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a b s t r a c t

Highly sinterable yttrium aluminum garnet (YAG) nano-powders have been synthesized by a sol–gel
combustion method with various chelating agents and fuels, namely citric acid, tartaric acid, glycine
and ethylene diamine tetraacetic acid (EDTA). The preparation involved the thermal decomposition of a
chelating agent (fuel)–nitrate gel and the formation of amorphous precursors. The as-synthesized pre-
cursors were studied by infrared spectroscopy (IR), thermogravimetric (TG) and differential scanning
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calorimetric (DSC) analyses. The nano-powders calcined at 1000 C were characterized by X-ray powder
diffraction (XRD) and transmission electron microscopy (TEM). It was found that the chelating agents
and fuels used had a significant influence on the average grain size and agglomeration of YAG nano-
powders. The rate of combustion reaction between chelating agent (fuel) and nitrate was responsible
for the growth of the grains. Nano-particles with the smallest size and high sinterability were obtained
when using EDTA, which derived from the significant blocking of the diffusion path associated with the

on ra
lowest combustion reacti

. Introduction

Due to its excellent optical properties, yttrium aluminum gar-
et (Y3Al5O12 or YAG) is considered as an important solid-state

aser material, phosphor and window materials for a variety of
amps [1–3]. Since Ikesue et al. found that transparent polycrys-
alline YAG had nearly the same optical characteristics as single
rystal YAG, considerable efforts have been devoted to fabricat-
ng high-transmittance YAG ceramics [4]. For application purposes,
ne crucial point is to synthesize high-quality powders with good
ispersity, sphere shaped and suitable particle size distribution.
t present, preparation of YAG powders by standard solid-state
eactions has been widely investigated and well developed from
alcination temperatures, ball milling process and starting materi-
ls and so on [5–7]. However, the method has some disadvantages,
.e. the tedious mechanical mixing and the extensive heat treat-
ents at high temperatures. This way, it is difficult to guarantee
he purity and control the grain size of YAG powders [8]. Because
f the uniform mixing of starting materials and the excellent chem-
cal homogeneity of the final products, various wet-chemical routes
ave been proposed to lower the sintered temperature and elim-
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inate the presence of intermediate phases. These include sol–gel
[9,10], co-precipitation [11–13], spray pyrolysis [14], and com-
bustion [15–19]. Among these preparation techniques, the sol–gel
combustion method appears to be the simplest and least price, as
proved by preparations of SrTiO3 powders reported by Pechini in
1967 [20]. Other materials such as SrO(SrTiO3)n [21], CoFe2O4 [22],
TiO2 [23], MgFe2O4 [24], have been synthesized following the same
technique.

Because a significant number of surface atoms can cause a
surface-quantum effect, the nanometer-size YAG particles can have
higher sinterability [25]. Superfine YAG nano-powders have an
important advantage for fabricating high-performance YAG trans-
parent ceramics, especially when considering the good ability to
control the grain boundaries [26,27]. The effect of various chelat-
ing agents and fuels on the grain size and agglomeration of YAG
nano-powders by the sol–gel combustion method has been scarcely
investigated. In the present paper, citric acid, tartaric acid, glycine,
and EDTA were studied both as chelating agents during sol–gel pro-
cess and as fuels in combustion reaction. The crystalline evolution
was evaluated by infrared spectroscopy (IR), thermogravimetric
(TG) and differential scanning calorimetric (DSC) analyses. The

phase and morphology of the as-synthesized nano-powders were
characterized by X-ray powder diffraction (XRD) and transmis-
sion electron microscopy (TEM), respectively. The influence of the
organics used on the morphology of the nano-powders was dis-
cussed.

http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:jtzhao@mail.sic.ac.cn
dx.doi.org/10.1016/j.jallcom.2010.03.037
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Fig. 1. TG–DSC curves of precursors: (a) citr

. Experimental

.1. Synthesis of YAG nano-powders

The synthesis of YAG nano-powders via the original or modified combustion
ethod has been discussed in some references [19,28]. The modified sol–gel com-

ustion method is a combination of the sol–gel method and the self-propagating
igh temperature synthesis (SHS) process [29]. Y2O3 (99.999%) and Al(NO3)3·9H2O
A.R.) were used as starting materials. An aqueous nitrate solution of Y3+ was
repared by dissolving Y2O3 in diluted nitric acid (HNO3, AR) under stirring at
0 ◦C for 2 h. The Al(NO3)3 solution was made by dissolving Al(NO3)3·9H2O in
eionized water. Both aluminum and yttrium solutions were mixed at a stoi-
hiometric ratio of Y3+:Al3+ = 3:5. After sonicated for 10 min, the chelating agent
olution (citric acid/nitrite = 5:6, tartaric acid/nitrite = 3:2, glycine/nitrite = 5:3 or
DTA/nitrite = 3:8) was then added to the mixture and stirred for 2 h at 60 ◦C, pH
3–4. Heating at 80 ◦C, the solution was converted to gel after the evaporation of

ome water. The gel was rapidly moved to the oven at 200 ◦C to start the auto-
ombustion process. The SHS process continued for only 1–3 min, and then fluffy
recursors were obtained. Finally, the precursors were calcined at 1000 ◦C in a muffle
urnace in air.
.2. Characterization of the samples

TG/DSC analysis was done on a NETZSCH STA 409 PC/PG instrument. Measure-
ents were taken under a continuous flow of air. The precursors were heated at
rate of 10 ◦C/min to 1100 ◦C and then cooled to ambient temperature in air. The
RD data for phase identification were collected at ambient temperature on a Huber
; (b) tartaric acid; (c) glycine and (d) EDTA.

G-670 diffractometer (Cu K�1 radiation, � = 1.54056 Å, 40 kV/30 mA). The 2� for all
data ranged from 4◦ to 80◦ with 0.005◦ steps size. IR spectra of the samples were
measured on a Nicolet NEXUS 7000C spectrophotometer in the range from 400 cm−1

to 4000 cm−1 using the KBr pellet (1 wt% sample) method. The particle size and mor-
phology of the powders were examined on a transmission (TEM, JEOL, JEM 2100F),
and the surface of YAG ceramics was examined on a scanning electronic microscope
(SEM, LEO 1530).

3. Results and discussion

3.1. Thermal analysis

For comparison, TG–DSC analyses of the precursors with vari-
ous chelating agents and fuels are carried out (Fig. 1). Endothermic
peaks appear at 100 ◦C in the DSC curves which presumably are
induced by the vaporization of absorbed water. The mass losses of
the samples from 200 ◦C to 600 ◦C, shown on the TG curves, derive
from the decompositions of the residual oxidizer (nitrates) and the

organics (i.e. citric acid, tartaric acid, glycine or EDTA) in the precur-
sor, resulting apparent exothermic peaks on the corresponding DSC
curves [30]. Hereinto, the precursors with citric acid decompose in
two exothermic steps at 431.6 ◦C and 476.7 ◦C with a total weight
loss of 57% (Fig. 1(a)). This is very similar to Li’ reports [28]. The first
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tively, as chelating agents and fuels. In view of the TG–DSC results,
it can be established that particle sizes are closely related to the
chelating agents and fuels which play an important role on the rate
of combustion reaction.
ig. 2. IR spectra of the precursors: (a) citric acid; (b) tartaric acid; (c) glycine and
d) EDTA.

hermally transformation induces by the further combustion pro-
ess between the nitrates and citric acid, and the second step is the
yrolysis of the remnant organic at higher temperatures. However,
he two well defined thermal events are not observed in other reac-
ions because they appear to occur simultaneously. Precursors with
DTA, Fig. 1(d), exhibit the largest exothermic peak width (ranges
rom 300 ◦C to 600 ◦C), suggesting that the reaction between EDTA
nd nitrate occurs at a longer speed, while precursors with tartaric
cid, Fig. 1(b), show the smallest exothermic peak width (ranges
rom 400 ◦C to 500 ◦C), possibly resulting from a fast reaction. Dur-
ng this process, CO2, H2O and NOx gases maybe released. Two weak
xothermic peaks at 858.8 ◦C and 916.4 ◦C for critic acid (Fig. 1(a)),
ould be attributed to the crystallization peak of amorphous YAG for
he former and the oxidation of free carbon impurities for the lat-
er [16]. Similar crystallization temperatures are observed in other
ystems, but the exothermic peaks appear at 886.0 ◦C and 945.6 ◦C,
01 ◦C and 951.4 ◦C, and 870.8 ◦C and 1036.8 ◦C in Fig. 1(b)–(d),
espectively. Therefore, YAG nano-powders can be obtained by cal-
inations of the precursors in the range of 850–950 ◦C with various
helating agents and fuels.

.2. Infrared spectra analyses

Fig. 2 gives the IR spectra of the same precursors. The broad
ands centered at 3450 cm−1 in the spectra are characteristic O–H
tretching vibrations of absorbed H2O. Peaks localized at 1630 cm−1

nd 1390 cm−1 can be assigned to the stretching vibration of car-
oxylate (O–C–O) and nitrate (O–N–O), respectively, indicating that
he SHS process is incomplete [28,29]. The residuals cause appar-
nt exothermic peaks in the DSC curves. No well-resolution peaks in
he range 800–450 cm−1, which are the characteristic Al–O and Y–O
ibration, can be detected. It is concluded that the precursors are
ll amorphous. The above investigations of IR spectra demonstrate
hat the amorphous precursors have nearly the same composi-
ion.

Fig. 3 shows the IR spectra of samples prepared with EDTA
alcined at various temperatures. Comparing to the spectra of pre-
ursors (Fig. 2(d)), two weak peaks localized at 2387 cm−1 and
349 cm−1 in the spectra of the powder calcined at 750 ◦C are
bserved, caused by the trapped CO2. The carboxylate (O–C–O) of
he precursors transforms into the carbonate at 750 ◦C since the

−1
haracteristic vibration shifts to 1585 cm . For the powders cal-
ined at 800 ◦C, the characteristic Al–O and Y–O vibration appears,
evealing that the YAG phase has formed. It is consistent with
he DSC results in addition to a small lag of crystallite tempera-
ure.
Fig. 3. IR spectra of the samples with EDTA calcined at various temperatures: (a)
750 ◦C; (b) 800 ◦C; (c) 850 ◦C and (d) 1000 ◦C.

3.3. Phase analyses and size calculation by XRD

The XRD patterns of the powders calcined at 1000 ◦C for 2 h using
different chelating agents and fuels are shown in Fig. 4. It can be
seen that all diffraction lines conform to the cubic YAG phase (JCPDS
No. 82-0575) and no impurity phases such as YAM (Y2Al4O9) or YAP
(YAlO3) are observed. The high and sharp peaks are associated with
the grain size of the YAG crystallites. Crystallite size of the powders
calcined at 1000 ◦C can be determined by X-ray line broadening and
calculated through the Scherrer equation:

dCrys = 0.89�

B cos �

where B = (B2
0 − B2

c )
1/2

, B0 is the full width at half maximum (in
2� (◦)), Bc is correction factor for instrument broadening, � is the
peak maximum (in 2� (◦)), and � is the Cu K�1 weighted average
wavelength (� = 1.54056 Å). The crystallite size calculated from the
diffraction peak of the (4 2 0) crystal face is 63 nm, 68 nm, 49 nm
and 36 nm for citric acid, tartaric acid, glycine and EDTA, respec-
Fig. 4. The XRD patterns of the powders calcined at 1000 ◦C with (a) citric acid; (b)
tartaric acid; (c) glycine and (d) EDTA.
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Fig. 5. The TEM micrographs of YAG using (a) c

.4. TEM and SEM studies

TEM analyses were carried out to further investigate about the

orphology of YAG nano-powders. Fig. 5 shows the agglomerate

tructures of the YAG products calcined at 1000 ◦C. Most particles
re semispherical in shape with significant porosity. Such porosity
ay result from the release of gas in the combustion process. By

arying the organic, various specific surface areas can be obtained,

Fig. 6. The HRTEM and electron diffraction microgr
cid; (b) tartaric acid; (c) glycine and (d) EDTA.

which is confirmed by the adsorption and desorption of nitrogen
test. As observed, the average size of nano-powders is about 60 nm,
80 nm, 60 nm and 40 nm when citric acid, tartaric acid, glycine and

EDTA as chelating agents and fuels, respectively, reversed indicat-
ing that the chelating agents and fuels have a determining influence
on the size and agglomeration of YAG nano-particles. Specifically,
citric acid and tartaric acid that show the faster reaction, lead to
larger average particle size. On the other hand, the smaller grains

aphs of YAG using EDTA calcined at 1000 ◦C.
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ig. 7. The surface of YAG ceramics prepared with EDTA calcined at 1750 ◦C for 10 h.

re obtained when using EDTA. That is, the faster reaction means
he fewer residues in synthesis process, which make the cations
o diffuse more smoothly. Hence, utilizing a chelating agent with a
igh combustion reaction rate, results in average particle size larger
han 60 nm owing to the smooth diffusion path for the cations.
t induces the reduction of the sinterability. In addition, HRTEM

easurement shows that YAG nano-powders calcined at 1000 ◦C
re well crystallized. The average particle size is 30–40 nm when
sing EDTA (Fig. 6), which could be beneficial for the preparation
f transparent YAG ceramics.

The SEM image recorded for YAG ceramics (EDTA, 1750 ◦C/10 h)
s shown in Fig. 7. Some micro-scale pores can be observed in the
eramics. The grain size is 5–10 �m, which is smaller than the grain
ize of Nd:YAG ceramics prepared by starting material in bulk form
t the same temperature [4], revealing that the grain boundaries
an be controlled significantly by nano-powders.

. Conclusions

Yttrium aluminum garnet nano-powders have been successfully
ynthesized by a sol–gel combustion method. The route involved
arious chelating agents and fuels, namely citric acid, tartaric acid,
lycine and EDTA. Thermal decomposition of organics-nitrate gel
eads to amorphous precursors that later transformed into pure
AG nano-powders by calcination at 1000 ◦C. The effect of the
helating agents and fuels on the particle size and agglomeration
as investigated and the results showed that the faster reaction,

he smaller size of particles generated. By using EDTA, the small-

st size particles were obtained caused probably by a significant
locking of diffusion path associated with the lowest combustion
eaction rate. The fabrication of transparent YAG ceramics using the
ano-powders made with EDTA precursors is under way among the
esearch endeavors in our laboratory.
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