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Abstract

There is a great deal of interest today in the special properties of nanoparticles and their potential applications. Gas-phase process, although having
some drawbacks, has the largest control possibilities and is therefore the method chosen here. The size of the primary particles depends on the
temperature/time history and material properties. Further growth of the particles strongly depends on the properties of the flow into which they are
imbedded.

In the current work, a transferred arc is used to produce nanometric particles from the condensation of metallic vapours obtained by controlled
evaporation of the anode material, which becomes the solid precursor of the synthesis. As all types of anode materials would be used, depending
of the nature of the desired particles, this technique requires a good control of the heat transfer and its application time to a given anode location,
as well as the separation of evaporation/ nucleation-growth steps. That is why a new and original experimental set-up was built in order to control
vapour production and its thermal history.

Experiments showed that the heat transfer at the anode precursor strongly depends on the cold boundary layer (CBL) properties close to the
anode. For adequate parameters, it becomes possible to generate either diffuse or constricted stable arc root, and so to control vapour production.
Orientation and so dissociation of evaporation and nucleation events is also achieved by tilting the angle between the jet issued from the cathode
and the anode. The vapours produced are then naturally entrained towards a temperature controlled zone, where they are collected onto a water
cooled substrate. It thus becomes possible to control the residence time and the thermal vapour history of the particles. Whereas aluminium oxide
particles synthesized are clearly nanoparticle chain aggregates, iron oxides particles are spherical, in the micrometric range and no aggregates or
agglomerates are visible. These experiments show that particle morphology, size and shape, for given working parameters, strongly depend on the
properties of the material to be vaporized.
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction phase. The particle formation is then driven by the cooling of a

supersaturated vapour. The nucleation event is very sensitive to

10.

Nanoparticles are considered as fundamental building blocks the supersaturation ratio S, defined by the following equation'":

of nanotechnology. They are the starting point for many ‘bottom- pi
1

up’ approaches for preparing nanostructured materials and
devices. As such, their synthesis is an important component
of rapidly growing research efforts in nanoscale science and
engineering. Nanoparticles of a wide range of materials can be
prepared by a variety of methods.!~

Gas to particle conversion® refers to the production of con-
densed particles from individual atoms or molecules in the gas
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ps(T) M
where p; is the partial pressure of the gaseous reactant and ps(7)
the corresponding saturated vapour pressure. When this super-
saturation ratio becomes larger than unity, nucleation can occur.
The critical size d* for a stable nucleus, which is the size for
which the condensation rate balances the evaporation rate, sat-
isfies the following relationship!'%-!1:
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where V is the monomer volume (m?), T the temperature (K),
o the surface tension (N m~!), k the Boltzman constant (J K~1)
and S the supersaturation ratio. Thus, the formation of ultra fine
particles occurs only when supersaturation ratios are large. Once
particles form in the gas phase, further growth depend on the
properties of the flow into with they are imbedded. Therefore, to
prepare small particles, it is mandatory to create a high degree
of supersaturation, thereby inducing a high nucleation density
and then immediately quench the system.

High temperatures and hence high energy sources, such as
hydrocarbon flames,!? laser beam,!3"13 or Joule heating, are
often necessary.'®~!8 Nevertheless, with such techniques, pro-
duction rates are poor. Thermal plasma jets produced by dc!”
arcs or RF2%-2! discharges at pressures close to atmospheric pres-
sure are characterized by high temperatures (between 6000 and
14,000 K) of heavy species and medium to high subsonic veloc-
ities (between 100 and 2500 ms™!) of the plasma flow. Ultra
fine particles will form in the zone of the plasma reactor where
gases have cooled considerably (below 3500 K) and vapours can
condense, predominantly via homogenous nucleation.

Thermal plasma based vapour condensation methods uti-
lizing transferred arcs have not been successful up to now to
generate fine or ultra fine particles of materials such as metals,
alloys, ceramics or composites on a commercial scale because
of the poor control of powder properties such as particle size
and distribution, shape and crystallinity. For example, Ageorges
et al.?? disclosed the production of ultra fine aluminium nitride
particles using a transferred arc with the vapour condensation
method. The drawback of their process is due to the fact that
the formation of particles occurs in the plasma chamber where
are injected the reactive gases. The plasma chamber is “filled
with fume products which recirculate in the furnace”. As a
result, powder properties control is very crude because of the
difficulties in proper monitoring of vaporization rate, nucleation
and growth of the particles produced within the plasma cham-
ber. To better control the formation of ultra fine aluminium
nitride powder, Moura and Munz?} have proposed the sepa-
ration of aluminium vaporization and aluminium nitride for-
mation. This is accomplished by vaporizing aluminium anode
in a transferred arc reactor in which no reactive gas is intro-
duced, and then reacting the aluminium vapour with ammonia
injected at a single point in a separate reactor tube attached to
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the exit of plasma chamber. It permits better control of powder
properties.

The synthesis of ultra fine particles with desired size and
composition requires both the control of the partial pressure of
reactive precursors and of their thermal history. This requires a
good control of the heat transfer to the anode, which depends
on properties of the cold boundary layer (CBL) and arc roots
dynamic.?*3! That is why a new experimental set-up was built,
allowing controlling vapour production and particle growth
kinetics.

2. Experimental set-up
2.1. Presentation

The final objective of this work is to produce nanometric
particles from the condensation of metallic vapours obtained by
controlled evaporation of the anode material.

A transferred arc reactor was designed (Fig. 1) to generate
a stable arc jet, less than 3 mm in diameter, using pure argon,
argon—hydrogen mixtures or nitrogen as plasma forming gases
(4-10slm), the power being supplied by a current regulated
source (I=15-40A). The arc, stabilized by a superimposed
plasma jet, is transferred between the cathode made of thori-
ated tungsten and the anode precursor, made of the material to
be eventually proceeded and situated perpendicular to its axis.
The pilot arc presents several advantages, such as improving the
arc column stability and easing the arc ignition. The pilot arc,
first started, feeds with hot ionised gases the gap between the
exit nozzle and the anode precursor. Hence, it becomes easier to
transfer low current intensity to the anode precursor. The heat
flux density transferred to the anode can be regulated with the
help of the electrical resistor R (Fig. 1), distributing the current
between the stabilization anode-nozzle and the main anode. The
experimental set-up developed is adjustable, meaning that it can
be rapidly used as well as for ultra fine particles synthesis as
for more theoretical studies on arc. For the analysis of plasma
properties, the anode is a calorimeter, allowing studying the heat
transfer to it and the arc stability.

For nanoparticles synthesis, the anode is made of the
material to be vaporised (aluminium, iron, copper, . . .). Besides
the target is rotating, permitting the temperature control at the

Plasma

transferred torch
Water-cooled

Targe_i to substrate for
vaporize: nanopowder
copper, iron, collection
aluminum

—

R: Polarisation
resistor

Metallic vapors

Fig. 1. Experimental set-up developed.
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arc attachment, and thus, the vaporization flux. Furthermore,
the pilot arc allows rising the plasma jet momentum, permitting
its inclination. As the torch assembly is mounted on “ball
bearings”, the angle between the jet axis and the normal to
the anode surface can be changed continuously from 6=0 to
85°, whereas the electrode gap can vary from 1 to 25 mm.
Beyond the modification of the heat transfer mechanisms, this
inclination allows orientating the metallic vapours toward a
pressure and temperature controlled zone. Hence, the control
of vapour thermal history becomes possible.?23

2.2. Submicronic or nanometric particles analysis

Microstructural features of particles produced were studied
using the scanning electron microscopy (SEM) (Philips XL 30).
If the particles synthesised were too small to be visualised by
SEM, the collected powder was dispersed ultrasonically in alco-
hol and then disposed on carbon coated copper grids for inves-
tigation by a transmission electron microscopy (TEM JEOL
2010). The chemical composition of the particles was obtained
from XRD diagrams. The diffraction pattern of the powder was
recorded at a speed of 0.04° s~ ! using Cu Ko radiation.

3. Results and discussion
3.1. Heat flux to the anode

Heat power transferred to the anode material comes from two
different contributions. The first one is due to convective heat
transfer between the plasma flow and the anode wall, and the
other one is due to the energy released by electrons entering the
metal. This last part gives an electronic contribution to the total
power which is given by32:

5
Pelec = 1 <2kTe + Ws + Va) (3)

where [ is the arc current, T, the electron temperature, V, the
anodic fall and Wy the work function of the anode material.
In situations encountered in this work, the above parenthesis
represents a total value comprised between 10 and 15 V.

The heat flux due to electron is concentrated over a rather
tiny area, in contrast with the convective contribution which is
spread over a wider surface. The Pejec contribution is located at
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the anode arc attachment, and gives the flux:
4 P elec
Pelec = T dsz (4)

where d; is the diameter of attachment area.

The arc attachment is diffused when controlled by the plasma
jet momentum or, at the opposite, is constricted when dominated
by self induced magnetic forces. Depending of the attachment
mode, which determines the dg value, the e Value can be
changed over about an order of magnitude, ranging typically
from a few 107-10° Wm™2, for a given Pejec value compatible
with the operating parameters.

3.2. Anode temperature control

The anode material must be evaporated slowly and contin-
uously, in order to have a regular production of vapour. The
heat flux must be supplied in the constricted attachment mode
to reach a sufficiently high level, but, in the same time, must be
adjusted to avoid the cutting of the anode, or a to high ejection
rate of melted droplets.

The anode is rotated at a given angular speed, w, so that the
time of stagnation of a given point of the surface is approxi-
mately:

tg = é (5)

wl
where £ is the distance between the rotation axis and the thermal
impact at the anode surface. The anode is mounted onto a water
cooled holder, so that the bulk mean temperature of the mate-
rial remains approximately constant. Due to the rotative motion,
each point at the surface approaching the area where the arc
impinges is submitted to a transient heat flux, which gives the

following temperature rise>>:

T =T, + 2% \/E (6)
K 4

where T, is the temperature of the anode surface before thermal
treatment begins, and «x and « are respectively the thermal con-
ductivity (W/m K) and thermal diffusivity (m2 s~ 1) of the anode
material. The melting temperature, Ty, is thus reached within a
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Fig. 2. Effect of anode material properties (a) and heat flux density (b) on temperature rise under arc root attachment.
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time, #y,, so that:

7 [k(Tw = Tu)]?

"= {} @)
o 2¢el

A good compromise for the experimental parameters is to set
ts & tm, by adjusting the rotation speed wfor a given material and
a given arc current.

It must be underlined that following Egs. (4) and (7), ty is
strongly depending upon the spot size ds and so @eec- Fig. 2a
illustrates the effect of anode material (aluminium or iron), for
a given heat flux and Fig. 2b the effect of the heat flux, for an
iron anode precursor.

Itcan be noted that the iron target temperature rises faster than
that of the aluminium one. This is due to the higher diffusivity
of aluminium compared to that of iron (see Table 1). Never-
theless if it is supposed that vapour production is high enough
when the melting temperature is reached, it becomes obvious
that the thermal diffusivity of the material is a key parameter.
Effectively, for a given heat flux, 10° W/m?, it takes 200 s to
reach the melting temperature for an aluminium anode, whereas
approximately 400 s are needed for iron.

Fig. 2b clearly illustrates the strong influence of the heat flux
on vapour level production. As well, both the control of the
heat flux and its application time are necessary for monitor-
ing reactive species production. Thus, in order to control the
vapour production, the anode precursor is disposed at the top
of a rotating substrate permitting the temperature control at the
arc attachment, and thus, the vaporization flux. Thus, for given
heat flux and rotating speed, different tracks allow controlling
the application time of the heat flux transferred. However, it
must be inferred that a too high rotating speed would favour arc
root attachment instabilities,>* leading to a very poor control of
the partial pressure as well as the residence time of the reactive
species, as illustrated in the following section.

Table 1
Thermal properties of the anode precursor

Thermal diffusivity (m?s~1) Melting temperature (°C)

Aluminium 22x107* 1538
Tron 1073 660

3.3. Attachment stability

The synthesis of desired particles requires both the control
of the heat flux transferred to the anode and the plasma flow
characteristics which determine the imbedded metallic vapour
kinetics. The first step of this work consisted in determining the
heat flux transferred to the anode surface in order to control the
partial pressure of reactive species. The second part of the study
deals with the effect of the orientation of the generated vapours,
performed by tilting the angle between the plasma jet and the
normal to the anode surface. It allows controlling the residence
time of the particles before collection.

The constricted attachment is obtained when the magnetic
forces overcome those induced by the normal component of
the jet momentum. This situation can be obtained by tilting the
plasma jet, but, in the same time, the tangential component may
lead to the sliding motion of the arc root. The arc attachment
becomes unstable and jumps from place to place at the anode
surface. As the tilting angle rises from 0° to almost 90°, (fully
tangential), three different kinds of attachment can be distin-
guished: the diffused and stable mode, the constricted and stable
mode and finally the constricted unsteady mode (see Fig. 3).

As shown in a previous work, tilting progressively the torch
relatively to the substrate normal induces different behaviours
of the arc root.

Below a tilting angle of about 55° (see Fig. 3a and b) for
argon—hydrogen (75/25 vol%) the arc root seems to be diffused
and the cold boundary layer thickness between the arc and the

(a) 0 =0°

(c) 0 =65°

(b) 6=150°

(d) 0 =175°

Fig. 3. Arc root attachment dynamic and geometry as a function of the tilting angle: Ar—H; (75-25 vol%), I=20 A, electrode gap d,—x =21 mm.
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Arc root attachment instabilities

Collection
zone

P

7 % 75 7] 0

Fig. 4. Effect of arc root instabilities on residence time of particles.

anode, e, is thin (below a few tenth of micrometers), correspond-
ing to a cathode jet dominated mode.>> The diffuse attachment
mode is not very useful for particle production because the
vaporized material is confined close to the anode by the cathode
jet and its escape in the anode attachment fringes is not con-
trolled at all. Moreover, the quantity produced is low because
the heat flux at the anode is low.

Over these angle values, the cold boundary layer thick-
ness increases drastically with the tilting angle. The arc root
becomes strongly constricted at the anode (see Fig. 3c) with a
stable attachment below about 65° and strongly unstable after-
wards (see Fig. 3d). In the case of an unstable attachment (see
Figs. 3d and 4), the arc column is stretched by the flow acting
on the arc-anode connexion, this movement being accompa-
nied by an increase of the arc voltage and of the electric field
in the sheath. Once the field in the sheath is high enough to
induce an electrical breakdown, a new attachment is initiated,
and simultaneously, the previous one extinguishes (Fig. 3d).
These instabilities are damageable because vapour production
can’t any more be controlled. Furthermore, the residence time,
for a given collection distance, would be drastically modified by
these instabilities. Effectively, even if it is supposed that reac-
tive species production is not affected by these instabilities, it is
easy to understand that the residence time, for fixed collection
zone, will be increased if vapours are produced at z3 (see Fig. 4)
instead of z;. They would favour synthesis of particles with dif-
ferent sizes and compositions, resulting in poor reproducibility.
In the case of a stable and constricted attachment, the vaporized
material is entrained in a rather well defined direction and its
residence time and/or reaction with the surrounding atmosphere
can be controlled (see Fig. 5).

As the arc current intensity and plasma forming gas condition
the nature of the particles to be produced, it could be interest-
ing, for given working parameters, to visualise their effects on
the arc root attachment properties. The main result is that adding
hydrogen delays the shifting from one mode to another. That can
be explained by the fact that shifting from argon to argon hydro-
gen as plasma forming gas results into a better heat transfer and
a higher jet velocity. Hence, the cold boundary layer is longer
governed by mechanical effect and higher angles are needed
to shift from one mode to another. Same results are obtained
when increasing arc current or decreasing the nozzle internal

Aluminium vapour

Fig. 5. Stable and constricted arc root on an aluminium anode precursor.

diameter of the arc pilot. So, as the key-point of this process
consists in keeping the heat flux density at a critical value for
which anode erosion is only due to its vaporization, minimizing
droplet ejection, the torch tilting must be set-up in order to obtain
aconstricted and stable arc root attachment, as in Fig. 5. A stable
and constricted arc root allows both the reproducibility of syn-
thesis and vapour phase production control, and also enhances
by about one order of magnitude the heat flux transferred to the
anode precursor.

3.4. Farticle synthesis

Experiments presented here were performed at atmospheric
pressure, in air. Thus, the control of the chemical composition
was not possible and mainly oxides were formed. In order to
illustrate the influence of the anode precursor material on particle
properties, aluminium and iron, were successively treated for
given working parameters.

3.4.1. Aluminium particles

The experimental parameters are summarised in Table 2.

Working parameters were chosen in order to properly vapor-
ize the aluminium target, with almost no melting. With such
parameters, the arc root is constricted and stable (Fig. 5). Due
to the high power level transferred to the anode precursor,
vaporisation of anode precursor occurs. The vapours are nat-
urally canalised by the plasma flow towards the collecting sub-
strate. The particles are collected onto a water-cooled substrate,
mounted on a micrometric displacement set-up (see Fig. 1 right)

Table 2

Working parameters for alumina and iron oxides synthesis
Plasma gas Ar
Intensity transferred (A) 15
Total voltage (V) 50
Gas flow rate (L/min) 4
Angle (°) 45
Nozzle internal diameter (mm) 2.5
Collection distance (mm) 20
Rotating speed (cms™!) 0.5
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Fig. 6. XRD diagrams: aluminium (AU 4G) as anode precursor.

in order to modify the residence time of particles imbedded in
the flow.

X-rays diffraction results (Fig. 6) of the collected powder
indicate that it is heterogeneous, comprising y Al,O3 and not
yet reacted Aluminium. As no oxygen quenching of the plasma
plume was performed during experiments, the formation of
oxides can be explained as follows. For appropriate working
parameters, vaporization of metallic precursor occurs. These
vapours are naturally canalised by the plasma flow towards the
water cooled substrate for collection. Nevertheless, due to vis-
cous strength, air is entrained in the fringes of the plasma jet and
diffuses inside its core, where O is dissociated. The entrained
oxygen and its dissociation as well as the jet expansion and
probably also, to a lesser extend, the water cooled surface cool
down the plasma jet with its aluminium vapour, resulting in the
nucleation of solid aluminium as well as yAl,O3. The latter cor-
responds probably to the gas phase reaction of aluminium and
atomic oxygen. Unfortunately, the quantity of oxygen entrained
being uncontrolled, only part of the aluminium nanoparticles
are oxidized. For the aluminium target, the presence of copper
can be explained by the fact that the aluminium precursor com-
prised 4 wt% copper. The presence of broadened peaks from
normal X-ray patterns, proves that the particles are not com-
pletely crystallized and in the nanometric range (below 100 nm).
The formation of alumina gamma phase, in preference to the
thermodynamically stable « phase, is consistent with the highly
non equilibrium nature of the process. Vapours of aluminium
react with oxygen to form aluminium oxide, which crystallizes
in the metastable vy phase by virtue of the rapid quench associated
with the process.

Particle size distribution of the processed powder is shown in
Fig. 7. It is obvious that all the particles are in the submicrome-
ter range. That can be explained by the very good control of the
vaporization process, avoiding droplet ejection, and by the disso-
ciation of the vaporization and nucleation/growth events. By the
way, it must be underlined that the reproducibility of the exper-
iments is achieved. Two main peaks can be distinguished, one
centred on 200 nm and the other on 600 nm. As ultra fine particles
have an inherent tendency to form agglomerates and aggregates,
the results of particle size distribution studies by laser scatter-

100

80
& 200nm
g 60 ¢
=}
E 600nm
= 40 A
Q
3
= 20 4
>

0 I I I
0 0.5 1 1.5 2
diameter

Fig. 7. Particle size distribution obtained by laser scattering method.

Det \'\.-'.I') Fxp ) - 2 |u’ﬁ
E 1011
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Fig. 8. SEM observation of the particles synthesised with aluminium as anode
material.

ing mostly give the size distribution of these agglomerates. The
actual size of the individual particles in the clusters can be deter-
mined by scanning and transmission electron microscopy. The
micrographs obtained are presented in Figs. 8-10.

SEM results (Fig. 8) tend to prove that the particles are
of the cauli-flower type. These agglomerates, which are in

Fig. 9. TEM observation of the alumina and aluminium powder.



C. Chazelas et al. / Journal of the European Ceramic Society 26 (2006) 3499-3507 3505

(a)

(b)

Fig. 10. TEM observation of the alumina powder (a) and associated XRD diagram (b).

the submicronic range, and are easily separated by ultrasonic
dispersion in alcohol (no big aggregates) are composed of nano-
sized particles, as shown in Figs. 9 and 10. The discontinuous
rings (Fig. 10b) of the XRD diagram associated with the TEM
observation of Fig. 10a confirms that particles are nanosized.
The TEM observation also confirms that ultra fine particles
have tendency to form agglomerates.

The spherical or near spherical morphology of the powder is
obvious (see Fig. 10a), but they tend to form small agglom-
erates, whose compactness depends of ramifications orienta-
tion. The aggregates are resolved into individual particles with
size ranging from a few nanometers to about 40 nm. Aggre-
gates are formed by sintering of primary particles during the
synthesis process. These aggregates often have a fractal-like,
highly branched structure and reach a size of about 300 nm
in several dimensions. In some applications, such as catalysis,
agglomerates with an open structure like those are desired. How-
ever, in many potential applications nonagglomerated spheri-
cal nanoparticles of uniform size are needed. X-ray diagram
(Fig. 10b) proves that particles are well crystallized, even if
some are not.

It could be interesting to visualize the effect of the resi-
dence time, in order to determine if it is possible to control the
morphology and/or the composition of the particles. The resi-
dence time of the vapour imbedded in the plasma jet may be
an important parameter for particle properties. This time must
be defined as the time which is passed by between the moment

where nucleation occurred and particles are collected. As it is
quasi impossible to define precisely the location where vapour
nucleates, it is nevertheless possible to increase and control the
residence time by moving back the water cooled substrate onto
which particles are collected. Viability of such an experiment
involves a stable arc root attachment, in order to maintain the
same evaporation flux and the same nucleation location. Hence,
by moving back the substrate, residence time can be increased.

The pictures in Fig. 11 correspond to particles obtained from
an aluminium target. The working parameters are those pre-
sented in Table 2, but collecting substrate was moved back of
10 mm between Fig. 11a and b. From the TEM pictures, no
real distinction and differences can be established. The particles
are in both cases nanosized, aggregated with an open structure.
Depending of the orientation of the ramifications, the aggregates
could become more compact, which could lead to bigger par-
ticles. By the way, X-ray diffraction pattern obtained for case
(b) shows that the composition is identical but peaks are thinner.
This could mean that the powder is either better crystallized or
bigger.

3.4.2. Iron oxide particles

Another key parameter is the nature of the powder to synthe-
size, which is set by the chemical composition of the target to be
vaporized. In order to illustrate the effects of the anode material
on particle properties, an iron target was vaporised with the same
working parameters, as those presented in Table 2. Compared

Fig. 11. TEM pictures of alumina particles: effect of residence time on size and morphology.
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Fig. 12. X-rays pattern of the powder obtained. (a) Iron as anode material, /=15 A, d,_x=12mm, Ar=5 L/min, exit nozzle i.d =2.5 mm and (b) iron as anode precursor.

to aluminium, iron presents higher melting temperature, lower
volatility and thermal diffusivity (Table 1).

Starting from the iron target, Fig. 12a shows that main crys-
tallised phases synthesized are magnetic iron oxide Fe3 Oy, but
also FeO and Fe can be found, showing that oxygen is the lim-
iting species. Formation of oxides is again explained by the air
which is entrained from the fringes of the plasma and diffuses
towards its core, where O» is dissociated. Hence, atomic oxygen
can react with atomic metallic vapour to form oxides. The thin
peaks tend to prove that particles are not nanosized.

SEM micrograph in Fig. 12b is a typical sample of parti-
cles produced with an iron target and confirms that they are in
the micrometric range and spherical. No aggregates or agglom-
erates are visible. Hence, this experiment shows that particle
morphology, size and shape, for given working parameters,
strongly depend of the properties of material to be vaporized.
No real explanation can be proposed, due to the very complex
phenomena occurring during nucleation and growth. Neverthe-
less, it could be noticed that for this given parameters, which
are set to properly vaporize aluminium, iron vapour produc-
tion was not properly controlled, resulting in the ejection of
liquid droplets and solid fragments. Furthermore, with such
working parameters, the vapour phase production was very
low. This could explain the spherical morphology as well as
the micrometric ranging size of the particles, which are not,
in that case, synthesized from the gas to particle conversion
route.

4. Conclusion

Gas to particle conversion refers to production of particles
from individual atoms or molecules in the gas phase. In the cur-
rent work, the anode of the transferred arc is considered as the
solid precursor of the synthesis. The process consists in keeping
the local heat flux at a critical value for which anode erosion
is only due to its vaporization. As powder with controlled size
and composition requires the dissociation of the vaporization
and nucleation event, a new experimental set-up has been devel-
oped. The first step of the synthesis has consisted in studying
the heat transfer to the anode precursor as a function of trans-
ferred arc operating parameters, while the second consists in

controlling, for a given heat flux, the rise of temperature under
the arc attachment. These experiments clearly show the influ-
ence of the anode material on particle properties. Orientation
and so dissociation of nucleation event is achieved by tilting
in a given range the angle between the plasma column and
the normal to the anode-substrate. The transferred arc is con-
trolled by a blown arc and the tilting angle range is chosen to
achieve a stable and constricted arc root attachment, generat-
ing an anode jet in a well controlled direction. The vapours
produced are naturally entrained and orientated towards a tem-
perature controlled zone, where they are collected onto a water
cooled substrate. The particles synthesised result from the metal
vapour reaction with the oxygen of the entrained air. Their
composition is heterogeneous (alumina and aluminium, because
oxygen is the limiting reactive species. For an aluminium anode,
results of X-ray diffraction of the powder produced shows that
the particles are nanosized and mainly crystallized under the
gamma phase for the alumina. Aluminium oxides particles syn-
thesized are clearly nanoparticle chain aggregates initially about
few hundred nm long, composed of primary particles that are
approximately 10 nm, even if particles with diameters reaching
40 nm can be observed. In some applications, such as catalysis,
agglomerates with an open structure like those are desired. How-
ever, in many potential applications nonagglomerated spherical
nanoparticles of uniform size are needed. For fixed transferred
arc operating parameters, particles obtained from an iron tar-
get are completely different. They are mainly spherical, not
nanosized (a few micrometers) and no aggregates or agglomer-
ates are visible. Due to the very complex phenomena occurring
during nucleation and growth no real explanation can be pro-
posed. Nevertheless, it could be noticed that for these given
parameters, which were set to properly vaporize aluminium, iron
vapour production wasn’t properly controlled, resulting in lig-
uid droplets and solid fragments ejection. This could explain
the spherical morphology as well as the micrometric ranging
size of the particles, which are not, in that case, synthesized
from the gas to particle conversion route. These experiments
show that particle morphology, size and shape, for given working
parameters, strongly depend on the properties of material to be
vaporized and the adaptation of the transferred arc parameters to
them.



C. Chazelas et al. / Journal of the European Ceramic Society 26 (2006) 3499-3507 3507

Nevertheless the most important result is probably the fact
that the reproducibility of the experiment is achieved. More
experimental studies are needed using a wider range of materials
and operating conditions, with well-controlled geometries and
flow regimes.
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