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bstract

n order to prepare ceramic nanoparticles by CO2 laser vaporization (LAVA) coarse ceramic powders (e.g. ZrO2, Al2O3, and TiO2) were used
s raw materials. The raw powder was vaporized into a flowing process gas under normal pressure. Expanding into the gas, the vapor instantly
ools down. Gas-phase condensation leads to the formation of nanoscale particles with a composition that corresponds to that of the raw powder.
AVA nanoparticles are chemically pure, spherical, crystalline, exhibit a narrow size distribution, and form merely soft agglomerates. The co-laser
aporization of mixtures of ceramic raw powders allows for the preparation of nanoparticles of multi-phase (e.g. Fe2O3–SiO2) or single-phase

e.g. CaTiO3) mixed-oxides and dispersion ceramics (e.g. ZrO2–Al2O3). In order to modify the surface of the nanoparticles they can be coated
n-process with an organic additive. Thus, the LAVA method allows for the targeted development of a wide range of ceramic nanopowders with
ailored properties.

2011 Elsevier Ltd. All rights reserved.
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. Introduction

Nowadays the global industrial competition is increasingly
etermined by the development of a new class of materials that
llows the fabrication and application of novel products with
ptimized or even totally new properties. Many of these devel-
pments and products base on ultra-fine ceramic powders with
rain sizes of only a few nanometers. These nanoscaled par-
icles are characterized by a high surface-to-volume ratio, i.e.

large fraction of surface atoms. This might lead to physi-
al and chemical properties which distinctly differ from those
f the same material at larger scale. Properties related to the
article size include sintering activity, catalytical activity, pho-
oactivity, and bioactivity, to name only a few. The unique
roperties of nanoscaled particles strongly depend on their
hape, size, surface characteristics, and inner structure. Thus,
omposite nanoparticles with even smaller characteristic sizes
f the intraparticular domains will enable the design of mate-
ials with further enhanced physical and chemical properties.

ue to the outstanding potential of ultra-fine particles various

echnologies for their preparation were intensively investigated,
ncluding sol–gel technologies,1,2 wet chemical precipitation,3,4
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ame processes,5–7 or laser ablation.8–11 The challenge to be met
ow is to adapt their properties, qualities, and quantities to the
equirements of individual and new applications.

Here, we give an overview of the preparation of ceramic
anoparticles by a particular laser vaporization (LAVA)
rocess.12–14 This highly versatile and potent method allows
or the continuous production of a wide variety of nanoscaled
articles and nanopowders under well defined and stable condi-
ions. A broad spectrum of various materials, including ceramic
nd composite nanopowders,15–18 is procurable, since there is
o need for particularly designed precursors. Unlike wet chemi-
al preparation routes, e.g. the sol–gel method, organic solvents
hich would require a drying process are not involved.

. Materials and methods

.1. LAVA principle and laboratory setup

For the preparation of nanoscaled ceramic particles with the
AVA process coarse ceramic powders with grain sizes ranging

rom �m to mm are used as raw materials. Generally their chem-
cal composition is the same as that of the target nanopowders.

n order to vaporize the provided raw powder a laser beam is
ocused onto its surface (Fig. 1). Absorbing the high-intensity
aser radiation within the beam focus, the raw material heats up,
aporizes, and forms a plasma. Vaporization and plasma for-

dx.doi.org/10.1016/j.jeurceramsoc.2011.01.010
mailto:H.D.Kurland@gmx.net
dx.doi.org/10.1016/j.jeurceramsoc.2011.01.010
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Fig. 1. Principle of the

ation proceed in a continuously flowing aggregation (process)
as under normal pressure. For the processing of oxidic ceramic
aterials air is used as process gas. During expansion into the
owing aggregation gas, plasma and vapor instantly cool down.
ubsequently, gas phase condensation leads to the formation of
n ultra-fine particle aerosol. Finally, the process gas transports
he resulting aerosol towards the particle separation.

This principle of function was implemented in the LAVA
aboratory system (Fig. 2, Table 1) which allows the continuous
roduction of nanopowders under well defined and stable pro-
ess conditions. In order to achieve high vaporization rates (mass
f vaporized raw material per time unit), a high-power CO2 laser
as chosen as the beam source. The CO2 laser radiation in the
iddle infrared part of the electromagnetic spectrum is absorbed

o a high degree by the ceramic raw materials. The laser can
e operated in a continuous beam mode as well as in a vari-
ble pulsed mode. Vaporization and particle formation proceed

n a stainless-steel chamber. The main part of the vaporization
hamber is a motor-driven revolvable disc (maximum rotational
requency 15 rpm) with a ring-shaped channel along its rim. The

able 1
echnical data of the LAVA laboratory system.

O2 laser type FEHA SM 2000E (Feinmechanische Werke Halle,
Germany), maximum continuous power up to
Pmax = 2 kW, wavelength λ = 10.59 �m, electrically
pulsable

ocusing mirror Focal length f = 1000 mm, focus intensity up to
Imax = 0.15 MW/cm2

rocess gas Air or gas mixtures, total volume flow rate up to
V̇tot = 20 m3/h, flow rate of the additional gas up to
V̇add = 6 m3/h

owder separation Paper filter tube
roduction rates Dependent on material and process parameters up to

several 10 g/h
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vaporization process.

eramic raw powder is filled into this channel. The CO2 laser
eam is focused onto the continuously revolving powder sur-
ace through an inlet tube in the chamber and vaporizes the raw
owder. During the rotation of the disc, the vaporized material
s automatically refilled by a variable powder doser. A doctor
lade continuously planishes the surface of the refilled powder.
hereby, an incessantly regenerated powder surface is fed to the

ocus of the laser beam, ensuring stable and reproducible pro-
ess conditions. The vaporization chamber is connected to the
ltering chamber through a system of hermetically sealed glass

ubes.
The total flow rate of the process gas V̇tot is comprised of

wo variable gas flows (Fig. 1), the background gas flow (flow
ate V̇bck) through the evaporation chamber that is provided by
gas extraction fan and an additional jet of gas (flow rate V̇add)

hat is conducted through the zone of particle condensation. The
rocess gas flow transports the nanoparticles out of the vapor-
zation chamber towards the filtering chamber where they are
eparated from the aerosol by a filtering unit. During the pro-
ess of vaporization, the transmission of the filter continuously
ecreases due to the accumulation of nanopowder on its sur-
ace. In order to keep the process gas flow constant, the power
f the gas extraction fan has to be adjusted. For this purpose
he differential pressure between the filtering chamber and the
mbient laboratory atmosphere is used as a control. Once the
aximum power of the fan is achieved, the filter is regenerated

y mechanically stripping off the nanopowder.
The LAVA process and thereby the quality of the ceramic

anopowders is controlled by the relevant process parameters
aser power, continuous or pulsed laser operation, and also vol-
me flow and thermal conductivity of the process gas within

he zone of particle condensation. To allow for a further cus-
omization or conditioning of the laser-generated nanoparticles,
he basic process can be varied or supplemented by the co-laser
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aerosol is led through a supersaturated vapor atmosphere of the
additive component (Fig. 4) before the aerosol reaches the filter-
ing chamber. The ultrafine airborne particles act as condensation
Fig. 2. Schematic representati

aporization (CoLAVA) method or the in-process coating of the
erosol particles, respectively.

.2. Co-laser vaporization

The CoLAVA method is used to achieve multi-phase or
ingle-phase mixed-oxide nanoparticles. For this purpose homo-
eneous mixtures of at least two ceramic raw powders are
o-laser evaporated in one single process (Fig. 3). Starting from
mixture of several oxides the composition of the resulting

anoparticles depends on the thermal behavior of the raw com-
onents, their reactivity within the mixture as well as on their
ixing ratios. In general the components of the raw mixture have

ifferent rates of vaporization. Therefore it is not possible to map
he mixing ratio of the raw components onto the phase composi-

ion of the resulting nanoparticles. To obtain defined phase ratios
n the nanopowder, the mixing ratio of the raw powders has to be
etermined experimentally. In order to prevent the depletion of

Fig. 3. Principle of the co-laser vaporization process.
the LAVA laboratory system.

he component with the higher vaporization rate in the raw mix-
ures, fresh mixtures have to be supplied continuously during
he co-vaporization process.

.3. In-process coating

The in-process coating of the airborne nanoparticles was
eveloped in order to homogeneously introduce additives into
he ceramic nanopowders or to protect sensitive nanoparticles
rom oxidation or hydrolysis.19 For this purpose, the particle
Fig. 4. Principle of the in-process particle coating procedure.
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Fig. 5. TEM micrographs of LAVA prepared ZrO2, Al2O3, and TiO

ite so that the additive forms a layer on the aerosol particles by
eterogeneous nucleation. The additive is evaporated by a down-
tream heating unit (maximum temperature 300 ◦C) which is
oupled with the glass tube system (Fig. 2). The coating thick-
ess and thereby the portion of the additive can be adjusted by
ts temperature, i.e. by its vapor pressure. In order to support the
ondensation process, the temperature difference between the
dditive vapor and the particles should be as high as possible.

o achieve this, the particle aerosol can be quenched with addi-

ional process gas which has been cooled down in a cryostat with
iquid nitrogen before it reaches the coating unit. Suitable addi-

o
a

ig. 6. Particle diameter distributions of the LAVA prepared ZrO2, Al2O3, and TiO2 na
adiation (lower row): density (––, �) and cumulative distributions (. . ., ©) on numb
maller diameters than this value) of the particle diameters. Process conditions for the
ode: P = 2 kW, V̇add = 2 m3/h, process conditions for the preparation of the ZrO2 an

¯ = 735 W, V̇add = 2 m3/h, and for the preparation of the TiO2 sample using the pul
oparticles (from left to right) applying continuous laser radiation.

ives have to be solid at room temperature and must be capable
f being evaporated without decomposition.

. Results and discussion

.1. Ceramic nanoparticles derived from the basic LAVA
rocess
The LAVA method allows for the production of a wide range
f ceramic nanopowders. Zirconium dioxide (zirconia, ZrO2),
luminum oxide (alumina, Al2O3) and titanium dioxide (tita-

nopowders (from left to right) applying continuous (upper row) and pulsed laser
er basis, geometric mean values μgeo and d50 values (50% of the particles have

preparation of the ZrO2, Al2O3, and TiO2 samples using the continuous laser
d Al2O3 samples using the pulsed laser mode: τ = 1 ms, f = 200 Hz, P̂ = 2 kW,
sed laser mode: τ = 500 �s, f = 100 Hz, P̂ = 2 kW, P̄ = 100 W, V̇add = 4 m3/h.
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Fig. 7. Time-temperature dependent stages of particle formation within the
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Fig. 8. Geometric mean diameters μgeo of the LAVA prepared ZrO2, Al2O3,
and TiO2 nanoparticles at varied flow rates V̇add of the additional gas jet. Con-
s
r

a
T
t
m
c
o
g
t
a
e
i
o
i
t

a
t
r
s
o
c
d
u
d
s
o

t
h
s
r
m
q

AVA process.
dapted from Ullmann et al.10

ia, TiO2) were selected to discuss the particle formation and
he characteristic features of single phase, unmodified LAVA
anopowders. As raw powders for the laser vaporization corun-
um (�-Al2O3, Alcoa, A16SG), yttrium stabilized tetragonal
irconia (ZrO2, Tosoh Corp., TZP-3Y) and anatase (TiO2, VWR
DH Prolabo, GPR Rectapur 20732.298) were used. These raw
aterials were vaporized under air applying a continuous laser

adiation with the maximum power of P = 2 kW and an additional
ir jet through the nucleation zone. Production rates of 27 g,
4 g, and 17 g nanopowder per hour were achieved, respectively.
ransmission electron microscopic (TEM) micrographs reveal

he typical morphology of LAVA generated ceramic nanopar-
icles (Fig. 5). The density and cumulative particle diameter
istributions of these three powder samples were derived from
tatistical TEM analysis (Fig. 6, upper row). The particle diam-
ters show unimodal log-normal distributions.

The nanoscaled particles are of spherical shape and merely
oftly agglomerated by weak van der Waals forces. Only a
arginal fraction of particles is firmly bonded by solid state

ridges (sinter necks). These findings reflect the LAVA principle
Fig. 7): starting with the evaporation of the ceramic raw pow-
er into a plasma particle formation proceeds through various
ime-temperature dependent stages.10 The plasma components
xpand into the flowing carrier gas forming “monomers”. Within
he resulting supersaturated vapor these monomers collide and
uild growing clusters by homogeneous nucleation. The emerg-
ng clusters act as nuclei for the condensation of the vapor and

elt droplets arise by heterogeneous nucleation. The growth of
he droplets proceeds by surface condensation and by coagu-
ation. With falling temperature condensation and coagulation
ease, and the size of the primary particles is set by the solidifi-
ation of the droplets. Further collision of the primary particles

eads to the formation of chain-like or flocculent agglomerates.
ereby the particles can adhere to each other by weak forces,

.e. van der Waals, magnetic or Coulomb forces, forming soft

u
a
t

tant process conditions applied for the preparation of all samples: pulsed laser
adiation with τ = 500 �s, f = 200 Hz, and P̄ = 200 W.

gglomerates or by sinter necks, forming hard agglomerates.
he latter are formed, if particles collide at temperatures above

he concerning temperature of solidification. Thus, they might
eld at their contact point without forming a spherical parti-

le. In all these sub-processes of particle formation, i.e. growth
f the condensation nuclei, growth of the melt droplets, and
rowth of the agglomerates, the probability of collision between
he involved components plays a crucial role.20 The probability
nd thus the rate of collision decreases with decreasing kinetic
nergy, with decreasing volume concentration, and with decreas-
ng collision cross-section of the involved components. The sizes
f the primary particles and of their agglomerates can thus be
nfluenced by the cooling rate and the volume concentration of
he components within the zone of condensation.13,21,15

Driven by the process gas flow the components of the inter-
ction zone run through a steep temperature gradient between
he hot evaporation zone and the surrounding atmosphere. The
apid quenching considerably accelerates nucleation, conden-
ation, coagulation, and solidification. Hence, the time of life
f liquid particles is very limited and impedes their growth by
oagulation. Therefore, only nanoscaled primary particles with
iameters below 100 nm arise. Additionally, the continuous vol-
me flow of the carrier gas reduces the volume concentration of
roplets and hot particles. Thereby the probability of collision is
ignificantly reduced and hard agglomeration by edge melting
r sintering is suppressed to a large extent.

Although LAVA generated nanoparticles usually are crys-
alline they exhibit an almost spherical morphology. Crystal
abits are determined by the symmetry of the accordant crystal
ystem as long as the crystal growth proceeds under equilib-
ium conditions. Within the LAVA process, however, the hot
elt droplets emerging in the zone of condensation are rapidly

uenched to a solid state. Their crystallization thus proceeds

nder nonequilibrium conditions where the mobility of the
tomic components is significantly reduced and the minimiza-
ion of the crystallite’s surface energy is impeded.
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ig. 9. TEM micrograph of FexOy nanocrystallites embedded in a silica glass
atrix yielded by the co-laser vaporization of the mixture of �-Fe2O3 and SiO2.

Most of the ceramic raw materials exist in different poly-
orphs. Even under the extreme conditions, i.e. plasma

emperatures, within the evaporation zone, the LAVA process
ommonly yields the low temperature polymorphs. Obviously
he polymorphic systems follow Ostwald’s rule of stages22,23

hich states that upon cooling a multi-phase system will pass
tepwise through all the metastable phases before reaching
he thermodynamically most stable state. According to the
stwald–Volmer rule the less dense phase forms at first.24,25

elated to the titania system this means: the crystallization of the
elt droplets initially yields anatase (density ρ = 3.84 g/cm3).26

ithin the LAVA process the quenching of the emerging anatase
articles proceeds very fast and far away from equilibrium
onditions. Due to the short time interval, within which the tem-
erature of the anatase particles is above the transition threshold
t about 700 ◦C,27 virtually no rutile (ρ = 4.26 g/cm3)26 can arise
nd the anatase structure is literally frozen. The same applies
or alumina: here the crystallization of the melt droplets yield
-Al2O3 as the major phase and other transition alumina (e.g.
- or �-Al2O3) as the minor phases with densities of up to
.65 g/cm3.28 Also in the case of alumina the cooling down of the
rystallized particles proceeds so fast, that the transition alumina
articles cannot transfer to the high temperature polymorph, �-
l2O3 (transition threshold about 1000 ◦C).28 For both titania

nd alumina these findings are independent from the crystal
tructures of the supplied raw materials. Different is the case
f TZP-3Y is laser vaporized. Herein the tetragonal structure of
rO2 is stabilized by the addition of 3 mol% of yttria (Y2O3).
he presence of Y2O3 prevents the formation of monoclinic
rO2 (density of undoped monoclinic ZrO2, ρ = 5.6 g/cm3),29

he low temperature polymorph. Instead the droplets crystal-

ize in the tetragonal structure (density of undoped tetragonal
rO2 ρ = 6.1 g/cm3)29 still containing the Y2O3 dopand. But
gain, due to the rapid quenching the tetragonal ZrO2 particles

t
F
r

ig. 10. TEM micrograph of nanoparticles yielded by the co-laser vaporization
f the mixture of TiO2 and CaO.

annot transfer to cubic ZrO2 (density of undoped cubic ZrO2
= 6.27 g/cm3,29 transition threshold about 2350 ◦C),29 the high

emperature polymorph.
For a given raw material the production rates of the LAVA pro-

ess depend on the applied power of the CO2 laser radiation, i.e.
n the radiation intensity in the interaction zone. Different laser
egimes and gas flow rates V̇add however indicate a significant
mpact on the particle sizes. Applying a pulsed laser radiation
Fig. 6, lower row) and an increased gas flow rate (Fig. 8) causes
maller primary particles in comparison to the usage of a contin-
ous radiation (Fig. 6, upper row) and a lower gas flow rate due
o an accelerated cooling of the particles. Additionally, the vol-
me concentrations of the vapor and of the emerging droplets are
educed. Thus, smaller droplets arise due to the retarded growth
y surface condensation and due to the reduced probability for
oagulation processes.

.2. Ceramic nanoparticles derived from the CoLAVA
rocess

The co-laser vaporization of homogeneous mixtures of raw
owders can result in different intraparticular phase distribu-
ions and different morphological sub-structures of the resulting
anoparticles.

One option of the CoLAVA process is that nano-composites
re formed in which nanocrystallites are embedded in a
anoscaled glass matrix. For this purpose a mixture of a glass
ormer and the component which shall be embedded has to
e co-laser vaporized. Exemplified we used this method to
btain nanoparticles consisting of magnetic iron oxide nanopar-
icles embedded in a nanoscaled silica (SiO ) matrix.18 For

his purpose, a homogeneous mixture of coarse hematite (�-
e2O3, Aldrich) and SiO2 powders (quartz sand) with a mass
atio �-Fe2O3:SiO2 of 1:1.5 was prepared. This mixture was
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Fig. 11. XRD diagram of the nanopowder yielded by the co-laser vaporization
of the mixture of TiO2 and CaO. The reference XRD data for anatase (TiO2, ©)
a
o

v
r
p
1
t
(
T
m
a
s
s
e
t
a
v
o
w
t
2
s
b
t
l
b

s
c
v
o
e
g
l
C
l
(
o

Fig. 12. TEM micrographs of nanoparticles yielded by the co-laser vaporization
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t

nd perovskite (CaTiO3, �) were taken from the database of the Joint Committee
n Powder Diffraction Standards (JCPDS).

aporized applying pulsed laser radiation (pulse length τ = 1 ms,
epetition frequency f = 200 Hz, peak power P̂ = 2 kW, mean
ower P̄ = 710 W) using air as background process gas (V̇bck =
2.5 m3/h). In order to minimize the nonmagnetic hematite con-
ent of the processed powders, an additional anoxic gas jet
nitrogen, V̇add = 2 m3/h) was led through the nucleation zone.17

he resulting nanopowder contained only the magnetic phases
aghemite (�-Fe2O3) and magnetite (Fe3O4) together with

morphous silica. TEM micrographs (Fig. 9) of the resulting
pherical FexOy-SiO2 composite powder predominantly display
mall, spherical, and isolated iron oxide nanoparticles which are
mbedded in a brighter silica matrix. This can be explained by
he nucleation process, in which the FexOy vapor condensates
t first forming droplets and particles. Subsequently the SiO2
apor condensates on the surfaces of these iron oxide droplets
r particles, inhibiting their further growth and embedding them
ithin a silica glass matrix. A closer examination reveals that in

he presence of SiO2 the FexOy crystallite size does not exceed
0 nm, but remains mostly in the sub 10 nm range. Due to their
mall diameter the embedded particles show superparamagnetic
ehavior.18 In contrast, iron oxide nanoparticles prepared under
he same LAVA process conditions but without SiO2 grow to
arger diameters (refer to Fig. 14) and exhibit ferromagnetic
ehavior.17

A second option is the formation of mixed-oxide, solid
olution nanoparticles. For their preparation a mixture of raw
omponents which are soluble in each other has to be co-laser
aporized. An example is the binary mixture of CaO (calcium
xide) and TiO2. The co-vaporization and co-condensation of
quimolar amounts of the single components should result in sin-
le phase perovskite (CaTiO3) nanoparticles. Applying pulsed
aser radiation (τ = 500 �s, f = 100 Hz, P̂ = 2 kW, P̄ = 100 W)
aO (VWR Prolabo, 22645.360) and TiO2 (anatase, VWR Pro-
abo, 20732.298) exhibit different vaporization rates of 1.47 g/h
0.026 mol/h) and 1.25 g/h (0.016 mol/h), respectively. With the
bjective to co-vaporize equimolar amounts of CaO and TiO2

t
w
m

f the mixture of ZrO2 and Al2O3.

nd considering the different vaporization rates the raw mixture
as prepared with a molar CaO:TiO2 ratio of 0.60:1 (accord-

ng to a mass ratio of 0.42:1). Applying the aforementioned
aser regime this mixture was co-vaporized using air as pro-
ess gas V̇tot = 14.5 m3/h. TEM micrographs (Fig. 10) reveal the
pherical shape of the resulting nanoparticles and their tendency
o form undesirable interparticular solid state bridges (sinter
ecks). On this scale intraparticular phase boundaries are not
bservable. In the according X-ray diffraction (XRD) diagram
Fig. 11) two crystal phases, perovskite and anatase, can be iden-
ified. Despite of this promising result regarding the formation of

he perovskite phase further experiments have to be performed
hich have to prove whether a reduction of TiO2 in the raw
ixture would lead to a pure perovskite nanopowder.
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ig. 13. EDX elemental dot maps for zirconium (Zr), aluminum (Al), and oxyg
nd Al2O3.

The third option is the formation of composite nanoparti-
les consisting of different crystalline phases. These particles
an result from the co-vaporization of components which
xhibit only very limited mutual solubility and thus forming
n intraparticular dispersion. Prominent representatives of such
aterials are the dispersion ceramics alumina toughened zirco-

ia (ATZ) and zirconia toughened alumina (ZTA).30–32 Here,
he CoLAVA procedure can be used to produce nanoparticles
ith an intraparticular dispersion of zirconia and alumina. The

aw mixture was prepared from coarse powders of yttrium
tabilized tetragonal zirconia (Tosoh Corp., TZP-3Y) and
orundum (Alcoa, A16SG) in a mass ratio of 1:0.45 accord-
ng to a phase composition of 62.5 mol% (63.8 wt.%) ZrO2,
6.0 mol% (30.5 wt.%) Al2O3, and 1.6 mol% (2.9 wt.%) Y2O3.
his starting mixture was co-vaporized using continuous laser

adiation (P = 2 kW) and air as process gas (V̇tot = 14.5 m3/h).
he XRD diagram of the resulting nanopowder indicated

he presence of two crystal phases, tetragonal ZrO2 and the
ransition alumina �-Al2O3. There was no hint for the occur-
ence of aluminum–yttrium compounds. The chemical analysis
sing inductively coupled plasma optical emission spectrome-
ry (ICP-OES) revealed the following composition: 40.1 mol%
42.9 wt.%) ZrO2, 59.3 mol% (52.5 wt.%) Al2O3, and 0.6 mol%
1.1 wt.%) Y2O3. The discrepancy in the composition of the
tarting mixture and the resulting nanopowder is due to the dif-
erent vaporization rates of the components. The mean crystallite
izes of the tetragonal ZrO and the �-Al O were determined
2 2 3
rom the XRD pattern (refined by Rietveld analysis). They
mounted to 11 nm and 6 nm, respectively. TEM micrographs
Fig. 12) show approximately spherical nanoparticles with dis-

T
a
a
s

) of nanoparticles yielded by the co-laser vaporization of the mixture of ZrO2

inct inner structures. The element mapping applying energy
ispersive X-ray (EDX) spectroscopy indicates that separated
rystalline domains of ZrO2 and Al2O3 coexist within the
anoparticles (Fig. 13).

.3. In-process coated ceramic nanoparticles

The in-process particle coating is illustrated with iron oxide
Fig. 14) and titania nanoparticles (Fig. 15) coated with a
ayer of stearic acid (C18H36O2, Merck KGAA, purity ≥ 95%,
elting point 65–68 ◦C, boiling point 370 ◦C). The iron oxide

anoparticles were prepared starting from a coarse hematite
owder (�-Fe2O3, Aldrich) which was vaporized using pulsed
aser radiation (τ = 1 ms, f = 200 Hz, P̂ = 2 kW, P̄ = 710 W),
ir as background process gas, and an additional anoxic gas jet
nitrogen, V̇add = 2 m3/h) in order to minimize the nonmagnetic
ematite content in the prepared iron oxide nanopowder. The
tearic acid was evaporated into the flowing particle aerosol
t a temperature of 210 ◦C. Under these conditions uniform
nd dense layers of stearic acid were formed on the par-
icles’ surfaces with a mean thickness of 10 ± 3 nm.18 The
itania nanoparticles were prepared starting from a coarse
natase powder (TiO2, VWR BDH Prolabo, GPR Rectapur
0732.298) which was vaporized applying continuous laser radi-
tion (P = 2 kW) with air as background process gas and an
dditional gas jet (V̇add = 2 m3/h) through the nucleation zone.

he stearic acid was evaporated into the flowing particle aerosol
t a temperature of 220 ◦C. Uniform and dense layers of stearic
cid with a thickness of 5–6 nm were formed on the particles’
urfaces.15
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ig. 14. TEM micrographs of FexOy nanoparticles prepared by laser vaporiza-
ion and in-process coated with stearic acid.

In both cases the unavoidable soft agglomeration of the pri-
ary particles in the flowing aerosol due to magnetic and van

er Waals forces prevents the complete coverage of individual
anoparticles with a uniform additive layer. Rather, the stearic
cid coated entire agglomerates with a dense layer.33 For a given
anopowder the layer thickness depends on the supersaturation

f the additive vapor within the particle aerosol and the surface
rea of the particles which is available for the coating. The super-
aturation can be controlled by the temperature of the additive,

ig. 15. TEM micrographs of TiO2 nanoparticles prepared by laser vaporization
nd in-process coated with stearic acid.
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.e. by its vapor pressure.19 The available surface area depends
n the vaporization rate of the raw powder and is controlled by
he applied laser power.

Stearic acid was chosen as a coating additive not only because
t might act as compacting aid during subsequent ceramic pro-
essing of the nanopowders. In-process generated layers of
tearic acid have also been proven to protect hydrolysis-sensitive
anoparticles, e.g. aluminum nitride.19 The only requirement for
successful in-process coating is that the chosen organic addi-

ive is capable of being evaporated without decomposition. For
xample, acrylic acid in the form of poly-acrylic acid might be
sed as coating additive in order to stabilize slurries of ceramic
anopowders. Aluminum isopropoxide as precursor for alumina
ight be used as coating additive. The post-process thermoly-

is of thus coated particles results in alumina-coated particles
here the alumina layer acts as an inhibitor of grain growth in

he sintering process of ceramic nanopowders.

. Conclusions

The LAVA process proved to be a suitable method for the
roduction of a wide range of oxidic ceramic nanopowders.
aser generated ceramic nanoparticles are spherically shaped
nd merely softly agglomerated by weak van der Waals forces.
he mean particle size can be controlled by the rate of gas flow

hrough the LAVA condensation zone and by the laser regime, i.e.
y applying a continuous or a pulsed mode. In general, the raw
owders and the produced nanopowders are of the same chemi-
al composition. Accordingly, no especially designed precursors
re required. Economic and widely available raw powders are
rocessable. Achievable evaporation rates make it possible to
repare powder quantities sufficient for technical suitability
ests. The characteristic properties of the LAVA nanoparti-
les are prerequisites in order to exploit their full potential
oncerning various surface active functionalities. The simulta-
eous vaporization of several powders of different compositions
llows for the production of multi-phase or single-phase mixed-
xide nanoparticles with specific tailor-made properties. The
n-process coating with an organic layer allows for the function-
lization of the particles’ surface to meet specific technological
emands.
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