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A B S T R A C T

Due to a unique property combination, tungsten is a promising candidate for highly loaded areas in advanced
fusion reactors. However, tungsten suffers from its inherent brittleness at low temperature and its susceptibility
to operational embrittlement. In tungsten fibre-reinforced tungsten composites (Wf/W) the toughness is en-
hanced by extrinsic mechanisms of energy dissipation allowing toughening in the absence of any plasticity. In
the here presented work active extrinsic mechanisms of toughening were shown on a model system for as-
fabricated and embrittled samples. The mechanisms were evaluated by means of mechanical bending tests in
combination with high energy synchrotron tomography. For that a novel 4-point bending test for the in-situ use
with high energy synchrotron tomography was developed. Despite the high X-ray attenuation in tungsten a
sufficiently high resolution was achieved and clear images of crack extension and crack-fibre interaction were
obtained. Several active toughening mechanisms were observed and quantified for the as-fabricated state and, in
the case of a stable fibre-matrix interface, also in the embrittled state. The toughening contribution of the
individual mechanism was estimated using the mechanical test results and compared with analytically derived
values. Using the determined values a high toughening was estimated for as-fabricated and for embrittled bulk
Wf/W. The results give hope that the composite material will retain toughness even if experiencing operational
embrittlement when used in a future fusion reactor.

1. Introduction

Tungsten (W) is the main candidate for highly loaded areas in ad-
vanced fusion reactors due to its excellent erosion resistance and low H
retention as well as high temperature strength and creep resistance
combined with a high thermal conductivity and melting point [1,2].
However, as a typical bcc metal, tungsten exhibits a so called ductile-to-
brittle transition (DBT) [3]. Below a certain temperature, the DBT
temperature (DBTT), these materials show brittle behaviour. In the case
of tungsten the transition takes place well above room temperature and
therefore strongly restricts its use. The transition temperature is very
much dependent on the composition, the fabrication process, and the
pre-treatment and is typically between 500 K and 600 K [4] and up to
1200 K for material annealed at high temperature [5].

Microstructure and toughness are strongly related in tungsten. For

example highly deformed tungsten, e.g. tungsten wire, shows ductility
even at room temperature [6,7]. This phenomenon makes tungsten
prone to embrittlement by a change of microstructure for example
during thermal overload in operation [8]. In the case of fusion opera-
tional embrittlement induced by neutron irradiation is an even larger
concern [9,10]. Reviews about possible solutions and unsolved pro-
blems are given by Rieth et al. [11] and Wurster et al. [12].

In brittle materials like tungsten (below the DBTT) or ceramics
stress cannot be redistributed. Areas with large local strain experience
high stress levels and are therefore prone to brittle fracture [13]. The
only way to improve the toughness in brittle materials is by extrinsic
mechanisms [14,15]. Mechanisms like crack bridging, crack deflection
or fibre pull-out dissipate energy and relax local stress peaks. Such
purely mechanical mechanisms which work without the need of any
plasticity are widely used in ceramic fibre-reinforced ceramics [16,17].
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Fibre pull-out is in general seen as the most effective mechanism
[18,19]. Starting with Aveston et al. [20] extensive theoretical studies
have been performed to describe these mechanisms of toughening.
Detailed overviews are given by Evans [18] and Steinbrech [21].

Using such energy dissipation mechanisms to solve the brittleness
problem of tungsten was suggested by several authors [22,23]. Extrinsic
mechanism of toughening are introduced by reinforcing tungsten with
tungsten fibres made of drawn tungsten wire. These fibres are coated by
engineered interfaces in order to optimise their behaviour within the
composite [24]. More information about these tungsten fibre-reinforced
tungsten composites (Wf/W) can be found elsewhere [25,26]. The
plastic deformation of the tungsten fibre was shown to be an additional
effective mechanism of energy dissipation in Wf/W [27]. As the
toughening is achieved by mechanical mechanisms it works in the as-
fabricated state having a ductile fibre as well as in a state were the fibre
has been embrittled. This was shown for bulk materials in [28,29] and
gives hope to mitigate the problem of embrittlement during operation.
Tungsten wire has been used in the past as reinforcements in copper
composites [30], superalloys [31] and in a plasma sprayed tungsten
matrix by Hill and Banta [32]. The main objective of these applications
was however to increase the strength and creep resistance but not
primarily the toughness.

In this article we investigate the active toughening mechanisms in
the as-fabricated and in an embrittled state of Wf/W in detail. We do
this on single-fibre composite model systems consisting of a single fibre
surrounded by a tungsten matrix. As chemically deposited tungsten
used as matrix material is already very brittle [33] the fibres were
embrittled to study the embrittled state. The ductility and high strength
in the tungsten wire used as fibres is due to its special microstructure. A
heat treatment above the recrystallization temperature changes this
microstructure by recrystallization and grain growth and embrittles the
fibres as it was shown for the here used fibres in [7]. As similarly high
temperature treatment of bulk tungsten typically leads to embrittlement
[8], it was expected that the brittle behaviour of the matrix materiel
should be preserved. Thus, a composite consisting of fully brittle con-
stituents is created. This state is called embrittled Wf/W in the fol-
lowing.

To assess the toughening mechanisms in both cases it is essential
that the macroscopic mechanical behaviour can be related to micro-
structural effects. As these effects are active during the fracture process
(e.g. fibre bridging) their characterisation requires in-situ techniques.
Mechanical testing in combination with tomography is well suited to
assess the interaction of a growing crack with the microstructure and
thus allows studying these effects. Synchrotron tomography allows to
do this with a spatial resolution in the range of a few microns [34]. This
was intensively used to study SiC fibre-reinforced Ti matrix composites
(SiCf/Ti) [35–38]. Quasi static as well as cyclic tensile tests have been
used to evaluate the interaction between the fibres and the matrix in
general and under loading at room temperature or at elevated tem-
perature. Due to the very strong X-ray attenuation of tungsten, high
energy synchrotron radiation is necessary to perform tomography ex-
periments in this material. The high energy beamline ID 15A at the
European Synchrotron Radiation Facility (ESRF) allows fast tomo-
graphy and beam energies up to 500 keV and was therefore used in this
work.

The same beamline was used for studying the tensile behaviour of
similar model systems of Wf/W [27]. Despite the high X-ray attenuation
in tungsten, a resolution of 5 µm was achieved and clear images of crack
extension and deformation were obtained. The crack bridging and on-
going plastic deformation were directly observed in tomographic ob-
servations and correlated to the load-displacement measurements. The
amount of absorbed energy due to plastic deformation of the tungsten
fibre was determined and compared with values obtained from single-
fibre tensile tests. Based on this work we present in the following the
results of an experimental campaign of bending tests monitored by in-
situ high energy tomography based on these experiences. Bending tests

are used as they allow to grow a crack in a more controlled way than
tension tests. The as-fabricated and the heat treated and thus embrittled
state are compared. Emphasis is given on the expected transition of
plastic bridging to purely elastic bridging as a consequence of the loss of
fibre ductility. A weak interface consisting of a porous tungsten layer
and a very stable interface consisting of an Er2O3 layer are investigated
to determine the influence of the interface system on the toughening.

2. Extrinsic toughening by reinforcements

The matrix in Wf/W produced by chemical vapour deposition be-
haves brittle and thus linear elastic fracture mechanics are applicable
[26]. An energy approach using the energy release rate G or the stress
state at the crack tip characterized by the stress intensity factor K can be
used. For linear elastic materials the two parameters are related as
follows [39]:

=K G E· * (1)

where =E E* for plain stress conditions and = −E E ν* /(1 )2 for plain
strain conditions (E: Young’s modulus; ν: Poisson’s ratio). The resistance
of a material against fracture and thus its toughness is described by a
critical value Gc or Kc, respectively [39]. For materials featuring ex-
trinsic toughening the following equation is used:

= +G G GΔc 0

where G0 is the toughness of the matrix material and ΔG the gain in
toughness due to the extrinsic mechanisms. In the case of fibre re-
inforced composites, this gain can be described by the traction t caused
by the fibres on the crack faces withstanding the crack opening u [18].
The following equation describes the contribution of the fibres ΔGf to
the toughness:

∫= =G V w V t u uΔ · * ( )d
u

f f f f 0

max

(2)

with
Vf : fibre volume fraction [-]
w *f : specific energy consumption [ −J m 2]
umax : maximum crack opening [m]
t u( ) : traction of reinforcements on crack faces [MPa]

Based on this relationship, Becher [40] gives an overview about
toughening mechanisms in ceramic fibre-reinforced ceramics. He de-
scribes two main contributions, crack bridging by intact fibres ΔGf, br

and pull-out bridging ΔGf, po (typically also referred to as pull-out only).
He describes bridging as a consequence of a force equilibrium and ex-
pecting a frictional component, respectively. In the absence of a fric-
tional component the contribution to the toughness is calculated as
follows:

= =G
V σ u

E
V wΔ

·( )
2

· *f,br,eq
f,br f,fr

2
db

f
f,br br,eq (3)

with
Vf,br : fibre volume fraction bridging crack plane [-]
σf,fr : fibre fracture strength [MPa]
udb : debonding length [m]
Ef : Young’s modulus of the fibres [ −MPa m 2]
w *br : specific work by bridging [ −J m 2]

with a frictional component as follows:

= =G
V r

E τ
σ V wΔ

3
( ) · *f,br,fr

f,br

f i
f,fr

3
f,br br,fr (4)

with
r : fibre radius [m]
τi : frictional shear resistance [MPa]

In contrast to Becher et al. we use a factor of 3 instead of 6 (see
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Appendix A for details).
The contribution of pull-out bridging to the toughness ΔGpo can be

approximated by assuming a constant shear stress τ resisting the fibre
sliding [18]. Using Eq. (2) and the function = −t u τ rπ h u( ) 2 ( ) which
describes the energy consumption along the pull-out length h, ΔGf, po is
calculated in relation to the frictional shear strength τ as follows:

= =G V w V τ h
r

Δ · * · 2
f,po f,po po f

max
2

f (5)

with
Vf,po : fibre volume fraction being pulled out [-]

w *po : specific work by pull-out [ −J m 2]
τ : frictional shear stress [MPa]
hmax : final pull-out length [m]

In Wf/W a very prominent third mechanism is the plastic de-
formation of the individual fibres. The contribution of this mechanism
to the toughness ΔGf, pl was estimated by Riesch et al. [27]. It can either
be calculated using the stress distribution in the reinforcements σ(u) for
the traction t(u) in Eq. (2) or by using an analytical relationship first
presented by Ashby et al. [41] and used in [27] for Wf/W.

The tomographic observation was used to identify active tough-
ening mechanism and the specific energy consumption by the re-
spective mechanism was evaluated using the measured load displace-
ment behaviour related to the cross-section of the fibre. The measured
data was compared to theoretical approaches using Ashby’s relation for
the ductile case and Becher’s relations for the elastic/brittle case. The
input to these equations was either extracted from the actual experi-
ment or by using earlier investigations of Wf/W. As this was done for
different as-fabricated and embrittled samples the measurements al-
lowed to get insight into the effectiveness of the different toughening
mechanisms at various states of Wf/W. For this the obtained data was
related to bulk material with a fibre volume fraction of 0.3.

3. Experimental

3.1. Specimen preparation

Samples containing a single fibre so called single fibre composites
(SFC) were chosen as a model system. The samples consist of a coated
single tungsten fibre embedded in a tungsten matrix which is produced

by chemical vapour deposition (CVD). In these systems, the mechanical
behaviour automatically reflects the influence of a single fibre. This
allows a clear and simple correlation of microscopic effects, e.g.
toughening mechanisms, with the macroscopic stress-strain behaviour.
Consequently such samples are intensively used to investigate interface
properties in composites in general [16,42] and have been used in
synchrotron studies to investigate SiCf/Ti composite systems [35,43].
SFCs have also been used in high energy synchrotron tomography
studies of Wf/W [27].

The tungsten fibre is made of commercial tungsten wire (K Draht
Typ B) with a diameter of 150 µm which is provided by the OSRAM
GmbH, Schwabmünchen. Because of its unique microstructure the
drawn wire exhibits a high strength of more than 2900MPa and duc-
tility even at room temperature with a failure strain larger than 2%. A
detailed description of the wire is given in [7].

The interface coating was fabricated by means of magnetron sput-
tering. Two different coatings were investigated: 670 nm of WOx and
1000 nm of Er2O3. Er2O3 was chosen due to its high temperature sta-
bility. WOx was chosen as representative of a weak interface as it is not
stable during the matrix production process and forms a porous inter-
layer (see Fig. 1(b)). The Er2O3 coating was produced in a bi pulsed
mode using two cathodes with 300W each and a frequency of 75 Hz.
160 sccm1 Ar and 10 sccm O2 are used as deposition process atmo-
sphere. The WOx layer is produced using 300W RF power with a
tungsten target. 10 sccm Ar and 10 sccm O2 are used to form the oxide
layer. In this case a protective tungsten layer with a thickness of 80 nm
was deposited afterwards. Details of the interface deposition process are
given by Du [22, p. 43 ff].

The tungsten matrix was deposited by a chemical vapour deposition
(CVD) process. Gaseous WF6 is reduced by H2 in a heterogeneous re-
action at the fibre surface. Beside a solid W deposit gaseous HF is
formed as a by-product. The deposition temperature was 830 K with a
processing time of 30 h. Zinn [44] describes the CVD process of W in
detail. The final specimens had a diameter ranging between 1.5 and
2mm. Due to the moderate processing temperature and the force less
character of the chemical deposition process the microstructure of the
fibre is preserved during the matrix deposition process (see Fig. 1(c)).
Due to the benign processing and as fibre and matrix have similar

Fig. 1. Scanning electron microscopy (SEM) pictures of the cross section of (a) a single fibre composite and (b) and (c) longitudinal sections showing the interface
region for the different interface types in detail. Picture (b) shows a porous interface region caused by a partial decomposition of the WOx interface during the matrix
production. In (c) the dense Er2O3 interface layer is clearly visible.

1 Standard cubic centimetre per minute.
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properties the residual stress in Wf/W is expected to be low. A detailed
discussion about this topic is given in [27].

In Fig. 1 metallographic sections of the specimen are shown.
Fig. 1(a) shows a cross-section with the coated fibre in the centre sur-
rounded by the matrix having a star like structure of columnar grains.
In (b) and (c) the fibre-matrix-interface region is shown in detail in a
longitudinal section. Fig. 1(b) shows the WOx interface which has been
strongly affected by the matrix production process. The interface be-
tween fibre and matrix consists of porous area rather than a dense layer.
Fig. 1(c) shows the sample with the Er2O3 interface which is clearly
visible. In both cases, the matrix features a more isotropic grain
structure and the fibre is strongly textured with elongated grains.

To maximize the specimen volume for a given maximum penetra-
tion depth of the synchrotron radiation, a cylindrical sample geometry
is chosen. The same process as described in [27] was used to achieve a
final diameter in the measuring area of 1mm and a sharp, 4 µm wide
and 40 µm deep, pre-crack at the root of a 80 µm wide and 100 µm deep
notch. Specimens in the as-fabricated and in an embrittled state were
tested. As described above a heat treatment was carried out at 2000 K
for 30min to embrittle the samples. The heat treatment was done si-
milar as described in [45].

3.2. Tomography

Due to the strong attenuation of X-rays in tungsten based materials
high X-ray energies are needed to achieve a sufficient penetration
depth. Therefore the high energy beamline ID15-A at the European

Synchrotron Radiation Facility (ESRF) in Grenoble was used for this
investigation. Methods established at previous experiments on tungsten
based materials [27,46] were improved and combined with a bending
test capability. The optimum sample thickness is a compromise between
requirements for tomography and for the mechanical test. This problem
is discussed in detail elsewhere [27]. In this study a sample thickness of
1mm was defined as the compromise between testing volume, tomo-
graphic resolution and duration of measurement.

We used white beam in the energy range of 60–240 keV. 600 pro-
jections with an exposure time of 300 ms each over a rotation angle of
180° were collected for one tomogram (total acquisition time 3min). As
scintillator a LuAG:Ce (Screen) with a thickness of 25 µm was used. A
10x mirror objective and a Frelon 2k camera (2048× 2048 px, pixel
size 1.4 µm) were used to record a picture. With that system setup the
spatial resolution was improved to 3–4 µm compared to 5 µm in pre-
vious experiments. Similar to the previous experiments a special aper-
ture–in this case made of silver–was used to avoid premature camera
saturation on the peripheral domains of the samples (details in [27]). In
addition 40mm of Si and 7 cm of water were placed in front of the
sample to regulate the beam energy. The 3D microstructure of the
sample was reconstructed from the 2D projection images using a stan-
dard filtered back-projection algorithm [47] and the software ImageJ/
Fiji [48] was used for image analysis.

3.3. Bending test

For the in-situ bending a mechanical testing machine specially de-
signed to be used together with synchrotron tomography was used in
combination with newly designed bending equipment. Details of this
equipment are explained in the next paragraph. The machine has been
used for tension tests on single-fibre Wf/W samples [27] and a detailed
description can be found elsewhere [49]. The maximum load is 5 kN
with a minimum displacement rate of 0.1 µm −s 1. The load was mea-
sured by a 500 N range load cell and the displacement was calculated
using the displacement of the machine’s upper grip. The bending test
was performed step wise in a displacement controlled mode. A tomo-
gram was taken at each bending increment.

3.3.1. Upright 4-point bending test
An upright 4-point bending test setup moving the force transmission

points out of the measuring area and allowing the transmission by the
synchrotron beam was designed. In Fig. 2 the basic idea of the setup is
shown schematically. Specially designed specimen holders are used to
alternate the direction of the force transmission into a vertical position.
They consist of a mounting system attached to a rotatable lever arm. As
these arms are rotatable only a bending moment is generated if the
mounting system moves apart. Two pins at the end of these arms allow
the mounting of the sample. By applying a tensile load, the lever arms
move apart and tilt applying a bending force on the specimen. Using the
geometrical relations of the setup the tension load and the displacement
can be transferred to the corresponding bending load and deflection
values. A detailed explanation is given in Appendix B.

4. Results

In total 8 out of 21 prepared samples have been tested successfully
during the tomographic campaign. The results summarized in Table 1
are presented in detail in the following paragraph.

Fig. 3 shows representative load displacement curves for as-fabri-
cated (a)/(b) and heat treated (c)/(d) samples for both tested interfaces.
The load is given as bending load Fb calculated using Eq. (B.1). The
displacement is given as deflection of the inner force transmission
points δ* calculated using Eq. (B.3). Due to problems in the data ac-
quisition system some parts of the curves are only shown qualitatively
(dotted lines).

Two samples in as-fabricated case showed at first a linearly
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Fig. 2. Schematic drawing of an upright 4-point bending test. In (a) the force
relations alternating a tension force into a bending force are shown. In (b) the
corresponding momenta (left) and the relation for the determination of the
deflection (right) are given.
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increasing load. After reaching a maximum, a sharp load drop occurs.
This is followed by a region with approximately constant load (see Fig.
3(b)). For two samples this linear increase is missing and the curve
behaves concave before reaching a plateau with constant load at a si-
milar load level (see Fig. 3(a)). In both cases a second load drop occurs
at which the sample does not fail completely but cannot anymore bear
load. In the case of the heat treated samples all samples show at first a
linear increase in load followed by sharp load drop. In the case of the

Er2O3 interface an intermediate regime is observed for two samples.
Following the first load drop, the load increases again before a second
drop occurs (see Fig. 3(c)). One sample with Er2O3 interface as well as
the sample with WOx interface shows a load drop to a very low value
where it stays constant with ongoing displacement (see 3 (d)). The load
level is comparable to the final load of the Er2O3-samples. No further
load drop is detected in this case. For the shown heat treated samples
bending of the specimen went on over a large displacement range with

Table 1
Overview of bending results.

Treatment Interface Fb (matrix failure) σn (matrix failure) Fb (fibre straining) u Ared φ hmax

[N] [ −N mm 2] [N] [µm] [µm2] [°] [µm]

1 as-fabr. Er2O3 33 45 15 97 ± 3 11.1× 103 10
2 as-fabr. Er2O3 n. a. n. a. 11 88 ± 3 10×103 11
3 as-fabr. Er2O3 n. a. n. a. 12 (63 ± 3) (14.3× 103) 10
4 as-fabr. WOx 29 49 13 80 ± 3 11.2× 103 11

5 embrittled Er2O3 17 29 10 2.0 ± 6 n. a.
6 embrittled Er2O3 53 103 n. a. n. a. n. a.
7 embrittled Er2O3 23 35 10 2.0 ± 6 75
8 embrittled WOx 34 68 n. a. n. a. n. a.

n.a. not applicable.

Fig. 3. Representative force-displacement curves for bending test on (a)/(b) as-fabricated and (c)/(d) heat treated samples. Curves for two different interface types
are shown: (a)/(c) Er2O3 and (b)/(d) WOx. The curves are extracted from a force–time measurement using the displacement rate of the testing machine. The
measured load signal showed a strong oscillation (light grey curve) caused by the motor of the machine. The full lines represent the smoothed data curves (weighted
average). According to the numbering in Table 1, curve (a) shows sample 1, (b) sample 4, (c) sample 7 and (d) sample 8. The vertical dashed lines indicate the
displacement levels at which a tomographic measurement shown later in this article was performed. The bent in the loading of curve (c) was caused by the setting of
the system.
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almost no measurable load before final failure (not shown in the figure).
The tomographic observations allowed a more detailed under-

standing of the material behaviour and active effects. In the as-fabri-
cated state the first load drop corresponds to the crack initiation in the
matrix for the samples showing a linear loading. The fibre stays intact
and bridges the crack. For the other samples matrix fracture was de-
tected already in the unloaded state probably happened during
mounting. Also in this case the fibre was intact bridging the crack. In all
cases, the crack opened and the fibre was strained with on-going
bending. After a large plastic deformation including necking, the fibre
finally fractured. The plastic deformation of the fibre has been observed
in several reconstructed volumes for all as-fabricated samples. The
crack tip opening and thus the elongation of the fibre as well as the
opening angle were measured using the last tomographic observation
before the fibre fails (see Fig. 4(a)). Two lines are fitted on the crack
flanks and the crack opening respectively the elongation of the fibre is
measured using a line integral at the centre of the fibre. The angle
between the lines gives the crack tip opening angle. The location of this
tomographic observation on the bending curve is indicated in Fig. 3(b)
label A. As a measure of the plastic deformation the reduced cross-
section of the fibre at this displacement level was determined by fitting
an ellipse in the tomographic cross-section. In Fig. 4(b) the fracture
surface of such a sample is shown. The strong plastic deformation is
well visible as elongation and necking. It is important to note that due
to the large deflection significant bending occurs. As a consequence
unsymmetrical debonding is observed however the necking looks still
very symmetric (see Fig. 4(b)). The matrix shows a mixture of cleavage

and grain boundary failure.
Bridging was also observed in the heat treated samples with ErOx

interface. In these samples the fibre stays intact after crack initiation
has occurred in the matrix. With ongoing displacement the fibre was
strained elastically and finally fractured. No obvious deformation was
observed in the fibre. In Fig. 5(a) this behaviour is illustrated by to-
mographic sections at two displacement levels which are also indicated
in Fig. 3(c). At level I (label B) the fibre is intact and bridges the crack.
At level II (label C), shortly after the second load drop, the fibre has
failed.

In addition the tomographic observations revealed fibre pull-out in
one Er2O3 sample. Fig. 6 shows a tomographic reconstruction for this
sample at which the crack plane of matrix and fibre were located in
different heights. Thus with ongoing displacement the fibre was pulled
out of the matrix. Based on the tomographic observation the pull-out
length hmax for this sample was determined to be 75 µm. It has to be
noted that this sample did not show the intermediate load plateau as
other samples with Er2O3 interface.

The tomographic observations of the sample with a WOx interface
showed that the first and only load drop (see Fig. 3(d) label D) was
accompanied by the failure of the fibre. The tomogram shown in Fig. 7
has been obtained shortly after the load drop (displacement level is
indicated in Fig. 3(d)) and reveals that the crack had propagated
through the fibre and almost through the whole sample.

In Fig. 8 representative fracture surfaces of the heat treated samples
are shown. For the sample with Er2O3 interface the fibre and matrix are
clearly distinguishable (a,b). On a larger magnification picture the
Er2O3 interface is clearly visible (c). For the WOx interface sample no
clear interface between fibre and matrix is visible (d,e). Even on a larger
magnification the WOx cannot be observed (f). In general the fibre
fractured with a mixture of cleavage and intergranular fracture. The
fracture planes of fibre and matrix are different for the Er2O3 sample
and they coincide for the WOx sample. The matrix fractured similar to
the as-fabricated state (see Fig. 4(b)) in a mixture of cleavage and grain
boundary failure.

In Table 1 the measured values for the as-fabricated and embrittled
samples are summarized. The bending force Fb and the nominal stress –
disregarding the stress concentration – at the notch using Eq. (B.2) are
given at the initiation of matrix failure. These values are missing for
sample 2 and 3 as these were fractured during mounting. For those
samples the nominal elastic stress at crack initiation in the matrix is
missing. Beside sample 6 all samples showed very similar results. The
crack initiation took place in a load range of 17–34 N corresponding to
a stress between 29 and −68 N mm 2. Sample 6 showed significantly
higher load and stress. For samples where the fibre stays intact during
matrix cracking the mean bending force for fibre straining was very
similar for all cases and lies between 10 and 15 N. The deflection δ* is
different for both interfaces due to different sample geometries and is
therefore not given in the table. However two main observations are
made: in general, the deflection at crack initiation in the matrix was
comparable for the as-fabricated and embrittled case and the deflection
at which the fibre fractures was ten times larger in the as-fabricated
case.

The crack opening u was determined using the last available to-
mographic reconstructions before fibre fracture. This means depending
on the location of the tomogram that the crack opening is under-
estimated. This is the case for sample 3 where the tomogram was taken
far before fibre fracture and thus crack opening and reduced area are
much smaller. For the other as-fabricated samples u was around 90 µm
for both interface types compared to a very small opening of 2 µm in the
embrittled case. Due to this small opening the crack tip opening angle φ
is only given for the as-fabricated samples. For this case, the reduced
area Ared caused by the ductile deformation of the fibre is given in
addition. It was comparable for both interfaces. As pull-out was not
observed in the as-fabricated case and only for sample 7 in the em-
brittled case the pull-out length hmax is only given for that sample.

Fig. 4. (a) Last available tomographic reconstruction before the fibre fails and
(b) SEM image of the fracture surface for a sample with WOx interface (sample 4
in Table 1). The load displacement curve of this sample is shown Fig. 3(b) in
which the displacement level of the tomogram is indicated by label A. Fibre-
matrix debonding is visible both in the tomogram and in the SEM image. In (b)
the side where the artificial notch is located is indicated by a white arrow.

Fig. 5. Tomographic sections at specific displacement levels for a sample with
an interface of Er2O3 showing an intermediate load regime. Crack bridging is
shown in cross-sections through the crack plane (upper row) and longitudinal
sections through the fibre centre (lower row). The corresponding displacement
levels are indicated in Fig. 3(c). The black arrows indicate the crack tip.

J. Riesch et al. Nuclear Materials and Energy 15 (2018) 1–12

6



5. Discussion and quantitative assessment of toughening effect

A limited number of samples has been tested due to time constraints
and complexity of high energy tomography. This is taken into account
for the discussion of the results. Ex-situ experiments will be used to
confirm the findings.

Compared to tension tests the here used bending tests allow for an
easier achievement of stable crack propagation as under bending load
the stress decreases along the cross section. The following equation
allows an easy estimation of the maximum sample size allowing an
embrittled fibre to survive a matrix crack in a tension test (assuming full
load transfer to the fibre) [50]:

≤ =r r
σ
σ

μ220 mges f
f,u

m,u (6)

with
rges : maximum sample radius [µm]
rf : fibre radius [150 µm]
σf,u : fibre strength, embrittled [ ±900 30 MPa] [7]
σm,u : matrix strength [420MPa] [27]

With the used sample geometry it would not have been possible for the
fibre to survive the crack initiation in the matrix in a tension test. The
decrease of sample size to the required amount is not reasonable as the
matrix should be much larger than the fibre to allow for notching and
for the observation of the bypass of the crack around the fibre.
However, bending tests lead to a more complex loading situation e.g.
large bending (see Fig. 4) and thus a more complex stress distribution
not necessarily reflecting the actual situation in a real structure. As the
effect increases with increasing bending deflection the as-fabricated
state is affected more significantly whereas in the embrittled state the
effect is expected to be low.

As expected the brittle nature of the CVD-W used as matrix material
was preserved during the heat treatment. The load-displacement be-
haviour up to crack initiation in the matrix as well as the fracture
surfaces (compare Fig. 4(b) with Fig. 8(c) and (f)) look very similar for
both states and show typical brittle behaviour. The loads and the de-
flection needed for crack initiation are very similar for as-fabricated and
embrittled samples (see Table 1). In fact the spread in-between the
embrittled samples was higher than the difference between the two
states. This means that the cracking resistance and thus the toughness of

Fig. 6. Longitudinal section of a tomographic reconstruction for a sample which
features different crack planes for the fibre and the matrix. The section was
taken of the first tomogram taken after crack initiation. The black arrow in-
dicates the crack tip.

Fig. 7. Tomographic sections of the heat treated sample with an WOx-interface.
Cross-sections through the crack plane and longitudinal sections through the
fibre centre viewed from two directions are shown. The state after the load drop
(compare Fig. 3(d)) is given. The crack has propagated through the fibre. The
black arrow indicates the crack tip. The position of the fibre is indicated by
dotted lines.

Fig. 8. SEM pictures of the fracture plains of heat treated samples having an ErOx-interface (picture (a)–(c)) and a WOx-interface (picture (d)–(f)), respectively. In (a)
and (d) an overview is given. In (b) and (e) the fibre is shown in detail. (c) and (f) show the fibre fracture surface in an overview and the interface region in detail.
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the matrix seems to have not been significantly changed. A similar
behaviour was observed for pure matrix material [23] and for bulk
composite material [28,29]. As brittle material does possess very little
resistance against crack growth once it it is initiated, the growth is
dominated by the composite structure and thus in our case mainly the
fibre.

In the as-fabricated state all samples showed crack bridging by the
fibre after crack initiation in the matrix followed by an intense plastic
deformation of the fibre. After the matrix fractured the fibre was
strained and thus contracted laterally and due to sufficiently weak in-
terfaces fibre-matrix debonding occurred. With increasing load the
contraction continued and necking occurred. The debonding as well as
the necking is visible in Fig. 4(a). This behaviour was also observed
during in-situ tomographic studies of tension tests on similar samples
[27]. Finally the fibre fractures by fully ductile knife-edge necking of
individual grains (see Fig. 4(b)). This fracture behaviour is typical for
tungsten fibres [7,51,52] and was observed for Wf/W [27] where the
crack opening and the area of reduction are very similar to the results
obtained here. Necking of the fibre starts in the crack plane of the
matrix. The fibre necks and thus fractures in the same plane as the
matrix. As a consequence of the necking there is no contact between
fibre and matrix at fibre fracture. Therefore, pull-out mechanism were
not observed in the as-fabricated samples. In the as-fabricated case
there is no significant difference in the behaviour of the samples having
different interface systems.

The plastic deformation energy was calculated directly using the
measured values and then compared with an analytical treatment based
on the investigations by Ashby et al. [41]. The matrix has a brittle
behaviour [33] and can therefore not consume significant energy after
crack initiation. It is therefore assumed that the interaction of the crack

with the fibre gives the main contribution to the energy consumption
reflected in the load displacement curves. The following effects might
occur: the debonding and frictional sliding of the fibre-matrix interface
as well as the elastic and plastic deformation of the fibre. The interface
effects occurred immediately after crack initiation and their overall
contribution is therefore expected to be low. The elastic loading of the
fibre is reflected by the linear regions in the load displacement curves
after matrix cracking which are very small compared the whole curve.
Therefore, the plastic deformation energy Wf, pl was estimated by in-
tegrating the force-displacement curve after matrix fracture. The spe-
cific plastic deformation energy w*f,pl per unit area is calculated by
considering the actual dimension of the fibre: =w W r π* /f,pl f,pl f

2 . In
Table 2 the corresponding values are given for the different samples. It
can be seen from those values that there is no significant difference
between the two interface types. Obviously it has to be taken into ac-
count that due to the large crack opening significant bending occurs
which possibly influences the deformation behaviour.

Another way of calculating the plastic deformation energy was
proposed by Ashby et al. [41] and used before for Wf/W in tension tests
[27]. Assuming a yield strength =σ 2000 MPae [7] the so called
toughening parameters for the samples tested here are calculated and
given in Table 2. In Fig. 9 they are shown in comparison to the tension
test result by Riesch et al. and Ashby’s tests results. The tension test
result was recalculated with the higher yield strength value used here.
Similar to results for the tension test the gradient of normalised energy
over normalised displacement appears to be smaller than for Ashby’s
results but still within the same range. This shows that indeed the
plastic deformation of the fibre plays the dominant role. Furthermore,
these results support the theory of Riesch et al. that for W wire the
relation between the normalised energy and the normalised crack

Table 2
Overview on energy dissipation mechanisms.

Treatment Interface Wf, pl w *f,pl κw Wf, br w *f,br Wf, po w *f,po

[mJ] [ −mJ mm 2] [-] [mJ] [ −mJ mm 2] [mJ] [ −mJ mm 2]

1 as-prod. Er2O3 5.8 3.3× 102 2.2 n .a. n .a.

No pull-out in ductile case
2 as-prod. Er2O3 3.9 2.2× 102 1.5 n .a. n .a.
3 as-prod. Er2O3 n .a. n .a. n .a. n .a. n .a.
4 as-prod. WOx 4.1 2.7× 102 1.8 n .a. n .a.

5 embrittled Er2O3

No plastic deformation in embrittled case

0.08 ± 2 4.4 ± 9 n .a. n .a.
6 embrittled Er2O3 n .a. n .a. 0.17 9.6
7 embrittled Er2O3 0.035 2 n .a. n .a.
8 embrittled WOx n .a. n .a. n .a. n .a.

n.a. not applicable.

Fig. 9. Normalised energy over normalised crack opening for the as-fabricated samples in a diagram given by Ashby et al. [41] with the tension test result of Wf/W
Riesch et al. [27].
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opening follows a smaller gradient due to the lower possible strain
hardening effect. Although the relations are derived for tension tests it
is quite significant that they seem to be applicable for the here pre-
sented bending tests. The sample seems to somehow self align in a way
that in the centre probably mainly tension load occurs (see Fig. 4(a)).
This theory is backed by the fact that the here measured deformation
energy is very similar to the one determined in the tension tests.

In the embrittled state the fibre fractured brittle in a mixture of
grain boundary failure and cleavage. The fracture surfaces look very
similar to results obtained in single fibre tests exposed to a heat treat-
ment of 1900 K. As reported there the reason for this behaviour is most
certainly the loss of the elongated fine grain structure. The interaction
of the brittle fibre with the crack depends on the interface type. If the
interface stays intact the embrittled samples also show crack bridging.
This is the case for the samples with an Er2O3 interface. By combining
the tomographic observations and the force-displacement measure-
ments this bridging is clearly shown. With ongoing displacement/
bending the fibre is strained until fracture. Due to a lower strength and
a lack of ductility fracture strain is low which leads to a small crack
opening.

A direct way to determine energy consumption is, as in the ductile
case, to integrate the force displacement curve. As discussed in the
ductile case the contribution of the matrix is considered to be low as
well as the effect of frictional sliding and bending due to the very small
crack opening. Neglecting the contribution by debonding the de-
termined energy gives an estimation about the bridging energy. As in
this case the fibre is brittle only elastic loading contributes. The cal-
culation was possible for two samples resulting in a bridging energy of

= × − −w* 2 10 J mmf,br
3 2 and ± × − −4.4 0.9 10 J mm3 2, respectively. The

result of the second sample was based only on the load measurement
right after matrix fracture and the recorded overall displacement until
fibre fracture due to problems in the data acquisition system. This leads
to a large error and the value is therefore not used for the further cal-
culations.

The very small extend of crack opening makes it very hard to be
measured directly in the tomograms but nevertheless for some samples
the crack was clearly visible. Assuming a crack opening

= ±u 2.0 0.6rec µm (corresponding to 1–2 pixels) the stress state during
bridging is further investigated. With a zero fibre load at crack initia-
tion and σf, fr at maximum crack opening urec as well as a linear elastic
behaviour following relation is valid:

=w u σ* 1
2

·f,br rec f,rec

and thus

= = −
+σ

w
u

MPa
2 *

2000f,rec
f,br

rec
460
860

(7)

The large uncertainty is a result of the above mentioned uncertainty in
the crack opening measurement. However the determined strength of
the fibre seems very high compared to measured values in tension tests
on single fibres of 900 ± 30MPa [7]. These values are for free fibres
without any constraint. A reason for the difference is probably the very
short loading length in the constraint case. In brittle material fracture is
promoted by defects. The smaller the volume, the smaller the prob-
ability of failure at a certain load. Such size effects are well known [53]
and have been reported for fibres [54]. This high strength explains why
the load needed for fibre straining is comparable to the as-fabricated
case (see Table 1). It has to be mentioned that as the contrast between
the matrix and the crack (in this case W and air) is huge the actual crack
opening might be even smaller than the size of the corresponding
pixels. A smaller crack opening would lead to a more comparable fibre
strength as presented in [7] but would not explain the similarity in the
load values.

The determined strength allows to calculate the fracture strain of
the fibre ϵf, fr (linear elastic behaviour) and thus the corresponding

debonding length udb:

= = ±u u μ/ϵ 400 120 mdb max f,fr (8)

This debonding length seems quite high. As this case is based, similar to
Eq. (3) of Becher, on force equilibrium a frictional component might be
active lowering the actual debonding length.

Assuming a frictional component according to Becher’s considera-
tions (see Eq. (4)) The frictional shear stress required for this case is:

= = −
+τ r

E w
σ MPa

3 *
( ) 250i

f

w f,br
f,rec

3
140
480

(9)

with
rf 75 µm : fibre radius
Ew 400GPa : Young’s Modulus tungsten

The cubic dependence of this equation on the fibre stress together
with the large uncertainty of this value (compare Eq. (7)) leads to a
large uncertainty in the determined shear stress. The determined shear
stress is significantly higher than the values determined by Du [22] in
push-out tests for a similar interface of 64MPa. However frictional
shear strengths up to 170MPa have been observed for thinner Er2O3

interfaces (0.6 µm) in these investigations. Using the calculated value
the debonding length is calculated to be −

+ μm300 150
210 which seems to be in

the right range.
In summary the relations given by Becher seem to show the right

trend but do not fully represent the real situation. Further investigations
are needed to determine the actual situation of debonding and stress
state as well as to adopt the analytical description accordingly. Very
helpful would be a more precise determination of the crack opening and
a measurement of the strength of brittle and constraint fibres.

After the heat treatment the fibre fractures in a brittle manner. In a
brittle fracture the crack position is determined by local weakness or
random flaws. Therefore, the crack position in fibre and matrix are not
necessarily in the same plane. In that case frictional pull-out can con-
tribute to the toughening. This was directly observed in the tomo-
graphic pictures of one test. The observed pull-out length was

=h 75max µm. For being pulled out the fibre needs to be debonded first.
Pull-out length might be smaller than debonding length as the matrix
fracture plane might cut the fibre within the debonded region and not
necessarily at its very end. This could explain why the obtained value is
much smaller than the values obtained for the debonding during elastic
bridging. Another reason could be a lower fracture strength of the fibre
leading to a lower debonding length (see Eq. (8)) and thus a lower
possible pull-out length. Such a strength variation is realistic as em-
brittled tungsten wire shows a large scatter in strength [7].

Using the shear lag model the contribution of this effect to the
toughening can be calculated:

= =W w r π τ h r π* · ·2 ·f,po f,po f
2

f max
2

f (10)

with
w *f,po : specific energy consumption by fibre pull-out [ −J m 2]
rm : fibre radius [m]
τf : frictional shear strength [MPa]
hmax : pull-out length [m]

An estimation can be done by using a frictional shear strength
= −τ 64 N mmi

2 determined experimentally in investigations by Du [22]
leading to = × −w* 1 10 mJ mmf,po,64

1 2. This pull-out contribution to the
toughening is significantly lower than the contribution by the ductile
deformation w*f,pl. However, the energy consumed by pull-out scales
quadratically with the pull-out length. For example a pull-out length in
the range of the determined debonding for the elastic bridging of
300–400 µm would lead to a consumption of energy Wf,po in the order
of 0.9–1.5 mJ (calculated with = −τ 64 N mmi

2) which is only a factor
3–5 smaller than the contribution by plastic deformation Wf,pl.

The WOx interface does not stay intact during the heat treatment
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and grain growth across the fibre-matrix-interface is observed. Thus no
debonding is possible and the crack propagates through the fibre in-
stantaneously when the matrix cracks. The crack path is similar in fibre
and matrix and no debonding is detected. Therefore, no elastic or pull-
out bridging is observed. No indication of any influence on the fracture
toughness was observed. In summary although only one sample was
tested the variety of observation techniques (mechanical behaviour,
tomographic observation, and fracture surface observation) gives clear
evidence that if there is no distinct interface between fibre and matrix
extrinsic toughening is not working in embrittled Wf/W.

These findings for the single fibre composites can be used to esti-
mate the influence of the extrinsic toughening mechanisms on bulk Wf/
W composite material. Assuming a fibre volume fraction of 30% and a
full contribution of each fibre, the contribution of respective me-
chanism can be estimated using Eqs. (2)–(5) (assuming plane strain
conditions):

• =GΔ 81 mJ mm ,f,pl
2 =KΔ 189 MPa mf,pl

0.5

• =GΔ 0.96 mJ mm ,f,br
2 =KΔ 21 MPa mf,br

0.5

• =GΔ 2.9 mJ mm ,f,po
2 =KΔ 36 MPa mf,po

0.5

The results clearly show the intense toughening effect by ductile
deformation which has been also found in tension tests [27]. The effect
of pull-out is significantly lower but compared to extrinsic toughening
effects in ceramics (see Table 3) still high. There is a significant con-
tribution by elastic bridging which will be active both in the as-fabri-
cated and embrittled case. However, it is more effective in the later one
due to the overall lower toughness level. Comparing the toughening
induced by ductile deformation or by elastic bridging it is interesting to
note that the difference does not necessarily come from the lower
fracture strength but from the lower fracture strain. Regarding pull-out
the debonding length and the frictional shear strength determine the
toughening. This estimation is, of course, a simplified first approx-
imation of the toughening contribution in bulk Wf/W, which is likely to
be different in reality. The estimation assumes a full contribution of the
above-described mechanism for each fibre. For ductile deformation this
is only the case if each fibre extends by 90 µm (which is normally not
the case in a real structure). In the embrittled case it is not likely that
each fibre contributes in the same way as fracture follows a statistically
distribution regarding strength and location. Also multiple cracking as
observed in [55] might occur and change the situation. This was dis-
cussed in detail elsewhere [27].

6. Conclusion and outlook

The contribution of different mechanisms to the toughness of

tungsten fibre-reinforced tungsten composites has been investigated by
means of in-situ mechanical tests monitored by synchrotron X-ray to-
mography. Bending tests on single fibre composite systems allowed a
quantitative estimation and the comparison to analytical models.
Mechanical testing in combination with synchrotron tomography al-
lowed to draw conclusions for which future experiments can give ad-
ditional confirmation.

The main conclusion is that mechanisms with a significant con-
tribution to the toughness are active in both as-fabricated and em-
brittled state of Wf/W. Also in the embrittled case there is a significant
contribution of elastic bridging and pull-out to the toughness.
Especially the first one could only have been revealed by the in-situ
tomographic observation as elastic bridging is only active for a short
time during the cracking process. In addition, the role of the fibre/
matrix interface was investigated by testing samples with a weak in-
terface and a stable interface, respectively. In the as-fabricated case the
interface type does not play a significant role. In the embrittled case
extrinsic mechanisms of toughening are only active if the interface stays
intact. The results give hope that Wf/W can retain toughness even when
expiring operational embrittlement of its components and can therefore
contribute to solve this major problem for the use of tungsten in a fu-
sion reactor.

The investigations showed that the real stress state and the real
debonding situation are essential for analyzing the activation of the
mechanisms and for an estimation of their actual contribution.
Longitudinal sections combined with SEM observation are planned
analyze the debonding with higher resolution and allow a comparison
to the tomography results. Further Mechanical tests in combination
with high energy synchrotron tomography and diffraction are planned
to investigate the stress-state in detail. In addition tests on multi-fibre
samples should allow to understand the correlation of single fibre ef-
fects and the overall toughness of bulk Wf/W material.

Acknowledgments

At first we want to thank the European Sychrotron Radiation
Facility for granting beamtime and the beamline staff of ID15 for their
assistance in performing the experiments. We also thank P. Hahn, S.
Kimmig and M. Köppen who contributed by their experimental assis-
tance during the synchrotron experiments significantly to the success of
this investigation. We thank J. Du and G. Matern for the thorough
preparation of metallographical sections. We acknowledge support by
Osram GmbH, Schwabmünchen, Germany for providing the tungsten
wire and Archer Technicoat Ltd, High Wycombe, UK for the CVD pro-
duction. For their assistance in applying and setting up a tomography
experimental campaign we want to thank the Riso National Lab and
representative S.F. Nielsen and H.F. Poulsen. This work was supported
by EURATOM and was partly carried out within the Seventh
Framework Program (Grant Agreement 224752). The views and opi-
nions expressed herein do not necessarily reflect those of the European
Commission.

Appendix A. Contribution by elastic bridging considering a frictional component

Eq. (4) is based on the description given by Becher [40] however we use a factor of 3 compared to his work (see his Eq. (10b)). In the following
we describe the reason for this difference. In his approach, he describes the stress along one fibre σf(y) using the shear lag theory:

= −

= =

σ y rπ u y τ
r π

σ y u τ
r

( ) 2 ( )· 1

( 0) 2

f db
f
2

f,max
db

(A.1)

Table 3
Extrinsic toughening in ceramics after [18].

Mechanism Highest toughness in [MPam0.5]

Transformation ∼ 20
Microcracking ∼ 10
Metal dispersion ∼ 25
Whiskers/platelets ∼ 15
Fibres ≤ 30
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Where y is the distance from the crack surface along the fibre. What leads to:

=u
σ r

τ2db
f,max

(A.2)

He uses following relation for the fibre strain:

= =
u

u
σ
E

ϵf
db

f

(A.3)

to determine the crack opening u as follows:

=u σ
E

u·f
db (A.4)

Using this and Eq. (A.2) leads to following relation:

= =u
u τ
Er

r σ
Eτ

2 ( )
2

db
2

f
2

(A.5)

In contrast to the derivation in [40], there is a factor of 2 difference which leads following his evaluation to the mentioned difference in Eq. (4).

Appendix B. Upright 4-point bending test: geometrical relations

Using the geometrical relations of the setup given in Fig. 2 the tension force and displacement can be transferred to the corresponding bending
and deflection values. The bending moment Mb is calculated as

=

=

M F X

M F x

·

2
·

b z

b
b

and with that

=F X
x

F2
b z (B.1)

with

The length of the lever arm 1 is determined by the thickness of the sample and is therefore determined for each sample seperately before the test
( =X 9.75 mm in a rectangular configuration for a sample diameter of 1.5 mm). The length of the lever arm 2 is =x 3 mm.

By using the moment of inertia for a cylinder of =I πr( )/4y
4 the stress σn at the notch can be calculated as follows (the contribution of the notch

on the moment of inertia is neglected):

=
−σ F X r a

πr
8 ·( )

n
z

4 (B.2)

with

The deflection of the specimen at the inner load transmission points δ* and at the notch δ is calculated with the following consideration:

= =
X

α δ
x

sin *
zΔ

2

and thus

=

=
+

δ zx
X

δ z l x
X

* Δ
2
Δ ( 2 )

4 (B.3)

with

Fz : tensile force [N]
Fb : bending force [N]
X : length lever arm 1 [m]
x : length lever arm 2 [m]

a : notch length [m]
r : radius at notch [m]

δ* : deflection at inner load transmission point [m]
δ : deflection at notch [m]

zΔ : vertical displacement [m]
l : distance between inner pins [m]
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