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Abstract: In this work, θ-Al2O3 whiskers with twins were successfully fabricated by a hydrothermal
method followed by annealing at 1000 ◦C in argon atmosphere using Al2(SO4)3·18H2O, CO(NH2)2

and PEG2000 as initial materials. It is confirmed that precursor of AlO(OH) whiskers is suitable to
be used for preparing alumina whiskers when the molar ratio of Al3+:CO(NH2)2 is selected to be
1:6. The mean length of obtained whiskers is 1.5 µm and the average width is 0.1 µm. Interestingly,
it is found that the as-prepared θ-Al2O3 whiskers consist of twins with (100) plane as the twin
surface, which is ascribed to the phase transformation from tetragonal phase (δ-Al2O3) to monoclinic
phase (θ-Al2O3) during the annealing. Additionally, the specific surface area of θ-Al2O3 whiskers is
measured to be 38.2 m2/g.

Keywords: θ-Al2O3 whisker; synthesis; microstructure; specific surface area

1. Introduction

Owing to the high strength, high modulus, high hardness and excellent corrosion
resistance against acid and alkaline, ceramic whiskers with tiny defects have been widely
investigated in the last twenty years [1–4]. To date, it is known that mullite whisker, TiCN
whisker and SiC whisker etc. have been successfully synthesized and potentially used as
the reinforcing and toughening phases in the ceramic-based composites, diesel particulate
filters, catalytic supporters and drug delivers [5–14]. For example, Z. Zhao et al. fabricated
15 vol.% TiC0.3N0.7 whisker reinforced β-sialon composite at 1750 ◦C under 30 MPa and
confirmed that the hardness and fracture toughness were effectively improved [11]. Sim-
ilarly, Y. Luo et al. designed SiC-SiO2-Al2O3 triple-layered SiC whisker to toughen SiC
composite and determined that the high flexural strength of 533.3 MPa and high fracture
toughness of 13.6 MPa m1/2 could be achieved [13]. In addition, by using the loose stacking
capability of whisker, porous ceramic could be well prepared. Y.M. Zhang et al. have
prepared mullite frameworks using vapor-solid reaction with SiO2, Al2O3 and AlF3 as the
forming agent at 1500 ◦C and determined that the framework possessed high porosity of
62.3% and high compressive strength of 142 MPa [14].

For Al2O3 whiskers, to date, there are mainly two methods to prepare: one is the
high temperature growth by vapor-liquid-solid deposition (VLS) and another is the hy-
drothermal reaction followed by high temperature annealing. The second method is more
convenient and not very critical to produce a large amount of whiskers. About the ap-
plication of Al2O3 whiskers, X.Y. Qu et al. have fabricated γ-Al2O3 whisker reinforced
aluminum composite by in situ cold pressing and sintering and confirmed that the ten-
sile strength and hardness of composite could be greatly upgraded [15]. In addition, Y.
Tamura et al. found that by using α-Al2O3 whisker to reinforce Al2O3 ceramic through
spark plasma sintering the high temperature creep resistance of composite was improved
up to one order of magnitude in comparison with that of pure Al2O3 specimen [16]. In
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addition, M. Ali et al. fabricated the PEGylated porous α-Al2O3 whiskers and found that it
had excellent biocompatibility and drug loading and release characteristic [17], whereas,
until now, no research has been done to investigate θ-Al2O3 whisker. Since it is also one
high temperature phase member of alumina whiskers, it is believed that except the mem-
bers of γ-Al2O3 and α-Al2O3 whiskers [18–25] the θ-Al2O3 whisker may also play one
important reinforcing role in the composites.

In this paper, θ-Al2O3 whiskers were successfully prepared by the hydrothermal
method followed by high temperature annealing. The optimized molar ratio of initial
materials to synthesize θ-Al2O3 whiskers was confirmed and the microstructure and
adsorption property of whiskers were characterized.

2. Experimental Procedure

Commercial powders of Al2(SO4)3·18H2O (99.5%), CO(NH2)2 (99.5%) and PEG2000
(99.5%) were used to fabricate the precursors [26]. In order to control the microstructure
of precursors, the molar ratios of Al3+:CO(NH2)2 were designed as 1:3, 1:5, 1:6 and 1:7.
The weighed powders were put into a hydrothermal kettle and then mixed with the
deionized water and ultrasonically stirred for 30 min until all powders dissolved into the
solution. Then, the kettle containing solution was sealed and put in an oven and heated at
150 ◦C for 12 h. After removing the deposited powder by vacuum filtration, the obtained
precursor was dried in the oven. The composition of precursor was examined by a X-ray
diffractometer (XRD) facility (Bruker D8 ADVANCE A25X, Bruker Corporation Co. Ltd.,
Karlsruhe, Germany) operated at 40 kV and 40 mA. The morphology of precursors was
observed by a scanning electron microscope (SEM) (FEI Inspect F50, Hillsboro, OR, USA)
equipped with an energy dispersive spectrometer (EDS) (Oxford Instruments, Oxford, UK).

In order to obtain the θ-Al2O3 whiskers, the prepared precursors were put into an
alumina crucible and annealed at 1000 ◦C in a tube furnace in flowing argon atmosphere.
The heating speed was 10 ◦C/min and the holding time was 6 h. Then, the compositions
of powders were examined by XRD and the microstructure of whiskers was observed
by SEM. The atomic arrangement of as-prepared θ-Al2O3 whiskers was checked by a
transmission electron microscope (TEM) (ZEISS Libra 200 FE, CARL ZEISS Co. Ltd., Baden
Wuerttemberg, Germany). The whiskers were dispersed in ethanol by ultrasonically stirring
for 10 min and then the suspension was dropped onto a copper web. Additionally, the
specific surface area of θ-Al2O3 whiskers was measured by a BET apparatus (QuadraSorb
Station 1, Quantachrome Instruments, Boynton Beach, FL, USA) with liquid nitrogen
adsorption at −196 ◦C after degassing at 300 ◦C for 6 h.

3. Results and Discussion

Figure 1 shows the X-ray diffraction (XRD) patterns of dried precursors prepared
by hydrothermal method, presenting the effect of urea content on the composition of
deposited precursors. It is seen that with the decreased molar ratio of Al3+:CO(NH2)2
the phase compositions of obtained powders change correspondingly. When the molar
ratio is 1:3, the obtained precursor probably consists of AlO(OH) and NH4Al3(SO4)2(OH)6
in which NH4Al3(SO4)2(OH)6 is the main phase (Figure 1a). When the molar ratios are
decreased to 1:5 and 1:6, the determined phase is AlO(OH) without any other impurities
(Figure 1b,c). By continuously decreasing the molar ratio of Al3+:CO(NH2)2 to be 1:7, the
main phase is NH4Al(OH)2CO3 and a few AlO(OH) phase coexists (Figure 1d). Based
on the analysis of XRD results, it is concluded that the preferentially formed phases are
NH4Al3(SO4)2(OH)6, AlO(OH) and NH4Al(OH)2CO3 respectively with the increasing
content of urea. The reason might be that with the increasing content of urea the pH value
of solution increases owing to the existence of more OH− and CO3

2− ions released by more
urea in the solution so as to result in the formation of precursors with weaker acidity [12].
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method under different molar ratio of Al3+:CO(NH2)2: (a) 1:3, (b) 1:5, (c) 1:6 and (d) 1:7.

In order to clearly understand the morphology change of whiskers with different
urea content, scanning electron microscope (SEM) was adopted to observe the deposited
powders, as shown in Figure 2. It is seen that when the molar ratio of Al3+:CO(NH2)2
is selected as 1:3, most of obtained precursors are balls covered by oriented whiskers
(Figure 2a). The mean size of balls is measured as 7.8 µm. By increasing the content of
urea, all balls disappear when the molar ratios of Al3+:CO(NH2)2 are 1:5 and 1:6 and all
formed precursors are agglomerated oriented whiskers like chrysanthemum (Figure 2b,c).
The length of both whiskers is about 1.5 µm and the mean widths of whiskers are 0.1
and 0.15 µm respectively. Based on the XRD spectra in Figure 1, it is concluded that the
balls are NH4Al3(SO4)2(OH)6 phase and the whiskers are AlO(OH) phase. Under the
higher urea loading with the molar ratio of Al3+:CO(NH2)2 of 1:7, most of the whiskers
disperse like beams (Figure 2d). This result can be explained by the Von Weimarn’s theory
that when increasing the concentration of urea the energy for formation of new surfaces
is available [12,27]. It is confirmed that the new formed whiskers are NH4Al(OH)2CO3
phase and with the increasing content of urea the morphology of deposited precursors
exhibits the tendency of ball to flower to beam corresponding to the phase transformation
of NH4Al3(SO4)2(OH)6 to AlO(OH) to NH4Al(OH)2CO3.

Additionally, in order to fabricate θ-Al2O3 whiskers, the as-prepared precursors were
annealed at 1000 ◦C for 6 h. M. Digne et al. confirmed that the precursor of AlO(OH) could
be transformed into γ-Al2O3 at 450 ◦C, δ-Al2O3 at 750 ◦C and θ-Al2O3 at 1000 ◦C [28].
Figure 3 shows the XRD spectra of annealed powders under the different urea loading. It is
found that when the molar ratio of Al3+:CO(NH2)2 is 1:3 the diffraction peaks belong to γ-
Al2O3 (Figure 3a). It is a very interesting phenomenon to form γ-Al2O3 phase at a high tem-
perature of 1000 ◦C, which supplies one possible way to prepare high temperature γ-Al2O3
phase transformed from NH4Al3(SO4)2(OH)6. When the molar ratios of Al3+:CO(NH2)2
are 1:5, 1:6 and 1:7, though the precursors of AlO(OH) and NH4Al(OH)2CO3 are different,
the final products are same to be θ-Al2O3 phase and crystallize very well (Figure 3b–d). It
is determined that the sintering temperature of 1000 ◦C and holding time of 6 h are suitable
for fabricating high purity θ-Al2O3 whiskers. K. Morinaga et al. also found that at the
temperature range of 950–1150 ◦C the θ-Al2O3 could be existing stably [24].
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Figure 3. XRD spectra of annealed powders treated at 1000 ◦C for 6 h using the precursors prepared
by the hydrothermal method with the different molar ratio of Al3+:CO(NH2)2: (a) 1:3, (b) 1:5, (c) 1:6
and (d) 1:7. The referred diffraction peaks of γ-Al2O3 are from ICSD 66559.
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Furthermore, by observing the microstructure of annealed powders using SEM, it
is seen that the morphology of powders does not change much in comparison with the
precursors, as shown in Figure 4. At the molar ratio of Al3+:CO(NH2)2 of 1:3, the formed
γ-Al2O3 phase shows the ball-like structure (Figure 4a). With the increasing content of
urea relative to the molar ratios of Al3+:CO(NH2)2 of 1:5 and 1:6, the obtained θ-Al2O3
phase presents the chrysanthemum-like microstructure (Figure 4b,c). Especially, at the
molar ratio of Al3+:CO(NH2)2 of 1:6, the prepared chrysanthemum-like whiskers are more
homogeneous. Additionally, when the molar ratio of Al3+:CO(NH2)2 is 1:7, only beam-
like θ-Al2O3 whiskers could be examined (Figure 4d). It is known that the formation of
whiskers is ascribed to the decomposition of precursors by giving off ammonia and carbon
dioxide and the recrystallization by phase transformation [29]. It exhibits that the final
morphology of θ-Al2O3 whiskers is dependent on the initial morphology of precursors.
Therefore, the optimized molar ratio of Al3+:CO(NH2)2 of 1:6 is suitable for the preparation
of θ-Al2O3 whiskers.
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under the different molar ratio of Al3+:CO(NH2)2: (a) 1:3, (b) 1:5, (c) 1:6 and (d) 1:7.

To characterize the θ-Al2O3 whiskers in details, the transmission electron microscope
(TEM) was utilized to observe the microstructure of annealed powder transformed from
the AlO(OH) precursor prepared with the molar ratio of Al3+:CO(NH2)2 of 1:6. Figure 5
shows the highly magnified image and atomic arrangement of θ-Al2O3 whiskers, as
well as the selected area electron diffraction (SAED) pattern. It is seen that the tips of
whiskers are smooth (Figure 5a). Interestingly, it is found that the obtained whiskers are
monoclinal with twins. The twin surface is (100) plane and (102) plane is deflected for a
certain angle (Figure 5b). In addition, the double SAED pattern confirms the existence of



Metals 2021, 11, 895 6 of 8

twins. The formation of twinned θ-Al2O3 whiskers is probably associated with the phase
transformation from tetragonal system (δ-Al2O3) to monoclinic system (θ-Al2O3) [30–33].
Y.G. Wang et al. also found in the θ-Al2O3 powder there existed multiple twinned lamellae
arranged along the [001] direction, which was possibly owing to the frozen-in stages during
the phase transition [32]. Present phenomenon is similar with that of ZrO2 when sintered
at high temperature [34–36]. N.K. Simha et al. firstly constructed Bain strains for the
tetragonal to monoclinic transformation of zirconia to explain the mechanism of resulting
twin [37]. By introducing the twin planes, it is suspected that the strength of θ-Al2O3
whiskers could be enhanced [38].
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Figure 5. High resolution transmission electron microscope (HRTEM) images of θ-Al2O3 whiskers prepared by the
hydrothermal method with the molar ratio of Al3+:CO(NH2)2 of 1:6 followed by annealing at 1000 ◦C: (a) tips of whiskers
and (b) twins. Inset image in Figure (b) shows the selected area electron diffraction (SAED) pattern of twins.

Figure 6 presents the adsorption-desorption curves of θ-Al2O3 whiskers tested in
nitrogen. These two curves belong to III-type with the existence of hysteresis loop which is
H3-type associating with the gaps among whiskers [39]. It is calculated that the specific
surface areas of θ-Al2O3 whiskers transformed from the precursors prepared at the molar
ratios of Al3+:CO(NH2)2 of 1:5 and 1:6 are high as 43.3 and 38.2 m2/g, respectively. There-
fore, the as-obtained alumina whiskers are also promising to be used as the support of
catalysts in the high temperature fields [40,41].
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4. Conclusions

This work investigated the hydrothermal synthesis of twin θ-Al2O3 whiskers and the
conclusions are summarized as follows:
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• θ-Al2O3 whiskers were successfully fabricated by using the hydrothermal method fol-
lowed by annealing at 1000 ◦C in the flowing argon using Al2(SO4)3·18H2O, CO(NH2)2
and PEG2000 as the initial materials.

• The optimized molar ratio of Al3+:CO(NH2)2 was determined as 1:6 to obtain the
homogeneous AlO(OH) precursor.

• The final morphology of θ-Al2O3 whiskers was derived from the initial microstructure
of AlO(OH) precursor.

• θ-Al2O3 whiskers contained twins owing to the phase transformation from tetragonal
system to monoclinic system during annealing. The high specific surface area of
θ-Al2O3 whiskers was measured as 38.2 m2/g.
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