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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 an@.6%ter drying, the powders were characterized by DTA/TG simultaneous
analysis and then calcined at different temperatures and times. Phase evolution was investigated by X-ray analysis; the evolution of crystallites
formation and growth as a function of the temperature was followed by TEM observations. In this paper, a relevant influence of the co-
precipitation temperature on the phases appearance, crystallisation path and final homogeneity of these powders was demonstrated. Pure YAC
was yielded starting from powder synthesized at low temperature, whereas the precipitation perform€dead@d to monoclinic YAl ,09
appearance near YAG.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction literature, even if many have been recently addressed to the
synthesis feature’s2C In this work YAG powders have been
Yttrium-aluminium garnet (YAG)-alumina composites synthesized by using reverse-strike precipitgtiot1—20
are promising materials for optical, electronic and structural (i.e., adding an aqueous Y and Al salts solution to the pre-
applicationst-2 In order to reduce the crystallization tem- cipitant solution) which has the advantage to assure a higher
perature, improve the phases purity of the final product and cations homogeneity in the precipitate precursor in the case of
reach a highly homogeneous distribution of the two phases multi-cation materialg® The influence of the final pH value
in the composite material, several types of wet chemical cannot be significantly investigated since a complete precipi-
method$~’ have been already developed and successfully tation of both Y and Al hydroxides is reached at pH of around
used for powder processing. Although a lot of investigations 9.1417:19.20 Therefore, this study was focused on the precip-
on pure alumina preparation have underlined the strong in-itation temperature, which has demonstrated to be a crucial
fluence of some process parameters (temperature, pH, ratparameter in the production of pure alumina materials, and
of addition and nature of the precipitation agé€ntf on the onits influence on the YAG phase evolution during the subse-
phase evolution and on the properties of the synthesized alu-quent thermal treatments, above all considering the possible
mina, when wet chemical syntheses and particularly precipi- nucleation of secondary phadésuch as orthorhombic per-
tation are used, similar studies on pure YAG are lacking in the ovskite (YAP, YAIOs3), hexagonal phase (h-YAK), cubic
YAIO 3 having a garnet structureaAlY(AIO 4)3 and mono-
mpondmg author. Fax: +39 011 5644699, clinic YAM (Y 4Al209), near the 3:5 molar ratio garnet-type

E-mail addresspaola.palmero@polito.it (P. Palmero). compound (YAG, %Al5012).
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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 8M
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.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** performed in oven at 60C 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
54+ 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 YAGS5, 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.

3. Results and discussion

After drying at 60°C, YAG5 and YAG25 powders were
completely amorphous, whereas traces of bayerite were de-
tected in YAG60 by XRD. These results are in partial agree-
ment with the studies performed on pure alunfifd? in
which highly crystalline precipitates are formed at higher
(precipitation or hydrolysis) temperatures. Well-crystallised
Al(OH)3 (bayerite) was also detected in a YAG co-
precipitated from nitrates solutions atroom temperature using
the reverse-strike techniqd whereas amorphous starting
powders were obtained using other routés’-2°

In Fig. la—c the DTA/TG curves of the three YAG pow-
ders are reported. All the samples present a significant weight
loss in the 100-400C range, associated to an important en-
dothermic peak at about 23C for all the powders. This
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temperatures range is compatible to th_e dehydrat_ion of alu- Fig. 1. DTA/TG curves of the dried powders synthesised at (;5b)
minium mono and trihydraté8and of yttrium hydroxides? 25°C; and (c) 60 C (solid curves) and pre-treated at 8@(dotted curves).

however, XRD diffraction patterns performed on powders
pre-treated at various temperatures from 200 up t0°@50 peak at 1020C in sample YAGG60. Dotted curves reported in
showed that these mass changes and thermal effects carig. la—c, represent the temperature range of crystallization
not be imputed to the dehydration of crystalline compounds. of the DTA curves for the three samples pre-treated at800
Therefore, they can be due to the progressive stripping of OH The pre-treatment allows to better distinguish the thermal
groups from the amorphous precipitate. effects associated to the crystalline phases appearance. For
The three samples also differ in the higher temperature YAG5 (dotted curve inFig. 1a) the peak maximum is lo-
regime. An exotherm at about 902 was observed on the cated at 910C and an exothermal peak can be also clearly
sample YAGS5; an exotherm at about 9@is also presented  detected at about 99&. Also in the case of YAG25 the pre-
by the sample YAG25 followed by a broad and slightly in- treatment allowed to better evidence the broad exotherm at
tense effect at higher temperature. Finally, a very sharp peakabout 995C (dotted curve irFig. 1b). For YAG60 the peak
located at about 904C is associated to a larger and weaker maximum is located at about 91G followed by a broad and
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intense exotherm at about 104D (dotted curve irFig. 1c). Intensity (a.u.) YAG {420}
A small intermediate peak at about 98D 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- h-YAIO, {102}
maguchi et al® Particularly, the sharp peak at about 9@0
can be associated to the crystallisation of h-YAlI@hereas
the broader and less intense peak at higher temperature can 615°C oh
be due to the transition from the hexagonal phase to the 3:5 850°C 0h
garnet-type YAG. Such phase evolution was also confirmed 800°C Oh
by XRD, as described below. . . . . : ; ; .

A different phase evolution was observed as a function of 31 32 33 34 35
the synthesis temperature, as shown by a systematic investi- (@) 2Theta (degrees)
gation performed by XRD on powders calcined at different )
temperatures (chosen on the ground of the above DTA/TG ™o @) YAG {420}
curves) and times. f

In Fig. 2a—c the XRD patterns of the three materials are
compared after calcination at 800, 850, 915 and *T@ith
a heating and cooling rate of $@/min and a zero-time soak-
ing at the maximum temperature. Even if the whole patterns
from 5 to 70 20 have been considered for discussion, only Bt
the @ range between 31 and 3%f each XRD pattern is
reported in these figures, since the crystallisation of YAG
and secondary phases can be more easily followed by en-

h-YAIO, {004}
1100°C Oh

h-YAIO, {004}
1100°C Oh

915°C Oh

larging this portion of the pattern. In fact, at 33.29 the T /"~ 850°COh
more intense peak of YAG appears £ 2.6886A, planes 800°C Oh
{420} JCPDS file no. 82-0575), whereas those of the two M > - = s
phases, h-YAIQ and YAP, are at 32.8320 (d = 2.7257A, (b) 2 Theta (degrees)

planes{102}, JCPDS file no. 74-1334) and at 34.23®
(d=2.6170A, planes{121}, JCPDS file no. 70-1677), re-
spectively. No evidence of the formation of YAP as well as
of cubic YAIOs was found during these analyses.

The phase evolution clearly appears strongly dependent
from the powder synthesis temperature. In fact, in sample
YAGS5, crystallization starts at about 916 with the simul- h-YAIO, {102}
taneous appearance of the peaks attributed to h-Y/lq@

YAG. The more intense YAG peak is higher than the corre-
sponding one of the hexagonal phase. ]

Also in the case of YAG25, the same phases are yielded at 615°C Oh
915°C, and traces of both can be already detected at850 T o~ e
However, in this material, the intensities of the principal peaks 250G oh
of h-YAIO3 and YAG are quite the same. The increase of the , . , . . : : .
hexagonal phase content is also put in evidence by the more 31 32 33 34 35
clear appearance of its secondary peak located at 342062 (c) 2 Theta (degrees)
which corresponds to thgd 0 4} planes.

YAGH60 crystallises at 915C yielding only the h-YAIQ,
and also in this case the starting of crystallisation can be
detected after calcination at 850.

After treatment at 1100C pure YAG is the only phase phases evolution as a function of the synthesis temperature. In
detected in YAG5 and YAG25, whereas it is the prevalent fact, ifthermal treatments are performed at the same tempera-
one in YAG60, since YAM phase is also yielded as explained ture but for different soaking times, other interesting features
below. can be drawn out.

XRD characterization was then improved on differently In Fig. 3a—c the above®range of the XRD patterns per-
calcined samples to go deeper in the comprehension of theformed after treatment at 85C for 0, 0.3, 0.5, 1,2 and 4h

Intensity (a.u.) YAG {420}

h-YAIO, {004}

1100°C Oh

Fig. 2. XRD patterns of YAG synthesised and calcined at different temper-
atures: (a) YAGS5; (b) YAG25; and (c) YAG60.
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Fig. 3. XRD patterns of the YAG powders synthesised at different tempera-
tures and calcined at 85C 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.

up to 4 h). At this temperature, even for long-time treatment,
only traces of h-YAIQ 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-YAI@ present after 0.3,
0.5 and 1h, but its amount decreases progressively until it
is undetectable after 2h treatment. After 4h a very small
shoulder is detectable on the left size of the YAG peak, still
imputable to h-YAIQ traces.

The YAG25 precipitate starts to crystallise at zero soaking
time. When the sample is treated for longer times at“€50
the amount of YAG monotonically increases, whereas h-
YAIO 3 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 800or
0, 0.5, 1, 2 and 4 hFjg. 4a) or at 850C for 0, 0.5, 1, 2 and
4h (Fig. 4b) and by plotting the peak intensitielga o for
YAG andl102 for h-YAIO3) as a function of the treatment
time. InFig. 4c and d the same data are reported for YAG5 and
YAGH60, respectively, treated at 83C. InFig. 4the height of
the symbols represents the data fluctuations evaluated from at
least three different XRD pattern acquisitionsHig. 4b the
amount of h-YAIQ reaches a maximum after 30 min; then,
its amount decreases due to a partial conversion in the YAG
phase. IrFig. 4c, l{102 of the hexagonal phase after 1 and
2 h of soaking time has not been plotted, since it is covered
by the strongetjs2q YAG peak.

In the sample YAG60, h-YAI@ firstly crystallises at
850°C even without a soaking step. This phase remains the
only one present in the sample up to a 4 h treatment; after
that, YAG traces were also detected.

In addition, some other thermal treatments were per-
formed. For instance, if the powder YAG5 pre-treated at
850°C for 2 h is re-heated up to 92&, for a soaking time
of zero, the peaks of the hexagonal phase are no more de-
tected and only an increase of the intensities of the YAG
peaks was observeHif. 5, curve b). This behaviour is there-
fore in contrast with the phase evolution in an amorphous
product continuously heated up to 945 (compareFig. 2a
andFig. 5, curve a), in which both h-YAlI@and YAG were
detected by XRD. Therefore, it can be reasonably assumed
that when crystallisation happens starting from an amorphous
product there is a competition in the appearance of these two
phases, whereas if YAG crystallites are already formed dur-
ing a lower temperature treatment (8%L), nucleation of the
metastable phase h-YAK! is not favourite with respect of
the growth of the pre-existing YAG crystals. This behaviour
could be imputed to different nucleation and growth kinetics
of these two phases and more details on the crystallization
kinetic have been published elsewhéte similar treatment
was not performed on YAG25 because in this case it was not
possible to find a temperature lower than 11G0at which
pure YAG is yielded. On the other hand, for YAG60, only the
metastable phase h-YAlQvas present after treatment in that

In the case of YAG5, the garnet starts to crystallise after intermediate temperature range.

about 15min soaking at 85C and the intensities of the

For concluding the XRD data discussion, YAG60 powders

YAG peaks increase with increasing the soaking time (0.5 appeared a less homogeneous product than the other two. In
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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) ¥BG25 at 8
(b) YAG25 at 850°C; (c) YAG5 at 850°C; and (d) YAG60 at 850C.

fact, starting from 850C also traces of monoclinic phase

(YAM, Y 4AIO9) were yielded in this material. The amount

of this secondary phase remains at a trace level up to the |nensity a.u) YAG {420}
higher treatment temperature. A singular behaviour can be f
observed comparing the XRD patterns of YAG60 treated at
915, 1000 and 110CC for 0 h, and finally at 1350C 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 110Q. In Fig. 6 the XRD pattern

of YAG25 calcined at 1350C for 0.5h is shown for com-
parison. It clearly appears that YAM is completely absent in
YAG25, since the YAM peaK2 1 1} is no more detected and _
there is no contribution of YAM{—2 2 1} to the YAG peak . . . .
{400}. Therefore, YAG60 leads to a biphasic final product, 3 32 33 34 35

in contrast with the other two powders, just synthesised at a ZTheta (degrees)

different temperature, and the traces of bayerite in the dried Fig. 5. XRD patterns of YAG5 obtained by calcinations at 9C5starting

pI’Od_U(_:t are probably a Slgnal ofaless homOgeneous StartlnQ‘rom the amorphous precipitate, just dried at 135 curve a), and from the
precipitate. powder pre-treated at 85C for 2 h (curve b).

h-YAIO3 {102}

h-YAIO3 {004}
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Fig. 6. XRD patterns of YAG60 powders calcined at (a) 9C5(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 ifrigs. 8—10for YAG5, YAG25 and
YAG60, respectively. In each figure, an insert with the cor-
responding diffraction pattern is shown. Fig. 8a, YAG5
powder just dried at 6€C is totally amorphous as confirmed
by the diffraction pattern. Ifrig. 8, the TEM image of the
same powder calcined at 916 is shown: thed; ;; 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-YAlghases. Fi-

Average crystallyte size (nm)
160

140 |

120

100—-
80—-
60—_
w]

20

T T T T T T T T T 1
200 400 600 800 1000 1200 1400

Temperature (°C)
Fig. 7. Evolution of the crystallites size of the powders YAG5 (dashed line),

YAG25 (solid line) and YAG60 (dotted lines), as determined by TEM ob-
servation.
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Fig. 8. TEM micrographs of: (a) YAG5 just dried at 60 (bright field), (b)
pre-treated at 918C (dark field) and (c) at 135CC for 30 min (dark field).

nally, the TEM micrograph of the powder calcined at 1360
for 30 min (Fig. 8c) shows a well-crystallised, pure YAG, as
confirmed by the experimentd},;; values measured from
the diffraction pattern.

In Fig. 9a, the 60°C dried amorphous YAG25 powder is
shown.Fig. 9 shows the same powder after pre-treatment
at 950°C, at which YAG is the predominant phase. Finally,
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Fig. 9. TEM micrographs of (a) YAG25 just dried at B0 (bright field), (b) pre-treated at 95C (dark field) and (c) at 1350C for 30 min (dark field). (d) An
high-resolution TEM image of YAG25 pre-treated at 88Dis 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 for 30 min analysis Fig. %) performed on the crystallite and on the sur-
(Fig. ), YAG is the only phase present. In the insert, the rounding matrix, this crystallite was attributed to the h-YAIO
diffraction pattern obtained on a single YAG grainis reported. phase, as also confirmed by the experimentally measured dis-
In Fig. o, the high-resolution TEM (Jeol 2010 FEG) image tance of 0.273 nm between the lattice fringes associated to
of YAG25 calcined at 850C shows the appearance of avery {102} lattice planes of the hexagonal phase.

small crystallite from the amorphous matrix and the related In Fig. 1Ga and b, YAG60 powders just dried at 80 and

Fast Fourier Transform is shown in the insert. From EDX after treatment at 915C are shown, respectively. Tk,
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Fig. 10. TEM micrographs of (a) YAG60 just dried at 8D (bright field),
(b) pre-treated at 91%C (dark field) and (c) at 135QC for 30 min (dark
field).

values estimated from the diffraction patterns performed on (c)
several crystallites confirmed a predominant presence of the

hexagonal phase at 916. In Fig. 1Qc, 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.

P. Palmero et al. / Journal of the European Ceramic Society 25 (2005) 1565-1573

Fig. 11. High-resolution TEM image of a YAG25 grain, observed along the
{111} 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 1350C 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 thé111} 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 ifrig. 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-
enttemperatures (5, 25, and®0) 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;

also the starting crystallization temperature is affected
by the synthesis temperature, since it is about“@ for
YAGS5 and 850°C for the other two powders;

during crystallization, YAG synthesised at® yielded
higher amounts of YAG in all the investigated temperature
and time range. YAG crystallised firstly and only traces
of the metastable h-YAl@were detected in the crystal-
lization temperature range. In addition, if a sample in
which YAG crystallites were already grown at very low

(b)
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temperature was reheated, nucleation of the metastable 8.
h-YAIO3 was no more favourite;

(d) YAG synthesised at 25C showed a competition between
YAG and h-YAIO;3 crystallization in all the investigated
temperature and time range; 10

(e) YAG synthesised at 6@ firstly yielded h-YAIO; and
YAG was formed only at 1100C; 11

(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- 13.
gressively increased with calcinations temperature from
850 up to 1350C.

9.

15.
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