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Abstract

Nano-scaled x-Al,O3 powders with ds, mean particle sizes from 17 to 314 nm were prepared to investigate the size effect on their phase transfor-
mation. Structural properties and crystallization behavior as a function of thermal treatments of various-sized x-Al,O; particles were examined by
DTA, XRD and TEM characterizations. It was confirmed that the decrease of particle size allows for stable a-Al,O; formation at relatively low
temperature. Furthermore, the phase transformation route of x-Al,O3 to a-Al, O3 was also modified due to the decrease of particle size. A critical
size of x-AL, O3 that determines the phase transformation behavior was found to be around 40 nm. For particles larger than 40 nm, a transition
phase of k-Al,O; is formed before obtaining final a-Al,O; phase. Nevertheless, for those smaller than the critical size, starting x-Al, O3 particles
have to grow to 40 nm and then directly transform to a-Al,O; bypassing k-Al,O3 at a temperature as low as 1050 °C.

© 2009 Elsevier Ltd. All rights reserved.
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1. Introduction

It is well-known that the particle size has obvious effects
on material properties. In particular, the stability of crystal
phase has been found to be modified by the crystallite size
in various material systems when their sizes nano-scaled. For
example, TiO; nanocrystallites show a polymorphous reversibil-
ity between anatase and rutile when the crystallite size is around
14.5 nm."? The stable phase of BaTiO3 crystallites at room tem-
perature becomes cubic instead of tetragonal when their size
is reduced to 30nm.> Similar cases have also been observed
in which cubic-PbTiO3 and tetragonal-ZrO, crystallites may
exist at room temperature in place of tetragonal-PbTiO3; and
monoclinic-ZrO; crystallites, respectively, when the crystallite
size is smaller than a few nanometers.*® The specific size that
leads to variations in crystallization behavior as described above
is called “critical size”. From the viewpoint of nucleation-growth
mechanism, to reach such “critical size” is necessary in order to
conduct a system from metastable condition to thermodynami-
cally stable phase.”8 In the case of typical 8-Al,O3 — a-Al,O3
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transformation route, stable a-Al, O3 cannot be obtained unless
the 6-Al,O3 precursor has grown up to the critical size of
20-25nm.>!0 Similarly, anatase TiO, crystallite has to be also
larger than 10 nm to lead to a transformation to rutile phase.>!!

Size effect has been reported to modify the phase trans-
formation path of gibbsite (Al(OH)3) where two routes may
undergo:!>13

gibbsite — x-Al,O3 — k-Al,03 - «a-Al,O3(routel)

\\ boehmite — y-Al,03 — 8-Al;03 — 6-Al,03
— a-Al,O3(route2)

For micrometric particles, both transition routes may occur
depending on synthetic conditions. However, phase transforma-
tion mainly follows route 1 when the particle size is smaller than
1 Mm.12*13 It has been reported that a-Al,O3 can be obtained
directly from x-Al,O3 bypassing intermediate k-Al,O3 phase
when its particle size is as small as 10nm.!*"1 In addition,
a phase transformation bypassing transition phases has also
been observed for ultrafine AlO3 powder treated by mechan-
ical grinding techniques.!”"'® Therefore, it is believed that a
new transition path of x-Al,O3 — a-AlpO3 should exist under
a certain critical condition, in particular a certain critical size.
In order to investigate size effect on the phase transformation
of x-AlLO3 to a-Al» O3, starting x-Al,O3 with various particle
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Table 1
Basic properties of the examined x-Al,O3 samples.

Sample name Cn  Cf CI55 C65 €55 C40 C22 C19 C17
dsp (nm) 314 72 155 65 55 40 22 19 17
doo (nm) 596 340 310 121 104 70 41 34 34

Cn: as-calcined and Cf: as-fragmented.

sizes ranging from 17 to 155 nm were prepared with fragment
treatment. Classification was carried out used the centrifuge
technique. Moreover, this study examined structural properties
and quantitative analysis of the phase composition as a function
of heat treatment. Activation energy and mechanisms of crys-
tallization for a-alumina formation related to a particle size will
be presented and discussed.

2. Experimental details
2.1. Sample preparation

Starting x-Al,O3 particles were obtained by heat
treating commercial gibbsite powder (S11, Almatis Inc.,
dso=0.25-0.31 pm) at 600 °C for 30 min with a heating rate of
2 °C/min. Aqueous slurries containing 30 wt% of x-Al,O3 were
prepared for the fragment treatment by the Perl mill apparatus
(Drais, PML-H/V). The samples with and without fragment
treatment are labeled as Cf and Cn, respectively. Classification
of the Cf sample was then carried out by centrifuge technique
to obtain various sizes of x-Al,O3 for the following studies.
Seven samples with different particle sizes were labeled C155,
C65, C55, C40, C22, C19 and C17 denoted by their dsq sizes,
i.e. 155, 65, 55, 40, 22, 19 and 17 nm, respectively. The dso and
doyo particles sizes of all the prepared samples are summarized
in Table 1.

The samples Cn, C155, C40 and C17 were selected for the
observation of phase transformation. Their particle size dis-
tributions (PSD) as measured by a dynamic light scattering
spectroscopy (Malvern Zetasizer 1000) are shown in Fig. 1. It
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Fig. 1. Particle size distributions of Cn, C155 (dso = 155 nm), C40 (40 nm) and
C17 (17 nm) samples before heat treatments.

is apparent that the fragmented samples generally exhibit nor-
mal size distribution. The morphology of these samples was
carried out by transmission electron microscope (TEM, Hitachi
HF-2000) as presented in Fig. 2. It is shown in Fig. 2(a) that
the starting x-Al,O3 particles before fragment treatment are
platelet-like on the (0 0 1) plane with a pseudo-hexagon external
form of the originate gibbsite.'>%? The platelet-like morphology
was gradually destroyed by fragment treatment and is less obvi-
ous when the particles are smaller as illustrated in Fig. 2(b)—(d).
The selected-area electron diffraction (SAED) patterns shown
in the inset of Fig. 2 also confirms that the fragment treatment
indeed results in the disfiguration of preferred orientation on the
(001) plane. These samples were then thermal treated with a
heating rate of 10 °C/min at scheduled temperatures from 900
to 1500 °C and quenched to room temperature immediately.

Thermal behavior was examined by differential thermal anal-
ysis (DTA, Setaram TGA92) at a heating rate of 10°C/min
up to 1500°C. The crystalline phase was identified by pow-
der X-ray diffraction (XRD, Rigaku MiniFlex,) using Cu Ka
radiation scanning from 10° to 80° (20) with a scanning rate
of 4°/min. Quantitative analysis of k- and a-Al,O3 phase com-
position was undertaken by XRD powder method by adding
10 wt% of CaF; as a internal standard in the measuring samples.
XRD measurement ranging from 24° to 38° with a scanning
rate of 0.5°/min was performed for the determination of inte-
grated intensities of k-Al,O03 (0 13), a-Al,O3 (01 2) and CaF,
(111) diffraction peaks. In order to establish calibration lines
for the quantitative analysis of phase composition, heat treat-
ments to the S11 gibbsite were undertaken at 1200 and 1500 °C
with a heating rate of 2 °C/min to obtain pure k-Al,O3 and o-
Al O3, respectively. Various weight ratios of k-Al,O3/x-Al,O3
and a-AlpO3/x-Al,O3 with 10 wt% of CaF, were prepared as
calibration samples. The calibration lines of k-Al,O3 and a-
Al,O3 were established by measuring the intensity ratios of
k-Al,O3/CaF; and a-Al»,O3/CaF, peaks of the calibration sam-
ples, respectively. The fraction of x-Al,O3 was obtained by
deducting the sum of k-Al,O3 and a-Al,O3 from the total.
Data calculations were assisted by XRD Pattern Processing and
Identification software (Jade 5.0, Material Data Inc.). The mean
crystallite size of a-Al,O3 was determined by the Scherrer for-
mula 2! using (0 1 2) diffraction peak correcting the instrument
peak width obtained from the peak (11 1) of well-crystallized
silicon powder. The morphology of final a-Al, O3 crystallite was
carried out by TEM (FEI, Tecnai F20 G2). The activation energy
of a-Al, O3 formation was evaluated by isothermal experiments
according to the Arrhenius method.?” Samples were isother-
mally treated in a platinum crucible at temperatures between
1025 and 1290 °C for various durations up to 60 min. The phase
fraction was determined by the same method as the quantitative
analysis as described above.

3. Results and discussion
3.1. The phase transformation of x-Al,O3

XRD patterns of Cn, C155, C40 and C17 heating at various
temperatures are shown in Fig. 3. It is observed that all the
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Fig. 2. TEM micrographs with SAED patterns of x-Al,O3 samples (a) Cn (as calcined), size classified samples (b) C155, (c) C40 and (d) C17.

samples exhibit similar XRD patterns as heated at 900 °C. The
first appearance of a-Al,O3 occurs at 1300 °C for Cn and is
down to 1050 °C for C40 and C17. However, the formation of
k-Al,O3 takes place at higher temperature and shows a more
indistinct peak when the particles size is smaller. Moreover, the
existing range of k-Al,O3 is between 1000 and 1350 °C for Cn
and is obviously narrowed to 1050-1150°C for C17.

Phase compositions of Cn, C155, C40 and C17 samples
according to quantitative analyses associated with their DTA
curves are shown in Fig. 4. For the Cn sample, an obvious
exothermal peak emerges at around 950-1150 °C correspond-
ing to a decrease of x-Al,O3 along with an increase of k-Al,O3.
This exothermal peak can thus be assigned to the phase trans-
formation y — k-Al,O3 [as marked (I) in the figure]. A second
exothermal peak appears at around 1250-1400 °C which con-
tributes to the phase transformation of k — a-Al, O3 [as marked

(II) in the figure]. For sample C155, the reaction (I) shifts to
a higher temperature while reaction (II) shifts downward to a
lower temperature in comparison with what occurred for the Cn
sample. For sample C40, a-Al,O3 is found to coexist with k-
Al;O3 at 1050 °C indicating that a direct phase transformation
from x — a-Al,O3 may take place [as marked (III) in the fig-
ure]. In its associated DTA curve, a very slight exothermic peak
is observed at around 1150-1250°C which is assigned to the
K — a-Al, O3 transformation since k-Al,O3 starts to decreases
with a simultaneous increase of a-Al,O3 in this period while
X-Al,O3 always remains less than 10%. For sample C17, the
quantity of k-Al,O3 always remains less than 15% in all the heat-
ing ranges implying that the direct transformation Y — a-AlyO3
becomes dominant, resulting in an apparent exothermal peak
located at around 1150 °C. The experimental results discussed
above confirm that the phase transformation of x — a-Al,O3
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Fig. 3. XRD patterns of (a) Cn (as-calcined), (b) C155, (c) C40 and (d) C17 annealing at various temperatures of 900-1400 °C with heating rate of 10 °C/min and
quenched to room temperature immediately. (@) a-Al,O3; (V) k-Al,O3; (W) x-Al,03.

depends on the particles size. For the large particles, the x-Al,O3
is preferably transformed to k-Al,O3 which turns to a stable o-
Al,Os3 phase at a higher temperature. Nevertheless, the x-Al,O3
also allows for direct transformation to «-Al,O3 without form-
ing k-Al,O3 when the particle is reduced to a certain small size.
In order to investigate such critical size, this study carried out
activation energy of x — a-Al,O3 formation as a function of
particle size. This will be discussed in the following section.

3.2. Activation energy and particle size

This study evaluated activation energy of a-Al,O3 forma-
tion through isothermal experiments according to the Arrhenius
method:22 First-of-all, the values of rate constant k were obtained
by the Johnson—Mehl-Avrami (JMA) equation as expressed in
Eq. (1):?

x = 1—exp(—kt)" 1
where x is the phase fraction of a-Al,O3 at time ¢ and » is the
reaction exponent. The kinetic experiments for all the samples
were performed at three different temperatures ranging from
1050 to 1290 °C for at least six different holding times in order
to obtain different temperature-dependent rate constants (k). As
the values of k obtained, the activation energy (E,) can be thus

deduced according to the well-known Arrhenius equation as
expressed in Eq. (2):

—E,
k= Aexp (RT)

where A is a constant, R is the gas constant
(~8.314JK 'mol~!) and T is the working temperature.
The deduced activation energies of a-Al,O3 formation as a
function of their particles sizes are presented in Fig. 5. It is
found that the evolution of activation energy according to
particle size can generally be divided into two parts by sample
C40. In regard to particle sizes larger than 40 nm, the activation
energy decreases with the decrease of particles size down to
minimum for sample C40. Normally, reducing particle sizes
allows for the increase of surface energy that should result in a
decrease of activation energy. However, the activation energy
for the as-calcined sample (Cn) is surprisingly lower than that
of C155, C65 and C55. This means something related to the
fragment treatments provided a stronger influence than the
size effect. Particle shape could be one important factor. As
mentioned in the previous section, particles larger than 40 nm
all show an apparent quantity of k-AlpO3 during the phase
transformation process which means the transition x — k-
Al>,Oj3 is an unavoidable step. According to the observation
made by Ollivier”® in addition to the present case, k-AlyO3

@
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Fig. 4. Phase contents obtained at various temperatures of x-Al,O3 samples (a) Cn (as-calcined), (b) C155, (c) C40 and (d) C17. The DTA curves are also inserted,
and the reaction ranges are denoted as (I) x — k-AlL03, (II) k = a-AlL O3, (IIl) x = a-AlL,O3. (W) a-Al,O3; (A) k-AlLO3; (O) x-AlLO3.

1000 originating from gibbsite tends to exhibit a preferred orientation
. 900_' C155 on the (00 1) plane and its plate-like morphology is similar to
o g ] . that of gibbsite.!3>* The formation of k-Al,Oj3 is supposed to
© i 800'_ be more favorable if it occurs on the (00 1) plane of x-Al,O3
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Fig. 5. Activation energy of a-Al,O3 formation as a function of the x-Al,O3

effect may also be the reason why the activation energy of
C155 is higher than that of Cn This hypothesis is consistent
with the mechanism of phase transformation interpreted by the

size. . . .
Avrami exponent (n) as listed in Table 2. For C155, C65 and
C55, the values of n are 1.07 and 0.85, which corresponds to
a growth of isolated plates of finite size.>> As the stack-layers

Table 2

Activation energy of a-Al,O3 formation of various-sized x-Al,O3 samples.

Sample name Cn CI155 C65 C55 C40 C22 C19 Cl17

E, (kJ/mol) 506 853 577 636 321 358 436 461

n 1.49 1.07 0.85 0.85 1.38 1.44 1.36 1.51




3346 P-L. Chang et al. / Journal of the European Ceramic Society 29 (2009) 3341-3348

Fig. 6. TEM micrographs of (a) Cn and (b) C155 (c) C40 and (d) C17 annealed at 1150 °C. Phase composition of Cn: x/k =8/92 (%), C155: x/x/a=38/60/2 (%),
C40: x/k/loe=24/32/44 (%), C17: x/x/oc=34/12/54 (%).

(a) Original (b) After fragmented

Free energy

Reaction coordinate Reaction coordinate

Fig. 7. Schematic representations of the Ostwald step rule of free energy for the x — k — a-Al,O3 phase transformations for the original (a) the after fragmented
states (b). Eac and E,q denote the activation energies of x — k-Al,O3 (Ea) and x — a-AL O3 (E,q), respectively. E'y, and E,, represent the activation energies
after fragment treatment.
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are peeled off by fragment treatment, the plate particles are
thus isolated as shown in Fig. 6(b) and (c). This indicates that
the phase transformation of a-Al,O3 is indeed carried out by
growth mechanism onto the isolated platelet-like k-Al,Os3.
Since two-step phase transformation is necessary for the C155,
C55 and C40 samples, the overall activation energy becomes a
combination of the size and shape effects. Even through shape
effect determines the formation of k-Al,O3, the as-formed
k-Al,O3 is easier to transform to a-Al;O3 when the particle
size is smaller. As a consequence, the overall activation energy
decreases with particle size. Nevertheless, their activation
energies are still higher than that of Cn in which the activation
energy for x — k-Al,O3 should be very small (268 kJ/mol).

The activation energy increases again as the particles size
becomes smaller than 40nm. According to XRD and DTA
characterization, the phase transformation for those samples is
mainly carried out by the direct x — a-Al,O3 transition route.
For these samples, the platelet-like morphology is no longer
present as illustrated in Fig. 6(d), proving that the shape factor
is not effective anymore and can be neglected. As mentioned pre-
viously, reaching a critical size is an essential condition to induce
phase transformation.!">’~10 Particles smaller than 40 nm may
have to grow to such a critical size to achieve phase transforma-
tion to a-phase. For those small particles (samples C40, C22,
C19 and C17), their n values are all around 1.36-1.51, which is
associated with the mechanism of the initial growth of particles
nucleated at the start of transformation.>> This indicates that an
initial growth takes place at the early stage of phase transfor-
mation when the nucleation is still being processed. Additional
energy is required to conduct crystal growth to around 40 nm,
resulting in relatively higher activation energy for smaller parti-
cles.

Activation energy is related to the energy barriers of reac-
tions which can be schematically represented by the Ostwald
step rule as shown in Fig. 7. It is believed that the energy bar-
rier for x — k-Al,O3 (Ey) is smaller than that of x — a-AlyO3
(Eaq) as illustrated in Fig. 7(a). Therefore, the later reaction is
more difficult accomplish than the former under regular con-
ditions. Generally, free energy increases with the decrease of
particle size due to the strong surface-to-volume effect. The
free energy of x-AlpOj3 increases when the particle reduces
to nano-scale and finally causes the energy barrier of x — a-
AL O3 (E},) to become smaller as depicted in Fig. 7(b). In the
meantime, the energy barrier of x — k-Al,O3 (E,, ) increases
with decreasing particle size due to the shape effect. The favor-
able transition route is thus a result of the competition between
E). and E, . Finally, x —> a-AlyO3 transition wins this com-
petition and becomes dominant when the particle size is down
to 40 nm. A similar crystallization behavior was also observed
for the AIP derived x-Al,O3 nanoparticle (primary particles
~10nm) where no x — k-Al,O3 was observed during the phase
transformation.'41® Evidently, is obvious that the phase trans-
formation of the samples with size above and below 40 nm is
performed by two different mechanisms. Accordingly, 40 nm is
suggested as the critical size in the present system.

Wen and co-workers showed that the nucleation stage is main-
tained when the yield of a-Al,O3 is less than 5 wt% during

0 — a-Al,O3 phase transformation and the apparent crystal-
lite size in this nucleation stage can be denoted as the critical
size.10 The crystallite size is coarsened by the growth process
at the as-formed nuclei. In order to further investigate the critical
size for the present system, Fig. 8(a) presents the size of the a-
Al O3 particle for the samples C17, C19, C22, C33 and C40 as
a function of its containing percentage. It is apparent that the a-
Al O3 sizes are all around 36—-50 nm when the a-Al, O3 content
is less than 5 wt%, regardless of the initial size of x-AlpO3. The
bright and dark-field TEM micrographs of C17 heated briefly at
1100 °C for 4 min, shown in Fig. 8(b), indicate that the system is
composed of a large crystallite surrounded by numerous small
crystallites of x-Al,O3. The electron diffraction pattern illus-
trated in the inset confirms that the large crystallite is a-Al>O3
which already exhibits a size of around 40 nm.

Conclusively, Fig. 9 depicts a phase diagram as a function
of particle size according to the present study. The particles of
X-Al, O3 larger than 40 nm have to be accomplished by two-step
phase transformation, i.e. x - k — a-Al,O3. The temperature
for the k-Al,O3 formation increases with decreasing particle
size due to the shape effect. However, it is easier for a-Al;O3 to
transform from k-Al,O3 due to the size effect. As the x-Al,O3
particle size is below 40 nm, direct phase transformation x — o-
Al>O3 is dominant and occurs at 1050 °C without forming k-
Al,Os3.
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Fig. 8. (a) Crystallite size of a-Al;O3 as a function of its formation quantity
of calcined C17, C19, C22, C33 and C40 x-Al,O3 samples. (b) Bright and
dark-field TEM images of a-Al,O3 crystallites directly transformed from C17
X-AlO3 samples holding at 1100 °C for 4 min, in which only - and a-Al,O3
crystallites were observed.
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Fig. 9. Phase diagram related to the particle sizes of x-Al,O3.

4. Conclusions

The present work describes shape and size effects on the
phase transformation of x-Al,O3 to a-Al,O3. It is found
that x — k-Al,O3 transformation is strongly influenced by the
particle shape. A complete platelet-like particle allows a trans-
formation of x — k-Al,O3 occurs at 1000 °C which is obviously
retarded when such platelet-like morphology is destroyed by
fragment treatment. In addition, the temperature for the forma-
tion of a-Al, O3 is effectively lowered by reducing particle size.
When the particle size decreases from 155 to 40 nm, the required
activation energy is effectively decreased from 853 to 321 kJ/mol
so that the formation of k — a-Al,O3 reaction is thus lowered
from 1300 to 1150 °C.

Furthermore, the critical size of x-Al,Oj3 is determined to be
around 40 nm. For the particle sizes larger than 40 nm, the phase
transformation of x-Al,O3 to a-Al,O3 must through k-Al,O3.
For those smaller than 40 nm, x-Al,O3 can directly transform to
a-Al, O3 bypassing k-Al,O3. However, an initial crystal growth
is necessary to reach such crystal size. This study confirms the
importance of size effect on the phase transformation of x-Al, O3
to k-Al,O3. Reducing the particle size allows to the effective
modification of the transition path and directly forms stable o-
Al>O3 at low temperatures.
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