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Abstract

A new pulsed coaxial plasma generator (PCPG) has beveloped in order to allow for
investigating particle generation in the quenchaopropagating jet. The related process
provides an extremely transient environment whiltharacterised by initially high energy
and charge densities, steep temperature gradiewtssiaort particle residence times. The
combination of high quench rates and high chargesitles, which can not be obtained in
conventional reactors such as in flames or quasbsary plasmas, provide in fact a potential
for “freezing” of non-equilibrium phases and foildaing particle characteristics by means of
controlling particle-particle interactions. The gedl plasma is characterised by means of
determining the energy coupling, the charge denshg expansion behaviour, and the
evolution of temperature. Particle properties sashprimary particle size and aggregate
structure are determined for varying process patensienamely energy coupling, precursor
injection, and ambient pressure.

Keywords: pulsed plasma generator, plasma quemchoi black, particle charging, particle-
particle interactions, emission spectroscopy

1 Introduction

Pulsed and therefore highly transient plasmas g#gecombine high energy [1, 2] and
charge densities [3, 4], steep temperature gral[®htand short residence times. Research in
the field of such systems has so far mainly aintedbaeloping hypervelocity launchers [6, 7]
and particle accelerators for micrometeoroid simoita[8, 9]. Recent work furthermore deals
with modifying surface layers, e.g. to improve osion [10] or wear resistance [11, 12].
However, particle formation and growth are inherenfpulsed plasma processes also, but
have not yet been subject of intense investigations

In fact, pulsed plasma arc discharges appear taidaa particular interesting environment
for studying particle formation and growth: Dueth@ combination of high quench rates and
high charge densities they have a potential tonaftr “freezing” of non-equilibrium phases
and for tailoring particle characteristics by meahsgontrolling particle-particle interactions.
Therefore, a new test unit has been designed, andt put into operation. It comprises a
pulsed coaxial plasma generator which permits udysparticle generation from the vapour
phase at extremely transient process conditionsbddablack was chosen as a model
substance because of its great industrial relevdhise— amongst other applications — used as
a reinforcing agent in rubbers, in particular nesi, and as a pigment [13]. The PCPG applied
within the frame of this work utilises gaseous prsors for particle generation, namely
acetylene. This permits easy and precise precutssage without any need to consider
additional equipment such as evaporators and heaisd.



2 Experimental set-up

A schematic of the test facility is depicted in.flg It comprises a capacitor bank for energy
storage, a gas injection unit, a plasma generatat,an expansion chamber with integrated
instrumentation and diagnostics to determine plaanth particle characteristics. An initial
static Ar-pressure between 0.4 and 100 mbar idkstad in the expansion chamber. The
precursor gas ({1;) and an additional plasma gas (if required forcgscopic purposes),
are injected into the discharge chamber from pressii reservoirs by rapid opening of the
solenoid, i.e. magnetic valves. The gas inject®mitiated by a trigger signal a few ms prior
to the discharge of the capacitor bank. This emsstirat an amount of gas large enough to
generate the plasma between the electrodes arrangadcoaxial order flows into the
discharge chamber in time. The required energyrasiged by the capacitor bank with a
capacity of 60 puF. At the maximum charging voltagd 4 kV, up to 5880 J can be supplied
during a single discharge. The resulting surgeeturand the plasma discharge lead to the
dissociation of the precursor and to almost fulidke) ionisation of the gas mixture. Because
of thermal expansion and interacting Lorenz foritesresulting plasma is accelerated from
the discharge chamber into the large expansion lbBanThe pressure release involved
enforces rapid cooling and leads to particle foromaand growth.
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Fig. 1. Schematic of the test facility.

2.1 Gasinjection system

A reliable injection system was designed and imjglet®d in order to supply the process with
defined amount of gas(es) just before the disch&rdeggered. Solenoid valves which are
directly mounted to the rear end of the dischargantber serve to inject the gases. The
opening velocity of these commercially availabldvea is significantly increased by means
of activating the solenoids with a short over-cotngeulse. Minimum opening times of 2.5 ms
can thus be realised. Since the solenoids facehitfie potential of the capacitor during

discharge, their power supply has to be operatedigly voltage relays. The filling of the

pressure tanks with gas, its subsequent injectimh the triggering of the capacitor are



initiated by an automated sequencer. Delay timésdsn the opening of the injection valves
and the bank trigger are typically set to valuesvben 4.5 and 10 ms in order to account for
the time, which is required by the gas to flow ofithe pressurised reservoir into the coaxial
discharge chamber. The two gas lines (fig. 1) carfilked and injected individually with
adjustable time delays.

2.2 Plasma sour ce

The plasma source comprises a coaxial type elextmedembly which consists of an annular
outer electrode and inner rod electrode. The aldes are centred by an insulating structure
which is made from polyethylenterephtalate, an exygich hydrocarbon material. Both
electrodes are made from brass and are connect#te toapacitor bank and the ignitron
switch with low inductive cables. A cross sectidrtlee plasma source which also includes a
schematic of the energy supply is depicted in Ziglts detailed description is given in [4].
The whole system, i.e. plasma source and electricaliit components, is characterised by
extremely rapid discharges with pulse durationgyiragy from some 10 ps to some 100 pus.
The length of the discharge pulse is mainly deteeaiiby the value of the variable inductance
which is incorporated in the system. Further chiarastic features are the very high surge
current which is of the order of some 10 kA andiltssin high electron and gas temperatures,
and the high gas flow velocities, favoured by adlaype nozzle at the opening mouth of the
discharge chamber. The coaxial geometry of thetreldes provides a large surface area for
the arc discharge and therefore leads to rather dawent densities. This design also
minimises interfering ablation [4] and allows st&abhd highly reproducible self ignition.
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Fig. 2: Plasma source.

3 Instrumentation

Plasma and particle related measurement technapm®d within the frame of this study are
summarised in fig. 3. These techniques permit tainka reasonably comprehensive picture
of the whole process comprising plasma conditiggregression of the free flow in the
expansion chamber and characteristics of the firmduct, i.e. the generated patrticles.
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Fig. 3: Applied plasma and particle related measerd techniques.

3.1 Plasma-related instrumentation

Current and voltage probes are recorded in ordemtdyse the electrical behaviour of the
plasma. A Rogowsky coil (PEM Ltd.) is used to measthhe discharge current across the
electrodes with reasonable accuracy. This coilalgtuecords the propagation of the current
dl/dt during the arc discharge, but can be usedetove the current itself if comprising an
integrating circuit. The progression of the voltageross the electrodesgl) (fig. 3) is
measured with two Tectronix P6015 high voltage psollo derive klhsma— i.€. the voltage
drop of the plasma —4g has to be corrected by considering the inductoleage drop in the
coaxial electrode assembly (plasma source), i.e.

U plasma= U diff — U plasmasourcer (1)

This correction & Uplasma sourde IS @ function of di/dt and of the inductance bé tplasma
source and is calculated according to

I
U plasmasource: L plasmasource% . (2)

The inductance lasma sourcdS approximately 95 nH [4]. Since the resulting @oltage Wiasma
represents a purely ohmic voltage the ohmic resistanay be derived from dividing the
voltage waveform through the current waveform. Waxa multiplication and integration
leads to the time dependent energy coupling

Eplasma(t) = i Uplasma(t) D](t) [dit. (3)

A Beckman & Whitley camera is used for single fragirt time photography in order to
document plasma generation and expansion. The plgsmis extremely luminous and
permits to set exposure times to values as low(Ggsl The limitation to single frame
photography, however, requires taking several exgssat identical process conditions in
order to obtain pseudo time resolved information.

A pressure sensor which can be fixed at a varidistance to the mouth of the plasma source
is used to characterise the expansion behaviotieoplasma source. The piezo-type sensor
has a very short response time of the order ofg,0mhich is little in comparison to the time

scale of the axial propagation of the pressuretfidowever, the sensor is quite susceptible to
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the electromagnetic noise of the discharge ancetbier has to be thoroughly shielded. The
expansion velocity (profile) is obtained from deliyes between capacitor discharge and
sensor signal.

Emission spectroscopy is carried out during exempperiments in order to estimate the
electron density, the electron, and the gas tenyoeraA grating spectrometer (Czerny-
Turner-Design, model Solar Tll, Ms3504) with a nmadim resolution < 0.1 nm is used. The
spectra are recorded on a CCD camera chip (Sony283AL) with a minimum exposure
time of 6 pus. However, as the time required bydhig to store the data is 500 us, only one
spectrum per experiment can be recorded, i.e. nois possible to obtain time resolved
information without repeating the experiment undeentical process conditions. Stark
broadening (see e.g. [14]) of the; line (486.13 nm) allows for estimating the elentro
density R for each of the recorded spectra. The followingtien can be used to derivg n

ANy, =Cy (N, Te) Dhg/3- (4)

According to Helbig and Nick [15], the constaf,_, is about 210 P%for the present

conditions, if the full half-widtt\\1; is given in 10° m and the electron density is measured
in cm®. In the present experiment, thg khe width was roughly 3 - 6 nm. The electron
temperature in the arc channel is derived fromlitieeratios of argon and zinc atom and ion
lines, i.e. Arll 415.6085 nm to Arl 415.8591 nm anall 492.4013 nm to Znl 481.0532 nm.
The plasma contains copper and zinc due to thetaide electrode ablation, while argon is
supplied as a tracer gas upon demand by makin@fude second line of the gas injection
system. The respective analysis is based on asguamal thermodynamic equilibrium (LTE)
in the discharge chamber, i.e. that the excitedstates follow a Boltzmann distribution and
that the atomic levels are in ionisation equiliomiwith the ions. For the pertinent high
electron densities (see below), this condition ®Elviulfiled. The gas temperature is not
known and not relevant here, however, in the exipgnidee jet electron and gas temperatures
are clearly different. Here,¢Tis measured by means of the intensity ratio oftih® copper
lines Cul 515.324 nm and Cul 510.554 nm [16]. Thalgsis is again based on a Boltzmann
distribution in the neutral Cu | system, which relpably still a good assumption for the small
energy differences of these levels. The gas temtyner is derived from the rotational
temperature of £molecular bands (Swan bands) according to Behrifilgg (fig. 9). The
molecular constants needed are taken from PrashBermath [18].

3.2 Particle-related instrumentation

Within the frame of this work, scanning electrorcroscopy (SEM) is carried out in order to
characterise the generated particles in termsedf gnimary particle and aggregate size, their
structure and the degree of sintering. The padiae collected on silicon wafers with a
surface area of approximately 0.4 cm2. These waéges placed in the centre of the
propagation axis of the plasma jet and locateddrstance of 20 cm to the opening mouth of
the discharge chamber. The arc discharge, its qubsé propagation in the expansion
chamber and the particle formation process invobredhighly transient and take place in less
than a ms. For such small residence times sintesingn initially cold target is of little
importance [19]. Size and structure of the parsictdserved by means of the SEM do
therefore well depict the state of the particlesrupnpacting on the Si-wafer. Of course, one
has to keep in mind that some agglomeration omatyet that may occur prior to securing it.
In spite of this uncertainty, in-line measureme&thihiques such as scanning mobility particle
sizing or in situ measurements such as time reddéser-induced incandescence [20, 21] can
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not be applied here because of the highly transsbatacter of the process and the sub-
atmospheric pressure inherent to the system.

4. Results and Discussion

This section aims at characterising plasma andcpagroperties as a function of different
process variables.

4.1 Processvariables

The set of process variables under consideratiompases the pre-adjusted pressure in the
expansion chamber, the amount of injected precugsst defined by the volume of the

precursor tank and the pressure in there; the citargltage of the capacitor, and the delay
time between gas injection and arc discharge. \fighexception of the delay tindg, which

is set to 10 us after an initial test focusing barecterising the gas flow into the discharge
chamber — all parameters are varied as indicatedbie 1. Therein, the numbers printed in

bold letters refer to the reference values as e@pin the basic set of experiments. The
maximum particle production rate for this first éoqatory set-up is around 20 mg / arc

discharge for a precursor tank pressure of 3.6 bars

Table 1: Process variables.

Ar-pressure in the expansion chambggdber a 0.4,10, 100 mbar
volume of the precursor tank:¥;; 0,4.4cnt
pressure in the precursor tardo 0,1.15, 2.5, 3.6 bar
charging voltage of the capacitog U 2.5,57,9 12,14 kV

Particle formation and growth do of course alsocethebon the characteristics of the test stand,
i.e. on the geometry of the plasma source or orelbetrical values of the discharge circuit.
These parameters were, however, defined withinmiry tests [4] and are not varied here.

4.2 Plasma properties

Purpose of this section is to determine basic tatioms between process variables — i.e. pre-
adjusted pressure in the expansion chamber, amafuntjected precursor and charging
voltage of the capacitor bank — and the resultifegmpa properties, namely temperature,
electron density, and expansion velocity. The epeaupling Easm{t) into the plasma is a
decisive link between process parameters and plasapeerties and is therefore investigated
first.

4.2.1 Energy coupling

The electrical energy gasm{t) transferred to the plasma is determined bypifegression of
the discharge current I(t) and of the arc voltaggskXt) (eq. 3), which is depicted in fig. 4a
and 4b, respectively. All half-waves of the ostiflg discharge amount to 62 ps regardless of
the charging voltage of the capacitor bank. Theeruris a strong function of the charging
voltage: Its amplitude is in fact proportional tg.Wuring the first half-wave it amounts to
15.6 kA for Lt = 5 kV and to 41.0 kA for = 14 kV. The corresponding increase of the arc
voltage is however little and only visible duringetfirst few half-waves. The high voltage
levels suddenly attained after some hundred pslaeeo the opening of the ignitron switch

6



and refer to the remaining voltage on the capacitbe corresponding energy of the capacitor
then amounts to values between 1 and 5 J and ocarbthneglected. The progression of the
energy coupling into the plasma (eq. 3) is depidteflg. 4c. EiasmacCoOntinuously increases
along W. However, the transfer efficiencydefined as the ratio of the energy coupling to the
energy initially stored on the capacitor bank dases as bJincreases (i.e. from 0.293 at U

= 2.5kV to 0.092 at Y = 14 kV). This is due to the rapidly growing imferce of the
resistance in the electrical feed line.

Other process parameters, namely thid;Gnjection pressure{ pczn2) and the Ar-pressure

in the expansion chamber ( pchamber,a) ONly have a minor impact on the energy coupling.
Increasing these pressures results in elevatecentmations of the species moving along the
discharge chamber and consequently leads to a rhigbiésion frequency for atoms,
molecules, and charges, so that the transportedatter ones is hindered to some extend. The
level of the plasma resistance and of the energplowy is therefore slightly increased.

4.2.2 Expansion behaviour

The expansion of the plasma is first characteriseddrms of the progression of the pressure
front. This front is derived from the signal of extremely quickly responding pressure sensor
(piezo type) placed at various distances from tpenog of the discharge chamber. The
resulting propagation velocity,g, is shown in fig. 5 for different charging voltagetthe
capacitor bank, (ambient) pressures in the expangi@mber, and gas injection pressures.
Corop Strongly depends on these parameters and is obrdher of 1000 to 2000 m/s at a
distance of 2 cm in front of the opening mouthlhad tlischarge chamber. The propagation of
the pressure front is favoured by high chargingag#s and gas injection pressures and by
low pressures in the expansion chamber: High ctapagbltages increase the discharge
current and consequently lead to an enhanced @beatnetic acceleration along the coaxial
electrode assembly due to Lorenz forces. The riagulturrent also enhances the energy
coupling (fig. 4c) and is responsible for highemperatures and pressures within the
discharge chamber, which again accelerate the plasopagation. The ambient pressure in
the expansion chamber largely determines the tatéhh the plasma jet is slowed down.
The level of deceleration is high at the beginnioig the expansion and particularly
pronounced in the case of elevated ambient pressure
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Fig. 5: Axial progression of the propagation velpct,o, as a function of the process
variables U, pchamber.ar@nd R2m2-

Short time photography is applied in order to visgathe propagation of the plasma jet.
Fig. 6 depicts the side view of an evolving plagetai.e. frames referring to different time
delays after initiation of the capacitor dischard®ie to the limitation to single-frame
photography, the pictures refer to different expents made under identical process
conditions. The frames displayed in fig. 6 join thews obtained from the first two windows
of the expansion chamber located along the promagakis. The depicted region covers the
15 cm which are closest to the opening mouth ofdiseharge chamber. The different delay
times referred to in fig. 6 each correspond todékay between the initiation of the capacitor
discharge and the beginning of the exposure, wisigdet to 10 us for all frames displayed
here. The plasma propagates very quickly and afrezathes the left hand-side of the second
window after 18 us (delay + overall exposure tinfdle expansion velocity derived thereof is
around 1270 m/s which is consistent with the respifitained from measuring the propagation
of the pressure front (fig. 5). For later procetsgas, in particular at 415 ps, the luminescent
part of the plasma jet degenerates and its visibte is well behind the pressure wave.

Another series of short time photography (fig. @tuiments the significant dependence of the
plasma expansion on the ambient pressure in thansign chamber. Increasing the argon
pressure decelerates the velocity of the plasmaafet additionally leads to a lateral
contraction of its front. An argon pressure of Xdar delays any significant propagation into
the expansion chamber to nearly 60 ps after imhaof the arc discharge, so that no
significant luminosity is visible at t = 30 us.
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Fig. 6: Short time photographs (side views) ofglesma-jet along the propagation axig &J
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Fig. 7: Short time photographs (side views) of plesma-jet along the propagation axis at t =
30 s for different Ar-pressures & 9 kV, peonz = 1.15 bar, andasn, = 4.4 cm).
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4.2.3 Temperature and electron density

The plasma is finally characterised in terms ofgerature and electron density. Fig. 8 shows
the electron density.nand the discharge current | as a function of tiece the CCD
camera chip needs around 500 ps to store the extoddta, it is necessary to repeat
experiments under identical process conditions mausetimes in order to obtain a detailed
temporal resolution { dotted line). Therefore, data integration is tgflic carried out for
individual half-waves { circular formed symbols) in order to limit the niben of
experiments to some practicable extend. The smatipic measurements are carried out
face-on into the opening of the discharge chamBensequently, they do not provide any
local resolution. Instead, the recorded signaloisthated by the emission from the discharge
chamber and may hence be expected to represeave¢hege values in there reasonably well.
The progression of the electron density follows @hsolute value of the current pulse with
local minima at I(t) = 0. sincreases significantly with the charging voltaBerring the first
half-wave it amounts to 7B0*? m™ for Uc = 5 kV and to 1.80° m* for Uc = 9 kV. The
remarkably fast decline of the electron density fag 300 pus is due to the gradually
extinguishing arc discharge (fig. 6). The generatd electrons is about to cease and no
longer capable of compensating for the charge diegjan due to recombination in the gas
phase and at the walls of the apparatus.
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Fig. 8: Progression of the electron densityand the current | for &= 5 kV and 9 kV,
respectively (Bhambera= 10 mbar and @, = 1.15 bar).

Spectroscopic measurements also permit to obtaireldctron and the gas temperature (fig.
9). In the arc channel itself,.Ts derived from evaluating argon and zinc linectfze as
described in section 3.1. During an arc dischaeferning to & = 5 kV, Tgis around 18,000

to 20,000 K and - this is in contrast to the evotlubf the electron density — barely decreases
along the discharging process. Measurements castiedt different locations in front of the
opening mouth of the discharge chamber show thdtdps to 7,000 K just a few mm in front
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of the opening and that it continues to decreasswdand 5,500 K at a distance of 13.5 cm.
The profile of & remains quite stable as long as the arc dischargeprogression. The gas
temperature fiscan be derived from£bands: It is around 4,500 K, stable along t, aeally
independent ofhe spatial position. The sudden ending of thehdisge depends ond{fig.4)
and leads to quite an abrupt decrease of theilggnsity, so that emission spectroscopy is no
longer applicable. Temperature and electron demaséytherefore not accessible when particle
formation and growth actually take place.
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Fig. 9: Electron- and gas temperature fory £J5 kV and 9 kV, respectively {Rmberar= 10
mbar, and g2 = 1.15 bar

4.3 Particle properties

This section aims at investigating correlationswaein process variables — namely energy
coupling, Ar-pressure in the expansion chamber, Bmection pressure — and particle

properties, i.e. primary particle size, aggregate,sand structure. It is important to note that
particle generation and growth are confined to glfasma quench and do actually not take
place in the plasma itself, where it is too hot fegh supersaturations to occur, such as
required to initiate particle formation and growtbm the vapour phase [22, 23]. Plasma
propagation and particle synthesis therefore happdre separate events in terms of time
and/or space.

4.3.1 Energy Coupling

SEM-micrographs of product particles identifiedasbon black by means of carrying out
EDX-analysis are shown in fig. 10. The micrograpbfer to different initial charging
voltages of the capacitor bank, i.e. to differestels of energy coupling (fig. 4c). For all
capacitor voltages applied small individual sphargarticles as well as openly structured pm
sized aggregates are obtained in parallel. The sizéhe primary particles and of the
individual spheres is around 30 to 35 nm and neadgpendent from the capacitor voltage
applied (for ghamberar= 10 mbar and @n2 = 1.15 bar). This must be due to similar particle
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formation and early growth conditions, i.e. simileonditions in terms of temperature,
saturation and charging history.

This is certainly quite true for the temperaturgtdry in spite of the strong dependence of the
plasma temperature oncU16]: The pressure along the propagation axishia éxpansion
chamber is clearly sub-atmospheric. Radiation fbezeturns out to be the dominant
mechanism for heat transfer, so that T(t) (mostBpends on the momentary temperature and
on the material of the particles and the wallshefinstrumentation [24]. The different profiles
therefore turn out to be nearly identical when ipErtformation and growth actually take
place. Increasing §Jleads to a higher density of individual spher@atl aggregate particles
on the surface of the collecting targets. Howelrateasing the initial capacitor voltage has
two nearly outbalancing effects on particle forrmatand growth: on the one hand the overall
amount of precursor dissociated increases, on ther chand the volume where T is
sufficiently high for that dissociation may takeapd is also larger. As a consequence, the
supersaturation profile and thus nucleation rateklacal amount of precursor available for
surface reaction [25] are probably only little atlsd. The primary particles depicted in the
micrographs of fig. 10 are all quite large in size, around 30 nm, such as frequently
observed in flame reactors [20] but also in (quasjionary plasmas [21]. Provided that the
particle concentration and residence time in thengh of thepulsed plasma jet are
sufficiently high for that coagulation and sintgyimay — besides surface reaction —
potentially play an important role for primary pele¢ growth one may tend to conclude that
free charges, although initially present at conegiuns of the order of #m™ and more, do
not significantly suppress collision rates and leegcowth of freshly generated (primary)
particles. This conclusion is in agreement numeiiceestigations such as of Hoppel and
Frick [26] who where able to show that nanoscaladigdes smaller than around 20 to 30 nm
mostly remain uncharged, even in the presence ofiagally high excess of free charges. The
round primary particle shape observed may therafoteonly be a result of surface growth,
but — provided that the mobility and the collisioates of the nm-sized particles are
sufficiently high — also be due to collision an@ichsubsequent sintering.

The aggregates observed for all capacitor voltagesed result from coagulation and partial
sintering further away from the reaction zone whikr@ temperature has cooled down and
sintering has become rather slow. As the primangigl@ and later on the aggregate size
continue to grow, the likelihood for charging, whiesults from collisions between particles
and free electrons or ions (positively as well egatively charged),continues to increase [26].
Although the plasma is a globally bipolar systene anay yet expect a large majority of
particles being negatively charged. This is duth&high mobility of the free electrons. As a
result, agglomeration is largely suppressed allgviom many individual spherical particles to
continue existing. However, some particles willoalsecome positively charged. Attractive
forces between oppositely charged particles wikbta their collision [27] and lead to the
formation of openly structured aggregates [28] sasllso observed here.

4.3.2 Counter- and injection pressure

Altering the counter-pressure in the expansion dd&an(i.e. pramber ) has — in contradiction
to varying the energy coupling — a strong impactpoimary particle size (fig. 11): Low
pressures do not decelerate the plasma jet remgrkdigher counter-pressures, however,
lead to a drastic reduction of its propagation ggyo(fig. 5) and to lateral contraction of the
jet (fig. 7). As a consequence one may expect &ddviocal precursor concentrations and
longer residence times within the temperature regilevant for particle formation. This
favours surface growth, but also coagulation anteseng [29]. At Rhambera= 100 mbar, this
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leads to enhanced primary particle growth and éoféhmation of compact aggregates, which
do not contain more than a few primary particlethwiameters of around 70 nm.

AccY Spot Magn  Det WD
300kv 1.0 80000x SE 66 13110

gagn Det 1 pum Ace Spot Magn  Det WD 7
DOODX SE_ 89" 170501V S0.0kV 1.0 80000x SE 99 17110801y
ey

5

Lok

Spot M r - e Det wn‘—i 200 nm

5 agn Det WD F—=—— 1ym
10 20000« SE 9% 17.1],03-02v s . 3 X SE- 90 i1y

Fig. 10: SEM-micrograps of product particles ob¢girat phambera= 10 mbar, pouz = 1.15
bar and varying capacitor voltage.U

pchamber,Ar: 10 mbar :

pchamber,Ar= 100 m ba

3 - 3
AceV Spot Magn  Det WD ?—%u
"00kV 1.0 20000x SE 1071-’”\0’%04\/; = 3

Fig. 11: SEM-micrograps of product particles obégirat W = 9 kV, p2n2 = 1.15 bar, and a
counterpressuresmoera0f 10 and 100 mbar, respectively.
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Similar as with phamverar raising the @H, injection-pressure also leads to elevated local
precursor concentrations. However, the higher mafan velocity involved (fig. 5) is
responsible for somewhat shorter residence times.ificrease of the primary particle growth
rate is therefore less pronounced, and primarygbestwith diameters of the order of 50 nm
are obtained (for =9 kV, phambera= 10 mbar, and@u, = 2.5 bar).

5. Conclusions and Outlook

A new pulsed coaxial plasma generator (PCPG) waigaed, built and put into operation. It
allows for synthesising particles under highly si@nt process conditions. The PCPG was
used to investigate the potential of making uspaoficle-particle interactions to tailor particle
characteristics for the case of carbon black matufa. The highly transient pulsed plasma
process is characterised by initially steep tempegagradients and by high charge densities
which can be significantly varied by means of altg@process parameters, such as the energy
coupling.

Product-, i.e. carbon black properties, such asgmy particle size, are shown to be nearly
independent from the energy coupling which suggtsds the temperature profile and the
charging history within the particle forming regirde either not significantly depend on the
initial plasma conditions or that they are of mimmportance for the formation and growth

process: radiation is the dominant mechanism fat transfer and therefore probably leads to
similar temperature evolutions regardless theahitondition. On the other hand, charging
does not seem to influence growth of particles Em#han around 30 nm. This may be either
because growth is entirely dominated by surfaceti@aor because particle charging is — in
spite of the initially high charge densities of mahan 16° m® and the steep temperature

gradients — insufficient to alter the coagulati@néviour.

The synthesis of extremely fine particles with m@mnparticles no larger than a few nm [30]
and little degree of aggregation can apparentlybsotealised by making use of the highly
transient process conditions as typical for thesgalcoaxial plasma generator. At later
process stages, i.e. once particles have significgnown, charging may well occur and be
decisive upon structure formation, such as of singpherical particles and of openly
structured aggregates [28].
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