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Tungsten will be used as armor material for plasma-facing components in future fusion reactors, but its propensity 
to embrittlement by microstructural restoration at high temperatures poses a challenge for its use. Tungsten 
fiber-reinforced tungsten composites (Wf/W) with drawn tungsten wires embedded in a polycrystalline tungsten 
matrix remedy the inherent brittleness of tungsten and achieve pseudo-ductile behavior via extrinsic toughening 
mechanisms. As plasma-facing materials experience high heat fluxes during operation, their thermal stability 
is important. In Wf/W composites, the restoration processes at high temperatures differ significantly between 
wires and matrix: initially recrystallization dominates in the wires, as they were plastically deformed during 
wire drawing, whereas abnormal grain growth occurs in the matrix. Growing grains may obstruct the interface 
between wire and matrix and deteriorate the otherwise improved fracture properties of Wf /W. An yttria 
interlayer is introduced to separate wire from matrix, to hinder an interplay between the restoration processes 
and to impede grains from the wire from growing into the matrix and vice versa. Cylindrical model systems 
containing a single wire in a chemically vapor-deposited matrix are investigated without any interlayer and with 
an yttria interlayer of either 1 μm or 3 μm thickness. Isothermal annealing at 1450 °C for different times up 
to 2 weeks, followed by microstructural characterization by means of EBSD are carried out to characterize the 
microstructural evolution. The role of the interlayer on the microstructural evolution is elucidated to establish if 
decoupling of the restoration processes is actually achieved.
1. Introduction

Tungsten and tungsten-based materials are chosen as plasma-facing 
armor materials, because tungsten has the highest melting point of all 
metals, exhibits good thermal conductivity and has good strength and 
creep resistance at elevated temperatures [1]. These qualities are es-

sential for materials used in plasma-facing components of future fusion 
reactors [2]. The intrinsic brittle behavior at room temperature of unde-

formed bulk tungsten with body-centered cubic crystal structure can be 
overcome by plastic deformation to high strains [3,4]. Tungsten fiber-

reinforced tungsten composites (Wf /W) consisting of drawn tungsten 
fibers (ductile at room temperature [3]) in a brittle tungsten matrix 
exhibit pseudo-ductile behavior at room temperature by activating ex-

trinsic toughening mechanisms during deformation [5–7]. The pseudo-

ductile behavior stems from (i) the ductility of the fibers, obtained by 
the deformation microstructure when drawn during manufacturing, and 
(ii) their ability to debond and getting pulled out of the matrix during 
deformation [7]. Currently, there are two routes for producing Wf∕W, 
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by chemical vapor deposition (CVD) [8] or through powder metallurgy 
[9].

Wf /W composites have not yet been qualified as plasma-facing ma-

terial in terms of thermal stability, given the high heat loads experi-

enced during operation. Exposure of Wf /W composites to high temper-

atures causes abnormal grain growth in the matrix in the vicinity of the 
fiber, while recrystallization occurs in the fiber [10]. If these restora-

tion processes interconnect the microstructures of matrix and fiber, the 
otherwise improved mechanical properties will be lost. Separation of 
the two evolving microstructures is detrimental to sustain the improved 
mechanical properties of Wf /W. Attempting to enhance their thermal 
stability, an interlayer between the fibers and the matrix is introduced. 
This interlayer shall serve as a barrier to separate the microstructure 
evolution of fiber and matrix.

To assess the thermal stability of Wf /W composites and a poten-

tial breakdown of the interface, high temperature annealing at 1450 °C 
for different durations is conducted. The resulting microstructural evo-

lution is characterized by means of electron backscatter diffraction 
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Fig. 1. Single fiber Wf /W model composites: a) Secondary electron image displaying a cross section of a Wf /W composite with a 3 μm thick Y2O3 interlayer (seen as 
a black ring in the center) in the as-processed state (with a ground chamfer at the upper left corner to distinguish different composites). b) Schematic representation 
featuring the coordinate systems used. The dashed line indicates a cross section of the rod.
(EBSD). The materials studied in this investigation are cylindrical model 
systems produced by depositing a tungsten matrix onto a single tung-

sten wire serving as fiber, using CVD [11]. Model Wf /W composites 
with and without an yttria interlayer between fiber and matrix are in-

vestigated.

2. Material and methods

2.1. Material

Three different Wf /W model systems are produced [12]: without 
an interlayer or with either a 1 μm or a 3 μm thick yttria interlayer. 
Drawn tungsten wires, commercially produced by OSRAM GmbH with 
a diameter of 150 μm and doped with 60 ppm of potassium, are used 
as fibers. The yttria interlayers are deposited onto the fibers by physical 
vapor deposition (magnetron sputtering) before the matrix is chemically 
vapor-deposited (cf. [11]). After the CVD process, rods with diameters 
between 2.7 mm and 3.5 mm are obtained and cut to a length of about 
40 mm. A cross-sectional view and a visual representation of the single 
fiber composite are shown in Fig. 1.

2.2. Experimental procedure

The obtained rods are cut into discs with an Accutom-50 from 
Struers of either 0.5 mm or 1.3 mm thickness. Before cutting, the rods 
are hot-embedded at 150 °C for 7 min to give extra support; after cut-

ting, the embedding resin is removed again. Annealing at the high tem-

perature of 1450 °C is carried out in a tube furnace NaberTherm RHTH 
50-150/18. Previous to annealing, three disc-shaped specimens with 
different interlayers (distinguishable by chamfers) are encapsulated to-

gether in a quartz glass ampule. To ensure a non-oxidizing environment 
in the ampules, they are evacuated, flushed with argon, and evacuated 
again before sealing. 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 three specimens inside are removed from the furnace 
and opened after air-cooling to room temperature. Different specimens 
are used for each annealing time.

To investigate the microstructure of the samples, one of the sur-

faces of each disc-shaped specimen is ground with SiC paper up to 4000 
grit size, polished with a 3 μm diamond suspension and electropolished 
for approximately 7 s in a 3% NaOH solution. Electropolishing is per-

formed with a voltage of 12 V and a current of 2 A. Orientation data are 
collected on the prepared surface (corresponding to a cross section of 
the cylindrical model system) using either a Zeiss Sigma SEM equipped 
with a Cnano EBSD detector from Oxford instruments or a Zeiss Supra 
SEM using a Oxford Instruments Nordlys3 EBSD detector. Square grids 
2

with different step sizes (1 μm or 5 μm) are used depending on the size 
of the area to be analyzed and the purpose of acquisition; the acceler-

ating voltage is 20 kV. All orientation maps are presented and analyzed 
without any filtering or removal of non-indexed points. In the orienta-

tion maps, high angle boundaries (HABs) are considered to be present 
between neighboring points for disorientation angles above 15° and in-

dicated black; low angle boundaries (LABs) for disorientation angles 
above 2°, but less than 15° are indicated in white. The evaluation of the 
EBSD data is done with the Matlab plugin toolbox MTEX Version 5.8.1 
[13] and evaluated further by purposely derived routines (see subsec-

tions 3.1 and 3.5).

3. Results

3.1. As-processed state — Wf /W with a 3 μm thick yttria interlayer

Orientation maps of a cross section of the single fiber composite with 
3 μm thick interlayer in its as-processed state are presented in Fig. 2 (the

as-processed states of the two other Wf /W composites have been dis-

cussed earlier [12]). In the overview orientation map in Fig. 2a mainly 
the matrix can be observed where wedge-shaped grains have grown ra-

dially outwards during the CVD process. In the close orientation map 
in Fig. 2b more details are discerned. Only parts of the large wedge-

shaped grains are seen as well as a corona of small needle-like grains 
in the CVD matrix in the vicinity of the interlayer. The interlayer itself 
can be identified by a ring of non-indexed points (in white). The defor-

mation structure within the wire is characterized by (elongated) grains 
with tiny cross sections [10]. The greenish color reveals an alignment 
of one of the ⟨110⟩ direction with wire axis (𝑧-axis) as expected from 
the wire drawing process resulting in a ⟨110⟩ fiber texture [14].

The colors representing the crystallographic directions along the 𝑧-

axis in the matrix appear similar to the colors of the matrix of a single 
fiber composite with 1 μm thick yttria interlayer in its as-processed state 
as presented in [12]. In accordance with [15], a cylindrical coordinate 
system is employed in order to unambiguously characterize the crys-

tallographic texture. For each pixel the Euler angle 𝜑1 (not 𝜑2 as is 
erroneously mentioned in [15]) is adjusted by the azimuthal angle 𝜑 of 
the pixel. In this manner, the crystallographic directions aligned with 
the radial direction pointing radially outwards from the center of the 
wire are highlighted in Fig. 3. The dominating red color reveals that 
⟨100⟩ directions preferably align with the radial direction indicating 
the existence of a cyclic ⟨100⟩ ring fiber texture (cf. [16]) known to be 
prevalent in the CVD matrix of single fiber Wf /W composites [12,15]. 
The two pole figures with respect to the cylindrical coordinate system 
in Fig. 3b confirm the cyclic ⟨100⟩ ring fiber texture by the pole den-

sity in the 100 pole figure being highest along the radial direction and 
the rotational symmetry around this direction, which is further sup-
ported by the 110 pole figure. The volume fraction of all orientations 
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Fig. 2. Orientation maps of the cross section of a single tungsten fiber-reinforced tungsten composite with a 3 μm thick yttria interlayer in the as-processed state: (a) 
overview map acquired with a step size of 5 μm, (b) close map acquired with a step size of 1 μm. The colors reflect the crystallographic directions along the axial 
direction according to the inverse pole figure. (For interpretation of the colors in the figure(s), the reader is referred to the web version of this article.)

Fig. 3. (a) Orientation map of the cross section of a single tungsten fiber-reinforced tungsten composite with a 3 μm thick yttria interlayer in the as-processed state. 
The colors reflect the crystallographic directions along the radial direction according to the inverse pole figure of Fig. 2. (b) Corresponding 100 and 110 pole figures. 
All pole densities are presented with respect to a cylindrical coordinate system in stereographic projection.
with ⟨100⟩||𝑟 is 86% when allowing maximal 15° deviation between the 
radial direction and the closest ⟨100⟩ direction. A second texture com-

ponent, a cyclic ⟨221⟩ ring fiber texture (⟨221⟩||𝑟), constituting another 
10% of the volume, is caused by twinning (as ⟨221⟩ is the twinning 
direction of ⟨100⟩ [17,18]).

3.2. Annealed states — Wf /W without interlayer

In Fig. 4a orientation maps depicting different annealing states are 
shown for a Wf /W single fiber composite without any interlayer. Con-

sequently, fiber and matrix have a common interface. To allow compar-

ison between orientation maps of different magnifications, the scale bar 
represents the original wire diameter of 150 μm in all close orientation 
maps.

Comparing the microstructure after annealing at 1450 °C for 1 day 
in Fig. 4b with the one of the as-processed state in Fig. 4a reveals lit-
tle changes in the fiber itself. Some marginally larger grains appear 
in the fiber indicating initiation of recrystallization in the deformation 
structure (subtle changes due to recovery cannot be recognized on the 
used magnification). The small needle-like matrix grains in the vicinity 
of the fiber have grown slightly as visible when comparing to the as-

processed state. The microstructure of the matrix with wedge-shaped 
grains and a preferred ⟨110⟩ direction along the wire axis as observed 
in the as-processed state (cf. Fig. 4a and [12]) is still present after an-

nealing at 1450 °C for 1 day in Fig. 4b. The interface between matrix 
and fiber is hard to discern due to the absence of any interlayer and the 
pronounced ⟨110⟩ fiber texture of the drawn wire having a preferred 
⟨110⟩ direction along the wire axis as well [12]. The overall impression 
3

of the microstructure after 2 days of annealing at 1450 °C, displayed in 
Fig. 4c, is similar to that after 1 day of annealing. There are no signifi-

cant changes in the fiber itself and the small grains just outside the fiber 
grew moderately in size.

The microstructure changed entirely after 1 week of annealing at 
1450 °C. In Fig. 5d neither the fiber, nor its deformation structure is dis-

cernible any longer. Huge grains have replaced the local microstructure 
in the fiber and its surroundings (not only in its vicinity). The region 
that previously contained the wire is now composed of only a few large 
grains. As evident from their different colors, these grains do not have 
one of their ⟨110⟩ directions aligned with the wire axis. Presumably, 
these grains with new orientations formed during recrystallization of 
the fiber and grew tremendously afterwards.

3.3. Annealed states — Wf /W with a 1 μm thick yttria interlayer

The microstructure evolution of the Wf /W composite with 1 μm 
thick interlayer of yttria behaves quite similar to that of the composite 
without interlayer as seen from the orientation maps of various anneal-

ing states in Fig. 5. The scale bar represents again the original diameter 
of the drawn wire of 150 μm to allow proper comparison.

As depicted in Fig. 5b, the fiber still maintains its (recovered) de-

formation structure after 1 day of annealing at 1450 °C. Subtle changes 
have occurred just outside the fiber. The fine, needle-shaped grains have 
grown in comparison to the as-processed state (Fig. 5a). Similar phe-

nomena are observed in the microstructure after 2 days of annealing 
in Fig. 5c: no significant changes in the fiber, but the fine, needle-like 
grains in its vicinity grew bigger in size.

The yttria interlayer can still be recognized by the presence of a 

(white) ring of non-indexed pixels after annealing at 1450 °C up to 2 
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Fig. 4. Orientation maps of cross sections from as-processed and annealed single tungsten fiber-reinforced tungsten composites without any interlayer: (a) As-

processed or annealed at 1450 °C for different times (b) 1 day, (c) 2 days, and (d) 1 week. The colors reflect the crystallographic directions along the axial direction 
according to the inverse pole figure. All scale bars represent the original diameter of 150 μm of the drawn wire.

Fig. 5. Orientation maps of cross sections from as-processed and annealed single tungsten fiber-reinforced tungsten composites with a 1 μm thick yttria interlayer: 
(a) As-processed or annealed at 1450 °C for different times (b) 1 day, (c) 2 days, and (d) 1 week. The colors reflect the crystallographic directions along the axial 
direction according to the inverse pole figure. All scale bars represent the original diameter of 150 μm of the drawn wire.
days. The difference between its appearance in the different maps is 
attributed to different acquisition conditions and presumably slight dif-

ferences in electropolishing (as the yttria interlayer is less affected than 
tungsten by the solution used).

After annealing at 1450 °C for 1 week, neither the wire, nor the inter-

layer are distinguishable any longer as presented in Fig. 5d. The grains 
within the wire have new orientations not belonging to the ⟨110⟩ fiber 
texture. They have undergone recrystallization followed by substantial 
grain growth. In the center of the map, where the fiber should be lo-
4

cated, only a few grains are present and surrounded by even larger ones. 
No trace of the deformation structure of the wire is found any longer. Its 
original position is perceptible only by the sole remnants of the inter-

layer appearing as white non-indexed pixels located close to the center.

3.4. Annealed states — Wf /W with a 3 μm thick yttria interlayer

The microstructural changes in the Wf /W composite with 3 μm 
thick yttria interlayer follow the pattern of the two other composites. 
In Fig. 6, orientation maps are presented of Wf /W with an yttria inter-
layer of 3 μm thickness after five different times of annealing at 1450 °C; 
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two additional annealing times, 4 days and 2 weeks, are provided to re-

veal the restoration kinetics (cf. section 3.5). As before, the scale bars in 
the maps represent the original diameter of the wire, 150 μm, in order 
to allow proper comparison between the different states of the samples 
represented in the orientation maps.

As for the composites without an interlayer or a 1 μm thick yt-

tria interlayer, the microstructure after 1 day of annealing shown in 
Fig. 6a remains similar to the as-processed state (shown in Fig. 2b). The 
alignment of ⟨110⟩ directions with the wire axis is still present in the 
fiber; the small needle-like grains just outside of the fiber seem to have 
grown slightly. The same impression is given by the orientation map in 
Fig. 6b displaying the microstructure after 2 days of annealing, where 
the grains just outside of the fiber also have grown in size.

After 4 days of annealing at 1450 °C, the yttria interlayer can still be 
discerned in the orientation map in Fig. 6c, but the interlayer is not fully 
intact any longer and changes in its geometry are obvious. At several 
locations along the perimeter of the wire, grains from the matrix now 
border grains within the fiber. Nevertheless, the interface between both 
is mostly preserved and no grains have crossed over between fiber and 
matrix. It appears as though fiber and matrix are still separated. Further 
microstructural changes can be observed in the orientation map both 
within the fiber and its vicinity. In the fiber, large grains have replaced 
its deformation structure. Their orientations are different from that of 
the as-processed state (where the green color e.g. in Fig. 2b shows an 
alignment of the ⟨110⟩ directions with the 𝑧-axis) as seen by the many 
different colors, not observed prior to annealing. Just outside the fiber, 
the small needle-like grains found in the as-processed state have grown 
considerably large.

After annealing at 1450 °C for 1 week, the original position of 
the wire cannot unambiguously be identified in the microstructure in 
Fig. 6d. The center of the map consists of only a few grains surrounded 
by huge grains in the matrix. The yttria interlayer is almost unrecogniz-

able and only small islands of yttria (regions of non-indexed points in 
white) are seen in the center of the orientation map as remaining trace 
of the interlayer. The entire affected area appears significantly larger 
than after 4 days of annealing.

Finally, after 2 weeks of annealing at 1450 °C, the fiber is no longer 
distinguishable in Fig. 6e and small traces of yttria can hardly give an 
indication. Instead, the region comprising the location, where the fiber 
has been originally and its surroundings, consists of only 12 huge grains 
as the grains in the affected region grew tremendously after initial re-

crystallization in the fiber.

3.5. Size determination from orientation data

In an attempt to elucidate the restoration kinetics, the affected re-

gion around the fibers replacing the deformation structure of the wire 
and its surrounding is identified and its size is quantified as well as that 
of the grains constituting it.

As initial step, grains are assembled in an orientation map as con-

tiguous regions of pixels with close orientations separated by bound-

aries with disorientation angles of at least 2°. Grains to be considered 
must consist of at least 10 valid pixels (non-indexed points associated 
with a grain by MTEX are ignored and removed from the individual 
grain).

An area affected by enormous grain growth in the sample annealed 
at 1450 °C for 4 days or longer is observed consistently close the orig-

inal position of the fiber. This area contains huge grains significantly 
larger than the grains in the deformation structure of the fiber in its 
as-processed state and matrix grains in the vicinity of the fiber. In order 
to quantify these affected areas and different sizes within, the following 
procedure is adapted and illustrated in Fig. 7:

1. Resolving the affected area: For an initial approximation of the 
affected area, a circle is inscribed manually in the observed region 
5

of huge grains containing most of the affected area. The circle is 
Journal of Nuclear Materials 592 (2024) 154951

chosen to be completely within the affected area as demonstrated 
by the blue circle in Fig. 7a.

2. Properly defining the affected area: To determine whether a grain 
belongs to the affected area, its center of mass is found. If the cen-

ter of mass of a grain lies inside the inscribed circle, that grain is 
considered to belong to the affected area. Grains are excluded, if 
their center of mass lies outside of the circle. Based on the circle 
depicted blue in Fig. 7a, the grains belonging to the affected area 
and the affected area itself are identified as shown in Fig. 7b.

3. Size determination: The sizes of the grains and that of the en-

tire affected area (as combination of all pixels belonging to grains 
forming it) are reported as equivalent circular diameters (ECD) 
𝐷 =

√
4𝐴∕𝜋. The areas 𝐴 =𝑁Δ𝑥2 are determined from the num-

ber 𝑁 of pixels belonging to the entity and the step size Δ𝑥. If 
regions belonging to the fiber remain unrecrystallized or still show 
small grains after annealing, these regions are excluded from the 
determination of the mean grain size but included in the size de-

termination of the affected area.

Affected areas are successfully identified and quantified for all an-

nealing treatments at 1450 °C lasting at least for 4 days (i.e. for which 
huge grains were observed). The results for the Wf /W composite with 
a 3 μm thick yttria interlayer are combined in Fig. 8. After 4 days of 
annealing an area with an ECD of 294 μm is affected by large grains of 
an average ECD of 24 μm, the largest grain having an ECD of 83 μm. 
With annealing progress all three quantities increase strongly. Already 
after 1 week at 1450 °C, the affected area has grown by a factor of 7 
(its ECD by a factor of 2.6), the average ECD of the grains by a factor 
of 4.8 similar to the ECD of the largest grain. After 1 week of anneal-

ing the composite with a 3 μm interlayer has the biggest affected area 
with an ECD of 774 μm, the largest mean grain size within the affected 
area and the largest individual grain in this area, compared to the com-

posite with no interlayer and the composite with 1 μm interlayer for 
which the affected areas have an ECD of 578 μm and 546 μm respec-

tively. All affected areas are much larger than the cross section of the 
initial tungsten wire.

4. Discussion

The microstructural investigations after annealing presented here (in 
combination with the observations in [12] on the same model systems) 
allow to deduce a comprehensive picture of the restoration processes 
occurring at 1450 °C in single tungsten fiber-reinforced tungsten model 
composites even independent of the presence of an yttria interlayer.

During the first 2 days of annealing at 1450 °C, only minor changes 
occur. In the matrix, the size of the fine needle-shaped grains in the 
vicinity of the fiber increases slightly by grain growth, while changes 
are hardly recognized in the fiber. Taking into account the high temper-

ature of annealing, it is expected that the deformation structure recovers 
and recrystallization initiates as indicated by a few marginally larger 
grains. To track the progress of recovery and recrystallization within the 
drawn wire either acquisition of orientation maps with even higher res-

olution or performing micro hardness testing (similar to the approach 
in [19]) could be considered.

After 4 days of annealing at 1450 °C, the microstructure is altered 
substantially. The deformation structure of the drawn wire is replaced 
by a few large grains with orientations not belonging to the ⟨110⟩ fiber

texture from wire drawing. Recrystallization followed by grain growth 
has occurred. This is particularly obvious for the Wf /W composites 
without an interlayer and with a 1 μm thick yttria interlayer where 
the large grains after annealing for 4 days are still confined to the re-

gion of the wire (see Figs. 7b and 8b in [12], respectively). For the 
Wf /W composite with a 3 μm thick yttria interlayer, the recrystallized 
grains in the wire and the abnormally grown grains in its vicinity are 
of almost equal size after 4 days of annealing at 1450 °C. The origin of 

the grains in the wire from recrystallization of its deformation structure 
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Fig. 6. Orientation maps of cross sections from single tungsten fiber-reinforced tungsten composites with a 3 μm thick yttria interlayer after annealing at 1450 °C for 
different times: (a) 1 day, (b) 2 days, (c) 4 days, (d) 1 week and (e) 2 weeks. The colors reflect the crystallographic directions along the axial direction according to 
the inverse pole figure. All scale bars represent the original diameter of 150 μm of the drawn wire.

Fig. 7. Orientation maps of the cross section of a single tungsten fiber-reinforced tungsten composite with a 3 μm thick yttria interlayer after annealing at 1450 °C 
for 2 weeks. (a) Close map with a blue circle to preliminary define the affected area to be quantified. (b) Properly defined affected area as combination of all grains 

with center of mass within the inscribed circle.

is nevertheless obvious from the remainders of the yttria interlayer in 
Fig. 6c.

While the yttria interlayer remains intact for the first two days of an-

nealing at 1450 °C, it is not continuous any longer and deteriorated to 
some extent after 4 days of annealing. After 1 week and 2 weeks of an-

nealing the yttria interlayer appears fully disintegrated. For both Wf /W 
composites with an yttria interlayer in their as-processed state, the sole 
remainder of this interlayer can be traced as only small particles of 
yttria close to the center. Driven by phase boundary energy and reduc-

tion of phase boundary area, yttria appears to have spheroidized into 
individual spherical particles instead of the original layer constituting 
a hollow cylinder. In consequence, as the interlayer disintegrates dur-

ing annealing at 1450 °C, the thermal stability of the Wf /W composites 
with yttria interlayer is not enhanced compared to the Wf /W compos-

ite without an interlayer. During annealing at 1450 °C for 1 week or 
2 weeks, abnormal grain growth causes formation of huge grains con-

suming the wire as well as its surrounding. Quantitative analysis reveals 
that after 1 week of annealing at 1450 °C, the Wf /W composite with 
3 μm interlayer exhibits the largest grain sizes as well as the largest 
affected area. The precise explanation for this observation remains elu-

sive, and further investigations are needed to uncover the underlying 
6

reasons.
The microstructure developing at 1450 °C after 1 or 2 weeks are 
strikingly different from previous observations of restoration of simi-

lar Wf /W model composites with and without oxide interlayers [10], 
where even after annealing for 4 weeks at 1400 °C no such large af-

fected areas with huge grains were observed. Additionally, the oxide 
interlayer spheroidized to some extent, but did not disintegrate en-

tirely. The modest increase in annealing temperature of 50 K seem to 
exert a significant impact on the composites, evident in the recrystal-

lization of the fiber and the breakdown of the yttria interlayer. These 
phenomena ultimately lead to abnormal grain growth, resulting in huge 
grains occupying the location originally occupied by the fiber. Presum-

ing a single thermally activated restoration process with a reaction rate 
Γ̇ = 𝜈 exp(−𝑄∕𝑅𝑇 ) following an Arrhenius behavior (with a jump fre-

quency 𝜈, the universal gas constant 𝑅, the absolute temperature 𝑇 , cf. 
[20]) and an activation energy 𝑄 of 579 kJ/mol typical for recrystalliza-

tion processes in deformed tungsten [20,21], the temperature increase 
by 50 K from 1400 °C to 1450 °C should cause an increase in the restora-

tion rate by a factor of 3.3. The progress of a thermal activated process 
after 4 weeks at 1400 °C should be equivalent to that after 1.2 weeks at 
1450 °C. Consequently, one would expected to have seen similar phe-

nomena as observed here for the longest annealing time of 4 weeks at 

the lower temperature of 1400 °C in the earlier study [10]. Longer an-
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Fig. 8. Quantification of area affected by substantial grain growth of a single 
tungsten fiber-reinforced tungsten composite with a 3 μm thick yttria interlayer 
after annealing at 1450 °C from 4 days to 2 weeks: ECD of the entire affected 
area, ECD of the largest grain and the average ECD of all grains in the affected 
area. The dashed line represents the original diameter of 150 μm of the drawn 
wire.

nealing treatments of the present Wf /W model composites at 1400 °C 
will settle, if the phenomenon was previously just missed at the lower 
temperature, if a higher activation energy 𝑄 is governing the process 
or if the slightly different manufacturing conditions of the Wf /W model 
composites from different batches caused the discrepancy.

It must be mentioned, that the yttria interlayers are physically-vapor 
deposited on the wires by magnetron sputtering in two steps. After de-

position of an yttria layer with desired thickness on one side of the 
wires, the frame is turned by 180° to deposit yttria on the other side. 
Achieving an interlayer with homogeneous thickness can be challenging 
in view of the line-of-sight nature of the process. Previous investiga-

tions have reported tungsten bridges between fiber and matrix in the 
yttria interlayers [22]. Such discontinuities in the yttria interlayer can 
be spotted e.g. for the Wf /W composite with 3 μm interlayer after 1 day 
of annealing in Fig. 6a as a missing section of the interlayer on the 
lower left side of the fiber. A corresponding discontinuity can be seen 
in Fig. 6b after 2 days of annealing on the lower right side. Considering 
that both samples are cut consecutively from the same rod, both discon-

tinuities most likely represent the same imperfection in the interlayer 
which has already been present in the as-processed state.

Despite the imperfections in the yttria interlayer in its as-processed 
state, the interlayer is significant for the mechanical behavior of the 
Wf /W composites and their performance as plasma-facing material. 
Even if the drawn tungsten wire recrystallizes fully, the propensity of 
wire debonding from the CVD matrix will account for some pseudo-

ductile behavior. Wire debonding will allow crack deflection along 
the interface between fiber and matrix, cause energy dissipation and 
thereby increase the toughness of the composite [23]. In this respect, 
the apparent lack of thermal stability of the microstructure at 1450 °C 
becomes crucial as the interlayer disintegrates and tungsten fibers and 
matrix cannot be distinguished any longer. Therefore, other kinds of in-

terlayers in Wf /W composites and their restoration behavior should be 
explored, e.g. ZrO [24] or ZrC which has shown beneficial properties in 
dispersion-strengthened tungsten composites due to coherent interfaces 
[25].

5. Summary

Tungsten fiber-reinforced tungsten composites with and without an 
yttria interlayer, either 1 μm or 3 μm, between the fiber and the matrix 
7

are investigated. The model system composites used for the investiga-
Journal of Nuclear Materials 592 (2024) 154951

tion, were produced by a CVD process depositing a tungsten matrix on 
drawn tungsten wires acting as fibers. Electron backscatter diffraction 
of the model composite with a 3 μm thick yttria interlayer revealed in 
its as-processed condition a matrix with columnar, wedge-shaped grains 
and a cyclic ⟨100⟩ ring fiber texture.

The single fiber model composites were annealed at 1450 °C for dif-

ferent periods of time. Up to 2 days of annealing, only minor changes 
in the microstructures due to restoration were observed for each of the 
composites. After 4 days of annealing at 1450 °C, the composite with a 
3 μm thick yttria interlayer shows severe microstructural alterations. In 
the fiber, grain growth takes place after recrystallization. Despite sub-

stantial grain growth in the fiber and its vicinity, fiber and matrix can 
still be distinguished. After 1 week of annealing at 1450 °C, the fiber 
and the matrix adjacent to it are hardly separable from each other, 
regardless of the presence of an interlayer; the composite with 3 μm 
thick yttria interlayer has the largest affected area, the largest individ-

ual grain and the highest mean grain size in the affected area. After 
2 weeks of annealing, the grains and the affected area become even 
larger.

6. Conclusions

The findings of this investigation suggest that the separation of the 
fiber and the matrix can neither be withheld without an interlayer, nor 
with an yttria interlayer for prolonged periods of time at 1450 °C. The 
thicker yttria interlayer (3 μm compared to 1 μm) is not performing bet-

ter, rather the opposite. At the investigated temperature, the composites 
are not sufficiently thermally stable, in particular the interlayer can-

not prevent an intergrowth between fiber and matrix. In consequence, 
that could mean that composites with such yttria interlayers may lose

their pseudo-ductility during temporary overheating while operating as 
plasma-facing material of a divertor and their application should be re-

stricted to lower temperatures.
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