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bstract

onic mobilities of Y3+ and Al3+ are controlled using either amorphous or well-crystallized precursors and enhanced by the addition of molten
aCl flux. Experimental results indicate that phase transformation prefers a relatively slow reaction route via YAM–YAP–YAG because of limited

onic mobility when either Y3+ or Al3+ is confined to a crystallized structure. The selection of intermediate phases can be either Y-rich (YAM) or
3+ 3+
l-rich (YAP), depending on the competition of ionic mobility between Y and Al during phase transformation. The YAH–YAG route is selected

nly when the ionic mobility of Y3+ or Al3+ is high enough to induce a nucleation and growth reaction while a certain degree of stoichiometric
nhomogeneity is presented; otherwise YAG is crystallized directly from amorphous precursors without passing through any intermediate phase.

2011 Elsevier Ltd. All rights reserved.

p
s
t
d
8
t
i
t
f
p
m
t
p
c
t
s
t
t

eywords: Hexagonal-YAP; Y2O3; Al2O3; Diffusion: Microstructural-final

. Introduction

Yttrium aluminum garnet (Y3Al5O12, YAG) is a widely used
aterial due to its excellent optical and mechanical properties. It

s generally believed that phase transformation in Y2O3–Al2O3
ystems is comprised of a complex series of consecutive and par-
llel reactions that generate various intermediate products, such
s Y4Al2O9 (YAM), YAlO3 perovskite (YAP), and hexagonal-
AP (YAH), before yielding a final stable YAG phase.1–5

eiman et al.1 and Glushkova et al.2 suggested that the formation
f YAG is carried out by the diffusion of Al ions into the Y2O3
tructure. This provides a fair explanation for the observation
hat Y4Al2O9 (YAM) is often the first phase that appears at rel-
tively lower temperatures during the Y2O3–Al2O3 solid-state
eaction, and a temperature above 1500 ◦C is required to obtain
he pure YAG phase.6 Some researchers have indicated that
he phase evolution in Y2O3–Al2O3 systems is affected by the
resence of impurities. For example, carbon compounds induce

xygen vacancies that accelerate the phase transformation rate,
hereas nitrate radicals suppress the transformation process.7

hase transformation via the YAH–YAG route is another typical

∗ Corresponding author. Tel.: +886 6 2757575x62824; fax: +886 6 2380421.
E-mail address: yuchunwu@mail.ncku.edu.tw (Y.-C. Wu).
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hase selection route that is only observed during wet-chemical
yntheses, such as sol–gel or precipitation processes.3,8–11 In
hese synthetic methods, YAG can sometimes be crystallized
irectly from amorphous precursors at temperatures as low as
00–900 ◦C.12–21 YAH is an extremely unstable phase that often
ransforms to YAG within a very short span of time. Hence,
nvestigations that focus on observations of YAH and its forma-
ion mechanism are rare. Ullal et al.13 suggested that the driving
orces for the nucleation of the YAH or YAG phases are com-
arable, and one phase may be preferred when another phase is
inimized. Other researchers have proposed that impurities are

he key factors that dominate the phase selection route. For exam-
le, nitrate compounds easily induce YAH formation and carbon
ompounds more readily drive YAG crystallization directly from
he amorphous phase.7 Gandhi and Levi22 claimed that the phase
election of YAG or YAH is not related to the homogeneity of
he precursor but is biased by a difference in the structure of
he amorphous phase; however the link between these differ-
nces and phase selection remains unclear. Generally, the phase
ransformation process for the synthesis of YAG seems related
o the precursor types, where the solid-state reaction often fol-

ows the YAM–YAP–YAG route and YAH–YAG is more likely
o occur in soft-chemical processes. The different phase trans-
ormation routes seem to be correlated with the ionic mobility of
he precursors used. In the present work, attention is paid to the

dx.doi.org/10.1016/j.jeurceramsoc.2011.04.038
mailto:yuchunwu@mail.ncku.edu.tw
dx.doi.org/10.1016/j.jeurceramsoc.2011.04.038
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precursors: (a) Y2O3 and (b) Al2O3 particles.
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Table 1
Sample labels and their corresponding precursor types.

Sample label Yttrium source Aluminum source

[Y2O3/Al3+] Y2O3 sphere (200 nm) Aluminum isopropoxide
[Al2O3/Y3+] (Y(NO3)3·6H2O) �-Al2O3 (200 nm)
[Y3+/Al3+] (Y(NO3)3·6H2O) Aluminum isopropoxide
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Fig. 1. SEM micrographs of crystallized

nfluence of ionic mobility on the phase transformation behav-
ors of YAG stoichiometry. Ionic mobility is modified using
ither amorphous or well-crystallized precursors and enhanced
y the addition of molten NaCl flux. Experimental parameters
re elaborated with the aim of inducing different phase trans-
ormation routes in YAG stoichiometry. A kinetic study on the
hase transformation process under isothermal conditions is car-
ied out in order to establish the correlation between the phase
ransformation route and the ionic mobility of the precursors.

. Experimental

Monodispersed Y2O3 spheres (D50: 200 nm) were synthe-
ized by a urea-based homogeneous precipitation technique23

nd calcined at 1000 ◦C for 1 h to yield well-crystallized Y2O3
recursors. �-Al2O3 particles were purchased (Taimei Chemi-
als Co., Japan) and employed as precursors after a ball-milling
reatment in water for 10 h. The average particle sizes of both

2O3 and �-Al2O3 precursors were controlled to about 200 nm,
s illustrated in Fig. 1, to eliminate size effects during phase
ransformation. Y2O3 spheres were added to an aluminum iso-
ropoxide (AIP, 98+%, Aldrich, Germany)/isopropanol solution
n YAG stoichiometry, i.e., [Y3+]/[Al3+] = 0.6. The suspension
apidly became milky white due to the hydrolysis reaction
f AIP. The hydrated AIP colloidal particles were identified
s amorphous structure according to their XRD patterns. An
H4OH aqueous solution was added to adjust the pH value to
1 and keep the Y2O3 and the hydrated AIP colloidal particles
ppositely charged, thus inhibiting inhomogeneous segrega-
ion. �-Al2O3 powders and [Y(NO3)3·6H2O] were mixed in
eionized water, also in YAG stoichiometry, to obtain an homo-
eneous suspension. Both suspensions were stirred under room
emperature for 180 min and then dried at 100 ◦C for 12 h to
cquire the Y2O3 embedded in amorphous Al2O3 and the Al2O3
mbedded in amorphous Y2O3 precursors, respectively. The as-
ried precursors were ground in an alumina mortar to further
ncrease mixing homogeneity. An analogue of the synthesis was
erformed to prepare the amorphous [Y2O3/Al2O3] precursor
y drying a mixture of Y(NO3)3·6H2O and AIP in isopropanol.
he sample labels and their corresponding precursor types are

3+ 3+
isted in Table 1 where Al and Y in brackets denote the
morphous Al2O3 and amorphous Y2O3, respectively. For the
econd part of the experiment, dehydrated NaCl equivalent to
0 times the weight of the precursor powder was used as a flux

a
i
p
c

or the samples described above. The precursors without NaCl
ere directly put into the tube furnace at 1600 ◦C in order to pre-
ent the crystallization of the amorphous precursors during the
eating process and held for various durations from 1 to 60 min.
he heat treatments for the samples with NaCl were performed

n a tube furnace at 1150 ◦C from 1 to 10 min while the cru-
ible is sealed to prevent the evaporation of NaCl. The samples
ere immediately removed from the tube furnace and quenched

o room temperature when the required heat treatments were
ompleted. The samples annealed with NaCl were washed with
eionized water after the heat treatments to remove the unreacted
ux. The phase compositions as a function of the heat treatments
ere characterized by powder X-ray diffraction (Rigaku, Mini-
ex). Raman spectra were also recorded by Raman microscope
Renishaw inVia) with a He-Ne laser at 633 nm as an exci-
ation source. Particle morphology observations were carried
ut by scanning electron (SEM, Hitachi 4100) and transmission
lectron microscopy (TEM, JEOL JEM 2100).

. Results and discussion

.1. YAM–YAP–YAG phase transformation route

Fig. 2 illustrates the XRD patterns of the [Y2O3/Al3+] sample
fter heating at 1600 ◦C for 1, 5, 10, 30, and 60 min. The reac-
ion between Y2O3 and amorphous Al2O3 occurs after 1 min
t 1600 ◦C according to the appearances of YAM and YAP. A
light amount of �-Al2O3 is unavoidably crystallized from the
morphous Al2O3 since the heating temperature is quite high.
AG begins to emerge after 5 min and becomes the major phase
fter 10 min. The amount of unreacted Y2O3, �-Al2O3, YAM,
nd YAP decreases with increasing YAG. A pure YAG phase
s eventually obtained when the holding time is 60 min. The

hase evolution of this sample is similar to that observed in the
onventional solid-state reaction of Y2O3 and Al2O3, in which
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ig. 2. XRD patterns of [Y2O3/Al3+] annealed at 1600 ◦C for 1, 5, 10, 30, and
0 min.

he transformation sequences proceed by a series of reactions as
elow.1–3

2O3 + Al2O3 → YAM

AM + Al2O3 → 4YAP

YAP + Al2O3 → YAG

In the present case, YAM and YAP are the first phases that
evelop during the heat treatment, implying that crystalliza-
ion occurs in the Y-rich regions. With increasing holding time,
he phase compositions gradually move to YAP and then YAG,
hich is associated with an Al-rich phase. The phase evolu-

ion indicates that the reaction is carried out by the diffusion

f Al3+ into Y-rich sites, leading to a phase transformation
rom YAM to YAP and finally to YAG. SEM patterns shown in
ig. 3 reveal that spherical Y2O3 particles retain their original

t
1
a

Fig. 3. SEM micrographs of [Y2O3/Al3+] annealed at 1600
ig. 4. XRD patterns of [Al2O3/Y3+] annealed at 1600 ◦C for 1, 5, 10, 30, and
0 min.

orphology and size during the first minute of heat treatment
ven though YAM and YAP have already formed. When the
olding time is increased to 5 min, spherical particles with sizes
f about 400–600 nm clearly emerge (Fig. 3(b)). The particle
izes increase to about 600–900 nm after 30 min, as presented in
ig. 3(c). At this point, YAG becomes the dominant phase in the
ystem. The particles grow to micron-scale proportions when
he heat treatment reaches 60 min, as shown in Fig. 3(d), and
tarts to exhibit vermicular features, which is the typical grain
rowth characteristic of YAG. Particles observed in the present
ase all demonstrate moderately uniform size distributions and
istinct particle shapes during the entire heating process, up until
ermicular growth begins to occur at 60 min holding time.

XRD patterns for [Al2O3/Y3+] sample under various heat

reatments are shown in Fig. 4. YAG appears after heating for
min at 1600 ◦C, although YAP remains the major phase. The
mount of YAG then increases with decreasing YAP 5 min later.

◦C for (a) 1 min, (b) 5 min, (c) 30 min and (d) 60 min.
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Fig. 5. SEM micrographs of [Al2O3/Y3+] annealed at

he reaction appears to cease after 30 min because no apparent
ariation is observed. Normally, the crystallization tempera-
ure of Y2O3 is as low as 500 ◦C24; however no Y2O3 is ever
etected during the entire heating process. In comparison to the
Y2O3/Al3+] sample, crystallization seems to take place at Al-
ich sites because YAP and YAG are massively generated during
he early stages of the heating process and no YAM is formed.
he absence of crystallized Y2O3 implies that the Y3+ ions are

apidly consumed by reacting with �-Al2O3, simultaneously
iving rise to YAP and YAG. Some YAP particles continue to
eact with the rest of the �-Al2O3 in the system to form YAG
ith increasing holding time. Other YAP particles, however,

emain in the system, probably due to the lack of contact points
ith the unreacted �-Al2O3. One can see from Fig. 5(a) that
any small and agglomerated particles are formed after holding

or 1 min at 1600 ◦C; these particles are mainly assigned to the
AP, YAG, and unreacted �-Al2O3 crystals. This is supported
y the XRD results presented in Fig. 4. The sample is composed
f various small crystals with sizes of around 300 nm, as seen
n Fig. 5(b). The crystals are relatively aggregated and show
light grain growth with increasing holding time up to 30 min
Fig. 5(c)). More obvious crystal growth is not detected until
eating for 60 min, as seen in Fig. 5(d).

According to the experimental results described above, phase
ransformation is apparently determined by the competition of
onic mobility of the precursor sources. For the [Y2O3/Al3+]
ample, phase transformation is carried out by the diffusion of
l3+ into the Y2O3 particles since Y3+ is restricted to a crys-

allized Y2O3 crystal that exhibits relatively lower mobility.

herefore, phase transformation follows the sequence YAM to
AP to YAG, corresponding to the evolution of the [Y3+]/[Al3+]

atio from high to low. The as-formed crystals not only retain
he distinctive morphology of the starting Y2O3 particle but

w
t
t
i

◦C for (a) 1 min, (b) 5 min, (c) 30 min and (d) 60 min.

lso show rather good dispersion. It is generally accepted that
he ionic mobility of Al3+ is higher than that of Y3+ in the
xide structure.1 In most Y2O3–Al2O3 solid-state reactions, the
eaction occurs on the Y2O3 side and follows the sequence of
AM → YAP → YAG when Al3+ migrates gradually into the
2O3 structure. This is generally consistent with the phase trans-

ormation behavior displayed by the [Y2O3/Al3+] sample. It is
lso known that the diffusion coefficient of Y3+ in polycrys-
alline Al2O3 is in the order of 10−6 cm2 s−1, which is much
igher than the self-diffusion of Al3+ in Al2O3 (smaller than
0−12 cm2 s−1).25,26 As a consequence, the phase transforma-
ion of the [Al2O3/Y3+] sample proceeds by the diffusion of

3+ into the Al2O3 structure, directly producing Al-rich phases,
.e., YAP and YAG, instead of YAM. The reaction ceases after
0 min of heating, which may be due to the lack of contact points
etween Al2O3 and YAP because of the obstruction created by
arge crystals of YAG. It has been observed that the chemical dif-
usion coefficient of Y3+-doped Al2O3 shows a sharp decreasing
rend between 1560 and 1650 ◦C due to the precipitation of YAG
t the grain boundaries.27 This is in fair agreement with the
resent case, where phase transformation is hindered as large
AG crystals are formed. Relatively slight grain growth may
lso be attributed to the same reason.

.2. YAH–YAG phase transformation route

The previous section found that phase transformation appears
o prefer the YAM–YAP–YAG route where no YAH is ever
bserved even though one of the precursors is derived from a

28
et-chemical process. According to a report by Arendt et al.,
he mobility of a species in molten salt is in the order of 1 × 10−5

o 1 × 10−8 cm2 s−1, which is much higher in comparison to
ts mobility in the solid state (1 × 10−18 cm2 s−1). The reaction
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Fig. 7. Raman spectrum of [Y O /Al3+] sample annealed with NaCl at 1150 ◦C
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ig. 6. XRD patterns of [Y2O3/Al ] annealed with NaCl at 1150 C for 1, 2,
, 4, 5, and 10 min.

ate can also be significantly accelerated within a short period of
ime not only because of high ionic mobility but also because of
he short diffusion distance in the liquid state.28 In this section,
n NaCl flux is incorporated with the aim of further enhancing
onic mobility. It was found that the reaction rate is effectively
ccelerated by the flux so that the phase transformation can be
ompleted at a heating temperature as low as 1150 ◦C within
short span of time. XRD patterns of the [Y2O3/Al3+] sample
eat treated at 1150 ◦C for 1–5 min are shown in Fig. 6, show-
ng that the phase transformation was completely altered to the
AH–YAG route by the addition of NaCl flux. XRD patterns
hown in Fig. 6 indicate that the peaks corresponding to YAH
tart to emerge after 3 min, while some unreacted Y2O3 still
emains. Y2O3 is almost completely consumed after 4 min and
AG begins to emerge in the meantime. YAG becomes a single
hase after heating at 1150 ◦C for 5 min. YAM, YAP and �-
l2O3 are never found during the phase transformation process

rom the XRD patterns in this case. Normally Al-rich compo-
ents should be presented once YAH is produced so that YAG
toichiometry would be maintained; nevertheless, no diffraction
eaks associated with the possible Al-related phases are shown
ven for the sample composed of mainly YAH and a very small
mount of Y2O3 (1150 ◦C/3 min). A new hexagonal Y3Al5O12
tructure which exhibits a YAG stoichiometry but similar XRD
eatures to YAH has been proposed.29 It may explain the absence
f Al related phases if the YAH formed here is actually this
ew hexagonal-YAG structure. However, the peculiar diffraction
eaks of hexagonal-YAG related to YAH at around 8.2◦ (shown
n the inset of Fig. 6), 29◦ and 31◦ are never found. It implies
hat the as-formed YAH in the present case is not hexagonal-
AG. Otherwise poor crystallinity or insufficient quantities of

hese Al-related phases that are out of the detection limit of
RD technique could be the reason why the Al-rich components

re invisible in the XRD patterns. For that reason Raman spec-
roscopy is employed to precisely examine how the excess Al3+

ons performed in the system because it provides a better resolu-

ion on phase determination than XRD. Fig. 7 shows the Raman
pectra of [Y2O3/Al3+] sample annealed at 1150 ◦C for 1, 3,
nd 4 min, respectively. It is surprisingly found that no apparent

i
t
s

2 3

or 1, 3 and 4 min.

aman bands but intense fluorescent signals corresponding to
r3+ was detected. It is known that Cr3+ is commonly coexisted
ith Al3+ and Cr3+ doped �-Al2O3 (ruby) exhibits a strong red
uorescence even under very low concentration. The presence of
r3+ here probably originates from the impurity in AIP precursor
ecause it was used as received without additional purification.
uch fluorescent noise has been also observed in the synthe-
is of YAG using Al-alkoxide as precursor.30 The concentration
f Cr3+ in AIP is negligible according to the elemental char-
cterization of energy-dispersed X-ray spectroscope (EDXS),
owever its fluorescent behaviors are distinct and provide impor-
ant information about the phase composition. It is known that
r3+ is nonluminescent in Y2O3 or YAH but exhibits a strongly

ed fluorescence when it is in Al2O3 or YAG structure.3,31 As it
emonstrates in Fig. 7 that two characteristic emissions at about
93 nm and 694 nm corresponding to Cr3+ ions situated at �-
l2O3 are revealed after annealing at 1150 ◦C for shortly 1 min

nd becomes quite obvious as the heating duration increases to
min. The fluorescence of �-Al2O3:Cr3+ is weakened after heat-

ng for 4 min. In parallel, typical fluorescent spectrum of Cr3+

oped YAG containing two sharp R-line emissions at 688 and
89 nm32 are emerged at 3 min suggesting that a slight amount
f YAG has already formed even though it was not detected
y XRD. The fluorescence of YAG:Cr3+ turns into very intense
ignals where three phonon sidebands aside the major R-line
mission at around 678, 708 and 725 nm32 are clearly revealed
fter heating for 4 min. Although Al-rich components were
nvisible from XRD characterizations, the fluorescent properties
f Cr3+ clearly manifest that Al ions are gradually crystallized
nto �-Al2O3 phase at the early stage and then react with YAH
o form YAG. These results are generally in agreement with the
rend observed by XRD analyses but offer more information
bout the phase composition.

TEM observations for the as-prepared [Y2O3/Al3+] sample

llustrate that the Y2O3 spheres are homogeneously dispersed in
he amorphous Al2O3 clusters, as shown in Fig. 8(a). The Y2O3
pheres completely disappear and some fragmented pieces are
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Fig. 8. TEM images [Y2O3/Al3+]: (a) as-prepar

evealed after heating for 3 min, as shown in the region marked
I” in Fig. 8(b). This fragmented region is composed of both Y
nd Al according to EDXS analysis and the phase composition
s identified as Y2O3 polycrystallines and some amorphous mat-
er according to the electron diffraction patterns focused on this
ragmented region as illustrated in the inset of Fig. 8(b). This
uggests a fact that some of the Al-ions still persist in amor-
hous state which were not detected by neither XRD nor Raman.
he phase transformation via YAH–YAG route is extremely

ast, the excess of Al components may not have enough time to
ll crystallized in �-Al2O3 before reacting with YAH to YAG;
herefore a partial of them still remain amorphous. An extra
xperiment was performed in order to verify whether or not
2O3 is dissolved by the molten NaCl flux. In this experiment,
2O3 spheres were individually heated with NaCl at 1150 and
250 ◦C for 1 h, respectively. It was found that Y2O3 is not solu-
le in the molten NaCl flux and remains spherical in appearance
fter heating processes. Apparently, the Y2O3 spheres cannot be
estroyed by merely the molten NaCl without the existence of
l ions. It is known that if one reactant is more soluble than

nother in a flux, the former would dissolve into the salt at
n earlier stage and induce an in situ reaction to form a prod-
ct on the surfaces of the reactant that is less soluble.33 In the
resent case, Al ions are the ones that dissolved in the molten

aCl so that their mobility (diffusion rate) are greatly increased

nd as a consequence accelerate the reaction rate. The destruc-
ion of Y2O3 spheres is evidence showing that an extremely

b
a
t

)–(d) annealed with NaCl at 1150 ◦C for 3 min.

ast reaction is occurred. In parallel, a large amount of rod-like
articles are formed at the region marked “II” in Fig. 8(b), a
igher magnification of which is shown in Fig. 8(c). These rod-
ike crystals are consistent with the YAH structure according
o the high-resolution TEM image illustrated in Fig. 8(d) and
igh-resolution electron diffraction patterns. In addition, the
s-formed YAH particles are found to exhibit an approximate
ength of 50 nm and width of 20 nm, obviously smaller than the
riginal size of the Y2O3 spheres (200 nm). According to the
xperimental results described above, the abrupt appearance of
AH (occurring between 2 and 3 min at 1150 ◦C) implies that

ts reaction rate is extremely fast. The crystallization of YAH is
ssumed to proceed via a nucleation and growth mechanism, and
he YAH crystal size detected should be the so-called “critical
ize” during the nucleation process.

On the other hand, the incorporation of the NaCl flux in the
Al2O3/Y3+] sample does not exert effects as influential as the
revious one. XRD patterns shown in Fig. 9 demonstrate that
few yttrium complex crystals from yttrium nitrate (labeled

*” in the figure) are formed at the first minute; Y2O3 starts to
rystallize after 2 min. YAM and a small amount of YAP then
merge after 3 and 5 min, respectively. Only a very small amount
f YAG is observed after heating for 10 min. In this case the ionic
obility of Y3+ seems to be unenhanced by the molten NaCl
ecause Y2O3 is crystallized instead of forming YAP or YAG,
s was observed at 1600 ◦C. This was supposed to be due to
he low solubility of Y(NO3)3 in the molten NaCl, such that the
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Fig. 9. XRD patterns of [Al2O3/Y3+] annealed with NaCl at 1150 ◦C for 1, 2,
3, 4, 5, and 10 min.
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shows a critical size of about 20 nm × 50 nm during the nucle-
ation process. Inhomogeneity is determined to be the major
factor that generates YAH when the reaction is nucleation and
ig. 10. XRD patterns of the [Y3+/Al3+] annealed with NaCl at 1150 ◦C for 2,
, 4, and 5 min.

onic mobility of Y3+ is unsuccessfully promoted. Production
f an appropriate flux adapted for Y(NO3)3 will be attempted
n future studies to investigate phase transformation behaviors
hen the mobility of Y3+ ions is effectively promoted.

.3. Direct YAG crystallization route

The previous results indicate that YAH is generated when the
onic mobility of Al3+ is enhanced to induce a nucleation and
rowth process. The mobility of Al3+ is accelerated by means of
he addition of a flux. However, Y3+ is still confined to a crys-
allized Y2O3 structure, which may somehow restrict the phase
ransformation rate. In the following work, an analogue of the
xperiment was performed by replacing the crystallized Y2O3
recursor with amorphous Y2O3. XRD analyses presented in
ig. 10 show the structural evolution of [Y3+/Al3+] precursor
nnealed at 1150 ◦C from 1 to 5 min. It was found that peaks
orresponding to the YAG phase appear 2 min after heating and

heir intensities increase when the heating duration is extended
o 3 min. A broad but weak band at the peak of YAG at around
4◦, assigned to the YAH phase, is detected when YAG is largely
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rystallized. This band completely disappears after heating for
min. In comparison to the [Y2O3/Al3+] sample, the phase trans-

ormation in the analogue experiment appears to prefer the direct
AG crystallization route. This result is consistent with many
ases observed during wet-chemical synthesis8–21 and proves
hat the direct YAG crystallization route cannot be undertaken
nless both Y3+ and Al3+ are highly mobile. In combination
ith the previous experimental results, the phase transforma-

ion route via YAH–YAG is considered to be determined by
he local [Y3+]/[Al3+] stoichiometry where the nucleation reac-
ion occurs. In the [Y2O3/Al3+] sample, YAH nuclei are formed
rom the fragmented regions, where some Y2O3 nanocrystalline
aterials remain. This means that the crystallization of YAH

ctually takes place in relatively Y-rich sites, which is more
avorable for the selection of YAH rather than YAG. Once homo-
eneity (atomic distribution) is improved during the synthetic
rocess, i.e., the [Y3+/Al3+] precursor, YAG becomes predom-
nant and is able to crystallize directly from the system. This
esult is in agreement with common observations of YAG syn-
hesis via wet-chemical processes, where both Y3+ and Al3+

re derived from amorphous precursors. This work also con-
rms that the promotion of YAH is actually developed from

he inhomogeneity of stoichiometric distribution, not from the
ffect of impurities as proposed by Iida et al.,7 who believed that
itrate compounds more easily induce YAH formation and car-
on compounds more readily drive YAG crystallization directly
rom the amorphous phase. Their findings are in contradiction
o that observed in the present work because the [Y3+/Al3+]
ample contained nitrate, and yet it followed the direct YAG
rystallization route. The [Y2O3/Al3+] sample contains car-
on compounds, and the YAH–YAG route is selected in this
ase.

. Conclusions

It is confirmed that the mobility of Y3+ and Al3+ ions in the
recursors is the key factor that leads phase transformation selec-
ion toward different pathways. For ions that exhibit relatively
ow ionic mobility, for example, those confined to a crystal-
ized structure, phase transformation prefers the conventional
AM–YAP–YAG route. The competition of ionic mobilities
etween Y3+ and Al3+ determines the selection of the transition
hase during phase transformation: the Y-rich phase (YAM) is
elected when the mobility of Al3+ is higher than that of Y3+,
hereas YAP or YAG is formed when the mobility of Y3+ is
igher than that of Al3+. YAH occurs only when the mobility
f Al3+ is effectively enhanced by a molten NaCl salt flux; in
his case, a rapid nucleation and growth reaction is induced.
t is observed that YAH exhibits a rod-like morphology and
rowth-dominated; otherwise YAG is directly and rapidly crys-
allized from amorphous precursors without passing through any
ntermediate phases.
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