
A

T
c
�
f
b
i
a
i
©

K

1

t
D
n
e
s
e
a
g
t
s
m
p
l
s
p

t

0
d

Available  online  at  www.sciencedirect.com

Journal of the European Ceramic Society 32 (2012) 2153–2162

Phase metastability of nanosized �-Al2O3 crystallites

Rung-Je Yang a, Pei-Ching Yu a, Chih-Cheng Chen b, Fu-Su Yen a,∗
a Department of Resources Engineering, National Cheng Kung University, No. 1 University Rd., Tainan 70101, Taiwan, ROC

b Department of Mechanical Engineering, Far East University, No. 49, Jhonghua Rd., Shinshih Dist., Tainan 74448, Taiwan, ROC

Received 4 August 2011; received in revised form 15 February 2012; accepted 27 February 2012
Available online 18 March 2012

bstract

he reversal of the �- to �-Al2O3 phase transformation and the induced microstructure evolution of boehmite-derived discrete nanosized �-
rystallites are examined. Three categories of �-crystallites smaller than 100 nm were examined and found to have similar behavior: (1) pre-existing
-crystallites, (2) �-crystallites formed in situ during the calcination of �-crystallites of sizes near the critical size, 25 nm, and (3) �-crystallites

ormed in situ by the thermal treatment of as-received �-crystallites. The �-crystallite may transform back to the �-phase above 800 ◦C. The
ackwards �-crystallite may also re-transform to the �-phase again. Because of the density difference between �- and �-Al2O3, the strain involved

n the volume expansion and shrinkage during the phase transition eventually results in the formation of a twinned and/or mosaic structure for the �-
nd �-crystallites. A strain release model representing the microstructure evolution of the �- to �-phase and the �- to �-Al2O3 phase transformation
s proposed.

 2012 Elsevier Ltd. All rights reserved.
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.  Introduction

The nucleation and growth mechanism has been considered
he elementary procedure for forming a new phase particle.1–3

uring the procedure, a critical size is required to form the
ucleus of the new phase. As the nucleus continues to grow,
xceeding the size at which the particle is thermodynamically
table; the volume energy, V�Gv grows larger than the surface
nergy, S�γ  (the total free energy change, �Gr, becomes neg-
tive, where �Gr  = S�γ  + V�Gv ≤  0). If the particles cannot
row past this threshold and meet the requirement �Gr  ≤  0,
hen the particles may shrink and disappear. However, in a solid-
tate system, the phase shrinking-and-disappearing phenomena
ay not occur, especially in a new phase that resulted from a

hase transformation. Though it is seldom reported, it is more
ikely that, the shrinking-and-disappearing phenomena can be
ubstituted by a phase transformation back to the antecedent

4–6
hase.
�-Al2O3 has long been one of the most widely used indus-

rial ceramics because of its combination of physicochemical
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roperties such as high wear resistance, high melting point, and
ood thermal, chemical, and mechanical stability. However, its
rittle nature limits its use in the manufacture of advanced mate-
ials and therefore imposes the limitations of its applications.
hase purity and crystallite size of the starting materials play a
ery important role in the fabrication of dense and fine-grained
lumina ceramics and provide a pathway for overcoming the
isadvantages.7 Previous studies indicated that the transition
l2O3 phase coupled with the high activation energy for nucle-

ting �-Al2O3 would greatly impede efforts to process dense
-Al2O3 with a controlled grain size, especially for submicrom-
ter materials.8 The nanosized �-Al2O3 powder currently found
n the market can be composed of more than 95% of �-phase
l2O3 crystallites. However, these crystallites are generally

pproximately 150–200 nm in size and are characterized by a
ermicular-growth structure. Each crystallite is a single crystal
ut with an outward shape formed by connecting two or more �-
l2O3 crystallites with diameters of approximately 100 nm.9–11

he vermicular microstructures occurring in the green compacts
ill inhibit further densification of alumina ceramics. Likewise,

anosized discrete �-Al2O3 powder is of a lower �-phase purity,
hough it can be composed of �-crystallites free of vermicular-
rowths and is smaller than 100 nm. In other words, there is no
igh phase-pure discrete �-Al2O3 crystallite powder less than

http://www.sciencedirect.com/science/journal/09552219
dx.doi.org/10.1016/j.jeurceramsoc.2012.02.044
mailto:yfs42041@mail.ncku.edu.tw
dx.doi.org/10.1016/j.jeurceramsoc.2012.02.044
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Table 1
The specification of commercial ultrafine �-Al2O3 crystallite powder available on the market.

Manufacturer Product �-Phase fraction (wt%) BET (m2/g) Average particles size (nm)

Taimei TM-DAR >99 13.2 190

Baikowski
CR30F 80 26 400
CR10 98 8 450

Sasol SPA-0.5 7.5 600
Sumitomo AKP-3000 >99 4–8 400–700

TAIMEI Chemical Co., Ltd., Japan.
Baikowski Malakoff Inc., USA.
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asol North American Inc., USA.
umitomo Chemical Co., Ltd., Japan.

00 nm in diameter available on the market at present (Table 1).
n previous studies, both in the literature8 and in experiences
rom research, it was found that nanosized high phase-pure
-Al2O3 crystallite powder was not easily obtained by ther-
al treatment of �-Al2O3 crystallites (crystallite size ≤  20 nm)

hrough �- to �-phase transformation. It was not until very
ecently that fabrication of such powders through core–shell
echniques using boehmite (AlOOH) as the starting material
as reported to be possible.12 The �-phase Al2O3 particle was
btained through the nucleation and growth mechanism,9–18

hich may either be thermodynamically metastable19–22 or stay
t the state of an unfinished phase transformation if the crystallite
s smaller than the dimension needed to make the volume energy,
�Gv larger than surface energy, S�γ . Recent studies19 show

hat �Gr  of �-Al2O3 crystallites smaller than 100 nm could be
reater than 0 and the crystallites could behave as thermody-
amically metastable. Thus, the nanosized �-Al2O3 crystallites
ould experience phase transformation reversal, backwards to

he antecedent �-phase if appropriate treatments were employed.
he phase transformation reversal phenomena may be one of the
ajor reasons why there is no high phase-pure discrete �-Al2O3

rystallite powder less than 100 nm in diameter available on the
arket.
Based on the concepts mentioned above, this study demon-

trates the thermodynamic stability of boehmite-derived discrete
-Al2O3 crystallites smaller than 100 nm in diameter. It attempts

o describe the phase transformation reversal phenomena
hrough XRD examinations, as well as microstructure evolution,
hich occurs to Al2O3 crystallites when induced by density dif-

erences during the backward �- to �- and the followed forward
- to �-phase transformations. The densities of �- and �-Al2O3
re 3.65 and 3.98 g/cm3, respectively,23 allowing the occurrence
f backward (�- to �-Al2O3) and forward (�- to �-Al2O3) phase
ransitions to result in an 8.3% volume expansion and a 9.0%
olume reduction to the Al2O3 crystallites, respectively. Thus, it
s possible to find the necessary information from the variation
n volume,24 especially for the microstructures exhibited by the
arger Al2O3 crystallites, using TEM techniques.

Boehmite-derived discrete �-Al2O3 crystallites smaller than
00 nm were used as the examination sample. The �-crystallite
as obtained by thermal treatment of the �-Al O crys-
2 3

allite (crystallite size ≤  20 nm) through the �- to �-phase
ransformation.25–27 Previous studies have demonstrated that
here is a critical crystallite size (dc� = ∼17 nm, XRD-Scherrer
ormula on (0 1 2)�) for phase transformation16–18 and that
here can be a size limit of approximately 100 nm for the �-
l2O3 to be present as discrete particles.9,12,19,28 Thus, �-Al2O3
owders with crystallites ranging from 20 to 100 nm in size
ere presumed to consist of metastable �-Al2O3 particles.19

urthermore, thermodynamically, the newly formed �-Al2O3
rystallites that stay at the stage of crystal growth may behave
s metastable. Clearly, both would transform back to the �-phase
nd thus should be examined. This study indicates that the phase
ransformation reversal phenomena may be one of the major
easons why it is not easy to obtain high phase-pure discrete �-
l2O3 crystallite powder of less than 100 nm in diameter through
- to �-phase transformation.

.  Experimental

.1.  Sample  preparations

Two categories of examination samples were used in this
tudy.

1) Samples for examining occurrence of the �- to �-Al2O3
phase transformation: To observe the possible phase trans-
formation reversal, a two-stage thermal treatment was
employed. Firstly, commercial �-Al2O3 powder (Ceralox
Co., USA, Table 2) was heated at 1200 ◦C for 60 s in a tube
furnace to intentionally produce approximately 30 wt% of
incipient �-Al2O3 crystallites less than 100 nm in size. Thus,
the powder system was composed of �- and two kinds of
�-Al2O3 crystallites of different sizes: (1) �-Al2O3 crys-
tallites approximately 25 nm in size, the critical size of
phase transformation16–18 and (2) substantial amounts of
the remainder �-Al2O3 crystallites less than 25 nm in size.
The possibility of reversal of the �- to �-Al2O3 phase trans-
formation was then tested using the �- + �-Al2O3 crystallite
powder. After heating at 1200 ◦C, to prevent the incipient
nanosized �-crystallites from growing, the powders (�- + �-
Al2O3) were subsequently moved from positions at 1200 ◦C
to positions at 700–1000 ◦C in the tube furnace and then

thermally treated for various durations. Particles at tempera-
tures above 1000 ◦C were abandoned because of vermicular
growth. It is apparent that the �-crystallites represent pre-
existing crystallites that are subject to phase-transforming
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Table 2
The basic physical properties of �-Al2O3 powder.

�-Al2O3 Phase Crystallite sizea (nm) BETb (m2/g) Mean particle sizec (nm)

� (�) 20 75 50.0

a XRD-Scherrer formula on (2 0 2) .
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c Dynamic light scattering (Zetasizer 1000, Malvern, Germany).

back to the �-phase or are otherwise ready for size coarsen-
ing to accomplish the �- to �-Al2O3 phase transformation,
depending on the heat treatment conditions. Of the two kinds
of �-crystallites, one represents those that are susceptible to
transforming to �-Al2O3 if the kinetic conditions are sat-
isfied. The other kind waits for sufficient energy provided
by thermal treatment to continue size coarsening and then
transform into �-Al2O3. The �-crystallites derived from the
two types of �-Al2O3 crystallites are formed in situ during
thermal treatment and may experience phase transformation
reversal to the �-Al2O3 crystallite if the requirements for the
size coarsening process have not been met.

2) Samples for examining microstructure evolution: Three
samples were prepared for this part, including (1) nano-
sized �-Al2O3 powder formed by the calcination of
�-Al2O3–boehmite agglomerates,12 (2) �-Al2O3 crystallites
transformed from �-Al2O3, less than 100 nm in size, and
(3) regenerated �-Al2O3 crystallites formed by the calci-
nation of �-Al2O3 crystallites transformed from nanosized
�-Al2O3.

To prepare the agglomerates, a well dispersed �-slurry
30 wt% solid content), in which the �-Al2O3 crystallites were
sed as the core, was prepared by dispersing �-Al2O3 powder
Table 2) in deionized water at pH 4 and was homogenized by a
erl mill machine (Drais, Germany). An aqueous solution con-
aining Al3+ (0.2 M) used for forming boehmite was obtained
y dissolving Al(NO3)3·9H2O (Merck, Germany) in deionized
ater. The �-Al2O3 was then mixed with an Al(NO3)3·9H2O

olution. The mass ratio of �-Al2O3 to Al2O3, derived from
oehmite for forming the core–shell structure, was 30–70.12 Het-
rogeneous precipitation of the boehmite shell on the �-Al2O3
ore was obtained until pH 9 was reached by adding an ammo-
ium solution (NH4OH, Freak, USA). The precipitates were
ashed three times with deionized water and then dried at 80 ◦C

or 24 h to obtain gel fragments. The gel fragments were ground
o less than 200 mesh with agate mortar and pestle. The discrete
-Al2O3 powder was obtained through thermal treatment of the
el fragments at 1150 ◦C for 5–10 min and then quenched to
oom temperature in the air.

The �-Al2O3 crystallites, transformed from metastable �-
l2O3, and the regenerated �-Al2O3 crystallites were then
btained through calcination of discrete �-Al2O3 at 800◦ and
00 ◦C, respectively, for various times. All of the samples were

reated in the air and quenched to room temperature (cooling
ate > 250 ◦C/min) as the prescribed heating conditions were sat-
sfied. Though water vapor may affect the phase transformation
uring heating,29 it was uncontrolled in this study.

8
p
t
t

.2.  Characterization

Crystalline phase identifications and crystallite size measure-
ents were performed using XRD powder methods (Rigaku,

apan) with Ni-filtered Cu K� radiation. The samples were
canned from (2θ=) 20◦ to 80◦ at a scanning rate of 4◦/min.
he mean sizes of the �-Al2O3 crystallites in the samples
ere calculated with the XRD-Scherrer formula30 (crystallite

ize = 0.9�/B  cos θ, where λ = 1.540 Å, B  = the width at the half-
eak height (WHPH) in radians, and θ  = the Bragg angle). The
eflection peak of (0 1 2)� �-Al2O3 was applied. The scanning
ate was 0.5◦/min and 2θ  was 24.5–34.5◦. The instrument peak
idth was calibrated using a well-crystallized silicon powder.
ata calculations were assisted by the following software: XRD
attern Processing and Identification, Jade for Windows, Version
.0, developed by Materials Data Inc. The fraction of �-Al2O3
ormation was determined by quantitative XRD powder methods
sing CaF2 as the internal standard. The integrated intensities
f the (0 1 2) reflection for �-Al2O3 and the (1 1 1) reflection
or the CaF2 internal standard (10 wt%) were measured and the
atio was compared to an �-Al2O3-CaF2 calibration curve. The
ange of investigation was 1.5–97 wt%. The morphology and
icrostructure of the �- and �-Al2O3 crystallites were examined
ith a transmission electron microscope (TEM, JEOL AEM-
010, and Tecnai FEG-TEM).

. Results  and  discussion

.1.  Reversal  of  the  α-  to  θ-Al2O3 phase  transformation

First, �-Al2O3 powders were calcined at 1200 ◦C for 60 s to
abricate �- + �-Al2O3 crystallite powder containing 20–30 wt%
∼27%) �-Al2O3 crystallites less than 100 nm in size. The phase
ransformation reversal phenomena was then examined using
he samples prepared by subsequently placing the �- + �-Al2O3
rystallite powder at temperatures 700, 800, 900, and 1000 ◦C for
nticipated durations after heating at 1200 ◦C for 60 s. The sam-
les were then quenched to room temperature. The XRD patterns
nd the percentage of the �- to �-Al2O3 phase transformation
hown in Fig. 1 illustrate that the �- to �-Al2O3 phase trans-
ormation phenomenon can be observed in the �- + �-Al2O3
rystallite powder. Fig. 1(a) indicated that the XRD patterns
btained from samples calcined at 700 ◦C were very similar.
owever, the XRD patterns obtained from samples calcined at

◦
00–1000 C show that the intensity of the (0 1 2) diffraction
eak of �-Al2O3 decreases while that of the (2 0 2) diffrac-
ion peak of the �-phase increases with the holding time of the
hermal treatments. It can be concluded that the �-phase Al2O3
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Fig. 2. Characteristics of phase transformation reversal of �-Al2O3 observed in �- + �-Al2O3 powder systems during thermal treatment. The examined samples were
t ◦ ◦ ◦ 000 ◦
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hermally treated at temperatures of (a) 700 C, (b) 800 C, (c) 900 C, and (d) 1
ransformation reversal to the �-phase within tens of second when the crystallite

rystallites could transform back to the �-phase when calcined
t temperatures around 800–1000 ◦C. Fig. 1(e) shows the per-
entage of the �- to �-Al2O3 phase transformation during the
hermal treatment. It shows that the maximum amount of phase
ransformation reversal that can be reached is 70%, 50%, and
5% at 800 ◦C, 900 ◦C, and 1000 ◦C, respectively. More detailed
ata are shown in Fig. 2 and illustrated as follows.

Fig. 2 compiles the characteristics of phase transformation
eversal of �-Al2O3 crystallites occurring in the �- + �-Al2O3
rystallite powder. The powder systems were composed of the
ncipient �- and a remainder of �-Al2O3 crystallites equal or near
o and smaller than the critical size for phase transformation
∼25 nm). As a result, the �-formation, measured from sam-
les at specific time intervals during thermal treatment, must
nclude both the disappearance of the pre-existing (incipient) �-
nd newly appeared �- that formed in situ from the remain-
er �-Al2O3 crystallites. Furthermore, as the �- to �-Al2O3
hase transformation is achieved through the nucleation and
rowth mechanism, �-crystallites with larger sizes (especially
hose equal or near to the critical size of transformation) may

onvert to the �-phase faster than those with smaller sizes at the
ame temperature. The formation of �-Al2O3 in situ would occur
equentially from large �-Al2O3 to small. Thus, the variation in

p
8
F

ig. 1. The XRD patterns of �- + �-Al2O3 powders thermally treated at (a) 700 ◦C, (
he �- to �-Al2O3 phase transformation observed in the powder systems during therma
ould be clearly observed as the samples were treated at (b) 800◦ and (c) 900 ◦C. Th
0% at 800 ◦C and 900 ◦C, respectively.
C. The results show that the nanosized �-Al2O3 crystallites experienced phase
e thermally treated at temperatures above 800 ◦C.

-Al2O3 formation with the holding duration shown in Fig. 2
ndicates that there can be a forward and backward phase for-

ation progressing in the powder system. Additionally, the �-
o �-Al2O3 phase transformation is normally accessible to the
ner crystallites, leaving the coarser crystallites in the rest of

he powder system. If one compared the �-size variation before
nd after phase transformation reversal, the latter would show
oarser �-sizes. Thus, it is interesting to find that it is possi-
le to examine phase transformation reversal based on �-Al2O3
ormation and the accompanied �-size variation.

Fig. 2(a) indicates that the holding temperature 700 ◦C was
oo low and was thus unable to provide sufficient energy for
he forward and backward phase transformation to take place,
ven when the holding time exceeded 240 s. When raising the
emperature to 800 ◦C, the amount of pre-existing �-crystallites
∼27 wt%) decreased. Approximately a 37 percent reduction
10/27 = 0.37) in the pre-existing �-crystallites was observed
efore the newly formed �-Al2O3 crystallites (at 80–105 s)
ere formed from coarser �-crystallites. It is clear that the
uration needed to initiate phase transformation reversal of the

re-existing �-Al2O3 crystallite can be less than 10 s. After an
0-s holding time, more than 40 wt% (60–20 wt% as shown in
ig. 2(b), percentage reduction ∼70% (60–17.5/60 = 0.70) as

b) 800 ◦C, (c) 900 ◦C, and (d) 1000 ◦C for various durations. (e) Percentage of
l treatment. The reversal of the �- to �-Al2O3 phase transformation phenomena
e maximum amount of phase transformation reversal can reach up to 70% and
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ig. 3. Morphologies of discrete �-Al2O3 crystallites obtained by calcination
eneral views (b) and (c), and crystallites with sizes (d) ∼17 and ∼50 nm, and 

hown in Fig. 1(e) of the newly formed �-Al2O3 crystallite

esulted from phase transformation of �-crystallites occurred. As
he temperature 800 ◦C eventually triggered the reversal of the
- to �-Al2O3 phase transformation, the newly formed �-Al2O3

t
t
c

-Al2O3–boehmite agglomerates at 1150 C/5 min. Typical XRD patterns (a),
stallites with vermicular growth.

rystallites went backwards to �-crystallites again seconds after

heir formation. It is noted that the rate of phase transforma-
ion reversal of the newly formed �-Al2O3 crystallites from
oarser �-crystallites accelerated at 900◦ and 1000 ◦C, compared
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ig. 4. (Upper a–c) Twinned �-Al2O3 crystallites gained by thermally treating 

b) of TEM micrographs and the corresponding diffraction pattern of [1 1 0] zone
–f) TEM micrographs of twinned �-Al2O3 (d and e) drawn from metastable tw

ith that seen at 800 ◦C. Furthermore, the amounts measured
ere compensated by the disappearance of pre-existing �-Al2O3

rystallites. This is evident from the �-size increment (Fig. 2(c)
nd (d) at 85–90 s). The size coarsening of smaller �-crystallites
ay initiate at temperatures above 900 ◦C. The corresponding
-Al2O3 formation started after the heating duration exceeded
20 s (Fig. 2(c) and (d)). A similar situation occurred with the �-
rystallite, going backward to �-crystallites seconds after their
ormation. It should be noted that all �-Al2O3 existing at var-
ous time intervals experienced phase transformation reversal
nce the thermal treatment temperature exceeded 800 ◦C; how-
ver, higher treatment temperatures may result in size coarsening
f �-Al2O3 which eventually may create the possibility for the
rystallite to remain at �-phase state longer (Fig. 2(d)).

.2. Morphology  of  nanosized  α-Al2O3 crystallites

Fig. 3 displays the morphology of discrete �-Al2O3 crystal-
ites less than 100 nm in size prepared by core (�-Al2O3)–shell
boehmite) agglomerate techniques. The agglomerates were
alcined at 1150 ◦C for 5 min and then quenched to room tem-
erature. Measurable amounts of residual �-Al2O3 were found
Fig. 3(a), XRD patterns). As a whole, the grains are free of
ermicular growths and are nearly spherical (Fig. 3(b) and (c),
EM micrographs). Detailed examination found that there are
ome �-Al2O3 crystallites with sizes ranging between approxi-

ately 20 and 50 nm (Fig. 3(d)). Previous studies propose that

here can be two-staged growth, 17–20 and 45–50 nm, for the
ormed �-Al2O3 crystallites before the completion of phase
ransformation.16,17,19 The vermicular growth would develop as

g
o
t
i

0 nm �-Al2O3 crystallites. The bright-field (a) and centered-dark field images
 plane: (0 0 1)) (c) of the examined sample calcined at 800 ◦C for 60 s. (Bottom

d �-Al2O3 and mosaic structured �-Al2O3 (f).

he size of �-Al2O3 crystallites grew past approximately 100 nm
Fig. 3(e)).

The �-Al2O3 crystallites obtained by phase transforma-
ion reversal of nanosized discrete �-Al2O3 crystallites may
ave grains exhibiting polysynthetic twins,31–33 especially
or the olive-like larger-sized grains (Fig. 4(a)–(c)). Previous
tudies14–17 indicated that there can be a critical size of �-
l2O3 crystallites during �- to �-Al2O3 phase transformation.
he critical size is approximately 25 nm (XRD-Scherrer for-
ula on (2 0 2)� of �-Al2O3). As �-Al2O3 crystallites grow to

his size, �-Al2O3 phase formation is triggered. According to
hese reports, �-Al2O3 crystallites of sizes larger than 25 nm
hould not exist in powders. Therefore, the twinned �-Al2O3
rystallites that occur in this study may be attributed to the �-
o �-phase transformation because the �-size was larger than the
ritical size of �-Al2O3. Multiple twinned �-Al2O3 crystallites
ere reported previously,32,33 although neither the size nor the

ormation mechanism of the twinned crystallite was discussed.
owever, because �- or �-Al2O3 crystallites with sizes larger

han 20–25 nm have not been found so far, there can be an addi-
ional possibility of forming twined �-Al2O3 crystallites, that
an be originated form the reversal of the �- to �-phase transfor-
ation. The multiple twinned lamellae are arranged along the

0 0 1] direction with (0 0 1) as the twin plane.
The �-Al2O3 crystallites converted from the �-Al2O3 crys-

allites derived from phase transformation reversal may contain

rains with twinned or mosaic structures (Fig. 4(d)–(f)). Obvi-
usly, due to the critical size phenomena, it is possible to find that
here can be fragments of �- and �-Al2O3 particles composed
n a mosaic (Fig. 4(f)).
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ig. 5. (a) The bright field and (b) dark field images of TEM micrographs of �

f [0 1 0] zone (twin plane: (0 0 1)). (d and e) The HRTEM images of twinned �

.3.  Microstructure  evolution

It is clear that the nanosized discrete �-Al2O3 crystallites
ay undergo phase transformation reversal to �-phase with

olysynthetic twins (Fig. 4(a)–(c)) and may convert backward to
-phase again with twin and mosaic structure. The phenomenon

s explained as a result of the difference in density between the
wo phases, equaling 3.65 and 3.98 g/cm3 for �- and �-Al2O3
hases, respectively. The occurrence of �- to �-Al2O3 phase
ransformation can result in an 8.3% volume expansion in the
rystallite. Similarly, a 9.0% volume reduction will be induced
uring the progression of a �- to �-phase transformation. There-
ore, the formation of the twin structure can be ascribed to as the
eflection of eliminating the mechanical strain due to volume

xpansion. Because the twin structure was formed to elimi-
ate the mechanical stress, the width and number of the twin
amellae can be affected by the amount of stress.34 In this study,

t
m

3 crystallites with twin structure, and (c) the corresponding diffraction pattern

3 crystallites in (a) showing twin boundaries (indicated by white arrows).

he lamellae generally show widths of 5–20 nm. Moreover, twin
amellae generated in one twinned crystallite could show differ-
nt widths. Some lamellae even had widths smaller than 5 nm
Fig. 5). Similar characteristics of twinned �-Al2O3 crystallites
btained by dehydration of boehmite at approximately 1200 ◦C
or 3 h were reported.32 The lamellae showed different widths
ut were all less than 10 nm. The twin structure can be preserved
uring the re-transformation of �- to �-phase if the mechanical
train induced by volume reduction can be effectively released
Fig. 4(d) and (e)). Or the volume reduction could lead to the
racking of the �-Al2O3 crystallite, bringing approximately the
ormation of a mosaic structure (Fig. 4(f)). Further, due to the
ritical size phenomena, the mosaic structure would be com-
osed of small �- and �-Al O fragments.
2 3

A strain release model is proposed to illustrate the microstruc-
ure evolution during the phase stabilization process of the
etastable �-Al2O3 crystallite in this study (Fig. 6). At first, the
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Fig. 6. Strain release model for phase st

olume expansion induced by the reversal of the �- to �-phase
ransformation results in the �′-Al2O3 crystallites with a twin
tructure. As the �′-crystallites may retransform to the �-phase,
he twin structure can either be preserved or the mosaic structure
ill be created, depending on the effectiveness of releasing the
echanical strain.

.  Conclusions

Discrete �-Al2O3 crystallites smaller than 100 nm in size
f the pre-existing type and those obtained in situ during ther-
al treatment, including from �-Al2O3 crystallites of sizes near

o and smaller than the critical size of phase transformation
ere examined to have similar reversal of phase transformation
ehavior.

. The nanosized �-Al2O3 crystallites experienced phase trans-
formation reversal to the �-phase within tens of second when
the crystallites were thermally treated at temperatures above
800 ◦C. The backward �-phase crystallite may transform to

the �-phase again if the appropriate thermal treatment con-
ditions were adopted.

. The phase transformation reversal of �- to �- and the re-
conversion of �- to �- is evident from the presence of twinned
tion of nanosized �-Al2O3 crystallites.

�- and twinned or mosaic �-Al2O3 crystallites, respectively.
A strain release model is proposed in this study.

This study indicates that the phenomena of the reversal of
hase transformation may be one of the major reasons why there
s no high phase-pure discrete �-Al2O3 crystallite powder less
han 100 nm in diameter available on the market.
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