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Synthesis of thermodynamically stable corundum structure alumina under lower temperature is of great
significance in practical applications, exploration on new technique and the involved mechanism therefore
becomes increasingly essential. In this work, the coupling effect and mechanism of chromia doping and vacuum
condition on the phase transition of Al2O3 prepared via co-precipitation process were investigated and explored.
It was found that chromia doping by itself did not promote the nucleation ofα-Al2O3, or in some sense inhibited
the transformation process. Cr doped γ-Al2O3 powders treated in a vacuum condition (10−5 Pa) however
showed a gradual transition toα-Al2O3 even at low temperature of 600 °C, demonstrating that surface nucleation
sites introduced by a coupled effect of vacuum and Cr2O3 doping contributed to the dramatic reduction
(200–400 °C) of the phase transformation temperature. Based on the comprehensive characterizations and con-
ventional diffusional nucleation mechanism, it is concluded that the surface nucleation sites for phase change to
α-Al2O3 increased significantly during vacuumcalcinationwith the combination of template effects of Cr2O3. This
finding may provide a new way in fabrication and understanding of stable alumina formation under relatively
moderate temperature condition.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Due to many beneficial properties and several existing crystalline
phases, alumina finds applications in a wide variety of areas, including
heterogeneous catalysis, abrasives, ceramic materials and protective
coatings [1,2]. For example, α phase is widely used as wear-resistant
coatings due to its hardness and thermal stability, while γ phase is
often used as catalysts or catalyst supports because of its low surface
energy and high specific surface areas available for catalytic reactions
[3,4]. Alumina exists in many different polymorphs–several transition
phases (γ, κ, δ, θ, etc.) as well as the only thermodynamically stable
phase α-Al2O3. Even though α-Al2O3 is thermodynamically stable at
all temperatures up to its melting point, the transition phases are
often formed at temperatures below 1000 °C. The reason seems to be
that the transition phases are surface energy stabilized at lower temper-
atures [5]. Transformations between metastable phases are topotactic
and therefore of relatively low energy [6]. The phase of θ-Al2O3, the
most crystallographically ordered transition alumina, is often the final
step before the transition to α-Al2O3 [7]. The transformation from
θ-Al2O3 to α-Al2O3 involves a change in the oxygen sub-lattice from
cubic to hexagonal close packing and generally ends in the transforma-
tion to the stable phase α-Al2O3above ~1100 °C. Generally, the
.

transformation to α-Al2O3 obeys a classical nucleation and growth
mechanism. A study by Messing et al. claims the evidence for a
diffusional nucleation mechanism for the transformation of θ-Al2O3 to
α-Al2O3 [7]. A critical crystal size, the most commonly reported
evidence for a shear nucleation mechanism, is also necessary for the
diffusional nucleation mechanism because the transition alumina
must coarsen to produce potent heterogeneous alpha nucleation sites
[8]. In addition, diffusional nucleation is more favorable at surfaces or
other low energy sites and the energy barrier for diffusional nucleation
arises from the creation of a new surface between the nucleating (α)
and matrix (θ or γ) phases. The metastable phases are involved in the
following common transition sequence as:

Bayerite or boehmite→γ‐Al2O3→δ‐Al2O3→θ‐Al2O3→α‐Al2O3:

The grains can grow fast at higher temperatures with these transfor-
mations and as a result there is a decrease of specific surface area and
consequently loss of sinterability [9]. Moreover, an elevated tempera-
ture of higher than 1000 °C prohibits the use of α-Al2O3 coatings on
temperature sensitive substrates such as many metals and their alloys
[10]. Thus, there is a pressing demand for decreasing the growth tem-
perature of α phase. Considerable studies have already been carried
out on the phase transformation of alumina. It is well known that the
phase transition of γ-Al2O3 toα-Al2O3 can be influenced by cation addi-
tive. For example, the gamma to alpha phase transition temperature
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was inhibited by the addition of monovalent cations— i.e., Li+, Na+ and
K+ [11], whereas the addition of transition metals such as Mn2+ and
Cu2+ has been reported to accelerate the transformation, hence
reducing the temperature [12]. Some other approaches have been
proposed to prepare α-Al2O3 at lower temperatures and the
corresponding mechanism has been investigated; by adding α-Fe2O3

or α-Al2O3 seed the energy for nucleation could be either reduced or
overcome [13]. In this present work, Cr doped alumina powders were
synthesized by a conventional co-precipitation process. Phase evolution
of the precursors and the new coupling effect of chromia doping and
vacuum calcination on the phase transformation of alumina and the
involved mechanism were investigated.

2. Experimental procedure

2.1. Materials processing

In the present study, the starting materials for hydrated alumina
are Al(NO3)3·9H2O with a purity of 99% (by weight, wt.) and
Cr(NO3)3·9H2O with a purity of 99% (wt.). Aqueous ammonia solution
(25 vol.%) of 99% (wt.) in purity was chosen as the precipitant. All
these reagents were purchased from Sinopharm Chemical Reagent Co.
Ltd., and used without further purification.

The flow chart of the preparation procedure is depicted in Fig. 1.
Al(NO3)3·9H2O and Cr(NO3)3·9H2O were dissolved into deionized
Fig. 1. Flow chart of the preparation procedure.
water. Precursors were prepared by dropping ammonia solution into
the solution at a low speed under magnetic stirring at room tempera-
ture. When the slurry pH was adjusted to 9.0–10.0 by a pH test strip,
it was stirred for another 30 min after finishing dropping. The resulting
suspensions were aged for 12 h at room temperature, after which the
slurry was rinsed with distilled water and ethyl alcohol two times
respectively and then dried at 100 °C for 12 h. After an intermediate
grinding, the dried gels were heat treated at 600 °C for 2 h in air to
remove the hydroxyl species. The dehydrated samples show a pure
phase of γ-Al2O3. Several samples of alumina containing 0, 1 wt.% and
3 wt.% chromium, corresponding to 0, 1.46, 4.38 mol% Cr2O3, were
prepared in this manner, and the three samples with different doping
concentrations will be denoted henceforth as 0%Cr, 1%Cr and 3%Cr.
Fractional as-prepared powders were sealed in a high-vacuum quartz
tube with a pressure of 5 × 10−5 Pa; the sealed and unsealed alumina
powders were calcined at different temperatures for 4 h.

2.2. Powder characterization

Chemical compositions of these as-prepared γ-Al2O3 powders were
verified by an X-ray Florescence spectrometer (XRF, XRF-1800,
SHIMADZU, Japan). Differential scanning calorimetry (DSC) of the
original precursors was employed to investigate the chromia doping
effect.

Phase identification of the powders treated at different
temperatures was performed on an X-ray diffractometer (D8 Advance,
BRUKER, Germany) with Cu Kα radiation at a scanning speed of 6°-
per minute. Photoluminescence (PL) measurements were carried out
with a Raman spectrometer (Lab HR Evolution, HORIBA, France) using
argon ion laser excitation at 532.2 nm and 632.8 nm at room tempera-
ture to detect the trace amount ofα-Al2O3 and to analyze the Cr3+ lumi-
nescent states in both α-Al2O3 and γ-Al2O3, respectively [14,15].
Differential scanning calorimetry (DSC) was made on a DSC analyzer
(STA449F3, NETZSCH, Germany) in flowing air with a heating rate of
10 °C/min and thermal gravimetric analysis (TG) used a TG analyzer
(QMS403C, NETZSCH, Germany).

Several techniques were employed to explore mechanism of the
coupling effect. Fourier transform infrared spectroscopy (FTIR) was
measured on an infrared spectroscope (VERTEX 70V, BRUKER,
Germany) with KBr pellet technique to study the different types of Al–
O stretching and bendingmodes. Furthermore, the powders were ultra-
sonically treated for 20 min in alcohol. The pellucid solution was
dripped onto an ultra-thin carbon coated copper grid for transmission
electron microscopy (TEM, Tecnai G2 F30, FEI, US) characterization.

3. Results and discussion

3.1. Chromia doping effect

Fig. S1 shows the representative DSC and TG curves for the dried
precursor of 0%Cr sample; the several peaks before 500 °C of the DSC
profile are accompanied by a large weight loss on the TG curve. It is
associated with loss of water. The TG curve indicates the complete
decomposition of the precursors occurred near 700 °C. The wave near
500 °C of the DSC profile is due to the initial formation of γ-Al2O3; the
three exothermic features 1, 2 and 3, observed at higher temperatures,
correspond to the formation of other transition alumina. The broad
peak centered at ~1000 °C may be related to the transition of γ-Al2O3

to δ-Al2O3, the well-defined peak at ~1100 °C corresponds to the trans-
formation of δ-Al2O3 to θ-Al2O3 and the third thermal event at 1217 °C is
the characteristic of the θ toα alumina transition [16]. For precursors of
0%Cr, 1%Cr and 3%Cr, similar curves were obtained over the range of
50–900 °C, and DSC curves are presented in Fig. 2 for different samples
in the range of 900 °C–1300 °C. One can note that the last transforma-
tion was shifted to higher temperature for samples of 1%Cr (1260 °C)
and 3%Cr (1272 °C). From the thermal analysis results, it suggests that



Fig. 2. Enlargement of the thermograms between 900 °C and1300 °C for Cr doped alumina
samples. (a) 0%Cr, (b) 1%Cr and (c) 3%Cr.
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chromia doping may inhibit the final transformation to α-Al2O3. In
addition, the XRD spectra of the 0%Cr, 1%Cr and 3%Cr heated at
1000 °C show that all the samples displayed the θ-Al2O3 structure.
More specifically, lower-speed scanning of the strongest peak centered
at ~67.4° was conducted to estimate the crystallite sizes for different
chromia doping concentrations, and the results are depicted in Fig. S2.
The estimated grain sizes determined from the refined XRD results are
estimated by the Scherrer formula to be ~9 nm. It seems that although
chromia doping by itself inhibits the phase transformation process of θ
toα alumina, it does not affect the coarsening of theta alumina. Besides,
compared with the peak position of samples 0%Cr and 1%Cr, there is a
shift towards smaller angle (larger d-spacing) for sample 3%Cr calcined
at 1000 °C, indicating a lattice expansion in the alumina lattice after
chromia doping.

As for the chromia doping effect on the phase transformation to
α-Al2O3, it is previously reported that dopant Cr3+ incorporated into
the crystal structure could inhibit the transformation to α-Al2O3. The
chromia doping effect was due to the resisting of the cooperative
motion of the oxygen ions [7,17,18]. However, it has been extensively
investigated that with external chromia acting as a template, the final
transition to α-Al2O3 can occur at much lower temperatures, especially
for α-Al2O3 films prepared through vapor deposition or magnetron
sputtering deposition techniques [19–21]. It is generally accepted
that both α-Al2O3 and chromia have the corundum-type
structure (space group R3c). Chromia of the trigonal phase (Eskolaite:
a0 = 0.5048 nm, c0 = 1.3735 nm [15]), which can be obtained at
temperature about 600 °C, has lattice mismatches to α-Al2O3 (a0 =
0.4742 nm, c0 = 1.2936 nm [22]) of 6% and 5.8% for the a and c axes,
respectively. Taking into account the almost equivalent cell parameters
of chromia and α-Al2O3, it is reasonable to presume that the transfor-
mation to α-Al2O3 can be induced and promoted by the more easily
formed chromia.
In short, chromia in the solid solution of (Al, Cr)2O3 acts as Cr3+ in a
crystallographic environment under the distorted symmetry of ionic
oxygen in transition Al2O3, rather than an independent corundum-
type template. Given the larger ionic radius of Cr3+ (0.062 nm) over
Al3+ (0.054 nm), the chromia doping causes a lattice expansion in the
alumina lattice, as demonstrated in Fig. S2. Thus, it is inferred that the
rearrangement of oxygen ions is suppressed and thus the cooperative
motion of the ions, the rate controlling step of the transition to
α-Al2O3, is restricted.

3.2. Vacuum calcination effect and coupling effect

Powders of 0%Cr and 1%Cr were used to study the vacuum calcina-
tion effect and coupling effect. The XRD patterns of powders calcined
at 800 °C and 1000 °C for 4 h in vacuum and in air are summarized in
Fig. 3. It can be seen that samples heated in vacuum transformed to
α-Al2O3 at a much lower temperature. For instance, partial transforma-
tion toα-Al2O3 was observed for 0%Cr vacuum annealed at 1000 °C and
1%Cr vacuum annealed at 800 °C, and a complete transformation to
α-Al2O3 was achieved for 1%Cr vacuum annealed at 1000 °C. It indicates
that although chromia doping by itself inhibits the phase transition to
α-Al2O3, chromia doping combined with vacuum calcination has a
more favorable effect of accelerating the phase transformation to
α-Al2O3 than the single vacuum calcination without chromia doping.
The following discussion will be mainly focused on the coupling effect
of vacuum calcination and chromia doping, i.e. the phase evolution of
1%Cr powders and the possible mechanism will be intensely discussed.
To make it simple, the 1%Cr powders calcined at 800 °C in air and
vacuum are henceforth denoted as S1 and S2, respectively.

To reiterate, all the as-prepared precursors were heated at 600 °C for
2 h to remove the hydroxyl species before further calcination and the
XRD spectra confirm a pure γ-Al2O3 phase of the heated oxides. Fig. 4
depicts the TEM images and selected area electron diffraction (SAED)
patterns of S1 and S2. Compared with the SAED patterns of S1, some
other diffraction spots, assigned to α-Al2O3 planes of (214), (113) and
θ-Al2O3 plane of ( 1 12), are indexed in the figure, indicating that
θ-Al2O3 or α-Al2O3 may exist in S2. In addition, it is clear that the aver-
age crystallite size of the particles (10–20 nm) after vacuum calcination
is much larger than that of particles (5–10 nm) after air calcination.
Also, it should be mentioned that despite the absence of amorphous
phase in XRD spectra, amorphous characteristic halos arise in the
SAED patterns. The halos are probably attributed to the ultra-thin
amorphous carbon supporting films used in the TEM analysis.

HRTEM images of S1 and S2 are given in Fig. 5. The d-spacing
labeling results indicate that both S1 and S2 have the phase of θ-Al2O3.
In addition, for S2 it appears that planes (113) and (024) of α-Al2O3

coordinate with the plane (112) of θ-Al2O3. However, only γ-Al2O3

and α-Al2O3 are sorted out in the XRD spectra. Thus, it suggests that
there exists a tiny amount of the intermediate phase of θ-Al2O3 in S2,
hence the transformation of θ-Al2O3 to α-Al2O3 swiftly completed
for S2.

The XRD results (Fig. 3) indicate that the vacuum calcination com-
bined with chromia doping can significantly reduce the transformation
temperatures (at least 200 °C) of γ-Al2O3 to α-Al2O3. To locate the crit-
ical temperature related to the coupling effect, the vacuum calcination
temperature of 1%Cr was lowered to 700 °C. The XRD result shows
that a pure phase of γ-Al2O3 was obtained for 1%Cr after calcination in
both vacuum and air at 700 °C. Generally, XRD analysis can identify
the main phase, but it is impossible to screen out trace phases. Due to
the significant luminescent ability of Cr3+ ions inα-Al2O3, it is assumed
that the luminescence spectra could be an effective way to detect the
trace amounts of α-Al2O3.

Fig. 6 presents the luminescence spectra of 1%Cr calcined at different
temperatures. After vacuum calcination at 800 °C, a sharp and intense
doublet, commonly labeled R1 and R2 at 692–695 nm was detected.
The doublet phenomenon is attributed to the Cr3+ ions in a high



Fig. 3. XRD patterns of the 0%Cr and 1%Cr powders calcined for 4 h at (a) 800 °C, in air, (b) 800 °C, in vacuum, (c) 1000 °C, in air, and (d) 1000 °C, in vacuum.
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crystal-field environment under the distorted octahedral symmetry of
ionic oxygen in α-Al2O3 [23]. The doublet at the same wavelength
position is also observed for 1%Cr after vacuum calcination at 700 °C
and 600 °C, confirming that a phase transformation to α-Al2O3 occurs
even at lower temperature of 600 °C. However, after vacuum calcination
at 550 °C, the two distinct lines did not appear. Therefore, the critical
temperature for the coupling effect should be positioned between
550 °C and 600 °C.

3.3. Mechanism discussion

Taking into account the results in subsections (3.1) and (3.2), it is
demonstrated that compared to chromia doping effect, chromia doping
Fig. 4. Selected area electron diffraction and TEM photographs of the
coupled with vacuum calcination can better promote the phase transi-
tion toα-Al2O3. In order to investigate the innermechanism, techniques
regarding the characterization of electronic structures and Al–O bonds
of the alumina powders were further employed.

Fig. 7 presents the PL spectra of 1%Cr calcined in different conditions
using a 632.8-nm Ar excitation laser. It can be seen from Fig. 7(e) that
the PL spectrum of 1%Cr after air calcination at 800 °C displayed a
broad band (N700 nm) emission feature, which was attributed to the
Cr3+ in a weak field situation of γ-Al2O3, as Lu and Kulinkin reported
[24,25]. As for 1%Cr after vacuum calcination at 800 °C, the strongly
inhomogeneously broadened spectra and a narrow doublet are ob-
served simultaneously. The broad band remains unaltered after vacuum
calcination, indicating that chromium ion states in γ-Al2O3 remain
1%Cr sample calcined at 800 °C for 4 h in (a) air and (b) vacuum.



Fig. 5. High resolution image of (a) S1 and (b) S2.
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almost unaffected. The sharp doublet corresponds to the R-lines
(2Eg → 4A2g) of Cr3+ in α-Al2O3, as observed in Fig. 6. Therefore, the
1%Cr powders after air calcination at 800 °C mainly comprise of Cr
doped γ-Al2O3 whereas powders after vacuum calcination at 800 °C
constitute Cr doped γ-Al2O3 and Cr doped α-Al2O3. The PL result is
consistent with the XRD and TEM results as shown in Figs. 3 and 4.
Additionally, features similar to that of 1%Cr vacuum calcined at
800 °C were observed for 1%Cr vacuum calcined at 700 °C and 600 °C,
unfolding a predominant phase of γ-Al2O3 and α-Al2O3. When the
Fig. 6. Luminescence spectra of the 1%Cr sample calcined in vacuum for 4 h at (a) 550 °C,
(b) 600 °C, (c) 700 °C, and (d) 800 °C.

Fig. 7. PL spectra of the 1%Cr sample calcined for 4 h at (a) 600 °C, in vacuum, (b) 700 °C, in
vacuum, (c) 800 °C, in vacuum, (d) 1200 °C, in air, and (e) 800 °C, in air.
1%Cr powders were sintered in air at 1200 °C, a characteristic curve
attributed to a pure phase of chromia doped α-Al2O3 emerged.
However, in comparison with the powders sintered in air at 1200 °C
(R1 at 692.91 nm, R2 at 694.32 nm), there is a red shift of R-line frequen-
cy for the powders after vacuum calcination (R1 at 692.92 nm, R2 at
694.37 nm). Scientifically, the increase in the R-line frequency is
ascribed to the stronger crystal field at Cr3+ ions in α-Al2O3, which is
commonly interpreted by a lattice expansion of the alumina due to
chromia doping [23,26]. In our study of the coupling effect, the chromia
doping concentration is fixed to 1 wt.% chromium (1.46mol% chromia).
Therefore, the red shift of R-lines after vacuum calcination aroused by a
weaker crystal field at Cr3+ ions probably resulted from the formation
of weaker Cr–O bonds in α-Al2O3.

In order to give an insight into the mechanism, FTIR analysis
concerning the Al–O bonding strength in the bulk was implemented.
Fig. 8 presents the FTIR spectra of S1, S2 and two other reference
samples, i.e. 1%Cr sintered at 1000 °C with the main phase of θ-Al2O3

(denoted as S3) and 1%Cr sintered at 1200 °C with the phase of
α-Al2O3 (denoted as S4), respectively. It is previously reported that in
aluminum oxides, if the coordination is octahedral (AlO6), the Al–O
stretching and bending modes are expected in 500–750 cm−1 and
330–450 cm−1, respectively. Nevertheless, a tetrahedral coordination
(AlO4) is expected to give stretching modes between 750 and
850 cm−1 and bendingmodes in the narrow range 250–320 cm−1 [27].

In the infrared spectrum of S4, peaks at 721, 638 and 588 cm−1 are
assigned to the stretching modes of AlO6, while the bands observed at
492 and 447 cm−1 are assigned to the bending modes of AlO6. It is
evident that S4 simply contains octahedral Al–O coordination,
indicating a pure phase of chromia doped α-Al2O3 [28]. Comparing
the infrared spectra of S1 and S3, they both include three peaks at
829, 768 and 567 cm−1, but with different fine structures. Compared
to S3, the peaks of S1 aremuch broader, probably because of the surface



Fig. 8. FTIR spectra for S1, S2, S3 and S4.
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effect or the increasing dangling bonds caused by a smaller grain size
[27,29]. As for S2, given its phase compositions of γ-Al2O3, θ-Al2O3 and
α-Al2O3, the peaks are assigned into three different groups. According
to the spectra of S1, S3 and S4, it is safe to infer that peaks at 829 and
760 cm−1 were attributed to the AlO4 stretching modes of θ-Al2O3 or
γ-Al2O3, and the band at 469 cm−1 belongs to the AlO6 bending
modes in γ-Al2O3, as documented in the literature [27]. Also, compared
with the spectra of S2, it is obvious that peaks assigned to γ-Al2O3 for S1
are much broader, indicating a much smaller grain size of S1 [29]. In
terms of the stretching modes of AlO6 for S2, the band observed at
667 cm−1 is probably attributed to the AlO6 stretching modes in
θ-Al2O3, whereas the bands at 704, 621 and 571 cm−1 are attributed
to the AlO6 stretching modes in α-Al2O3. Additionally, in comparison
of the spectra of S4 and S2, it can be seen that there is a 17 cm−1

frequency shift of the AlO6 stretching modes in α-Al2O3, i.e. from 721,
638 and 588 cm−1 in S4 to 704, 621 and 571 cm−1 in S2, respectively.
Consequently, the vacuum calcination leads to a weaker Al–O bonding
in α-Al2O3, in good accordance with the PL spectra. The vibrational
frequencies are summarized in Table 1.
Table 1
Observed vibrational transitions (cm−1) and assignments for S1–S4.

S1 S2 S3 S4 Assignments

829 829 829 ν AlO4

760 760 768

704 721 ν AlO6

667
621 638
571 567 588

469 492 δ AlO6

447

ν, stretching; δ, bending.
To give a possible mechanism of the coupling effect, some important
postulates and results are listed, as follows:

• Chromium is uniformly incorporated into the alumina prepared via a
conventional co-precipitation process, and no obvious migration
during calcination.

• Phase transformation toα-Al2O3 in our experiment obeys thediffusion-
al nucleation mechanism. A critical crystal size is necessary and diffu-
sional nucleation ismore favorable at surfaces or other lowenergy sites.

• The average crystallite size of γ-Al2O3 after vacuum calcination is larger
than that of air calcination, as determined by TEM and FTIR results.

• For S2, the phase transformation of θ-Al2O3 to α-Al2O3 is quickly
completed, as demonstrated by the HRTEM and XRD results.

• Compared to S1, weaker Al–O and Cr–O bonds in α-Al2O3 were
obtained in S2, as confirmed by PL and FTIR results.

Heating in a rarefied environment will be conducive to molecular or
ionic desorption from solid surface. Liu et al. reported F+ center
emission (an oxygen-ion vacancy occupied by two electrons) in
γ-Al2O3 derived by thermal dehydration of boehmite, similar to the
case in our study [30]. Therefore, the vacuum calcination effect is prob-
ably due to the increase of oxygen vacancy concentration, which may
introduce new surface nucleation sites. Thus, the increase of nucleation
density followed by an increase of the diffusional growth rate reduces
the incubation time to form a ‘critical size’.

As discussed in subsection (3.1), the inhibition of transformation to
α-Al2O3 caused by chromia doping is probably ascribed to the larger
size of chromium ions over aluminum ions, i.e. chromium ions are re-
stricted in the alumina lattice and thereby cannot act as a template
like the independent hexagonal phase of chromia. Based on the compre-
hensive results, a possible mechanism is proposed to interpret the
coupling effect according to the observed results and the classic phase
transformation theory.



Fig. 9. Schematic illustration of the possible mechanism of phase change from γ-Al2O3 to
α-Al2O3 based on the coupling effect.
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Fig. 9 (a)–(c) presents schematics of the sequence of the transforma-
tion toα-Al2O3 on the basis of coupling effect. Fig. 9 (a) shows the initial
configuration of the Cr doped γ-Al2O3 powders. It is probably due to the
increasing oxygen vacancies on the surface of γ-Al2O3 grains during
vacuum calcination that more favorable surface nucleation sites are
generated. In the next stage, together with the increase of new
nucleation sites, it is inferred that surface relaxation occurs on the
surface of γ-Al2O3 grains, causing an extension of the Cr–O and Al–O
bonding. As a result, the restrained Cr–O bonds transform to a state
approximate to the CrO6 state (octahedral Cr–O coordination) in the
hexagonal phase Cr2O3, which can be regarded as a template for
α-Al2O3 nucleation. The transitional state of CrO6 during vacuum
calcination is denoted as T-Cr2O3, as shown in Fig. 9 (b). Aside from
the rising nucleation sites introduced by vacuum calcination, the
nucleation barrier for the formation of α-Al2O3 nuclei is also reduced
by the occurrence of T-Cr2O3 and the transformation to α-Al2O3 is
readily completed, as shown in Fig. 9(c). Briefly, the coupling effect can
dramatically enhance the kinetic rate of the phase transformation from
γ-Al2O3 to α-Al2O3, leading to a distinct temperature reduction (at least
200 °C) in the inauguration of phase evolution. We believe that this
finding will provide a promising technique and some new insights in
the fabrication of thermodynamically stable alumina in forms of either
powders or coatings under relatively moderate temperature condition.
4. Conclusions

In summary, nanoscale Cr doped Al2O3 powders were successfully
prepared by using Al(NO3)3 and Cr(NO3)3 as the precursors via co-
precipitation process and the coupling effect of the chromia doping
and vacuum calcination on the phase transition of Al2O3 was
scrutinously investigated. It may be safe to draw the following
conclusions:

(1) Chromia doping by itself inhibits the phase transformation to α-
Al2O3, probably due to the resistance of cooperative motions of
the ions caused by the larger ionic radius of chromium ions
over aluminum ions.

(2) Vacuum calcination can accelerate the phase transformation to
α-Al2O3, and the chromia doping coupledwith the vacuum calci-
nation significantly reduces the phase transition temperature by
200–400 °C.

(3) A novel possible mechanism based on the surface reconstruction
and classic phase transformation theory is proposed to interpret
the coupling effect.
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