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Gadolinium gallium garnet (Gd;Gas012, GGG) polycrystalline powders have been prepared by a simple
co-precipitation method with ammonia hydrogen carbonate as precipitant agent. XRD, FTIR, FE-SEM,
TEM, and thermal analysis (TG-DTA) have been used to characterize the phase transition and morphol-
ogy of the synthesized powders. Well-crystallized pure phase GGG powders were obtained at 800 °C for
2 h, without any intermediate phases formed during the process. The resultant nano-sized GGG polycrys-
talline powders showed good dispersion and excellent sintering activity with the particle sizes less than

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Crystalline gadolinium gallium garnet (GGG) exists in the cubic
form and has a garnet structure. GGG single crystal has attracted
much attention recently for its high optical and mechanical proper-
ties, such as ideal substrates for YIG magneto-optical epitaxial films
and magnetic bubble memories. When doped with rare-earth ions,
GGG single crystals are also widely used as laser matrix materials.

GGG single crystals are usually grown by the traditional
Czochralski method. However, volatilization of the components
can cause loss of stoichiometric ratio during the high tempera-
ture process, which will seriously affect the optical properties of
single crystals. For refractory materials with optically isotropic
lattices, ceramic techniques can offer an attractive alternative to
single crystal growth. Compared to single crystal growing pro-
cess, ceramic technique has several advantages, namely: (1) Ease
of fabrication, no special equipment is required; (2) Availability
of large-size samples with high doping concentration; (3) Realiza-
tion of multi-layer active elements and multi-functional ceramics.
In recent years, a new generation of solid-state laser and opti-
cal materials have received much attention due to the developing
of highly transparent yttrium aluminium garnet (YAG) ceramics
doped with lanthanide ions [1-7].In 2002, Lu et al. successfully pre-
pared highly transparent YAG ceramics using the nanocrystalline
powders produced by the co-precipitation method [8]. One of the
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key technologies for transparent ceramics preparation is the syn-
thesis of nano-sized powders with good dispersion and excellent
sintering activity. As a result, many efforts have been made to syn-
thesize polycrystalline GGG powders, which can be used as starting
materials not only for single crystal growth but also for sintering of
polycrystalline transparent ceramics. Typically, GGG powders are
prepared by a solid-state reaction between the component oxides
[9-11]. However, repeated milling and high temperature reaction
are required.

A simple and economical method for making high quality GGG
compounds is desirable, so some novel methods are developed,
such as co-precipitation process [12-15], sol-gel method [16-21],
solution combustion synthesis [22-27] and others [28-31]. Sol-gel
method can reduce the sintering temperature, but expensive metal
alkoxides are often needed as raw materials. In addition, the
gel-like precursors tend to generate severe agglomeration dur-
ing drying process, which will cause poor sinter activity of the
resultant powders. Compared with the methods mentioned above,
co-precipitation process has the advantages of low synthesis tem-
perature and short sintering time. On the other hand, there is
no need to use grinding or milling process. Such mechanical
treatments may lead to surface defects and impurities, so the
co-precipitation process has been developed to produce true poly-
crystalline materials with high homogeneity and purity.

In this paper, GGG nanocrystalline powders have been pre-
pared by co-precipitation method at 800 °C for 2 h, with ammonium
hydrogen carbonate as precipitant. The effects of synthesis condi-
tions on the property of polycrystalline powders also have been
discussed.
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Fig. 1. TG/DTA curves of the precursor.

2. Experimental
2.1. Preparation process

Gadolinium oxide (Gd;03,99.99%) and gallium oxide (Ga,; 03, 99.99%) were used
as starting materials. Proper amounts of Gd,03; and Ga,03; were weighted on the
basis of specific mole ratio Gd,03/Ga,03 =3:5. Gd,03; was dissolved in nitric acid
solution with a concentration of 5 mol/L, and Ga,03 was dissolved in concentrated
nitric acid under stirring at the same time (adding appropriate ratio of hydrochloric
acid). Then the as-obtained solutions were mixed together to get clarified solution.
Ammonium hydrogen carbonate was gradually dropped into the mixed solution
under vigorous stirring. The literature [12] reported that the pH range for co-
precipitation should be controlled between 9 and 10 in theory. In our experiment,
the final pH value of the solution was adjusted to about 8.5. After aging for 20 h at
room temperature, the precipitate slurry was filtered, washed and dried. Then the
obtained precursor was sintered in a muffle furnace at 700, 750 and 800°C for 2 h,
respectively.

2.2. Characterization

The weight loss and the heat exchange process of precursor was implemented
thermogravimetry/differential thermal analysis (TG/DTA) (STA449C, Germany) in
air atmosphere with a heating rate of 10 °C/min. The structures and chemical com-
positions of the precursors and sintered powders were measured by an American
510P type Fourier Transform Infrared Spectrometer (FTIR) (maximum resolution:
1cm™!, spectral range: 4000-400 cm~'). The phase structure was identified by the
X-ray diffraction (XRD) (D/MAX-II, Japan), working at 40kV and 100 mA with the
CuKa radiation (A =0.15418 nm) and a graphite monochromator. The particle size
and morphologies of the powders were observed using transmission electron micro-
scope (TEM) (JEM-2000EX, Japan) and field emission scanning electron microscope
(FE-SEM) (JSM-6700F, Japan).

3. Results and discussion
3.1. TG-DTA analysis of precursor

Fig. 1 shows the TG-DTA curves of the precursor at a heating
rate of 10°C/min. The TG curve indicates an overall weight loss of
approximately 22.60%. Much of the weight loss took place up to
400°C corresponding to 80% of total weight loss. The weight loss
that occurred below 200 °C was mainly attributed to the evapora-
tion of absorbed water, removal of ammonia and decomposition
of partial carbonate. While the weight loss that occurred at higher
temperatures was mainly due to the loss of hydroxyl and decom-
position of carbonate species, as suggested by Luo et al. [32]. The
obvious exothermic peak centered at approximately 820°C cor-
responds to the crystallization of GGG phase, which was further
confirmed by the XRD results given in a later section. In fact, the
crystallization temperature is often lower than that measured by

DTA technique because the exothermic peak in the DTA curve often
lags behind crystallization process. So, the nano-sized GGG powder
can be prepared at a lower sintering temperature (800°C) by the
liquid phase co-precipitation method.

3.2. Infrared spectrum analysis

Fig. 2 shows the FTIR spectra of the precursor and GGG powders
calcined at different temperatures. From the infrared spectrum of
the precursor (Fig. 2a), it can be seen that the absorption peak at
3435cm~! was caused by the stretching vibration of OH-, and the
peak nearby 1635 cm~"! is owing to the bending vibration of OH.
Other peaks at about 1517, 1383 and 840 cm™! can be attributed
to NH4* and CO32- ions in the bonding stretching mode, respec-
tively. Thus it is certain that the obtained precursor by this method
is compound carbonate, which has the lower decomposition tem-
perature.

With the increased sintering temperature, these peaks dis-
appeared gradually indicating that carbonate and hydroxide
compounds were completely decomposed, as shown in Fig. 2b. At
the same time, the characteristic vibration absorption bands of GGG
phase existed. The sharp absorption peaks located at 671, 615 and
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Fig. 2. FTIR spectra of the precursor and powders sintered at different temperatures.



G. Wang et al. / Journal of Alloys and Compounds 505 (2010) 213-216 215

800°C

I S ,JJJu UL,.)\ e _dAJUL.LSO. DC.. vy

Intensity(a.u.)

20/(°)

Fig. 3. XRD patterns of GGG polycrystalline samples (a) 700°C, (b) 750°C and (c)
800°C.

578 cm~! represent the characteristic Ga—0 and/or Gd-O stretching
vibrations, respectively [18]. The peaks ranged below 1000 cm™!
are correlated to the vibrations of the metal-oxygen bonds [33],
thus they can be used to identify the phase transition process. The
result is in good agreement with the XRD analysis.

3.3. XRD analysis

Fig. 3 shows the XRD patterns of the precursor powders sintered
at different temperatures from 700 to 800°C. All characteristic
peaks of the diffraction patterns are consistent with that of pure
GGG crystal structure (JCPDS No.13-0493), without any impurity
phases. Further increasing the temperature to 800 °C, it can be seen
that the intensity of GGG diffraction peaks are enhanced due to the
improvement of crystallization process. The crystalline grain size of
the sample is calculated by Scherrer formula using the full width at
half-maximum of the (4 2 0) diffraction peak for the cubic GGG after
subtraction of the equipment broadening. It is estimated that the
average grain size of the sample sintered at 800 °C is about 28 nm.

The XRD results illustrated that GGG had completely formed
at lower reaction temperature (800°C) without any other inter-
mediate phase observed. In contrast, Luo et al. [32] reported that
they synthesized GGG powders from a mixed solution of Gd and Ga
nitrates with stoichiometric mole ratio of 3:5 (Gd/Ga) at tempera-
ture as high as 1000 °C. Because they concluded that Ga,0O3 exists
in an approximate amorphous state and reacts with the intermedi-

Fig. 4. TEM image of GGG polycrystalline sample sintered at 800 °C for 2 h.

ate phases to form GGG only when the temperature is higher than
800°C:

3Gd4G3209 +7Gay03 — 4Gd3Ga5012

3Gd203 + 5G8203 — 2Gd3G85012

Compared with the previous reports, we have synthesized the
nano-sized GGG powders at much lower sintering temperature
(800°C) for shorter holding time (2 h), without any intermediate
phases formed.

The lowering of reaction temperature is attributed to the shorter
diffusion distances for reactants resulting from the fine grain of the
precipitated carbonate precursor. It is well known that the Ga3*
and Gd3* ions are mixed homogeneously in liquid on the molecu-
lar level, which can shorten the ion diffusion distance. Furthermore,
excessive ammonia can ensure the Ga3* and Gd3* is precipi-
tated completely in the adverse titration process. Compared with
Ga(OH)3, the Ksp of Gd(OH)3 is much lower, which can promote

Fig. 5. SEM images of GGG polycrystalline powders (a) 800°C, (b) 900°C and (c) 1000°C.
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faster nucleation of Gd(OH)3. So the growth of Ga(OH); can take
place on the surface on Gd(OH)s nucleus. The special core-shell
structure will also shorten the diffusion distance between Gd(OH)3
and Ga(OH); molecules. Besides, as the precipitate of Ga(OH); and
Gd(OH); was gelatinous, the special reticular structure ensures
the uniformity and stoichiometric ratio of composition. All factors
mentioned above contribute to reduce the reaction temperature.

3.4. Morphology characterization

The morphologies and microstructure of the as-prepared sam-
ples were investigated with TEM and SEM. Fig. 4 shows the TEM
image of GGG powders sintered at 800°C for 2 h. It can be seen
directly that the as-synthesized GGG powders are loosely agglom-
erated with the particle sizes less than 100 nm. Fig. 5 shows the
morphologies of GGG powders sintered at various temperatures.
The particle sizes become gradually larger as the temperature
increases, the morphologies of particles change from spherical
shape to irregular one. At the same time, there are obvious
neck connections to form hard aggregations. Based on the forces
between co-precipitation molecules, agglomerations are mainly
caused by the hydrogen bonds formed between the surface water
molecules. To decrease the intermolecular surface tension, some
researchers made use of ethanol and other organic solvents to
remove the adsorbed water and chemical and physical coordinated
water. In this paper, ethanol was also used to wash the precursor
powders. Less-aggregated and better-dispersed ultra fine powders
have the higher sintering activity.

4. Conclusions

The nano-sized GGG polycrystalline powders were prepared
using a simple co-precipitation method. The XRD results indicated
that pure GGG phase was obtained at 800 °C for 2 h. The morphology
characterizations showed that the polycrystalline GGG powders
had good dispersion and homogeneity with the particle sizes less
than 100 nm. The resultant powders have the potential for the
preparation of transparent ceramics.
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