests are performed at
room temperature and 1000 °C. The specimen is heated together with the support which allows for
easy and precise test temperature control. To minimize the oxidation of the tungsten samples, the
tests were performed in vacuum (~10 mbar). The drop-weight is catapulted out of the furnace

immediately after the test by a spring device, and is then arrested [25].

2.3 In-situ 3-point bending test

Charpy impact test is a high-deformation-rate method that could have a strong influence on the
testing results [27]. For comparison, a 3-point bending test with much lower displacement rate is
also applied. The sample dimension is shown in Figure 3. The bending test is performed using a
universal testing device (TIRAtest 2820, Nr. R050/01, TIRA GmbH). During the bending test (1
pum/s testing speed), an optical camera system (DU657M Toshiba) is used to track crack behavior
and absolute sample movement. One typical tracking image during the experiment is shown in
Figure 4 left. The sample displacement in this test is defined as the vertical movement of the sample
relative to the reference stage. At the same time the corresponding force is also recorded. As result,
a quantitatively measured force-displacement curve can be then determined.

Based on the force-displacement curves, the fracture energy is calculated by integrating the area
below the curves, showing the energy consumption during fracture (Figure 4 right). In this

calculation, when the force drops below 50N, the test is considered to be finished.
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Figure 4 left: image from tracking camera during the bending test; right: measured force
displacement curve during the bending test and the fracture energy calculation based on the
integration below the curve
Fracture toughness (Kq) is determined based on ASTM E399 standard by combining the stable

crack growth length and the corresponding load during the test:

P'S

Kq = om flag /W) (1)
Where P is the maximum load during stable crack growing, S is the distance between the support
pins, B is the sample width, W is the sample thickness, ay is the stable crack length which equals

to the pre-notch length plus the crack extension length, the function f(as/W) is described in

ASTM E399:
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Here, the maximum stable crack extension length is measured as the surface crack length based on
the in-situ tracking image. The corresponding force is the maximum force before the unstable load
drop.

The calculated fracture toughness defines the material resistance against crack opening. The K,
value is equivalent to the critical stress intensity factor (K;.) only if all criteria given in the standard
are fulfilled. Compared to E399 standard, in this work, the sample size is too small, and the notch
is not fatigue prepared. What is more important, this standard is initially valid for homogeneous
material instead of composite material. Therefore, in this work, only K, instead of the standard K,
is given as a first indication of the fracture toughness.

The fracture resistance curves (R-curve) are determined from the experimental data. These curves
represent the fracture toughness K, for a given amount of crack extension length. In this work, for
each sample, during the stable crack extension procedure, 6 time-points are picked in between. For
each point, the K, value is calculated based on the force and crack length at the moment by using
equation (1). The crack extension length is measured as the surface crack length based on the in-
situ tracking image, similar to the fracture toughness calculation.

Generally speaking, there are two different types of R-curve, a rising R-curve and a flat R-curve.
A rising R-curve indicates that, for a further crack opening, the crack driving force needs to be
increased, which hints towards defect tolerance. Typically, ductile materials [28] or composite
materials with proper reinforcement exhibit a rising R-curve. For composite materials, it is created
by fiber bridging causing mechanical interlocks.

The R-curve for an ideally brittle material is flat. For a further crack opening, the resistance

remains constant because surface energy of the newly generated crystal surfaces is a fixed material



property for a given orientation [29-31]. This means that if the driving force is higher than the
resistance:

G > K )
the material will exhibit unstable crack growth leading to a catastrophic failure.
For a high toughness material, not only the driving force needs to be higher than the resistance,
but also the change in rate of driving force per crack extension should be larger than the slope of

the R-curve [32].

aG 0Kg
G>KRanda_af>£ (4)

Only then does unstable crack growth occur, which provides larger resilience against cracking.

During the 3-point bending test, four types of samples are tested, a) pure W produced by FAST
process; b) W¢W without an engineered interface; ¢) W¢W with yttria interface produced with
graphite sheets; d) W¢/W with yttria interface produced with tungsten sheets. For sample type a),

b) and d), 2 samples are tested. For sample type c), 4 samples are studied.
3. Results and discussion

3.1 Microstructure

The typical microstructure is shown in Figure 5. This microstructure is similar to the results in
previous studies [5, 7, 14]: The randomly distributed fibers are visible. Between fiber and matrix,
the yttrium oxide interface is still visible after sintering. However the layer also gets partially
damaged due to the high temperature and pressure during the sintering process similar to the results

in [5, 33]. During the production process, the external pressure will deform the yttrium oxide
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interface as it can be seen in Fig. 5. After the sample production, there could be some residual
stress in the interface region, forming mechanical interlock between fiber and matrix. Therefore,

the interface strength is higher compared to smooth yttria interface in CVD produced W¢/W [34].

Figure 5 SEM image showing the typical microstructure of W¢/W material

3.2 Charpy impact test

The measured impact energies for different samples are shown in Table 1. All the samples are
produce with graphite sheets (Figure 1 left). For each measuring parameter, one or two tests were
carried out. The expression ‘W¢'W without interface’ denotes Wx/W samples without the yttria
interface between fiber and matrix; “W¢W’ denotes for W¢/W with yttria interface.

The results in Table 1 show very low impact energies in all cases. The accuracy of this Charpy
impact test is 1 J. This means, all the tests cannot be accurately validated. The materials are too

brittle under the high strain rate condition of the impact test.
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Table 1 Charpy impact energy of the pure tungsten and W+/W material at different temperatures

Sample/ Pure tungsten Wf/W without interface WI/W
impact
Test Nr. 1 | TestNr.2 | Test Nr. 1 Test Nr. 2 Test Nr. 1 | Test Nr. 2
energy (J)
RT 0,04 0,07 0,08 0,08 0,08 0,07
1000 0,1 - 0,31 - 0,39 0,49

Figure 6 shows the fracture surface of the W¢/W after testing at RT and 1000 °C. At both
temperatures the tungsten matrix shows brittle intergranular fracture behavior. In terms of tungsten
fiber, for the sample tested at RT, the fiber fracture surface represents a typical river-like pattern
that is typical for a transgranular cleavage fracture. On the other hand, at 1000 °C, a knife edge

shape pattern together with a necking effect is visible on the tungsten fibers. This is a typical

fracture surface for the ductile tungsten fiber [10, 19].

Figure 6 crack section after Charpy impact test for W¢/W samples measured at room temperature

(left) and 1000 °C (right)

Based on the test results, the Charpy impact testing may not be a suitable experiment to
characterize the fracture properties for Wi#/W. In case of the Wt/W material, fiber reinforcement

mechanisms, like crack bridging, interface debonding, and fiber pull-out seem not effective at such
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asmall time scale. High-velocity impact response is dominated by stress wave propagation through
the material, in which the structure does not have sufficient time to respond, leading to very
localized damage [27]. The material fractures without activating any extrinsic mechanisms. Even
though the tungsten fibers appear to be highly ductile at 1000 °C (c.f. Figure 6 right), without
ductility of the tungsten matrix, the influence of the tungsten fibers on the composite impact energy
is quite limited. Comparable results are also found in experiments with CVD produced W¢#W,
showing that without the ductility of the matrix, a high impact energy could not be established

[35].

3.3 3-point bending test

3.3.1 Fracture behavior observation

— Pure W
WI/W without interface
—— WH/W brittle fiber
W] —— WH/W ductile fiber
250
2 200 -
)
o
S 1504
L
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0 T T T |
0,0 0,1 0,2

Displacement (mm)

Figure 7 the typical force displacement curves of 3-point bending test on KLST samples. The W
and W{/W material are produced by FAST process.
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To avoid high strain rates as in the Charpy tests, a slower speed 3-point bending test is performed
with an in-situ optical camera system. Typical force displacement curves for various types of
samples are shown in Figure 7. Here, the sample named ‘W¢W brittle fiber’ and ‘“W#W ductile
fiber” means the W¢/W is produced with graphite sheets and tungsten sheets.

From Figure 7, it can be seen that, for W¢/W material, the force-displacement curves measured by
the quantitative 3-point bending system give the same trend as the qualitative 3-point bending
results in previous studies [5, 7]: after an increasing linear-elastic response, the slope of the load
deflection curve changes slightly; then the load further increases with several small load drops;
then a massive load-drop occurs after reaching the maximum load; afterwards, the samples tend to
have a stepwise or continuous load-drop instead of a complete failure. On the other hand, pure
tungsten and no-interface W¢#W only show linear-elastic deformation followed by catastrophic

failure indicating merely a brittle fracture.
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Figure 8 force displacement curve of the quantitative 3-point bending test; the arrows correspond
to the tracked images in Figure 10.
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For a detailed characterization of cracking propagation in FAST produced W#W composites, a
single typical cracking process is studied in detail. The related force-displacement curve and the
corresponding crack tracking images analyze six subsequent steps, as shown in Figure 8 and Figure
9.

For this sample, crack initiation begins upon reaching a force of 150 N (point 1 in Figure 8 and
Figure 9). With increasing force, stable crack propagation occurs until 300 N load is reached (point
3 in Figure 8 and Figure 9). This stable crack opening is most likely established due to gradual
interface debonding [36]. We observe the crack moving around the fiber in step 2 in Figure 9,
which is evidence of crack deflection by the tungsten fiber. Moreover, in this image, a secondary
crack initiation point (marked by a dotted ellipse) can be identified. This secondary crack initiation
happens at the interface position of a fiber with a small relative angle to the primary crack direction.
This kind of interface, during the bending test, is directly subjected to a high tensile load. When
the local stress reaches the critical interface strength, secondary crack initiation can occur as pre-
damage existing in the composite before the primary crack propagates through. From step 3 in
Figure 9, a new crack becomes visible at the pre-damaged position. Further crack propagation in
the sample follows this new path and a sudden load drop occurs together with a massive matrix
and fiber failure (point 4 in Figure 8 and Figure 9). This leads to an intermediate unstable crack
propagation. A new stable crack propagation stage is observed between step 4 and 5 (Figure 8 and
Figure 9) probably relying on interface debonding and frictional fiber pull-out as the total sample
displacement is already quite large. Crack deflection can be observed, and multiple crack fronts
develop. At step 5-6, the crack front intersects another interface position, and the crack connects
with the pre-damaged weak interface resulting in another sudden load drop. It must be noted that,

this observation directly visualizes crack propagation at the surface only, but it is likely that the
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mechanisms within the bulk are similar. This stepwise analysis allows a basic description of the

crack mechanisms of the FAST-produced random fiber W¢/'W.

Figure 10 typical crack section after the quantitative 3-point bending test; a): W#W produced
with graphite foil, b): W¢/W produced with tungsten foil. Pre-notch is on the left side of the

image.

The typical fracture surface of the W¢/W after 3-point bending test is shown in Figure 10. On the
fracture surface, crack deflection is indicated by the inhomogeneous topology of the surface. Also,
fiber/matrix interface debonding is observed and some exposed fiber interfaces are clearly visible.
Based on the above results and analysis, it can be confirmed that a pronounced pseudo-ductile
fracture behavior is observed for W¢/W samples with a weak yttria interface [8, 37]. Here fiber

elastic bridging, interface debonding, crack deflection and fiber pull-out are likely the energy
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dissipation mechanisms that contribute to the elevated fracture resistance compared to pure

tungsten.

Applied load

Applied load

Figure 11 weak yttria interface failure under loading condition before matrix failure

However, for the randomly distributed short fiber W¢W composite, unstable crack growth
(massive load drop), is strongly influenced by the failure of the weak interface subjected to tensile
forces. A schematic drawing of this secondary crack formation is shown in Figure 11. On the
fracture surface, the exposed fiber interfaces represent the secondary crack initiation sites (pre-
damage before matrix failure). From this point of view, the fracture behavior is affected by local
fiber spatial and orientation distribution. Similar phenomenon in whisker-reinforced ceramic
composites has occurred in previous study [38]. Compared to the previous results with CVD long

fiber W¢/W [9, 39], this is a unique mechanism. For aligned long fiber W¢/W, no interface is directly
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subjected to a high tensile load, so the pre-damage before matrix failure cannot occur. For random
fiber W¢/W, the fiber ends in the composite could be another potential pre-damage source due to
high shear stresses, as already discussed in [5], which also do not exist in long fiber CVD W¢W
composite. For CVD W¢W, unstable load drops during the test are mainly related to massive fiber
failure [9].

What is also remarkable from Figure 10 (right) is that, even for the samples with reduced carbon
contamination (tungsten foil protection during sintering), only few fibers show necking effect and
the ductile knife edge pattern. The majority of the fibers show cleavage fracture surfaces. This
could be caused by local strain rate differences during cracking. The fibers which break during
unstable cracking may face larger strain rates. Such higher strain rates may inhibit ductile
deformation of the tungsten fiber [40, 41], similar to what was also observed in previous study
[39].

3.3.2 Fracture energy, fracture toughness and R-curves

Based on the quantitatively measured force-displacement curves, fracture energies and fracture
toughness values are calculated for various types of samples. The calculated values are shown in
Table 2 and Table 3. The calculated R-curves are shown in Figure 12.

Table 2 measured fracture energy density based on 3-point bending test for different samples

Fracture energy density (kJ/m?)
Samples
Test A Test B Test C Test D
Pure tungsten 0.13 0.11 - -
W¢/W without interface 0.29 0.47 - -
W¢/W (brittle fiber) 2.4 1.6 1.1 2.3
W¢W (ductile fiber) 1.2 2.7 - -
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Table 3 measured fracture toughness based on 3-point bending test for different samples

Fracture toughness Kq (MPa m®?)
Samples
Test A Test B Test C Test D
Pure tungsten 5.48 5.62 - -
W¢W without interface 8.17 20.41 - -
W¢/W (brittle fiber) 38.86 25.06 17.45 31.19
W¢/W (ductile fiber) 22.06 20.34 - -

Based on the calculation results in Table 2 and Table 3, firstly, it is noticeable that, even for the
same type of sample, the measured results are quite different. However, although the results show
some scatter, we can still conclude that both fracture energy and fracture toughness of the weak
interface W+/W are much higher than those of the pure FAST tungsten. Additionally, the W¢#/W
without interface does not increase the tungsten toughness as efficiently as the with-interface case.
For the R-curves, all the W¢/W samples with yttria interface and no-interface W¢#/W sample A
exhibit rising slopes. This means, for further crack opening, the crack driving force needs to be
increased. The R-curve could not be measured for pure tungsten samples and no-interface sample

B, because with the current experimental condition, a stable crack opening was not realized for

these three samples.
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Figure 12 fracture resistance curves (R-curve) for W¢/W material

About the fracture energy, compared to pure tungsten, the additional energy dissipation is caused
by the extrinsic toughening mechanisms. With the help of high strength tungsten fibers, the
maximum composite load is higher for the W¢/W. What is also important is the large displacement
that contributes significantly to the energy absorption.

Regarding the fracture toughness and R-curves with rising slopes, between matrix failure until the
maximum load, the crack grows stably with an increasing load based on the discussion in section
3.3.1 (c.f. Figure 8 and Figure 9). High fracture toughness relies on this stable crack growth

capability. Within the stable crack growth region, the working space of the material is also
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increased. At RT, the fracture toughness of W#/W material is comparable to cold rolled tungsten
plates with relatively low degree of deformation [42].

Based on all the above results, the composite provides a much larger tolerance even after matrix
failure. This is a clear signal towards improved defect tolerance.

We note that for the same type of sample, the measured results are quite scattered in terms of
fracture energy and fracture toughness. This exposes a problem of the above tests, which is the
specimen size limitation. With such small sample volume, the effect of an individual fiber is
significant, which is influenced by the local fiber distribution. The composite material, hence,
cannot be treated as a homogeneous material. In the future, to improve these data, a larger sample
volume would be required, or a much smaller fiber diameter should be considered. In addition, to
have a reliable quantitative measurement on such brittle based material, Weibull statistical

methods may be required in future studies.

4. Conclusion and Outlook

In this work, field assisted sintering technology (FAST) is used to produce a W¢W short-fiber
composite. After sample production, a series of mechanical tests are performed to understand the
fracture behavior of the material. Based on the mechanical characterization, the following
conclusion can be drawn:

1. By introducing randomly distributed short tungsten fibers and a relatively weak yttria
fiber/matrix interface, typical pseudo ductile fracture behavior can be established for W¢#/W
composite.

2. However, the local spatial and orientation distribution largely influence the crack behavior.

This is a unique issue for W¢/W with randomly distributed fibers.
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3. The deformation rate of Charpy impact test is too high to establish a suitable test for W¢/W.
Under Charpy test condition, the FAST produced W matrix is still brittle at 1000 °C.

4. Both fracture energies and fracture toughness values of W¢/W are much higher than that
for pure tungsten. Based on the crack growth resistance curves (R-curves), W¢W can
establish a stable crack opening with continuously increasing load indicating improved

defect tolerance.

Currently the conclusion is drawn based on limited number of tests. To obtain proper Weibull
statistics, larger number of samples need to be tested. Also larger sample volumes should be used

in the future to avoid the influence of the local fiber distribution.
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