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Plasmas can generate ultra-high-temperature reactive environments that can be

used for the synthesis and processing of a wide range of materials**. However, the
limited volume, instability and non-uniformity of plasmas have made it challenging to
scalably manufacture bulk, high-temperature materials®®. Here we present a plasma
set-up consisting of a pair of carbon-fibre-tip-enhanced electrodes that enable the
generation of a uniform, ultra-high temperature and stable plasma (up to 8,000 K)
atatmospheric pressure using a combination of vertically oriented long and short
carbon fibres. The long carbon fibres initiate the plasma by micro-spark discharge ata
low breakdown voltage, whereas the short carbon fibres coalesce the discharge into a
volumetric and stable ultra-high-temperature plasma. As a proof of concept, we used
this process to synthesize various extreme materials in seconds, including ultra-high-
temperature ceramics (for example, hafnium carbonitride) and refractory metal
alloys. Moreover, the carbon-fibre electrodes are highly flexible and can be shaped for

various syntheses. This simple and practical plasma technology may help overcome
the challenges in high-temperature synthesis and enable large-scale electrified
plasma manufacturing powered by renewable electricity.

Plasma creates highly reactive and non-equilibrium environments that
are used in various materials syntheses and processes**°. However,
the fabrication of large-scale, particularly high-melting point, bulk
materials requires a plasmadischarge process that can achieve uniform
high temperatures over alarge area or volume. Volumetric plasmas,
such as glow discharge, have been previously demonstrated through
avariety of methods, although typically at low pressure (<150 torr) at
which the neutral gas temperature (7,) of the plasma is much lower*
(<1,000K) thantheelectrontemperature (T;) (refs. 4,12,13). Asaresult,
glow discharge has a very limited ability to process high-temperature
materials at a high yield. Alternatively, arc discharge is often used to
achieve high-temperature plasmas (up to 10,000 K or higher) and ena-
ble atmospheric pressure manufacturing' '8, However, atmospheric
arc discharge between conventional plate electrodes typically con-
tractstoanarrow, randomarc channel (about1 mm), with theresulting
temperature distribution being highly non-uniform because of energy
dissipation to the surrounding environment”®, As aresult, arc discharge
hasalimited ability to process large-scale materials, particularly those
with planar form factors.

Various electrode designs and processes have been explored to
improve the stability and scale of high-temperature plasma discharge at

atmospheric pressure. For example, pin-to-pin electrodes can prevent
random plasma discharge, in which the high curvature of the elec-
trodes (radius of several millimetres) increases the local electric field
strengthand promotes the thermionic emission of secondary electrons
to achieve stable high-temperature plasmas. However, the pin struc-
ture limits the arc plasmas to a narrow channel”, with alimited plasma
volume. Although a rotating gliding arc can increase the discharge
volume?’, the plasma channel is still a filament, with a non-uniform
distribution of the temperature and active species. Thus, to our knowl-
edge, the challenge of atmospheric-pressure, high-temperature plasma
synthesis and processing remains to be addressed for the scalable
manufacturing of high-temperature, bulk materials.

Here we report a uniform, ultra-high temperature (up to 8,000 K),
stable plasma (USP) at atmospheric pressure that is achieved using a
pair of carbon-tip-enhanced electrodes (Fig. 1a,b and Extended Data
Fig.1a,b). The electrodes are composed of a high density (around
10° cm™) of short, vertically oriented carbon fibres (approximately
10 pm diameter; Extended Data Fig. 1c-f), as well as some long car-
bon fibres that extend into the gap between the two electrodes and
form contact (Extended Data Fig. 1d). When voltage is applied, Joule
heating isintensified at the defective regions or contact points of the
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Fig.1|Auniform USP atatmospheric pressure enabled by an electrode
designfeaturinglongcarbonfibresand adensely spaced array of
numerous, small-diameter carbon-fibre tips. a,b, Schematic (a) and
corresponding photographs (b) of the volumetric plasma generation using
the carbon-fibre-tip electrodes. ¢, SEMimage of the short-fibre-tip array on
thesurface of the carbon felt electrode. Scale bar,200 pum. Inset, magnified
image showingthe fibres.Scale bar, 10 pum.d, Schematic of the short carbon
fibres, showingthe tip-enhanced electric field distribution when the plasma

long carbon fibres, at which the resistance is the highest, reaching an
ultra-high temperature until the fibres break (Extended Data Fig. 2a-c),
creating very small gaps (about 10 pm). The locally enhanced electric
fields at these newly formed fibre tips promote secondary electron
emission, resulting in a spark discharge across the narrow inter-fibre
gaps? (Fig. 1b and Extended Data Fig. 2a) that helps in initiating the
plasma at arecord-low breakdown voltage (around 40-45 V). Mean-
while, the densely spaced short carbon fibres, as shown in the scanning
electron microscopy (SEM) image of Fig. 1c, produce tip-enhanced

Spatial uniformity and temporal stability

discharge breakdown takes place, in which the carbon-tip array coalesces
andstrengthensthelocalelectricfield intensity across the electrode surface.
e, Thetemperature profile of the plasmaalong the carbon felt electrodes,
which canreach temperatures as high as about 8,000 K with excellent spatial
uniformity. Error bars shows.d.; n=>50.f, Temperature and uniformity
comparison of USP with other plasma techniques using similar levels of current
input?®?, showing the advantage of USP in generating a steady, large-area
atmospheric plasmawith high temperatures (up toabout 8,000 K).

electricfields that merge across the surface of the electrodes (Fig. 1d),
accelerating the Townsend breakdown to arc transition, expanding
the plasma size and volume and increasing the plasma uniformity
(Extended Data Fig. 2a). This expansion also generates a collective
heating effect that helps stabilize the plasma.

With this technique, we can readily achieve a continuous, volumet-
ric plasma (dictated by the size of the electrodes) featuring a highly
controllable temperature of between 3,000 K and 8,000 K, as well as
a uniform temperature distribution (Fig. 1e). Compared with other
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Fig.2|USP plasmagenerationusing the carbon-tip-enhanced electrode
design. a, Schematic of the set-up used for the USP process. The electrodes
arecomposed of 25.4-mm round discs of carbon felt embedded in graphite
bases. The carbon felt hasboth shortand long vertically oriented carbon fibres
oneachelectrode surface. b, Magnified photograph of the two electrodes, in
which the sparser, long fibres from the two electrodes form initial contacts.
c,SEMimage of the short, higher-density, vertical carbon-fibre bundles. These
carbonfibresinitially featured blunt tips.d, Applying a voltage between the
electrodesresultsingas discharge, with the plasma displaying an extremely
brightlight. To view the plasmamore clearly, we applied a neutral density (ND)
filter, whichdemonstrated the uniformity of the plasmabetween the electrodes.
The plasmashowed good stability when the voltage was applied, shown here

arc jet or pin-to-pin arc plasmas?? (Fig. 1f), the USP process can
achieve a uniformly large area and high temperature (for example,
8,000 K) at atmospheric pressure with modest current input (about
45 A). Notably, the carbon-fibre tips remain stable even under these
ultra-high-temperature conditions because of the low heat capacity
as well as the high thermal conductivity and emissivity of the carbon
electrodes. As a result, the volumetric plasma can maintain stable
operation for 10 min or longer with sustained power input.

As aproofof concept, we used this USP technique to synthesize sev-
eral extreme materials in just seconds, including hafnium carboni-
tride (Hf(C,N), an ultra-high-temperature ceramic), refractory metal
alloys with ultra-high melting points (for example, a W-1.5Nb-0.5Ti
alloy) and carbon nanotubes (CNTs) directly from carbon black with-
out any catalyst. The plasma temperature can also be rapidly tuned
and pulsed (with heating and cooling rates of around 10> K s™), which
can be used for various non-equilibrium syntheses®%. Furthermore,
the carbon-fibre electrodes are highly flexible and can be shaped
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for10 min. Turning offthe input voltage then caused the plasmato stop,
althoughthe carbon felt electrode remained red-hotimmediately after the
plasmatermination. e, SEM images of the short carbon fibresimmediately
after the plasma formation, showing the fibre tips have become sharper.

f, The temperature of the central region of the plasma as a function of the input
current (15-45 A, corresponding to a current density change of 3-9 A cm™).
Errorbarsshows.d.;n=50.g, Experimental comparison of the plasma formation
process between the graphite plate electrodes with only long fibres (that is,
without the short-fibre-tip array) (top) and the carbon-tip-enhanced electrodes
withbothlong fibres and the short-fibre-tip array (bottom). The short fibres
arenecessary for the electrodes to expand and stabilize the plasma. Scale bars,
20 pm(c); 10 um (e).

into different configurations, such as a plasma heating channel or a
scanning beam, to enable the processing of a wide range of materials.
This continuous and volumetric plasma overcomes the traditional
trade-off of plasma size, temperature and uniformity using a sim-
ple, carbon-fibre-tip electrode design, suggesting its potential for
large-scale, sustainable manufacturing of high-temperature materials™.

Figure 2ashows aschematic of the electrode set-up used to generate
the USP process at atmospheric pressure. Two disc electrodes are made
of carbon felt (25.4 mm diameter; Extended Data Fig. 1a,b). We then
vertically aligned two of these carbon felt electrodes (Fig. 2a, Extended
Data Fig. 2a) separated by a gap of about 3 mm in an argon environ-
ment atatmospheric pressure. Inthis set-up, several long carbon fibres
extend from the carbon felt surfaces and form contacts between the
two electrodes (Fig. 2b). Furthermore, the electrode surface features
ahigh density of short, vertically oriented carbon fibres with blunt tips
that are separated by horizontally aligned fibres, with aninter-bundle
distance of about 200 um (Extended Data Fig. 1c). The carbon-fibre



tips feature diameters of approximately 10 pm (Fig. 2c), whichis much
smaller thanthe micron-to-centimetre scale of the metal pin electrodes
conventionally used for generating arc plasmas® ,

Tostartthe USP process, we gradually increased the voltage between
the electrodes (up to around 33 V). The long fibres that contact each
other generate strong Joule heating, which causes the fibres to glow
(Extended DataFig.2aand Supplementary Video1). Note that the defec-
tive regions and contact points between the long fibres have a higher
resistance than that of the fibres themselves, which leads to localized
heating and breakage, forming small gaps between the fibres (Extended
Data Fig. 3). This process creates an open-circuit condition, which
causesthe fibres that were glowing previously to turn dark (Extended
DataFig.2). However, as we continue to increase the voltage, these new
micron-sized gaps between the fibres pronouncedly reduce the gas
breakdown voltage (about 42 V) and increase the ability to discharge
using the enhanced electric field and increased secondary electron
emission at the fibre tips, with sparks forming between the long fibre
tipsandinitiating the plasma. The gas discharge then rapidly coalesces
betweenthe electrodes, which we consider was because of the presence
of the short carbon-fibre tips that cover the surface.

Theresulting USP plasmagenerates an extremely bright light, in which
aneutral density filter is required to observe the plasma (Fig. 2d). The
plasma remains stable, in this case lasting for at least 10 min until we
turned the power supply off (Fig. 2d, Extended Data Fig. 4a and Supple-
mentary Video 2). We found that the carbon-fibre tips were sharpened by
the plasmageneration process (Fig. 2e and Extended DataFig. 4b), proba-
blybecause of the concentrated electricfields. The sharp tips should also
furtherincrease the surroundinglocal electric field and facilitate the dis-
charge process. Our modelling suggests that thislocalized tip-enhanced
electric field merges across the surface of the electrodes because of the
high-density array of the short carbon fibres, resulting in the observed
volumetric, stable plasma formation (Extended Data Fig. 4c).

We determined the USP temperature using Rayleigh thermome-
try**®. As shown in Fig. 2f, when we increased the current from 15 A to
45 A (corresponding to a current density of 3-9 A cm™), the plasma
temperatureincreased fromabout 4,600 Kto 7,700 K, demonstrating
the ability of the USP process to generate an ultra-high-temperature
environment, which we further confirmed using grey-body radiation
spectroscopy (Extended DataFig. 5a). We also found that the tempera-
ture shows good uniformity across the centre of the plasma (Extended
DataFig. 5b). Despite such an ultra-high plasma temperature, numeri-
cal simulationshows that the carbon tips feature alower temperature
distribution, reachingjust around 3,000 K even when the plasmacentre
issetat 7,000 K (Extended Data Fig. 5c). We attribute this to the high
thermal conductivity and emissivity of the carbon tips, which helps
rapidly transfer heat away from the electrodes. This explains how the
carbon tips remain stable in such an ultra-high-temperature environ-
ment that is essential for the continuous operation of the plasma.

We conducted several control experiments to better understand
the role of the short and long carbon fibres in the USP process. First,
using stainless-steel plate electrodes without any fibres (Extended Data
Fig. 6a), wefound that avoltage of almost 1,500 Vwas required over an
approximately 3-mmgap to achieve the gas discharge breakdown, with
the resulting plasma discharge occurring at random in narrow chan-
nels. Notably, the voltage is more than 30 times higher than the 42V
required using the carbon-fibre-tip-enhanced electrodes over the same
electrode gap distance. We also performed control experiments isolat-
ing the effects of the long and short carbon fibres. We found that by
simply removing the long fibres between the carbon felt electrodes and
ensuring no contact was formed, we were unable to generate plasma
breakdown under the same conditions (Extended Data Fig. 6b), dem-
onstrating the necessity of the long carbon fibres ininitiating the USP
process. As an extra control experiment, we used two graphite plate
electrodes of the same dimensions but with only abundle of long fibres
glued between the electrodes (thatis, without the presence of the short

fibre-tip array; Fig. 2g and Extended Data Fig. 6¢c-e). As we elevated the
voltage, only spark discharge was observed, without the formation of a
continuous or expanded plasma. By contrast, the USP process produces
asteady volumetric plasma, which we attribute to the presence of the
dense, short carbon fibres, the average distance between which (about
3-10 pm) is close to the Debye length of the system (Methods), thus
enabling numerous localized tip-enhanced electric fields to coalesce
across the electrodes and expand the plasma after initiation. Moreo-
ver, the high temperature of the fibre tips may enhance the secondary
electron emission, which would further promote plasma expansion
with enhanced uniformity using a collective heating effect.

Figure 3a presents the current-voltage (/-V) characteristics of the
USP discharge process using the tip-enhanced carbon felt electrodes,
with corresponding images at different stages shown in Fig. 3b. We also
simultaneously measured the plasma electric field strength between
the electrodes using the in situ electric-field-induced second harmon-
ics (E-FISH) method*® (Fig. 3c). As the top carbon felt bias voltage was
increased from O V to about 33 V (Fig. 3a, I), we observed bright fila-
ments between the electrodes (Fig. 3b, I), which are the Joule-heated
long, contacted carbon fibres. Then from about 33-42 V, we observed
no current signal in the /-V curve (Fig. 3a, I) and no light emission from
the fibres (Fig. 3b, II). This outcome is because of the physical breakage
ofthe contacted long fibres because of excessive Joule heating, forming
micro-gaps between these fibres and cutting off the current (Fig. 3b, II).
As we further increased the voltage to around 42-45V (Fig. 3a, Il), the
electric field is further elevated (Fig. 3c) and we observed micro-spark
discharges (Fig.3b, IlI). These discharges occurinthe narrow gaps of the
broken fibres using the tip-enhanced electric field*. This process helps
reduce the breakdown voltage of USP by promoting electron impact
ionization using the Townsend avalanche” (Fig.3b, IV). With the transition
of micro-sparkstoarcdischarge, we observed arapid drop of the voltage
toabout20 Vbecause of theincrease of the electron number density and
conductivity in the plasma'**** (Fig. 3a,c), with a current surge to 18 A
(thatis, the arc discharge breakdown current; Fig. 3a). After the break-
down, the measured electric field between the two electrodes was very
low (around 5V mm™), indicating a thermal plasma. The arc discharge
volume then began to rapidly expand between the electrodes (Fig. 3b,
V). When the current reached approximately 45 A (Fig. 3a,b, after VI),
the USP generated a temperature of about 7,700 K (Fig. 2f). As we then
gradually reduced the current from45 A (Fig. 3a,b, VII), the arc discharge
remained stable even whenthe current wasabout7 A, whichis far below
thegas discharge breakdown current (around 18 A; Fig. 3a). Thisis a typi-
cal hysteresis of an arc plasma discharge. In general, we found that the
breakdown voltage of the USP process was significantly lower than the
previously reported plasmabreakdown values*®*, as well as highly repro-
ducible (about42 +2.6 V,based on15 experiments; Extended DataFig. 7).

We also found the volumetric plasma can be rapidly turned on and
offby simply modulating the voltage and current applied. For example,
we used the programmable power supply to realize a pulsed plasma by
repeatedly setting the applied voltage to 45 Vfor 0.5 sand then turning
itbackto 0 Vfor 0.5 s (Fig.3d and Supplementary Video 3). This process
increased the current of the plasmato 35 Afor1s.Asaresult, we were able
tocyclethe plasmatemperaturebetween1,000 Kand 6,000 Kinlessthan
1s, with ramping and cooling rates of about 10° K s . This marked tun-
ability isbecause of the low voltage barrier for the arc plasmatransition
enabled by the tip-enhanced electrodes. This ability to pulse the plasma
to reach high temperatures for short periods of time and then quench
back to low temperatures suggests that USP could be used to control
reaction pathways for various non-equilibrium syntheses in which drastic
temperature changes are needed (for example, rapid cooling)?4>*,

This continuous, volumetric, uniform and stable ultra-high-
temperature plasma can be used for the synthesis of various high-
temperature materials. For example, we used USP to synthesize and
sinter Hf(C,N) (Fig. 4a,b), an ultra-high-temperature ceramic that is
very challenging to prepare because of its record high melting point***
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Fig.3|USP characterization. a,b, Current-voltage characteristics (a)

and corresponding photos of the USP process at different stages (b). The
dashedboxinbindicates the uniformregion of the plasma after formation.
c,Measurementof theelectric field between the carbon feltelectrodes using
the E-FISH technique. The purple data points are the applied voltage, and the
orange data points witherror bars correspondto the electric field between the

(>4,000 K). The cross-sectional SEM images of the HfFC/HfN pellet
before (Fig. 4c) and after (Fig. 4d) the USP treatment (5,150 K for 10 s)
demonstrated the successful sintering of the powder precursor mix-
ture. After the USP heating, X-ray diffraction (XRD) confirmed that a
predominantly Hf(C,N) single phase of the rock salt crystal structure
(space group: Fm3m) was successfully achieved**¢ (Fig. 4e). We also
used USP to synthesize a tungsten-based refractory alloy directly from
metallic elemental powders (for example, W-1.5Nb-0.5Ti) to form a
densealloy with more uniform distribution of the elements (Extended
Data Fig. 8a) than the compositional inhomogeneity observed when
using conventional arc melting (Extended DataFig. 8b,c). USP can also
generate high-value carbon materials, such as CNTs, simply by heating
carbon black without any catalysts (Extended Data Fig. 8d,e).
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electrodes, as measured using the E-FISH method. Error bars shows.d.; n=300.
d, The plasma canbe pulsed, shown here by setting the applied voltage to 45V
for0.5s, thenturningitofffor0.5s, raisingthe currentto35 Aand cycling the
temperature betweenabout1,000 Kand 6,000 K. These results suggest the
potential of USP for various non-equilibrium syntheses.

The fast-quenching abilities of USP, in which the temperature can
drop from 6,000 K to 1,000 K in less than1s (Fig. 3d), can be used to
synthesize high-melting-point amorphous (glassy) materials. As a
demonstration, we applied USP heating and quenching to crystalline
magnesium oxide (MgO0), in which the fast cooling helped to maintain
the spherical shape produced by surface tensioninits formerly molten
state (Fig. 4f). XRD of the resulting MgO shows no sharp peaks, indicat-
ing the formation of the amorphous phase (Fig. 4g) with no obvious
grain boundaries in the cross-sectional SEM image (Fig. 4h).

Inadditiontobeingafacile method of generating astable, large-area
plasma, the USP process is also scalable and adaptable to different
manufacturing needs. For example, we can fabricate larger carbon felt
electrodes and increase the gap distance, which would allow bigger
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samples tobe processed (Extended DataFig. 9a-c). We can also adjust
the carbon felt electrode design to achieve a plasma heating channel
simply by placing a carbon felt rod within a carbon felt tube to form
a coaxial structure (Fig. 4i and Extended Data Fig. 9d). This design
constrains theresulting plasmainside the carbon tube, forming along,
volumetric plasma channel (Fig. 4j). Because of the relatively closed
environment, these USP configurations could be used for gas phase
reactions, alloying refractory materials, various atomization processes
and beyond. Moreover, the USP set-up can be adapted to focus the
plasmaintoaverysmallregion, formingasharp front (Fig. 4k). This USP
configuration could be used to increase the machining precision of the
plasma for applications such as additive manufacturing (3D printing),
especially powder bed fusion-sintering (Fig. 4l and Extended Data
Fig.10a-c) and coating deposition (Extended Data Fig.10d).

Conclusion

In summary, we report a tip-enhanced carbon electrode design that
enables the formation of uniform, large-area, volumetric plasma at
atmospheric pressure with a record-low breakdown voltage while
simultaneously achieving ultra-high temperatures of up to 8,000 K,
thus overcoming the typical spatial non-uniformity and/or instabil-
ity as well as the limited temperature range of conventional atmos-
pheric plasmas. Carbon is particularly well-suited as an electrode
material for plasma generation asitis highly electrically conductive,
can tolerate much higher temperatures than various metals and can
be cost-effectively manufactured with different fibre structures to
achieve the tip-enhanced electric field effect. Furthermore, the USP
set-up requires only very low electric current and voltage (<50 A and
<50 Vin our experiments), without the need for expensive high-power
supplies and controls that are required in conventional arc-melting
systems. As aresult of its low cost and ease of setting up, USP enables
laboratories around the world to synthesize extreme materials that
can now be made using only highly specialized facilities, or not at all.
We can also rapidly turn the USP process on and off, cycling the tem-
perature between low (for example, 1,000 K) and high (for example,
6,000 K) levelsinless than1s. This tunability enables non-equilibrium
syntheses, inwhich controlling reaction products or phasesis achieved
by rapidly decreasing the temperature to avoid unwanted reaction
progress.

We have demonstrated the universality of USP in the synthesis of
ceramics, alloys and CNTs. Compared with other plasma techniques
for materials synthesis and manufacturing (for example, arc melting),
this carbon-tip-enhanced plasma offers various advantages, including
alarge and uniform heating area, enabling the synthesis of larger-scale
materials. The flexibility of the USP electrodes also enables their adap-
tion to different synthesis and manufacturing applications.

We expect that this technique could help address a range of chal-
lenges in high-temperature synthesis as well as promote materials
discovery in the reactive plasma environment. Finally, we note that
this high-temperature volumetric plasma technique can be powered
using renewable electricity, suggesting its potential for large-scale
green manufacturing of a wide variety of materials, including those
that can withstand extreme environments (for example, ultra-high
temperature, pressure and corrosion). As a result, USP could provide
aplatform for the synthesis of sustainable materials with widespread
future applications.
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Methods

Plasma generation set-up

The plasmageneration set-up consisted of two carbon felt electrodes
connected tographite electrode bases. A piece of carbon felt was used
tofabricate two disc electrodes of 25.4 mmin diameter. Two pieces of
circular graphite blocks (99.9% purity, Amazon.com) with dimensions
of 50 mm x 50 mm x 25 mm were fabricated withacomputer numerical
control machineto provide base supportsfor the carbonfelt electrodes.
The graphite electrode bases were then connected to the positive and
negative tabs of a TDK-Lambda GENESYS+ programmable power supply
system. The gap between the two electrodes was set at around 3 mm
but canbeadjusted for different applications. The full electrode set-up
was housed in aglovebox filled with pure argon gas (Airgas, UHP300)
atatmospheric pressure.

Temperature measurement

Rayleigh scattering. The temperature distributionin the plasmawas
measured insitu using Rayleigh scattering—alinear optical technique
inwhich the signalis proportional to the total number density of mol-
ecules in the plasma, which can then be combined with the ideal gas
law to infer the plasma temperature®**, As a result, the Rayleigh scat-
tering signal is inversely proportional to the plasma temperature. To
conduct the measurement, an Nd:YAG laser (Quantel Q-Smart 850)
was used to generate laser pulses with awavelength of 532 nm, apulse
durationof 6 ns, arepetition rate of 10 Hz, a pulse energy of 34 mJ and
ashot-to-shot variation of pulse energy within +5%. The laser pulses
were focused by a plano-convexlens with afocallength of 1 mintothe
central region of the plasma between the two carbon-tip electrodes.
The Rayleigh scattering signals from the argon atoms along the laser
line inside the plasma were imaged by an ICCD camera (Princeton In-
struments PIMAX-4 1024i) with a gate time of 80 ns. The camera was
equipped with a lens (Nikon AF-S Nikkor 50mm f/1.8) and a bandpass
filter with abandwidth of 1 nm centred at 532 nmto block interference
from other wavelength ranges. The camerawas synchronized with the
laser using a delay generator (SRS DG645). Fifty shots of Rayleigh im-
ages were averaged to minimize the laser pulse shot-to-shot variation.
Each temperature data point was obtained based on the 50 measure-
ments. To determine the plasma temperature, the Rayleigh signals were
calibrated using the reference Rayleigh signals at room temperature
and atmospheric pressure (based ontheinverse proportional relation
between the Rayleigh signal and temperature, as mentioned above).

Grey-body radiation. We also measured the temperature of the plasma
fromthe UV-Vis spectra captured witha custom-made systembased on
aVisionResearch Phantom Miro M110 high-speed camera®. The camera
recorded a heating video ataframe rate of 1,000 frames per second. The
grey-body emissivity of the carbon materials was used and substituted
intoPlanck’s law, and the normalized spectral signals were acquired based
onthe parametersreported by the camera manufacturer. Theresult was
further calibrated withaNewport Oriel 6700 Series Blackbody Infrared
Light source. This measurement methodisassumedtobereliable witha
temperature range of 773-4,773 K, and the erroris around £100 K (ref. 48).

Heat diffusion simulation

We adopted a two-dimensional model to evaluate the temperature
distribution from the plasma centre to the carbon tip, in which the
temperatures of the plasma centre and the carbon felt were set at
7,000 Kand 3,000 K, respectively. In the unit cellmodel, we assumed
the width and height of the carbon tip as 10 pm and 50 pm, respec-
tively. The distance between the two tip-enhanced carbon electrodes
was 3 mm and the average distance between two carbon tips was
200 pm. The commercial COMSOL Multiphysics software, based
on finite element analysis, was used to solve the steady-state heat
diffusion equation.

E-FISH measurement

The electric field inside the plasma was measured in situ using E-FISH
generation. Conceptually, E-FISH measures the electric field using the
second harmonic signal of the excitation laser in the presence of an
externally applied electric field. This second harmonic signal is quad-
ratically proportional to the plasma electric field strength®. The set-up
consisted of a Ti:sapphire laser (Coherent Astrella), which was used to
generate laser pulses with a central wavelength of 800 nm, abandwidth
of12 nm, apulse duration of 80 fs at arepetition rate of 1 kHz and pulse
energy of 152 . This pulse energy was selected to improve the E-FISH
signal-to-noise ratio and eliminate the second harmonic signal gener-
ated by the laser pulses themselves at the focal point. The laser pulses
were focused by aplano-convex lens (f=400 mm) into the central region
of the plasma between the two electrodes housed in the argon-filled
glovebox chamber. Along-passfilter was applied before the laser pulses
entered the chamber to block any upstream second harmonic genera-
tionat400 nm. Then, the E-FISH signal at 400 nm was generated from
the 800-nm laser pulses in the electric field between the two carbon
electrodes. The E-FISH signal was separated from the laser pulses by a
dispersive prism and adichroic mirror that transmits the light at 800 nm
and reflects the light at 400 nm. The resulting clean E-FISH signal was
collected by an ICCD camera (Princeton Instruments PIMAX-4 1024i)
with agate time of 60 ns. The camera was equipped with alens (Nikon
AF-SNikkor 50mm f/1.8) and abandpass filter (Edmund Optics 65-193)
with a bandwidth of 10 nm centred at 400 nm to minimize the back-
ground noise. The camerawas synchronized with the laser using a delay
generator (SRS DG645). Each electric field data point was obtained
based on300 E-FISH measurements. The background noise (including
plasmaemissions) was recorded and subtracted from the E-FISH signal.
To determine the final electric field, the E-FISH signals were calibrated
by measuring the electric fields generated before breakdown with a
d.c. power supply and corrected for the number density of molecules
using Rayleigh scattering. The E-FISH measurements featured a spatial
resolution of around 3 mm (estimated based on the confocal length of
the laser beam) along the direction of propagation of the laser beam.

Numerical simulations for the time dynamics of the electron
number density

A two-dimensional fluid simulation was conducted to illustrate the
better uniformity and stability of USP compared with a conventional
bare plate electrode plasma (Extended Data Fig. 4c). In the simula-
tion, the discharge pressure is 1 atm and the initial temperature is
3,000 K. A set of time-dependent equations for species, gas tem-
perature, electron energy and the external circuit was formulated*>*°
and then solved numerically. Argon plasma chemistry was also cou-
pled to the equations. The chemical reaction mechanism consists
of six species (Ar, Ar*, Ar,, Ar*, Ar*" and electrons) and 19 reactions,
including excitation, ionization, dissociation, recombination and
quenching.

Avolumetric plasma-heating channel using a pair of coaxial
structured electrodes

Acarbonfeltrodis placed at the axial centre of acarbon felt tube to form
acoaxialstructure. The carbon felt rod serves as the cathode, whereas
the carbon felt tube serves as the anode. Long fibres and short-fibre
arrays are on the surfaces of both the carbon rod and tube, in which
the long fibres from the two electrodes come into contact. A voltage
was gradually applied from O V to about 33 V to generate the narrow
gapsusingJoule heat. The voltage was further elevated toaround 42 V
toinitialize and stabilize the plasma.

Synthesis and sintering of the refractory alloys and ceramics

Synthesis of Hf(C,N). USP canreach temperatures of several thousand
kelvinsinlessthan1s, which could prevent nitrogen dissociation tosuc-
cessfully synthesize and sinter Hf(C,N). To investigate the synthesis of



Hf(C,N) by USP, we prepared a pellet from a mixture of HfC (99% purity)
and HfN (99.5% purity) powders (Tongrun Info Technology), which were
weighed with a nominal atomic ratio of Hf:C:N = 0.53:0.27:0.2, then
mixed and ball-milled for 5 h. The tungsten carbide ball-milling jars
were sealed with tapeinanargon environment to protect the powders
from oxidation during milling. The ball-milled powder was pressed
into pellets with adiameter of 10 mm and placed on the surface of the
lower electrodesinthe gap between the two tip-enhanced carbon felt
electrodes. A programmable power supply was used to generate the
plasmaand heat the pellets for 10 s at a plasma temperature of 4,400 K,
4,500K,4,800 Kand 5,150 K, as measured by Rayleigh scattering. The
sintered pellets were cooled down to room temperature for further
characterization.

Synthesis of the W-1.5Nb-0.5Ti (wt%) refractory alloy. Tungsten
(99.95% purity, 6K Additive), niobium (99.85% purity, Sigma-Aldrich)
and titanium (99.98% purity, Sigma-Aldrich) powders were mixed with
anominal composition of 98 wt% W, 1.5 wt% Nb and 0.5 wt% Ti. The
powder blend was further mixed with an Inversina 2L Tumbler Mixer
(Inversina, Switzerland) for 5 htoreach a highhomogeneity. The pow-
der mixture wasthen printedintoalx 8 x 30 mm flat rectangular shape
using the Binder Jetting method (ExOne Innvent+, Desktop Metal). A
standard set of printing parameters for tungsten alloys was chosen for
the printing process, including saturation at 60%, binder set timeat 5,
dry time at10 s, layer thickness at 50 pm, roughing roller at 300 rpm
and smoothing roller at 400 rpm. To minimize carbon contamina-
tion during the printing process, ExOne CleanFuse binder with low
carbon content was used. After printing, the samples were curedinan
ovenat200 °Cfor 8 htodevelop strength for the following process of
de-powdering and handling. After removing the excess powder with
compressed air, the samples went through a debinding step of 30 min
at450 °Cto decompose the binder into organic fumesthat were evapo-
rated, leaving the shaped powder mixture, which we then sintered using
USP. The samples were placed on the surface of the lower electrodein
the gap between the two carbon felt electrodes. The programmable
power supply was used to generate plasma and heat the pelletsfor10 s
at a plasma temperature of about 4,700 K as measured by Rayleigh
scattering. The samples were cooled down to room temperature for
further characterization.

For comparison, one specimen with the same composition,
98W-1.5Nb-0.5Ti (wt%), was arc-melted and analysed (Extended Data
Fig.8b,c). The raw materialsin pure metal form with a purity of greater
than 99.99 wt% (W:99.999 wt%, Nb: 99.999 wt% and Ti: 99.99 wt%; Alfa
Aesar) were cleaned and weighed before placing themin the chamber
of an arc-melter (ABJ-338, Materials Research Furnaces). The cham-
ber was pumped and purged with pure argon until the chamber pres-
sure reached 2 psi. The argon gas flashing process was repeated four
timesto ensure aninertenvironmentinside the working chamber. The
open-circuit voltage was at 85 Vand the current was set at 350 A, which
are the recommended maximum limits to avoid damage to the tungsten
electrode. At the beginning of the arc-melting process, a high-purity
Zr (>99.99 wt%; Alfa Aesar) piece was fully melted to further remove
residual oxygeninside the chamber. Each meltinglasted for about1 min,
followed by a20-s furnace cooling with cold tap water running through
the copper crucible. The melting process was repeated three times to
enhance the homogeneity of the alloy composition. After melting, the
samples were sliced and polished for microstructure analysis.

Synthesis of the CNTs. Carbon black powder (50 mg; MSE Supplies)
was spread on the surface of the lower tip-enhanced electrode. The
programmable power supply was used to generate the plasma and
heat the samples for 10 s at a plasma temperature of around 6,600 K
as measured by Rayleigh scattering. The material was cooled down
to room temperature for further characterization (Extended Data
Fig.8d,e).

Synthesis of amorphous MgO. Most high-melting-point oxide mate-
rials are extremely difficult to transforminto amorphous states using
conventional techniques because of the simultaneous requirements of
both high-temperature melting and rapid cooling. Amorphous phases
of ultra-high-temperature oxides such as MgO are typically made by
sputtering into thin films, but itis difficult to achieve bulk materials. To
investigate the possibility of synthesizing amorphous MgO phase using
USP, we pressed crystalline MgO powder (>99% purity, Sigma-Aldrich)
into pellets with adiameter of 8 mm. After plasmainitiation, the pellet
sample wasinsertedinto the gap between the two carbonfeltelectrodes
and heated to about 6,000 K for 20 s until the pellet started to evapo-
rate intensely. The plasma was turned off and the sample was quickly
cooled down toroom temperature in seconds by strong airflow.

Powder bed fusion-sintering process demonstration. The USP pow-
der bed fusion-sintering set-up is shown in Extended Data Fig.10a. A
small cathode carbon felt electrode (with a diameter of 8 mm) was used
for plasma generation, and the input current was carefully adjusted to
focus the plasmabeamintoafilament with acolumnradius of approxi-
mately 1 mm. The anode electrode was replaced by a carbon felt strip,
whichservedtosupport the sample pellet and facilitate electron trans-
fer. The carbon felt strip was connected to amotor, enabling movement
along a pre-programmed route (Extended Data Fig. 10b). Tungsten
powders (99.9%, Atlantic Equipment Engineers) were pressed into a
green pellet and put on the carbon felt strip. The plasma was turned
on and the carbon felt strip carried the green pellet to move relative
tothefocused plasma. After scanning, the pellet sample was gradually
cooled downtoroomtemperature. The pellet was vertically mounted
with epoxy resin, then ground and polished using different grades of
sandpaper to expose its cross-section. The cross-sectional SEM image of
the USP-processed tungsten pellet is shown in Extended Data Fig.10c.

Coating deposition process. Boron (>98%, STREM Chemicals), molyb-
denum (99.9%, STREM Chemicals), tantalum (99.98%, STREM Chemi-
cals), titanium (99%, STREM Chemicals), tungsten (99.95%, STREM
Chemicals) and zirconium (99.5%, STREM Chemicals) powders were
weighed ataratio of (Mo, ,Ta,,Tiy,Wo,Zr,)B,, mixed and ball-milled
for 3 h. Boron powder 80 mol% excess was added to form the boron
carbide phase and compensate for the evaporative loss of boron oxide
during high entropy diboride (HEB) formation. The powder was further
heated by a carbon heater inan argon-filled glovebox t0o1,800 °Cto trig-
ger the self-propagating reactions. Toluene (45 wt%), fish oil (0.5 wt%)
and the powders (40 wt%) were mixed and milled for 3 h. After that,
polyvinyl butyral (6 wt%) and benzyl butyl phthalate (8.5 wt%) were
added and milled for 6 hto formaslurry. The slurry was cast toforma
coatingonthe surface of aNb-10Hf-1Tialloy substrate, followed by a
calcination treatment at 450 °Cfor1h. A cathode carbonfeltelectrode
(with adiameter of 25.4 mm) was used for plasma generation, and the
anode electrode was the carbon felt strip to support the coating sam-
ple and facilitate electron transfer. The plasma was turned on and the
carbon felt strip carried the HEB-coated alloy coupon to move and
ensure that the sample could be evenly heated by the plasma. After
scanning, the sample was gradually cooled downtoroom temperature.
The cross-sectional SEM image of the coating on the substrate is shown
in Extended Data Fig.10d.

Materials characterization

The morphologies of the carbon felt electrodes and synthesized sam-
ples (CNTs, W-1.5Nb-0.5Ti, pure tungsten, HEB-coated Nb-10Hf-1Ti
alloy, amorphous oxides and Hf(C,N)) were characterized using a Tes-
can XEIA SEM. The length and diameter measurements of the short
carbon fibres were obtained from the measurements of 50 fibres
using SEM. The average fibre density across the carbon felt electrode
was measured across an area of 500 pm x 500 pm from five different
SEMimages for statistical results. XRD of the materials was measured
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using a D8 Bruker Advanced X-ray Diffraction system using a Cu Ka
radiation source operated at 40 kV and 40 mA. The scanning angles
were from 10° to 80°. The Hf(C,N) samples were cryo-polished with
anargon-ion beam cross-section polisher (JEOL, IB-19520ccp) withan
observable cross-sectional area of about 900 pm x 600 pm. An Axia
ChemiSEM (Thermo Fisher) was used forimaging (SEM) and elemental
mapping using energy-dispersive spectroscopy of the cryo-polished
cross-sections of these two samples. TEM imaging and electron
energy-loss spectroscopy acquisition of the CNTs were carried out
on aJEOL NEOARM system equipped with a Gatan 965 Quantum ER
spectrometer at 200 kV.

Calculation of the Debye length

The Debye length (1,) describes the distance in which the charges are
increasingly electrically screened and the electric potential decreases
exponentially. It can be calculated using the following equation:

keTe
A[):‘ BE!Z
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inwhich k;is the Boltzmann'’s constant (1.38 x 10 JK'=8.617x107 e
VK™), T, is the electron temperature (estimated to be 4,000-8,000 K
in thiswork), n. is the electron density (estimated tobe 10 cm™), eis
theelectron charge, and ¢is the plasma permittivity (55.26 €2 eV um™).
We assume T, = 8,000 K and n,=10" cm™. Therefore, we can estimate
Aptobe about 6.2 x10™°m.

The average distance between the carbon fibres within the bundles
inourtip-enhanced electrodes is about 1-10 um, which is close to the
Debye length calculated for our system. As a result, the tip-enhanced
electricfields generated by the fibres can merge during the early stages
of plasma formation, leading to a uniform, volumetric plasma.
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Top view

b
Side view
Extended DataFig.1|The carbonfeltelectrode for USP. Fabrication of the fibres. (d) Side-view SEM image of the carbon felt electrode showing the
carbon felttip-enhanced electrodes. (a) Top view of a25.4 mmdiameter diskof ~ presence of bothlongand short vertically-oriented fibres. () Zoom-in SEM
carbon felt for the plasmaelectrodes. (b) Side view of the carbonfeltelectrode.  image of both the vertically-oriented short and horizontally-oriented long
(c) Top-view SEMimage shows that the carbon felt electrode is composed of fibreswithavertically-oriented longfibrein the view as well. (f) Zoom-in SEM

both horizontally (in-plane) and vertically-oriented (out-of-plane) carbon ofthe carbon fibres.
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Extended DataFig.2|USPformation by the carbonfiber electrodes. (a)
Schematic of the voltage profile and corresponding photographs during the
USP formation process. Before applying avoltage, the long carbon fibres come
into contactacrossthetwo electrodes, with anobservable resistance (1.109
kQ) confirming the closed-circuit condition showingin (b). When applying a
voltage, these long fibres generate Joule heat that ultimately deteriorates the
points of contact where the resistance is highest. Eventually the fibres break,
opening the circuitand resultingin a “dark” period of the plasma generation

The dark period (Stage 3)

processinwhichnolight or current signals are observed. At this stage, the
resistanceisinfinite due tothe breakage of the long fibres (c). The narrow gaps
formed between the broken long fibres decrease the breakdown voltage (to -42
V) by facilitating spark discharge via the field emission effect. Once the plasma
isinitialized, the densely spaced, vertically-oriented short carbon fibres of the
electrode surfaces help rapidly expand the plasmato alarge volume, whichis
accompanied by avoltage drop due to theincreased conductivity of the
plasma.
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Extended DataFig. 3 |In-situ SEMimages showing the breakage of asingle beforeJoule heating show adefective regionin the fibre and SEMimages of the
carbonfibre afterJoule heating was applied. (a) The schematic shows the fibre after Joule heating show that due to excessive heating, part of the carbon
fibre heating setup for measurement of the resulting gap distance, in which a fibreis deteriorated, generating asmallgap of -3-5 pm—smaller than the
single carbon fibreis glued with silver paste ontoa copperelectrode stage and diameter of the original fibre. The two edges of the fibre were also sharpened.
avoltageisappliedtothe fibre during SEMimaging. (b) SEMimages of the fibre
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Extended DataFig. 4 |Thestability and uniformity of USP during 10 min
operation. (a) The plasmawas stable once initialized, running here for

10 min until we stopped the power supply. We set t =0 when the gas discharge
breakdown took place, and the plasmawas on. The gap distance between the
two electrodes was -3 mmand theinput current was 20 A. (b) SEM images
demonstrating how the carbon fibre tip morphology changes before,
immediately after the plasmainitiation, and after 10 min of plasma operation.
The vertical carbon fibresinitially featured blunt tips and had sharper tips after
the plasmageneration, which were retained even after 10 min of plasma
operation. (c) Numerical simulations demonstrating the evolution of the
plasmaover time. The scale bar indicates the electron number density. An

10
Pos(+) Time = 3.0e-005 s
2k
E1E
>: 0 = 1 L 1 I L | 1 1 I 1 1 1 L I 1 1 1 1
-10 5 0 5 10
After 10 min of plasma X, mm

initial thermal perturbationis set at the time point t=0. The plasmausually
tendsto contract fromauniformand volumetric state, whichis believed to be
triggered by achange inthe near-electrode plasmalayers with time. Near the
electrodesurface, thereare layers thatrelease large amounts of heat, in which
thethickness of the near-electrode layersis much smaller than the gap distance
betweenthe two electrodes. Here for simplicity, we treat the dynamics of the
near-electrode layers astheinitial temperature gradients near the electrode.
Theinitial temperature gradientsin the tip-enhanced electrode induced
plasmaare dispersed. The plasmadensity initially concentrates at the fibre

tips, followed by homogenous expansion across the surface of the electrode to
produce auniform plasma.
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Extended DataFig. 5| The temperature profile of USP. (a) Measurement of
the plasmatemperature via the grey body radiation spectrawhen the current

was 20 A (-4 A/cm?). The plasma was initialized at -1000 ms after the camera

started to film. The power was then turned off from the electrodes at 2500 ms.

Uponinitiation of the plasma, the temperature rapidly increases to~4500 K.

This measurement was consistent with the Rayleigh thermometry results. Note
thatthe measurementaccuracy of grey body radiation spectroscopyis +100 K.

(b) Spatial temperature distribution of the plasma measured in-situ using
Rayleighscattering. Aline scanshowed the temperature was ~4700 K across

thecenterofthe plasma. The carbon tip array electrodes featured adiameter
of 25.4 mm, withagap of -3 mmbetween the electrodes. The plasmawas
generated usingacurrent of 20 A (4 A/cm?). (¢) The numerically simulated
temperature distributionin theregions near the carbon fibre tips when the
plasmais on. Numerical simulation shows the carbon tips featuring alower
temperature distribution, reaching just-3000 K even when the plasma
centerissetat 7000 K. We attribute thisto the high thermal conductivity and
emissivity of the carbon tips, which helps rapidly transfer heat away from the
electrodes. Thescalebaris20 um.
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Extended DataFig. 6 | Control experiments demonstrating the critical
roles of the fibre tips. (a) Experimental setup of the stainless-steel plate
electrodes (diameter=25.4 mm), inwhich no carbon fibres were utilized. The
corresponding current-voltage hysteresis loop indicates a gas discharge
breakdown voltage of nearly1,500V over a-3 mm gap wasrequired, with
theresulting plasma discharge occurring at randomin narrow channels.

(b) Carbon felt electrodes without long fibres. When there were no long fibre
contacts, no spark discharge or plasmawas formed. The voltage was increased
from 0to 80 Vand no current was detected. (c) Schematic and photos of

graphite plate electrodes with only afew long fibres connecting between them.

Weused 25.4 mm diameter graphite disks and glued abundle of long carbon
fibresto the centerregion, thus eliminating the effect of the short carbon

fibres. The carbon fibre bundles were in contact with both the top and bottom
graphite disks. (d) Control experiment for the plasmaignition without the
shortfibre tip array,in which the process used only long carbon fibres (as
shownin (c)). The voltage was gradually elevated to 50 V, with corresponding
photos of the electrodes shown. Obvious sparks canbe seenin the photos as
thevoltage wasincreased toabove ~40 V. However, due to the lack of short
carbonfibresontheelectrodes, the sparks did notlead to the formationofa
continuous plasmaand did not expand the plasmaarea across the graphite disk
electrode. (e) Schematic showing the different stages for the electrodes with
onlylongfibreswhenincreasing the applied voltage. No continuous or stable
plasmaisformed.
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Extended DataFig.7|Breakdown voltage measurements. (a) Thebreakdown measurements, repeated15times, forthe same pair of carbonfibretip-electrodes

voltage (41.6+2.6V,s.d.) for15 pairsof the carbonfibre tip-enhancedelectrodes. ~ withanaverage of44.3+4.4V (s.d.).
New electrodes were used for each measurement. (b) The breakdown voltage
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Extended DataFig. 8| The applications of USP for various materials
synthesis. (a) SEMimages and EDS mapping results of the W-1.5Nb-0.5Ti alloy
crosssection, in which the ultrahigh-temperature plasma (4700K, -10 s) readily
melted the precursors to form adense alloy with uniform distribution of the W,
Nb, and Tielements. (b) The W-1.5Nb-0.5Ti (wt%) sample made by arc melting.
Itis challenging to synthesize W-rich refractory alloys viaarc melting sinceitis
difficult for the tungsten cathode of the arc melter to generate asufficiently
hightemperature to fully melt the tungsten. During arc-melting of this tungsten
alloy, we observed pronounced heterogeneity in the microstructure, which
indicated that the alloy elements were unable to melt uniformly, displaying
notable segregation. It typically takes three to five times for arc melted
samples toreachsomewhat acceptable homogeneity. (c) Microstructural
images of three W-1.5Nb-0.5Tisamples melted with different currents using a

USP Treatment
|
~6600K, 10s

Carbon black

C.a*‘FBoh‘nanotixbés ¢
B Ve

Carbon K edge
)vr Y

BJ-338 arc-melter from the Materials Research Furnace Inc. The starting
materials were the elementary powders of W,Nb, and Ti. The currents were
280A,315A,and 350 A for sample #1, sample #2, and sample #3, respectively.
(d) Schematic and images demonstrating the direct synthesis of CNTs from
carbonblack viaUSP (-6600K, -10 s) without a catalyst. SEM and TEM images
demonstrate the transition of carbonblack to multiwalled CNTs composed of
~5-15carbon layers after the USP treatment. (¢) TEM image of aCNT and its
ends.Nometal nanoparticles were observed at the nanotube ends, confirming
thatno catalyst was involved in the synthesis. EELS analysis of the CNTs shows a
typical carbon K edge profile. This approach could potentially improve the
accessibility of CNTs, particularly by using low-cost carbon black (abyproduct
of the petroleumindustry) as astarting material.



Extended DataFig.9|The USP electrodes with different form factors.

(a) Photos comparing the size of carbon felt electrodes with diameters of 25.4
mmand 60 mm, respectively. Theareais enlarged by -6-fold. (b) Ignition and
stabilization of plasmabetween the 60 mm diameter electrodes. The gap
distance between thetwo carbon felt electrodes was 10 mm. (c) The ignition

Plasma on

Plasma on

and formation of plasmausing electrodes with wider gap distances, includinga
8 mmgap for the 25.4 mm diameter electrode, and a18-20 mm gap for the 60
mmdiameter electrode. (d) A coaxial carbon felt rod-tube structure to forma
plasma-filled channel. The carbon felt rod serves as the cathode and the carbon
felttubeistheanode. The metal hookisacurrentcollector.
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Extended DataFig.10|The plasmasintering/fusion processusinga carried by the carbon felt strip to scan the sample beneath the plasmaheating
focused plasmabeam. (a) Schematic of the plasmasintering/fusion process. regionusinga programmed route until the sampleis well sintered. The scale
(I) The carbon felt electrodes are first placed directly across from each other. bar shows the position of the sample. (c) Cross-sectional SEM image of alarge
(I) The voltageis then elevated to realize the plasma breakdown. (1) With the tungstensample achieved by the USP powder bed fusion/sintering process. (d)
aid of the shorttip array, the plasmais spread and stabilized. (IV) The bottom Cross-sectional SEM image of a high entropy diboride (HEB) coating on a Nb-
carbonfeltelectrode thencarries the sample to go under the plasmato realize 10Hf-1Tialloy substrate, in which good bonding was achieved without any gap

sintering/fusion. (b) Photos showing the plasma fusion process. The pelletis betweenthe coating and substrate.
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