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Abstract

Nanometer-sized particles (1–100 nm) are of considerable interest for a wide variety of applications, ranking from catalyst to luminescence ceramics,
due to their unique and improved properties primarily determined by size, composition and structure. In this study, we report a simple, rapid aerosol
decomposition process for the continuous synthesis of nanoparticles with adjustable sizes, narrow size distribution, high crystallinity and good
stoichiometry.

This paper presents the preparation and characterization of nanostructured spherical alumina particles (<500 nm sized) by low temperature
aerosol synthesis for the application in MMCs reinforcement. Synthesis procedure includes aerosol formation ultrasonically from alumina nitrate
water solution and its decomposition into a tubular flow reactor at 400 ◦C. Consequently, as-obtained particles are spherical, smooth, amorphous
and in non-agglomerated state. The phase crystallization, either into �-Al2O3 or �-Al2O3 is promoted by additional thermal treatment ranging

◦ ◦
between 700 C and 1300 C. Detailed phase and structural analyses were carried out using X-ray powder diffraction (XRD), scanning electron
microscopy (SEM/EDS) and analytical and high-resolution transmission electron microscopy (TEM/HRTEM).
© 2008 Elsevier Ltd. All rights reserved.
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. Introduction

A particular interest in ultrafine particles or nanoparticles
ranging between a few nanometers and 100 nm) lies in the fact
hat they may be remarkably different from those in the bulk
orm in terms of chemical and physical behaviour. They hold
reat potential for use in electronic, chemical or mechanical
ndustries, as well as in relevant technologies, including super-
onductors, catalysts, magnetic materials, pigments, structural
nd engineering materials.

Aluminium oxide nanoparticles have important applica-
ions in ceramic industry1,2 and can be used as an abrasive

aterial, in heterogeneous catalysis, as an absorbent, a bio-

aterial and as reinforcements of metal–matrix composites

MMCs).3–5 Metal–matrix composites (MMCs) having fine-
cale and uniformly dispersed phases, are of great technological
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nterest because of improved mechanical properties, particu-
arly the hardness, wear resistance, elastic modulus and yield
trength. The addition of ceramic alumina nanoparticles into
etal–matrix composites might have considerable implications

or their application in automotive, defense and aerospace indus-
ries.

In order to be used for effective discontinuous reinforcements
n a continuous metal–matrix, Al2O3 particles have to fulfill cer-
ain structural and morphological requirements: small particle
ize and narrow size distribution, large surface area, spherical
orphology and the absence of agglomerates. As far as the hot
all aerosol synthesis method (Spray Pyrolysis), as basically

hemical route for obtaining advanced materials, is concerned,
t offers several advantages in the preparation of well-defined
xide powders over conventional synthesis.6

The Spray Pyrolysis technique is based on ultrasonic

eneration of micrometric-sized aerosol droplets and their
ecomposition at intermediate temperatures (400–800 ◦C). Due
o precipitation, decomposition and chemical reaction occur
n a dispersed phase and in a single step, allowing control of

mailto:mariaisabel.martin@uc3m.es
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Nomenclature

Nomenclature
c mass concentration of the precursor solution

(10−3 kg m−3)
Do the droplet mean size (�m)
Dp the particle mean size (�m)
f the ultrasound frequency (10−6 s−1)
Moxide molecular mass of the resulting compound

(g mol−1)
Mprec molecular mass of precursor salt (g mol−1)
γ the liquid (solution) surface tension (10−3 N m−1)
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mportant particle properties (size, morphology, chemical com-
osition, etc.) simply by controlling the process parameters
residence time, decomposition temperature).7–12

This paper describes the low temperature aerosol synthe-
is (LTAS) and structural and morphological characterization
f nanostructured alumina particles for the application in
etal–matrix composites for nanoreinforcements. The low tem-

erature aerosol synthesis was chosen in order to synthesize the
morphous powder without the onset of crystallization and to
romote and control the crystallization via additional thermal
reatment. Aluminium nitrate nonahydrate was chosen as pre-
ursor because of its low temperature thermal decomposition
up to 400 ◦C) accompanied with melting of crystallo-hydrates,
ehydration and elimination of nitrogen compounds followed
y powder amorphization within a relatively narrow temperature
ange.13 For that purpose, the conditions for the production of
igh-purity nanoparticles, spherical and aggregate-free, will be
ptimized by establishing a correlation between the processing
arameters (ultrasound frequency, decomposition temperature,
esidence time, solution properties) and the morphology and
tructural properties of the nanopowders.

. Experimental procedure

.1. Particle synthesis

The Spray Pyrolysis experimental set-up consists of an ultra-
onic nebulizer (RBI), a quartz tube located inside a cylindrical
urnace (LENTON, l–0.95 m) and a water collector (Fig. 1).
n aqueous precursor solution was prepared by dissolving

he corresponding amount of aluminium nitrate nonahydrate
Al(NO3)3·9H2O, p.a., 99.997% purity, Aldrich) in order to
btain 0.1 × 103 mol m−3 (0.0375 × 103 kg m−3) concentration.
he initial solution was atomized using an ultrasonic vibrat-

ng frequency of 2.1 × 106 s−1. The aerosol was transported
nto a reaction zone and decomposed at 400 ◦C. Air was used

−5 3 −1
s a carrier gas. Its flow rate was 2.5 × 10 m s , whereas
he droplet/particle residence time, calculated from the carrier
as flow rate and the geometry of the reactor, was 18.6 s. The
articles were water collected at exhaust.

s
t
n
o

eramic Society 28 (2008) 2487–2494

The mean droplet sizes of generated aerosol droplets were
stimated in accordance to the following Lang’s equation14

notation for the symbols is given in Nomenclature):

o = 0.34

(
8πγ

ρf 2

)0.33

(1)

The predicted particle size, Dp, can be expressed as a func-
ion of the droplet size, Do, in accordance with the following
elation15:

p =
(

Moxide

Mprec.

c

ρ

)0.33

Do (2)

The values estimated were as follows: Do = 2.74 �m,
p = 0.37 �m (375 nm).
After synthesis, the powders were isothermally annealed in

ir at 700–1300 ◦C for 12 h (chamber furnace CHESA) to pro-
ote phase crystallization.
The physicochemical properties of the precursor solu-

ions were carefully controlled and monitored as follows:
H 2.56 (Orion research pH/milivoltmetar 611); density,
= 1.01493 × 10−3 kg m−3 (AP-PAAR density meter DMA
5), surface tension, σ = 64.4 × 10−3 N m−1 (Digital K10T
russ tensiometer) and viscosity, ν = 1.064315758 × 10−3 Pa

MLW Viscosimeter B3). Measurements were made at room
emperature.

.2. Particle characterization

Thermal analysis of the “as-prepared” and annealed pow-
er samples was performed using thermogravimetry in air on
PerkinElmer, Pyris 1 TGA instrument with a heating rate of

0 ◦C min−1.
The crystal structure of the “as-prepared” and thermally

reated powders was analyzed by X-ray powder diffraction
XRD) in combination with electron diffraction–high-resolution
ransmission electron microscopy (HRTEM). An automatic X′
ert Philips diffractometer, using a CuK� source (λ = 1.5418 Å),

n the 10–70◦ 2θ range in the step-scanning mode with a step
ize of 0.04◦ was used. Crystalline phases were identified and
ndexed by means of X-Ray Diffraction Philips Analytical16

oftware and the Pcpdfwin database—JCPDS-ICDD.17 Electron
iffraction and HRTEM were interpreted using Electron Diffrac-
ion Pattern Simulations for Windows and Digital Micrograph
rograms.18

Chemical composition, homogeneity and particle morphol-
gy were examined by scanning electron microscopy (SEM)
quipped with energy dispersive X-ray analysis (EDAX) on
Philips XL 30 and transmission electron microscopy (TEM,

EOL-JEM, 400 kV). Prior to SEM analysis, the particles were
ltrasonically disagglomerated for 10 min in an ultrasonic bath,
isposed onto aluminium substrate and sputtered with gold.
EM samples were prepared by ultrasonic dispersion of a

mall portion of powder in acetone; this suspension was fur-
her placed on a 3-mm carbon coated copper grid. Primary
anoparticles were identified using the JEOL JEM 4000EX,
perated at 400 kV with a resolution of 1.8 Å (point to point).
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decomposition curve of the “as-prepared” powders indicates
that decomposition is not fully achieved with the overall mass
loss of about 70.7% at 510 ◦C. Since the process of aluminium
nitrate nonahydrate decomposition occurs at temperatures below
Fig. 1. Schematic representa

igital images were processed using digital MicrographTM soft-
are package. Measurements were carried out using pixel scale

1 pixel: 0.625 nm × 0.625 nm, in this case 1 nm = 1.6 pixels).
rimary particles were identified as individual particles with
ifferent contrasts and visually perceptible contour features.
easurements of the Dmax were carried out manually.

. Results and discussion

Fig. 2a shows X-ray diffraction patterns for the “as-prepared”
nd thermally treated (≤800 ◦C) powder samples. In both cases,
he amorphous character is typically reflected in the shape of
he patterns. However, after a thermal treatment at 900 ◦C/12 h,
change in the amorphous behaviour can be perceived, mani-

esting itself through low-intensity reflections corresponding to
he �-Al2O3 phase with cell parameter of a = 7.924 Å (JCPDS
0-0425, S.G. 227), where the (4 0 0) and the (4 4 0) peaks at 2θ

5.8◦ and 67◦, respectively, can be identified too. By increasing
he temperature, the maximum related to the � phase appears,
hough the shape of the diffractogram is still broad. Other poly-

orphs associated with �-Al2O3 could be present in very small
uantities in the samples treated at 1000 ◦C and 1100 ◦C. They
orrespond to the main peaks of a �-Al2O3 (JCPDS = 16-0394,
= 7.943 Å, c = 23.5 Å) having the strongest lines at 1.39 nm

2θ = 66◦), 1.98 nm (2θ = 45.6◦) and 2.4 nm (2θ = 36.4◦). There
s also evidence of the �-Al2O3 phase (JCPDS = 13-0373 Å,
= 5.57 Å, c = 8.64 Å), with the strongest peaks at 1.39 nm

2θ = 67◦), 2.41 nm (2θ = 37.2◦) and 2.12 nm (2θ = 42.6◦). At
200 ◦C, the appearance of an intermediate phase �-Al2O3 is
bviously coexistent with the �-Al2O3 phase, although, some
ow-intensity peaks at approximately 2θ = 43◦, 57.4◦ and a peak
ver 35◦, corresponding to (1 1 3), (1 1 6) and (1 0 4) reflections
ndicate the emergence of the �-Al2O3 phase (JCPDS 42-1468,
.G. = 167, a = 4.758 Å, c = 12.99 Å). After 1300◦/12 h anneal-

ng, only well-defined peaks of �-Al2O3 phase can be noticed.
part from the main phases encountered in the sample, small

eaks corresponding to the SiO2 residues of the reactor quartz
ube, can also be detected.

The thermal decomposition of the “as-prepared” and ther-
ally treated powder samples is presented in Fig. 2b. The

F
m
t

f the processing equipment.
ig. 2. (a) Experimental X-ray diffraction patterns for “as-prepared” and ther-
ally treatment powder samples. (b) TG curves for the “as-prepared” and

hermally treated powders samples.
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primary particles are in mutual contact indicating collision and
ig. 3. SEM micrograph of “as-prepared” Al2O3 particles (a) and the corre-
ponding EDS analysis (b).

00 ◦C through simultaneous reactions of dehydration, hydroly-

is and destruction of the nitrate group13 preceded by salt melting
t 80 ◦C, the observed decomposition behaviour is presumably
aused by high heating rates and short residence time in the high

i
t
a

Fig. 4. SEM micrographs of the thermally treated powder samples: (a)
eramic Society 28 (2008) 2487–2494

emperature zone during aerosol synthesis. However, additional
hermal treatment resulted in complete powder decomposition.

Fig. 3a shows SEM micrographs of the “as-prepared” Al2O3
articles. It can be noticed that the “as-prepared” particles
btained by aerosol decomposition are highly spherical, smooth,
on-aggregated and relatively uniform in size (below 500 nm).
DAX analyses (Fig. 3b) confirm high compositional uniformity
nd the exclusive presence of the constitutive elements.

Fig. 4 corresponds to SEM images taken with secondary
lectron mode detector for thermally treated powder samples
t 700–1200 ◦C during a 12-h period. It is evident that parti-
le morphology does not change significantly with annealing.
owders persist in their unagglomerated form, although high

emperature regime brings about further crystallization and the
rowth of primary particles.6 Thermal treatment at 1300 ◦C/12 h
oes not result in significant change in particle morphology,
hich is illustrated in Fig. 5, showing spherical and mostly non-

ggregated particles, although there are indications of particle
onding and neck formation.

Low magnifications in bright field mode allowed the identifi-
ation the structure and growth of primary nanoparticles aroused
hrough the collision/coalescence mechanisms. Fig. 6 shows a
ow magnification TEM image in bright field mode of a sec-
ndary particle, 250 nm in diameter, annealed at 1100 ◦C/12 h.
urther magnification and contrast analysis reveal small sub-
pheric primary nanoparticles with Dmax 13.6 ± 3 nm. The
ontrast at the external edge of the particles suggests the presence
f approximately 8–8.5 nm thick crust at the particle surface. The
nitial stages of sintering process. The amorphous and polycrys-
alline character of the particles, typical for the “as-prepared”
nd low temperature thermally treated samples, did not allow the

700 ◦C/12 h, (b) 800 ◦C/12 h, (c) 1100 ◦C/12 h, (d) 1200 ◦C/12 h.
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Fig. 5. SEM micrograph of sample annealed at 1300 ◦C/12 h: (a) secondary
electrons (SE), (b) backscattered electrons (BSE).

Fig. 6. Low resolution image TEM in bright field mode for Al2O3 after a thermal
treatment at 1100 ◦C/12 h.
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�

ig. 7. Low resolution image TEM in bright field mode for Al2O3 after a thermal
reatment at 1300 ◦C/12 h.

cquisition of high-quality HRTEM images. Quite oppositely,
hermal treatment at 1300 ◦C/12 h provokes the bonding of sec-
ndary particles and sintering, followed by neck formation, as
vident in the low magnification TEM image (Fig. 7).

Fig. 8 shows a selected area electron diffraction pattern

SAEDP) taken from the sample annealed at 1100 ◦C/12 h
ndexed in accordance to the �-Al2O3 phase (JCPDS = 29-0063),
aving a defect spinel structure.19,20 Table 1 represents the

ig. 8. SAEDP of the sample annealed at 1100 ◦C/12 h indexed according to the
-Al2O3 phase.
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Table 1
Comparison between d-spacings for the �-Al2O3 phase and �-Al2O3 phases
according to Lippens and de Boer21 and the distances obtained in this study

�-Al2O3
a (Å) �-Al2O3

a (Å) This paper (Å) h k l Intensity

4.6 4.57 4.642 1 1 1 Diffuse
2.77 2.76 2.722 2 2 0 Weak
2.39 2.395 2.394 3 1 1 Strong
2.284 2.284 2.285 2 2 2 Weak
1.99 1.98 1.998 4 0 0 Strong
1.956 – 1.947 4 0 0 Strong
1.52 1.519 1.527 5 1 1/3 3 3 Weak
1.407 1.396 1.418 4 4 0 Strongest
1

d
o
p
A
l
�
p
p
f
b
�
A
a
M

p
h
b

F
a

Table 2
Comparison between d-spacings for the �-Al2O3 phase according to Welton-
Holzer J., McCarthy G. (JCPDS 42-1463) and the distances obtained in this
study

(�-Al2O3)a (Å) This paper (Å) h k l Intensity

3.881 1 0–1 1 Weak
3.48 3.460 0 1–1 2 Very strong
2.085 2.071 1 1–2 3 Strongest
1.964 1.910 2 0–2 2 Weak
1.404 1.401 2 1–3 4 Strong
1

a
c
t
d
d
a

�
a
p
A
c
m
�
p
�

.395 – 1.397 4 4 0 Strongest

a After Lippens B.C. and de Boer J.H.21

-spacing comparison between the �-Al2O3 and �-Al2O3 phases
btained in this study via selected area electron diffraction
atterns (SAEDP) and the corresponding literature values.21

lthough, the �-Al2O3 and �-Al2O3 phases are pretty simi-
ar, slight differences in the (4 0 0) and (4 4 0), typical for the
-Al2O3 phase, allow to assume that the results obtained in this
aper closely approximate the �-Al2O3 phase proposed by Lip-
ens and de Boer.21 Fig. 9 corresponds to the SAEDP obtained
or the sample annealed at 1300 ◦C. The maximum is indexed
ased on a rhombohedral R-3c structure (1 6 7) typical of the
-Al2O3 phase. Table 2 represents the d-spacings for the �-
l2O3 phase indicating a good agreement between the obtained

nd relevant literature values (according to Welton-Holzer J.,
cCarthy G. (JCPDS 42-1463)).22
HR-TEM confirmed the presence of �-Al2O3 phase in the
owder samples treated at 1300 ◦C/12 h (Fig. 10). Based on the
igh-resolution transmission electron microscopy technique in
right field mode, the main plane (1 0 4) along the [0 0 1] zone

ig. 9. SAEDP of the sample annealed at 1300 ◦C/12 h, along the [0 1 1 1] zone
xis indexed according to the �-Al2O3 phase.

i
L
t

F
1
a

.336 1.331 1 2–3 5 Weak

a Welton-Holzer J., McCarthy G.22

xis can be resolved and as inset the fft (fast fourier transformed)
onfirms the trigonal symmetry (S.G. R-3c). Moreover, a bet-
er order related to the orientation of atomic frames and the
ecreased occurrence of defects coinciding with the rhombohe-
ral �-Al2O3 phase marked by well-defined corundum structure
re evident.

The existence of several Al2O3 structures during the �-to-
-Al2O3 phase transformation, including the typical �-Al2O3
nd �-Al2O3, have been reported by several authors.11,19–25 As
reviously mentioned by Levin and Brandon,27 the metastable
l2O3 structures can be divided into two broad categories: a face

entered cubic (fcc) or a hexagonal close packed (hcp) arrange-
ent of oxygen anions. Based on the fcc packing, the � (cubic),
(cubic), � (monoclinic) and � (tetragonal or orthorhombic)

hases can be established, whereas based on hcp packing, the
(trigonal), 	 (orthorhombic), � (hexagonal) phases have been
dentified. The most complete study has been carried out by
evin et al.26 and Wefer and Misra,28 in which they identified

he alumina transitions corresponding to different temperature

ig. 10. Filtered HRTEM image in bright field mode of a sample post treated at
300 ◦C/12 h. In the left corner (as inset) is shown the fft along the [0 0 1] zone
xis.
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anges of stability, derived from partially dehydrated aluminium
ydroxides.

Vallet-Regı́ et al.11 have synthesized alumina using Spray
yrolysis method, confirming the �-Al2O3 phase at 400 ◦C,
→ � transition at 1100 ◦C, and the �-Al2O3 phase at 1200 ◦C.
he same authors proved the presence of the �-Al2O3 phase in
ddition to �-Al2O3 by changing the pyrolysis temperature to
00 ◦C. Webster et al.29 have identified the following phases in
he development of nanosized Al2O3 fibres: the �-Al2O3 phase,
he � + �-Al2O3 phase, the � + �-Al2O3 phase and �-Al2O3 by
intering at 600 ◦C, 800 ◦C, 1000 ◦C and 1200 ◦C, respectively.
owever, in the case of flame Spray Pyrolysis, only the presence
f the �- and �-Al2O3 phases24 was confirmed. Furthermore,
he synthesis in air atmosphere seems to favour the formation
f the �-Al2O3 phase and the 	-Al2O3 phase in fine materi-
ls as reported by several authors.27,28 Therefore, as established
y Paglia,19 Peter Østbo,23 and Levin and Brandon27 there still
xists considerable controversy over the definitive structures of
any of the alumina phases.
In this paper, the XRD results suggest the presence of both

-Al2O3 and �-Al2O3 phases, as intermediate phases during the
-to-�-Al2O3 phase transformation.

The � (monoclinic) or � (tetragonal or orthorhombic) phases
as been reported as metastable crystalline phases formed by
apid quenching from the melt, vapour deposition or crystal-
ization of amorphous alumina, or formed during the heating
f amorphous alumina films by anodization.21 Other poly-
orphs could be also present in the samples in very small

uantities; however the XRD resolution associated with the
morphous and nanocrystalline particle structure, does not
llow to identify them either by XRD or HRTEM. However,
t might be possible that these phases contribute in XRD peaks
roadening.

. Conclusions

The paper presents the LTAS of fine Al2O3 particles
<500 nm) followed by XRPD and electron microscopy char-
cterization. The “as-prepared” particles and samples treated at
emperatures up to 800 ◦C are amorphous. XRPD and electron
iffraction-HRTEM show the presence of two polycrystalline
hases after the high temperature treatment: � and �, the latter
revailing at 1300 ◦C/12 h. Microscopic observations indicate
hat obtained Al2O3 particles are spherical, smooth and non-
gglomerated. High temperature (700–1300 ◦C) annealing did
ot have significant impact on the particle morphology. Owing
o well-controlled and well-defined properties, these particles
ould presumably be applied as discontinuous reinforcement
or MMCs.
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