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Abstract

Ionic mobilities of Y3* and AI** are controlled using either amorphous or well-crystallized precursors and enhanced by the addition of molten
NaCl flux. Experimental results indicate that phase transformation prefers a relatively slow reaction route via YAM—-YAP-YAG because of limited
ionic mobility when either Y>* or AI** is confined to a crystallized structure. The selection of intermediate phases can be either Y-rich (YAM) or
Al-rich (YAP), depending on the competition of ionic mobility between Y** and AI** during phase transformation. The YAH-YAG route is selected
only when the ionic mobility of Y** or AI** is high enough to induce a nucleation and growth reaction while a certain degree of stoichiometric
inhomogeneity is presented; otherwise YAG is crystallized directly from amorphous precursors without passing through any intermediate phase.

© 2011 Elsevier Ltd. All rights reserved.
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1. Introduction

Yttrium aluminum garnet (Y3AlsO12, YAG) is a widely used
material due to its excellent optical and mechanical properties. It
is generally believed that phase transformation in Y,03-Al,03
systems is comprised of a complex series of consecutive and par-
allel reactions that generate various intermediate products, such
as YaAl,O9 (YAM), YAIO3 perovskite (YAP), and hexagonal-
YAP (YAH), before yielding a final stable YAG phase.!”
Neimanetal.! and Glushkova et al.? suggested that the formation
of YAG is carried out by the diffusion of Al ions into the Y,03
structure. This provides a fair explanation for the observation
that Y4Al,O9 (YAM) is often the first phase that appears at rel-
atively lower temperatures during the Y,03-Al,03 solid-state
reaction, and a temperature above 1500 °C is required to obtain
the pure YAG phase.® Some researchers have indicated that
the phase evolution in Y>,03—-Al,03 systems is affected by the
presence of impurities. For example, carbon compounds induce
oxygen vacancies that accelerate the phase transformation rate,
whereas nitrate radicals suppress the transformation process.’
Phase transformation via the YAH-YAG route is another typical
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phase selection route that is only observed during wet-chemical
syntheses, such as sol-gel or precipitation processes.>3~!! In
these synthetic methods, YAG can sometimes be crystallized
directly from amorphous precursors at temperatures as low as
800-900 °C.!'>-2! YAH is an extremely unstable phase that often
transforms to YAG within a very short span of time. Hence,
investigations that focus on observations of YAH and its forma-
tion mechanism are rare. Ullal et al.!3 suggested that the driving
forces for the nucleation of the YAH or YAG phases are com-
parable, and one phase may be preferred when another phase is
minimized. Other researchers have proposed that impurities are
the key factors that dominate the phase selection route. For exam-
ple, nitrate compounds easily induce YAH formation and carbon
compounds more readily drive YAG crystallization directly from
the amorphous phase.” Gandhi and Levi?? claimed that the phase
selection of YAG or YAH is not related to the homogeneity of
the precursor but is biased by a difference in the structure of
the amorphous phase; however the link between these differ-
ences and phase selection remains unclear. Generally, the phase
transformation process for the synthesis of YAG seems related
to the precursor types, where the solid-state reaction often fol-
lows the YAM-YAP-YAG route and YAH-YAG is more likely
to occur in soft-chemical processes. The different phase trans-
formation routes seem to be correlated with the ionic mobility of
the precursors used. In the present work, attention is paid to the
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Fig. 1. SEM micrographs of crystallized precursors: (a) Y203 and (b) Al,O3 particles.

influence of ionic mobility on the phase transformation behav-
iors of YAG stoichiometry. Ionic mobility is modified using
either amorphous or well-crystallized precursors and enhanced
by the addition of molten NaCl flux. Experimental parameters
are elaborated with the aim of inducing different phase trans-
formation routes in YAG stoichiometry. A kinetic study on the
phase transformation process under isothermal conditions is car-
ried out in order to establish the correlation between the phase
transformation route and the ionic mobility of the precursors.

2. Experimental

Monodispersed Y,03 spheres (Dsg: 200nm) were synthe-
sized by a urea-based homogeneous precipitation technique®’
and calcined at 1000 °C for 1h to yield well-crystallized Y,03
precursors. a-AlpO3 particles were purchased (Taimei Chemi-
cals Co., Japan) and employed as precursors after a ball-milling
treatment in water for 10 h. The average particle sizes of both
Y03 and a-Al, O3 precursors were controlled to about 200 nm,
as illustrated in Fig. 1, to eliminate size effects during phase
transformation. Y>Oj3 spheres were added to an aluminum iso-
propoxide (AIP, 98+%, Aldrich, Germany)/isopropanol solution
in YAG stoichiometry, i.e., [Y>*]/[AI**]=0.6. The suspension
rapidly became milky white due to the hydrolysis reaction
of AIP. The hydrated AIP colloidal particles were identified
as amorphous structure according to their XRD patterns. An
NH4OH aqueous solution was added to adjust the pH value to
11 and keep the Y203 and the hydrated AIP colloidal particles
oppositely charged, thus inhibiting inhomogeneous segrega-
tion. a-Al,O3 powders and [Y(NO3)3-6H,0] were mixed in
deionized water, also in YAG stoichiometry, to obtain an homo-
geneous suspension. Both suspensions were stirred under room
temperature for 180 min and then dried at 100 °C for 12h to
acquire the Y03 embedded in amorphous Al,O3 and the Al,O3
embedded in amorphous Y,Oj3 precursors, respectively. The as-
dried precursors were ground in an alumina mortar to further
increase mixing homogeneity. An analogue of the synthesis was
performed to prepare the amorphous [Y>203/Al,O3] precursor
by drying a mixture of Y(NO3)3-6H>0 and AIP in isopropanol.
The sample labels and their corresponding precursor types are
listed in Table 1 where AI** and Y3* in brackets denote the
amorphous Al,O3 and amorphous Y;O3, respectively. For the
second part of the experiment, dehydrated NaCl equivalent to
10 times the weight of the precursor powder was used as a flux

Table 1
Sample labels and their corresponding precursor types.

Sample label Yttrium source Aluminum source
[Y203/Al3+] Y,03 sphere (200 nm) Aluminum isopropoxide
[A1203/Y3+] (Y(NO3)3 ~6H20) OL—A1203 (200 nm)
[Y3+/AIP*] (Y(NO3)3-6H,0) Aluminum isopropoxide

for the samples described above. The precursors without NaCl
were directly put into the tube furnace at 1600 °C in order to pre-
vent the crystallization of the amorphous precursors during the
heating process and held for various durations from 1 to 60 min.
The heat treatments for the samples with NaCl were performed
in a tube furnace at 1150°C from 1 to 10 min while the cru-
cible is sealed to prevent the evaporation of NaCl. The samples
were immediately removed from the tube furnace and quenched
to room temperature when the required heat treatments were
completed. The samples annealed with NaCl were washed with
deionized water after the heat treatments to remove the unreacted
flux. The phase compositions as a function of the heat treatments
were characterized by powder X-ray diffraction (Rigaku, Mini-
flex). Raman spectra were also recorded by Raman microscope
(Renishaw inVia) with a He-Ne laser at 633 nm as an exci-
tation source. Particle morphology observations were carried
out by scanning electron (SEM, Hitachi 4100) and transmission
electron microscopy (TEM, JEOL JEM 2100).

3. Results and discussion
3.1. YAM-YAP-YAG phase transformation route

Fig. 2 illustrates the XRD patterns of the [ Y,O3/Al**] sample
after heating at 1600 °C for 1, 5, 10, 30, and 60 min. The reac-
tion between Y,03 and amorphous Al,O3 occurs after 1 min
at 1600 °C according to the appearances of YAM and YAP. A
slight amount of a-Al,O3 is unavoidably crystallized from the
amorphous Al,Os3 since the heating temperature is quite high.
YAG begins to emerge after 5 min and becomes the major phase
after 10 min. The amount of unreacted Y,03, a-Al, 03, YAM,
and YAP decreases with increasing YAG. A pure YAG phase
is eventually obtained when the holding time is 60 min. The
phase evolution of this sample is similar to that observed in the
conventional solid-state reaction of Y03 and Al,Os3, in which
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Fig. 2. XRD patterns of [Y203/A13+] annealed at 1600 °C for 1, 5, 10, 30, and
60 min.

the transformation sequences proceed by a series of reactions as
below.! 3

Y,03 + Al,03 > YAM
YAM + Al,O3 — 4YAP

3YAP + Al,O3 — YAG

In the present case, YAM and YAP are the first phases that
develop during the heat treatment, implying that crystalliza-
tion occurs in the Y-rich regions. With increasing holding time,
the phase compositions gradually move to YAP and then YAG,
which is associated with an Al-rich phase. The phase evolu-
tion indicates that the reaction is carried out by the diffusion
of AI** into Y-rich sites, leading to a phase transformation
from YAM to YAP and finally to YAG. SEM patterns shown in
Fig. 3 reveal that spherical Y,O3 particles retain their original
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Fig. 4. XRD patterns of [A1203/Y3+] annealed at 1600 °C for 1, 5, 10, 30, and
60 min.

morphology and size during the first minute of heat treatment
even though YAM and YAP have already formed. When the
holding time is increased to 5 min, spherical particles with sizes
of about 400-600 nm clearly emerge (Fig. 3(b)). The particle
sizes increase to about 600-900 nm after 30 min, as presented in
Fig. 3(c). At this point, YAG becomes the dominant phase in the
system. The particles grow to micron-scale proportions when
the heat treatment reaches 60 min, as shown in Fig. 3(d), and
starts to exhibit vermicular features, which is the typical grain
growth characteristic of YAG. Particles observed in the present
case all demonstrate moderately uniform size distributions and
distinct particle shapes during the entire heating process, up until
vermicular growth begins to occur at 60 min holding time.
XRD patterns for [Al,O3/Y 3+] sample under various heat
treatments are shown in Fig. 4. YAG appears after heating for
1 min at 1600 °C, although YAP remains the major phase. The
amount of YAG then increases with decreasing YAP 5 min later.

Fig. 3. SEM micrographs of [Y203/A1**] annealed at 1600 °C for (a) 1 min, (b) 5 min, (¢) 30 min and (d) 60 min.



2102 M.-J. Li et al. / Journal of the European Ceramic Society 31 (2011) 2099-2106

¢
e éﬁ]
A e\ S

L(‘}

15.8kV X1@.@k '

Fig. 5. SEM micrographs of [Al,O3/Y?*] annealed at 1600 °C for (a) 1 min, (b) 5 min, (c) 30 min and (d) 60 min.

The reaction appears to cease after 30 min because no apparent
variation is observed. Normally, the crystallization tempera-
ture of Y,03 is as low as 500°C2*; however no Y,03 is ever
detected during the entire heating process. In comparison to the
[Y.03/A1P] sample, crystallization seems to take place at Al-
rich sites because YAP and YAG are massively generated during
the early stages of the heating process and no YAM is formed.
The absence of crystallized Y,03 implies that the Y>* ions are
rapidly consumed by reacting with a-Al,O3, simultaneously
giving rise to YAP and YAG. Some YAP particles continue to
react with the rest of the a-Al,O3 in the system to form YAG
with increasing holding time. Other YAP particles, however,
remain in the system, probably due to the lack of contact points
with the unreacted a-Al;O3. One can see from Fig. 5(a) that
many small and agglomerated particles are formed after holding
for 1 min at 1600 °C; these particles are mainly assigned to the
YAP, YAG, and unreacted a-AlpO3 crystals. This is supported
by the XRD results presented in Fig. 4. The sample is composed
of various small crystals with sizes of around 300 nm, as seen
in Fig. 5(b). The crystals are relatively aggregated and show
slight grain growth with increasing holding time up to 30 min
(Fig. 5(c)). More obvious crystal growth is not detected until
heating for 60 min, as seen in Fig. 5(d).

According to the experimental results described above, phase
transformation is apparently determined by the competition of
ionic mobility of the precursor sources. For the [Y.03/AP]
sample, phase transformation is carried out by the diffusion of
AI** into the Y,Oj3 particles since Y>* is restricted to a crys-
tallized Y,Oj3 crystal that exhibits relatively lower mobility.
Therefore, phase transformation follows the sequence YAM to
YAP to YAG, corresponding to the evolution of the [Y3*]/[A13*]
ratio from high to low. The as-formed crystals not only retain
the distinctive morphology of the starting Y,O3 particle but

also show rather good dispersion. It is generally accepted that
the ionic mobility of AI’* is higher than that of Y3* in the
oxide structure.! In most Y,03-Al, 05 solid-state reactions, the
reaction occurs on the Y,Oj3 side and follows the sequence of
YAM — YAP — YAG when AI** migrates gradually into the
Y, Os structure. This is generally consistent with the phase trans-
formation behavior displayed by the [Y203/A13*] sample. It is
also known that the diffusion coefficient of Y3* in polycrys-
talline Al,O3 is in the order of 10~ cm? s~!, which is much
higher than the self-diffusion of APt in Al,O3 (smaller than
1072 cm?s71).2526 As a consequence, the phase transforma-
tion of the [Al,O3/Y3*] sample proceeds by the diffusion of
Y3* into the Al,O3 structure, directly producing Al-rich phases,
i.e., YAP and YAG, instead of YAM. The reaction ceases after
30 min of heating, which may be due to the lack of contact points
between Al,O3 and YAP because of the obstruction created by
large crystals of YAG. It has been observed that the chemical dif-
fusion coefficient of Y3*-doped Al,O3 shows a sharp decreasing
trend between 1560 and 1650 °C due to the precipitation of YAG
at the grain boundaries.?” This is in fair agreement with the
present case, where phase transformation is hindered as large
YAG crystals are formed. Relatively slight grain growth may
also be attributed to the same reason.

3.2. YAH-YAG phase transformation route

The previous section found that phase transformation appears
to prefer the YAM-YAP-YAG route where no YAH is ever
observed even though one of the precursors is derived from a
wet-chemical process. According to a report by Arendt et al.,8
the mobility of a species in molten salt is in the order of 1 x 107>
to 1 x 1078 cm?s™!, which is much higher in comparison to

its mobility in the solid state (1 x 10~ cm? s~1). The reaction
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Fig. 6. XRD patterns of [Y»03/AI**] annealed with NaCl at 1150 °C for 1, 2,
3,4, 5, and 10 min.

rate can also be significantly accelerated within a short period of
time not only because of high ionic mobility but also because of
the short diffusion distance in the liquid state.?8 In this section,
an NaCl flux is incorporated with the aim of further enhancing
ionic mobility. It was found that the reaction rate is effectively
accelerated by the flux so that the phase transformation can be
completed at a heating temperature as low as 1150 °C within
a short span of time. XRD patterns of the [Y,03/A1P*] sample
heat treated at 1150 °C for 1-5 min are shown in Fig. 6, show-
ing that the phase transformation was completely altered to the
YAH-YAG route by the addition of NaCl flux. XRD patterns
shown in Fig. 6 indicate that the peaks corresponding to YAH
start to emerge after 3 min, while some unreacted Y,Os3 still
remains. Y703 is almost completely consumed after 4 min and
YAG begins to emerge in the meantime. YAG becomes a single
phase after heating at 1150 °C for Smin. YAM, YAP and a-
Al>O3 are never found during the phase transformation process
from the XRD patterns in this case. Normally Al-rich compo-
nents should be presented once YAH is produced so that YAG
stoichiometry would be maintained; nevertheless, no diffraction
peaks associated with the possible Al-related phases are shown
even for the sample composed of mainly YAH and a very small
amount of Y203 (1150 °C/3 min). A new hexagonal Y3AlsO1»
structure which exhibits a YAG stoichiometry but similar XRD
features to YAH has been proposed.?” It may explain the absence
of Al related phases if the YAH formed here is actually this
new hexagonal-YAG structure. However, the peculiar diffraction
peaks of hexagonal-YAG related to YAH at around 8.2° (shown
in the inset of Fig. 6), 29° and 31° are never found. It implies
that the as-formed YAH in the present case is not hexagonal-
YAG. Otherwise poor crystallinity or insufficient quantities of
these Al-related phases that are out of the detection limit of
XRD technique could be the reason why the Al-rich components
are invisible in the XRD patterns. For that reason Raman spec-
troscopy is employed to precisely examine how the excess AI3*
ions performed in the system because it provides a better resolu-
tion on phase determination than XRD. Fig. 7 shows the Raman
spectra of [Y203/A13+] sample annealed at 1150°C for 1, 3,
and 4 min, respectively. It is surprisingly found that no apparent
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Fig. 7. Raman spectrum of [Y203/A13] sample annealed with NaCl at 1150 °C
for 1, 3 and 4 min.

Raman bands but intense fluorescent signals corresponding to
Cr3* was detected. It is known that Cr3* is commonly coexisted
with AI** and Cr3* doped a-Al> O3 (ruby) exhibits a strong red
fluorescence even under very low concentration. The presence of
Cr3* here probably originates from the impurity in AIP precursor
because it was used as received without additional purification.
Such fluorescent noise has been also observed in the synthe-
sis of YAG using Al-alkoxide as precursor.>’ The concentration
of Cr** in AIP is negligible according to the elemental char-
acterization of energy-dispersed X-ray spectroscope (EDXS),
however its fluorescent behaviors are distinct and provide impor-
tant information about the phase composition. It is known that
Cr?* is nonluminescent in Y,03 or YAH but exhibits a strongly
red fluorescence when it is in Al,O3 or YAG structure.33! As it
demonstrates in Fig. 7 that two characteristic emissions at about
693 nm and 694 nm corresponding to Cr’* ions situated at a-
Al O3 are revealed after annealing at 1150 °C for shortly 1 min
and becomes quite obvious as the heating duration increases to
3 min. The fluorescence of a-Al,O3:Cr3* is weakened after heat-
ing for 4 min. In parallel, typical fluorescent spectrum of Cr>*
doped YAG containing two sharp R-line emissions at 688 and
689 nm3? are emerged at 3 min suggesting that a slight amount
of YAG has already formed even though it was not detected
by XRD. The fluorescence of YAG:Cr>* turns into very intense
signals where three phonon sidebands aside the major R-line
emission at around 678, 708 and 725 nm>? are clearly revealed
after heating for 4 min. Although Al-rich components were
invisible from XRD characterizations, the fluorescent properties
of Cr3* clearly manifest that Al ions are gradually crystallized
into a-AlpO3 phase at the early stage and then react with YAH
to form YAG. These results are generally in agreement with the
trend observed by XRD analyses but offer more information
about the phase composition.

TEM observations for the as-prepared [Y,03/A1P] sample
illustrate that the Y, O3 spheres are homogeneously dispersed in
the amorphous Al O3 clusters, as shown in Fig. 8(a). The Y,03
spheres completely disappear and some fragmented pieces are
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Fig. 8. TEM images [Y203/A1%*]: (a) as-prepared; (b)—(d) annealed with NaCl at 1150 °C for 3 min.

revealed after heating for 3 min, as shown in the region marked
“I”’ in Fig. 8(b). This fragmented region is composed of both Y
and Al according to EDXS analysis and the phase composition
is identified as Y,O3 polycrystallines and some amorphous mat-
ter according to the electron diffraction patterns focused on this
fragmented region as illustrated in the inset of Fig. 8(b). This
suggests a fact that some of the Al-ions still persist in amor-
phous state which were not detected by neither XRD nor Raman.
The phase transformation via YAH-YAG route is extremely
fast, the excess of Al components may not have enough time to
all crystallized in a-Al,O3 before reacting with YAH to YAG;
therefore a partial of them still remain amorphous. An extra
experiment was performed in order to verify whether or not
Y;03 is dissolved by the molten NaCl flux. In this experiment,
Y203 spheres were individually heated with NaCl at 1150 and
1250 °C for 1 h, respectively. It was found that Y,Oj3 is not solu-
ble in the molten NaCl flux and remains spherical in appearance
after heating processes. Apparently, the Y,O3 spheres cannot be
destroyed by merely the molten NaCl without the existence of
Al ions. It is known that if one reactant is more soluble than
another in a flux, the former would dissolve into the salt at
an earlier stage and induce an in situ reaction to form a prod-
uct on the surfaces of the reactant that is less soluble.?? In the
present case, Al ions are the ones that dissolved in the molten
NaCl so that their mobility (diffusion rate) are greatly increased
and as a consequence accelerate the reaction rate. The destruc-
tion of Y,O3 spheres is evidence showing that an extremely

fast reaction is occurred. In parallel, a large amount of rod-like
particles are formed at the region marked “II” in Fig. 8(b), a
higher magnification of which is shown in Fig. 8(c). These rod-
like crystals are consistent with the YAH structure according
to the high-resolution TEM image illustrated in Fig. 8(d) and
high-resolution electron diffraction patterns. In addition, the
as-formed YAH particles are found to exhibit an approximate
length of 50 nm and width of 20 nm, obviously smaller than the
original size of the Y,Oj3 spheres (200 nm). According to the
experimental results described above, the abrupt appearance of
YAH (occurring between 2 and 3 min at 1150 °C) implies that
its reaction rate is extremely fast. The crystallization of YAH is
assumed to proceed via a nucleation and growth mechanism, and
the YAH crystal size detected should be the so-called “critical
size” during the nucleation process.

On the other hand, the incorporation of the NaCl flux in the
[ALO3/Y3*] sample does not exert effects as influential as the
previous one. XRD patterns shown in Fig. 9 demonstrate that
a few yttrium complex crystals from yttrium nitrate (labeled
“*” in the figure) are formed at the first minute; Y,Oj3 starts to
crystallize after 2 min. YAM and a small amount of YAP then
emerge after 3 and 5 min, respectively. Only a very small amount
of YAG is observed after heating for 10 min. In this case the ionic
mobility of Y3+ seems to be unenhanced by the molten NaCl
because Y,O3 is crystallized instead of forming YAP or YAG,
as was observed at 1600 °C. This was supposed to be due to
the low solubility of Y(INO3)3 in the molten NaCl, such that the
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Fig. 9. XRD patterns of [A1203/Y3+] annealed with NaCl at 1150°C for 1, 2,
3,4, 5, and 10 min.
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Fig. 10. XRD patterns of the [Y>*/A1**] annealed with NaCl at 1150 °C for 2,
3, 4, and 5 min.

ionic mobility of Y3* is unsuccessfully promoted. Production
of an appropriate flux adapted for Y(NO3)3 will be attempted
in future studies to investigate phase transformation behaviors
when the mobility of Y>* ions is effectively promoted.

3.3. Direct YAG crystallization route

The previous results indicate that YAH is generated when the
ionic mobility of AI** is enhanced to induce a nucleation and
growth process. The mobility of AI* is accelerated by means of
the addition of a flux. However, Y>* is still confined to a crys-
tallized Y,Oj3 structure, which may somehow restrict the phase
transformation rate. In the following work, an analogue of the
experiment was performed by replacing the crystallized Y,03
precursor with amorphous Y203. XRD analyses presented in
Fig. 10 show the structural evolution of [Y3*/A13*] precursor
annealed at 1150 °C from 1 to 5 min. It was found that peaks
corresponding to the YAG phase appear 2 min after heating and
their intensities increase when the heating duration is extended
to 3 min. A broad but weak band at the peak of YAG at around
34°, assigned to the YAH phase, is detected when YAG is largely

crystallized. This band completely disappears after heating for
5 min. In comparison to the [Y203/Al3+] sample, the phase trans-
formation in the analogue experiment appears to prefer the direct
YAG crystallization route. This result is consistent with many
cases observed during wet-chemical synthesis®2! and proves
that the direct YAG crystallization route cannot be undertaken
unless both Y** and AI’* are highly mobile. In combination
with the previous experimental results, the phase transforma-
tion route via YAH-YAG is considered to be determined by
the local [Y3*)/[AP*] stoichiometry where the nucleation reac-
tion occurs. In the [Y203/A13*] sample, YAH nuclei are formed
from the fragmented regions, where some Y,O3 nanocrystalline
materials remain. This means that the crystallization of YAH
actually takes place in relatively Y-rich sites, which is more
favorable for the selection of YAH rather than YAG. Once homo-
geneity (atomic distribution) is improved during the synthetic
process, i.e., the [Y3+/A13+] precursor, YAG becomes predom-
inant and is able to crystallize directly from the system. This
result is in agreement with common observations of YAG syn-
thesis via wet-chemical processes, where both Y3+ and AIP*
are derived from amorphous precursors. This work also con-
firms that the promotion of YAH is actually developed from
the inhomogeneity of stoichiometric distribution, not from the
effect of impurities as proposed by Iida et al.,” who believed that
nitrate compounds more easily induce YAH formation and car-
bon compounds more readily drive YAG crystallization directly
from the amorphous phase. Their findings are in contradiction
to that observed in the present work because the [Y3*/AI3*]
sample contained nitrate, and yet it followed the direct YAG
crystallization route. The [Y203/A13+] sample contains car-
bon compounds, and the YAH-YAG route is selected in this
case.

4. Conclusions

It is confirmed that the mobility of Y* and AI’* ions in the
precursors is the key factor that leads phase transformation selec-
tion toward different pathways. For ions that exhibit relatively
low ionic mobility, for example, those confined to a crystal-
lized structure, phase transformation prefers the conventional
YAM-YAP-YAG route. The competition of ionic mobilities
between Y3* and AI** determines the selection of the transition
phase during phase transformation: the Y-rich phase (YAM) is
selected when the mobility of AI’* is higher than that of Y37,
whereas YAP or YAG is formed when the mobility of Y3* is
higher than that of AI**. YAH occurs only when the mobility
of AI** is effectively enhanced by a molten NaCl salt flux; in
this case, a rapid nucleation and growth reaction is induced.
It is observed that YAH exhibits a rod-like morphology and
shows a critical size of about 20 nm x 50 nm during the nucle-
ation process. Inhomogeneity is determined to be the major
factor that generates YAH when the reaction is nucleation and
growth-dominated; otherwise YAG is directly and rapidly crys-
tallized from amorphous precursors without passing through any
intermediate phases.
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