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bstract

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

In the current work, a transferred arc is used to produce nanometric particles from the condensation of metallic vapours obtained by controlled
vaporation of the anode material, which becomes the solid precursor of the synthesis. As all types of anode materials would be used, depending
f 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,
s 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
apour 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
node. For adequate parameters, it becomes possible to generate either diffuse or constricted stable arc root, and so to control vapour production.
rientation and so dissociation of evaporation and nucleation events is also achieved by tilting the angle between the jet issued from the cathode

nd the anode. The vapours produced are then naturally entrained towards a temperature controlled zone, where they are collected onto a water
ooled substrate. It thus becomes possible to control the residence time and the thermal vapour history of the particles. Whereas aluminium oxide

articles synthesized are clearly nanoparticle chain aggregates, iron oxides particles are spherical, in the micrometric range and no aggregates or
gglomerates are visible. These experiments show that particle morphology, size and shape, for given working parameters, strongly depend on the
roperties of the material to be vaporized.

2006 Elsevier Ltd. All rights reserved.
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. Introduction

Nanoparticles are considered as fundamental building blocks
f nanotechnology. They are the starting point for many ‘bottom-
p’ approaches for preparing nanostructured materials and
evices. As such, their synthesis is an important component
f rapidly growing research efforts in nanoscale science and
ngineering. Nanoparticles of a wide range of materials can be

repared by a variety of methods.1–4

Gas to particle conversion5–9 refers to the production of con-
ensed particles from individual atoms or molecules in the gas

∗ Corresponding author. Tel. +33 5 55 45 75 53: fax: +33 5 55 45 72 11.
E-mail address: jean.jarrige@unilim.fr (J. Jarrige).
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hase. The particle formation is then driven by the cooling of a
upersaturated vapour. The nucleation event is very sensitive to
he supersaturation ratio S, defined by the following equation10:

= pi

pS(T )
(1)

here pi is the partial pressure of the gaseous reactant and pS(T)
he corresponding saturated vapour pressure. When this super-
aturation ratio becomes larger than unity, nucleation can occur.
he critical size d* for a stable nucleus, which is the size for

hich the condensation rate balances the evaporation rate, sat-

sfies the following relationship10,11:

∗ = 4σV

kT
ln S (2)

mailto:jean.jarrige@unilim.fr
dx.doi.org/10.1016/j.jeurceramsoc.2006.01.018
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here V is the monomer volume (m3), T the temperature (K),
the surface tension (N m−1), k the Boltzman constant (J K−1)

nd S the supersaturation ratio. Thus, the formation of ultra fine
articles occurs only when supersaturation ratios are large. Once
articles form in the gas phase, further growth depend on the
roperties of the flow into with they are imbedded. Therefore, to
repare small particles, it is mandatory to create a high degree
f supersaturation, thereby inducing a high nucleation density
nd then immediately quench the system.

High temperatures and hence high energy sources, such as
ydrocarbon flames,12 laser beam,13–15 or Joule heating, are
ften necessary.16–18 Nevertheless, with such techniques, pro-
uction rates are poor. Thermal plasma jets produced by dc19

rcs or RF20,21 discharges at pressures close to atmospheric pres-
ure are characterized by high temperatures (between 6000 and
4,000 K) of heavy species and medium to high subsonic veloc-
ties (between 100 and 2500 m s−1) of the plasma flow. Ultra
ne particles will form in the zone of the plasma reactor where
ases have cooled considerably (below 3500 K) and vapours can
ondense, predominantly via homogenous nucleation.

Thermal plasma based vapour condensation methods uti-
izing transferred arcs have not been successful up to now to
enerate fine or ultra fine particles of materials such as metals,
lloys, ceramics or composites on a commercial scale because
f the poor control of powder properties such as particle size
nd distribution, shape and crystallinity. For example, Ageorges
t al.22 disclosed the production of ultra fine aluminium nitride
articles using a transferred arc with the vapour condensation
ethod. The drawback of their process is due to the fact that

he formation of particles occurs in the plasma chamber where
re injected the reactive gases. The plasma chamber is “filled
ith fume products which recirculate in the furnace”. As a

esult, powder properties control is very crude because of the
ifficulties in proper monitoring of vaporization rate, nucleation
nd growth of the particles produced within the plasma cham-
er. To better control the formation of ultra fine aluminium
itride powder, Moura and Munz23 have proposed the sepa-
ation of aluminium vaporization and aluminium nitride for-

ation. This is accomplished by vaporizing aluminium anode

n a transferred arc reactor in which no reactive gas is intro-
uced, and then reacting the aluminium vapour with ammonia
njected at a single point in a separate reactor tube attached to

t

m
t

Fig. 1. Experimental s
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he exit of plasma chamber. It permits better control of powder
roperties.

The synthesis of ultra fine particles with desired size and
omposition requires both the control of the partial pressure of
eactive precursors and of their thermal history. This requires a
ood control of the heat transfer to the anode, which depends
n properties of the cold boundary layer (CBL) and arc roots
ynamic.24–31 That is why a new experimental set-up was built,
llowing controlling vapour production and particle growth
inetics.

. Experimental set-up

.1. Presentation

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

A transferred arc reactor was designed (Fig. 1) to generate
stable arc jet, less than 3 mm in diameter, using pure argon,

rgon–hydrogen mixtures or nitrogen as plasma forming gases
4–10 slm), the power being supplied by a current regulated
ource (I = 15–40 A). The arc, stabilized by a superimposed
lasma jet, is transferred between the cathode made of thori-
ted tungsten and the anode precursor, made of the material to
e eventually proceeded and situated perpendicular to its axis.
he pilot arc presents several advantages, such as improving the
rc column stability and easing the arc ignition. The pilot arc,
rst started, feeds with hot ionised gases the gap between the
xit nozzle and the anode precursor. Hence, it becomes easier to
ransfer low current intensity to the anode precursor. The heat
ux density transferred to the anode can be regulated with the
elp of the electrical resistor R (Fig. 1), distributing the current
etween the stabilization anode-nozzle and the main anode. The
xperimental set-up developed is adjustable, meaning that it can
e rapidly used as well as for ultra fine particles synthesis as
or more theoretical studies on arc. For the analysis of plasma
roperties, the anode is a calorimeter, allowing studying the heat

ransfer to it and the arc stability.

For nanoparticles synthesis, the anode is made of the
aterial to be vaporised (aluminium, iron, copper, . . .). Besides

he target is rotating, permitting the temperature control at the

et-up developed.
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rc attachment, and thus, the vaporization flux. Furthermore,
he pilot arc allows rising the plasma jet momentum, permitting
ts inclination. As the torch assembly is mounted on “ball
earings”, the angle between the jet axis and the normal to
he anode surface can be changed continuously from θ = 0 to
5◦, whereas the electrode gap can vary from 1 to 25 mm.
eyond the modification of the heat transfer mechanisms, this

nclination allows orientating the metallic vapours toward a
ressure and temperature controlled zone. Hence, the control
f vapour thermal history becomes possible.22,23

.2. Submicronic or nanometric particles analysis

Microstructural features of particles produced were studied
sing the scanning electron microscopy (SEM) (Philips XL 30).
f the particles synthesised were too small to be visualised by
EM, the collected powder was dispersed ultrasonically in alco-
ol and then disposed on carbon coated copper grids for inves-
igation by a transmission electron microscopy (TEM JEOL
010). The chemical composition of the particles was obtained
rom XRD diagrams. The diffraction pattern of the powder was
ecorded at a speed of 0.04◦ s−1 using Cu K� radiation.

. Results and discussion

.1. Heat flux to the anode

Heat power transferred to the anode material comes from two
ifferent contributions. The first one is due to convective heat
ransfer between the plasma flow and the anode wall, and the
ther one is due to the energy released by electrons entering the
etal. This last part gives an electronic contribution to the total

ower which is given by32:

elec = I

(
5

2
kTe + Ws + Va

)
(3)

here I is the arc current, Te the electron temperature, Va the
nodic fall and Ws the work function of the anode material.
n situations encountered in this work, the above parenthesis

epresents a total value comprised between 10 and 15 V.

The heat flux due to electron is concentrated over a rather
iny area, in contrast with the convective contribution which is
pread over a wider surface. The Pelec contribution is located at

w
t
d
m

Fig. 2. Effect of anode material properties (a) and heat flux de
Ceramic Society 26 (2006) 3499–3507 3501

he anode arc attachment, and gives the flux:

elec = 4 Pelec

π d2
s

(4)

here ds is the diameter of attachment area.
The arc attachment is diffused when controlled by the plasma

et momentum or, at the opposite, is constricted when dominated
y self induced magnetic forces. Depending of the attachment
ode, which determines the ds value, the ϕelec value can be

hanged over about an order of magnitude, ranging typically
rom a few 107–109 W m−2, for a given Pelec value compatible
ith the operating parameters.

.2. Anode temperature control

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

The anode is rotated at a given angular speed, ω, so that the
ime of stagnation of a given point of the surface is approxi-

ately:

s = ds

ω�
(5)

here � is the distance between the rotation axis and the thermal
mpact at the anode surface. The anode is mounted onto a water
ooled holder, so that the bulk mean temperature of the mate-
ial remains approximately constant. Due to the rotative motion,
ach point at the surface approaching the area where the arc
mpinges is submitted to a transient heat flux, which gives the
ollowing temperature rise33:

(t) = Tw + 2ϕel

κ

√
αt

π
(6)
here Tw is the temperature of the anode surface before thermal
reatment begins, and κ and α are respectively the thermal con-
uctivity (W/m K) and thermal diffusivity (m2 s−1) of the anode
aterial. The melting temperature, Tm, is thus reached within a

nsity (b) on temperature rise under arc root attachment.
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Table 1
Thermal properties of the anode precursor

Thermal diffusivity (m2 s−1) Melting temperature (◦C)
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ime, tm, so that:

m = π

α

[
k(Tm − Tw)

2ϕel

]2

(7)

A good compromise for the experimental parameters is to set
s ≈ tm, by adjusting the rotation speed ωfor a given material and
given arc current.

It must be underlined that following Eqs. (4) and (7), tm is
trongly depending upon the spot size ds and so ϕelec. Fig. 2a
llustrates the effect of anode material (aluminium or iron), for
given heat flux and Fig. 2b the effect of the heat flux, for an

ron anode precursor.
It can be noted that the iron target temperature rises faster than

hat of the aluminium one. This is due to the higher diffusivity
f aluminium compared to that of iron (see Table 1). Never-
heless if it is supposed that vapour production is high enough
hen the melting temperature is reached, it becomes obvious

hat the thermal diffusivity of the material is a key parameter.
ffectively, for a given heat flux, 109 W/m2, it takes 200 �s to

each the melting temperature for an aluminium anode, whereas
pproximately 400 �s are needed for iron.

Fig. 2b clearly illustrates the strong influence of the heat flux
n vapour level production. As well, both the control of the
eat flux and its application time are necessary for monitor-
ng reactive species production. Thus, in order to control the
apour production, the anode precursor is disposed at the top
f a rotating substrate permitting the temperature control at the
rc attachment, and thus, the vaporization flux. Thus, for given
eat flux and rotating speed, different tracks allow controlling

he application time of the heat flux transferred. However, it

ust be inferred that a too high rotating speed would favour arc
oot attachment instabilities,34 leading to a very poor control of
he partial pressure as well as the residence time of the reactive
pecies, as illustrated in the following section.

r
o

a
a

Fig. 3. Arc root attachment dynamic and geometry as a function of the tilti
luminium 2.2 × 10−4 1538
ron 10−3 660

.3. Attachment stability

The synthesis of desired particles requires both the control
f the heat flux transferred to the anode and the plasma flow
haracteristics which determine the imbedded metallic vapour
inetics. The first step of this work consisted in determining the
eat flux transferred to the anode surface in order to control the
artial pressure of reactive species. The second part of the study
eals with the effect of the orientation of the generated vapours,
erformed by tilting the angle between the plasma jet and the
ormal to the anode surface. It allows controlling the residence
ime of the particles before collection.

The constricted attachment is obtained when the magnetic
orces overcome those induced by the normal component of
he jet momentum. This situation can be obtained by tilting the
lasma jet, but, in the same time, the tangential component may
ead to the sliding motion of the arc root. The arc attachment
ecomes unstable and jumps from place to place at the anode
urface. As the tilting angle rises from 0◦ to almost 90◦, (fully
angential), three different kinds of attachment can be distin-
uished: the diffused and stable mode, the constricted and stable
ode and finally the constricted unsteady mode (see Fig. 3).
As shown in a previous work,35 tilting progressively the torch

elatively to the substrate normal induces different behaviours

f the arc root.

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

ng angle: Ar–H2 (75–25 vol%), I = 20 A, electrode gap da–k = 21 mm.
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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
Fig. 4. Effect of arc root instabilities on residence time of particles.

node, e, is thin (below a few tenth of micrometers), correspond-
ng to a cathode jet dominated mode.25 The diffuse attachment

ode is not very useful for particle production because the
aporized material is confined close to the anode by the cathode
et and its escape in the anode attachment fringes is not con-
rolled at all. Moreover, the quantity produced is low because
he heat flux at the anode is low.

Over these angle values, the cold boundary layer thick-
ess increases drastically with the tilting angle. The arc root
ecomes strongly constricted at the anode (see Fig. 3c) with a
table attachment below about 65◦ and strongly unstable after-
ards (see Fig. 3d). In the case of an unstable attachment (see
igs. 3d and 4), the arc column is stretched by the flow acting
n the arc-anode connexion, this movement being accompa-
ied by an increase of the arc voltage and of the electric field
n the sheath. Once the field in the sheath is high enough to
nduce an electrical breakdown, a new attachment is initiated,
nd simultaneously, the previous one extinguishes (Fig. 3d).
hese instabilities are damageable because vapour production
an’t any more be controlled. Furthermore, the residence time,
or a given collection distance, would be drastically modified by
hese instabilities. Effectively, even if it is supposed that reac-
ive species production is not affected by these instabilities, it is
asy to understand that the residence time, for fixed collection
one, will be increased if vapours are produced at z3 (see Fig. 4)
nstead of z1. They would favour synthesis of particles with dif-
erent sizes and compositions, resulting in poor reproducibility.
n the case of a stable and constricted attachment, the vaporized
aterial is entrained in a rather well defined direction and its

esidence time and/or reaction with the surrounding atmosphere
an be controlled (see Fig. 5).

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

N
C
R

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

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

.4. Particle synthesis

Experiments presented here were performed at atmospheric
ressure, in air. Thus, the control of the chemical composition
as not possible and mainly oxides were formed. In order to

llustrate the influence of the anode precursor material on particle
roperties, aluminium and iron, were successively treated for
iven working parameters.

.4.1. Aluminium particles
The experimental parameters are summarised in Table 2.
Working parameters were chosen in order to properly vapor-

ze the aluminium target, with almost no melting. With such
arameters, the arc root is constricted and stable (Fig. 5). Due
o the high power level transferred to the anode precursor,
ozzle internal diameter (mm) 2.5
ollection distance (mm) 20
otating speed (cm s−1) 0.5
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Fig. 7. Particle size distribution obtained by laser scattering method.
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m
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. 6. XRD diagrams: aluminium (AU 4G) as anode precursor.

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

X-rays diffraction results (Fig. 6) of the collected powder
ndicate that it is heterogeneous, comprising � Al2O3 and not
et reacted Aluminium. As no oxygen quenching of the plasma
lume was performed during experiments, the formation of
xides can be explained as follows. For appropriate working
arameters, vaporization of metallic precursor occurs. These
apours are naturally canalised by the plasma flow towards the
ater cooled substrate for collection. Nevertheless, due to vis-

ous strength, air is entrained in the fringes of the plasma jet and
iffuses inside its core, where O2 is dissociated. The entrained
xygen and its dissociation as well as the jet expansion and
robably also, to a lesser extend, the water cooled surface cool
own the plasma jet with its aluminium vapour, resulting in the
ucleation of solid aluminium as well as �Al2O3. The latter cor-
esponds probably to the gas phase reaction of aluminium and
tomic oxygen. Unfortunately, the quantity of oxygen entrained
eing uncontrolled, only part of the aluminium nanoparticles
re oxidized. For the aluminium target, the presence of copper
an be explained by the fact that the aluminium precursor com-
rised 4 wt% copper. The presence of broadened peaks from
ormal X-ray patterns, proves that the particles are not com-
letely crystallized and in the nanometric range (below 100 nm).
he formation of alumina gamma phase, in preference to the

hermodynamically stable � phase, is consistent with the highly
on equilibrium nature of the process. Vapours of aluminium
eact with oxygen to form aluminium oxide, which crystallizes
n the metastable � phase by virtue of the rapid quench associated
ith the process.
Particle size distribution of the processed powder is shown in

ig. 7. It is obvious that all the particles are in the submicrome-
er range. That can be explained by the very good control of the
aporization process, avoiding droplet ejection, and by the disso-
iation of the vaporization and nucleation/growth events. By the
ay, it must be underlined that the reproducibility of the exper-
ments is achieved. Two main peaks can be distinguished, one
entred on 200 nm and the other on 600 nm. As ultra fine particles
ave an inherent tendency to form agglomerates and aggregates,
he results of particle size distribution studies by laser scatter-
ig. 8. SEM observation of the particles synthesised with aluminium as anode
aterial.

ng mostly give the size distribution of these agglomerates. The
ctual size of the individual particles in the clusters can be deter-
ined by scanning and transmission electron microscopy. The
Fig. 9. TEM observation of the alumina and aluminium powder.
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Fig. 10. TEM observation of the alumina

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

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

It could be interesting to visualize the effect of the resi-
ence time, in order to determine if it is possible to control the

orphology and/or the composition of the particles. The resi-

ence time of the vapour imbedded in the plasma jet may be
n important parameter for particle properties. This time must
e defined as the time which is passed by between the moment

s
v
o
w

Fig. 11. TEM pictures of alumina particles: effect
er (a) and associated XRD diagram (b).

here nucleation occurred and particles are collected. As it is
uasi impossible to define precisely the location where vapour
ucleates, it is nevertheless possible to increase and control the
esidence time by moving back the water cooled substrate onto
hich particles are collected. Viability of such an experiment

nvolves a stable arc root attachment, in order to maintain the
ame evaporation flux and the same nucleation location. Hence,
y moving back the substrate, residence time can be increased.

The pictures in Fig. 11 correspond to particles obtained from
n aluminium target. The working parameters are those pre-
ented in Table 2, but collecting substrate was moved back of
0 mm between Fig. 11a and b. From the TEM pictures, no
eal distinction and differences can be established. The particles
re in both cases nanosized, aggregated with an open structure.
epending of the orientation of the ramifications, the aggregates

ould become more compact, which could lead to bigger par-
icles. By the way, X-ray diffraction pattern obtained for case
b) shows that the composition is identical but peaks are thinner.
his could mean that the powder is either better crystallized or
igger.

.4.2. Iron oxide particles
Another key parameter is the nature of the powder to synthe-
ize, which is set by the chemical composition of the target to be
aporized. In order to illustrate the effects of the anode material
n particle properties, an iron target was vaporised with the same
orking parameters, as those presented in Table 2. Compared

of residence time on size and morphology.
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ig. 12. X-rays pattern of the powder obtained. (a) Iron as anode material, I = 15

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

Starting from the iron target, Fig. 12a shows that main crys-
allised phases synthesized are magnetic iron oxide Fe3O4, but
lso FeO and Fe can be found, showing that oxygen is the lim-
ting species. Formation of oxides is again explained by the air
hich is entrained from the fringes of the plasma and diffuses

owards its core, where O2 is dissociated. Hence, atomic oxygen
an react with atomic metallic vapour to form oxides. The thin
eaks tend to prove that particles are not nanosized.

SEM micrograph in Fig. 12b is a typical sample of parti-
les produced with an iron target and confirms that they are in
he micrometric range and spherical. No aggregates or agglom-
rates are visible. Hence, this experiment shows that particle
orphology, size and shape, for given working parameters,

trongly depend of the properties of material to be vaporized.
o real explanation can be proposed, due to the very complex
henomena occurring during nucleation and growth. Neverthe-
ess, it could be noticed that for this given parameters, which
re set to properly vaporize aluminium, iron vapour produc-
ion was not properly controlled, resulting in the ejection of
iquid droplets and solid fragments. Furthermore, with such
orking parameters, the vapour phase production was very

ow. This could explain the spherical morphology as well as
he micrometric ranging size of the particles, which are not,
n that case, synthesized from the gas to particle conversion
oute.

. Conclusion

Gas to particle conversion refers to production of particles
rom individual atoms or molecules in the gas phase. In the cur-
ent work, the anode of the transferred arc is considered as the
olid precursor of the synthesis. The process consists in keeping
he local heat flux at a critical value for which anode erosion
s only due to its vaporization. As powder with controlled size
nd composition requires the dissociation of the vaporization

nd nucleation event, a new experimental set-up has been devel-
ped. The first step of the synthesis has consisted in studying
he heat transfer to the anode precursor as a function of trans-
erred arc operating parameters, while the second consists in

s
p
v
t

k=12mm, Ar = 5 L/min, exit nozzle i.d = 2.5 mm and (b) iron as anode precursor.

ontrolling, for a given heat flux, the rise of temperature under
he arc attachment. These experiments clearly show the influ-
nce of the anode material on particle properties. Orientation
nd so dissociation of nucleation event is achieved by tilting
n a given range the angle between the plasma column and
he normal to the anode-substrate. The transferred arc is con-
rolled by a blown arc and the tilting angle range is chosen to
chieve a stable and constricted arc root attachment, generat-
ng an anode jet in a well controlled direction. The vapours
roduced are naturally entrained and orientated towards a tem-
erature controlled zone, where they are collected onto a water
ooled substrate. The particles synthesised result from the metal
apour reaction with the oxygen of the entrained air. Their
omposition is heterogeneous (alumina and aluminium, because
xygen is the limiting reactive species. For an aluminium anode,
esults of X-ray diffraction of the powder produced shows that
he particles are nanosized and mainly crystallized under the
amma phase for the alumina. Aluminium oxides particles syn-
hesized are clearly nanoparticle chain aggregates initially about
ew hundred nm long, composed of primary particles that are
pproximately 10 nm, even if particles with diameters reaching
0 nm can be observed. In some applications, such as catalysis,
gglomerates with an open structure like those are desired. How-
ver, in many potential applications nonagglomerated spherical
anoparticles of uniform size are needed. For fixed transferred
rc operating parameters, particles obtained from an iron tar-
et are completely different. They are mainly spherical, not
anosized (a few micrometers) and no aggregates or agglomer-
tes are visible. Due to the very complex phenomena occurring
uring nucleation and growth no real explanation can be pro-
osed. Nevertheless, it could be noticed that for these given
arameters, which were set to properly vaporize aluminium, iron
apour production wasn’t properly controlled, resulting in liq-
id droplets and solid fragments ejection. This could explain
he spherical morphology as well as the micrometric ranging
ize of the particles, which are not, in that case, synthesized
rom the gas to particle conversion route. These experiments

how that particle morphology, size and shape, for given working
arameters, strongly depend on the properties of material to be
aporized and the adaptation of the transferred arc parameters to
hem.



pean

t
e
a
fl

A

U
n
c

R

1

1

1

1

1

1

1

1

1

1

2

2

2

2

2

2

2

2

2

2

3

3

3

3

C. Chazelas et al. / Journal of the Euro

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