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Abstract

Yttrium-aluminium garnet (YAG) powders were synthesized using a reverse-strike precipitation, by adding an aqueous solution of yttrium
and aluminium chlorides to dilute ammonia while monitoring the pH to a constant value of 9. After precipitation, the gelly product was
washed with dilute ammonia and absolute ethanol for avoiding hard agglomeration during drying. Precipitation and washing procedures were
performed at three different temperatures, namely at 5, 25 and 60◦C. After drying, the powders were characterized by DTA/TG simultaneous
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nalysis and then calcined at different temperatures and times. Phase evolution was investigated by X-ray analysis; the evolution o
ormation and growth as a function of the temperature was followed by TEM observations. In this paper, a relevant influence
recipitation temperature on the phases appearance, crystallisation path and final homogeneity of these powders was demonstrat
as yielded starting from powder synthesized at low temperature, whereas the precipitation performed at 60◦C leaded to monoclinic Y4Al2O9

ppearance near YAG.
2004 Elsevier Ltd. All rights reserved.
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. Introduction

Yttrium-aluminium garnet (YAG)–alumina composites
re promising materials for optical, electronic and structural
pplications.1,2 In order to reduce the crystallization tem-
erature, improve the phases purity of the final product and
each a highly homogeneous distribution of the two phases
n the composite material, several types of wet chemical

ethods2–7 have been already developed and successfully
sed for powder processing. Although a lot of investigations
n pure alumina preparation have underlined the strong in-
uence of some process parameters (temperature, pH, rate
f addition and nature of the precipitation agent)8–12 on the
hase evolution and on the properties of the synthesized alu-
ina, when wet chemical syntheses and particularly precipi-

ation are used, similar studies on pure YAG are lacking in the

∗ Corresponding author. Fax: +39 011 5644699.
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literature, even if many have been recently addressed
synthesis features.13–20 In this work YAG powders have bee
synthesized by using reverse-strike precipitation6,7,14,17–20

(i.e., adding an aqueous Y and Al salts solution to the
cipitant solution) which has the advantage to assure a h
cations homogeneity in the precipitate precursor in the ca
multi-cation materials.20 The influence of the final pH valu
cannot be significantly investigated since a complete pre
tation of both Y and Al hydroxides is reached at pH of aro
9.14,17,19,20 Therefore, this study was focused on the pre
itation temperature, which has demonstrated to be a cr
parameter in the production of pure alumina materials,
on its influence on the YAG phase evolution during the su
quent thermal treatments, above all considering the pos
nucleation of secondary phases21 such as orthorhombic pe
ovskite (YAP, YAlO3), hexagonal phase (h-YAlO3), cubic
YAlO3 having a garnet structure Y3AlY(AlO 4)3 and mono
clinic YAM (Y 4Al2O9), near the 3:5 molar ratio garnet-ty
compound (YAG, Y3Al5O12).

955-2219/$ – see front matter © 2004 Elsevier Ltd. All rights reserved.
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2. Experimental procedure

In a laboratory equipment, a mixed chloride solution con-
taining Y and Al ions in molar ratio 3:5 was added to 8 M
ammonia solution while keeping a constant pH value of 9 by
adding extra-ammonia solution, under continuous monitor-
ing by a pH-meter to allow very small pH fluctuations (±0.2
pH units). After that, the gelatinous precipitate was washed
for four times using dilute ammonia at a pH of 9 and finally
twice with absolute ethanol for avoiding hard agglomeration
during drying,14 performed in oven at 60◦C for 48 h. The
precipitation and the following washing procedures were car-
ried out at three different temperatures, namely at 5, 25 and
60◦C. The precipitation and washing equipment was kept at
5± 1◦C by immersion in a refrigerating bath, whereas in the
case of the higher temperatures all the operations were per-
formed in a thermostatic bath. These samples will be labelled
from now on YAG5, YAG25 and YAG60, respectively. After
drying, the powders were characterised by DTA/TG simul-
taneous analysis (Netzsch STA 409C) and, on the ground of
such results, pre-treated at different temperatures and times:
the phase evolution was studied by X-ray diffraction (XRD,
Philips PW 1710) and the crystallites formation and growth
was followed by TEM (Jeol 200 CX) observations.
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Fig. 1. DTA/TG curves of the dried powders synthesised at (a) 5◦C; (b)
25◦C; and (c) 60◦C (solid curves) and pre-treated at 800◦C (dotted curves).

peak at 1020◦C in sample YAG60. Dotted curves reported in
Fig. 1a–c, represent the temperature range of crystallization
of the DTA curves for the three samples pre-treated at 800◦C.
The pre-treatment allows to better distinguish the thermal
effects associated to the crystalline phases appearance. For
YAG5 (dotted curve inFig. 1a) the peak maximum is lo-
cated at 910◦C and an exothermal peak can be also clearly
detected at about 995◦C. Also in the case of YAG25 the pre-
treatment allowed to better evidence the broad exotherm at
about 995◦C (dotted curve inFig. 1b). For YAG60 the peak
maximum is located at about 910◦C followed by a broad and
. Results and discussion

After drying at 60◦C, YAG5 and YAG25 powders we
ompletely amorphous, whereas traces of bayerite wer
ected in YAG60 by XRD. These results are in partial ag
ent with the studies performed on pure alumina,8,9,12 in
hich highly crystalline precipitates are formed at hig

precipitation or hydrolysis) temperatures. Well-crystalli
l(OH)3 (bayerite) was also detected in a YAG
recipitated from nitrates solutions at room temperature u

he reverse-strike technique,19 whereas amorphous starti
owders were obtained using other routes.13,17,20

In Fig. 1a–c the DTA/TG curves of the three YAG po
ers are reported. All the samples present a significant w

oss in the 100–400◦C range, associated to an important
othermic peak at about 230◦C for all the powders. Th

emperatures range is compatible to the dehydration o
inium mono and trihydrates10 and of yttrium hydroxides;22

owever, XRD diffraction patterns performed on powd
re-treated at various temperatures from 200 up to 45◦C
howed that these mass changes and thermal effect
ot be imputed to the dehydration of crystalline compou
herefore, they can be due to the progressive stripping o
roups from the amorphous precipitate.

The three samples also differ in the higher tempera
egime. An exotherm at about 902◦C was observed on th
ample YAG5; an exotherm at about 900◦C is also presente
y the sample YAG25 followed by a broad and slightly

ense effect at higher temperature. Finally, a very sharp
ocated at about 904◦C is associated to a larger and wea
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intense exotherm at about 1040◦C (dotted curve inFig. 1c).
A small intermediate peak at about 950◦C appears in the
curves of YAG5 and YAG25, but XRD analysis of samples
calcined at this temperature did not allow to relate it to a new
phase appearance.

All these exothermic peaks are associated to the crystalli-
sation of yttrium aluminates, as previously proposed by Ya-
maguchi et al.16 Particularly, the sharp peak at about 900◦C
can be associated to the crystallisation of h-YAlO3, whereas
the broader and less intense peak at higher temperature can
be due to the transition from the hexagonal phase to the 3:5
garnet-type YAG. Such phase evolution was also confirmed
by XRD, as described below.

A different phase evolution was observed as a function of
the synthesis temperature, as shown by a systematic investi-
gation performed by XRD on powders calcined at different
temperatures (chosen on the ground of the above DTA/TG
curves) and times.

In Fig. 2a–c the XRD patterns of the three materials are
compared after calcination at 800, 850, 915 and 1100◦C with
a heating and cooling rate of 10◦C/min and a zero-time soak-
ing at the maximum temperature. Even if the whole patterns
from 5 to 70◦ 2θ have been considered for discussion, only
the 2θ range between 31 and 35◦ of each XRD pattern is
reported in these figures, since the crystallisation of YAG
and secondary phases can be more easily followed by en-
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Fig. 2. XRD patterns of YAG synthesised and calcined at different temper-
atures: (a) YAG5; (b) YAG25; and (c) YAG60.

phases evolution as a function of the synthesis temperature. In
fact, if thermal treatments are performed at the same tempera-
ture but for different soaking times, other interesting features
can be drawn out.

In Fig. 3a–c the above 2θ range of the XRD patterns per-
formed after treatment at 850◦C for 0, 0.3, 0.5, 1, 2 and 4 h
arging this portion of the pattern. In fact, at 33.297◦ 2θ the
ore intense peak of YAG appears (d = 2.6886Å, planes

4 2 0} JCPDS file no. 82-0575), whereas those of the
hases, h-YAlO3 and YAP, are at 32.832◦ 2θ (d = 2.7257Å,
lanes{1 0 2}, JCPDS file no. 74-1334) and at 34.236◦ 2θ

d = 2.6170Å, planes{1 2 1}, JCPDS file no. 70-1677), r
pectively. No evidence of the formation of YAP as wel
f cubic YAlO3 was found during these analyses.

The phase evolution clearly appears strongly depen
rom the powder synthesis temperature. In fact, in sam
AG5, crystallization starts at about 915◦C with the simul-
aneous appearance of the peaks attributed to h-YAlO3 and
AG. The more intense YAG peak is higher than the co
ponding one of the hexagonal phase.

Also in the case of YAG25, the same phases are yield
15◦C, and traces of both can be already detected at 85◦C.
owever, in this material, the intensities of the principal pe
f h-YAlO3 and YAG are quite the same. The increase o
exagonal phase content is also put in evidence by the
lear appearance of its secondary peak located at 34.06◦ 2θ

hich corresponds to the{0 0 4} planes.
YAG60 crystallises at 915◦C yielding only the h-YAlO3,

nd also in this case the starting of crystallisation ca
etected after calcination at 850◦C.

After treatment at 1100◦C pure YAG is the only phas
etected in YAG5 and YAG25, whereas it is the preva
ne in YAG60, since YAM phase is also yielded as expla
elow.

XRD characterization was then improved on differe
alcined samples to go deeper in the comprehension o
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Fig. 3. XRD patterns of the YAG powders synthesised at different tempera-
tures and calcined at 850◦C for different times: (a) YAG5; (b) YAG25; and
(c) YAG60.

for sample YAG5 and for 0, 0.5, 1, 2 and 4 h for the other two
powders are collected.

In the case of YAG5, the garnet starts to crystallise after
about 15 min soaking at 850◦C and the intensities of the
YAG peaks increase with increasing the soaking time (0.5

up to 4 h). At this temperature, even for long-time treatment,
only traces of h-YAlO3 were detected. Even if it is difficult
to discriminate a clear behaviour by referring only to a phase
present in traces, it seems that h-YAlO3 is present after 0.3,
0.5 and 1 h, but its amount decreases progressively until it
is undetectable after 2 h treatment. After 4 h a very small
shoulder is detectable on the left size of the YAG peak, still
imputable to h-YAlO3 traces.

The YAG25 precipitate starts to crystallise at zero soaking
time. When the sample is treated for longer times at 850◦C,
the amount of YAG monotonically increases, whereas h-
YAlO3 yielded after short time calcination does not change
significantly as a function of the soaking time. This behaviour
was clearly observed by calcining the powder at 800◦C for
0, 0.5, 1, 2 and 4 h (Fig. 4a) or at 850◦C for 0, 0.5, 1, 2 and
4 h (Fig. 4b) and by plotting the peak intensities (I{4 2 0} for
YAG and I{1 0 2} for h-YAlO3) as a function of the treatment
time. InFig. 4c and d the same data are reported for YAG5 and
YAG60, respectively, treated at 850◦C. InFig. 4the height of
the symbols represents the data fluctuations evaluated from at
least three different XRD pattern acquisitions. InFig. 4b the
amount of h-YAlO3 reaches a maximum after 30 min; then,
its amount decreases due to a partial conversion in the YAG
phase. InFig. 4c, I{1 0 2} of the hexagonal phase after 1 and
2 h of soaking time has not been plotted, since it is covered
by the strongerI YAG peak.
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In the sample YAG60, h-YAlO3 firstly crystallises a

50◦C even without a soaking step. This phase remain
nly one present in the sample up to a 4 h treatment;

hat, YAG traces were also detected.
In addition, some other thermal treatments were

ormed. For instance, if the powder YAG5 pre-treated
50◦C for 2 h is re-heated up to 915◦C, for a soaking tim
f zero, the peaks of the hexagonal phase are no mor

ected and only an increase of the intensities of the Y
eaks was observed (Fig. 5, curve b). This behaviour is ther

ore in contrast with the phase evolution in an amorph
roduct continuously heated up to 915◦C (compareFig. 2a
ndFig. 5, curve a), in which both h-YAlO3 and YAG were
etected by XRD. Therefore, it can be reasonably ass

hat when crystallisation happens starting from an amorp
roduct there is a competition in the appearance of thes
hases, whereas if YAG crystallites are already formed

ng a lower temperature treatment (850◦C), nucleation of th
etastable phase h-YAlO321 is not favourite with respect o

he growth of the pre-existing YAG crystals. This behav
ould be imputed to different nucleation and growth kine
f these two phases and more details on the crystalliz
inetic have been published elsewhere.23 A similar treatmen
as not performed on YAG25 because in this case it wa
ossible to find a temperature lower than 1100◦C at which
ure YAG is yielded. On the other hand, for YAG60, only
etastable phase h-YAlO3 was present after treatment in t

ntermediate temperature range.
For concluding the XRD data discussion, YAG60 powd

ppeared a less homogeneous product than the other t
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Fig. 4. Evolution of the intensities of the main XRD peak of the crystalline phases as a function of the calcinations temperature and time: (a) YAG25 at 800◦C;
(b) YAG25 at 850◦C; (c) YAG5 at 850◦C; and (d) YAG60 at 850◦C.

fact, starting from 850◦C also traces of monoclinic phase
(YAM, Y 4AlO9) were yielded in this material. The amount
of this secondary phase remains at a trace level up to the
higher treatment temperature. A singular behaviour can be
observed comparing the XRD patterns of YAG60 treated at
915, 1000 and 1100◦C for 0 h, and finally at 1350◦C for 0.5 h
(Fig. 6). At the lowest temperatures, still traces of YAM are
present, whereas its characteristic peaks strongly increased
with increasing the calcination temperature, probably as a
consequence of the disappearance of the hexagonal phase,
no more detectable at 1100◦C. In Fig. 6 the XRD pattern
of YAG25 calcined at 1350◦C for 0.5 h is shown for com-
parison. It clearly appears that YAM is completely absent in
YAG25, since the YAM peak{2 1 1} is no more detected and
there is no contribution of YAM{−2 2 1} to the YAG peak
{4 0 0}. Therefore, YAG60 leads to a biphasic final product,
in contrast with the other two powders, just synthesised at a
different temperature, and the traces of bayerite in the dried
product are probably a signal of a less homogeneous starting
precipitate.

Fig. 5. XRD patterns of YAG5 obtained by calcinations at 915◦C starting
from the amorphous precipitate, just dried at 105◦C (curve a), and from the
powder pre-treated at 850◦C for 2 h (curve b).
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Fig. 6. XRD patterns of YAG60 powders calcined at (a) 915◦C; (b) 1000◦C;
(c) 1100◦C for 0 h; (d) 1350◦C for 0.5 h and (e) YAG25 powder calcined at
1350◦C for 0.5 h.

On the contrary, the precipitation temperature does not
significantly affect the evolution of the crystallites size of
the three powders as a function of the calcinations temper-
ature. A similar trend is in fact presented by the curves in
Fig. 7 in which the crystallites mean size, estimated by a
large number of determinations from TEM observations, are
reported. Some of the images of this extensive TEM inves-
tigation are collected inFigs. 8–10for YAG5, YAG25 and
YAG60, respectively. In each figure, an insert with the cor-
responding diffraction pattern is shown. InFig. 8a, YAG5
powder just dried at 60◦C is totally amorphous as confirmed
by the diffraction pattern. InFig. 8b, the TEM image of the
same powder calcined at 915◦C is shown: thedh k l values
measured from the diffraction pattern performed on a large
zone of the powder deposited on a carbon film, confirmed the
simultaneous presence of both YAG and h-YAlO3 phases. Fi-

F line),
Y ob-
s

Fig. 8. TEM micrographs of: (a) YAG5 just dried at 60◦C (bright field), (b)
pre-treated at 915◦C (dark field) and (c) at 1350◦C for 30 min (dark field).

nally, the TEM micrograph of the powder calcined at 1350◦C
for 30 min (Fig. 8c) shows a well-crystallised, pure YAG, as
confirmed by the experimentaldh k l values measured from
the diffraction pattern.

In Fig. 9a, the 60◦C dried amorphous YAG25 powder is
shown.Fig. 9b shows the same powder after pre-treatment
at 950◦C, at which YAG is the predominant phase. Finally,
ig. 7. Evolution of the crystallites size of the powders YAG5 (dashed
AG25 (solid line) and YAG60 (dotted lines), as determined by TEM
ervation.
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Fig. 9. TEM micrographs of (a) YAG25 just dried at 60◦C (bright field), (b) pre-treated at 950◦C (dark field) and (c) at 1350◦C for 30 min (dark field). (d) An
high-resolution TEM image of YAG25 pre-treated at 850◦C is shown while in (e) the EDX peaks intensities of Y and Al determined on the crystallite and, as
comparison, on the matrix, are represented.

when powder YAG25 is calcined at 1350◦C for 30 min
(Fig. 9c), YAG is the only phase present. In the insert, the
diffraction pattern obtained on a single YAG grain is reported.
In Fig. 9d, the high-resolution TEM (Jeol 2010 FEG) image
of YAG25 calcined at 850◦C shows the appearance of a very
small crystallite from the amorphous matrix and the related
Fast Fourier Transform is shown in the insert. From EDX

analysis (Fig. 9e) performed on the crystallite and on the sur-
rounding matrix, this crystallite was attributed to the h-YAlO3
phase, as also confirmed by the experimentally measured dis-
tance of 0.273 nm between the lattice fringes associated to
{1 0 2} lattice planes of the hexagonal phase.

In Fig. 10a and b, YAG60 powders just dried at 60◦C and
after treatment at 915◦C are shown, respectively. Thedh k l
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Fig. 10. TEM micrographs of (a) YAG60 just dried at 60◦C (bright field),
(b) pre-treated at 915◦C (dark field) and (c) at 1350◦C for 30 min (dark
field).

values estimated from the diffraction patterns performed on
several crystallites confirmed a predominant presence of the
hexagonal phase at 915◦C. In Fig. 10c, powder calcined at
1350◦C for 30 min is shown: YAG is the predominant phase
and the diffraction pattern on a single YAG grain is included
in the figure.

Fig. 11. High-resolution TEM image of a YAG25 grain, observed along the
{1 1 1} zone axis, as confirmed by the Fast Fourier Transform included in
the image. The atomic structure of YAG is better observed trough an higher
magnitude image performed on a boundary zone of the grain, as shown in
the insert.

In Fig. 11, a high-resolution TEM micrograph of YAG25
calcined at 1350◦C for 30 min is reported: pure YAG com-
position was confirmed by EDX analysis performed with a
nanoscale probe. In the image the YAG atomic structure is
observed along the{1 1 1} zone axis: the hexagonal pro-
jection of the cubic structure of YAG is better evidenced
by the higher magnitude image, performed on a boundary
zone of the grain (insert inFig. 11). The atomic distances
experimentally measured resulted to be in a very good agree-
ment with the cell crystallographic parameter of the YAG
phase.

4. Conclusions

From the above results the following conclusions can be
drawn out:

(a) the synthesis of YAG powder performed at three differ-
ent temperatures (5, 25, and 60◦C) by following the same
precipitation procedure leads to products which mainly
differ in terms of crystallisation temperature, phase evo-
lution as a function of the heat treatment and soaking time
and final homogeneity;

(b) also the starting crystallization temperature is affected
by the synthesis temperature, since it is about 915◦C for

(
ture
ces
l-
in

ow
YAG5 and 850◦C for the other two powders;
c) during crystallization, YAG synthesised at 5◦C yielded

higher amounts of YAG in all the investigated tempera
and time range. YAG crystallised firstly and only tra
of the metastable h-YAlO3 were detected in the crysta
lization temperature range. In addition, if a sample
which YAG crystallites were already grown at very l
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temperature was reheated, nucleation of the metastable
h-YAlO3 was no more favourite;

(d) YAG synthesised at 25◦C showed a competition between
YAG and h-YAlO3 crystallization in all the investigated
temperature and time range;

(e) YAG synthesised at 60◦C firstly yielded h-YAlO3 and
YAG was formed only at 1100◦C;

(f) all the powders yielded pure YAG after calcination at
1100◦C; however, in the case of YAG60, the product
was less homogeneous since bayerite traces were already
detected in the amorphous powder and YAM traces pro-
gressively increased with calcinations temperature from
850 up to 1350◦C.
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