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a b s t r a c t

The composition homogeneity of YAG precursors synthesized via both normal and reverse titration co-
precipitation methods is discussed. It was demonstrated that that the reverse titration process possesses
better co-precipitation characteristics than the normal titration process, based on a real-time monitoring
of the reaction pH and measurement of the Y/Al ratio in the precipitate. The formation process of the
eywords:
recipitation
rain boundaries
canning and transmission electron

precipitate obtained by reverse titration method was discussed. The effect of calcination temperature
on sintering properties of the YAG powder was investigated by analysis of the crystalline phase, the
specific surface area, and the morphology of the powder. The shrinkage rate test of compacts made from
different powders indicates that a higher calcination temperature results in a lower densification speed
and shrinkage ratios. Microstructure observation shows that the ceramics made from YAG nanopowder,

igher
icroscopy which was obtained at a h
fewer residual pores.

. Introduction

Neodymium-doped yttrium aluminum garnet (Y3−xNdxAl5O12,
AG) is widely used for laser applications. It is difficult to homo-
eneously dope over 1 at.% Nd as a luminescence element in a YAG
ingle crystal [1], because of the low effective segregation coeffi-
ient of elemental Nd in YAG (about 0.2). However, this problem
ould possibly be solved by ceramic technology due to the high
olerance of defects and small grain size. Since the first demon-
tration of a Nd:YAG ceramic laser by Ikesue et al. in 1995 [2],
ignificant progress in producing transparent YAG ceramics has
een made. Many kinds of wet chemical routes were used for the
reparation of fine powders for the ceramics sintering, such as all
inds of sol–gel methods [3–5], homogeneous precipitation [6,7],
olvothermal [8–11] and supercritical water synthesis [12–14].
specially, Yanagitani et al. proposed a process of fabricating the
ransparent YAG ceramics with phase pure YAG nanopowders

15–17]. Since then the ceramics have been able to exhibit a laser
utput of over 1460 W. As a result, the co-precipitation method
ith ammonium hydrogen carbonate as the precipitant became

ne of the favored processes for the preparation of YAG nanopow-

∗ Corresponding author. Fax: +86 531 88362807.
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E-mail address: hongliu@sdu.edu.cn (H. Liu).

925-8388/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
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calcination temperature, have a more uniform grain-size distribution and

© 2010 Elsevier B.V. All rights reserved.

der [18–23]. The co-precipitation methods can mainly be generally
divided into two kinds according to the sequence of reactants com-
bination; one is the normal titration co-precipitation process [24],
in which the precipitant solution is dropped into a mixed solu-
tion of the component cations to obtain the precipitate, and the
other is the reverse titration co-precipitation process, in which
the mixed cation solution is dropped into the precipitant solu-
tion. Researchers have deduced that composition homogeneity of
the YAG precursor obtained by reverse titration is better than that
from normal titration co-precipitation process, because of the dif-
ference in the solubility products of Y3+ and Al3+. So far, there is
no evidence to support the precipitation mechanism of the YAG
precursor or any explanation of the dependence of cation homo-
geneity on different co-precipitation processes. In addition, the
formation process of the precipitate obtained by the reverse titra-
tion process has not been discussed in detail. As is well known,
fabrication of YAG powders is a complex process. Many factors,
such as reaction temperature, final pH values [24], period of aging,
and dosage of ammonium sulfate, would affect composition, mor-
phology, and the final properties of the precursor. Moreover, the
calcination process is also another important factor that affects

sintering properties of the YAG powder. The effects of the calci-
nation temperature have been emphasized for a long time. The
two opposing views exist with regard to whether it is better to
calcine the precursor at a high temperature to make the powder
less sintering reactive, through particle growth [21,25], or to cal-

dx.doi.org/10.1016/j.jallcom.2010.11.031
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:hongliu@sdu.edu.cn
dx.doi.org/10.1016/j.jallcom.2010.11.031
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Fig. 1. Variation of pH and Y/Al ratio of the precipitate; (a and c) the normal titra

ine it at a low temperature to retain high sintering activity [26,27].
n this work, the co-precipitation reaction mechanism was exam-
ned by making in situ measurements of the pH and checking the
/Al ratios of the precipitate with an inductively coupled plasma
mission spectrometer (ICP-AES). Moreover, the phase composi-
ion, particle size and morphology, and sintering behavior of the
AG powders calcined at different temperatures were investigated.
ombined with microstructures observation of the sintered ceram-

cs, it is shown that a higher calcination temperature is beneficial
o sintering properties of the YAG powders.

. Experimental procedures

Y2O3, Nd2O3 (Alfa Aesar, 99.99%) and Al(NO3)3·9H2O (Alfa Aesar, 99.99%) were
issolved in HNO3 (Sinopharm Chemical Reagent Co., Ltd., Specpure) and deionized
ater, respectively. These solutions were mixed to according to a stoichiomet-

ic cation ratio of Y3−xNdxAl5O12 (x = 0 for the ICP-AES analysis, and x = 0.6 for
he ceramic fabrication, 0.4 mol/L). 0.5 wt% of tetraethyl orthosilicate (TEOS) was
dded to the precipitant solution as a sintering aid. Ammonium hydrogen carbon-
te (Sinopharm Chemical Reagent Co., Ltd., AR) was dissolved in deionized water to
btain a precipitant solution of 2 mol/L. To investigate the difference between the
wo different co-precipitation modes, one group of samples were synthesized via
ormal titration, that is, the precipitant was dropped into the mother solution at
speed of 1.9 mL/min (marked as set 1), and another group of samples was syn-

hesized via reverse titration by dropping the mother solution into the precipitant
olution at a speed of 1.6 mL/min (marked as set 2). The change in the pH was
ecorded during the dropwise addition process at specific times. The Y/Al ratios
n the precipitate were analyzed by regularly taking suspension samples (about
mL out of a total of between 340 mL and 660 mL) during the two different co-
recipitation processes. The precipitate was washed with deionized water, and then
issolved in dilute HNO3 with an ionic concentration of about 10 ppm before making
he ICP-AES test. To study of the effects of calcination temperature on the sintering
roperties, Nd:YAG precursors were prepared using the same method as with set
. After being filtered, washed and dried, the precursors were calcined at different
emperatures in the range of 900–1300 ◦C for 2 h to obtain YAG powders, which were
sed for characterization of the phase composition, particle size and morphology,
nd for the measurement of sintering properties. After being compacted under an

xial pressure of 200 MPa, some of the resultant pellets (Ø 8 mm, thickness > 4 mm)
ere used to test the shrinkage behavior, and others (Ø 13 mm) were sintered at

700 ◦C for 10 h in vacuum.
The pH of the suspension was monitored with a pH meter (MP220 pH meter,

ettler-Toledo GmbH, Schwerzenbach, Switzerland). The concentrations of the
ttrium and aluminum ions in the samples were determined with an inductively
o-precipitation method, (b and d) the reverse titration co-precipitation method.

coupled plasma emission spectrometer (ICP-AES, IRIS Intrepid II XSP, Thermo Elec-
tron Corporation, USA). The BET surface area of the powders calcined at different
temperatures was measured by an ASAP 2020 micropore physisorption analyzer
(Micromeritics, USA). X-ray diffraction (XRD) patterns of the calcined powder were
recorded by X-ray diffraction spectrometer (D8-advance, BrukerAXS, Germany). The
shrinkage ratio of the compacts was tested with a thermal expansion apparatus
(Setsys Evolution-24, Setaram, France) up to 1600 ◦C in nitrogen. Field emission
scanning electron microscope (FESEM) images of the samples (both the pow-
ders calcined at different temperatures and the ceramics grain boundaries after
thermally etched at 1450 ◦C for 4 h) were taken on a Hitachi S-4800 high res-
olution scanning electron microscope. Transmission electron microscope (TEM)
image was taken on a JEM-2100 high resolution transmission electron micro-
scope. Sample of 1.1 mm thick and mirror polished on both surfaces was used
to measure the optical transmittance (Model U-4100 Spectrophotometer, Hitachi,
Japan).

3. Results and discussion

3.1. Discussion of the precipitation processes

The recorded pH of the reaction system for both sets of 1 and 2
are shown in Fig. 1(a) and (b). The pH for both the reaction processes
varies during the titration process, but approach a stable value in
the aging process after the titration process termination. For set 1,
the initial pH of the mother solution is about 2, which is caused by
the excess nitric acid. The pH of the system increases with increase
in the number of drops of NH4HCO3 (Fig. 1(a)). Turbidity is observed
until the pH reaches 4.26. The pH increases further as the drop-
ping process continues, and reaches a value of 7 at the end of the
titration process. The system reaches its highest pH within a very
short time (about 20 min) after termination of the titration process,
and stabilizes at a constant pH of 7.84 during the aging period. In
comparison with set 1, for set 2, the original pH is about 8.7, which
reflects the pH of 2 mol/L ammonium hydrogen carbonate solution.

The pH of the reaction system (Fig. 1(b)) shows a linear decrease
during the titration process, and reaches a minimum value of 6.35
at termination. Then, the pH increases slowly (about 100 min before
stabilization) as the aging process proceeds. The final pH is around
7.59 after aging for one day.
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The variations of the Y/Al ratios of the precipitate, which were
aken from the reaction system during both the co-precipitation
rocesses, are shown in Fig. 1(c) and (d). An apparent variation
f the Y/Al ratio in the precipitate during the titration process is
bserved in set 1 (Fig. 1(c)). The Y/Al ratio in the precipitate is as
ow as 0.05 at the first appearance of turbidity, which increases

ith the addition of ammonium hydrogen carbonate, and reaches
value of about 0.6 at the end of the titration process. For set 1, tak-

ng into account of the pH results (Fig. 1(a)), the regularity in the
ariation of the Y/Al ratio in Fig. 2(c) indicates that the Al3+ ions in
he system settle down first, and Y-precipitate forms gradually with
ncreasing pH during the normal co-precipitation process. When
he pH reaches about 4, the Al-precipitate forms first [28], and

akes the visibly turbid solution appear like a sol. A small amount
f Y-precipitate forms under these conditions due to the high sol-
bility product of Y3+. With the increase in pH, more Y-precipitate
orms, and adheres to the surface of the existing Al-precipitate,
orming the YAG precursor precipitate. This process is referred to
s differential precipitation. Finally, the Y/Al ratio in the precipi-
ate reaches the stoichiometric value, because both the Y3+ and Al3+

ations are completely precipitated out. However, at the beginning
f the reaction, the separation of Al- and Y-precipitates leads to
nhomogeneous distribution of elemental yttrium and aluminum
n a considerably large scale. The formation of YAG precursors is

uite similar to the precipitation process using the urea method
28]. In the contrast, the reverse titration process provides a dif-
erent precipitation avenue. Fig. 1(d) shows the variation of the
/Al ratio, as a function of titration time, during the reverse titra-
ion co-precipitation process. At the beginning, the Y/Al ratio of

Fig. 3. . SEM and TEM images of powder obtained by calcination at different tem
Fig. 2. XRD patterns of powder obtained by calcination at various temperatures for
2 h.

the precipitate is about 0.6, consistent with the prescribed ratio
of the mother solution, which is different from the case of nor-

mal titration. The Y/Al ratio of the precipitate maintains constant
at 0.6 during the entire process. As shown in Fig. 1(b), the pH of
the reaction system is over 8.5 at the beginning of titration. When
the mother solution is dropped into the ammonium hydrogen car-
bonate solution, both Y and Al precipitate at the same time. This is

peratures; (a and b) 900 ◦C, (c) 1000 ◦C, (d) 1100 ◦C, (e) 1200 ◦C, (f) 1300 ◦C.
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ecause the pH is above the value needed for precipitation of both
he cations. The sequence represents a genuine co-precipitation
rocess. The linear variation of the pH during the titration indicates
steady depletion of NH4HCO3, which means the precipitation pro-
ess proceeds in a steady fashion. Considering the stable Y/Al ratio
n the precipitate, the ions distribution in the precipitate of set 2
hould be homogenous during the entire process, no matter they
recipitate at the beginning or at the end. However, the pH in a local
egion undergoes a change near the droplet. Regard the droplet and
ts neighborhood as a small reaction system. The reaction process
hould be quite similar to that of set 1 made via the normal titration
o-precipitation method. The aluminum compound is assumed to
orm a core and is then coated by the yttrium compound, and form
iny primary particles in the neighborhood of the droplet. Driven by
igh surface energy and electrostatic attraction, these tiny particles
ombine and form the final precipitate. Because a pH gradient exists
ver a very small scale, the core of the Al-precipitate is assumed to
e quite small, so the Y-precipitate can coat it well, and form a
ore–shell structure. As mentioned before, the restoration speed
f the pH during the aging period is quite different between sets
and 2. The increases in pH are considered as the decomposi-

ion of carbonic acid and the consuming process of NH4
+ to form a

etter crystallized compound of NH4Al(OH)2CO3 [22,29], thus leav-
ng more OH− in solutions. The smaller increase in speed for set 2
artly implies that the aluminum compounds are better coated by
he yttrium compounds, and thus more strongly retard the con-
umption of NH4

+. On the other hand, the Al-precipitate particles
n set 1 are too big to be well-coated by the Y-precipitate, and the

H approaches a constant value after a short time. The difference
etween the final pH values is due to the formation of different alu-
inum compounds under low pH condition, which consequently

onsumes a smaller amount of NH4HCO3.

Fig. 5. Linear shrinkage of compacts made from p
Fig. 4. Variation of Dsem (a), Dbet (b) and n (c) with calcination temperature.

3.2. Effects of calcination temperature on the characteristics of
the powders

As mentioned before, the precursors from the reverse titration
co-precipitation process should possess co-precipitation charac-
teristics. Therefore, an investigation of the effect of calcination
temperature on the sintering properties of YAG powders was per-
formed on the YAG precursors obtained by the same process as with
set 2.
Fig. 2 shows the XRD patterns of the powders calcined at the
temperatures in range of 900–1300 ◦C for 2 h. All the peaks of the
product calcined at 900 ◦C correspond to the characteristic peaks of
cubic YAG (JCPDS card No. 72-1315). As is well known, secondary
phases, especially hexagonal YAlO3 (h-YAlO3), often appears as

owder calcined at different temperatures.
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ig. 6. SEM images of grains in ceramics made from the powder obtained by calcina
f) transmittance of sample-e.

ntermediate products during YAG synthesis using the wet chem-
stry method [28,30–32]. However, it was not found in this work.
hese results show that the distribution of yttrium and aluminum
ompounds in the YAG precursor synthesized via the reverse titra-
ion co-precipitation method is homogeneous. The XRD pattern of
he product calcined at temperatures over 900 ◦C also corresponds
o those of the pure YAG phases.

The morphology of the powders calcined for 2 h at different
emperatures is exhibited in Fig. 3. The particles appear somewhat

erged together. The primary particles grow with an increase in
he calcination temperatures. Fig. 3(a) and (b) shows FESEM and
EM images of the samples calcined at 900 ◦C, respectively. The
owder calcined at 900 ◦C exhibits poor crystallization with irreg-
lar morphology and non-uniform particle size. From Fig. 3(c–f), it

s seen that the particles of the samples calcined at the higher tem-
eratures of 1000, 1100, 1200, and 1300 ◦C are well crystallized and
erge together forming a dendritic agglomeration. The morpholo-

ies of these samples are similar among each other, except that the
ize of the particles increases with increasing calcination tempera-
ure. From the images, the average particle diameters are about 40,
0, 100, and 200 nm, respectively.

The BET surface areas of the powders calcined at tempera-

ures ranging from 900 to 1300 ◦C are 42.15, 27.91, 14.43, 9.97 to
.15 m2/g, respectively. The average particle size Dbet, which is cal-
ulated from the relationship Dbet = 6/�Sbet (where � = 4.55 g/cm3),
xhibits a ten-fold increase from 31.28 nm to 317 nm. Using the
verage diameters (Dsem) obtained from the SEM images, the rela-
different temperatures: (a) 900 ◦C, (b) 1000 ◦C, (c) 1100 ◦C, (d) 1200 ◦C, (e) 1300 ◦C;

tionship between Dbet and Dsem is illustrated in Fig. 4. In order
to describe the degree of dendritic agglomeration, a parameter n
is introduced, which represents the number of particles that are
merged together. Physical meaning of n is that it approximately
equal to the slenderness ratio of an agglomeration containing sev-
eral particles. The n value is calculated using the equation: n =
R2

bet
−R2

xrd
R2

xrd
cos �

+ 1, where Dsem. sin � is the diameter of the linkage neck

of adjacent particles, and D = 2R. From statistics on the diameters
of the linkage necks of the particles, cos � is chosen to be equal to
0.6. Curves (a) and (b) show the respective variation of Dsem and
Dbet. The values are comparable at 1000, 1100 and 1200 ◦C, but
some deviation occurs at 1000 or at 1300 ◦C. The deviation indi-
cates a change in the relationship between Dsem and Dbet, which
is illustrated by the variation of n in curve (c). The n values corre-
sponding to samples calcined at 1100 and 1200 ◦C are similar, while
the n values related to the samples calcined at 1000 and 1300 ◦C are
remarkably different.

Fig. 5 shows the shrinkage behavior of the compacts made from
the powder calcined at different temperatures. For the sample cal-
cined at 900 ◦C, apparent densification begins at around 950 ◦C, and
the total linear shrinkage is 28.76%. With an increase in the calcina-

tion temperature, the onset of densification postpones, and the total
linear shrinkage of the samples decreases. When the calcination
temperature approaches 1300 ◦C, densification begins at a tem-
perature of over 1300 ◦C, and the total linear shrinkage is 19.05%,
with a narrow temperature range for densification. The total linear
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hrinkages of the samples calcined at 900 and 1000 ◦C, as well as
hose calcined at 1100 and 1200 ◦C, exhibit comparable values to
ach other. The linear shrinkage of the powder calcined at 1000 and
100 ◦C, as well as those calcined at 1200 and 1300 ◦C exhibit devi-
tion. This result is in accordance with the variation of n analyzed
rom the SEM and BET measurements. From these results, we infer
hat the effective interval for calicination is about 200 ◦C between
00 and 1300 ◦C.

SEM images of the polished and thermal-etched ceramics pre-
ared from the above powder samples after sintering in vacuum
t 1700 ◦C for 10 h are shown in Fig. 6(a–e). The transmittance of
he ceramics made from powders calcined at 1300 ◦C is shown in
ig. 6(f). Observed grain boundaries are rare in the sample made
rom the powder calcined at 900 ◦C in Fig. 6(a). There is a dif-
erent region with a deep color wrapped inside the grain. In an
nlarged image (inset in Fig. 6(a)), many isolated small grains of
everal microns in size are apparent. The formation of this sec-
ndary phase region and the abnormal grain growth is caused by
ow-crystallinity and the extremely high sintering activity of the
ano-powders obtained by calcination at the low temperature of
00 ◦C only. Fig. 6(b) exhibits a better view of a grain boundary,
hile the abnormal grain growth in the sample is also apparent.

he sample is sintered from the powder obtained by calcination at
000 ◦C. Similar to the sample calcined at 900 ◦C, it has compara-
le sintering activity (similar BET surface areas), which causes the
intering process to go out of control. However, it has better crys-
allinity, and the grain boundaries are much cleaner. Fig. 6(c–e)
xhibits grains of the ceramics obtained from the powder obtained
y calcination at 1100, 1200, and 1300 ◦C, respectively. They exhibit
imilar features for the grains and the grain boundaries. The grain
ize ranges from 0.5 to 3 �m, much smaller than those of the ceram-
cs made via solid-reaction [2,33]. According to Mie theory, when
he grain size is equal to the wavelength, the transmittance should
e low. However, Yagi et al. report that ceramics with an aver-
ge grain size of about 1.5 �m are highly transparent, and can
ealize laser oscillation [34,35]. Fedyk et al. have obtained transpar-
nt YAG ceramics with an average grain size about 500 nm using
high-pressure low temperature sintering technique (HPLT) by

pplying a super-high pressure of 8 GPa at 450 ◦C [36]. As Ikesus
t al. concluded, grain boundaries appear to do little harm to the
ransmittance [2]. The main scattering factors are secondary phases
s well as residual pores. So, although small grains introduce more
rain boundaries, the ceramics still has an excellent quality suffi-
ient to realize laser oscillation, as long as it is clean enough. The
ensity of the residual pores in the images decreases from Fig. 6(c)
o (e). The grain boundaries are almost clean, and the sintering aid
f SiO2 has not separated out. The transmittance of the ceramic,
hich was fabricated with the powder calcined at 1300 ◦C without

urther polishing is exhibited in Fig. 6(f). The transmittance in the
nfrared region is over 70%. The characteristic absorption peak at
08 nm of neodymium ions is evident.

The sintering activity of all the prepared powders provides
nough energy for the ceramics to achieve full densification. How-
ver, when the powder has excessive energy for sintering, the
rains grow out of control during the sintering process. This sit-
ation leads to abnormal grain growth, and it is easy to form closed
ores in the samples, as shown in Fig. 6(a and b). In Fig. 6(c–e),
he powder samples calcined at 1100 ◦C and above exhibit moder-
te sintering activity. The grains grow steadily and homogeneously
ith the help of SiO2 as a sintering aid [37–39]. The effect of the

intering aid is not only to lower the sintering temperature, but also

o restrain boundary growth which allows enough passages for the
ores to diffuse out of the body. The pores can only diffuse using
he grain boundaries as channels. In order to reduce the number
f defects, such as bubbles or secondary phases, the grains need to
row slowly, and have sufficient boundaries remaining before the

[

[
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ceramic approaches full-density [34]. So the powder obtained at
temperatures lower than 1100 ◦C is not suitable for the fabrication
of transparent ceramics.

4. Conclusions

Different titration co-precipitation methods for the synthesis of
YAG precursors with nitrates and ammonium hydrogen carbonate
were studied. The results indicate that the Al-precipitate forms first,
and the Y-precipitate forms later during the normal titration co-
precipitation process. This order results from the pH not reaching
the solubility product value of Y3+. The Y/Al ratio in the precipi-
tate changes from a low value to the stoichiometric ratio. However,
in the co-precipitation process by reverse titration method, the Y-
and Al- precipitates formed simultaneously with a stable Y/Al ratio
in the precipitate near the stoichiometric value. Considering the
droplet and its neighborhood to be a micro-reactor, the precipita-
tion process at this location should be similar to that of a normal
titration process. Thus, precipitate made by the reverse titration
method is assumed to consist of core–shell microstructure. The
above facts imply that the formation process of precipitate obtained
by reverse titration process is assembled with numbers of micro-
reaction process, which is like the one obtained by normal titration
process.

Precursors made by the reverse titration co-precipitation
method can form pure YAG phases by calcination even at the low
temperature of 900 ◦C. Compared with the shrinkage characteris-
tics of the compacts made from the powder obtained by calcination
at different temperatures, the densification of the compact made
from the powder calcined at 900 ◦C begins at a temperature of about
300 ◦C lower than that made from the powder calcined at 1300 ◦C,
and the total shrinkage ratio is also about 30% higher. These results
indicate that the powder obtained at the lower temperature has
excessively high sintering activity, which leads to an uncontrol-
lable sintering process. The sintering results prove that the samples
made from the powder calcined at low temperatures readily exhibit
abnormal grain growth and pore envelopment; while those made
from the powder calcined at high temperatures produce a uniform
grain distribution, fewer residual pores and high transmission, even
though the particle size reaches 200 nm with some agglomeration.
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