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Abstract: To overcome the brittleness of tungsten, tungsten fiber-reinforced tungsten
composites (W¢W) have been developed using an extrinsic toughening mechanism. In this
work, a novel type of W¢/W with porous matrix produced by field assisted sintering technology
(FAST) is studied. The material is optimized regarding mechanical behavior, standing on the
adjusting of matrix porosity and fiber mass fraction. Two series of samples with different matrix

density and fiber mass fraction are prepared. Based on the mechanical testing, porous matrix

1



W¢W can represent a promising pseudo ductile behavior. Relatively lower matrix density is
helpful to avoid a sudden load-drop during crack opening. The different fracture behavior is
attributed to the different fiber/matrix interface bonding condition. By increasing fiber mass
fraction from 20% to 50%, porous matrix W¢W can facilitate improved mechanical properties
regarding fracture toughness and strength. However, by further increasing the fiber mass
fraction from 50% to 60%, a deterioration of mechanical properties is observed. The high
porosity of porous matrix W¢/W causes a degradation of the thermal conductivity compared to
conventional bulk tungsten. No significant change regarding thermal expansion coefficient is
observed when decreasing the matrix density.

Keywords: Fiber-reinforced composites, Porous matrix, Tungsten, Mechanical properties,
Field assisted sintering technology

1. Introduction

Future energy systems, which range from concentrated solar power to fusion energy, rely on
the development of materials for application under high thermal and thermal-cyclic loads. Due
to its high melting point, high thermal conductivity and high temperature strength, tungsten is
especially attractive when looking for high thermal exhaust and high operational temperature
applications, like plasma facing materials in fusion reactor, receivers for concentrated solar
power or refractory materials [1-3]. However, the intrinsic brittleness of tungsten is of great
concern during operation with high transient heat loads [4]. To overcome the brittleness, many
methods have been investigated to increase the toughness of W material, such as adding second
phase particles, alloying or grain refinement [5-10]. However, the traditional intrinsic

toughening methods, i.e. dispersion strengthening or grain refinement, have their limitations in



long-term high temperature application, especially in fusion environment. Under the effect of
high temperature recrystallization during operation and neutron irradiation in fusion
application which causes severe internal damages, the intrinsic toughening mechanism will
gradually fail [11-13]. To overcome this issue, tungsten fiber-reinforced tungsten composites
(W¢W) are being developed relying on extrinsic toughening mechanisms [14-18]. With the
incorporation of fibers, energy dissipating mechanisms, like ductile deformation of fibers, fiber
pull-out, and crack bridging and deflection at the interface are facilitated, leading to extra
energy consumption. The extrinsic toughening effect does not only rely on the intrinsic
properties of the materials, rather on the interaction between the fibers and matrix. As long as
the interface exists, the reinforcement will work to a certain extent. In recent studies, a process
has been established to produce W¢W using field assisted sintering technology (FAST) [14].
FAST is a low-voltage, pulsed direct current-activated, pressure-assisted sintering and
synthesis technique. During this process, the fiber—powder mixture is consolidated to a bulk
material by Joule heating under uniaxial pressure in a mold [19, 20]. With the help of a weak
oxide interface or a porous matrix, a pseudo-ductile fracture behavior can be achieved, as
demonstrated in previous studies [14]. Even with brittle fibers and matrix (in case after neutron
irradiation or high temperature recrystallization in fusion environment), this material shows
still improved tolerance towards cracking and damage compared to conventional tungsten,
which makes this material an ideal plasma-facing material for future fusion reactors [21-23].

Porous matrix W¢W contains low density tungsten matrix, using a controlled amount of fine-
scale matrix porosity to realize the weak connection between fiber and matrix [23]. This

approach can be viewed as an extension of the weak coating concept [24]. Damage tolerance



is obtained when the matrix acts as a mechanical ‘buffer’ between adjacent fibers so that the
cracks from the matrix do not penetrate into the fibers. For this case, crack deflection occurs
because of the low strength of the porous interphase and its poor cohesion with the fibers. Fiber
breakage should remain isolated with minimal stress concentration in neighboring fibers.
Porous matrix composites offer a possible alternative to conventional weak interface
composites, which have a great advantage for largescale production due to the shunning of the
costly fiber coating processes. This principle has also been widely used, for example in carbon
fiber-reinforced carbon (CFC) or silicon carbide fiber-reinforced silicon carbide (SiC/SiC) [25].
However, the application of the fiber-reinforcement on porous metallic based materials is still
novel.

In a recent work, this new concept was first time proposed and has been proven that, the porous
matrix W¢W can represent a promising pseudo ductile behavior [26]. Similar to other fiber
reinforced ceramic composites, theoretically, fiber/matrix interface properties and fiber volume
fraction of porous matrix W¢W are the most important parameters which influence the
mechanical properties of the composites. However, in previous studies, the discussion on this
issue is still blank. The optimized fiber volume fraction and interface condition are still not
explicit. Additionally, for damage tolerance, cracks in the matrix must be deflected into the
fiber/matrix interface. The conditions for deflection of W¢W are determined by the elastic

mismatch (a) between fiber and matrix:
o= (Ef = Epn)/(Ef + En) (1)

Where E' is the plain strain modulus, ‘m’ and ‘f* represent matrix and fiber respectively. The

elastic mismatch (o) increases with the increasing matrix porosity, which is beneficial for crack
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deflection. However, if the porosity is too high, the matrix will be too loose with very low
material strength. Therefore, for a given fiber strength and mass fraction, there must be a sweat
point of porosity to realize both increased damage tolerance without losing much of the
material strength.

In this study, to optimize the porous matrix W¢'W, the influence of sample density and fiber
mass fraction is studied. Series of samples with different density and fiber mass fractions are
produced. Sample densities are varied by changing the sintering temperature during FAST
process, as it is directly related to matrix density itself. Mechanical tests, including in-situ 3-
point bending tests, 4-point bending test are performed to calculate the fracture toughness and
flexural strength of the material. Thermal conductivity and coefficient of thermal expansion
are also measured to prove effect of porosity and the fiber implantation.

2. Experimental

Manufacturing

Field assisted sintering technology (FAST) is used for the manufacturing of porous matrix
W¢W. Raw materials are pure tungsten powders (OSRAM GmbH) with 5 pm average particle
size (fischer sub sieve size) and potassium doped short tungsten fibers (OSRAM GmbH) with
2.4 mm length and 0.15 mm diameter. The as-fabricated fiber is shown in Figure 1. The fibers
are produced by a drawing process, therefore, a very fine and elongated grain structure is
formed. Due to this grain structure, the tungsten fibers show good ductility (up to ~3%
deformation) and extremely high tensile strength (up to 3000 MPa) [27, 28]. In order to increase
the fiber microstructural stability, the fibers are doped with potassium (~75 ppm) during the

fiber manufacturing. The potassium is insoluble in tungsten, forming nano-disperse rows of



bubbles along the elongated grains, which can pin the grain boundaries during the

recrystallization process [29].

Figure 1 short tungsten fibers used for Wf/W production

For the consolidation process, the tungsten fibers and the powders are mixed by manual shaking
in a vessel with various fiber mass fractions from 20%-60%. The mixture is then spread into a
graphite mold with 40 mm diameter. Tungsten foils with a thickness of 0.025 mm are used
between the to be sintered sample and the graphite mold to reduce the carbon contamination
during sintering process [30, 31]. The sintering is performed in vacuum with a pressure below
0.1 mbar. As result, coin shape samples (40 mm diameter and ~5 mm height) are produced.
Sample list with the corresponding sintering parameters is shown in Table 1. In total, 8 samples
are prepared with two sintering temperature and different fiber mass fraction.

In previous study on pure W consolidated by SPS, the sintering temperature are normally in
the range of 1900-2100°C to achieve a relative density above 95% [32, 33]. To find out the
optimized porosity, a series of preliminary sintering temperature scan from 1300 °C to 1900 °C
(1300 °C, 1400 °C, 1550 °C and 1900 °C) has been done. For the samples that sintered at
1300 °C and 1900 °C, the material properties are not ideal, which will be further discussed in

Section 4. Therefore, this work will focus on the sample sintered at 1400 °C and 1550 °C.
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The sintering time is based on the preliminary SPS experiments on W¢'W, showing that the
punch displacement tends to be stable after 4 min at the holding temperature. In order to
minimize the recrystallization of the W fibers, the sintering holding time is set to 4 min. The
sintering pressure (60MPa) is determined by the maximum strength of the graphite tools used
in this study.

The compaction method in SPS process has an influence on the fiber orientation, the fibers
tends to oriented in the plane that is perpendicular to the pressing direction. In this study, all
the microstructure analyses are performed on the surface that parallel to the compaction
direction. For the bending tests, the sample loading direction is parallel to the compaction

direction of SPS process.

Table 1 sintering parameters of W¢W

Sintering parameters Wi/\W1400 Wi/W1550
Temperature 1400 °C 1550 °C
Pressure 60 MPa 60 MPa
Holding time 4 min 4 min
Heating rate 100 °C/min 100 °C/min
Fiber mass fraction 30%, 40%, 50%, 60% 20%, 40%, 50%, 60%
Characterization

After sintering, the sample mass density is measured by the Archimedes principle, followed by
a series of mechanical and physical tests.
To study the fracture behavior, an in-situ 3-point bending test is performed. 3-point bending

samples are manufactured based on the EU standards DIN EN ISO 148-1 and 14556: 2006—10



[34]. According to this standard the small size specimens have the following dimensions
(KLST geometry) [35]: 3 mm x 4mm x 27 mm, 22 mm span, 1 mm V-notch depth, 0.1 mm
notch root radius. All samples are cut by electrical discharge machining (EDM) without further
surface and notch treatment.
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. 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. By this, a
quantitatively measured force-displacement curve can be then determined. For each type of
sample, 2 to 5 tests are performed.
Apart from the force-displacement curve, fracture toughness (Kq) can also be calculated based
on ASTM E399 standard [36]. The calculation combines the stable crack growth length and the
corresponding load during the test:

Kq = o f(ar/W) )
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, af is the stable crack length
which equals to the pre-notch length plus the crack extension length, the geometric factor

f(ag /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 before the unstable load drop is used as
the maximum loading. Based on the force-displacement curves, the fracture energy is
calculated by integrating the area below the curves, showing the energy consumption during
fracture. In this calculation, when the force drops below 50N, the test is considered to be
finished.

4-point bending tests are performed to measure the flexural strength. The 4-point bending test
sample dimension is 20 x 2 x 2.25 mm?® (lengthxwidthxthickness). The tests are applied by
using an Instron 3342 universal testing machine (Instron GmbH). During the tests, the sample
is set on two support pins with a distance of 18 mm. A pressing load from 2 load pins with a
distance of 9 mm is applied in the middle of the sample. The load pins move with a constant
speed (0.3 mm/min) during the test.

The maximum force of the test is record as the fracture force. The flexural strength can be
calculated based on [37]:

Oflexural = % “4)
inwhich ofexyrq s the flexural strength of the sample; F, is the maximum force; L, isthe
distance between the two support pins; b, is the width of the sample and h;, is the height of
the sample.

Thermal conductivity is measured from room temperature to 900 °C using a laser flash system
(LFA457, MicroFlash). Here, disc shaped specimens with a diameter of 6 mm and thickness of
2 mm are used. The testing atmosphere is Ar. One sample produced at 1400 °C (W¢W1400)

with 40% fiber mass fraction is tested.

The microstructure of the sample cross section and the fracture surface are characterized by



scanning electron microscope (SEM, Zeiss Crossbeam 540, 30KV Maximum accelerating
voltage), equipped with focused ion beam (FIB). To determine the mechanical properties of the
fiber after sintering, hardness tests (HV 1, Instron GmbH) are performed. The test force of the
micro-hardness testing is 9.8N, the dwell time is 10 s to 15 s. For each data point, 10 indents
are performed.

In a future energy system, tungsten, as amour materials, will be joint with the cooling structures.
Therefore, the coefficient of thermal expansion (CTE) value is an important property for the
component design. To determine the CTE, porous matrix W¢W are tested by using a
dilatometer with a temperature range between room temperature and 400 °C with a heating rate
of 5 °C/min. Rod-shaped specimens with a diameter of 6 mm and a length of 20 mm are used
for the measurement. The testing atmosphere is Ar, the tested sample is produced at 1550 °C
(W¢W1550) with 40% fiber mass fraction.

3. Results

The densities of different porous matrix W¢W measured by Archimedes principle are shown
in Table 2. As it can be seen from the results, the relative density of porous matrix WW
increases with increasing fiber mass fraction when the fiber mass fraction is below 50%. This
is because of the increasing content of the already dense fibers [38]. However, when the fiber
mass fraction increases to 60%, the relative density decreases again. This effect can be
attributed to the large voids formation sintering during the FAST process, which will be

discussed in detail in the following part.
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Table 2 sample density with different fiber mass fraction

20% 30% 40% 50% 60%
W¢W1400 - 75.4%%0.4% | 77.3%+0.9% | 80.0%+0.9% | 79.6%+0.7%
We¢W1550 | 80.3%+0.4% - 85.1%+0.7% | 87.0%%0.2% | 81.0%=+0.8%

The overview microstructure of the typical porous matrix W¢/W (40% fiber mass fraction) for

both sintering temperature is shown in Figure 2. The microstructure of the fiber/matrix interface

area are given in Figure 3. It can be seen that the porosity of the W¢W 1400 is higher than that

of W¢#W1550 due to the lower sintering temperature. This affects the fiber/matrix bonding

conditions. It can be observed from Figure 3 that a looser bonding between fiber and matrix is

formed for W¢W 1400 compared to W¢W1550.

Figure 4 shows the microstructure of sample W{/W 1440 with 60% fiber mass fraction, in which

large voids/gaps can be seen. When the fiber mass fraction is too high, on one hand, there will

be not enough powders to fill up the gaps between the fibers, on the other hand, powders cannot

reach all the gaps between the fibers. In this case, the fibers will be in direct contact during the

consolidation process without powders binding them, leaving voids after sintering.

Figure 2 SEM image (SE, 10 kV accelerating voltage) of a): W¢ZW 1400 (1400 °C) and b):

W¢#W1550 (1550 °C) with 40% fiber mass fraction showing the microstructure overview
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Figure 4 light microscope image showing microstructure overview for W¢W1400 with 60%
fiber mass fraction. Large voids formation can be observed. The contrast of the fibers is

because of the over exposure effect of the fibers under light microscope.
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Figure 5 represents the fiber grain structure of W¢W1400 and W¢W 1550 compared to the as-
fabricated fiber. The grain size across the axis of the wire is also measured showing in the
Figure The cross section of the fiber is prepared by focus ion beam (FIB) without chemical
etching. Compared to the as-fabricated state, much larger grain structure can be observed. This
is due to the recrystallization of the fibers during FAST process. On the other hand, both
W¢W1400 and W¢W 1550 give similar fiber grain size. The grain sizes are measured based on

the Lineal Intercept Procedure (ASTM E 112).
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Figure 5 SEM image (SE, 3 kV accelerating voltage) showing fiber grain structure of
W¢#W1400 (a), W¢/W 1550 (b) and as-fabricated W fiber (c). The cross section of the fiber is
prepared by focus ion beam (FIB) without chemical etching, the grain sizes of W¢W 1400 and

W¢W 1550 are across the axis of the wire
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To find out of the mechanical properties of the fibers after sintering, compared to the as-
fabricated fibers, hardness tests (HV1) are performed. The results are shown in Figure 6. Due
to the enlarged grain size and reduction of dislocation density during the high temperature
FAST process, the fiber hardness in both W¢W 1400 and W¢W 1550 decreased compared to the
as-fabricated state. However, the fiber hardness in W¢W 1400 and W¢#W 1550 are in a similar

range, which indicates a comparable mechanical properties of the fibers in the two cases.
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Figure 6 hardness tests (HV1) of the fibers for W¢yW 1400, W¢W 1550 and as-fabricated state.
The force-displacement curves of the 3-point bending test are shown in Figure 7 and Figure 8.
From force-displacement curves, it can be seen that, a pseudo ductile behavior [14] can be
established by all the porous matrix W¢W samples: after an linear-elastic deformation, the
slope of the curve changes gradually to negative values after several small load drops; then a
massive load-drop happens after reaching the maximum force; afterwards, the samples tend to
have a stepwise or continuous load-decreasing. Even after large deformation (vertical bending

displacement >0.3 mm), the sample remains as a whole with a strength of over 50 N.
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For both W¢W1400 and W¢W1550, with the increasing of the fiber mass fraction, the
maximum load increases. But the fiber mass fraction does not change the shape of the force-
displacement curves. On the other hand, different fracture behavior can be observed for
W¢#W1400 and W¢W1550. Compared to W¢W1550 with the same fiber mass fraction,
W¢W1400 samples tend to show a slightly lower maximum load but a more continuous load
decreasing after reaching the maximum load (pseudo-plastic area). For W¢W 1550, sharper
load drops can be observed.

In-situ monitoring is performed during the tests to observe the crack opening behavior. Typical
cracking propagation paths for porous matrix W¢W are shown in Figure 9. Due to the existence

of the fibers, intensive crack deflection effect can be observed, similar to the behavior in [39].
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Figure 7 Fracture behavior of W¢W 1400 with different fiber mass fraction
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‘ Load

Sample bar

Support

Pre-notch Support

Figure 9 typical in-situ monitoring of crack propagation during 3-point bending test:

W¢W1550 (1550 °C) with 40% fiber mass fraction
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Figure 10 SEM image (SE, 10 kV accelerating voltage) showing fracture surface of
W¢W1400 (a) and W¢W 1550 (b) with 40% fiber mass fraction after 3-point bending test.
The white arrows mark the de-bonding of the fibers and the red circles indicate the clear fiber
ends
The SEM analysis on the fracture surfaces 3-point bending test are shown in Figure 10. For
both samples, uneven topology of the surface is an indication for crack deflection. Additionally,
fiber/matrix interface de-bonding is observed. Fiber pull-out effect is also observed. Some clear
fiber ends without fracture are also visible, indicating the fiber-ends pull-out from the matrix

without breakage.

Based on the measured force-displacement curves and the observed stable cracking length as
mentioned in the experimental section, fracture energy density and fracture toughness can be
calculated as shown in Table 3. Regarding fracture toughness, W¢W 1550 samples have higher
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values compared to W¢#W1400 samples with the same fiber volume fraction. This is mainly
because of the higher maximum load during the tests as shown in Figure 7 and Figure 8. It
indicates that the materials can bear higher load under the condition of stable crack propagation.
The maximum load is determined by the interface strength. When shear stress at the interface
excesses the interface strength, massive fiber pull-out causes a load decreasing.

Table 3 fracture energy density and fracture toughness for porous matrix W¢W with different

fiber mass fraction

20% 30% 40% 50% 60%

WfW 1400 fracture toughness (MPa m®?) - 1245 | 1742 | 22410 | 26+7

WfW1550 fracture toughness (MPa m®?) | 20+4 - 217 | 2447 | 44+17

W{tW1400 fracture energy density
- 1.940.6 | 6.1+0.1 | 7.8+4.3 | 9.242.0
(kJ/mm?)

W{tW1550 fracture energy density
24+1.1 - 3.3+1.0 | 2.5+£0.5 | 4.1£1.7

(kJ/ mmz)

However, the fracture energy densities of the W¢W1550 samples are lower than those of
WiW1400 with the same fiber volume fraction. This is due to the different fiber/matrix
bonding condition, which will be further discussed in Section 4. For W¢W 1550, a higher force
is required to break the metallurgical bonding between fiber and matrix. This becomes an
overloading after the interface debonding, leading to an unstable crack propagation. For
Wi/W 1400, the fiber and matrix are bonded mainly frictionally. Less overloading and unstable
cracking are involved. A stable frictional fiber pull-out effect can occur. The stable frictional

fiber pull-out consumes more energy compared to the brittle debonding effect of a metallurgical
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bonding.

For both Wf/W1400 and W{/W1550, the fracture toughness and fracture energy density
increase with increasing fiber volume fraction. This can be attributed to the much higher
mechanical properties of the tungsten fibers compared to tungsten matrix [28, 40]. Generally,
with increasing fiber volume fraction, the difficulty of a crack need to pass through the material
and the energy consumption required are higher, leading to higher fracture toughness and
fracture energy density.

To measure the strength of the composites, 4-point bending tests are carried out. For each data
point, 4 tests are performed. The average flexural strengths are shown in Figure 11. The error
bars are the standard deviation of the tested values. It can be seen that, with increasing fiber
mass fractions, both W¢W1400 and W¢W 1550 have an increasing flexural strength until 50%
mass fraction. A decrease of flexural strength can be measured when the fiber mass fraction is

higher than 50%. Apart from samples with 60% fiber mass fraction.
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Figure 11 Flexural strength of porous matrix W¢W with different fiber mass fraction,

compared to conventional W¢W
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The thermal conductivity of porous matrix W¢W 1400 40% is shown in Figure 12, compared
to reference pure W. It can be seen from the results, the thermal conductivity of porous matrix
is ~66% of the value for pure W [41] due to the higher porosity.

The CTE of W¢W 1550 with 40% fiber mass fraction is measured by dilatometer. The measured
average CTE between room temperature and 400 °C is (5.0£0.24) x10°%/K. This value is close

to the theoretical CTE of pure W, which is 4.5x10°/K based on literature [42].
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Figure 12 thermal conductivity of porous matrix W¢W 1400 with 40% fiber mass fraction
(~81% density), compared to the reference pure W
4. Discussion
Bonding condition and fracture behavior
From Figure 7 and Figure 8, it can be seen that, all the types of porous matrix W¢W tested
show pseudo ductile behavior. However, there is still an obvious difference of the fracture
behavior between W¢W 1400 and W¢W1550. For W¢yW 1400, the force decreases gradually

after reaching the maximum load. While for W¢W1550 a sudden load drop is observed. This
20



difference can be referred to the different fiber/matrix interface strength, leading to a different
de-bonding behavior.

During the FAST process, W¢W1400 are sintered at a lower temperature compared to
W¢W1550. Therefore, a relatively weaker bonding are formed. It can be seen from Figure 3,
for Wi/W 1400, the interface is very porous without dense connection. For W¢W 1550, the fiber
and matrix are partially sintered together, leading to a metallurgical bonding between each other.
To verify this assumption, a FIB prepared interface cross sections for both W¢W1550 and
W¢#W1400 are shown in Figure 13. It shows that some grains at the fiber/matrix interface form
metallurgical bonding with the fiber for W¢W1550. On the other hand, such metallurgical
bonding is obvious for W¢W1400. The difference in interface condition has a great influence
on the fracture behavior [14]. A schematic diagram of the fiber de-bonding behavior during
fiber pull-out process depending on interface condition is shown in Figure 14.

For W¢W1400, the interface is in principle frictionally bonded with limited metallurgical
bonding. In this case, the de-bonding process is always stable until a complete de-bonding,
since the frictional force decreases linearly during the fiber pulling-out. This stress-
displacement curve is typically no appreciable load drop after complete de-bonding (as shown
in Figure 14 left). The maximum de-bonding stress is approximately equal to the incipient
frictional pull-out stress [43]. This continuous load decreasing behavior results in a relative
higher fracture energy consumption (area below the force-displacement curves), compared to
W¢W1550.

For the case of W¢W1550, since the sintering temperature is higher, metallurgical bonding
between fiber and matrix is formed to some extent. During the interface de-bonding, stable de-
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bonding can proceed until the critical de-bonding length has been reached. At this point, the
shear stress formed at the interface is equal to the metallurgical bonding strength. The strength
difference between metallurgical bonding and frictional pull-out leads to an overload. This
overload causes an unstable de-bonding leading to a sudden load drop. Therefore, the de-

bonding process is partially stable (as shown in Figure 14 right).

T S S e
: |
1

Figure 13 SEM image (SE, 3 kV accelerating voltage) showing FIB prepared interface cross
sections for (a) W¢W 1400 and (b) W¢W 1550 with 40% showing the fiber/matrix bonding

condition
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Figure 14 Schematic diagram of applied stress versus displacement relationship in fiber pull-

out tests: (left) totally stable de-bonding process; (right) partially stable de-bonding process

Based on the abovementioned discussion, it can be seen that the sintering temperature has a
great influence on the fracture behavior for porous matrix W¢'W. To clarify this point more
clearly, two extra samples are produced using FAST with the same parameters as W¢W 1400
and W¢W 1550, only changing the sintering temperature to 1300 °C and 1900 °C. These two
samples are aiming for a very weak and a very strong bonding between fiber and matrix,
respectively. However, for the sample sintered at 1300 °C, due to the really low density of the
matrix (~73%), losing edges occur during the 3-point bending tests. A valid force-displacement
curve cannot be achieved. Only fracture surface is shown here. Figure 15 interprets the
sintering temperature influence on the fracture behavior of porous matrix W¢W.

For the sample sintered at 1300 °C, it can be seen from Figure 15, the tungsten powders are not
effectively sintered. The tungsten matrix consists of loose round tungsten powders. The
incomplete sintering process leads to a very low interface strength. During the bending test,
with the increasing load, the shear stress at the interface can cause a direct interface de-bonding

and fiber pull-out without a fiber fracture [44, 45]. In this case, the strength of the fibers is not
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fully utilized. As it can be seen from Figure 15, for the sample that sintered at 1300 °C (~73%
relative density), no fiber fracture is visible on the fracture surface. For the sample sintered at
1400 °C, as discussed before, mainly frictional bonding is formed between fiber and matrix.
This bonding condition leads to a continuous load decrease after the maximum force. For the
sample sintered at 1550 °C, partially metallurgical bonding is formed. The shear stress that
needs to break the metallurgical bonding causes an overload for the composite, which lead to
a sudden load drop after the maximum force. For the sample sintered at 1900 °C, the fiber and
matrix are sintered together, forming very strong metallurgical interface (similar to the effect
has been explained also in [14]). The composite, in this case, behave more like a bulk material.
Extrinsic toughening mechanisms is no longer effective.

Production at

1900°C (~92%
density)

Fully sintering between fiber and matrix

Density too low Sintering temperature De?]sity too high
‘

@ Production at Mainly frictionally bonded Also metallurgically bonded
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Figure 15 Sintering temperature influence on fracture behavior of porous matrix W¢W

Material strength and fiber volume fraction
Generally, the strength of composite should increase with the increasing fiber volume fraction,

as the fibers have much higher strength of the matrix. The strength of the composites can be
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estimated by the rule of mixture [46, 47]:

Oc =05 Vi + 0y (1—Vf) ®)]
Where 0., o5 and o, are the average strength of the composites, fibers and matrix,
respectively. Vy is the fiber mass fraction. From this equation, it can be seen that, higher matrix
strength leads to higher composite strength.
The results in this work is consistent with the theory if the fiber volume fraction is lower than
50%, as it can be seen from Figure 11. However, when the fiber mass fraction is too high (to
60% in this case), there will be large voids formation due to a miss of powder to fill space
between fibers, as it can be seen from Figure 4. The large voids can act as pre-damages before
the matrix cracking. The inner damages acts, during loading, as crack initiation points, which
will guide the crack propagation without cutting the fibers, as it can be seen from Figure 16.
The crack behavior and material strength are, hence, deteriorated. This is the reason that for
W¢/W, with a fiber mass fraction higher than 50%, a degradation of material strength can be

observed.

Applied load Applied load

Figure 16 Schematic presentations of fracture propagation through porous matrix W¢W, for
samples with too high fiber mass fraction. The inhomogeneous powder-fiber mixing causes

the formation of voids after sintering
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Thermal properties

The thermal conductivity of porous matrix is ~66% of the value for pure W. This decreasing of
the thermal conductivity property will indeed have some influence on the heat exhaust when
using as high temperature facing materials. This may lead to a higher surface temperature and
thermal stress. However, this decreased thermal conductivity may still be acceptable when
considering the significantly increased mechanical properties. This need to be verified in the
future with high heat load tests.

About the coefficient of thermal expansion, it is a very important material parameter when the
W¢/W is joint with the cooling structure material. Based on our measurement, the increasing of
porosity does not show a great influence on the CTE, which is also in line with the related
theories [48]. It confirms that, the previous researches on joint process based on pure W can be
applied also for porous matrix W¢/W. This would ease the application of W¢W material, as a
substitute/alternative of pure W, especially as the plasma facing component in future fusion
reactor.

Summary and outlook

In this study, the influence of matrix density and fiber mass fraction on the mechanical behavior
of porous matrix W¢W are investigated. A series of samples with different fiber mass fraction
and matrix density are produced and characterized. Based on the mechanical testing, porous
matrix W¢W shows a pseudo ductile behavior. Relatively lower matrix density (W¢#W1400) is
helpful to avoid the sudden load-drop of during crack opening. However, the lower density
causes a decreasing of material strength. This different fracture behavior is attributed to the
different fiber/matrix interface condition. By increasing fiber mass fraction from 20% to 50%,
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porous matrix W¢/W facilitates improved mechanical properties. By further increasing the fiber
mass fraction from 50% to 60%, a deterioration of mechanical properties is observed. This
deterioration is caused by the formation of large voids inside the material due to the
inhomogeneous densification during FAST process. The thermal conductivity of W¢W is
strongly influenced by the material density; the high porosity causes a degradation of the
thermal conductivity. On the other hand, no significant change in terms of thermal expansion
coefficient is observed when decreasing the matrix density. Based on the aforementioned
results, W¢/W1500 with 50% fiber mass fraction gives the best mechanical properties, which
is recommended for further characterization.

In the next step, high heat load tests (e.g. thermal shock tests) will be performed to further
understand the influence of the reduced thermal conductivity. In addition, plasma exposure
tests on porous matrix W¢W are planned to investigate the plasma wall interaction. Erosion
behavior, fuel retention can be influenced by the porous matrix, which need to be further
studied for the future application in future energy system.
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