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Fiber Volume Fraction Influence on Randomly Distributed
Short Fiber Tungsten Fiber-Reinforced Tungsten

Composites
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For future fusion reactors, tungsten (W) is currently the main candidate for the
application as plasma-facing material due to its several advanced properties.
To overcome the brittleness of W, randomly distributed short W fiber-reinforced
W (Wg/W) composites have been developed using field-assisted sintering
technology (FAST). Herein, W¢/W materials with different fiber volume fraction
(20-60%) are manufactured by FAST process to study the fiber volume fraction
influence on the composite properties. W¢/W with ductile fibers and brittle fibers
is produced using different tool setups during the production. Three-point
bending tests on prenotched samples, 4-point bending tests, and tensile tests
have been performed to determine the fracture behavior and flexural/tensile
strength of the material. W¢/W materials with 30—-40% fiber volume fraction
exhibit a promising pseudoductile behavior, similar to fiber-reinforced ceramic
composites. However, W¢/W with 20% and >50% fiber volume fraction shows
only a limited extrinsic toughening effect. In terms of flexural strength, with
increasing fiber volume fraction, the tensile/flexural strength does not show a

metal, and shows rather benign behavior
under neutron irradiation.’ ™3 However, a
major concern of W is its intrinsic brittle-
ness under the extreme fusion environ-
ment with high transient heat loads and
neutron irradiation”! Cracks could be
formed and lead to a component failure.
To overcome this drawback, W fiber-
reinforced W (W/W) composites have
been developed.”~ Relying on an extrinsic
toughening principle, even in the brittle
regime, this material allows for a certain
tolerance toward cracking and damage in
general in comparison to conventional
AR general, similar to the ceramic
fiber-reinforced composites, a relatively weak
interface between the fiber and the matrix
is considered to be Dbeneficial to achieve

clear increasing tendency, or even lightly decreases.

1. Introduction

For future fusion reactors, tungsten (W) is currently the main
candidate for the application as plasma-facing material as it is
resilient against erosion, has the highest melting point of any

the so-called pseudoductility.**31577)

In previous studies, the W¢/W material is
mainly produced by chemical vapor deposi-
tion (CVD) process.21*#1  However,

powder metallurgy (PM) processes are the main manufacturing
routes to produce W material in industry. Compared with the
CVD process, PM processes have several benefits, such as sub-
stantial experience with bulk production, higher production rate,
and an easier realization of alloyed materials. In recent studies,
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a process using field-assisted sintering technology (FAST) to
produce W/W composite has been established.”'>'?% As it is
technically difficult to introduce aligned long fibers into the bulk
material like the CVD process, short fibers with random distribu-
tion are used to realize the reinforcement in the FAST process.

Fiber volume fraction is often concerned as a crucial factor
in typical ceramic fiber-reinforced composites.*!! Generally,
large fiber volume fraction will increase the composite strength
due to the advanced properties of fibers.”>* To have an
efficient reinforcement, a critical fiber volume fraction needs
to be reached so that when matrix fails, the fibers themselves
can still withstand the load, otherwise a catastrophic failure could
happen. However, if the fiber volume fraction is too high, so that
the fiber spacing is less than a minimum value, the structure
will collapse due to shear failure.***?>271 Also from the
manufacturing point of view, a high volume fraction will
cause challenges in terms of fiber/powder mixing homogeneity,
fiber/powder mixture flowability, and sintering homogeneity.

For CVD-produced W¢/W, aligned long fibers are used for
the reinforcement. When the load is directed along the fibers,
the mechanical properties should increase with increasing
fiber volume fraction.®! However, for PM-produced W¢/W with
randomly distributed short fibers, the fiber structure leads to a
significant difference with respect to the fracture behavior com-
pared with CVD W¢/W. Therefore, the influence of the fiber vol-
ume fraction on the composite properties remains unclear and
an optimized fiber volume fraction for the PM produced W¢/W
needs to find out with current fiber structure and geometry.

In this work, Wg/W with randomly distributed short fibers
have been produced with various fiber volume fraction by
FAST process. A series of mechanical tests have been performed
to reflect the mechanical property changes related to different
fiber volume fractions.

2. Experimental Section

2.1. Composite Manufacturing

Pure W powders (OSRAM GmbH) with 5pm average particle
size (Fisher Sub Sieve Sizer) and potassium-doped short W fibers
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Graphite die
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i
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(OSRAM GmbH) with 2.4 mm length and 0.15 mm diameter
were the raw material for the composite manufacturing.
The W fibers were produced by a drawing process and then
cut into the required length. Due to the elongated drawing grain
structure, the W fibers showed ductile behavior and extremely
high tensile strength (=3000 MPa).?® The potassium doping
was used to reduce the grain coursing at high temperature.
Potassium was insoluble in W; the doping (approximately
6075 ppm) was present in the form of nanodispersed bubble
rows along the elongated grains pinning the grain boundaries.
It led to a good high-temperature microstructural stability
compared with normal W fibers.”*”!

The W fibers were coated with yttrium oxide as an interface
layer before the consolidation process. The fibers were cleaned in
isopropanol using ultrasonic bath for 10 min before coating with
yttria. Based on the scanning electron microscope (SEM) observa-
tion with energy-dispersive X-ray spectroscopy (EDS), after
cleaning the fibers, there were no visible oxide layers on top of
the fibers. Only pure W signal can be detected. The yttria coating
thickness was ~2 pm. The coating was realized by a four-step pro-
cess using magnetron sputtering similar to ref. [10]. Afterward, the
coated fibers were mixed with the W powders by manual shaking
in a vessel with various fiber mass fractions from 20% to 60%. The
mixture was then poured into the graphite FAST mold. The sin-
tering tool system (Figure 1) that is used in this study was similar
to the one used in ref. [11]: 1) graphite sheets were placed between
the mold and mixture, aiming to reduce the damage of the punch
surface and to ease sample removal after the FAST process
(Figure 1 left); 2) to separate the powder—fiber mixture and the
graphite mold, W foils with 25 pm thickness were used, to reduce
the carbon contamination of the W fibers (Figure 1 right).

The consolidation process was established by a FAST system
(HP D 25-2) from “FCT Systeme GmbH.” The sample was firstly
heated up to 1900°C (the temperature was measured at the
bottom of the semihollow punch) with a constant heating rate
of 200 °C min~". Then the temperature was hold for 4 min under
a constant pressure of 60 MPa.’**!l The external pressure
applied on the powder compact was limited by the strength
of the graphite die material. The sintering was performed in
vacuum below 0.1 mbar. During the cooling stage, the average

Graphite punch
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/

X
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Figure 1. Mold system that used during FAST process. Left: mold without W foil protection; right: mold with W foil protection.
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cooling rate between 1900 and 400 °C was ~375 °Cmin ' As a
result, coin-shaped samples (20mm diameter and ~5mm
height) were produced similar to refs. [5,10].

These two different mold designs will lead to different
fiber properties after FAST process. In previous studies,*!3%*
it had been reported that under the high temperature during
FAST process (=1900°C for 4 min), the W fibers were prone
to be embrittled. Indeed, the elevated temperature during
FAST process will cause fiber recrystallization and grain
growth."® However, based on the study in ref. [14], the potassium-
doped W fibers could remain ductile even after annealing at
2000°C for 30min. The heating condition in FAST process
was lower than that. This phenomenon gave us a hint that this
degradation of the fiber ductility was also caused by impurities
because our sample was in direct contact with the graphite
mold during the FAST process, and it had been investigated
in a previous study that C impurities could increase the ductile—
brittle transition temperature (DBTT) of W.**! Therefore, in
later cases, an additional layer of W foil was used to separate
the W sample and the graphite mold. With W foil protection,
no significant change could be detected in terms of microstruc-
ture, but the fibers started to show ductile behavior.""! The aver-
age carbon concentration in the W fiber was difficult to analysis,
as to separate the fiber and the matrix after sintering was
quite challenging. The overall carbon content in the W¢/W
was neglectable based on a combustion test. This means the
carbon impurities were segregated in the W fibers. This effect
could be caused by the carbon which was interacted with the
high density of dislocations.”?! The carbon impurities were
detected in fibers by a transmission electron microscopy (TEM)
analysis. The embrittlement was caused largely by a carbide layer
formation at the grain boundaries because the fiber ductile
deformation was mainly realized by grain boundary sliding.
With a W foil protection, such carbides formation was not
anymore detectable. In this article, the “brittle” and “ductile”
fibers refer to the samples not protected by W foil and protected
by W foil during FAST process, respectively.’*’]

2.2. Mechanical Testing

A 3-point bending test on notched samples (at room temperature
[RT]) was chosen to investigate the fracture behavior similar to
ref. [10]. Sample dimensions were 18 x 2 x 4mm? (length x
width x thickness, manufactured by diamond wire cutting) with
a ~2 mm deep notch. The prenotch for 3-point bending test was

(@)

Support pin
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prepared by diamond wire cutting with wire diameter of
0.04mm (GS-1000 wire cutting machine from company
Sommer Prizisionstechnik) followed by manually razor blade
polishing for 3 min. The sample configuration and the prepared
prenotch are shown in Figure 2.

The 3-point bending test was performed using an Instron
3342 universal testing machine together with a 3-point bending
pin system 2810-400 (from Instron GmbH). The pin roller
diameter was 2 mm. During the test, the sample was set on
two support pins with a distance of 16 mm, and compressed
by aload pin in the middle. The pin moved with a constant speed
during the test (0.3 mm min ™), and the corresponding pressing
force applied on the load pin was recorded. Force-displacement
curves could be generated until the sample failure, from which a
fracture propagation behavior could be analyzed. The displace-
ment measured represented the machine load pin displacement,
which included the stiffness of all testing machine components.
As consequence, this measurement gave only qualitative data.

Four-point bending tests were performed to measure the
flexural strength at RT. The 4-point bending test sample dimen-
sion was 20 x 2 x 2.25mm? (length x width x thickness). The
sample geometry was manufactured by diamond wire cutting
similar to the 3-point bending samples.

During the test, the samples were placed on two support pins
with a distance of 18 mm. A pressing load from two load pins
with a distance of 9 mm was applied in the middle of the sample.
The load pins move with a constant speed of 0.3 mm min™*
during the test. The maximum force of the test was recorded
as the fracture force F. From this result, the flexural strength
can be calculated®”

3FL,
— 1
Oflexural 4bh hi ( )

where Ofexura 1S the flexural strength of the sample; F, is
the maximum force; L, is the distance between the two support
pins; by, is the width of the sample; and h;, is the height of
the sample.

To measure the tensile strength of the Wg/W material, a
tensile test was also performed at RT. Dog-bone shape samples
with a gauge length of 4.71 mm and a cross section of 2 x 2 mm?
were used. The sample geometry was manufactured by electrical
discharged machining (EDM).

The tensile tests were performed using a universal testing
device (TTRAtest 2820, Nr. R050/01, TIRA GmbH). The force

Support pin

\ 16

18

U_II,G-Z,S

|/ Load pin

Figure 2. a) A 3-point bending sample configuration; b) prenotch prepared by diamond wire cutting and razor blade polishing.
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was recorded by a 20 kN load cell. A specially designed holding
system was used to avoid stress peaks at the contact surface of the
holder and the specimen. Moreover, the holders were mounted
with a chain system to the grip of the testing device to ensure self-
alignment and thus a uniaxial stress-state within the specimen.

Each specimen was preloaded with 20N. The test was
conducted with a constant displacement rate of 5ums™'. The
maximum tensile force before sample failure was recorded.
Then the tensile strength 6iepsiie could be calculated by

Fy
Otensile — m (2)

where F; is the maximum tensile force, b, is the width of the
sample (2mm), and h, is the thickness of the sample (2 mm).
In this work, the tensile test is performed only for W¢/W with
brittle fibers.

3. Results

3.1. Microstructure and Sample Density

The microstructure of the W/W samples is investigated. As an
example, the microstructures of the 20% and 50% fiber volume
fraction W¢/W are shown in Figure 3, together with a typical
microstructure of the fiber/interface area.

No major defect can be observed in both cases. The micro-
structure is similar to previous studies:®'%' the fiber

www.aem-journal.com

distributions are rather random. Fiber deformation can be
observed. Between fiber and matrix, the yttria interface is visible.
However, the yttria interface got damaged during the FAST
process due to the high temperature and external pressure,
especially the outer shell. Pores are visible in the matrix. They
are relatively small and distributed homogeneously in the matrix.
The average grain size of the matrix is around 5 pm. About the
microstructure of the fibers, high temperature will cause fiber
recrystallization and grain growth, as shown in ref. [10]. With
W foil protection, no significant change can be detected in terms
of fiber microstructure compared with the sample produced with
graphite foil, as shown in ref. [11]. The relative density of the
samples is shown in Table 1. The density increases slightly with
increasing fiber volume fraction because of the increasing frac-
tion of the already-dense fibers.

3.2. Fracture Behavior and Strength

The force-displacement curves of prenotched 3-point bending
tests for Wg/W with brittle fibers ductile fibers are shown in
Figure 4 and 5, respectively. It is important to note that the
absolute values of the force and displacement 3-point bending
curves are not directly comparable because the prenotch is man-
ually prepared, and therefore the sharpness and the depth of
the notches are quite scattered. However, the main aim of this
test is to observe the crack propagation behavior of the samples
with precracks.

Figure 3. LM images showing overview microstructures of Wg/W with a) 20% and b) 50% fiber volume fractions W¢/W; c¢,d) SEM images
showing microstructure of the fiber/interface area of typical W¢/W composites.

Table 1. Relative density of the FAST-produced W¢/W with different fiber volume fraction.

Density 20% Fiber 30% Fiber

40% Fiber 50% Fiber 60% Fiber

~93.3+0.8%
~91.2+0.5%

~94.2+0.1%
~92.3 £0.9%

W¢/W with brittle fibers
We/W with ductile fibers

~94.0+£0.2% ~94.1+0.1%
~92.8+0.2% -

~94.6 £0.5%
~93.7 £0.6%
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Force (a. u.)

Displacement (a. u.)

Figure 4. Prenotched 3-point bending test load-displacement curves
of brittle fiber W¢/W with different fiber volume fraction.
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Figure 5. Force—displacement curves of prenotched 3-point bending
test on ductile fiber Wg/W with a) 20% and 60% fiber volume fractions
and b)30% and 40% fiber volume fractions.

As shown in Figure 4, for the brittle fiber case, W¢/W with
20% fiber volume fraction shows pure elastic brittle fracture.
For the sample with 30% fiber volume fraction, a typical
pseudoductile curve can be observed similar to previous
studies:>>'%" the first load-drop marks the matrix failure;

Adv. Eng. Mater. 2020, 1901242 1901242 (5 of 8)
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Figure 6. Tensile strength and flexural strength of FAST-produced
pure W¢/W with different fiber volume fractions.

after tits failure, the load still increases due to the crack bridging
by the fibers; the interface’s gradual debonding let the material
establish a stable crack opening before the maximum force; the
massive load-drop after the maximum load indicates unstable
crack propagation; after which the stepwise load bearing capabil-
ity is probably supplied by frictional fiber pull-out from the
matrix. Here, the fiber elastic bridging, interface debonding,
crack deflection, and fiber pull-out are likely the energy dissipa-
tion mechanisms which contribute to the elevated fracture
resistance compared with pure W.['>?%) However, with a fiber
volume fraction larger than 30%, only limited fracture resistance
can be achieved after the matrix failure. These samples show
quite sudden load-drop after reaching the maximum load.

For the ductile fiber case (Figure 5), each type of sample
is measured twice. For the 20% and 60% case, further load
increasing can be observed after the matrix failure. However,
the defect tolerance is quite low due to the rather sudden
load-drop after the maximum loading. A stepwise/continuous
load decreasing is not observed. For the samples with 30%
and 40% fiber volume fraction, typical pseudoductile behavior
is performed with rising load capability after precrack and non-
catastrophic failure.

The flexural/tensile strength values of W¢/W with different
fiber volume fractions are shown in Figure 6. With increasing
fiber volume fraction, the tensile/flexural strengths do not show
a clear increasing tendency, or even slightly decreases.

After the mechanical testing, the fracture surfaces are investi-
gated by SEM. The prenotched 3-point bending test and tensile
test fracture sections of the 30% and 60% fiber volume fraction
samples are shown in Figure 7 and 8 as examples.

From Figure 7, the proper interface debonding and fiber
ductile deformation, fiber pull-out effects can be observed only
for the sample with 30% fiber volume fraction.’®'!l For the
60% fiber sample, such effects are not visible.

4. Discussion

For the 20% fiber volume fraction cases, the likely reason for the
limited pseudoductility is that the composite does not contain

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

ADVANCED
ENGINEERING
MATERIALS

www.advancedsciencenews.com

www.aem-journal.com

Figure 7. SEM image of the fracture section of ductile fiber W¢/W with a) 30% and b) 60% fiber volume fraction after the prenotched 3-point

bending test.

Figure 8. SEM image of the fracture section of W¢/W with a) 30% and b) 60% fiber volume fractions after the tensile test.

enough fibers. Consequently, the crack front could not be
bridged efficiently, and later on, only limited fiber pull-out could
perform. Without these energy dissipation mechanisms, the
defect tolerance could not increase.

For the very high fiber volume fraction cases (>50%), the
composite crack opening could be largely influenced by the
weak interface failure before matrix cracking, as discussed in
ref. [7,10]. As shown in Figure 9, during the crack opening, with
the increasing loading, the weak interface tends to be predam-
aged before matrix failure. When the crack front encounters
the predamaged area, the unstable crack opening could appear.
In addition, a substantial number of predamages could lead to
the formation of a new crack source and for very high fiber
volume fraction, the crack front has a higher chance to meet
an already damaged interface. All of these effects could cause
an unstable crack growth with a sudden load drop, which means
that the pseudoductility of the high fiber volume fraction (>50%)
We/W is quite limited.

Figure 7a shows a typical ductile fiber fracture surface
of the 30% W¢/W. The ductility of the fibers can be distin-
guished by the fracture surface. For ductile fibers, the fracture
surface gives a pattern with knife edge shape. The knife edge
shape pattern could be caused by the grain boundary sliding
of the elongated grains. Also, the fiber diameter will be locally
reduced due to the so-called necking effect. In contrast, for the
60% case (Figure 7a), the fracture surfaces give a brittle cleavage
failure with characteristic river line pattern. The fiber diameter

Adv. Eng. Mater. 2020, 1901242 1901242 (6 of 8)
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Figure 9. Weak yttria interface failure under loading condition before
matrix failure.

is also not locally reduced. This brittle fiber failure could
be caused by the high local strain rates during the unstable

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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cracking, which could inhibit the ductile deformation of the
W fiber.37:38l

Generally, the strength should increase linearly with the
increasing fiber volume fraction, according to refs. [21,26]:

Oc = OfVf + OV (3)

where o is the strength of the composite; of and o, are the
strength of the fiber and the matrix, respectively; and v¢ and
Vm are the volume fraction of the fiber and the matrix.

However, for FAST-produced W¢/W with increasing fiber vol-
ume fraction, the tensile/flexural strength slightly decreases, as
shown in Figure 6. This could be explained by the fact that the
composite strength is again dominated by the weak interface
existence for the random distributed short fiber case, as reported
in ref. [10]. The weak interface positions will form predamage
before the matrix failure under high load. With increasing fiber
volume fraction, the weak interface areas are enlarged.
Therefore, the increasing fiber volume fraction will weaken
the composite strength by introducing more potential predamage
positions. As can be deduced from Figure 8b, the fracture surface
of the 60% fiber volume fraction W¢/W exposes many interface
areas, which implies that the superior fiber strength cannot con-
tribute to the composite strength. This is a particular issue for the
random discontinuous W¢/W composites because of the exis-
tence of the fiber ends and the fibers being vertically oriented
to the loading direction.

These interpretations are made based only on a quite limited
number of experiments. However, they seem to indicate that the
random distribution of the reinforcing fibers has great influence
on the crack behavior and the composite strength properties.
These assorted behavior and mechanisms could lead to different
design rules compared with the ones deduced from the studies
on the CVD W¢/W material with aligned long fibers.

5. Conclusion

W¢/W with different fiber volume fraction has been produced
and studied. With too low (=20%) or too high (>50%) fiber vol-
ume fraction, efficient pseudoductility cannot be established
due to the randomly distributed and oriented fibers. In addition,
with increasing fiber volume fraction, the tensile/flexural
strength does not show an increasing tendency. This is because
the higher fiber volume fraction introduces more weak interface
positions, which could potentially form predamage during the
load. Based on the above tests, ~30-40% would be regarded
as the optimized fiber volume fraction with the current
We/W design.
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