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Abstract: The use of tungsten fiber-reinforced tungsten composites (W¢/W) has been demonstrated
to significantly enhance the mechanical properties of tungsten (W) by incorporating W-fibers into the
W-matrix. However, prior research has been restricted by the usage of single fiber-based textile fabrics,
consisting of 150 um warp and 50 pm weft filaments, with limited homogeneity, reproducibility, and
mechanical properties in bulk structures due to the rigidity of the 150 um W-fibers. To overcome
this limitation, two novel textile preforms were developed utilizing radial braided W-yarns with
7 core and 16 sleeve filaments (R.B. 16 + 7), with a diameter of 25 pm each, as the warp material.
In this study, bulk composites of two different fabric types were produced via a layer-by-layer
CVD process, utilizing single 50 um filaments (type 1) and R.B. 16 + 7 yarns (type 2) as weft
materials. The produced composites were sectioned into KLST-type specimens based on DIN EN
ISO 179-1:2000 using electrical discharge machining (EDM) and subjected to three-point bending
tests. Both composites demonstrated enhanced mechanical properties with pseudo-ductile behavior
at room temperature and withstood over 10,000 load cycles between 50-90% of their respective
maximum load without sample fracture in three-point cyclic loading tests. Furthermore, a novel
approach to predict the fatigue behavior of the material under cyclic loading was developed based
on the high reproducibility of the composites produced, especially for the composite based on
type 1. This approach provides a new benchmark for upscaling endeavors and may enable a
better prediction of the service life of the produced components made of W¢/W in the future. In
comparison, the composite based on fabric type 1 demonstrated superior results in manufacturing
performance and mechanical properties. With a high relative average density (>97%), a high fiber
volume fraction (14-17%), and a very homogeneous fiber distribution in the CVD-W matrix, type
1 shows a promising option to be further tested in high heat flux tests and to be potentially used
as an alternative to currently used materials for the most stressed components of nuclear fusion
reactors or other potential application fields such as concentrated solar power (CSP), aircraft turbines,
the steel industry, quantum computing, or welding tools. Type 2 composites have a higher layer
spacing compared to type 1, resulting in gaps within the matrix and less homogeneous material
properties. While type 2 composites have demonstrated a notable enhancement over 150 um fiber-
based composites, they are not viable for industrial scale-up unlike type 1 composites.
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1. Introduction
1.1. Mechanical Properties of Tungsten and Wyg/W Composites

Tungsten (W) is currently the prime candidate material for the first wall armor and
in particular for the highly loaded components such as the divertor of future nuclear
fusion reactors. However, pure tungsten is inherently brittle below the ductile-brittle
transition temperature (DBTT), and cracking could lead to a complete loss of function
of the respective wall component [1-7]. Another issue for the mechanical properties of
tungsten is the randomly distributed ultimate tensile strength (UTS). The weakest point
in the component determines the fracture toughness, and therefore the material’s lifetime
is difficult to predict [8-11]. To mitigate this problem and to improve the toughness and
reproducibility of tungsten-based components, tungsten fiber-reinforced tungsten (W¢/W)
metal matrix composites are being developed [10,12-22]. As shown in Figure 1, extrinsic
toughening mechanisms such as fiber pull-out, ductile deformation, and/or crack bridging
are applied to promote a pseudo-ductile behavior that significantly increases the application
range of W¢/W composites compared to brittle tungsten. More information can be found
in [6,13,23,24].
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Figure 1. Energy dissipation mechanisms in a fiber-based metal matrix composite: pull-out of fibers,
ductile deformation, crack bridging and crack wake, and front debonding of the applied ceramic
oxide-based interface [20,25].

1.2. Production of We/W via Chemical Vapor Deposition (CVD)

One of the most reliable methods to produce a dense W¢/W composite is the use
of the heterogeneous reaction between tungsten hexafluoride (WFg) and hydrogen (Hy),
forming solid tungsten on the W-fibers and gaseous hydrogen fluoride (HF). The toxic
HF is extracted and neutralized with an alkalic sodium hydroxide solution. The process
conditions for the chemical vapor deposition vary between 300-800 °C and 1-1000 mbar
in a vacuum reaction chamber, using argon gas to prevent oxidation. The modelling of
the highly sensitive reaction kinetics and the influence of each production parameter has
been studied and is further described in [26-29]. Based on this knowledge and a series of
process optimizations such as the integration of a preheating system, it is now possible to
deposit pure tungsten very reproducibly on the fiber surfaces in a layer-by-layer process.
Here, the theoretical and practical deposition rates show very high agreement.

A visual representation of the layer-by-layer technique is provided in Figure 2, which
illustrates how the required composite thickness (h) is achieved.
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Figure 2. Layer-by-layer CVD process principle.

In order to maintain the performance of the material under fusion conditions and to
improve the mechanical properties even further, an oxide—ceramic interface, e.g., yttria
interface, is necessary [5-7,25,30-34]. To merely demonstrate the advantages of the fiber-
reinforcement, the application of an interlayer is not essential for initial experiments since
the samples are not tested in a fusion environment. Therefore, the samples used in this
work were obtained without an interlayer to reduce the fabrication effort.

1.3. Development of New Tungsten Preforms

Up to now, the state of the art has been the usage of preforms, which are depicted in
Figure 3. These preforms are based on single filaments of potassium-doped tungsten wires
with diameters of 150 pm warp and 50 pm weft filaments [17,35].
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Figure 3. Preform type based on single-fibers microscopic structure. Image was obtained with
scanning electron microscope (SEM) Carl Zeiss LEODSM982.

In Figure 4, 25 layers of these base fabrics have been stacked with the CVD process to
reach the geometrical range of the potential application field. Despite having remarkable
mechanical properties, as presented in [17], single wire-based fabrics are not suitable for
an industrial scale-up when stacked layer-by-layer due to the high risk of delamination
between each individual layer caused by the high stiffness of the 150 um fibers. Therefore,
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the layer-spacing is not homogeneously distributed, which makes it challenging to achieve
consistent mechanical properties.

Figure 4. CVD stacking of 25 layers of single wire-based preforms [17].

In order to enhance the mechanical properties of the base fabrics, the utilization of
higher strength fiber bundles was targeted through the introduction of two new yarn-based
textile preforms, as detailed in [36,37]. These preforms, as illustrated in Figure 5, were
constructed using 20 um W-fibers, with the goal of increasing the flexibility of the base
fabrics and ensuring sufficient flattening of each layer.

weave type 1 (50 um shot filament) weave type 2 (shot yarn)

Figure 5. Comparison: (a) Fabric type 1 with 50 um weft filament; (b) fabric type 2 with weft yarn.
Top pictures show the tungsten fabrics as fabricated and were obtained via Zeiss optical microscope.
Button images show metallographic cuts of each type and were made with a Nikon Eclipse LV
150 NL.

Both fabrics use radial braided yarns with 7 core and 16-sleeve filaments (R.B. 16 + 7)
for the warp material. This yarn was selected due to its superior mechanical properties after
infiltration with CVD-W, a high fiber volume fraction, high microstructure homogeneity,
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and an increased flexibility compared to single fibers with a diameter of 150 um [16]. As
a weft material, the fabric type 1 (a) uses a single filament with a diameter of 50 pm, and
type 2 (b) uses the yarn R.B. 16 + 7. In order to upscale W¢/W composites for industrial use,
it is important to determine which new fabric type performs best and results in the best
mechanical properties when processed into a solid composite. Additionally, it is important
to investigate if the yarn-based fabrics represent an appropriate base material for a layer-by-
layer CVD-process. To evaluate the mechanical properties of the fibers, mechanical cyclic
loading tests must be conducted to demonstrate that W¢/W does not exhibit brittle fracture
behavior under cyclic loading.

2. Comparison of Bulk W¢/W Using Yarn-Based Preforms
2.1. Production

The two new base fabrics depicted in Figure 5 were cut into pieces measuring
5.8 x 19.5 cm? using electrical discharge machining (EDM). After cutting, the preforms
were cleaned and dried before being clamped in a specimen holder as shown in Figure 6 to
stretch and smooth the fabrics as much as possible. Here, it can be seen that three fabrics
can be coated in parallel, but only one multi-layer sample for each fabric type could be
produced due to the limited amount of the base material.

Figure 6. CVD process applied on three parallel coated fabrics.

For all batches, the heating table was maintained at a temperature of 540 °C, and the
reaction chamber was kept at an absolute pressure of 120 mbar.

A gas flow rate of 12,500 sccm for hydrogen and 1000 sccm for WFq (with a Hy:WFg
ratio of 12.5:1) was utilized. The use of a weft yarn in the manufacturing process resulted
in an inhomogeneous spacing between the warp and weft materials. In order to ensure,
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that any 2D gaps between the warp and weft materials were closed with CVD-W, a higher
process time of 3 h for type 2 was selected compared to 2.5 h for type 1.

2.2. Optical Analysis, Density and Fiber Volume Fraction

Figure 7 shows a representative top and side view of the bulk materials produced,
based on the example of type 2. It can be seen in the upper picture that the 2D surface of
each batch could be closed completely. This shows that the chosen parameters are suitable
to produce a homogenous matrix.

L 19 cm |

Figure 7. Representative images of top and side view for both WfW composites after CVD stacking
(type 2).

Figure 8 shows a comparison of the cross-sectional surface of bulk composite type 1 (a)
and type 2 (b) on a macroscopic scale. The cross-sectional microstructure of each sample is
shown in Figure 9 for fabric type 1 and in Figure 10 for the type 2.

Figure 8. Solid composites of six layers via CVD: Fabric 1 (a), Fabric 2 (b).
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Figure 9. W¢/W composite based on type 1. Image obtained with a Zeiss optical microscope.
(a) shows the side view of the composite, (b) shows the front view.

Figure 10. Front view of the W¢/W composite based on type 2. Image obtained with a Zeiss
optical microscope.

The composite material comprised of fabric type 1 fabrics exhibit a macroscopic re-
semblance to solid tungsten blocks. However, upon close examination through larger
magnification, it is revealed that the material displays small, perforated structures within
each yarn. Here, both the constituent yarns and fabric layers exhibit a homogeneous distri-
bution throughout the material. Conversely, the interlayer spacing in type 2 composites
is relatively wide, leading to noticeable macroscopic gaps. Since composite type 1 had a
shorter deposition time, the thickness of CVD-W between each layer was lower compared
to type 2. This results in a significantly higher fiber volume fraction, ranging between
14-17%, in contrast to 7-10% in type 2. Despite the higher fiber volume fraction, the mea-
sured relative average density of the type 1 composite, determined using the Archimedean
principle with five cut specimens, was only slightly higher at 97.14 + 0.3% compared to
96.59 £ 0.5% for type 2. It is important to note, that the cut specimens for Type 2 had a more
similar appearance to those of type 1 than those depicted in Figure 8b. Cutting specimens
at more inhomogeneous areas of the produced composite, as depicted in Figure 8b, would
likely result in a lower density. To conduct a statistically significant analysis, several speci-
mens from different areas should be cut and tested. Nonetheless, the measured average
densities are, especially for type 1, significantly higher than the maximum relative density
of 92% realized for the single-fiber based fabrics presented in [17].
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2.3. Mechanical Characterization

In order to investigate which material performs better under mechanical stress, KLST-
type specimens were cut according to DIN EN ISO 179-1:2000 from each of the composites
produced using EDM and further subjected to monotonic and cyclic three-point bending
tests. A tensile testing machine equipped with a 5 kN load cell (TIRAtest 2820, Nr. R050/01
from TIRA GmbH, integrated with OPTO ENGINEERING-TC4 M004-C) was utilized for
all mechanical tests described below. The setup is shown in Figure 11. Here, the camera
objective, the test samples, and the stamp of the testing machine can be seen. For evaluation,
the testing time, absolute force, machine displacement, and video images were captured at
room temperature.

KLST-type
sample

Figure 11. TIRAtest 2820, Nr. R050/01 setup with KLST-type W¢/W samples for three-point bending
tests and cyclic loading tests.
2.3.1. Monotonic Three-Point Bending Tests with KLST-Type Samples

In Figure 12, a representative crack behaviour of one of the samples is depicted,
starting unloaded in (a) to fully broken in (d).

Figure 12. Crack behaviour during three-point bending test from (a) unloaded state, (b) initial
cracking, (c) clear cracking, and (d) almost full broken sample.
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In Figure 13, the obtained force—displacement curves of all samples are presented and
compared to pure, field-assisted, sintered W-powders, sintered at 1900 °C and 50 MPa with
a 93% rel. density.

350 _ 160 4
325
300 +
275 -
250
225 ] Weave type 1
E‘ 200 - —— Weave type 2
— ] ——Pure W
g 175 ] o
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Figure 13. Force over displacement curves of KLST-type samples of fabric type 1, type 2, and sintered
W-sample (Pure W powders 5 um, field-assisted sintering at 1900 °C, 50 MPa, 93% rel. density).

The results presented in Figure 13 and the accompanying fracture images in Figure 12
provide convincing evidence for the theoretical pseudo-ductile mechanisms outlined in
Figure 1. In particular, the crack bridging mechanism can be clearly observed on the
macroscopic scale. In order to further examine the microstructure of the broken composites,
Figure 14 presents two SEM-images: the left image (a) illustrates the crack bridging mech-
anism in detail. The right image (b) highlights, that some fibers display ductile necking
(marked in green), while others exhibit brittle fracture (marked in red).

Figure 14. Representative fracture images of type 2 for both composites, images taken with SEM Carl
Zeiss LEO DSM 982. (a) illustrates crack bridging, and (b) depicts ductile necking in the green-marked
region and brittle fracture in the red-marked region.
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Although not all fibers exhibit ductile necking, the load—displacement curves in
Figure 13 do not show abrupt failure. At this point, it has to be highlighted again that
the composites were produced without an yttria interface, which would decrease the fiber
matrix adhesion and should further improve the performance of the material and, e.g., the
necking behavior [5-7]. It appears that as the number of fibers within the matrix increases,
so does the likelihood of contributing to the mechanisms of pseudo-ductile materials. As
a result, the reproducibility of mechanical properties improves with a higher number of
W-fibers in the CVD-W matrix, but this hypothesis needs to be confirmed through further
experiments. The produced composite type 1 demonstrates a superior performance with
a significantly higher mean maximum load capacity of 299.74 N compared to 243.96 N
for type 2. The reproducibility of the load-displacement curves is also superior for type
1, which can be attributed to the more homogeneous fabric distribution as observed in
Figures 9 and 10. Upon examination of the enlarged area in the upper right corner of
Figure 13, initial cracking can be observed in the same range as for pure, sintered tungsten
without fiber reinforcement. However, instead of a brittle fracture behavior as seen for
the sintered sample, both of the composites show a stable crack growth, resulting in an
increase of the maximum load capacity.

2.3.2. Cyclic Tests with KLST-Type Samples

In order to evaluate the KLST-type specimen under cyclic loading, the average maxi-
mum load was firstly measured for each composite type. Subsequently, 10,000 load cycles
were applied between 50-90% of the avg. respective maximum load, with a frequency of
1 Hz, on each material. Figure 15 shows a representative overview for composite type 1
before (a) and after (b) cyclic loading, highlighting the crack growth in yellow. It can be
seen, that the specimen remained consistent without the occurrence of complete failure
after the experiment.

Figure 15. Cyclic mechanical loading tests of composite type 1 before (a) and after (b) 10,000 load
cycles between 50-90% of the rel. max. load capacity. The crack growth is highlighted in yellow.
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However, due to the high number of cycles and corresponding high amount of data,
only the beginning and the end of cyclic loading were captured in images. During the
experimental investigation, it was observed that the cracks in the matrix responded to
changes in the load with a slight opening and closing behavior. This cyclic loading resulted
in the propagation of cracks, which became more pronounced with an increasing number of
loading cycles, which leads to the question, at which number of cycles the material would
break completely.

2.3.3. Prediction of the Fatigue Behavior

It can be seen in Figure 16 that the displacement over the total number of cycles for
the 10,000 load cycles is not constant, which means that the sample shows signs of fatigue
over time.
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Figure 16. Cyclic loading tests between 50-90% of the avg. max. load. Representative overview for
both composites.

In the literature, fatigue behavior prediction is often achieved through the measure-
ment of the crack length over a given number of cycles [38,39]. As mentioned above, the
amount of data for such a high number of cycles does not allow the evaluation with this
approach. Therefore, the goal in this work is to extrapolate the displacement movement
over the total number of cycles instead. In order to demonstrate that the trend can be
extrapolated up to the point of critical displacement, which was measured first hand by
monotonic three-point bending tests, the average critical displacement value of the better
performing composite type 1 was initially determined with the data presented in Figure 13
and averaged to a value of 72.11 & 1.95 um. Following that, the upper boundary of the me-
chanical load cycles was further increased from 90% to 95% (150-285 N) in order to reduce
the necessary number of cycles to break the samples. This cyclic load range was applied
at a frequency of 1 Hz until the material experienced complete failure. Figure 17 shows
the corresponding displacement in micrometers over the time in seconds. The red marks
indicate the maximum peaks of the sinusoids, and the black line shows the average critical
displacement, which was determined from the fully broken samples in initial tests. It is
evident that once the predicted critical displacement of the sample is exceeded, a complete
failure of the sample occurs in the next cycle. This supports the assumption, that cyclic
loading tests and classic three-point bending tests have matching critical displacement
limits, and therefore the fatigue behavior over time can be extrapolated for cyclic loading.
To predict the fatigue behavior, a linear regression was performed on the entire dataset. In
Figure 18, the red marks represent the displacement maxima of each sinusoid in Figure 17,
plotted against the number of cycles. The fit of the blue trendline describes the trend with
an adjusted R-square of 85.99%.
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Figure 17. Cyclic loading tests between 50-95% of the avg. max. load of composite type 1.
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Figure 18. Maxima of each sinusoid displacement [um] over the total number of mechanical load
cycles [—]. The red dots show each maximum, the blue line shows the trendline of a linear regression.

Therefore, it seems, that a simple linear regression can be used to make initial predic-
tions of the number of mechanical load cycles for each load range. Using the same critical
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displacement limit and the data in Figure 16 with the specimen that had been tested for
10,000 cycles between 50-90% of the rel. maximum load, a linear regression suggests that
the cycling load could potentially be increased to approx. 58,000 cycles for this load range.

In order to improve the accuracy of the fatigue behavior predictions, the function can
be split into two parts. The data suggest, that as the displacement trend approaches the
point of critical displacement, the linear trend function shifts towards an exponential growth
function. By separating the data into ranges below and above 96% of the relative critical
displacement value, the coefficient of determination (adjusted R-square fit) shows that
below 96%, the data fits 99.03% to that of a linear function, and above 96%, an exponential
growth function fits with 98.25% to the dataset. This behavior is illustrated in Figure 19.
Therefore, the simple linear regression can be further improved if needed.
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Figure 19. Split function of the displacement [um] over total numbers of cycles [—]. The green
marked area shows the values below 96% of the critical displacement value as a linear trend, and the
red marked area describes the values above 96% as an exponential growth.

3. Conclusions and Outlook

The results show that the usage of yarn-based fabrics for CVD stacking are not just
increasing the fiber volume fractions and densities of W¢/W composites, but also increasing
the reproducibility compared to the results presented in [17] for 150 um single fiber-based
fabrics. In Table 1, the material properties of each composite material produced are shown
in an overview. The improvement can be explained with a significant increase of the total
number of fibers per volume unit (one yarn has 23 fibers with a total diameter of approx.
190 um), an improved processability, and a more homogeneous fiber distribution within
the CVD-W matrix. This applies in particular for type 1, where the layer spacing is lower
due to the reduced thickness of the weft material. Therefore, the usage of W-yarns as a
warp material in combination with single weft fiber is a promising combination for the
scale-up of W¢/W.
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Table 1. Comparison table.

Aspect

Type 1

Type 2

Weft material

Yarn R.B. 16 + 7

Yarn R.B. 16 +7

Warp material

50 um filament

Yarn R.B.16 + 7

References

Avg. relative density 97.14% 96.59%
Fiber volume fraction 14-17% 7-10%
Processing Multilayer very good macroscopic gaps
(K?sv"rg-iyr?azxéaﬁ;ies) 299.74N 24396 N
10,000 cycles between 50-90% Sample intact—prediction Sample intact—prediction not
of rel. max. load possible possible
Reproducibility Very good OK

It should be emphasized that the application of an interface should further reduce the
fiber-matrix adhesion and enhance the pseudo-ductile mechanisms such as the “pull-out”
effect. The presented method to predict the fatigue behavior under cyclic mechanical
loading tests might also pose an option to predict the lifetime under different stress condi-
tions, such as thermal cyclic loading. However, the developed method needs to be further
validated and investigated on further test samples.

Future efforts will focus on developing a more efficient manufacturing process that
allows for the same or better material properties at significantly lower production costs
and times. Alternative production approaches such as the combination of the field-assisted
sintering technology with the CVD process or the infiltration of stacked fabrics (CVI) are
currently under investigation and will be presented in the future.
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