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Kinetics and mechanism of fine-crystalline yttrium —aluminum garnet (YAG) formation
under hydrothermal and thermovaporous treatment were investigated. It was synthe-
sized from the stoichiometric mixture of oxides in the temperature range 200-400°C
at pressures of water vapor 4.0-26 MPa. It was established that in quasi-equilibrium
with water vapor conditions the synthesis of YAG proceeds with formation of inter-
mediate substance with Y(OH), structure and amorphous aluminous component. The
diffusion of this aluminous component into the Y(OH); matrix resulted in the reorgani-
zation of oxygen sublattice accompanied with dehydroxylation. The kinetics of YAG
formation is described by the equation of solid-phase transformation with the limiting
stage of nucleation. Synthesized YAG contains 5—7% of water, which corresponds to
a h?'drogamet structure. The study of luminescence properties of YAG doped with
Nd**+ or Cr** ions has allowed to determine the positions of hydroxyl groups and
oxygen vacancies in the structure.

Keywords: Hydrothermal synthesis; Thermovaporous treatment; YAG; Solid-phase
transformation

INTRODUCTION

The investigation of the processes of synthesis of fine-crystalline simple
oxides at temperatures of 200—400°C in water vapour at 0.2—-30 MPa

*Corresponding author. Tel.: 7(095)9393328, Fax: 7(095)9328846, c-mail: Ivakin@
kge.msu.ru
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pressures (conditions of thermovaporous treatment — TVT) showed
[1,2] that interaction of oxides with water vapors in the presence of
special microadditive leads to a solid-phase transformation of oxides.
On the other hand the synthesis of these oxides at the open air is
carried out at temperatures higher than 1000°C. The synthesis of
yttrium—aluminum garnet (YAG) in air proceeds in the temperature
range of 1250—-1750°C [3—5]. The works on YAG synthesis from
oxides under hydrothermal conditions at temperatures of 500—600°C
and pressures of 70—170 MPa in 6—10% carbonate solutions of K
and Na are known [6~9). Under such tough hydrothermal conditions,
the processes of dissolving the oxides in fluid and crystallization of
product play the main role.

The present work is devoted to the study of mechanism of
solid-phase interaction of yttrium oxides and aluminum with YAG
formation under thermovaporous and hydrothermal conditions: in the
temperature range of 200--400°C and water vapor pressures of 1.5-26
MPa. The difference between hydrothermal and thermovaporous
conditions of synthesis consists in that the hydrothermal process is
carried out in a liquid and in a fluid, and in the second case — in an
atmosphere of a water vapor at pressures is lower 30 MPa.

EXPERIMENTAL

The oxides of highest purity grade were used in the present work:
yttrium oxide having particles with dimension less than S5pum and
aluminum oxide — feeble crystallized 6-A1,0; with particles of no
more than 3 um. The oxides of neodymium (highest purity grade) or
chromium ions (in (NH4),Cr;O; salt) were introduced into a mixture
of yttrium oxides and aluminum. The content of neodymium or chro-
mium in oxides mixture was 0.1—1% at. The jons Nd** and Cr*+
were used as luminescence sondes. The thermovaporous and hydro-
thermal treatment were carried out in stainless steel autoclaves with
volume 16 cm®. The oxides mixture (0.7 g) was introduced in a stainless
steel container. This container with oxides was placed on a support
inside the autoclave. The distilled water was added into the container
or in the autoclave bottom outside of the container. In the latest case a
mixture of oxide remained dry. The synthesis was done in the presence
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of process activators (ammoniac salt of organic acids 0.5—5.0% mass).
A degree of filling of autoclave by water was equated to 0.16. The
autoclaves were treated in isothermal conditions under temperatures
of 200-400°C. The time of autoclave heating to the needed tem-
perature was of 0.7—1h. The time of isothermal heating was cal-
culated after getting the needed temperature. Then, after cooling
the autoclave and condensing water vapors on the bottom of auto-
clave, the dry product was taken out and investigated by X-ray dif-
fraction, IR-spectroscopy, thermal analysis, photoluminescence and
electron microscopy. Quantitative analysis carried out on integrated
intensities of XRD reflexes of phases YAG and Y(OH); in select
intervals. The XRD reflexes of boehmite were expressed indistinctly,
in this connection the content boehmite determined by a method of a
IR-spectroscopy on absorption band 1074cm ~*. IR-spectroscopical
analysis of samples (1% in KBr tablets) was made using IR-75
spectrometer in a frequency range of 400-4000cm ~. The photo-
luminescence was registrated on SDL-2M spectrometer in a range of
2601200 nm. The crystal dimensions and habitus were measured by
use of SEM Jeol JSM-35CF. Thermal analysis was performed on
Q-1500D (“MOM’’) derivatograph in a dynamic regime at a heating
rate of 7.5°/min in the temperature range 20— 1200°C.

RESULTS AND DISCUSSION

The test performed showed that the lowest temperature of YAG
formation under hydrothermal conditions is ca. 260°C. At the tem-
perature below, the synthesis product contains yttrium hydroxide,
boehmiite traces and X-ray amorphous aluminum oxide. In this case, a
wide halo is registrated in a diffractogramm in the range of 20=13-
25° with a maximum at 18°. During 40 h at 270°C formation of YAG
is about 50% and at 300°C the formation is completed. The main
amount of aluminum containing component stays amorphous during
reaction. The synthesis under water vapours is going in the same way.
The synthesized crystals of YAG have dimensions of 1-5 pm. After
the synthesis under thermovaporous conditions the crystals have
clear rhombododecahedral habitus. Crystals of YAG synthesized un-
der hydrothermal conditions have no defined form.
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The kinetics of transformations under hydrothermal conditions was
investigated at temperatures 270°C and 300°C (Fig. 1). The YAG
formation is preceded by the induction period of 1h at 300°C and 6h
at 270°C. During induction period, only X-ray reflexes of yttrium
hydroxide lattice are registrated. The presence of induction period
indicates the complicity of YAG initial formation, which is going on
base of intermediate product with yttrium hydroxide structure. A
kinetics of transformations can be described (Fig. 1) by the equation
of solid-phase process with a constant nucleation rate [10,11] o =
1—exp(—kt), where a—degree of transformation, k—a constant of
rate. The rate of reaction is controlled by nucleation. The estimation
of activation energy on base of temperature dependence of k gives
the amount of 162 kJ/mol.

The specifics of oxides interaction under conditions mentioned is
an intensive hydroxylation of their structures. In the absence of alu-
minum oxide, at 300°C yttrium oxide completely transforms into
yttrium hydroxide, which does not change after isothermal treatment.
In the absence of yttrium oxide, during 5 h of hydrothermal treatment
at 300°C aluminum oxide completely transforms to boehmite. The in-
fluence of additive of yttrium oxide onto boehmite formation from
aluminum oxide is shown in Figure 2. With yttrium oxide content up
to 0.66% by weight in a mixture with aluminum oxide, the bochmite

In (1-00)

Degree of transformation

——ry S e o U —
0 10 20 30 40 50 60 70 80 90
Duration of treatment, h

FIGURE 1 The kinetics of YAG formation and anamorphose of kinetic curves in
coordinates In(l —a)— 7. 270°C - 1, 1’, 300°C - 2, 2',



HYDROTHERMAL SYNTHESIS OF Y;3Al;0,, 91

8 38
PYE I 1
J
1
d
4

(7
<

Content of boehmite, %
s 8
1 " ) N

(=]
1

T | L LN rYr rrrryrirrr1rrvrr
0 2 4 6 8 10 12 14 16 18 20 22 24 26
Content of yttrium oxide, %

FIGURE 2 The influence of yttrium oxide addition onto boehmite formation during
hydrothermal treatment of aluminum oxide: 1h, 300°C.
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FIGURE 3 A change of water content in synthesis products in dependence from the
duration of hydrothermal treatment of oxides mixture at 270°C and 300°C.

formation accelerates, and with Y,0; amount of more than 6% by
weight it goes slower. Thus, the hydroxylation of aluminum oxide into
boehmite stops in stoichiometric mixture (57.06% Y,03) of yttrium
and aluminum oxides. The amount of structural water in products
of oxides mixture treatment decreases after rising of the synthesis
temperature from 270 to 300°C (Fig. 3), but after long treatment at
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270 and 300°C this amount becomes quasi equal. The calculated
amount of water, that is needed for hydroxylation of aluminum oxide
into boechmite and yttrium hydroxide (line above), and also of yttrium
oxide into yttrium hydroxide (line below) is indicated in Figure 3. One
can see that at temperature 270°C the maximal water amount in
samples is in accordance with total hydroxylation of yttrium oxide
and partial hydroxylation of aluminum oxide. At the same time, at
300°C the maximal amount of water in samples is lower than needed
even for hydroxylation of yttrium oxide to hydroxide. Relative maxi-
mum of water content corresponds to the end of induction period
(1h at 300°C and 6h at 270°C). The beginning of YAG formation is
accompanied with strong dehydroxylation. Then, the amount of
water in samples passes through its maximum again. Strong decrease
of water content in samples changes into secondary hydroxylation
after formation of about 20% YAG at 270°C and 90% at 300°C.
The changement of structural water distribution in various forms
during treatment of oxides at 300°C is shown in Figure 4. In the be-
ginning of treatment, more than 80% of water is removed during ther-
mal analysis at temperatures below 510°C, having maxima at 300°C
and 460°C. This character of water elimination is known [12] for
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FIGURE 4 Dependence of water distribution into various forms from synthesis time at
300°C.
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Y(OH); decomposition in yttrium oxide with intermediate formation
of YOOH and two maxima of dehydroxylation at 314° and 474°C.
From Figure 4 it is visible, that the increase of transformation is accom-
panied by reallocation of hydroxy! groups into forms with higher bond
energy. The character of changement in total water content in product
structure (Fig. 3) says about a different water capacity of these forms.

The band in IR-spectrum at 3600cm ~! are typical for a hydroxyl-
group in structure of Y(OH);. The changement of concentration of
hydroxyl-group during synthesis of YAG is shown in Figure 5. The
time of transformation is normalized to duration of induction period.
Two relative maxima in the beginning and in the middle of trans-
formation are related to a change of Y(OH); into intermediate pro-
duct and following formation of YAG. The change in hydroxyl
state in coordination sphere of yttrium ions is evidently connected with
the modification of yttrium hydroxide by aluminum ions. The diffu-
sion of aluminum ions into yttrium hydroxide is also indicated by
increase in unit cell parameters of Y(OH); (Tab. I) during induction
period. At the same time, the initial values are the same as char-
acteristics of pure yttrium hydroxide phase, which was synthesized
under the same conditions, but in the absence of Al,O,.
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FIGURE 5 Dependence of hydroxyl groups content showing IR band at 3600cm ~*

from reduced time of hydrothermal treatment. The time is normalized onto duration of
induction period. 270°C - 1, 1’, 300°C - 2, 2.
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TABLE 1 The change of the unit cell parameters of Y(OH); during synthesis of
Y3AL50;

Y(OH),
Sample a A ¢ A Volume

* Y(OH)s, hydrothermal treatment 6.2670(4)  3.5467(3)  120.63(2)
of Y,0, at 300°C, 85 h

Product of hydrothermal synthesis, 300°, 0h  6.2666(5)  3.5463(4) 120.61(2)
Product of hydrothermal synthesis, 300°, 2h  6.2694(6)  3.5487(5) 120.80(2)

* The synthesis of Y(OH); from Y,0; is carried out in the same way as the synthesis of Y3;Al;0;;.

TABLE II The unit cell parameters of Y;Al;0;,

Sample a, A Volume
YAG, 300°, 85,3h 12.0516(8) 1750.4(3)
YAG 300°, 85,3 h after heating at 1200°C 12.0224(7) 1737.7(3)

The structural water partly remains in formed Y3;Al50;,. Its amount
decreases with the synthesis temperature rise, for YAG samples, which
are synthesized at 400°C during 40 and 400 h it is equal to 5.44%. The
presence of hydroxyl groups in synthesized samples of YAG is a result
of substitution of a part of tetrahedra [AlOg4] onto tetrahedra [OH],
with a formation of hydrogarnet [13—15]. This substitution should
lead to the increase in unit cell parameter without changement of its
symmetry (Ia3d) [13]. The hydroxyls in tetrahedra strongly influence
each other, and wide band in IR-spectrum at 3300cm ~! is related to
these hydroxyl groups. The unit cell parameters of synthesized YAG
are increased (Tab. II), and boehmite is present in the products of long
treatment of oxides mixture at 270°C and 300°C (6% and 4.2% of
boehmite relatively). The forming of boehmite is a result of a presence
of hydroxyl groups protons in the structure of YAG, which are not
substituted by aluminum ions. The heating of YAG sample up to
1200°C is accompanied by water release. In this connection, the unit
cell parameters decrease (Tab. II) and in IR-spectrum the band at
3600cm ! disappears and intensity of band at 3300cm ' decrease.
Then the impurity of Y,O; appears. The elimination of hydroxyl
groups leads to changement of stoichiometry of hydroxylated YAG
and formation of water-free YAG. Moreover, the elimination of
hydroxyl groups has an influence onto neodymium luminescence. The
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changement are well seen, when comparing (Fig. 6) the spectra of
luminescence and spectra of luminescent excitation of synthesized
samples of hydroxylated YAG and powdered water-free monocrystal
of YAG having 1% at. of neodymium, which have been grown by
means of high-temperature synthesis. In presence of hydroxyl groups
in YAG, the width of luminescence bands of Nd** increases and some
bands in a spectrum of luminescent excitation of Nd** disappears.
Neodymium substitutes yttrium ions in a structure of YAG, and Cr?*
jon substitutes octahedral aluminum ions [16]. The Cr** luminescence
indicates two types of luminescent centers. The first is related to
chromium ions in a structure of YAG [16] (luminescent bands at 687.3
nm and 688.3 nm), the second—to chromium ions in ruby (bands at
692.4 nm and 693.9 nm). Bands of ruby luminescence are absent in a
spectrum of monocrystal YAG : Cr, but they appear after mechanical
grinding together with the bands of F-centers (wide bands at ca. 370
nm and 460 nm [17]) due to a forming of oxygen vacancies during
destruction of structure. The presence of ruby bands and bands of
F-centers in luminescence spectra of synthesized samples of YAG
proves the appearance of oxygen vacancies during dehydroxylation
of matrix in YAG structure formation. Luminescent properties of
neodymium and chromium ions allow to conclude that hydroxyl

1052 | 1074

PL Excitation (2 w.)
PL Intensity (a. u.)

'\ 1 1100 .

e

400 600 300 1000 nn 1000 1030 1100 1150 mm

FIGURE 6 Spectra of luminescence excitation 1064nm (a) and luminescence spec-
tra (b) of YAG samples doped with Nd: 1 — synthesized YAG sample with hydroxyl
groups, 2 —the same sample, treated 4h at 1100°C, 3 - powder of water-free
monocrystal.
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groups are located in the tops of tetrahedra (Fig. 7), having joint
side with dodecahedra of yttrium, and that a part of position in
joint tops of octahedra and of second type tetrahedra is vacant.

The results obtained can be explained on a base of views [1,2, 19]
about quasiequilibrium hydroxylation of oxides under conditions of
high temperatures and water vapor pressures. In the beginning of
transformation a hydroxylation process dominates. Then, with a raise
of hydroxyl groups content, the rate of dehydroxylation stage be-
comes comparable to hydroxylation. In the conditions of quasiequi-
librium of hydroxylated oxides with water medium, a solid-phase
transformation and structural ordering are the result of the selection
and accumulating of position with highest bond energies during
breakage and appearance of bonds Me —O —Me and Me —OH in
acts of hydroxylation—dehydroxylation. These processes provide high
solid-phase mobility. Aluminum ions diffuse into the structure of
yttrium hydroxide, forming intermediate product with the increased
content of hydroxyl groups. The aluminum ions begin to participate in
a selection of structural positions at the end of an induction period. It
leads to the dehydroxylation of intermediate product. Thus the alu-
minum ions occupy octahedral positions and part of tetrahedral posi-
tions with structure formation of hydroxylated YAG. In this case the

FIGURE 7 The YAG structure [18]: a joint location of YOg —~ dodecahedra (pointed
with points) with AlO,4 — octahedra and with two types of AlQ4 — tetrahedra.
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formation of intermediates as Y4Al;O9 and YAIQ; is not observed.
At the same time, these compounds are common for high-tempera-
ture processes of synthesis. The hydrothermal treatment of mixture
of yttrium oxide and aluminum oxide (ratio 1:1) under conditions
used does not lead to YAIO; formation. Thus, the mechanism of
hydrothermal synthesis YAG differs from the mechanism of high-
temperature synthesis in that the formation of a finished product
occurs through hydroxylated intermediate compounds.
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