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Tungsten Wire—From Lamp Filaments to Reinforcement
Fibers for Composites in Fusion Reactors

Johann Riesch,* Maximilian Fuhr,* and Jiirgen Almanstotter*

The use of drawn tungsten wire marked a breakthrough in electric lighting which
led to a significant advancement in human society and technology. Nowadays,
thermal light sources using tungsten filaments are being more and more replaced
by semiconductor-based light-emitting diodes (LEDs). Despite the lower visibility
of incandescent lamps in everyday life, new markets and applications for drawn
tungsten wires are opening up, which makes this complex material a highly-
studied subject. One of these applications is the use of heavily drawn tungsten
wires as high-performance reinforcement fibers for new composites that can
withstand the extreme environment present in a nuclear fusion reactor. The main
advantage of tungsten wires for this class of composites is their ductility and high
strength. The wires can be used to increase the high-temperature strength of
copper-based heat sink materials as well as the fracture toughness of bulk
tungsten considered for the use of highly loaded reactor wall components. These
new applications for tungsten wire have also given new impetus to the study of

converting electrical energy into visible
light than incandescent lamps, thermal
light sources using tungsten filaments
dominated the general lighting market
(see e.g. ref. [1] for a historical overview).
The phase-out of incandescent lamps is
accelerated by political decisions in several
countries aiming at energy saving in order
to battle man-made climate change.”
However, tungsten filaments are still used
in thermal light sources for automotive
applications, for example, high-performance
halogen bulbs in main beam and/or low
beam, stop lamps or indicator lamps.
When used as filaments in incandescent
and halogen lamps, tungsten wires have
to withstand temperatures above 2500 °CP!

their fundamental properties.

1. Introduction

Electric lighting is an advancement in human history that
has significantly altered society’s reliance on fire, torches, can-
dles, oil lamps, and gas lamps for artificial illumination.
Unarguably, no other single invention has spurred the industrial
revolution and elevated the standard of living to the extent that
electric lighting has. Until the development of semiconductor-
based light-emitting diodes (LEDs) which are more efficient at
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for long times without excessive plastic

deformation by creep. Thus, the main focus

of tungsten wire development has been to

generate a creep-resistant microstructure.
Along the processing route consisting of sintering a pure or doped
tungsten powder and working the resulting material by different
thermo-mechanical steps into a thin wire, the microstructure and
in turn the mechanical properties of tungsten wire change drasti-
cally: Being brittle and comparably weak at low homologous tem-
peratures before drawing, heavily drawn wires offer a very high
tensile strength and can be deformed ductile even at cryogenic
temperatures.**! In addition, the microstructure of doped materi-
als exhibits a very high thermal stability.

This unique set of properties makes drawn tungsten wires an
attractive material for reinforcing weak or brittle matrices in
fiber-reinforced composites. The first research into this field
was conducted by NASA back in the 1960s (see ref. [6] and refer-
ences therein). From a materials scientific point of view, the
development of materials for space flight applications in the
framework of the 20" century’s space race is closely related to
the search for suitable materials that can withstand the harsh
environment present in a nuclear fusion reactor. In this context,
tungsten fiber-reinforced composites are now being considered
for the most highly loaded components of such reactors.” The
role of drawn tungsten wires in these composites for fusion
applications is two-fold: For heat sink applications, the wires
are required to increase the high-temperature strength of the uti-
lized copper materials. For the armor components that are in
direct contact with the plasma present in a fusion reactors,
the wires are used to toughen an otherwise brittle tungsten
matrix. In order to optimize these new composite classes and
to understand their properties, basic research efforts have been
directed to improving the understanding of the unique properties
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of tungsten wires and the significant change of its microstructure
and deformation mechanisms during wire drawing.

In the following, we will retrace the development of drawn
tungsten wires from the application as filament material in
incandescent lighting to its use as reinforcement material for
advanced composites for nuclear fusion applications. We will
highlight the materials scientific reasons for the wires’ unique
properties and present a new empirical model that is able to
explain the ductile nature of heavily drawn wires. Furthermore,
the efforts directed towards adapting tungsten wires for their use
as reinforcement fiber in different composites, e.g. the use of
textile techniques, will be discussed. Finally, we will give an out-
look into the potential “second life” of tungsten wires in nuclear
fusion compared to their “first life” in incandescent lighting.

2. Evolution and Manufacturing of Tungsten
Wires for Lamp Filaments

The metallurgical aspects of tungsten were pivotal in the
advancement of lamp filament technology.® The historical pro-
gression of lamp wire has been characterized by innovative
experimentation, trial-and-error processing, and inventive dis-
coveries.”) W. D. Coolidge!™” achieved the key invention at
the beginning of the 20" century through his efforts to obtain
the purest possible tungsten. The as-received impure tungsten
oxide WO; was dissolved in ammonia. From this solution, a
highly purified ammonium-paratungstate (APT) powder was
crystallized, which was then decomposed by heating to produce
pure WO; powder.'™ Only the powders heated in covered
Battersea crucibles (clay originating from Battersea, England)
resulted in filament wires that were resistant to sagging of coils
in burning lamps by gravitational forces."”) However, Coolidge
was unable to identify the exact substance that had been absorbed
into the tungsten oxide as “doping”. Crude analysis of the clay
crucible showed a high concentration of silica and alumina
accompanied by other less frequent constituents. Based on these
results, experiments by A. Pacz™* led to an invention that intro-
duced aluminum potassium silicate as a dopant through a mix-
ing process into blue tungsten oxide powder, representing a
major advancement in the properties of the final tungsten wire.

The operation temperature of tungsten filaments is in the
range of about 2500-3000 °C, which is well above its recrystalli-
zation temperature."*'®! Undoped, recrystallized wire exhibits
large equiaxed grains spanning the entire wire cross-section with
transverse grain boundaries perpendicular to the wire axis, pre-
senting a bamboo-like appearance. These boundaries represent
weak links (see Figure 1, bottom) at which the corresponding
coiled filament can deform easily by grain boundary sliding
under the influence of gravity. This results in excessive filament
sag, distortion, and reduced lifespan. In contrast to this, doped
wires exhibit an overlapping, interlocking recrystallized grain
structure (see Figure 1, top). Figure 2 illustrates the different
microstructural evolution of undoped and doped wire leading
to this final state.

The discovery of doped tungsten wire facilitated the realization
of efficient gas-filled lamps with a much longer lifetime in com-
parison to filaments produced from other materials as well as
from undoped tungsten wires."" However, it took several
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Figure 1. Longitudinal cross-sections of doped (top) and undoped (bot-
tom) drawn tungsten wires (diameter 0.5 mm, OSRAM Schwabmiinchen,
Germany) illustrating the recrystallized microstructure after annealing at
2000°C in pure hydrogen for 60 min. This demonstrates the effect of
potassium doping on the microstructural changes upon annealing show-
ing wavy grain boundaries and interlocking grains.

decades of material science research until the substance created
by the dopant and its effects were clarified in the early
1970s.7?1 Elemental potassium was detected within bubbles
formed in doped tungsten wire by transmission electron micros-
copy and selected area diffraction.”?) The bubbles with radii in
the range of a few nm form since the atomic radius of potassium
is too large to occupy interstitial positions in the b.c.c. crystal lat-
tice of tungsten.*® Potassium is retained during the production
process involving high temperatures although its melting point
is 64 °C and its boiling point is 760 °C.*Yl Nowadays, the custom-
ary starting material for the manufacturing of tungsten wire is
APT crystalline powder of high purity produced from either wol-
framite ore (FeMn)WO,, or scheelite ore CaWOy,, by chemical
extraction methods.”?”! Generally, the reduction to metal powder
is carried out in two stages; the first converts the APT crystals
into tungsten blue oxide of nominal composition WO, ¢ at tem-
peratures of several hundred degrees Celsius in a mixture of
nitrogen and hydrogen.[*?”! In the case of doped wire, this inter-
mediate component incorporates the aluminum-potassium-
silicate dopant.”® The second stage converts the blue oxide to
elemental metal powder by annealing at high temperatures in
a hydrogen atmosphere. Depending on the type of powder that
is required, it is essential to control variables such as tempera-
ture, exposure time and hydrogen flow rate. The objective is
to produce a metal powder with a mean particle size of about
2-5 pm. The actually required particle size depends on the sub-
sequent processing, the desired bar size, and the presence or
absence of dopants. For further processing into a rod, the metal
powder is pressed into bars by applying high mechanical
stresses.?” To facilitate handling, the compacted and still rela-
tively fragile bars are heated to more than 1000 °C in a hydrogen
atmosphere in order to improve the bar’s mechanical stability for
later handling.?® The subsequent sintering of the bars by direct
resistance heating uses a similar atmosphere and temperatures
above 2500 °C. Final densities up to 17.6gcm > and closed
porosity are achieved.*"*? In this condition, the potassium is
already trapped in closed pores with a diameter of about
500 nm,?3! whereas the majority of the aluminium and silicon
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Figure 2. Comparison of orientation maps acquired from longitudinal cross-sections of doped (top row) and undoped (bottom row) drawn tungsten wire
after isochronal annealing treatments (annealing time one hour) at temperatures up to 1600 °C (adapted from ref. [172]) using EBSD. The crystallographic
orientations are coloured according to the sample z-direction (see colour key in the lower left corner). All wires were produced by OSRAM GmbH
Schwabmiinchen, Germany, and possess a diameter of 150 um. (Adapted with permission.'’? Copyright 2018, Elsevier.)

is removed by volatilization, at an intermediate process state when
the bar is still porous and the interconnected capillaries are open to
the surface.?* The final potassium content is usually about 75 ppm
and already represents the final doping concentration found in the
product (e.g., Osram, BSD-OG wire). The material is then further
compacted to full density by rolling®” and swaging.** Depending
on the final wire diameter the thermo-mechanical processing
involves more than seventy deformation steps including the pro-
cess steps already mentioned and additional wire-drawing, where
significant changes occur in the properties of tungsten. The main
steps are schematically illustrated in Figure 3.

It should be noted that the conventional doping process alone
is insufficient to achieve a microstructure that exhibits the char-
acteristic interlocking grain structure in the recrystallized state.
Elongation of the wire during drawing is necessary to elongate
physically trapped pockets of potassium into longitudinal ribbon-
shaped pipes. At elevated temperatures, these pipes break up into
rows of potassium bubbles with diameters typically in the range
of a few hundred angstroms.’”) The close proximity of bubble
rows creates barriers against grain boundary migration and
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sliding since migrating grain boundaries are pinned due to
Zener pinning.*® By this effect, the bubble rows direct the grain
growth in the longitudinal direction during recrystallization and
stabilize an interlocking grain structure with high aspect ratio.**!
This significantly enhances creep resistance and enables the
high lifetime of coiled filaments during operation at very high
temperatures.[4°]

In modern tungsten wire manufacturing, the parameters asso-
ciated with each processing step, especially temperature and
strain, are meticulously balanced to facilitate the gradual buildup
of a fine-textured, fibrous microstructure while gradually increas-
ing the accumulated drawing (or cold-working) strain, as well as
generating an effective potassium bubble dispersion within the
wire. This ensures ductility at room temperature, crucial for fur-
ther fabrication, where the wire must endure plastic strains of up
to 30% during coiling operations, while at the same time the as-
drawn microstructure is tailored to yield the interlocking and
thus creep-resistant microstructure in the recrystallized state.
High quality standards in the production of tungsten wires
are one of the factors which for example facilitated a very recent
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Figure 3. Schematic overview of the modern powder-metallurgical processing route of drawn tungsten wire. The last stage of wire drawing is applied
multiple times to achieve the final diameter (represented by decreasing diameters of the circles).
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realization of modern automotive halogen lamps with signifi-
cantly increased performance.*"!

Besides the extremely important doping effect for lamp fila-
ments, W. D. Coolidge!*”! also laid the foundations to enable
the “ductilization” of tungsten, being an inherently brittle metal
at room temperature. Interestingly enough, the claims concern-
ing ductile tungsten in the associated patent were ruled invalid in
litigation. The court concluded that ductility is inherent in tung-
sten and that “Coolidge tungsten” is not a new metal but a dis-
covery.®l Thermo-mechanical working and wire drawing
transforms a brittle and unworkable starting material into a
strong yet ductile wire. Below temperatures of 600-700 K, tung-
sten exhibiting an equiaxed grain structure fractures in a brittle
manner.***] Above this characteristic temperature, which is
referred to as ductile-to-brittle transition temperature (Tpgpy),
tungsten can be deformed to large strains without fracture.
The ductile-to-brittle transition of tungsten is influenced by a
large number of extrinsic and intrinsic factors, e.g., the grain
aspect ratio,*! the grain width,*”) the dislocation density" as
well as the strain rate during testing.!** Wire drawing transforms
the initially equiaxed grains into highly elongated fibrous
ones.*®! Furthermore, a strong (110) fiber texture develops.“*”!
It can be shown that this transformation of the microstructure
and the crystallographic texture results in a shift of Tppt to lower
temperatures?®>% (see Figure 4). Worked tungsten wire can thus
be deformed plastically even at low homologous temperatures.
Recrystallizing tungsten wire however leads to an increase in
Tppr- Excessive grain growth during secondary recrystallization
(characteristic temperature: Tgg) could be identified as the root
cause for this phenomenon.PY Thus, the working temperature
during any thermomechanical proccessing of tungsten
wire (Tp) needs to be kept within the mentioned limits:
Tppr < Tp < Tgg, see Figure 4.

Secondary recrystallization onset temperature T
Drawing temperature 11

— — [N&]
(=) [ A (=)
[=3 o (=
(=) (=} (=]
T
L

ot

(=3
(=] (=]

T

1

100 10t 102

—

S

S o
#

+

=

Tppr in °C  Temperature T in °C

'
Do
(=)
(=)

10° 107! 1072
Wire diameter d in mm

Figure 4. Overview on process-relevant temperatures during the
manufacturing of drawn tungsten wires: The drawing temperatures (filled
circles from ref. [190]; empty circles from ref. [191]) should be above the
ductile-to-brittle transition temperature ToetY in order to ensure suffi-
cient material ductility for plastic deformation and to minimize yield
loss.l"?! At the same time, drawing must be performed at temperatures
that are low enough not to induce secondary recrystallization processes
(see refs. [113,162,193,194]), which in the case of tungsten wires is linked
to exaggerated grain growth and thus embrittlement.
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3. Microstructure, Crystallographic Texture, and
Mechanical Properties of Drawn Tungsten Wires

As mentioned in the previous chapter, the microstructure, crys-
tallographic texture and mechanical properties of drawn tungsten
wires are a direct result of the process details employed during
their manufacturing. More specifically, the strain a wire accumu-
lates during drawing determines its mechanical properties. Since
an increase in accumulated drawing strain is intimately linked to
the wire’s diameter, the diameter can be used in order to describe
the microstructural, textural and property changes during drawing.

The evolution of the microstructure of drawn tungsten wires
can be retraced alongside the manufacturing process: The grains
of sintered tungsten are equiaxed®® and do not possess a pre-
ferred orientation. The thermo-mechanical working by rolling
and swaging leads to an elongation of the grains along the axis
of the rod.’? Simultaneously, a (110) axis of the crystallites
aligns with the rod axis.’® The texture of swaged rods is
described as a rather complex mixture of different superimposed
cylindrical textures by Leber®* (see also Figure 5i). He reports
different sets of cylindrical textures in swaged tungsten rods,
among them a duplex of (110) fibres, one of them being oriented
parallel to the wire axis and one with a tilt angle of 60° to the wire
axis. With increasing accumulated drawing strain, the cylindrical
textures are transformed into a (110) fiber texture. Further cold
deformation by wire drawing leads to a sharpening of this char-
acteristic texture.’> Alongside this grain rotation, the grains
become strongly elongated along the wire axis,[**°%%”! yielding
grains with a very high aspect ratio.*® To capture larger fraction
of sample volume, neutron diffraction measurements have been
conducted®® (see Figure 5). The sharpening of the (110) fiber
texture with increasing plastic deformation was thereby con-
firmed. Furthermore, the grains bend around a (110) axis paral-
lel to the wire axis. When viewed along the drawing axis in a
transversal cross-section, this bending of individual grains gives
rise to swirly patterns designated as grain curling or alternatively
Van Gogh sky structures (after V. Van Gogh’s painting “The
Starry Night”). The mechanisms underlying the grain elongation
and bending as well as the rise of a (110) fiber texture during
wire drawing have first been explained by Hosford"> as being
the consequence of grain deformation by plane strain elongation.
Based on this explanation, the texture evolution has been suc-
cessfully modeled by Van Houtte® using the relaxed constraints
model.[*”

The elongated grains in drawn tungsten wires can be quanti-
fied using their width and length. Experimental evidence for the
decrease in grain width during wire drawing is illustrated in
Figure 6. Robust values for the grain length are however scarce
in literature since direct measurements are challenging. This can
be explained by a simple model: Assuming the grains to be per-
fect cylinders with an initial diameter D, and an initial length L;,
the elongation (and thinning) during uniaxial deformation leads
to a final length L, that is given by

L=1(2) 1
=13 o)

where D, is the diameter of the cylindrical grain after deforma-

tion. Using the grain widths of a swaged tungsten rod®"! and the
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Figure 5. Evolution of crystallographic texture of tungsten wires during wire drawing illustrated by 110 pole figures of i) a rolled and swaged tungsten rod,
ii) a tungsten wire after 28%, and iii) after 56% further reduction in wire drawing measured via neutron diffraction. Adapted with permission.*® Copyright

2009, Elsevier.
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Figure 6. Overview on different microstructural parameters (top) and
mechanical properties (bottom) of drawn tungsten wires available in lit-
erature, namely the statistically stored dislocation density p.['*>”'°”! and
the mean width w of elongated grains®>”"721%¥81 a5 well as the ultimate
tensile strength R,[*7680199202 5nd the reduction in area gV7®7%7%
observed in uniaxial tensile tests at room temperature. Note that absolute
comparability among the different studies summarized here is not given
since the investigated wires possess different production histories as well
as chemical compositions.

thinnest wire included in Figure 6, a relative grain elongation by
roughly three orders of magnitude can be expected. Such elon-
gated grains are difficult to capture in their entirety with suffi-
cient lateral resolution using common microscopy techniques
such as scanning electron microscopy or electron backscattering
diffraction (EBSD). In addition to the evolution of grain width,
Figure 6 also contains data on the (statistically stored) dislocation
density pg, observed in tungsten wires with different diameters.
The increase in py can be rationalized by the (cold) deformation
of tungsten wires during drawing.

Different plastic deformation mechanisms of drawn tungsten
wires at T> Tppr are discussed in literature. While some
researchers assume that plastic deformation is a consequence

Adv. Eng. Mater. 2024, 26, 2400951 2400951 (5 of 16)

of dislocation activity,'” others see indications for grain boundary
sliding being the rate-controlling deformation mechanism.!****
A recent study by Fuhr et all®! could underpin the theory of
dislocation-mediated plastic deformation wusing transient
mechanical tests performed on a series of drawn doped tungsten
wires. Since the tungsten wires in this study were drawn consecu-
tively from a single sintered ingot, their chemical composition is
identical and has no further influence on the deformation mech-
anisms relative to each other. The results of the performed strain-
rate jump tests and repeated stress relaxation experiments point to
the motion of screw dislocations via the kink pair mechanism,*®!
i.e., the formation and propagation of kink pairs along the disloca-
tion line, as rate-controlling deformation mechanism at T > Tppr.
This finding is inline with results on the rate-controlling
deformation mechanisms in rolled tungsten plates,’”**! SPD-
processed tungsten!®®>”% as well as tungsten single crystals!**”*72
and (coarse-grained) polycrystals.*¥

Similar to the microstructure and crystallographic texture being
a direct result of the manufacturing process, the mechanical prop-
erties of drawn tungsten wires are linked to its grain structure and
orientation. A literature review by Riesch et al.’* showcases the
increase in strength of tungsten wires with higher accumulated
drawing strain and thus lower diameter. Linked to the decrease
in mean grain width (see Figure 6), grain boundary strengthen-
ing”*7% as already discussed in literature®®®”® can be suspected
to contribute to the increase in strength. Similarly, the increase
in dislocation density is likely to increase the strength of drawn
tungsten wires via Taylor hardening.””! The reduction in area
as a measure for ductility obtained in tensile tests performed
on drawn tungsten wires with diameters from 63 to 760 pm at
T > Tpgr lies around (40 £ 6)%7*”®7° and does not vary signifi-
cantly with the wire diameter. The evolution of the ultimate tensile
strength R, increases as a consequence of the reduction of the
wire diameter during cold-drawing (see Figure 6).

Detailed discussions of the stress—strain behaviour of
as-drawn and annealed tungsten wire can be found in literature
(see ref. [51] for pure wires and refs. [73,80] as well as ref. [81] for
potassium-doped wires tested at ambient and elevated tempera-
tures, respectively).
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Figure 7. Larson—-Miller plot (creep stress o vs. Larson-Miller parameter
comprising the temperature T, the Larson-Miller constant C and the time
to rupture t) for different tungsten wires.2®=2%! The Larson-Miller con-
stant is given in the legend. The data for tungsten wire is compared to
creep data of undeformed tungsten produced via powder metallurgy
(PM) or arc/electron beam melting (AM/EM)Z%7=2'% (black triangles)
as well as for Cu-Cr—zr.2"

Since the application of tungsten wires both as filaments for
incandescent lighting as well as reinforcement fibers in advanced
composites requires the wires to withstand high stresses at high
temperatures for an extended duration, they are required to pos-
sess a high resistance against creep deformation. Creep data for
doped and undoped tungsten wires with different diameters are
shown in Figure 7 in the form of a Larson-Miller plot.®? Tt is
obvious from Figure 7 that the creep resistance of tungsten wires
is highest for thin, recrystallized wires. This is due to the finer
distribution of potassium bubbles leading to a stable microstruc-
ture within wires with very high accumulated drawing strain, as
already explained previously.

4. The Use of Tungsten Wire in Composites

The exceptional properties of tungsten wires such as the afore-
mentioned high strength and creep resistance even at elevated
temperature, makes it attractive for the use as fibrous reinforce-
ments in composites. In this context, both terms, wire reinforce-
ment and fiber reinforcement, are used synonymously. In many
cases, the term tungsten fiber is used instead of tungsten wire as
soon as it is incorporated into a composite.®!

Although the use for incandescent lighting dominated
in the 20" century, the use of tungsten wire in combination with
a copper matrix became attractive as a model system for metal
matrix composites as early as the 1960s. This has been mainly
due to the mutual insolubility of W and Cu, the good availability
of both constituents (at low costs) and the easy fabrication by
liquid melt infiltration.! Due to their excellent properties the
composites have even been considered for applications
where high temperature stability, high strength, and high
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conductivity are required such as in thrust chambers of rocket
engines.*

Subsequently, the combination of tungsten wire with a wide
variety of matrix materials was investigated in NASA studies for
use in space applications (for an overview, the reader is referred
to ref. [85]). Attempts have been made to utilize the high strength
of heavily drawn tungsten wires strength in niobium matrix com-
posites for space nuclear power systems!®! as well as in a tung-
sten based composite material for rocket nozzles.®”) Hill et al.’®®!
performed an extensive characterization program on the latter
material, which consists of high-strength tungsten wires embed-
ded in a plasma-arc sprayed tungsten matrix. However, although
exhibiting good performance in application, material strength
was low. Tungsten wire was also proposed as a reinforcement
for superalloys in order to increase the application temperature
and fatigue resistance and thus achieve longer lifetime. Petrasek
et al.®” investigated the use in turbine blades for the high pres-
sure turbo pumps of the Space Shuttle Main Engine. A compre-
hensive overview of this material group is given in ref. [90].

Using tungsten wire as an reinforcement in composites has
once again become a focus for the development of components
for the most highly loaded parts of fusion reactors. These com-
ponents typically consist of a tungsten armor and a copper based
heat sink.”") Tungsten wire-reinforcement was proposed to over-
come concerns regarding the structural integrity of the baseline
heat sink material CuCrZr at high thermal loads and degradation
by neutron irradiation which occur, for example, when used as a
cooling tube in a mono block concept.®? This development was
started within the European integrated Project ExtreMat,””’! in
which magnetron copper coated wire pieces were consolidated
by hot isostatic pressing.*” At the end of this project a first tung-
sten wire-reinforced Cu tube was tested in high heat flux tests
which is the typical qualification test for fusion reactor materi-
als.”® Starting with manual production and engineered interfa-
ces, the next step in developing tungsten fiber-reinforced copper
composites (Wy/Cu) was the application of textile processes for
preform fabrication in combination with liquid melt infiltra-
tion.”® These composites exploit the high strength of drawn tung-
sten wire and thus show a higher strength compared to the
CuCrZr baseline material. Even at a testing temperature of
450°C, W/Cu has a strength of about 500 MPal®”! compared to
about 300 MPa for pure CuCrZr.”® As the wire features a high
temperature stability®>'%? the strengthening effect is not
impaired during the fabrication process in which a temperature
above 1000 °C is reached (Cu melting temperature = 1085 °C*°Y).

In parallel, ideas of using tungsten as a structural material (see
e.g. ref. [102] and references therein) resulted in research on
overcoming the inherent brittleness of bulk tungsten below
the ductile-to-brittle transition temperature (see chapter 2).
Inspired by the work on ceramic fiber-reinforced ceramics!*®*
the use of tungsten wire-reinforced tungsten composites
(W W) to improve fracture toughness was proposed. In contrast
to the aforementioned systems, the reinforcing wire is not
mainly intended to increase the strength of the matrix, but rather
its resistance to crack propagation. Upon interaction with the
wire, mechanisms of energy dissipation are activated in the wake
of a growing crack allowing to redistribute stress and thus a
reduction of stress peaks at the crack tip. By this, the resistance
to crack propagation, i.e., toughness, is increased.'**
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A key to the toughening by extrinsic mechanisms are interfa-
cial layers between wire and matrix (hereinafter referred to as
interfaces). In order to activate the toughening mechanism, a
growing crack has to be deflected when interacting with a wire.
This can either be realized by a weak interface™® or a weak
matrix region in the vicinity of the wire."° In the first step,
different interfaces were investigated (see ref. [107] and
references therein). Successful demonstration tests were carried
out on model systems with individual tungsten wire pieces
embedded in a tungsten matrix (single fiber sample). In these
studies, the significant contribution of the ductile deformation
of the wire to the toughening was shown.'® It was also
demonstrated that toughening mechanisms remain active even
if the wire loses its ductility.'*® Figure 8 shows that all wires
break by plastic deformation with necking in a Charpy impact
test at room temperature and provides a clear example of the
ductility of tungsten wire.''%*!! Gietl et al.**# could show that
tungsten wire with a diameter of 150 pm incorporated into a
tungsten matrix only looses its ductility at a temperature below
—100°C, which is in line with the ductile-to-brittle transition
temperature of individual wires with the same diameter (see
Figure 4). Tungsten wire features a high specific deforma-
tion energy (energy density) in the necking region!** which
makes ductile deformation a very effective toughening
mechanism.['%”!

Multi-wire material is fabricated in two ways. Chemical vapour
deposition (CVD), utilizing WFs and H,, is used to produce a
tungsten matrix around a fibrous preform.'* In a powder met-
allurgical (PM) process, a mixture of tungsten wire and tungsten
powder is consolidated to form the composite material.**® The
reinforcement wire is either introduced as a continuous long
wire, which is the standard method for CVD composites, or
as randomly orientated short wire pieces. Initially, short wire

Figure 8. Fracture surface of a tungsten fiber-reinforced tungsten compos-
ite sample produced by chemical vapour deposition after Charpy impact
testing at room temperature: All tungsten wires (diameter 150 mm) failed
in a ductile manner featuring necking and the typical knife-edge fracture
surface.%? Details of the fabrication and the mechanical tests are given in
ref. [111], where also a high resolution image can be found. Adapted with
permission.l"'% Copyright 2019, Elsevier Ltd.
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reinforcement has been used in the PM route, which was later
replaced by long wire reinforcement.’*>! In general long fiber-
reinforcement leads to a stronger toughening effect.'™” In a
further development step, a production method for multi-fiber
samples was established and a considerable increase in toughness
compared to the non reinforced material was shown.!''®117]
While composite material produced by powder metallurgy with
short fiber reinforcement shows a fracture toughness of about
20 MPam'2"® long fiber reinforcement leads to values
up to 70 MPam'/2""! For long fiber composite material pro-
duced by chemical vapour deposition values of larger than
300 MPam'/?!' ¥ with a large dependence on fiber volume fraction
and sample size (compare e.g., refs. [116,119]) were found.
It has to be noted that these values were derived following
ASTM3991"2% standard, which is typically used for homogeneous
materials. The authors of these studies therefore note that the test
for composite materials does not fulfil all prerequisites of the
standard and that values can therefore only give a qualitative
idea of the actual fracture toughness. For comparison, the
fracture toughness of polycrystalline forged tungsten ranges
between 7 and 15MPam'/%. All values are for tests at room
temperature.

In parallel to processing technology, investigations
of the properties of the single wire being the main component
of the composite system became focus of research. The
emphasis has been on ductility and strength (see e.g.,
refs. [51,73,80,113,121,122]) as the key capabilities for the
composite as well as their temperature stability (see e.g., refs.
[81,99,123,124]) (see also chapter 3). While the composites
became more mature, their compatibility with the environment
expected in a fusion reactor was studied. Mao et al.'*! and
Kircher et al.®® demonstrated that erosion and hydrogen
retention are acceptable for tungsten wire-reinforced tungsten
materials. While tungsten fiber-reinforced copper was already
successfully tested in high heat flux experiments,"?”) first tests
have been conducted in the case of tungsten fiber-reinforced
tungsten.®?l Degradation of material properties by irradiation
damage, which is a serious threat for fusion reactor materials,
has been shown to be less severe for both individual tungsten
wirel'?® as well as bulk tungsten fiber-reinforced composites.”
A comprehensive overview on the development of tungsten fiber-
reinforced composites for fusion reactor applications materials is
given in ref. [129] (for W/ W) and refs. [83,130] (for Wg/ W and
Wi/Cu).

Attracted by these studies on the wire properties and on tung-
sten wire composites for fusion applications many development
programs for tungsten wire based composites were launched. He
et al.*Y investigated the use of tungsten wire-reinforced copper
as a transition layer between tungsten and CuCrZr. Recently, the
use of tungsten wire in combination with a tungsten-zirconium
carbide-copper matrix has been investigated.'*? The powder
metallurgical fabrication of tungsten wire reinforced tungsten
was investigated by Zhao et al."** and Zhang et al.** The addi-
tion of iron to the tungsten powder during this process allows to
increase the density but promotes brittle fracture of the tungsten
wire.13%! In parallel, the recent advances in tungsten fiber-
reinforced composite development also puts tungsten wire back
into the focus as reinforcement for other matrix materials such as
in ceramic!’*® or polymers.!*”]
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The good compatibility of tungsten with the fusion environ-
ment in general and the good availability of tungsten wire have
made this material attractive for other applications in plasma-
facing components. Terra et al. investigated the concept of
free-standing wire pieces embedded in a copper matrix.!'*®!
In this concept, which is an advancement of an idea by
Matera,[**! the free surfaces reduce thermal stresses in the sys-
tem. Tungsten wire felt and tungsten wire mesh are simulta-
neously studied as capillary porous systems for liquid metal
plasma facing materials.**%-1*!!

4.1. Textile Processing

Manufacturing of composite materials starts with the fabrication
of fibrous preforms. Fibrous reinforcements for these preforms
can be comprised of continuous or short fibers. While metallic or
ceramic reinforcing fibers are often used as monofilaments,
glass or carbon reinforcements usually consist of multifilaments.
For many years, tungsten monofilaments with a diameter in
the range of 100-200pum were used as reinforcement
fibers.B*95 194142 Eibers with a lower diameter are favoured
due to the increased strength (see chapter 3) and flexibility."**!
For W¢/Cu, monofilaments with diameters as low as 50 pm were
utilized.®® However, the smaller the diameter the more chal-
lenging the handling becomes. This problem can be solved by
utilizing multifilamentary yarns. Several different yarn architec-
tures have been investigated for tungsten wire including enwind-
ing, braiding, and twisting."**""*%1 Successful use of braided
yarns was shown for Wi/ W where they led to better reproduci-
bilty of mechanical properties as they allow for a larger fiber vol-
ume fraction and a more homogenous fiber distribution due to
their large flexibility."*”) Recently, upscaling was reported for
twisted yarns.®¥! A number of 14 filaments with a diameter of
16 pm were twisted into two bundles of 7 wires which were then
wrapped around each other. In tensile tests, the yarn showed a
strength of more than 4 GPa which is very similar to that of the
individual wire (see Figure 9). Tungsten wire has been used in
hybrid yarns for electromagnetic and radiation shielding in
clothes. 4814

The fibrous preform itself needs to be chosen according to the
fabrication technology. For layered fabrication, 2D structures are
required (see e.g., ref. [150]). 3D structures are reported for infil-
tration techniques.®® While in the early development stage of
We/Cu and W/ W, manual winding was usually used,”>*!) tex-
tile techniques are preferred for upscaling. Weaves are investi-
gated as 2D structures for a layered production of W W.l!
Here, a quasi unidirectional reinforcement is achieved by using
a large weft wire distance. By utilizing optimised warp wire dis-
tances, a significant increase in sample size could be reached for
W/ W produced by chemical deposition.™® Circular braids have
been realized using monofilaments down to a diameter of
50 pm™* as well as multifilametary yarns.®! In the later case,
the textile was optimized to be used in tungsten fiber-reinforced
copper tubes. A high braiding angle allows reinforcement in
hoop direction. Additionally, axial reinforcement is achieved
by introducing yarns in axial direction. Tungsten wire felts pro-
duced from wires with a diameter of 50 pm are investigated as
capillary porous system for liquid Sn.!'>?
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Figure 9. Engineering stress—strain curves of a twisted tungsten yarn con-
sisting of (2 times 7) filaments with a diameter of 16 pm (red solid lines)
and the individual filament (black dashed line) tested at room tempera-
ture. The picture in the right corner shows the yarn in detail.
(Reproduced under the terms of the CC BY license.®®! Copyright 2024,
The Authors. Published by Elsevier Ltd.)

5. Discussion

Initially developed as filaments for the lighting industry, thin
drawn tungsten wires have found their way into advanced materi-
als for the use in highly loaded components of fusion reactors. The
key to this development is the unique combination of high
strength and the ability to deform plastically even at low homolo-
gous temperatures. Both are linked to the transformation of the
wire’s microstructure and crystallographic texture during wire
drawing. In the following, we will discuss the deformation mech-
anism of drawn tungsten wires and the wires’ potential of their use
in composites for the application in nuclear fusion and beyond.

5.1. Deformation Mechanism

As already mentioned earlier, a unique feature of drawn tungsten
wire is the shift of its ductile-to-brittle transition to lower temper-
atures after sustained cold-working in the drawing process
(see Figure 4). This phenomenon, which is also the basis of
the “invention” of ductile tungsten wire by Coolidge (see chapter
2), is also observed in severely plastically deformed (SPD)!>37156!
and rolled tungsten materials.*”®5771¢1 o far, no concise
model has been presented in which this “ductilisation” upon cold
working could be explained universally. In the following, we
present an empirical model that relies on both structure—
property relations formulated using current literature and the
recent identification of the kink-pair mechanism as rate-
controlling deformation mechanism in drawn tungsten wires
at T> Tppr (see chapter 3).

In drawn tungsten wires, the ductile-to-brittle transition can
be described as a competition between two mechanisms, namely
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brittle crack growth and dislocation-mediated plastic deforma-
tion. For the empirical model, a wire, with an arbitrary flaw, a
(micro)crack, an inclusion, a pore, etc., is considered. If the wire
is stressed by an external strain rate ¢, power is dissipated. The
dissipated power per volume p can be described as follows:

dw
p== @

where w is the dissipated work per volume and ¢ is the time. On
the one hand, work can be dissipated by (incrementally) extend-
ing the pre-existing crack, which will eventually lead to a brittle
fracture. The associated dissipated work is denominated dw.. On
the other hand, work can also be dissipated by the generation
and/or motion of dislocations. The incremental work for plastic
deformation dwy, can be expressed using the material’s strength

o and the plastic strain increment ePI:[GO]

dwpl = O'dgpl (3)

Whether the material under stress deforms brittle or ductile is
determined by the deformation mechansim associated with
the lower incremental work. For dwy < dw, ductile deformation
can be expected and vice versa. In order to explain the shift of the
ductile-to-brittle transition temperature of tungsten wires upon
cold working, the influence of the transformation of the micro-
structure on the incremental work required for plastic deforma-
tion and crack growth has to be analysed, respectively. The
impact of changes in the crystallographic texture is most likely
negligible since annealing treatments performed by Snow!'®”
led to a dramatic change in the microstructure and mechanical
properties of drawn tungsten wires but left the crystallographic
texture almost unchanged. Thus, three different microstructural
parameters will be discussed below with respect to their
evolution with increasing accumulated drawing strain, i.e.,
decreasing wire diameter, and their corresponding influence
on the incremental work that is used to assess the ductile-to-
brittle transition.

Decrease of grain boundary spacing/increase of grain boundary
volume: Foreign atoms like oxygen, nitrogen, carbon, phospho-
rous and sulfur, which have a low solubility in the bcc lattice,
tend to segregate to grain boundaries.['®*1%* At the grain bound-
ary, the impurities decrease the grain cohesion, requiring less
work to split the grain boundary in an intergranular man-
ner.'*>'% For a constant impurity content, the decrease in
the width of elongated grains and thus the increase in grain
boundary area yields an effective dilution of impurities at the
grain boundary, improving grain cohesion and increasing the
work required for brittle crack growth along the grain boundary.
Thus, the decrease in grain width increases dw.. Simultaneously,
the strength of wires with a smaller grain width increases due to
grain boundary strengthening. Thus, a decreased grain boundary
spacing also increases dwy, according to Equation (3).

Increase of dislocation density: The cold working during wire
drawing increases the dislocation density in tungsten wires
(see Figure 6). Thus, the strength of the wire increases due to
Taylor hardening. This leads to an increase in the incremental
work that is required for the plastic deformation dw,.
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Increase in grain length and grain aspect ratio: As already stated,
the grain length and also the grain aspect ratio increase for
increasing accumulated drawing strain and thus for decreasing
wire diameter.*® Since the fracture toughness of tungsten wires,
i.e., their resistance against crack growth, is lowest for intergran-
ular crack propagation,'®”) cracks that intend to cross the wire
transversally from surface to surface first need to follow the
highly elongated shape of the grains. A high aspect ratio thus
leads to a strong increase in the incremental work dw. that is
required for brittle fracture by crack propagation. Nikolic
et al.'?*! observed pronounced crack deflection during crack
propagation in notched W wire.

In summary, an increase in grain aspect ratio seems to have
the most beneficial influence on the ability of a tungsten wire to
deform plastically. This result is supported by a study by Pink and
Sedlatschek,® in which they compare the ductile-to-brittle tran-
sition temperature of molybdenum materials with different grain
aspect ratios. Their study clearly shows that an increase in grain
aspect ratio lowers Tpgr. The evolution of dw. and dwy are
depicted schematically as a function of wire diameter in Figure 10.

As shown in Figure 10, a critical wire diameter d;(T) is
defined at a given temperature T by the intersection of dwy(d)
and dw,(d). Thicker wires tested at this temperature behave brittle
since dwy, > dw,, while thinner wires can be deformed to finite
plastic strain without fracturing. The influence of the test tem-
perature on the incremental work required for brittle and plastic
deformation and thus the ductile-to-brittle transition tempera-
ture, is also included in the schematic depiction in Figure 10.
The influence of the temperature dependence of the Young'’s
modulus on dwy, and dw, is assumed to be equal for both defor-
mation modes and thus does not change their point of intersec-
tion. Hence, the main influence on d; is due to the decrease of
dwy as a direct consequence of the thermally activated nature of

dw, (T = TRT) ~ dw, (T > TRT)

dwp| (T = TRT)
- d’UJpl (T > TRT)

3

=

v - < - - §

= ~

ls) -

=

El

g

g dexit (T = Trr)

5}

g dcrit (T
0 1 2 3 4

Wire diameter d in mm

Figure 10. Schematic illustration of the dependence of the incremental
work for crack propagation dw, and for plastic deformation dwy, on the
wire diameter, respectively. The linear dependence was used as first order
approximation. The increase of both incremental works is based on the
influence of different microstructural parameters, see text. The illustration
was set up to fit to the available data on the ductile-to-brittle transition
temperatures available in literature, see Figure 4: Plastic behaviour at room
temperature Tgy is observed for d < dgy(T = Tgr) & Tmm.P>% Higher
temperature shifts the critical diameter to higher values, see text.
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the kink pair mechanism being the rate-controlling deformation
mechanism in drawn tungsten wires at temperatures T > TppT.
The reader is referred to ref. [168] for an application of the
present model on tungsten wires after different treatments
(annealing, ion irradiation) as well as rolled tungsten plates
and sintered and subsequently thermo-mechanically treated
tungsten. While the presented model is in line with theories
on the deformation mechanisms of tungsten wires available
in literature, it needs to be rationalized by experimental data
and robust models based on this experimental data. For this it
is essential to use data measured on wires for which both the
chemical composition and the process history are known.

5.2. Tungsten Wire in Composites for Fusion Application and
Beyond

The high strength of tungsten wire allows it to be used as a
strengthening element as in W;/Cu where the strength of the
composite is directly related to the strength of the reinforcement
through the rule of mixture./® If the main intention is toughen-
ing, a high strength is beneficial for both elastic bridging of a
propagating crack and, less important, for energy dissipation
by ductile deformation. While elastic bridging has a quadratic
or cubic dependence, ductile deformation has a linear depen-
dence on strength (see ref. [109] and references therein).
Although the strength of highly deformed tungsten wire is very
high, even in comparison to common reinforcement fiber
materials, it has a low specific strength due to its high density
(see Table 1). This is not critical for an application in nuclear fusion
but could restrict the use of tungsten wire beyond this.
Nevertheless, it might still be favorable in applications where weight
is no concern and/or if the reinforced matrix is equally dense.[

If the purpose of fibre-reinforcement is toughening, the ductile
deformation during fracture is most beneficial due to the large
amount of dissipated energy.'” For this, debonding between
wire and matrix is required. The high localized deformation
energy density of tungsten wires described earlier enables large
energy dissipation even with short debonding lengths.***! This
may make tungsten wire attractive for the use in SiC matrix com-
posites, which are also proposed for nuclear applications.*”)
As a consequence of focused research over many decades SiC
reinforced with SiC fibers are believed to have an excellent

Table 1. Properties of tungsten wire in comparison to common
reinforcement fiber materials. For the comparison, commercially
available products were chosen: T300 standard modulus carbon fiber
manufactured by Toray carbon fibers America inc,”™ E-glass fiber
manufactured by saint-gobain Vetrotex Deutschland GmbHP'"®! and

Nicalon (ceramic grade) SiC fiber manufactured by COl Ceramica,
inc [216217]

Tungsten wire Carbon Glass SiC
Young's modulus in GPa 410 203 73 >340
Strength in GPa >47383 35 3.4 >2.6
Density in gcm 2 19.3 1.76 2.6 2.50-2.65
Diameter in pm 16 7 3-26 14
Fracture ductile brittle brittle brittle
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tolerance against irradiation damage expected in nuclear applica-
tions. Although tungsten wire demonstrated a superior irradia-
tion behaviour in first tests!®’'?®! further research is necessary in
order to reach the same levels of insight achieved for SiC/SiC
composites. The ability of a reinforcing fiber to deform in a duc-
tile manner is moreover of interest for applications beyond
nuclear, e.g., in polymer matrix composites. Callens et al.'””
showed that the strain to failure of a polymer can be increased
up to four times by reinforcing it with ductile steel fibers. As the
local deformation energy of tungsten wire is exceeding that of
steel wire (comparel'**'7") its application in polymers could
be attractive.

In the as-drawn state, both undoped and potassium doped
tungsten wires show only a moderate decrease in strength during
tensile testing up to 600 °C." A different behaviour is observed
after annealing caused by the different thermal stability of the
microstructure: Ductile behaviour accompanied with a decrease
in strain hardening capability is observed as long as the elongated
grain structure is preserved (see Figure 2). For doped wire with a
diameter of 150 pm it could be shown that ductility and 70% of
the intial strength was retained up to annealing at 2173 K for
0.5h (see Figure 11).

In contrast to tungsten filaments employed in incandescent
lamps, where grain refinement can have a detrimental impact
on creep resistance at elevated temperatures, the lower opera-
tional temperature range of tungsten wires utilized in fusion
applications mitigates the negative influence of small grain sizes
on creep strength (see Figure 7). This phenomenon can be illus-
trated using Ashby deformation maps, wherein the onset of
creep is shifted to higher applied stress levels in finer-grained
materials, indicating their reduced resistance to withstand creep
deformation (see Figure 12). For tungsten wires employed in
fusion applications, even with grain sizes as small as 1pm,
the contribution of creep deformation is negligible under the pre-
vailing operational conditions. In contrast, for incandescent lamp
filaments, comparable creep resistance can only be achieved

3000 -
2500 o
2000 A
‘©
o
= 1500
§ as-fabricated
B 1000 4 —e—o—s— 1273K
—aosa— 1573 K
——=— 1873K
500
—e——s—— 2173 K
—0— 2573 K

0 L L T t 1 r Tt - 1
0,000 0005 0010 0015 0020 0025 0030 0035 0040
Strain, adjusted [-]

Figure 11. Engineering stress—strain curves of as-drawn and annealed
doped-tungsten wires with a diameter of 150 pm obtained from room tem-
perature tensile tests (taken from[®%). The wires were annealed for 0.5 h at
the temperatures indicated in the figure legend. Adapted with permis-
sion.B% Copyright 2016, IOP Publishing, Ltd.
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Figure 12. Deformation mechanism map of tungsten. Left: Small grained pure tungsten (grain diameter d =1 um).1?'? Right: Coarse grained doped
tungsten (grain diameter d = 1 mm).'? The colored rectangles indicate the different operating conditions for fusion (blue)®'"! and incandescent lamps
(orange)."® The contour lines for creep rates (labeled by orders of magnitude) demonstrate that even for fine grained tungsten, deformation by creep is
negligible for fusion applications, whereas for lamp application comparably low creep rates can only be achieved with doped tungsten wires. Adapted with

permission.?' Copyright 1982, Elsevier.

through grain boundary strengthening via doping, as the intrin-
sic creep resistance of pure tungsten is insufficient to meet the
required service life at the elevated operating temperatures.

In the case of W¢/Cu, the maximum temperature is restricted
by the melting point of Cu. Here, the strengthening effect of (in
particular doped) tungsten wire used as reinforcement fibre
should not be diminished due to annealing phenomena.
However, the effect of neutron irradiation (irradiation damage
and transmutation) on wire strength and creep stability should
be investigated. In the case of W/ W the high temperature sta-
bility of tungsten wire could allow to increase the maximum
operating temperature beyond that of standard materials.''"
Open questions are the evolution of strength at temperatures
beyond 600 °C and the long time stability of the microstructure
within the composite. The maximum annealing time of current
studies has been up to 1h for individual wire.®*'”? Longer
annealing has been performed in model W/ W composite systems
(single wire embedded in matrix material)."”*'7* The studies
showed, that besides the effect of longer duration, the interaction
with the other composite constituents, i.e., matrix and interface
system, has to be taken into account. Radiation-enhanced recrys-
tallisation was reported to be less effective on potassium doped
tungsten plates compared to pure W.['”>) Whether these findings
also apply to doped W wire needs to be investigated.

Although, high heat loads are the major load on plasma-facing
components, other effects brought about by the within the fusion
environment must also be considered, e.g. the effect of neutron
irradiation or the interaction of the materials with impurities
such as hydrogen. Plasma-facing materials are subjected to high
neutron fluxes which can lead to a strong deterioration of
mechanical properties.'”® As described in chapter 4, thin tung-
sten wire was resistant against radiation damage in first tests.
However, investigations on the role of highly energetic fusion
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neutrons and the effect of transmutation are still pending.
Hydrogen retention, so far only investigated for wires embedded
in a tungsten matrix, seems to be acceptable in the as-fabricated
condition. However, as hydrogen retention in tungsten is domi-
nated by defects,!”””! studies looking into the retention behaviour
in the irradiated state are needed to improve understanding.
Furthermore, the impact of closed porosity, which is reported
for swaged tungsten,!'”®! needs to be studied in more detail.
Besides hydrogen, helium produced by the fusion reaction or
caused by transmutation is an important species plasma-facing
materials are in contact with. Although He loading in a cyclotron
did not lead to a detrimental effect on the mechanical properties
of hot rolled pure tungsten,!'”®! studies of Das et al.'®*® showed
that synergistic effects, i.e., the interaction of He and irradiation
damage, are important. Feichtmayer et al.*®" present an inter-
esting method to investigate such effects for tungsten wire
and showed first effects on the synergy between mechanical load
and irradiation damage. It is also known that tungsten is sensi-
tive to small amounts of impurities which can be beneficial as in
the case of potassium (see chapter 2) or detrimental as in the case
of carbon or oxygen."®?! Miiller et al."*” observed embrittlement
of tungsten wire during heat treatment in contact with graphite
crucibles. A similar finding is reported by Mao et al.***! when
investigating the fabrication of Wi/ W by powder metallurgy.
As the use of carbon-based materials in plasma-facing compo-
nents is mostly abandoned due to their high erosion rate and
the occurrence of tritium co-deposition,'®*! direct contact of
tungsten with carbon during the use in a fusion reactor environ-
ment is unlikely. Nevertheless, due to the high sensitivity
towards carbon, utmost care has to be taken in all manufacturing
steps before its final use.

As outlined by Riesch et al.®¥l the design of composites
should be based on criteria with respect to the intended
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final properties. That means that although the tungsten
wire-reinforced composites offer very attractive properties for
the use in a fusion reactor, specific applications have to be
defined prior to a successful application. A good example is
the reinforcement of copper to increase the strength of cooling
pipes which was ranked as a risk mitigation material for the next
generation of fusion reactors in Europe.'®*! While the produc-
tion of tungsten wire textiles is on the brink of industrializa-
tion,®*] the matrix production procedure is still being
optimized for example, by employing galvanic processes.!'5¢!
The same applies to short fiber-reinforced W/W, where
fabrication still takes place in university labs despite a significant
upscaling.[*'”!

As tungsten wire was the key component in electric lighting
for many decades, there is huge know-how in manufacturing but
the once huge production capacities are already decreasing due to
a reduced market, e.g. as a consequence of the ban of incandes-
cent light sources in Europe (see e.g. ref. [2] for an overview). In
contrast to high performance ceramic fibers, which are mainly
produced in the US or Japan,™®”) tungsten wire is more widely
available. The emerging interest in composites for fusion appli-
cation could open up new markets for drawn tungsten wires.
Currently however, the demand of tungsten wire for this appli-
cation cannot compensate the decreased use for incandescent fil-
aments. However, R&D activities in nuclear fusion technology
have recently been ramped up in many countries, which might
also provide a strong impetus for the development of tungsten
fiber-reinforced composites (see e.g. ref. [188]).

This review focuses on the use of tungsten wire in materials
for nuclear fusion application. As outlined above, it might also be
attractive to be used in other high-performance composite mate-
rials. Many advanced composite materials are being developed
for aerospace applications. In this field of application, the high
density of tungsten wire will hinder successful application. For
example tungsten wire-reinforced FeCrAlY superalloys®! show
that the gain in strength by reinforcement is almost completely
lost if the composite’s normalized strength is compared to the
one of the superalloy. The potential of tungsten wire composites
could lie in hybrid application e.g., when replacing already used
tungsten heavy alloy balance weights for aviation while providing
improved structural properties. The same is true when thinking
of replacing copper wire in lightning protection.!**”! When using
tungsten wire to reinforce new matrix materials, the chemical
compatibility needs to be considered. Whereas the compatibility
with a polymer matrix is good!**”! tungsten wire lost its ductility
when combined with a SiC matrix.*®!

6. Concluding Remarks

The development of a manufacturing process that can produce
high-strength, ductile as well as creep-resistant wires from an
otherwise brittle tungsten material is unique within the world
of metallurgy. This led to the superior qualities of drawn tung-
sten wires exploited both for incandescent lighting as well as for
the development of new and advanced fiber-reinforced compo-
sites. The use of drawn tungsten wires as reinforcing fiber
can both significantly enhance the high-temperature strength
of copper materials as well as bestow considerable fracture
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toughness upon an intrinsically brittle tungsten matrix produced
via powder metallurgy or chemical vapour deposition. These
damage-resilient and reliable composites might pave the way
for the break-even of energy production using nuclear fusion.
Current efforts are undertaken to qualify tungsten fiber-
reinforced composites for the fusion environment as well as
optimize the production of these composite materials by for
example employing textile techniques.

The development of advanced composite materials reinforced
with drawn tungsten wire has the potential to open up new ave-
nues in various industries, including aerospace, energy, and
transportation. By leveraging the exceptional mechanical proper-
ties and high-temperature stability of drawn tungsten wire, these
composites could enable the creation of high-strength and heat-
resistant components for the use in extreme environments. The
mature manufacturing technology and extensive knowledge base
around drawn tungsten wire could facilitate the efficient and
cost-effective production of these new composites. The efforts
directed towards the use of tungsten wires in these composites
have also triggered new research work. Especially strength and
ductility, being the key properties for applications in composites
became intensive attention. The improved understanding
of the mechanical behaviour of tungsten wire especially its
low-temperature ductility may also contribute to a better under-
standing of the mechanical behaviour of other tungsten
materials.

Despite the declining demand in lighting, the new application
of tungsten wires in composites for fusion reactors can provide
drawn tungsten wire with a new lease on life.
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