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Abstract Al,O; whiskers with an average length of 5 pm
have been synthesized from hydrothermal solution.
Al(NO3); and urea were mixed and put into a Teflon-lined
stainless steel autoclave and then treated at 120 °C to
fabricate precursor whiskers NH4AI(OH),COs; (AACH).
AACH whiskers were heated at 1200 °C in a furnace to
obtain Al,O3; whiskers. The time-dependent examinations
revealed that the formation process of AACH whiskers
involves two sequential processes: a short liquid—solid
deposition process in the initial stage and a long Ostwald
ripening process. During calcinations, AACH transforms to
amorphism then to a-Al,O5. The escape of NH; and CO,
induced the distortion and toothlike morphology on the
surface of the Al,O5; whiskers.

Introduction

The research of certain small, single crystal whiskers has
attracted extensive interest especially for physicists and
material scientists for many years due to their wide range
of potential applications in industrial realm. Various kinds
of whisker products, such as MgO [1], AIN [2], and
Al gB4O35 [3] have been reported and published in peer-
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reviewed publications during last decade. The high melting
point, elastic modulus, thermal and chemical stability of
alumina whiskers makes it one of the most important
materials in the whiskers family.

It has been suggested that alumina whiskers are signif-
icant functional materials which can be widely used as
reinforcement agents in the preparation of ceramic, metal,
and polymer composite in order to improve their
mechanical and high temperature properties [4, 5]. Many
efforts have been put forward to obtain single crystal alu-
mina whiskers. Webb and Forgeng [6] first fabricated
alumina whiskers by heating alumina or TiAl; between
1300 and 1450 °C in the stream of hydrogen. This vapor
deposition process was described by Devries and Sear [7],
Edwards and Happel [8], Wiedemann and Sturzenegger
[9], and Hayashi et al. [10]. Alumina whiskers were made
using Al and SiO, powders via VLS deposition in Ar
atmosphere at 1300 to 1500 °C [11-13]. Al and different
metal oxide powders were used in Ar atmosphere at 850 to
1100 °C to obtain alumina whiskers [14, 15]. Okada et al.
[16] synthesized alumina whiskers by decomposition of
alumina borate whiskers. Yu and Du [17] prepared alumina
whiskers by aluminum ethoxide precursor. Zhang [18] used
titanium dioxide powder and aluminum powder as mate-
rials to form alumina whiskers. However, all these methods
are expensive, time-consuming, required uncommon raw
materials and often involve in tough reaction environment,
such as high temperature processing, so the effortless and
inexpensive manufacture process of alumina whiskers is in
highly urgent demands.

In this article we proposed a new and economic process
to fabricate alumina whiskers with very cheap and readily
available raw materials at relatively low temperature. The
growth process and mechanism of precursor whiskers and
final products are discussed as well.
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Experimental

All of the chemical reagents used were of analytical grade
and without further purification. Aluminum nitrate
(AI(NO3)3-9H,0) and urea were purchased from Tianjin
Chemical Reagents Company. In a typical procedure, 7.5 g
AI(NO3)3-9H,0 and 3.6 g urea were mixed with 20 mL
distilled water. After 30 min of stirring, the resulting
solution was transferred into a Teflon-lined stainless
autoclave (45 cm’ capacity). The autoclave was sealed and
maintained in an electric oven at 120 °C for 24 h, and then
cooled to room temperature naturally. The product was
carefully collected and washed with distilled water and
then dried at room temperature. After that the precursor
was calcined at 1200 °C for 4 h to get the final product.
X-ray diffraction (XRD) analysis was performed using a
PANalytical X’Pert PRO diffractometer with Cu Ko radi-
ation (4 = 0.15406 nm). SEM images were taken on a

Fig. 1 SEM images of the
AACH samples at different
growth stages: a 1.5 h, b 3 h,
c4h,d5h,e8h

@ Springer

JEOL JSM-5610LV SEM instrument. Thermogravimetric
(TG) measurements were conducted on a TA SDT Q600
analyzer.

Results and discussion

Formation of precursor AACH whiskers

The liquid phase reactions of the system are shown below:

CO(NH,), +3H,0 — 2NH,* + 20H + CO, (1)

CO, + H,0 — HCO;™ + OH™ (2)
NH," + AI*" + HCO;~ + 30H™
— NH4A1(OH)2CO3+ H,O (3)

Hydrolyzation of urea produced plenty of NH4+, OH ™,
and HCO3™ in the solution [19]. These ions reacted with
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A" to form the precursor NH,Al(OH),CO5 (AACH). To
understand the formation mechanism of AACH whiskers,
we systematically investigated the samples obtained at
different stages of the reaction using the SEM and XRD
techniques. Figure la—e shows the SEM images of the
samples obtained after the reaction proceeded for 1.5, 3, 4,
5, and 8 h, respectively. These images clearly demonstrate
the transformation process of the particle morphologies
from irregular particles to rodlike shape, and finally to
whiskers structure. When the reaction proceeded for 1.5 h,
the sample was composed mainly of irregular particles with
different size and relatively smooth surface, as shown in
Fig. la. These particles were viscid to some extent and
were aggregated. The XRD pattern (Fig. 2a) of these
particles shows no reflections, suggesting that they might
be amorphous. When the reaction proceeded for 3 h, plenty
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Fig. 2 XRD patterns of the AACH samples obtained at different
growth stages: @ 1.5h,b3h,c4h,d5h,e8h

of little hillocks emerged on the surface. The relatively
smooth surface became rough (Fig. 1b). Two diffraction
peaks appeared in the XRD pattern (Fig. 2b), suggesting
that the crystallization process began. When the reaction
proceeded for 4 h, these little hillocks extended to rods.
The rodlike products had an average length of about 2 um
(Fig. lc). The inorganic phase was indexed, AACH with
good crystallinity was grown up (Fig. 2c). When the
reaction proceeded for 5 h, plenty of whiskers were noticed
in the sample, only a tiny percent of very small irregular
particles could be observed in Fig. 1d. The length of these
whiskers was 5-10 pm. When the reaction proceeded for
8 h, large scale of whiskers appeared. The length scale was
the same as in Fig. 1d, but the rough surface changed to
smooth and the irregular particles disappeared. The XRD
patterns of last samples (Fig. 2d, e) show that well-
crystallized AACH whiskers had formed. The series of
SEM and XRD images reveals the transition process of the
AACH whiskers.

The above investigation suggests that the formation of
AACH whiskers undergoes four distinctive stages: (1) the
formation of irregular particles through the solvothermal
reactions; (2) the growth of rodlike products from these
irregular particles; (3) the formation of whiskers from the
rodlike products; (4) the evolution of long and smooth
whiskers. Such a formation process of AACH whiskers is
depicted schematically in Fig. 3a—e. The stages involve a
liquid—solid transformation process from AI(NOj); to
AACH and a ripening process. The former process is
performed in a relatively short period of the reaction time
(5 h), and the latter process can last 3 h to 2 days to make
sure the little irregular particles totally turn into whiskers.

The hydrothermal temperature is a key factor that
influences the formation and particle size. The temperature
affects the hydrolyzation of urea. No reaction occurs below
70 °C. The hydrolyzation rate increases with the raising
temperature, but side reaction happens when the tempera-
ture is up to 130 °C, resulting in biuret and cyanuric acid
formation. In our system, the efficient deposition started at
100 °C. At 90 °C, no matter how long the reaction lasts,
only gel can be obtained. The morphology of the gel is the
same as that of the product shown in Fig. 1a.

AACH whiskers has been synthesized as precursor, it
can decompose to alumina products by calcining at certain
temperature. We chose three temperature points to study
the calcining stage in the range of 800-1500 K. XRD, TG,
and SEM analysis were used to testify the products.

Formation of final alumina whiskers
AACH was sintered at 823, 1373, and 1473 K, respec-

tively. The XRD patterns of the products obtained at
different temperature is shown in Fig. 4. At 823 K,
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(a)

Al(NO3)sturea

Fig. 3 Schematic illustration of the formation process of AACH whiskers: a initial solution; b 1.5 h, irregular particles; ¢ 2 h, AACH whiskers
appearing from the surface; d 4 h, AACH whiskers with few smaller irregular particles; e 5 h, long smooth AACH whiskers
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Fig. 4 XRD patterns of the alumina products obtained at different
temperatures: @ AACH, b 823 K, ¢ 1373 K, d 1473 K

amorphous products came forth (Fig. 4b). No diffraction
peaks appeared on the XRD pattern. At 1373 K, the
products were partly crystallized (Fig. 4c). The crystalli-
zation extent was better than the former. At 1473 K, dis-
tinct diffraction peaks show that «-Al,O; with lattice
constants @ = 4.758 A, b = 4.758 A, and ¢ = 12.991 A
were formed (Fig. 4d), in good agreement with the litera-
ture values (JCPDS Card No. 01-010-0173). In addition,
the intense and sharp diffraction peaks suggested that the
final products were well-crystallized.

The results testified that the AACH transformed to
amorphous products initially and then to «-Al,O3. The TG
curve (Fig. 5) shows that the precursor underwent a single-
step weight loss (60.94%), which was very close to the net
weight loss (ca. 63.3%) of pure AACH. These results
indicated that AACH decomposed according to the fol-
lowing reaction:
2NH;Al(OH),CO; — AL O; + 2NH; + 2CO;

+ 2H,0

The morphology and dimension of the products were
examined by SEM. Comparison of the precursor and the
final products are shown in Fig. 6a, b. The uniform AACH
whiskers were around 10 um long. The length of Al,O3
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Fig. 5 TG curve of the precursor

products was shorter than AACH whiskers, ranging from 1
to 5 um. Besides, the smooth surface of AACH had turned
to be distortion and toothlike. That was because the pre-
cursor AACH liberated NH; and CO, gas during
conversion.

The structure of AACH crystal is composed of chains of
Al-O octahedron [20] linked by sharing oxygen atoms with
strong covalent bonds, CO5*™ and NH," are located
between the chains associated by weak bonds, such as
hydrogen bands [21]. During the decomposition of AACH,
the Al-O chains kept constantly, NH;, CO,, and H,O
emitted and left gaps between the chains. When the gas
molecules were liberated, the surface of whiskers was
prone to be broken, especially when the gas volume
evolved was large and the evolution quick.

Conclusions

In summary, alumina whiskers have been successfully
synthesized. AACH whiskers were fabricated in the
hydrothermal process and the alumina whiskers were
obtained in the calcination process. The formation of the
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Fig. 6 Comparison of AACH
and Al,O5; whiskers: a AACH
whiskers: b Al,Oz whiskers

AACH whiskers went through the morphological changes
from irregular particles to rodlike shapes and finally to
whiskers structures, and these changes involved a short-
period liquid—solid deposition process and a subsequent
long-period ripening process. The formation of alumina
whiskers underwent from amorphous state to crystalline
state, escaping of NH;3 and CO, induced the distortion and
the formation of toothlike structure. The synthesis process
is proved to be efficacious for the preparation of alumina
whiskers.
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