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YAG (yttrium aluminum garnet, Y3Al5O12) powders were synthesized by a mechanochemical solid reaction of Y2O3 with
AlOOH and γ-Al2O3. Phase development of the resultant YAG samples during grinding and calcination was compared
between two types of aluminum source. The reaction of Y2O3 with AlOOH was activated by mechanical energy and the use
of fine powder instead of heat energy, leading to the direct formation of YAG without second phases such as YAP (yttrium
aluminum perovskite, YAlO3) and YAM (yttrium aluminum monoclinic, Y4Al2O9) with calcination at 800oC. However, the
sample containing g-Al2O3 and Y2O3 yielded YAP along with YAM after calcination at 900oC because g-Al2O3 transformed into
α-Al2O3, which made it difficult to diffuse Al3+ into Y2O3 lattice, and then by increasing temperatures to 1300oC, a well-
crystallized phase of pure YAG was obtained. YAG powders showed good sinterability, although the samples were hardly
agglomerated after grinding. After the same calcination of two samples at 1000oC, YAG samples containing the AlOOH and
γ-Al2O3 were densified to ~96.7 and ~92.9% of the theoretical density, respectively, by sintering at 1600oC for 4 h under
atmospheric conditions. It is concluded that the use of a fine, type of starting materials and grinding time are believed to be
important factors in the mechanochemical synthesis of YAG.
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Introduction

Yttrium aluminum garnet (YAG, Y3Al5O12) is attractive
in many areas due to its superior creep resistance, excellent
thermal stability, corrosion resistance and interesting
optical properties. Due to its homogeneous optical
properties and lack of birefringence effects, Nd-, Er-,
and Ho-doped single crystal YAG are widely used as
solid-state laser gain host materials and luminescence
materials [1-4]. In the meantime, research studies on
polycrystalline YAG have been reported over the past
20 years. Polycrystalline YAG has many potential appli-
cations, such as thermal barrier coatings and high-
temperature structural materials [5-7]. As part of a U.S.
Air Force initiative to develop high-temperature materials
for use in future turbine engines, YAG was identified
as a potential candidate for an oxide-oxide composite
matrix as well as a reinforcement fiber. However, owing
to low reactivity between Y2O3 and Al2O3, the fabri-
cation of polycrystalline YAG by a solid-state reaction
requires high sintering temperatures above 1600oC.
Heat treatment of mixed oxide powders at temperatures
below 1600oC yields intermediate phases, such as YAM
(yttrium aluminum monoclinic, Y4Al2O9), YAP (yttrium
aluminum perovskite, YAlO3), and Al2O3 coexisting with
YAG [1, 8]. The use of fine and reactive YAG powder
with improved sinterability is essential in obtaining

YAG ceramics with a full density and transparency at
low temperatures [8, 9]. In order to synthesize such
powders, various chemical methods have been investigated
including co-precipitation [10-11], sol-gel process [12],
hydrothermal synthesis [13], spray pyrolysis [14], and
a urea method [15]. These methods have reduced the
formation temperature of the YAG phase to 900-1200oC.
However, the chemical processes have some intrinsic
disadvantages against the conventional solid-state reaction.
For example, co-precipitation usually uses chloride or
nitrate salts. The presence of anions can damage the
properties of the synthesized powders and the final pro-
ducts. It is necessary to use a water or ethanol for removing
there ions. This makes it difficult to control the stoichio-
metric composition of the designed compound [16].

Mechanochemical processing or high-energy ball milling
was originally developed for the production of alloys
and intermetallic compounds in 1966 [17]. The major
advantage of this method is that the process is activated
by mechanical energy rather than heat energy at elevated
temperatures.

Recently, a mechanochemical synthesis that produces
reactive and fine YAG powders by grinding the
constituent oxides has been used as an alternative to
chemical methods [16,18]. Literature concerning the
synthesis of YAG powder shows that the mechano-
chemical reaction depends on the starting materials.
Zang and Saito [18], who used Y2O3, α-Al2O3, Al(OH)3,
and AlOOH powders, reported no mechanochemical
reaction between Y2O3 and á-Al2O3 or Al(OH)3. Kong
et al. [16] claimed to produce pure YAG powder from
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commercially available Y2O3 and Al2O3 by grinding
and calcination at 1000oC and attributed the formation
of the YAG phase to reduced particles size resulting
from grinding. According to a previous study [24], the
phase development of YAG by a solid state reaction is
very complex. Several reactions occur at the same time
including: the grain growth of Al2O3 and Y2O3, the
diffusion of Al3+ into the Y2O3 lattice and the phase
formation reaction of YAM YAP YAG.

In this study, the characteristics of Y2O3 with AlOOH
and g-Al2O3 during grinding, calcination, and sintering
were investigated to obtain further information on the
synthesis of YAG ceramics and their applications.

Experimental

Materials
Y2O3, AlOOH and γ-Al2O3 were used as starting

materials. Y2O3 was prepared by precipitation of 99.9%
yttrium nitrate hexahydrate (Y(NO3)3 · 6H2O). As a
precipitant, ammonia water (2M, reagent grade) and
ammonia sulfate were used. During the precipitation
process, the reaction system was kept at a temperature
lower than 5oC and the final pH value of the solution
was 8.1. Then, the precipitate slurry was aged for 3 h
with mild agitation by a magnetic stirrer. The precipitated
slurry was filtrated and washed with deionized water
and anhydrous ethyl alcohol to remove the NH4NO3

and prevent agglomerations. The precipitate was dried
at 80oC for 24 h, and then was calcined at 600oC in an
air atmosphere for 4 h to obtain nanocrystalline Y2O3

powder [9]. AlOOH was prepared by heating Al(OH)3

(Gibbsite, Aldrich) powder at a rate of 5 K minute−1 to
400oC and held for 2 h [18-21].

Powder synthesis and sintering
Y2O3 with AlOOH and γ-Al2O3 powder was mixed

using a mortar and acetone at a 5 : 3 molar ratio of Al
to Y, respectively. Then, the sample was dried at 80oC
for 8 h. The milling process was carried out using a
Spex 8000-D mixer mill consisting of a zirconia vial
(50 ml) and balls (10 mm in diameter, 3 EA) in air at
room temperature for up to 24 h. To investigate the
phase development, the samples ground for 12 h were
calcined at temperatures between 600oC and 1300oC
for 2 h. After synthesis of the YAG powders, 4 mm
thick pellets were formed under a pressure of 200 MPa
with a 11 mm diameter mold using powders calcined at
1000oC for 2 h. Then, the pellets were sintered at 1300-
1700oC for 4 h under atmospheric conditions in a furnace
with a super kanthal heating element.

Characterization
Phase identification in the powders which were

ground and calcined was investigated with X-ray powder
diffractometry (CuKα radiation, 40 kV, 100 mA, Rigaku).
The specific surface area of the ground powder was

measured using a nitrogen gas adsorption instrument
(Micrometrics) based on the Brunauer-Emmett-Teller
(BET) method. The particle size and morphology of the
ground powder were examined with a field emission
scanning electron microscope (FE-SEM, Hitachi, S-4700).
Densities of the sintered samples were measured by the
Archimedes method, which used water as the immersion
medium. The sintered samples were polished, and thermally
etched at a temperature 150oC below the sintering tem-
peratures. Microstructures of the samples were also
observed using FE-SEM.

Results and Discussion

Phase identification and powder morphology during
grinding process

Fig. 1 shows the X-ray diffraction patterns of the
samples ground for different intervals of time. As the
grinding time increased, Bragg peaks of Y2O3 crystals
gradually disappear and a nearly amorphous phase comes

Fig. 1. XRD patterns as a function of grinding time for the samples
of synthetic Y2O3 with: (a) AlOOH, and (b) γ-Al2O3.
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to be observed in 12 h. The stability of the crystal
structure of the materials against grinding depends on
their inherent nature as well as the grinding conditions.
Some materials, called soft materials, tend to transform
easily into an amorphous states with grinding where as
others called hard materials, tend to remain in a cry-
stalline state [18]. In Fig 1(a), Y2O3 produced by preci-
pitation and AlOOH is considered as a soft material.
Therefore, it was easy to transform into an amorphous
state. Unlike a previous study using reagent grade Y2O3

and AlOOH [18], which yielded YAP and YAG after
grinding for 12 h, an intermediate or YAG (JCPDS #33-
0040) phase was not observed in this study up to 24 h.
γ-Al2O3 in the sample containing Y2O3 and γ-Al2O3

was converted into α-Al2O3 (JCPDS # 46-1212) after
grinding for 2 h. γ-Al2O3 is produced by the dehydration
of AlOOH, which is transformed by thermal energy
through a series of metastable transition alumina phases
including γ-, δ-, θ-Al2O3 and finally forming thermody-
namically stable α-Al2O3 (corundum). The transformation
from θ- to α-Al2O3 requires a reconstruction of the
structure, involving a change in the oxygen sublattice
from cubic to hexagonal and occurs with a large energy
difference [19-22]. In this case, the mechanochemical
reaction instead of thermal energy resulted in the
complete transformation of γ-Al2O3 into α-Al2O3 during
grinding of the powder mixture.

Fig. 2 shows SEM micrographs for the samples of
as-mixed and ground for 12 h. The samples before
grinding, as shown in Figs. 2(a) and (c), are agglomerated

by weak surface forces such as electrostatic, Van der
Waals or capillary forces; which can be easily separated.
After grinding for 12 h, the sample containing AlOOH
and γ-Al2O3 became barely agglomerated and consisted
of primary particles with sizes of 50 and 200 nm
approximately, respectively, as shown in Fig. 2(b), and
2(d). As above, the weak and hard agglomeration can
be explained by specific surface areas values, as follows.

Fig. 3 shows specific surface areas for the samples.
The as-mixed samples containing AlOOH and γ-Al2O3

had specific surface areas of 98.2 and 92.4 m2/g, respec-
tively, mainly due to the large surface areas of the
synthetic Y2O3, AlOOH and γ-Al2O3 powders. As grinding
time increased, the specific surface areas of samples

Fig. 2. SEM micrographs for the samples of synthetic Y2O3 ; (a) as-mixed with AlOOH, (b) ground with AlOOH for 12 h, (c) as-mixed with
γ-Al2O3 and (d) ground with γ-Al2O3for 12 h γ-Al2O3.

Fig. 3. Specific surface areas of the samples as a function of
grinding time.
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containing AlOOH and γ-Al2O3 decreased rapidly,
reaching a value of 3.3 and 2.7 m2/g after a grinding
time of 12 h, respectively, because samples are barely
agglomerated by strong chemical bonds from a chemical
reaction or diffusion. Agglomeration is generally observed
in the dry grinding process, where particles are broken
in a fine scale and held together by moisture present or
Van der Waals attraction. In this case, it is considered
that when the grinding time was increased the decrease
of specific surface area values is due to aggregates
from the mecanochemical reaction, which makes it
difficult for the absorption of nitrogen gas onto the
primary particles, resulted in low specific surface areas
of samples.

Formation of YAG during calcining the ground
powders

It is known that in a solid-state reaction between
Y2O3 and Al2O3, an Al2O3-rich YAM phase first is formed
and then transformed into YAP, which continues to
react with Al2O3, producing YAG. A pure phase YAG
can be obtained at higher temperatures above 1600oC
in a conventional solid-state reaction for Y2O3 and
Al2O3 binary systems. The reaction can also be accelerated
if the particle size of the starting powders is reduced [23].

XRD patterns of the samples ground for 12 h and
calcined at various temperatures for 2 h are shown in
Fig. 4. In the case of the sample containing AlOOH,
the YAG phase directly appeared with calcination at
600oC without intermediate phases, and a well-crystallized
phase of YAG was easily obtained by calcining the
ground sample at 800oC for 2 h. Ther realative intensity
of YAG increased with an increasing the calcinations
temperature. However, remarkable discrepancies concer-
ning phase development were observed for the sample
containing γ-Al2O3. In this sample, YAM (Y4Al2O9, JCPDS
# 34-0368) and YAP (YAlO3, JCPDS # 33-0041) appeared
along with small peaks from α-Al2O3 at 900oC. When
the calcining temperature was increased to 1100oC,
YAG (Y3Al5O12) occurred coexisting with YAP. A pure
YAG phase was obtained. When the calcining temperature
was increased to 1300oC, which was nearly 500oC higher
than the sample containing AlOOH. This phenomenon
may be explained in two ways. In the first, the
diffusion of Al3+ into Y2O3 lattice is difficult because a-
Al2O3 converted from ã-Al2O3 during grinding is a
stable phase. Also, the sample containing γ-Al2O3 has a
lower reactivity for YAG formation compared to the
AlOOH. Because it has larger primary particles after
grinding, as shown in line high magnification images
of Fig 2(b) and (d).

If α- or θ-Al2O3 is used as the aluminum source to
synthesize YAG, the diffusion does not occur at low
temperature. When the calcining is performed at higher
temperatures, Y2O3 and α-Al2O3 exhibit a larger grain.
This would induce a longer diffusion distance for the
solid state reaction [24].

Both of the samples which increased internal energy
and elastic distortion [24, 25] of Y2O3 by a mechano-
chemical reaction showed a faster reactivity than by a

Fig. 4. XRD patterns of the samples ground for 12 h and calcined
at various temperatures for 2 h of: (a) Y2O3 and AlOOH, (b) Y2O3

and γ-Al2O3..

Fig. 5. XRD pattern for the sample of Y2O3 and AlOOH ground
for 24 h and heated at 800oC for 2 h.
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conventional solid state reaction at lower temperature.
A long period of grinding time could not improve the

reactivity for the phase formation of YAG. Fig. 5 shows
the XRD pattern of the Y2O3 and AlOOH sample
ground for 24 h and calcined at 800oC for 2 h.

While the sample ground for 12 h gave a pure YAG
phase, an intermediate YAP phase existed in the sample
ground for 24 h, which may be due to severe agglo-
meration of the sample, as shown in Fig. 6. From these
results, it is concluded that the types and grinding time
of starting materials are important factors in the
mechanochemical synthesis of YAG.

Sintering behavior of YAG powders prepared by
mechanochemical process

Fig. 7 shows the relative density of the compact
samples sintered from 1300 to 1700oC for 4 h under air
atmospheric conditions. The relative density of the YAG
samples sintered at 1600oC was 96.7 and 92.9% of the
theoretical density, respectively. Between 1550 and 1600oC,
the samples showed maximum linear shrinkage rate.

The microstructures of the mirror-polished and
thermally-etched samples sintered from 1300 to 1600oC
are shown in Fig. 8-9. Both of the samples sintered at
1300oC exhibit a fine grain size distribution of ~200 nm,

Fig. 8. SEM micrographs of Y2O3 and AlOOH samples sintered for 4 h at: (a) 1300oC, (b) 1400oC, (c) 1500oC, and (d) 1600oC.

Fig. 6. SEM micrograph for the sample of Y2O3 and AlOOH
ground for 24 h.

Fig. 7. Relative density of the samples sintered at various temperatures
for 4 h.
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as shown in Figs. 8(a) and 9(a). The samples containing
AlOOH and γ-Al2O3 showed similar sintering behavior.
As the sintering temperature was increased to 1400oC,
the coalescence of particles occured, which formed
networks. As the temperature rose to 1500oC, the samples
completely transformed and underwent rapid grain
coarsening with an increase in grain size at 1600oC.
Rapid grain coarsening of the networked microstructure
resulted in pore entrapment. The sample containing
AlOOH showed a better microstructure than the sample
containing γ-Al2O3 after sintering at 1600oC for 4 h.

Conclusions

YAG powders were produced via a mechanoche-
mical solid reaction of synthetic Y2O3 and two types of
aluminum source, AlOOH and γ-Al2O3, and their phase
formation and sintering behavior were comprised.

The sample containing Y2O3 and AlOOH was converted
into a nearly amorphous phase after grinding for 12 h.
The γ-Al2O3 in the sample containing Y2O3 and γ-Al2O3

was transformed into α-Al2O3 by mechanical energy.
Calcining the ground sample containing AlOOH at

800oC directly converted Y2O3 and AlOOH into pure
YAG phase, whereas the sample containing γ-Al2O3

transformed into a pure YAG at 1300oC, accompanied
with intermediate phases such as YAP or YAM at lower
temperatures. In the case of the sample containing γ-

Al2O3, the lack of formation of YAG during calcinations
is ascribed to lower ionic diffusivity, since γ-Al2O3 was
transformed into a stable α-Al2O3 phase, which severe
agglomeration after the grinding process.

The relative density of the samples containing AlOOH
and γ-Al2O3 which were sintered at 1600oC was 96.7
and ~92.9% of the theoretical density, respectively.

As a result, it is concluded that, in the formation and
sintering of YAG powders by the mechanochemical
process, the use of a fine particle type of starting
materials and grinding time are controlling requirements
to achieve pure YAG at a low temperature and give a
dense body.
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