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Metastable precipitation of YAIO; in isothermally
solidified YAG/(AI,Os-rich) spinel composites
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Phase composition and microstructure of isothermally solidified YAG/spinel (or Al,O3-rich
solid solution) composites were investigated. It was verified that an equilibrium binary
eutectic phase region consisting of YAG and Al,Os-rich spinel solid solution exists in the
YAG-spinel-Alumina ternary system. Moreover, it was identified that a metastable system,
YAIO3; and Al,O3-rich spinel solid solution, could be formed during rapid cooling from the
eutectic temperature. © 17998 Kluwer Academic Publishers

1. Introduction solidification behaviors of this binary system were in-
It was reported that the metastable eutectic systerdestigated with emphasis on phase composition and
YAIO 3 (Yttrium Aluminate Perovskite, YAP) and alu- microstructure. Experimental results indicated that the
mina with eutectic temperature of about 17@0could  metastable YAP phase could precipitate in the YAG-
be formed during solidification of the melts in the spinel (or ALOs-rich solid solution) composites from
equilibrium YAG-alumina eutectic system [1-3]. How- temperature below 180C. In this paper, the mi-
ever, it was pointed out that the non-equilibrium crostructures of the equilibrium YAG/spinel and non-
YAP/alumina eutectic could only precipitate from the equilibrium YAP/spinel solid solution eutectic precip-
melt with temperature at least higher than the meltitates are characterized, and the formation process of
ing point of YAG (1940°C). Moreover, it was identi- the metastable YAP precipitates is discussed.
fied that heat treatment of the metastable eutectic above
1418°C could cause solid state reaction between YAP
and alumina leading to the formation of equilibrium
phase YAG while maintaining the rod/lamellae mor- 2. Experimental
phology [2, 3]. High purity Al,O3 (99.99%, TM-100, Taimei Chem.
Recently, the authors investigated the phase conto., Ltd.), MgO (99.98%, Ube Ind. Ltd.) and,®©3
positions and microstructures of the YAG-spinel and(99.9%, Shin-Etsu Chemical Co., Ltd.) powders were
YAG-alumina systems with off-eutectic compositions used as starting materials to prepare the samples
[4, 5]. It was found that metastable YAP phase couldwith compositions designated byve (52.3 mol %
precipitate in both the YAG-rich specimens solidified Al,03 +40.9 mol % MgO+6.8 mol % Y,0Os; or
from the eutectic temperatures (183D and 1820C, 10 mol % Y3Al5012 4+ 90 mol % MgALbO,) and Gyz
respectively) at cooling rate of 10€/min, moreover, (62 mol % AbO3z + 30 mol % MgO+ 8 mol % Y>0g),
it was shown that the secondary phase, spinel or aluas shown in Fig. 1. The powder mixtures were pre-
mina, appeared to precipitate as an amorphous phagared by ball-milling with plastic-coated steel balls in
during the solidification process. The formation of theethanol for 24 h. The slurries were dried by means of
metastable phases in the solidified composites was exvaporator and oven, and then the dried mixtures were
plained based on the divorced eutectic precipitatiorcalcined at 700C for 1 h in air. Solid state reaction
caused by metastable primary growth below equilib-and densification of the samples were conducted si-
rium eutectic temperature. multaneously through hot pressing with graphite dies
In this work, the presence of a binary eutectic phaset 1700°C for Cy; and 1600 C for Gy, in vacuum for
region between YAG and ADs-rich spinel solid solu- 1 h, respectively. The as hot pressed samples with diam-
tion within YAG-spinel-alumina ternary system, as pre-eter 16 mm and thickness 2—3 mm were cut into several
dicted in the study of YAG-spinel eutectic precipitatessmaller pieces to prepare for the subsequent annealing
[6], was verified using composite samples. Then, thdéreatments.
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Figure 1 Diagram of partial phase relations in MgO28l3-Y 203
ternary system, subsolidus.
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The annealing processes proceeded in argon atmc.=

sphere through heating the specimens at’Cfmin

up to the temperature at which the specimens were.g
melted substantially. At each annealing temperature &

the specimens were heldrfth h and then cooled down

at 100°C/min or 0.5°C/min. The temperature measure-
ment was carried out by optical pyrometer (IR-Q2C,
Chino Works, Ltd.) and calibrated by Pt-30Ph/Pt-6Rh

thermocouple. The mean error of the calibrated tem-

peratures was about5°C in the whole temperature
range.

In addition, part of the solidified specimens were re-
annealed at 1500C for 2 h to examine the change in
microstructure and phase composition.

The microstructures and phase compositions of the

3. Results and discussion
3.1. Phase relationships and metastable
precipitation of YAIO3

Fig. 2 shows the phase distributions of the hot
pressed samplespz and Gyz. It was known from
XRD analysis (Fig. 3) that both the samples were com-
posed of two phases, YAG and spinel. However, it
was noted that the diffraction intensities correspond-
ing to spinel in sample (& shifted towards large an-
gles (Fig. 3b), indicating that ADs-rich spinel solid
solution was formed. EPMA analysis exhibited that the
bright-contrast phases were YAG and the dark-contrast
phases were spinel inyz and AbOs-rich spinel solid
solution in Gy2 (Fig. 2).
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specimens before and after the annealing treatmentyure 3 XRD patterns of the hot pressed samples, (@) &t 1700°C
for 1 h and (b) Gy2 at 1600°C for 1 h in vacuum.

were characterized by SEM, EPMA and XRD.

Figure 2 Back scattering electron (BSE) micrographs of samplgs @) and G2 (b) hot pressed at 1700 and 1600°C, respectively, fol hin

vacuum.
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Figure 6 XRD patterns of samplesyg annealed at (a) 182& for 1 h
and (b) 1843 C for 1 h, and sample g annealed at 1798C for 1 h (c),

Figure 5 A typical SEM picture of sample g annealed at 1795C for cooled down at 100C/min in Ar.

1 h and cooled down at 10@/min in Ar.

intergranular precipitates, determined by EPMA, was
Furthermore, annealing treatments indicated thashown in Fig. 1. It was identified by XRD analyses of

sample Gy exhibited higher melting temperature than the observed surfaces that the equilibrium phases were
sample Gy2. Forinstance, at 182&, the annealed sam- maintained in the sampleyz annealed at 1828C

ple Gu1 was little deformed, whose microstructure (Fig. 6a), whereas YAG phase disappeared, instead,
is shown in Fig. 4a. When increasing the annealingrAlO 3 (YAP) phase precipitated in the sampleg;C
temperature to 1843C, however, sample @i was and Gy solidified from 1843 C and 1795C, respec-
melted significantly, in which large amount of needle ortively, accompanied with the shift of the lines corre-
platelet-like precipitates were formed in the solidified sponding to spinel phase towards larger angles (Fig. 6b
microstructure, as shown in Fig. 4b. In contrast, the anand c). The difference in the diffraction intensities cor-
nealed samplef was melted substantiallyat 1795,  respondingto YAP in Fig. 6b and c may be related to the
whose solidified microstructure being shown in Fig. 5,preferred orientations of the YAP precipitates formed
in which the composition E(Al,Os: 64+1 mol %, during the cooling processes, which is to be clarified in
MgO: 17+ 3 mol %, Y,03: 19+ 3 mol %) of the further work. In addition, it may be noted from Fig. 6¢
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that aweak line at about 36 8which might Correspond TABLE | Coordination numbers and basic structural units of the re-
to the strongest line of spinel. The possible coexistenckted oxides

of the spinel phase and the 8s-rich spinel solid so-  ,ges Y:AlsO12  YAIO3  AlxOs MgAI 204
lution (primary phase) is suggested combining with the
precipitation process of YAP, as described below. Al' 6 6 6 6

The above results revealed that an equilibrium®” ;" i

binary eutectic system, ADz-rich spinel solid Mg
solution(MAsg)-YAG, should exist in YAG-spinel g 4 6 4 4
(MA)-alumina(A) ternary system, indicating that the
solid solution characteristic of spinel in MgO-AD; I' ﬁl' Iv}g
binary system is still present in the ternary system. Y:?iY Al'—O—Al' Al'—?—Al'
Thus, according to the dependence of the solubility Al ¥ AL Y E' Al
of Al,O3 in spinel on temperature (phase diagram of
MgO-Al,O3 system[7]), the YAG-MA-Aternary phase — —
region could be divided into two parts, YAG-Mgand Al’ — octahedral coordination, Al- tetrahedral coordination.
YAG-MA s<A phase regions, as illustrated in Fig. 1.
For the YAG-MAgs binary system, eutectic feature has
been identified in the previous work [6]. Comparing
the results of the annealed samplgg @nd Gy indi-
cates that the equilibrium eutectic temperatures in th
YAG-MA sssystem decrease with increase in content o
Al O3 in the spinel solid solution.

The precipitation of YAP phase accompanied with
the formation of AyOs-rich spinel solid solution(MAy)
in annealed samples may imply that the following
reaction,

N

Structural

wits 1 Q7Y

tion between AJO3; and spinel structural units in the
melt is also energetically favorable unless the melt-
ing temperature was too low to nucleate. According
fo the estimation of critical free energies for nucle-
tion of melting AbO3 as a function of temperature
8], the nucleation otx-Al,03 would be replaced by
other metastable phases of alumina suclra$-, 6-
Al,O3, and even amorphous phase when the nucleation
temperature was lower than 1740. In this case, MAs
might not be formed from the melt, instead, partially
spinel (MA) precipitated, as presumed by the weak
XY 3Al5012 + MgO - Al,05 line near 36.8 (Fig. 6¢) which might correspond to
the strongest line of spinel. It can be expected that the
— 3XYAIO3+MgO- (14 x)Al20s (1)  jiquidus temperature of the metastable system YAP and
MA sswould be lower than that of the equilibrium YAG-
took place during the solidification process. It wasspinel system, similar to the metastable systepQAd
known from the microstructures containing YAP pre- YAP (melting temperaturez 1700°C), as appeared in
cipitates (Figs 4b and 5) that spinel or Mfexhibited  YAG-alumina system [2]. The possible formation of
as primary phases. In other words, the initial YAG solidamorphous phase of alumina and even spinel accom-
phase could be dissolved sufficiently into the eutectigpanied with the metastable precipitation of YAP was
melt during the annealing processes. Usually, it is bealso found in YAG-alumina system with off-eutectic
lieved that the structures of the nuclei formed initially composition [5] and YAG-spinel system with YAG-rich
from a melt, which may be stable or metastable phasesomposition [4].
under the existing equilibrium conditions, are similar to
the short-range order structures of the melt because it |§ .
energetically favored to nucleation kinetics. YAG crys- 2. Anneallpg processes and phase
tal was suggested to possess a higher nucleation ener% compositions I
than perovskite structure, but it could decompose intgl '€ €xperimental results on the samples solidified at

metastable YAIQ (YAP) and ALO;3 in melting state éQOOCéan wehre gir\]/en above. Fgr_ther eﬁpﬁrime?;{js.fin;j
[2], as expressed by the following reaction. icated that the phase compositions of the solidifie

composites could be changed with cooling rates. For
Y3Al50;, = 3YAIO3 + Al,05 (2) example, when sampleyg solidified from 1795°C
at initially 0.5 °C/min to about 1770C and then at
Therefore, it may be expected that the basic short-range00 °C/min to lower temperatures, YAP phase did
order structures in the melt of YAG-spinel system in- not precipitate, while the equilibrium YAG phase was
volve Y3Als012, YAIO3, Al,O3, and MgALO,4. Onthe  maintained, as verified by XRD analysis (Fig. 7a).
other hand, the short-range order structures can be eMicrostructural observation (Fig. 8a) showed that the
pressed by the basic structural units obtained throughfAG phase (bright contrast) was present as intergran-
calculation of the coordination numbers of the crystalular precipitates, and the interfaces between YAG and
structures, as shown in Table I. It is known from thespinel (dark contrast) exhibited creasing-like charac-
coordination numbers shown in Table | that the decomtieristic. Furthermore, comparing Fig. 7a with Fig. 3b
position of YAG (Equation 2) would accompany with indicates that the relative diffraction intensities corre-
the increase in coordination numbers, which should beponding to YAG phase in the solidified sample are ob-
promoted with increase in temperature. In addition, itviously inconsistent with those in the hot pressed sam-
is known from Table | that the basic structural units ple. Assuming that the XRD patterns of the hot pressed
of both «-Al,03 and spinel possess Al-O octahedrasample (Fig. 3b) corresponding to the fine-grained
and four-fold coordination of oxygen ions. Therefore, structure (Fig. 2b) are similar to the patterns of its pow-
the formation of order structure of spinel solid solu- der specimens, it could be expected that some possible
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preferred orientation occurred during the crystalgrowth As analyzed above, the precipitation of YAP and
of the YAG phase in annealed sample (Fig. 8a). On th&\l ,O3-rich spinel solid solution in the rapid solidifica-
other hand, when the solidified samplgCcontain-  tion process indicated that short-range order structures
ing YAP precipitates (Fig. 5) was reheated at 1300 of YAP, spinel solid solution were present in the eutec-
for 2 h in air, YAP phase was transformed into YAG tic melt at the beginning of the solidification. However,
again (Fig. 7b), the correspondent microstructure beeue to the decreased solubility of 283 in spinel with
ing shown in Fig. 8b. Similarly, the difference in the decrease in temperature 83 would precipitate grad-
relative diffraction intensities corresponding especiallyually from the spinel solid solution under certain degree
to the YAG phases in Fig. 7a and b could be ascribeaf supercooling. Therefore, it may be suggested that
to the difference in the orientation and distribution of during slow cooling process, the basic structural units
the phases. It was revealed that the YAG phases showaf Al,0O3 exist throughout the supercooled melt, and
in Fig. 8a and b exhibited a continuous phase strucat the same time, short-range orderness of YAG may
ture like a eutectic phase and a fine-grained structurehe reestablished through the reverse reaction of Equa-
respectively [9]. tion 2 at relatively higher temperature. The interface
characteristics of the specimen shown in Fig. 8a may
o: YAG imply that the eutectic nucleation of YAG and spinel
o : Spinel q occurred at the solid/liquid interfaces during the slow
a1 a-ALO; solidification process.
Similarly, for the sample reheated at 150D (Fig.
8b), large amount of A3 should be precipitated
from the initial spinel solid solution, which, then re-
acted with YAP to produce YAG. Evidently, the YAG/
spinel interfaces formed at 150C should be differ-
ent from those formed through eutectic nucleation. It
(b) was noted that faceted primary phase was maintained
(Fig. 8b).
a a In addition, the above experimental results have in-
dicated that metastable phase YAP can be precipitated
30 20 59 from the melt with temperature much lower than the
melting point of YAG (1940°C), which was believed
20 / degree to be impossible in YAG-alumina system [2, 3]. The
reason may be ascribed to not only the sufficient dis-
and cooled down slowly at initially 0.5C/min to 1770°C and then solution and decompOSiFion of .YAG compon_ent in the
quickly at 100°C/min in Ar and (b) annealed at 179& for 1 h and melt but also to the rapid cooling rates which would

cooled down at 100C/min in Ar and reheated from room temperature erress signifi_cantly the reprecipitation of YAG due to
to 1500°C, keeping fo 2 h in air. its complex unit structure.

intensity / (Arb. unit)

Figure 7 XRD patterns of sample@, (a) annealed at 179% for 1 h

Figure 8 Typical phase distributions of samples& (a) annealed at 1795 for 1 h and cooled down slowly at initially 082/min to 1770°C and
then quickly at 100C/min in Ar, (b) annealed at 179% for 1 h and cooled down at 10C€/min in Ar and then reheated from room temperature to
1500°C, keeping fo 2 h in air.
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4. Conclusions
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