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bstract

Nanocrystalline Al2O3powders have been synthesized by the polymeric precursor method. A study of the evolution of crystalline phases of
btained powders was accomplished through X-ray diffraction, micro-Raman spectroscopy and refinement of the structures through the Rietveld

ethod. The results obtained allow the identification of three steps on the �-Al2O3 to �-Al2O3 phase transition. The single-phase �-Al2O3 powder
as obtained after heat-treatment at 1050 ◦ C for 2 h. A study of the morphology of the particles was accomplished through measures of crystallite

ize, specific surface area and transmission electronic microscopy. The particle size is closely related to �-Al2O3 to �-Al2O3 phase transition.
 2007 Elsevier B.V. All rights reserved.
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. Introduction

Ultrafine and nanosized single-metal oxide powders have
een given a lot of attention as a possibility for functional materi-
ls of electrical parts and structural materials of mechanical parts
1]. Currently and for the foreseeable future, the most important
ypes of nanoparticles are simple oxides, such as Al2O3, used
n established applications [2,3]. During sintering and shaping
f oxidic materials for practical applications, use of nano sized
articles as starting materials can be of great advantage because
f the availability of large surface areas of the nanoparticles [4].

Conventional methods for synthesizing �-Al2O3powder
nvolve solid state thermally driven transformations from the
ydrates of aluminium oxide. The extent of conversion to the

orundum structure depends on the temperature and the time
f thermal treatment. Total conversion occurs on heating above
230 ◦ C [5].
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We have previously described the use of polymeric precursor
ethod as a means of producing alumina powders and influence

f cobalt in the formation of �-Al2O3at around 1050 ◦ C [6].
n addition, the influence of cobalt localization in spectroscopic
ransitions of alumina phases was evaluated. On the other hand,
he influence of particle size was not investigated.

In this way, the object of this study is to evaluate the parti-
le size of Al2O3nanopowders prepared by means of polymeric
recursor method and to study the relationship between phase
ransition.

. Experimental procedure

Preparations used alumina nanoparticles that had been
ynthesized by means of polymeric precursor method in exper-
ments that will be described in more detail elsewhere [6].
ummarizing, ammonium alum – NH4Al(SO4)2was first dis-

olved in distilled water and ammonium hydroxide – NH4OH
n order to form aluminum hydroxide – Al(OH)3. With addition
f citric acid anhydrous – C6H8O7, the formation of aluminum
itrate takes place. The polymerization occurred upon the addi-
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ion of ethylene glycol – C2H6O2. The heat-treatment of the
esin was made in an air atmosphere in an oven at 400 ◦ C for
h, in order to burn the organic matter that became a black solid
ass. This mass was finely ground in an Attritor mill for 1 h.
he powder obtained was heat-treated in an oxygen atmosphere
t 500 ◦ C for 4 h, in order to oxidate the remaining organic
atter. In the furnace, the precursor was heat-treated at the

00–1200 ◦ C range in air, in an Al2O3boat, and then cooled
o room temperature.

The determination of the crystalline phases and the cell vol-
me was carried out, using SiO2 as an external standard, by

-ray diffraction (XRD) patterns, which were obtained with
Siemens D-5000 diffractometer with Cu K � radiation (λ =
.5406 Å and θ =20–75◦), at room temperature. The average
rystallite size of obtained powders was estimated by Scherrer’s

a

p
t

Fig. 1. Characterization of �-Al2O3 powders �-Al2O3: (a) XRD diffraction pattern
d Physics  103 (2007) 394–399 395

quation from the XRD pattern and also observed by transmis-
ion electronic microscopy (TEM) employing a Philips CM200
quipment.

For the refinement and micro-structural analysis, the GSAS
7] program was used based on the Rietveld method, and the
unction profile chosen was the pseudo-Voigt [8–10], which
llows a good adjustment in order to accentuate asymmetries
f the profile at low angles.

Raman spectra were performed in these samples. The excita-
ion was at the 514.5 nm line of an argon ion laser, with 15 mW
ower, and using a 50×lens. The backscattering geometry was

pplied for detection.

The surface area measurements of the powders were accom-
lished in a Micrometrics, ASAP 2000 equipment, using N2 as
he adsorption/desorption gas. The mean diameter obtained by

s; (b) micro-Raman spectra; (c) TEM micrographs of the sample at 950 ◦C.
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pplying the BET method, dBET, is represented by

BET = 6

Asρ
(1)

here As is the specific surface area (m2 g−1) and ρ is the
heoretical density of the phase (ρAl2O3 = 3.9 g cm−3).

. Results and discussion

Figs. 1–3 display the diffraction patterns, micro-Raman spec-
roscopy and transmission electronic micrographs of the Al2O3

ystem in three steps of phase transition.

The first step is the presence of single phase �-Al2O3 (Fig. 1).
The second step is the phase transition with the presence of

oth �-Al2O3 and �-Al2O3 phase (Fig. 2).

r
c
A

ig. 2. Characterization of powders in the temperature range of phase transition, con
pectra; (c) TEM micrographs of the sample at 1025 ◦C.
and Physics 103 (2007) 394–399

The third step is the presence of single phase �-Al2O3
Fig. 3).

As indicated by Fig. 1(a), at temperatures up to 700 ◦C, the
atterns are ascribed to an amorphous phase.

Between 800 and 900 ◦C, progressive dehydration and des-
rption of surface hydroxyl groups lead to the formation of the
-Al2O3. This phase is based on a distorted spinel structure
11]. While most of the features could be accounted for by the
t, the peaks exhibit broad and diffuse profiles, indicating the
resence of small crystalline grains and compositional fluctua-
ions. This is consistent with the location of the Al3+ions either
y the tetrahedral or octahedral sites within the spinel structure.
Fig. 1(b) displays micro-Raman spectra for temperature
ange of 900–950 ◦C, in that there is not sign, due to the
ubic symmetry of the �-Al2O3, demonstrating absence of �-
l2O3(hexagonal symmetry).

taining �-Al2O3 and �-Al2O3: (a) XRD diffraction patterns; (b) micro-Raman
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Fig. 3. Characterization of �-Al2O3 powders: (a) XRD diffraction patter

At 1000 and 1025 ◦ C (Fig. 2(a)), the occurrence of addi-
ional peaks in X-ray patterns became evident, indicating the
o-existence of the �-Al2O3and �-Al2O3phases, as confirmed
y micro-Raman spectra in Fig. 2(b), with characteristics peaks
t 380 and 420 cm−1.

Transformation of all pure alumina into the single �-phase
as observed starting from 1050 ◦C, as indicated by Fig. 3(a)

nd (b). The sharp peaks of the �-phase indicate the relatively
arge grain sizes and well-defined long-range order in corundum,
hich signifies the collapse of the porous structure characteristic
f the low-temperature phases and the consequent diminishment

f the powder surface area.

Peaks due to �-Al2O3disappear when the temperature is
igher to 1050 ◦C, forming the �-Al2O3. The powders do not
resent any impurities, due to incomplete transformations of any

G
l
d
1

) micro-Raman spectra; (c) TEM micrographs of the sample at 1050 ◦C.

ntermediate phases, as � and �, as it happens in conventional
ethods of processing [12].
Usually, by means of traditional methods of synthesis, any

luminum oxide or hydroxide only form �-Al2O3when the mate-
ial is fired up to 1200 ◦ C [13]. In the present work, the formation
f the �-Al2O3at 1050 ◦ C was obtained, due to the polymeric
recursor method used. By means of this method it is possible
o obtain materials with lower calcination temperatures, due to
he chemical method of interaction between the network former
ations.

Refinements of Rietveld method were performed by means of

SAS (generalized structure analysis system) [7] from crystal-

ographic data of �-Al2O3[11] and �-Al2O3[14,15] and XRD
iffraction patterns data samples calcined at 950, 1025 and
050 ◦C. The obtained results are presented in Table 1.
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Table 1
Results from Rietveld refinement of the samples calcined at 950, 1025 and
1050 ◦C

Temperature (◦C)

950 1025 1050

100% � a 46.6% � a 53.4% � a 100% � a

a = b 7.95 8.08 4.76 4.76
c
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7.95 8.08 12.99 12.99
2 2.89 5.85 1.67

a Phase.

The existence of a critical temperature of phase transition
s observed between 1000 and 1050 ◦C, where there is the co-
xistence of the two detected phases.

In relation to the lattice parameters, it is noticed that the �-
l2O3changes according to the temperature, while the �-Al2O3

hows no variation because it is considered stable.
The particles of the powders obtained in the three steps of

hase transition can be viewed by means of images of transmis-
ion electronic microscopy (TEM) displayed in Figs. 1(c), 2(c)
nd 3(c).

Besides demonstrating the particles growth as function of
he phase transition, it was possible to compare data of particles
izes obtained by BET, XRD and TEM (Table 2) and literature
ata [16].

Table 2 compares particle size data obtained by specific sur-
ace area using BET method (Eq. (1)), crystallite size calculated
y Gaussian adjust of the XRD diffraction patterns and obser-
ation of TEM micrographs for alumina powders calcined at
ifferent temperatures. The results obtained are in accordance
ith previous works [1,5,16], in spite of the different preparation
ethods used by these authors.
Table 2 shows dependence of average particle size on the

alcining temperature. From 700 ◦ C on, the particle size of the
amples decreases with the increase of the calcining temper-
ture, until the minimum value is reached at 900 ◦C. This is
ue to the crystallization of �-phase, whose particles are typ-
cally ultrafine. As �-Al2O3 changes to �-Al2O3, the particle
ize increases, which means that the gaps between the chains
nd the crystal defects are gradually reduced and finally disap-
ear, accomplishing the crystallization of �-Al2O3 phase. Fig. 4

hows that crystallite size calculated from XRD diffraction pat-
erns is closely related to �-Al2O3 to �-Al2O3 phase transition.

At temperatures in which there are 100% of �-Al2O3
800–950 ◦C), the crystallite size is small (5–10 nm), having

able 2
article size data (in nm) obtained by specific surface area (dBET) using BET
ethod (Eq. (1)), crystallite size (dXRD) calculated by Gaussian adjust of the
RD diffraction patterns and observation of TEM micrographs for alumina
owders calcined at different temperatures

Temperature (◦C)

700 800 900 950 1000 1025 1050 1100 1200

XRD 8.9 6.7 7.0 22.0 59.5 62.5 64.2 66.2

BET 133.8 43.5 34.5 50.9 226.2

TEM 10.0 55.0 110.0

s
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C

ig. 4. Relationship between �-Al2O3 to �-Al2O3 phase transition and crystal-
ite size calculated from XRD diffraction patterns.

growth in the temperature range in which the phase transi-
ion occurs (950–1050 ◦C), reaching about 60 nm for subsequent
emperatures (1050–1200 ◦C) where all �-Al2O3 is converted in
-Al2O3.

Similar increases in crystallite size accompanying the for-
ation of �-Al2O3 have been reported for alumina powders

repared by other methods [16–18].

. Conclusion

The steps of phase transition � → �-Al2O3were in number
f three when characterized by X-ray diffraction (XRD), micro-
aman spectroscopy and transmission electronic microscopy

TEM) techniques. In the first step, in the range 800–950 ◦C,
he synthesized powder is constituted of �-Al2O3 according
o results presented in XRD patterns. In this step, the cubic
ymmetry of �-Al2O3 structure (space group Fd3m) leads to
low signal of micro-Raman spectra with particle size about
10 nm, as observed in TEM micrographs. In the second step,

n the range 1000–1025 ◦C, the occurrence of phase transition
s indicated by the coexistence of two phases (� + �-Al2O3)
ccording to XRD patterns. Characteristic peaks of corundum
ymmetry (�-Al2O3, space group R3̄c) appear in the micro-
amam spectra and the TEM micrograph reveal the occurrence
f both phases with average particle size of ∼ 55 nm. In the final
tep, above 1050 ◦C, the aluminum oxide appears completely
onverted into �-Al2O3, showing high crystallinity according
o XRD patterns. Micro-Raman spectra present increase in the
ntensity of peaks due to corundum symmetry and the TEM

icrographs are indicative to a growth of particle size above
100 nm. It can also be concluded that the crystallite size cal-

ulated by XRD results is closely related to the phase transition,
.e., crystallite size increases according to the phase transition
ariation and consequently, with the increase in temperature.
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