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Abstract

The phase development of Y;A1L:0,, (YAG), YAIO; (YAP), and Y ALO,; (YAM) synthesized by a modified sol-gel method has been
studied. A chelate agent (ethyl acetoacetate) is added to control the hydrolysis and to modify the sol-gel process. The sol-gel-derived powder
is then heat-treated to induce crystallization. The X-ray diffraction method is employed to determine the crystalline phases of the resulting
powders. The formation of YAG, YAP, and YAM is described. For both YAP and YAM compositions, thers is a phase transformation from
YAP polymorphism to perovskite YAP. The activation energies of YAG are estimated at about 69 kcal/mol by the isothermal process as
fitted with the Johnson-Mehl-Avrami equation and about 222 4 2 keal/mol by the continuous heating method as fitted with Kissinger and
Sotgiu plots. The difference of activation energies calculated from the two methods is mainly due to the complicated crystallization of YAG.

© 1998 Elsevier Science S.A. All rights reserved.
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1. Introduction

In the Y,0:—Al,0; system there are three transition com-
pounds including Y,Al;0,, (YAG), YAIO; (YAP), and
Y,ALOg (YAM), which belong to cubic garnet, orthorhom-
bic perovskite and monoclinic structure, respectively. YAG
possesses a host lattice of good efficiency and is employed
as a phosphor. The applications of phosphors are in display
devices such as television, projection television, field emis-
sion display (FED), and electroluminescent devices. The
oxide-based phosphors are thermally more stable than
traditional ZnS-based phosphors under electron-beam bom-
bardment. It was found that S, SO, and SO, evaporated from
the ZnS-based phosphors would damage the tips or cathodes
when they were employed in FED and other vacuum fluores-
cent devices [ 1]. Oxide phosphors would be a better choice
for vacuum fluorescent display because of their thermal sta-
bility. YAG powder containing Tb as dopant has already been
applied in projection television and its saturation character is
better than that of ZnS-based phosphors. YAG powder con-
taining Cr as dopant is a long-life phosphor used in liquid-
crystal-light-valve projection display. Ce-doped YAP single
crystals have been applied as fast-acting scintillators for the
detection of ionized radiation [2—4]. The scintillation effect
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is determined by the 5d—4f interconfigurational luminescence
of Ce** ions. YAP has three polymorphisms and the structure
often seen is the distorted perovskite structure. The other two
metastable phases are hexagonal and cubic structures. It was
pointed out that the YAP structure lies between the perovskite
and ilmenite structures [5]. The tolerance factor of the per-
ovskite structure usually lies between 0.8 and 1. The perov-
skite stmcture of YAP was formed with a tolerance factor of
0.86 and it presents an ilmenite structure for a tolerance factor
below 0.75 [6]. YAM is a monoclinic structure with space
group P2,/c. It shows a congruent melting point in the tem-
perature range 2020 + 20°C [ 7] and a polymorphic transition
at 1377°C [8,9]. Hence, it is a problem in application to use
YAM as laser host crystal.

Solid-state reaction using Al,O; and Y,0O; powders as
starting materials has been extensively studied to prepare
polycrystalline YAG. Y,0;-deficient YAG formed at a tem-
perature above 1600°C. A larger amount of Y,0; would need
a higher temperature and longer time to achieve the nearly
reacted YAG crystalline phase [10]. Sintering at low tem-
perature has been investigated by various techniques such as
the flux method, sol—gel method, etc. In the flux method, the
incorporation of low-melting-temperature components such
as BaF, or YF; has resulted in a lowering of the sintering
temperature to ~ 1500°C [11,12]. YAG was also prepared
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by the sol-gel method and other chemical routes such as co-
precipitation. Preparation of YAG, YAM, and YAP doped
with rare earth using the sol-gel process was reported by Rao
[13]. In that experiment Y(OH); and AI(OH); xerogels
were used as the starting materials and the samples were
found to be fully crystallized at 1000°C. Liu et al. have studied
a similar metalorganic method to prepare YAG [14]. They
used yttrium and aluminum isobutyrates as precursors and
obtained nearly pure YAG phase at 900°C. Hay has reported
sol-gel-derived YAG films [ 15]. The yttria sols and alumina
sols were made separately from yttrium and aluminum iso-
propoxide. The films were formed on nickel or platinum grids
for TEM studies. He also observed the phase transformation
of the bulk gel with a Y:Al mole ratio of 3:5 during heat
treatment and found that the YAM phase appeared at 850°C
and then the pure YAG appeared at 1050°C. The grain
growth/coarsening was noticed from TEM analysis. From
the formation rate constant, the activation energy of YAG
was estimated about 280 kJ/mol. Zhukovskaka and Strakhov
[10] estimated the activation energy of YAG using the Zhu-
ravlev equation and studied the quantitative effect of Y,0;
for the same issue. They found that the composition with a
mole ratio of Y:Al=3:5 possessed the lowest activation
energy of 23 kcal/mol. Kumar et al. [16] studied the ther-
modynamics and nucleation behavior in the YAG system
using the regular solution model. They reported that the free
energy barrier of a YAG critical nucleus was high under
homogeneous conditions.

Besides the use of experimental formulae such as the
above-mentioned Zhuralev equation [10], the activation
energy of crystal growth can also be approached by using
isothermal and continuous heating processes. Because the
crystalline phase is formed at high temperature and the dif-
fusion takes a long time, calculation of the activation energy
is difficult for isothermal solid-state reaction. In addition, it
is difficult to identify peaks in the differential thermal analysis
(DTA) spectra due to the complex phase transitions in solid-
state reactions. The sol-gel method could offer a low-
temperature synthesis and the resulting mixture can be
investigated on nanometer scale so that the diffusion problem
seems to be limited.

The purposes of this study are: (1) preparation of powders
using a modified sol-gel process; (2) investigation of phase
development for three compositions Y:Al=3:5, 1:1, and 4:2;
and (3) calculation of activation energy for a Y: Al mole ratio
of 3:5 by the isothermal process and continuous heating
analysis.

2. Experimental

2-Methoxyethanol, H;COCH,OH (99.9%, Merck), was
used as a solvent. Yttrium nitrate (99.9%, Aldrich) was dis-
solved in 2-methoxyethanol to form the solution I of 0.3 M.
The ethyl acetoacetate (EAA) chelate agent was first mixed
with 2-methoxyethanol to form a mixture and then aluminum

tri-sec butylate ( >97%, Merck) was dissolved to form the
solution II. The purpose of EAA addition is to slow down the
hydrolysis of aluminum tri-sec butylate before solutions L and
II were mixed. The concentration of aluminum was adjusted
to 0.5 M. Solutions I and IT were well mixed by stirring at
25°C for 12 h. The solution was added dropwise into 0.1 M
NH,OH solution to form the gels. The gels were dried at 80°C
for three days in an oven. The process flow is shown in Fig.
1. The three compositions for YAG, YAP, and YAM were
prepared by mixing appropriate volume ratios of solutions I
and M. Hereinafter, we denote the powder composition of
Y:Al=3:5as A, Y:Al=1:1 as B, and Y:Al=4:2 as C. The
dried gel powders were characterized with a differential scan-
ning calorimeter (DSC) (DuPont Instruments DSC 2910).
The rate of heating and cooling was 5°C/min from room
temperature to 500°C. This showed that the organic compo-
nents were decomposed at about 200°C. The dried gels were
fired at 250°C for 1 h and then at 500°C for 2 h in a muffle
furnace to form the starting powders. The chemical species
presented in starting powders A, B, and C were determined
by an inductively coupled plasma atomic emission spectro-
meter (ICP-AES) (Perkin Elmer, SCIEX ELAN 5000) and
the results are shown in Table 1. The error for the ICP-AES
composition analysis is less than 10%. It indicates that the
compositions of the resulting powders are close to the starting
compositions. Powder X-ray diffraction (XRD) (Shimadzu
XD-5 Cu Ka) patterns were used to characterize the phase
development. The powders annealed at 500°C were found to

(DHY(NO5); * 6H,0
dissolved in
2-Methoxyethanol(0.3M)

(IDEthyl acetoacetate
mixed with
2-Methoxyethanol

|

Aluminum tri-sec butylate
added in
solution(0.5M)

Mixing two solutions

with suitable ratios

Stirring for 12 h

1 Dropping into NH,OH bath |

‘ Drying in oven at 80°C

| Firing at 500°C for 2 h |

Starting powder

Fig. 1. Flow chart for preparation of starting powders.

Table 1
The ICP-AES results of three compositions of starting powders

Powder Starting composition ICP-AES analysis of the powder
A Y/Al=3:5 Y/Al=3:5.157
B Y/Al=1:1 Y/Al=1:1.041
C Y/Al=4:2 Y/Al=4:2.056
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be amorphous. Differential thermal analysis (DTA) (DuPont
Instruments DTA 1600) of the starting powders was done at
temperatures ranging from 600 to 1500°C with a heating rate
of 10°C/min and o-alumina was used as the reference. The
starting powders were fired at 650, 750, 1000, 1300, and
1500°C for 10 h with a heating rate of 10°C/min for studying
phase development. The powders were also heated at 1500°C
for 6 min to 10 h or even longer time to achieve a single
phase.

The estimation of activation energy was conducted for the
composition of Y:Al=3:5 and the DTA measurements were
done from 600 to 1000°C with various heating rates from 2
to 20°C/min. For the isothermal process, the volume fraction
of crystalline phase was determined by the change of relative
intensity of the (420) diffraction peak for YAG using
Si(111) as the standard. The powders used for the estimation
of activation energy by the isothermal process were heat-
treated at 900 and 950°C for various time durations.

3. Results and discussion
3.1. Phase development

Fig. 2 shows the DTA trace for the starting powders A, B,
and C. Curve (a) for powder A indicates a sharp exothermic
peak at 914°C. The absence of a peak below 800°C in all
DTA traces indicated that the organic components of the
precursor were completely decomposed by the 500°C firing
processing. YAG prepared by other chemical processes also
showed a similar peak around 900-950°C in the DTA trace
[13-18]. The DTA trace of composition B exhibits a similar
peak around 914°C and is shown in Fig. 2(b). Composition
C exhibited one narrow peak at 907°C as indicated in Fig.
2{c). XRD patterns of powder A heat-treated at 650 and
750°C for 10 h (Fig. 3) display little crystalline phase. The
crystallinity of YAG became obvious as the temperature was
raised up to 1300°C and the powder shows little change with
higher temperature. XRD results also indicated that YAP
(perovskite YAIO,) was the only second phase in powder A
for the present study. It has been reported that YAG is the
most stable phase in the Y,0,~Al,0; system [ 19]. Therefore,
the presence of the second phase YAP at 1300°C cannot be
a result of the decomposition of YAG. The appearance of
YAP may possibly be atiributed to the chemical inhomoge-
neity of yttrium in our gel-derived powders. It was reported
that a mixture with garnet and hexagonal YAIO;(H-YAIO,)
could be formed when the glassy phase from the melt con-
taining 42.5-45 mol% Y,0; (it has 37.5 mol% Y,0; within
YAG) was heated up to 1000°C [20]. It is suggested that the
YAP phase is the result of a phase transformation from H-
YAIO; to YAP for powder A, However, no H-YAIO; phase
exists in 1000°C/ 10 h fired powder A as revealed from XRD
analysis (Fig. 3). The possible reason is that H-YAIO; is
usually present in powder for a short period [18,20] that is
much less than our heat-treatment time (10 h).

/I\ 914°C
=
g Y:Al=1:]
Q
S 907°C
g (e Y:Al=412
o :
400 600 EL;D 10‘00 1260 1460 1800

Temperature(°C)
Fig. 2. DTA traces of starting powders (a) A, (b) B, (¢) C.

The phase development of composition B as shown in Fig.
4 is more complicated than that for composition A. The crys-
tallization of Y,0; and YAG began at 650°C. At 1000°C,
YAM presented as the third phase and coexisted with Y,O,
and YAG. Y,0; presented as one of the major phases ever
after heat treatment at 1300°C. YAP started to grow at
1300°C. The amount of Y,0; phase diminished with temper-
ature and was almost consumed at 1500°C (Fig. 5). YAP,
YAM, and YAG coexisted at 1500°C for 10 h heat-treatment.
After extending the firing time up to 40 h, we can obtain a
high-purity perovskite phase (YAP) as shown in Fig. 5. We
can deduce the reaction for YAP formation as YAG+
YAM — YAP. In fact, the peak intensities of YAM and YAG
decreased with firing time as shown in the XRD analysis.

The phase development of composition C for different
firing temperatures as revealed by the XRD patterns is shown
in Fig. 6. The formation of Y05 began at 650°C and YAG
appeared at 750°C. The XRD pattern of the powder heat-
treated at 1300°C shows the co-existence of YAP, YAM and
Y,0;. The reaction of Y,0; and YAP formed YAM phase.
The formation of pure YAM phase was achieved at 1500°C
for 10 h (Fig. 7). From the XRD patterns (Fig. 7) for the
powder treated isothermally at 1500°C for 1 h, it is indicated
that there is YAP phase with a small amount of Y,0; phase.
The Y,0; phase disappeared after that the firing time was
extended to 10 h.

The phase distributions for various compositions and firing
conditions are shown in Table 2. We find that YAP phase
appeared above 1300°C in all compositions.

3.2. Activation energy of YAG

The isothermal process used for the determination of acti-
vation energies of chemical reactions usually takes a long
time. Numerous investigations [21-28] have been devoted
to studying the kinetic parameters of crystal growth and glass
devitrification by DTA, a dynamic method. In these reports,
the continuous heating method was proven to be as good as
isothermal analysis. The basic approximation of the contin-
uous heating method assumes that A7 (the temperature dif-
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Fig. 4. XRD patterns of powder B heat-treated for 10 h at different temperatures. YAM peaks indexed by JCPDS card 34-368 and Y,0; peaks by JCPDS card
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ference between the sample and standard) is proportional to
the reaction rate [26].

The isothermal process is described by the Johnson—-Mehl-
Avrami equation as [22,26-28]

x(t)y=1—exp(—kt)” (1)

where x(¢) is the volume fraction of the transformed phase,
t the firing time, » a reaction order [22] or morphology index
[28] which depends on the crystallization mechanism, and &
a rate constant. k could be expressed by the Arrhenius equa-
tion, i.e.,

k(T)=k,exp(—E/RT) (2)

where &, is a constant, R is the gas constant, and E is the
activation energy associated with the process. On the basis
of Eq. (1), we can obtain the growth rate of the crystalline
phase for the starting powder A when heat-treated at 900 and

950°C for various periods of firing time. Linear regression
analysis of the plots In[In(1/(1—x)1] versus In(¢) provides
linear correlation coefficients of 0.991 and 0.943 and mor-
phology indexes of 0.881 and 0.759 for 900 and 950°C,
respectively. The fitting results are shown in Figs. 8 and 9.
From the two intercepts with the vertical axis of the plots in
Figs. 8 and 9, we can get two rate constants. Using Eq. (2),
the activation energy can be calculated as 69 kcal/mol. This
value is similar to Hay’s result [15].

For the continuous heating process, the kinetic parameter
of a phase transformation can be described as [23]

n E
ln(%)=—%; +const. (3)
where « is the heating rate, T, is the maximum rate at which

conversion occurred, E is the activation energy, # and m are
numerical factors depending on the crystallization mecha-
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Fig. 5. XRD patterns of powder B heat-treated at 1500°C for 6 min to 40 h.
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Table 2
Summary of phase development of the starting powders

Y.0; Temp. Time Phases
(mol%) °C) (h)
66.6 650 10 Y.0,+YAG
(powder C) 750 10 Y.0;+YAG
1000 10 Y,0.+YAG+YAM
1300 10 Y.0:+YAM + YAP
1500 10 YAM
1500 30 YAM
50 650 10 Y,0:+YAG
(powder B) 750 10 Y,0:+YAG
1000 10 Y,0:+YAM + YAG
1300 10 Y.0; +YAM + YAP+YAG
1500 10 YAM+YAP+YAG
1500 30 YAP+YAG
373 650 10 YAG
(powder A) 750 10 YAG
1000 10 YAG+YAM
1300 10 YAG+YAP
1500 10 YAG+YAP
3
2 4
[
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2
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In(t)
Fig. 8. Plotof Inln( 1 —x) ™! vs. In(¢) for isothermal crystallization of YAG
at 900°C.,

Inin(1/(1-x))

In(t)
Fig. 9. Plot of Inln(1 —x) ™! vs. In(¢) for isothermal crystallization of YAG
at 950°C.

nism, and n =m -+ 1 for a bulk reaction. When the crystalli-
zation mechanism is surface-nucleationrelatedthenn=m=1

for different heating rates, and the equation can be described
as the Kissinger equation [23], i.e.,

1 ( - )—- E 4
n T2 RT. const. (4)

From the slope of the In(«/T,,*) versus 1/7T,, plot we can
obtain the activation energy. The slope of Eq. (3) is m/n
times that for Eq. (4). If the plot of Eq. (4) was a fitted line,
then the plot of Eq. (3) also should form a fitted line. If
m/nis known, we could determine the activation energy from
the slope of the Kissinger plot.

There is another modified Kissinger’s equation, derived by
Baiocchi et al. [26], which can be represented as follows:

44

E
ln(sm) RT. +const. (5
in which S =T, —T,, where 7, is the starting temperature
for DTA. The activation energy E can be calculated from the
slope of the In{S,,/ &) versus 1/T,, plot. Since the plot does
not include the factors m and n, the slope can give directly
the activation energy. The two plots (Egs. (4) and (5)) are
shown in Figs. 10 and 11, respectively. Linear regression
analysis gives correlation coefficients of —0.997 from the
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Fig. 10. Kissinger plot for YAG.
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Fig. 11. Plot of In(S,,/ ) vs. 1/T,, for YAG.
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Kissinger plot and 0.997 from the Sotgiu plot. From these
slopes, the calculated activation energies are 224 and 220
kcal/mol, respectively, i.e., the activation energy calculated
from Eq. (4) is very close to the results obtained from Eq.
(5). This clearly indicates that the #/n ratio is equal to one,
that is, n=m or n=m=1. It is frequently observed that, if
n=m= 1, this indicates that the crystallization of YAG
includes only the mechanism of crystal growth [28]; if
n=m=1, the crystallization mechanism of YAG includes
surface nucleation and crystal growth [23]. The above anal-
ysis gives n =m = 1. Therefore, the crystallization of sol-gel-
derived powders for the present study belongs to the latter
case. In fact, our starting powders are amorphous so that the
nucleation process should be involved in the crystallization
mechanism.

The activation energies obtained from the continuous heat-
ing process are about 3.7 times that of the isothermal process.
The difference between the two methods may be attributed
to the various phase-transformation mechanisms. The acti-
vation energy obtained from DTA analysis includes a kinetic
barrier [24]. It was reported that the DTA analysis might
agree with the analysis of the isothermal process when the
mechanism is related to the first coordinate reaction [27] or
decomposition [21]. YAG, containing 160 atoms in a unit
cell, is more complex and hence crystallization will be related
to higher coordinate changes. The kinetic barrier is higher
than decomposition or the first coordinate change. In fact, the
role of the kinetic barrier is also shown in the YAG melt. It
has been reported that the melt must be supercooled down to
920°C for starting the solidification of the YAG {20]. Geravis
et al. [20] concluded that the complex structure could lead
to difficulties for the creation of a nucleus greater than the
critical size required for growth.

4. Conclusions

The incorporation of a chelate agent effectively controls
the hydrolysis and helps to improve mixing the nitrates with
aluminum tri-sec butylate. We could successfully obtain clear
solutions and synthesize high-purity YAG and YAM phases
by the modified sol-gel method. In the case of powder A, it
forms a YAG phase at a low temperature of 1000°C. Powder
B fired at 1500°C for 40 h can give high-purity YAP phase.
Powder C fired at above 1300°C can induce the phase trans-
formation from YAIO; polymorphism to YAP. High-purity
YAM phase can be obtained for powder C fired at 1500°C
for 10 h.

The activation energies of YAG calculated by the isother-
mal process and DTA analysis are 69 and 222 + 2 kcal/mol,
respectively. The difference between the results is attributed
to the different crystallization mechanisms for the methods.
From the numerical parameters n and m of the DTA analysis,

the crystallization of the sol-gel-derived powder may include
surface nucleation and crystal growth.
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