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Tungsten-based materials are considered as armor of plasma-facing components for future fusion reactors. To
mitigate the brittleness of tungsten, tungsten fiber-reinforced tungsten composites (Wg/W) have been developed.
Two types of Wg/W composites, with either continuous, aligned, potassium-doped tungsten wires in a dense
tungsten matrix or randomly oriented, short fibers in a porous tungsten matrix are investigated. Both were
fabricated using a powder metallurgical route facilitating field assisted sintering technology (FAST). Specimens
are annealed at 1450 °C for different amounts of time up to two weeks to assess the thermal stability of the
composites. Scanning electron microscopy and electron backscatter diffraction reveal major changes in the
microstructure. After 4 hours of annealing initiation of recrystallization in the fibers concurrent to grain growth
in the matrix is observed in both composites. Recrystallization commences at the outskirts of the fibers causing
formation of a rim of small, recrystallized grains. Longer annealing increases the rim of recrystallized grains
inwards into the fiber. After 3 days of annealing, all fibers are completely recrystallized, and the matrix is
coarsened significantly by grain growth. While the short fibers can still be identified in the porous matrix after
one week of annealing, matrix and continuous fibers cannot be distinguished any longer in the dense matrix.
Short fibers with large, recrystallized grains can still be recognized after 2 weeks of annealing, while the porous

matrix disintegrates by particle coarsening.

1. Introduction

Tungsten (W) and tungsten-based materials are the remaining
candidate materials for the armor of plasma-facing components for
future fusion reactors as ITER [1] or DEMO [2]. The armor materials to
be used for plasma-facing components encounter different challenges
from the high heat loads (stationary and transient) and particle fluxes
causing degradation of mechanical properties and embrittlement by
microstructural changes, hydrogen absorption or erosion.

Outstanding properties, including the highest melting point, high
thermal conductivity, low propensity to recrystallization and strength at
elevated temperatures, qualify tungsten as base material for components
facing the burning plasma. Additionally, tungsten’s resilience against
erosion, good creep strength, low tritium retention, and relatively
benign behavior under neutron irradiation further enhance its suit-
ability, especially for the armor of plasma-facing components like the
first wall and the divertor of fusion reactors [3,4]. The brittleness of
tungsten reinstated under heat loads and neutron irradiation [5,6],
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however, remains a critical challenge for operation under high heat
fluxes. Thermally activated restoration processes occur in the armor of
plasma-facing components at their operation temperatures of 800 °C
and above, for instance, in conventionally manufactured rolled tungsten
plates [7,8]. The microstructural changes induced by recrystallization
and grain growth embrittle tungsten-based components and enable
crack initiation and rapid crack propagation during thermal cycling [9].

To overcome this drawback and to improve the damage resilience of
tungsten, tungsten fiber-reinforced tungsten (W¢/W) composites con-
sisting of drawn, potassium-doped tungsten wires as fibers (W) in a
brittle tungsten matrix (W) are developed. W¢/W composites exhibit
pseudo-ductile behavior at room temperature due to extrinsic tough-
ening mechanisms during deformation and crack propagation. Plastic
deformation of the fibers, fiber pullout, and interfacial debonding
dissipate energy; additionally, crack deflections are caused by the fibers
[10-12]. Drawn potassium-doped wires are used as fibers in fabricating
of W¢/W composites due to their beneficial properties as high tensile
strength and ductility at room temperature [13-15]. The improved
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damage resilience of Wy/W does not only rely on the ductility of the
fibers but also on the interaction between fibers and matrix, for which
weak bonding between both is crucial.

W¢/W composites can be manufactured by two different routes either
by chemical vapor deposition (CVD) or by powder metallurgy (PM).
CVD has been efficiently used for producing W¢/W composites with
continuous fibers for many years [10,16], but despite the high repro-
ducibility of the method, the production process is quite complex, time
consuming and costly in terms of resources. Compared with CVD, the
powder metallurgical production route has several benefits, such as
existing experience with upscaling and bulk production, a higher pro-
duction rate and the possibility of using tungsten alloys as matrix ma-
terial [17-19]. However, it is crucial to consider that high temperatures
during powder sintering can initiate restoration processes in the drawn
wires. Originally, they were expected to have sufficient stability at high
temperatures [15], but this was concluded from annealing for short
times only [20] and their behavior during long-term annealing has not
been investigated yet. Additionally, the wires may deform plastically, if
the pressure during sintering is not applied hydrostatically. Hence,
microstructural changes might be induced at high temperatures,
lowering the ductility of the fibers. To mitigate the impact of tempera-
ture during sintering, field-assisted sintering technology (FAST) with
only short sintering durations can be used [12,17].

Earlier studies of the thermal stability of a model composite pro-
duced by CVD and containing a single fiber [21-23] have shown that
substantial restoration processes occur at high temperatures of 1400 °C
and 1450 °C: recrystallization in the fiber and abnormal grain growth in
the matrix, and subsequently, intergrowth between fiber and matrix.
These restoration processes affect the mechanical properties signifi-
cantly as shown for a multi-fiber composite [24]. Meanwhile, Wy/W
composites fabricated via powder metallurgy have not yet been quali-
fied as plasma-facing materials in terms of thermal stability.

In the present work, the thermal stability of powder metallurgically
produced W¢/W composites is investigated considering their potential
use as armor of plasma-facing components; two rather different types of
composites are studied, containing either continuous, aligned tungsten
fibers in a dense tungsten matrix or short, randomly ordered tungsten
fibers in a porous tungsten matrix, respectively. To assess their thermal
stability, high temperature annealing at 1450 °C for different durations
up to two weeks is conducted. Such a temperature of 1450 °C exceeds
the quasi-stationary operational temperature anticipated for the plasma-
facing armor of a divertor in a fusion reactor and is expected to occur
only intermittently. The high temperature is chosen here to accelerate
the microstructural evolution and the associated restoration processes,
enabling their observation over shorter, still rather long annealing
times. The restoration processes and microstructural evolution in the
fibers and matrix of the two different composites are characterized using
scanning electron microscopy (SEM) and electron backscatter diffrac-
tion (EBSD).

2. Material and methods
2.1. Material

Two types of Wg/W composites, with either continuous, aligned
tungsten fibers in a dense matrix (composite CD) or randomly oriented,
short fibers in a porous matrix (composite SP) are fabricated by field
assisted sintering technology (FAST), cf. Table 1. Pure tungsten powders
with 5 pm average particle size and tungsten wires with diameter of 150
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pm produced by OSRAM GmbH, were used as raw materials. The
tungsten wires doped with 75 ppm potassium had elongated grains from
wire drawing.

For manufacturing of composite CD, with aligned fibers in a dense
matrix, fiber weaves are produced from tungsten wires with a distance of
about 0.2 mm between parallel warp fibers and comparably large dis-
tances between the weft fibers. An yttria layer about 3 um thick is
deposited on the weaves by magnetron sputtering as interlayer sepa-
rating fibers and matrix. Due to geometrical shadowing, this process has
to be performed separately for each side of the weave. Tungsten weaves
and tungsten powder were alternately put layer-by-layer into a graphite
mold where all weaves are aligned with the warp fibers along the same
direction. The layered arrangement is consolidated via FAST with a
heating rate of 50 K min" and a holding time of 5 min at 1800 °C under a
pressure of 50 MPa, for manufacturing details see [18].

For manufacturing of composite SP with short fibers in a porous
matrix, pure tungsten powder and short tungsten fibers with 2.4 mm
length were used. Tungsten fibers and powder are mixed by manual
shaking in a vessel with a mass fraction of fibers of about 40 %. The
mixture is evenly distributed into a graphite mold and consolidated by
FAST with a heating rate of 100 K min"! and a holding time of 4 min at
1400 °C under 60 MPa, for manufacturing details see [19].

As result, coin-shaped samples (with diameter of 40 mm and a height
of about 5 mm) are produced. Subsequently, bars with a size of about 27
x 4 x 3 mm? are cut from the coin-shaped specimens (cf. Fig. 1). Before
assessing the thermal stability of the composites, three-point bending
tests were performed to investigate their fracture behavior with bending
to failure for composite CD and only slight bending for composite SP
[18,19].

2.2. Experimental procedure

The obtained bars of composites CD and SP are cut along their
longest extension into smaller pieces about 4 x 3 x 0.5 mm? with plane-
parallel surfaces using an Accutom-50 from Struers. The specimens are
encapsulated in a quartz glass ampule to prevent oxidation during
annealing, with each ampule containing one specimen of each type. The
ampules are evacuated, flushed with argon, and evacuated again before
sealing. Annealing at 1450 °C is carried out in a tube furnace Naber-
Therm RHTH 50-150/18. The furnace is pre-heated before the ampules
are placed inside. After annealing for the desired time up to 2 weeks, the
ampules with the specimens inside are removed from the furnace and
opened after air-cooling to room temperature. Different specimens are
used for each annealing time.

For microstructural characterization, one of the surfaces of each
specimen (corresponding to cross sections of the original bars) is ground
with SiC paper up to 4000 grit size, polished with a 3 pm and 1 pm
diamond suspension and electropolished for approximately 5 s to 7 s in
an aqueous solution containing 3 wt.% NaOH at room temperature.
Electropolishing is performed with a voltage of 12 V and a current of 1.5
A. Cross-sectional views of the fiber composites CD and SP in their as-
received state are shown in Fig. 2. Fiber and matrix can be clearly
distinguished for both. The parallel alignment of the fibers in composite
CD and the porous matrix of composite SR are also revealed. Orientation
data are collected on the prepared surface using a Zeiss Sigma SEM
equipped with a Cnano EBSD detector from Oxford instruments with an
accelerating voltage of 20 kV. Acquisition is performed on square grids
with different step sizes (1 pm or 0.5 ym) depending on the size of the
area to be analyzed and the purpose of the acquisition. The data are

Table 1

Overview of the two types of W¢/W composites investigated.
Composite designation Fibers Arrangement Matrix Condition Relative density
CD Continuous Aligned Dense Deformed to failure 91 % [18]
Sp Short random Porous Slightly deformed 77 % [19]
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Fig. 1. Powder metallurgically fabricated multi-fiber tungsten fiber-reinforced tungsten composites in their as-received state (on millimeter paper): (a) composite CD
with continuous, aligned tungsten fibers in a dense matrix, (b) composite SP with randomly oriented, short fibers in a porous matrix. (c) Sketch of the geometry with

sizes in mm.

Fig. 2. Multi-fiber tungsten fiber-reinforced tungsten composites fabricated by powder metallurgy. Macroscopic overview of as-received states: (a) composite CD
with continuous, aligned tungsten fibers in a dense matrix, (b) composite SP with randomly oriented, short fibers in a porous matrix. Secondary electron images

obtained by SEM on cross sections.

analyzed using the Matlab plugin toolbox MTEX Version 5.11.2 [25]. All
orientation maps are presented and analyzed without applying any
filtering or removing non-indexed points. High angle boundaries (HABs)
with disorientation angles above 15° are indicated in black, low angle
boundaries (LABs) with disorientation angles above 2° but not
exceeding 15° in white. Grains are identified as contiguous regions
separated from others by HABs. For each grain the equivalent circular

diameter is determined. Their area-weighted average value is deter-
mined excluding grains consisting of less than four pixels; the reported
standard deviation of their distributions characterizes the width of the
distribution not the accuracy of the average.
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Fig. 3. Multi-fiber tungsten fiber-reinforced tungsten composites fabricated by powder metallurgy. Secondary electron images on cross sections obtained by SEM on
the as-received composites with different magnification: (a,b,c) composite CD with interlayer of Y>03 and (d,e,f) composite SP without any interlayer. While (a,b,d,e)
give an overview of the microstructure, focus is on the interface between fiber and matrix in (c,f).
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3. Results and discussion
3.1. As-received state

The microstructure of multi-fiber composites CD and SP in their as-
received condition is presented in Fig. 3, where secondary electron
images (from SEM) of cross sections of the composite CD with an yttria
interlayer (Fig. 3a, b) and composite SP without any interlayer (Fig. 3d,
e) are shown. In both cases, the drawn tungsten fibers and the tungsten
matrix can be clearly distinguished from each other. Individual tungsten
grains in the dense and the porous matrix are readily observed (Fig. 3a,
b), while in the fibers, grains cannot be resolved individually in sec-
ondary electron images even with higher magnification (as shown in
Fig. 3c, f). During wire drawing, the grains in the wire become elongated
along the drawing direction with only a small cross section perpendic-
ular to it [13].

For the composite CD, 15 fiber weaves were arranged layer-by-layer
alternatingly with tungsten powder resulting in an average spacing be-
tween two weaves of 0.25 mm. Since weaves and powder were assem-
bled manually in the mold [17], orientation and spacing of the fiber
weaves are not perfectly uniform, as can be seen from Fig. 2a and Fig. 3a.
All fibers in the as-received condition of composite CD show an elliptical
shape in the cross section with same alignment and same aspect ratio of
1.6 throughout the entire cross section. Their cross-sectional area of
about 17700 pm? still corresponds to that of the initial wires with
diameter of 150 um (with their major axis now larger and their minor
axis smaller than 150 pym). As all fibers are aligned with the normal
direction of the cross section and viewed edge-on, their observed ellip-
ticity cannot be a projection effect (as confirmed by the maintained
cross-sectional area) but must have been caused by plastic deformation
during manufacturing or the subsequent bending test. As the latter in-
troduces different strains throughout the cross section of the specimen,
the main reason for the uniform elliptical shape is seen in the
manufacturing process, most likely a non-hydrostatic pressure being
applied during FAST - causing the same equivalent strain of 0.27 for all
fibers, as determined from the aspect ratio of 1.6 assuming deformation
under plane strain conditions.

In Fig. 3b, the yttria layer between fibers and matrix is clearly seen
(appearing bright), but also some detachment from the fiber in the lower
left where the interlayer is located between powder particles, i.e. the
detachment must have happened before sintering, e.g. during mixing.
Fig. 3c even shows a gap between interlayer and fiber as well as a jagged
appearance of the yttria interlayer on the matrix side caused by matrix
particles penetrating the interlayer during sintering [26]. The micro-
structure of the matrix is rather homogeneous: different regions of the
bulk matrix show the same grain structure with equiaxed grains and only
minor porosity. Statistical analysis of the grain size based on orientation
maps obtained by EBSD from the cross section of composite CD reveals
that the area-weighted average grain size of the matrix is 7.0 & 3.2 pm
with a rather large spread in the distribution.

An overview of the microstructure of composite SP with short fibers
(of mass fraction 40 %) in a porous matrix is shown in Fig. 3d and Fig. 3e.
The interface between fiber and matrix is highlighted in the enlarged
Fig. 3f. Obviously, the porosity of the composite SP is significantly higher
than that of composite CD (as intended) due to a lower sintering tem-
perature of 1400 °C compared to 1800 °C for composite CD. It is observed
from Fig. 3f that only a loose bonding between fiber and matrix is
established. The different elliptical shapes of the fibers in the as-received
state of composite SP in Fig. 2b and Fig. 3d are of pure geometrical origin;
individual fibers are cut under random inclination angles in the cross
section. The fibers show quite different cross-sectional areas, but the
minor axis of the ellipses is always 150 um indicating that no plastic
deformation of the fibers has occurred (a potential non-hydrostatic load
is mitigated by the porous matrix). The fiber with the most elongated
shape on the right-hand side of Fig. 3d, for instance, is inclined by 72°
towards the normal direction of the cross section. Analysis of the grain
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size in the cross section of composite SP by EBSD reveals that average
grain size in the porous matrix is 3.9 + 1.9 pm.

A more detailed assessment of the microstructure of the fibers
enclosed in the matrix is provided by orientation mapping using EBSD.
Fig. 4 shows orientation maps of a cross section of an original potassium-
doped wire used as initial fiber, and the composites CD and SP where
mainly a single fiber is present with parts of the dense or porous matrix
in its vicinity.

The orientation map (Fig. 4a) of the cross section of a drawn wire as
used for fabrication shows a microstructure with very small grains
within the wire, as expected after wire drawing and previously observed
[16,22,27]. A qualitative analysis of the grain size revealed an average
grain size of 1.0 + 0.6 pm without variation throughout the wire cross
section. The green color observed in the wire indicates a strong, pref-
erential alignment of crystallographic (110) directions with the wire
axis, confirming the formation of a (110) fiber texture typical for wire
drawing of body centered cubic metals [28,29]. However, during the
drawing process, plastic deformation as well as the stress state are het-
erogeneous throughout the entire cross section of the wire. Shear
stresses from the contact with the drawing dies cause variations in
microstructural features and in texture close to the wire surface, in
particular. The texture is sharpest in the center but more disperse to-
wards the rim of the wire (cf [29]). The orientation map in Fig. 4a indeed
reveals (by the green color) alignment of crystallographic (110) di-
rections with the cross section normal. A strong (110) fiber texture is
present in the core of the wire, while grains with deviating colors
(mainly red and yellow alongside green) are observed at the wire pe-
riphery revealing different crystallographic directions (from (100) to
(110)) along the wire axis.

Fig. 4b and Fig. 4c present orientation maps of the cross sections of
single fibers (and their vicinity) in composite CD and SP, respectively. In
both cases, different grains can be clearly distinguished in the matrix by
their different color revealing different crystallographic directions along
the normal to the cross section. This direction corresponds in both cases
to the wire axis as care was taken to find a wire without inclination
towards the surface normal in composite SP. This is evident from its
circular shape in Fig. 4c and the 110 pole figure provided in Fig. 4d
showing a strong 110 pole along the surface normal. From the orienta-
tion map of composite CD in Fig. 4b, the yttria interlayer between fiber
and matrix can be identified by a ring of non-indexed points (in white).
Meanwhile, plenty non-indexed points on the map for composite SP
occur because of substantial porosity.

Some microstructural modifications are observed in the
fibers compared to the drawn wire as increased average grain sizes of
2.4 £+ 1.1 pm for composite CD and 1.8 + 0.7 um for composite SP. This
indicates that the fibers have already undergone some restauration
during FAST, yet the specific nature of the restauration process
(extended recovery or recrystallization) is out of scope of the current
investigation. For both composites, the strong (110) fiber texture in the
core of the wire is preserved, as well as the deviations of crystallographic
alignment in the fiber periphery.

3.2. Annealed condition

The microstructural stability of Wg/W composites during annealing
at 1450 °C is systematically investigated using orientation maps based
on EBSD acquisitions. The analysis focuses on changes in grain size, as
well as the texture evolution in the tungsten fibers. Distinct differences
between short-term (up to 24 hours) and long-term (up to 2 weeks)
annealing treatments occurred such that the observations are discussed
subsequently in the following two sections.

3.2.1. Microstructural changes during short-term annealing at 1450 °C
Orientation maps obtained for fibers and their neighborhood on

cross sections of composite CD (with yttria interlayer) and composite SP

(without any interlayer) after annealing at 1450 °C for 4 h, 8 h and 24 h
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Fig. 4. Orientation maps obtained by EBSD on cross sections in the as-received state of (a) a potassium-doped tungsten wire, (b) a fiber in the dense matrix of
composite CD and (c) a fiber in the porous matrix of composite SP. The maps are taken with the same magnification (300x) and step size 0.5 um. The colors reflect the
crystallographic directions along the direction normal to the cross section corresponding to the unit triangle shown in (d). This direction corresponds in all three cases
to the wire axis. This is proven for the wire in composite SP by the 110 pole figure in (d) showing a strong 110 pole along the normal.

are collected in Fig. 5. The maps are shown with same magnification (as
e.g. seen by the scale bars of equal length of 100 ym) to facilitate direct
comparison of the microstructure of fibers and matrices between the as-
received state and after annealing at 1450 °C for different durations.
The microstructures of both composites after short-term annealing at
1450 °C differ significantly from those in the as-received state, indi-
cating ongoing restoration. For both composites, the fibers remain easily
identifiable after annealing for up to 24 h. In case of composite CD with
an yttria interlayer, the fibers are surrounded by a ring of non-indexed
points appearing in white, indicating the presence of the interlayer
and possibly opening gaps as well (Fig. 5a—c). In composite SP without
interlayer between fiber and matrix (Fig. 5d-f), fibers can clearly be
distinguished from the porous matrix by their different microstructures.
The microstructure of the fibers evolves significantly, while the matrix
remains porous with small, randomly oriented grains, its microstructure

1450 °C
S0

Composite CD

Composite SP

8hatl

becomes harder and harder to resolve.

After 4 h of annealing of composite CD (Fig. 5a), recrystallization has
clearly commenced close to the edge of the fiber and progresses inward.
At the periphery of the fiber, the deformation structure is replaced by
relatively large, equiaxed grains (15.5 + 7.5 pym), forming a recrystal-
lized rim. The recrystallized grains forming this rim display new ori-
entations not belonging to the (110) fiber texture, which is dominantly
present in the as-received state. In the core of the fiber, a central region
still exists where the grains retain alignment of one of their (110) di-
rections with the cross section normal. The grains in the fiber core
appear of similar size (2.5 + 1.4 um) than those in the center of the fiber
in the as-received state of composite CD (2.4 + 1.1 pm). Grains in the
surrounding dense matrix are larger than in the as-received state, indi-
cating that grain growth occurred in the vicinity of the fiber already
after 4 h of annealing at 1450 °C. The average grain size increased from

450 °C

Fig. 5. Multi-fiber tungsten fiber-reinforced tungsten composites fabricated by powder metallurgy. Orientation maps of fibers and their vicinity obtained by EBSD
with a step size of 1 pm on cross sections of composite CD with yttria interlayer (top row, a-c) and composite SP without interlayer (bottom row, d-f), after short-term
annealing at 1450 °C for different durations: (a, d) 4 h, (b, €) 8 h, and (c,f) 24 h. The colors reflect the crystallographic directions along the direction normal to the

cross section, as indicated by the unit triangle shown in Figure 4d.
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7.0 &+ 3.2 um in the as-received state to 12.8 + 5.3 um during the first 4 h
of annealing.

After 8 h of annealing at 1450°C, further growth of the recrystallized
grains proceeds from the periphery inward into the fibers of composite
CD. Grains with increased sizes of 23 + 10 pm have developed in the
matrix region, far exceeding those observed in the as-received state.

The microstructure evolution in the fibers of composite SP is quite
similar to the one observed in composite CD, as shown in the orientation
maps in Fig. 5d and Fig. 5e for 4 h and 8 h at 1450 °C, respectively.
Recrystallization initiates close to the periphery of the fibers and pro-
gresses inward, accompanied by a gradual replacement of the defor-
mation structure in the fiber cores with increasing annealing time. In
contrast, the surrounding porous matrix exhibits only limited
coarsening.

The microstructure of both composites changed substantially
after 24 h of annealing at 1450°C as seen from Fig. 5c and Fig. 5f. The
deformation structure within the fibers is no longer discernible. In
composite CD, large, slightly elongated grains (with average size of
35 + 11 um) have replaced the original deformation structure indicating
advancing recrystallization; the surrounding dense matrix exhibits
further coarsening by grain growth to 39 &+ 12 ym. The growth behavior
in composite CD is summarized in Fig. 6. In the matrix, the square of the
area-weighted average grain size evolves linearly with annealing time

& =d+kt @

as expected for normal grain growth [30] with a growth coefficient k =
63 um?/h.

In contrast, composite SP shows a more limited response: while the
microstructure in the fibers transforms by further growth of recrystal-
lized grains of the rim towards the center, resulting in predominantly
wedge-shaped grains (with average size of 46 & 14 um), the surrounding
porous matrix displays only minor coarsening.

Comparison of the microstructures between composites CD and SP
after 24 h of annealing at 1450 °C reveals significant differences in the
progress of recrystallization within the fibers. While all fibers in com-
posite SP appear fully recrystallized, composite CD still contains
partially recrystallized fibers. Specifically, as concluded from the over-
view image of the entire cross section in Fig. 7a, 12 out of 112 fibers
recrystallized only partially after 24 h. These randomly located, partially
recrystallized fibers exhibit a microstructure similar to that observed
after 8 hours of annealing: a rim of large, equiaxed grains surrounds a
core composed of fine grains which still retains the alignment of one of
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Fig. 6. Microstructure evolution of multi-fiber tungsten fiber-reinforced tung-
sten composite CD during annealing at 1450 °C up to 24 h: Evolution of area-
weighted average grains size in the matrix.
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their (110) directions. Moreover, these 12 fibers show different progress
of recrystallized grains growing from the periphery inwards: the area of
the core not overgrown by large grains varies from fiber to fiber, as
illustrated by the three examples shown in Fig. 7b-d.

It is important to note that single fiber model composites containing
a single drawn tungsten fiber in a tungsten matrix produced by CVD do
not show such a replacement of the microstructure in the fiber by large,
recrystallized grains already after 1 day of annealing at 1450 °C, but
only after 4 days [31]. This retarded behavior is observed for a 3 pm
thick yttria interlayer as well as without any interlayer present and
attributed to the lower processing temperatures during CVD compared
to FAST.

3.2.2. Microstructural changes during long-term annealing at 1450 °C

The orientation maps obtained on cross sections of the composites
after annealing at 1450 °C for more than 24 h and up to 2 weeks (Fig. 8)
reveal continued microstructure evolution in both materials.

While the yttria interlayer in composite CD is clearly discernible in
the as-received state and after short-term annealing, the interlayer is no
longer evident after 3 days of annealing and beyond. The regions with
non-indexed points surrounding the fibers (shown in white in Fig. 8a and
Fig. 8b) correspond to voids formed as a result of morphological changes
in the matrix during extensive grain growth. Such a disappearance of
yttria from the interface between fibers and matrix has been observed
earlier during sintering at high temperatures under different conditions
[25] where some irregularly shaped yttria particles still were observed
in between matrix grains.

After 3 days at 1450 °C, all fibers in composite CD are fully
recrystallized and consist of a few large grains (with an average size of
44 + 12 pum). These grains, distinguishable by their different colors
indicating different orientations, formed during recrystallization of the
fiber and subsequently underwent substantial growth. Despite the
disappearance of the yttria interlayer, the original fiber locations
remain distinguishable from the surrounding matrix, albeit less obvious
than for shorter annealing durations. The matrix of composite CD
coarsened significantly after 3 days of annealing, resulting in large,
equiaxed grains with diameters of approximately 52 + 17 um. The
overall impression of the microstructure in composite CD after 1 week
of annealing at 1450 °C, displayed in Fig. 8b, is similar to that after 3
days of annealing, with continued grain growth observed in both the
fibers and the matrix.

In contrast, after 2 weeks of annealing at 1450 °C the microstructure
of composite CD changes entirely. As seen in Fig. 8c, fibers cannot be
discerned from the matrix any longer. Tremendous grain growth has
occurred in both fibers and matrix, rendering it impossible to distin-
guish between former fiber and matrix regions. The grains visible in the
cross section are extremely large, with an average size of approximately
180 + 64 pm, exceeding the original fiber diameter.

In case of composite SP, after 3 days or 1 week of annealing at 1450
°C (Fig. 8d and Fig. 8e), all fully recrystallized fibers exhibit some grain
growth, along with coarsening of the matrix. After 2 weeks of annealing
at 1450 °C, the short fibers and porous matrix in composite SP remain
distinguishable (Fig. 8f). Each fiber contains only a few recrystallized
grains, while the porous matrix becomes mechanically unstable and
disintegrates under even minimal mechanical loads. Therefore, only a
few grains are resolved at all in Fig. 8f.

4. Conclusions

Two types of powder-metallurgically produced tungsten fiber-
reinforced tungsten composites were investigated: one with contin-
uous, aligned fibers in a dense matrix (composite CD) and one with
short, randomly oriented fibers in a porous matrix (composite SP). An
yttria interlayer is present between fiber and matrix in composite CD,
whereas in composite SP the fibers are embedded directly into the
porous matrix. The thermal stability of the composites was characterized
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Fig. 7. Multi-fiber tungsten fiber-reinforced tungsten composite CD after annealing at 1450 °C for 24 h. (a) Secondary electron image obtained by SEM on entire
cross section and (b,c,d) orientation maps of partially recrystallized fibers and their vicinity obtained by EBSD. The colors in the orientation maps reflect the
crystallographic directions along the direction normal to the cross section, as indicated by the unit triangle shown in Figure 4d.

Composite CD

Composite SP

(d)

1 wat 1450 °C 2 wat 1450 °C

L

Fig. 8. Multi-fiber tungsten fiber-reinforced tungsten composites fabricated by powder metallurgy. Orientation maps of fibers and their vicinity obtained by EBSD
with a step size of 1 pm on cross sections of composite CD with yttria interlayer (top row, a-c) and composite SP without interlayer (bottom row, d-f), after long-term
annealing at 1450 °C for different durations: (a, d) 3 days, (b, e) 1 week, and (c, f) 2 weeks. The colors reflect the crystallographic directions along the direction

normal to the cross section, as indicated by the unit triangle shown in Figure 4d.

by annealing at 1450 °C for durations up to two weeks.

For both composites, restoration processes initiate rapidly. After just
4 hours at 1450 °C, recrystallization of the tungsten fibers commenced at
their periphery, forming rims of large, equiaxed grains, while the

surrounding matrix undergoes noticeable grain growth. With increasing
annealing time, recrystallization progresses inward and is completed
after 1 day for all fibers in composite SP and the vast majority of fibers in
composite CD. The dense matrix of composite CD undergoes extensive
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grain growth, eventually coarsening beyond the original fiber size after
two weeks. At this stage, individual fibers can no longer be distinguished
from the matrix, indicating complete microstructural homogenization
and loss of the original composite architecture.

In contrast, composite SP retains the distinction between fiber and
porous matrix even after two weeks of annealing. Although the fibers are
fully recrystallized and contain only a few large grains, they remain
structurally separated from the porous matrix, while the porous matrix
becomes mechanically unstable at this stage due to particle coarsening
and loss of cohesion between particles.

These findings demonstrate that both types of W¢/W composites are
microstructurally unstable at high temperatures. Full recrystallization of
the fibers, intergrowth of the dense matrix and fibers, and disintegration
of the porous matrix observed during prolonged exposure to a temper-
ature exceeding the operating temperatures for plasma-facing compo-
nents in the fusion reactors will lead to a loss of pseudo-ductility. After
exposure of W¢/W composites to high temperatures, the expected
extrinsic toughening mechanisms cannot persist, and subsequent failure
of the component becomes likely. Therefore, their application as
plasma-facing material should be limited to lower operation tempera-
tures (e.g. not exceeding 1050 °C for an expected duration of 2 full
power years), while overheating is permissible only for short time
periods.

Data availability

Datasets related to this article will be made available through MAT-

Appendix. Thermal activated processes (cf. [7])
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In general, the reaction rate of a thermally activated process follows an Arrhenius relation

I' = vexp (_R_QT)

with a jump frequency v, the universal gas constant R, the absolute temperature T and an activation energy Q. If the process occurs unaltered, the
reaction progress at different temperatures is additive and obtained for any time-dependent temperature history T(t) by time integration

r= Zuexp( - %)dt'.

Assuming constant activation energy, the time t; to achieve a certain reaction progress at a temperature T;, can be converted to a time

1 1
ooz 7))

for which the same reaction progress is attained at another temperature T».

Table Al provides the times t, predicted for achieving the same reaction process at a temperature T5 as for a time t; of 24 h at a temperature
T; of 1450 °C. As the activation energies for restoration in drawn potassium-doped tungsten wires are not known, two extreme activation energies
579 kJ/mol [32] and 352 kJ/mol [33] observed for the time to half recrystallization of tungsten plates rolled to different thickness reduction are
considered. If the restoration processes occurring in Wg/W composites during 24 h annealing at 1450 °C must be avoided for their use as plasma-facing
armor during 2 full power years of operation, the quasi-stationary operation temperature must be below 1100 °C to accommodate the worst scenario
with lowest activation energy. Quasi-stationary operation temperatures not exceeding 1050 °C should be considered for using the investigated Wg/W
composites as plasma-facing armor in view of intermittently occurring overheating events accelerating microstructural evolution [7].

Table Al
Estimated times t; for a thermal activation process occurring at certain temperatures To achieving the same reaction progress as for a time t; of 24 h at a temperature T;
of 1450 °C assuming two different activation energies.

Activation energy 1450 °C 1300 °C 1200 °C 1150 °C 1100 °C 1050 °C 1000 °C
579 kJ/mol 1d 47d 26y 137y 81y 553y 4371y
352 kJ/mol 1d 105d 65 d 177d l4y 46y 16.1y
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