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a b s t r a c t

A new precursor of yttrium aluminum garnet with an approximate composition of
NH4AlY0.6(CO3)x(OH)y(SO4)z·nH2O has been synthesized via a reverse strike co-precipitation method
with ammonium hydrogen carbonate as the precipitant and ammonium aluminum sulfate as the sulfate
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ions source. The evolution of phase, chemical composition and morphology of the precursor during
calcination has been studied by means of XRD, XPS, DTA–TG, BET methods and FT-IR spectroscopy.
The loosely agglomerated powders with narrow size distribution, spherical shapes and diameter of
50–60 nm have been obtained by calcination of the sulfate-containing precursor at 1100 ◦C for 2 h. The
doping by sulfate ions enhances densification of Y3Al5O12:Nd3+ nanopowders compared to undoped
ones. This leads to improved microstructure and optical transmittance of vacuum sintered ceramics

ped n
ptical ceramics prepared from sulfate-do

. Introduction

Synthesis of well-dispersed nanocrystalline powders is a key
actor in advanced technologies of transparent ceramics fabrica-
ion. Nanopowders provide more homogenous particle packing
uring molding and densify into transparent bodies without
pplying a pressure at lower temperatures compared to con-
entional micron-sized powders. To produce highly transparent
eramics which optical and laser characteristics are compara-
le with corresponding single crystals the initial nanopowders
hould meet following requirements: low agglomeration degree,
pherical shape, ultrafine particle size (near 100 nm) and narrow
ize distribution [1,2]. Nowadays relatively simple wet chemical
ethods are widely used to synthesize oxide nanopowders of
ultication compounds due to excellent mixing of starting mate-

ials and homogeneity of final product at the molecular level.
or instance, co-precipitation from water solutions with subse-

uent calcination of amorphous precipitant to convert it into
rystalline phase is considered as one of the most promising
ethods to produce Y3Al5O12 (YAG) nanopowders ([3–7] and ref-

rences therein). Sinterability of nanopowders heavily depends

∗ Corresponding author at: Institute for Single Crystals, STC “Institute for Single
rystals”, NAS of Ukraine, Department of Complex Crystalline Materials, 60 Lenin
ve., 61001 Kharkov, Ukraine. Tel.: +380 57 341 0415; fax: +380 57 340 9343.

E-mail address: yavetskiy@isc.kharkov.ua (R.P. Yavetskiy).

925-8388/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2010.08.046
anopowders.
© 2010 Elsevier B.V. All rights reserved.

on chemical composition and physico-chemical properties of the
precursor. Co-precipitation with ammonium hydrogen carbonate
(AHC) usually leads to formation of carbonate precursors, which
decompose at low temperatures and possess only loose agglom-
eration. The favorable morphological features of precursors are
responsible for creation of low agglomerated oxide nanopow-
ders by calcination. The advantages of carbonate precursors for
production of highly sinterable nanopowders were disclosed for
rare earth sesquioxides and YAG. In [6] it was shown that YAG
nanopowders obtained from carbonate precursor with composi-
tion of NH4AlY0.6(CO3)x(OH)y·nH2O densify more homogenously
and achieve higher density after vacuum sintering compared to
the powders obtained from hydroxide precursor. At the same
time, even low residual agglomeration of carbonate-derived YAG
nanopowders impedes formation of transparent ceramics appre-
ciably and requires additional technological treatment of resulting
nanopowders, such as special drying, wet or dry high-energy ball
milling, etc. For this reason so-called “design” of nanopowders is an
extremely important challenge of advanced powder technologies.

The control of morphological and physico-chemical proper-
ties of oxide nanopowders can be achieved via utilization of
additives modifying in some way the charge state of particle sur-

faces. The purpose of modification is to provide formation of
double charged layer on the surface of each particle and, conse-
quently, to increase the repulsion forces between the particles and
prevent their agglomeration. Recently it was shown that introduc-
tion of sulfate ions into reaction mixture allows one to produce

dx.doi.org/10.1016/j.jallcom.2010.08.046
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:yavetskiy@isc.kharkov.ua
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of 200–900 ◦C the dehydroxylization and carbonate decomposition
occur, while desulfurization takes place up to 1200 ◦C. The exother-
mic effect on the DTA curve at 900–1000 ◦C was assigned to garnet
phase formation.
T.G. Deineka et al. / Journal of Allo

ow agglomerated Al2O3 [8], Sc2O3 [1] and Y2O3 [9–11] pow-
ers with spherical morphology. It was reported that sulfate ions
romote formation of monodisperse spherical nanosized pow-
ers and hinder them from agglomeration. The doping by the
ulfate ions can be realized in several ways when ammonium
ulfate (NH4)2SO4 is used as sulfate ions source. (NH4)2SO4 can
e added into reaction mixture during precipitation [3–5], during
ging [10,11], or resulting precipitant can be rinsed by (NH4)2SO4
olution [9]. The addition of the ammonium sulfate directly into
eaction mixture gives rise to local change of mixture pH value
nd consequently to local variations of chemical composition of
esulted powders [5]. The introduction of sulfate ions during aging
r by precipitant rinsing by (NH4)2SO4 solution does not permit
o control the concentration of sulfates in the precursor. In the
resent work we use double crystallized aluminum ammonium
ulfate Al(NH4)(SO4)2·12H2O as the aluminum and sulfate ions
ources.

The studies of the sulfate ions influence on nanopowders prop-
rties are mainly done on rare earth sesquioxides Sc2O3 and Y2O3.
espite some works report that doping by sulfate ions improves

tructural and morphological characteristics of YAG nanopowders
2,5,12,13], the role of sulfate ions in the production of highly sin-
erable YAG nanopowders is not clear. The purpose of this work is to
tudy the influence of sulfate ions on the morphology, size, agglom-
ration degree and sintering peculiarities of carbonate-derived YAG
anopowders.

. Experimental

.1. Synthesis

YAG:Nd3+ nanopowders (3 at.%) were produced by a reverse strike co-
recipitation method. The yttrium and neodymium nitrates were used as starting
aterials. The ammonium aluminum sulfate Al(NH4)(SO4)2·12H2O (special purity

rade) was utilized as the aluminum and sulfate ions source. Nitrates were
repared by dissolving of Y2O3 and Nd2O3 (both of special purity grade) in
oncentrated nitric acid with subsequent evaporation of acid excess. The 1 M
mmonium hydrogen carbonate NH4HCO3 was used as a precipitant. The con-
entrations of Y(NO3)3, Nd(NO3)3 and Al(NH4)(SO4)2·12H2O solutions were 0.5 M.
he precipitation was carried out at the room temperature; the drip rate was
ml/min. The resultant suspension was aged for 24 h and then filtered via suction
ltration. After repeated washing with ethanol and deionized water the precipi-
ant was dried at 100 ◦C for 24 h. YAG:Nd3+ nanopowders of different dispersion
ere obtained by precursor calcination in 900–1300 ◦C temperature range for
h in the air atmosphere. YAG:Nd3+ nanopowders for vacuum sintering were
olded by uniaxial pressing method with a pressure of 200 MPa. The sintering

f green bodies was performed using vacuum furnace with tungsten heating ele-
ents at the temperature of 1800 ◦C and vacuum of 10−3 Pa without sintering

ids.

.2. Characterization

Differential thermal and thermogravimetrical analyses of precursor were car-
ied out using a MOM Q-1500D derivatograph (Hungary). The heating rate was
0 ◦C/min, the alpha alumina was used as a reference. For thermal analysis the
recursor was dried at the room temperature. Fourier transform infrared (FT-IR)
pectra of the samples were measured on a FT-IR spectrometer SPECTRUM ONE
PerkinElmer) with the KBr pellet. Phase identification was performed via X-ray
iffraction (XRD) method with a SIEMENS D-500 X-ray diffractometer using nickel
ltered Cu K˛ radiation. The phases were identified using “PDF-4” card file and “EVA”
etrieval system, included in the diffractometer software. Specific surface area of the
owders was determined by BET (Brunauer–Emmett–Teller) method. Morphology
f the powders was observed by a transmission electronic microscope TEM-125
perated at 100 kV accelerating voltage. Before microscopic examination, the pow-
ers were subjected to ultrasonication by using an ultrasonic dispergator UZDN-A at
requency of 22 kHz for 45 s. The distilled water was used as a working medium. The
ulfur content was determined by X-ray photoelectron spectroscopy (XPS) method

y a XSAM-800 Kratos spectrometer using Mg K˛ radiation, and by electron probe
icroanalysis using a Jeol JSM-6390LV (Jeol) scanning electron microscope with

NCA 350 microanalysis system. The density of ceramic samples was determined by
rchimedes method. The microstructure of ceramics was observed by a Jeol JSM-
390LV (Jeol) scanning electron microscope after thermal etching at T = 1500 ◦C for
h.
Compounds 508 (2010) 200–205 201

3. Results and discussion

3.1. The effect of precipitant

Co-precipitation of inorganic mother salts by AHC leads to the
following hydrolysis reaction of AHC [6]:

NH4HCO3 + H2O ⇔ NH4OH + H2CO3 (1)

NH4OH ⇔ NH4
+ + OH− (2)

H2CO3 ⇔ H+ + HCO3− (3)

HCO3
− ⇔ H+ + CO3

2− (4)

According to Eqs. (1)–(4), OH− and CO3
2− anions act as the

precipitating ions. Thus, the chemical composition of a formed
precursor is a result of completion between these anions and
metal cations (Y3+, Al3+) during precipitation. As one can see, the
obtained precursor is usually a carbonate compound, which is only
softly agglomerated and has low decomposition temperature. It
is known that precipitation of Al3+ by AHC leads to formation of
AlOOH or NH4Al(OH2)CO3, whereas interaction of Y3+ with AHC
results in formation of normal or basic carbonates of Y2(CO3)3·nH2O
or Y(OH)CO3, correspondingly. The aluminum rich precursor is
formed first and is then coated by yttrium enriched particles during
precipitation process. For this reason precise control of the pre-
cipitation parameters is required to obtain YAG nanopowders of
stoichiometric composition. The SO4

2− ions have drastic effect on
precursor composition due to their strong tendency to form com-
plexes. The influence of SO4

2− on the precursor composition and
YAG nanopowders properties is presented below.

3.2. DTA–TG analysis

The thermal decomposition curves of YAG:Nd3+ precursor are
given in Fig. 1. Continuous mass loss of the sample is observed
up to 1200 ◦C and is accompanied by total weight loss of 54%.
Three steps can be distinguished on the thermogravimetric curve
in 20–200, 200–900 and 900–1200 ◦C temperature ranges, indicat-
ing step-wise decomposition of the precursor. The most intensive
weight loss of 31% is observed at the first stage, following by two
relatively sloping stages. The corresponding mass losses are 17 and
6%. The ignition loss observed up to 200 ◦C is caused mainly by
removal of molecular and hydrated water. In the temperature range
Fig. 1. DTA and TG curves of the precursor.
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3.5. XRD analysis

Evolution of the precursor phase composition during calcination
is given in Fig. 3. The initial precursor as well as the powders cal-
ig. 2. FT-IR spectra of precursor (1) and YAG:Nd3+ nanopowders calcined at 900 ◦C
2); 1000 ◦C (3); 1100 ◦C (4); 1200 ◦C (5) and 1300 ◦C (6).

.3. FT-IR spectra

FT-IR spectra of precursor and its calcination products are
resented in Fig. 2. The wide structureless band with a max-

mum at 3435 cm−1 corresponds to absorption of molecular
ater (∼3200–3500 cm−1) as well as free hydroxyl groups

∼3200–3500 cm−1) [14]. The broad peak at ∼1640 cm−1 is char-
cteristic to H–O–H bending mode of molecular water. The strong
bsorption bands in 975–1230 cm−1 range correspond to SO4

2−.
t is known that SO4

2− ions demonstrate characteristic absorption
ands in the 1040–1210 cm−1 range and the range may be extended

f the bands are split [14]. The intense peaks at 520 and 1385 cm−1

ndicate the presence of residual NH4+ and NO3− groups in the pre-
ursor [13]. The wide absorption bands at 1520 and 1410 cm−1 were
ssigned to asymmetric stretch of C–O band in CO3

2−, while the
eak at 845 cm−1 was attributed to deformational vibration of C–O

n CO3
2−, respectively. Calcination of precursor at T = 900 ◦C sig-

ificantly decreases the band intensities of molecular water, free
ydroxyls and carbonate groups, but does not influence those of
ulfate ions (Fig. 2). Thus, at the temperatures up to 900 ◦C grad-
al dehydration and carbonate decomposition mainly occur, while
esulfurization takes place at higher temperatures. The sample
alcined at T = 900 ◦C demonstrates the characteristic absorption
ands in 400–800 cm−1 wavelength range, corresponding to Y–O,
l–O and Y–Al–O stretching vibrations [13,15]. This indicates the

ormation of garnet phase after final precursor decarbonization.
he violent desulfurization of nanopowders occurs in 900–1200 ◦C
emperature range in good agreement with DTA–TG data (Fig. 1).
he complete removal of sulfate ions registered after calcination
t 1300 ◦C, is accompanied by disappearing of absorption bands
n 1040–1210 cm−1 range. The weak residual absorption peaks in
he calcined samples (1300 ◦C) are connected probably with H2O
dsorbed onto powder surface in the air.

.4. Precursor composition

Co-precipitation of yttrium and aluminum nitrates by AHC
esults in formation of complex precursor with the approximate
omposition of NH4AlY0.6(CO3)x(OH)y·nH2O [6,12]. Our DTA data
Fig. 1) agree well with that reported for carbonate precursor

6,7]. However, TG shows that our precursor has higher decom-
osition temperature (the observed difference is of about 200 ◦C).
sually sulfate-doped precipitates demonstrate higher thermal

tability compared to undoped ones [1]. According to FT-IR data
he mass loss in the temperature range of 900–1200 ◦C corresponds
Compounds 508 (2010) 200–205

to nanopowders desulfurization indicating that precursor contains
sulfate ions. The concentration of sulfate ions was determined by
XPS and electron probe microanalysis methods. According to elec-
tron probe microanalysis the precursor contains 2.7 at.% of sulfur.
The calcination temperature increase from 900 to 1100 ◦C results
in sulfur concentrations decrease from 1.13 to 0.16 at.%. The final
removal of sulfate ions (below the analyzer sensitivity limit of
0.1 at.%) occurs after powders calcination at 1200 ◦C. The XPS data
evidences, that sulfur ions form SO4

2− anions in the precursor as
well as in calcined YAG nanopowders, since bonding energy value
of sulfur 2s-shell (232.3 eV) corresponds to well-known data for
MeSO4 compounds. Hence the new precursor with approximately
composition of NH4AlY0.6(CO3)x(OH)y(SO4)z·nH2O was obtained by
co-precipitation method. Formation of precursors containing sul-
fate ions by wet chemical methods was also reported in [5].
Fig. 3. XRD spectra of YAG:Nd3+ nanopowders calcined at 500 ◦C (1); 800 ◦C (2);
900 ◦C (3); 1000 ◦C (4) and 1100 ◦C (5).
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Sulfate ions adsorbed onto the precursor surface form double
electric layer (electric stabilization), which increases repulsion
forces between the particles and improves precursor dispersion.
YAG:Nd3+ nanoparticles obtained by precursor calcination inherit
Fig. 4. The morphology of the precursor (1) and YAG:Nd3+ nanopowde

ined below 900 ◦C was amorphous. YAG phase formation occurs at
= 900 ◦C. The powders calcined at 900 ◦C and above this tempera-

ure are single-phase since all diffraction peaks correspond to YAG
rystal lattice (Fig. 3). The formation temperature of garnet phase
uring NH4AlY0.6(CO3)x(OH)y(SO4)z·nH2O precursor thermolysis is

n accordance with that for carbonate precursor [6,7], thus sul-
ate ions do not influence the phase formation temperatures and
heir sequence. As the calcination temperature rises, the diffrac-
ion peaks become more and more intense and narrow, evidencing
he average crystallite size increase. However, this increase is very
eak (Fig. 3), indicating that sulfate ions slow down the diffusion
ass transport.
FT-IR, TG and electron probe microanalysis show that YAG

esulfurization occurs till the temperature of 1300 ◦C, while single-
hase YAG forms after calcination at T = 900 ◦C. According to XPS
ata residual sulfate ions create SO4

2− anions, so YAG powders are
oped by SO4

2−-ions in 900–1300 ◦C temperature range. We sup-
ose two possibilities of such a doping. First, SO4

2−-ions can be
part of impurity phases like Y2(SO4)3, Y2O2SO4 or Al2(SO4)3 in

he concentration below the XRD detection limit (1 mass%). Sec-
ndly, since YAG nanopowders have high specific surface area,
O4

2− can enter into surface layers of YAG lattice. For beryllium

xide obtained by thermal decomposition of beryllium sulfate it
as shown, that residual SO4

2− ions can be located in the bulk
r the surface layers of BeO prior to dissociation [16]. Since the
adius of SO4

2− anion (∼2.3 Å) [17] is much higher than that for oxy-
en ion (1.24 Å), and assuming that every nanoparticle is a single
ined at T = 900 ◦C (2); T = 1100 ◦C (3); T = 1200 ◦C (4) and T = 1300 ◦C (5).

crystal, SO4
2− entering into the particle volume is highly unlikely.

So we suppose that SO4
2− in YAG nanopowders is placed at the

nanoparticles surface.

3.6. Powder morphology

The morphology of precursor and YAG:Nd3+ nanocrystalline
powders is shown in Fig. 4. The precursor consists of spherical
well-dispersed particles with an average diameter of 10–30 nm.
Fig. 5. YAG:Nd3+ (3 at.%) ceramics obtained by vacuum sintering at 1800 ◦C for 10 h
using sulfate-doped (1) or undoped (2) nanopowders calcined at T = 1100 ◦C for 2 h.
The samples thickness is 1 mm.
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near monodisperse spherical particles of 50–60 nm in diameter
ig. 6. SEM micrograph of surfaces of YAG:Nd3+ (3 at.%) ceramics, obtained by vacuu
or 2 h.

he morphology of precursor (memory shape effect). For instance,
alcination at 1100 ◦C for 2 h leads to creation of well-dispersed
niform spherical particles of 50–60 nm in diameter (Fig. 4, 2).
he particle diameter calculated by BET method (60 nm) perfectly
atches with that determined by TEM, indicating low agglomera-

ion degree of the powders. The calcination temperature increase
esults in formation of contact necks between some of the parti-
les while the spherical morphology remains unaltered (Fig. 4, 3).
urther temperature increase up to 1300 ◦C results in inconvertible
orphology changes. Along with average particle size increase the

ormation of coral-like hard aggregates occurs as a consequence
f significant rise of diffusion mass transport (Fig. 4, 4). It should
e noted that morphology of YAG particles correlates with their
alcination temperature (or with concentration of residual sulfate
ons). Only nanopowders containing more than 0.1 at.% of sulfate
ons demonstrate spherical morphology of particles.

The doping by sulfate ions is favorable for the spherical
orphology and excellent dispersion of precursor and calcined

AG:Nd3+ nanopowders. First, the free SO4
2−-ions act as a

uch stronger coagulant compared to NO3
−-ions, probably, due

o higher valence state [1]. This leads to production of well-
ispersed precursor. Moreover, the residual sulfate ions can reduce
rystal anisotropy among crystal planes of YAG:Nd3+ during
alcination, as recently was observed for Y2O3 [10,11]. This pro-
ides equal growth rate of different crystallographic planes of
AG:Nd3+ during recrystallization leading to near monodisperse
article size distribution. The increase of decomposition tem-
erature of sulfate-containing precursor results in decrease of
iffusion mass transport between the particles, improving their
ispersion.

.7. Sintering of YAG:Nd3+ nanopowders

It is known that microstructure and optical transmittance of sin-
ered ceramics is highly influenced by the nanopowders properties,
amely average particle size, morphology, particle size distribu-
ion and agglomeration degree. The effect of sulfate ions doping
n sintering of YAG:Nd3+ nanopowders was studied via compari-
on of morphological and optical characteristics of vacuum sintered
eramics. The vacuum sintering was conducted at 1800 ◦C for 10 h
sing furnace equipped with tungsten heaters. Undoped YAG:Nd3+

anopowders obtained according to [7] were used for purposes
f comparison. Both powders were calcined at T = 1100 ◦C during

h and compacted in one batch by cold uniaxial pressing method.
he densities of obtained green bodies were ranged within 45–50%
imit. The polished samples of ceramics obtained using sulfate-
oped and undoped YAG:Nd3+ nanopowders are presented in Fig. 5.
he densities of ceramics were 99.8–99.9% after vacuum sintering.
ering of sulfate ions doped (1) and undoped (2) nanopowders calcined at T = 1100 ◦C

Despite non-optimized compaction and sintering conditions, both
powders densify into translucent YAG:Nd3+ ceramics – the text can
be read through the 1 mm thick samples. Fig. 5 shows that ceramics
obtained with sulfate-doped YAG:Nd3+ nanopowders have better
optical transmittance compared to that prepared from undoped
powders. This fact arises from the better dispersion of sulfate ions
doped YAG nanopowders.

The microstructure of YAG:Nd3+ ceramics obtained using
sulfate-doped and undoped nanopowders is given in Fig. 6.
The samples have equal crystallite sizes of 10–15 mkm as
determined by the linear intercept method from 100 randomly
selected grains. The only difference between two samples is lower
porosity of the ceramics obtained using sulfate-doped precursor
of NH4AlY0.6(CO3)x(OH)y(SO4)z·nH2O composition (Fig. 6.1). The
numerous literature data suggest that sulfate ions influence sinter-
ing process via more homogenous densification of nanopowders,
as well as via more complete pore removal [10,11]. This leads to
improved structural and morphological characteristics of ceramics
and higher transparency (Fig. 5,6). Thus sulfate ions affect not only
morphology of nanopowders, but also their sinterability. Obviously,
some residual sulfate ions can survive in ceramics after vacuum sin-
tering. However their concentration is below detection limit of XPS
and electron probe microanalysis methods. One can suppose that
residual SO4

2− form liquid phase during sintering, accelerating for-
mation of pore free ceramics, as it was reported for Y2O3 [11]. But
to confirm this hypothesis additional research is needed. Obtaining
the transparent ceramics without any sintering aids is a purpose of
our further studies.

4. Conclusions

The new Y3Al5O12 precursor with an approximate composi-
tion of NH4AlY0.6(CO3)x(OH)y(SO4)z·nH2O has been synthesized by
the co-precipitation method using ammonium hydrogen carbonate
as the precipitant and aluminum ammonium sulfate as the sul-
fate ions source. The influence of sulfate ions on the morphology,
dispersion and sinterability of Y3Al5O12:Nd3+ nanopowders cal-
cined in 800–1200 ◦C temperature range has been studied. It has
been shown that sulfate ions adsorbed onto the particles surface
form double electric layer, which increases interparticle repulsion
forces and improves precursor dispersion. The calcination of the
precursor at 1100 ◦C for 2 h result in formation of Y3Al5O12:Nd3+
possessing only lose agglomeration. Y3Al5O12:Nd3+ nanopowders
prepared from sulfate-containing precursor have better sinter-
ability compared with conventional carbonate-derived powders
therefore Y3Al5O12:Nd3+ vacuum sintered ceramics demonstrates
higher transmittance and lower residual porosity.
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