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Yttrium aluminum garnet (YAG) powders were synthesized by precipitation of hydroxides
using three types of precursors: nitrates (nitrate process), isopropoxides (alkoxide process),
and isopropoxides chelated with ethyl acetoacetate (modified alkoxide process). The phase
development in the powders during heat treatments was investigated with DTA and XRD.
An intermediate hexagonal YAIO3; (YAH) phase was formed at 800°C in all powders
regardless of the synthesis processes, but its complete transformation to YAG at higher
temperatures (>1000°C) occurred only in the powders prepared by the nitrate and modified
alkoxide processes. The alkoxide process led to the largest deviation from the bulk
composition, producing a single phase of YAH that transformed into YAG plus a stable YAM
(Y4Al,Og) phase. The modified alkoxide process led to the most homogeneous bulk
composition, resulting in the least amount of YAH in the powder. The poor chemical
homogeneity in the powders prepared by the nitrate and alkoxide processes was attributed
to the segregation of the hydroxides and to the presence of the double alkoxide,
respectively. © 2000 Kluwer Academic Publishers

1. Introduction and ALO3 coexisting with YAG [9, 15, 16]. In order to
Three pseudo-binary compounds are known to exisobtain pure YAG at lower temperatures, powders have
in the system AJO3-Y,0z3: yttrium aluminum garnet been synthesized by various chemical methods such as
(YAG, Y 3Al50,,), yttrium aluminum perovskite (YAP, precipitation of hydroxides [7-9, 17-23], thermal de-
YAIO3), and yttrium aluminum monoclinic (YAM, composition of nitrates [16], sol-gel process [24, 25],
Y 4Al,09) [1]. YAG exists in the cubic form with a gar- and a hydrothermal technique [26]. The literature con-
net structure [2]. YAP has an orthorhombic distortedcerning phase formation in these powders shows con-
perovskite structure [3] and YAM is monoclinic [4, 5]. flicting results. Pure YAG was reported by Glushkova
There is another YAIQ@ phase, which is a hexagonal et al. [17], Vrolijk et al. [19, 20], and de With and
modification (YAH) and found only in chemically syn- van Dijk [21], who prepared powders by precipitating
thesized powders [6-9]. nitrate or sulfate solutions. Gowda [24] obtained pure
Amongthese compounds, YAG has received the mosYAG at 810 C from a gel prepared with aluminum tri-
attention due to its good optical properties. Single cryssecbutoxide and yttrium acetate. Latal.[25] also ob-
tal YAG is best known as a solid-state laser host matained pure YAG at 100@ by pyrolysis of aluminum
terial. Recently, transparent polycrystalline YAG ce-and yttrium isobutyrates.
ramics have been fabricated for use as solid-state laser Second phases such as YAP, YAM, and YAH, along
materials [10, 11]. Italso has been recognized that YAGwvith YAG, have been reported by many investigators.
may be the most creep-resistant oxide [12—14]. YAG ceApte et al.[18] found YAP or YAM by the addition of
ramics in the form of single crystal and polycrystalline base into a nitrate solution and claimed that the addition
fibers, matrices, and eutectic composites have mangfthe solution to base and heat treatment of the hydrox-
potential applications as high-temperature engineeringgles in a hydrogen atmosphere can consistently yield
materials. pure YAG. Bertaut and Mareshal [6] first found YAH
Synthesis of YAG powder by solid-state reaction re-by the evaporation of a nitrate solution. Yamaguchi and
quires high temperatures. Heat treatments of mixed oxeoworkers [7, 8] reported YAH in the hydrolysis of iso-
ide powders at temperatures below 180§ield YAP ~ propoxides and found it transformed to YAG at about
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1050C. Kinsmanet al.[9] obtained YAH by precipi- using a least-squares refinement technique and high
tation of a nitrate solution that transformed to YAG at purity Si powder (99.999%) was used as an internal
temperatures below 1000. standard.

Most literature reports indicate that the occurrence
of the second phases might be due to poor chemical
homogeneity in the powders, which can result from3, Results and discussion

the synthesis process and the chemical nature of thejg. 1 shows the DTA curves of the powders prepared
precursor. In this paper, the effect of the synthesis propy the three synthesis processes. The powders prepared
cesses and the precursors on the phase formation Y both nitrate and alkoxide processes exhibited two
YAG powders was investigated. The powders were synexothermic peaks: a strong, sharp peak and a weak,
thesized by precipitation of aluminum and yttrium hy- proad peak, occurring respectively at 925 and°@90
droxides using three types of the precursors: nitratefor the nitrate-derived powder (Fig. 1a) and at 920 and
(nitrate process), isopropoxides (alkoxide process), an@ig14 C for the alkoxide-derived powder (Fig. 1b). The
isopropoxides chelated with ethyl acetoacetate (modifirst peaks were found to correspond to the crystalliza-
fied alkoxide process). The phase development of thesgon of YAH and the second peaks to the transformation
powders during various heat treatments was examinegf YAH to YAG. On the other hand, the powder pre-
with differential thermal analysis (DTA) and X-ray pared by the modified alkoxide process exhibited only a
powder diffraction (XRD). strong and sharp exothermic peak at921as shown in

Fig. 1c, due to the crystallization of YAG from an amor-
phous phase. The phase related with each DTA peak
was confirmed by XRD of the powders heat-treated in
the DTA furnace. Fig. 2 shows the XRD patterns of the
powder prepared by the nitrate process. YAG and YAH
coexisted at 95°C (Fig. 2a). As the temperature was
raised to 1000C, the amount of YAG increased, while
the amount of YAH considerably decreased (Fig. 2b). In
the powder obtained by the alkoxide process, only YAH
Jvas detected at 95C and a small amount of YAG ap-
peared at 100C. In the powder prepared by the modi-

2. Experimental procedure
In the nitrate process, YAG powder was prepared by co
precipitation and spray drying of the hydroxides. Aque-
ous solutions of Y(N®@)z- 6H,0 and Al(NGs)3- 9H,0
were mixed in a Y :Al molar ratio of 3:5. The hy-
droxides were precipitated by dropwise addition of ex-
cess NHOH into the solution under vigorous stirring.
A subsequent wash with de-ionized water remove

residual ammonia and nitric ions. After washing sev- 2d alkoxide process. YAG and a verv small amount of
eral times, the hydroxides were dispersed in water an xidep X Very u

; . : AH were present with an amorphous phase at’@00

granulated with a spray dryer equipped with a noz-
zle atomizer (Yamato, Model DL-41). In the alkoxide and only the YAG phase was observed at T@0
process, YAG powder was prepared by hydrolysis of DTA pez_alks similar to _Flgs 1a and .b have been
aluminum and yttrium isopropoxides, AI(QEI‘7)3 and Epserved tm Imgny ch?ngcallyksyrltg%sgzed d q%vgers.
Y(OCsHy)s, which had been synthesized based on th rgnnimrzii?r(;t;dgr]ivrsc? OE)ngpeera ZlgahoughanGlushkova
procedure described by Mazdiyasni[27]. The alkoxideset al.[17] and Apteet al.[18] obéerved tWo exothermic
were diluted in 2-propanol, mixed in an appropriate mo-~ '
lar ratio, and refluxed for 12 h at 80. The mixture was
hydrolyzed by the addition of an excess amount of wa-
ter containing the alcohol, dried under reduced pressur
at80'C, and then ground. In the modified alkoxide pro- g8g, 95°C
cess, equimolar amounts of Y(Qi&,); and ethyl ace- (@)
toacetate, CECOCH,CO,C,Hs (EAA), were mixed
and refluxed under 2-propanol for 6 h. The solution
was then mixed with a solution of Al(Qgl})s diluted g19. 57°C
with the alcohol, refluxed at 8C for 12 h, and slowly
hydrolyzed as in the previous process. The precipitate
hydroxides were washed with acetone several times (b)
dried under reduced pressure at80and then ground.

Thermal behavior of the powders was studied
with differential thermal analysis (TA Instruments,
Model 1600 DTA) at a heating rate of A0/min up
to 1500C in air. For phase analysis, the powders were
heated to temperatures between 775 and QG2 a
heating rate of 18C/minin airand air quenched to room
temperature. Some powders were heated in the DT/
furance under the same conditions as in the therme (©)
analysis in order to identify the phase related to eacl
DTA peak. Phases present in the powders heat-treate
at various temperatures were examined by X-ray pow-
der diffraction with Cu K, radiation (Rigaku RotafleX Figure 1 DTA curves for the powder prepared by (a) nitrate process,
Diffractometer). The XRD pattern of YAH was indexed (b) alkoxide process, and (c) modified alkoxide process.

g924.50°C

1014.15°C

g21. 42°C
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TABLE | Phases present in the powders heat-treated at various 100 102

temperatures .
Temperature Modified 3200
(°C) Nitrate process  Alkoxide process alkoxide process
775 An? Am Am Q ad0
800 Am+(YAG)®  Am+((YAH))  YAG + ((YAH)) @ 002 o1
+((YAH))e £
825 (YAG)+ (YAH) YAH YAG + ((YAH)) 8 a0
850 YAG+ YAH YAH YAG + ((YAH)) u
900 YAG+(YAH)  YAG + YAH YAG + ((YAH))
1000 YAG YAG+ ((YAM))  YAG 800
1100 YAG YAG+(YAM)  YAG
3Heated at a heating rate of X¥Ymin in air and air quenched. ° 20 AR a0 s a0
bAmorphous phase. 20 (degree)
€A small amount.
dHexagonal YAIQ. Figure 3 X-ray diffraction pattern for the single YAH phase of the pow-
€A very small amount. der prepared by alkoxide process and heated &t®50
H.G phase appeared at 8@ regardless of the synthesis
(a) processes, and disappeared either at higher temper-
z atures £1000C) or after prolonged heat treatments
= (=2 h) [28].
8 The complete transformation of YAH to YAG de-
€ pended on the synthesis processes. The powder pre-
;_; e HaH pared by the nitrate process crystallized into a mixture
g ' of YAG and a small amount of YAH that persisted up to
E 4 900°C and then fully converted to YAG at 100D. The
G powder prepared by the alkoxide process exhibited only
YAH upon crystallization. This YAH developed into a
ettt ik well-crystallized single phase before it transformed to
2 30 "Eg ree)5° 60 70 YAG. The XRD pattern of this pure YAH phase, ob-
261deg tained at 850C, has not been previously reported, and
G is shown in Fig. 3. At higher temperaturesl(000C),
. (b) a small amount of YAM appeared in addition to YAG
’§ and remained. The powder prepared by the modified
o G alkoxide process crystallized into YAG at a lower tem-
% perature compared to the other powders. Concurrently,
& a very small amount of YAH appeared and completely
& transformed to YAG at 100C. The formation of YAG
g from YAH has been explained by the reaction of YAH
= with unreacted AlO3 [9]. If Al ;O3 remains in the pow-
a der, aluminum continues to diffuse into the YAH which
L-....J then changes into YAG. Although 4AD3; was not de-
tected in this study, some studies have shown the pres-

10 20 30 40 50 80 70

26 (degree) ence of AbO3 in solid-state reacted powders [9, 15]

and alkoxide-derived powder [23] after insufficient heat
Figure 2 X-ray diffraction patterns of the powder prepared by nitrate treatments.
process and heated in a DTA furnace at (a)°@and (b) 1000C: G The formation of second phases in the powders can
corresponds to YAG and H to YAH. arise from a deviation in stoichiometry from YAG. This
can be seen by the DTA peaks. The occurrence of the
peaks from nitrate-derived powders, none of thesesecond exothermic peaks in Figs 1a and b suggests
peaks were identified as being associated with the forthat the nitrate and alkoxide processes lead to a large
mation of YAH. Yamaguchet al. [7] also found two  deviation from the bulk composition, resulting in the
peaks at about 900 and 10@from alkoxide-derived formation of YAH. Such a deviation is indicated by a
powder. A DTA peak similar to Fig. 1¢ has been re-temperature interval between two exothermic peaks. A
ported in sol-gel derived pure YAG powders by Gowdalarge temperature interval between the peaks 1920
[24] who found a peak at 90&, and by Liuet al.[25],  1014C) for the alkoxide-derived powder than (925
who found a peak at 93C. 990 C) for the nitrate-derived powder means that the
Heat treatments at various temperatures clearly realkoxide process produces the largest deviation from
vealed the sequence of phase development in the powhe bulk composition, causing the formation of YAM.
ders. Phases present in the powders, heated at a heatiflge single exothermic peak in Fig. 1c suggests that the
rate of 10C/min and air quenched to room temper- modified alkoxide process yields the most homogenous
ature, are listed in Table I. An intermediate YAH bulk composition.
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For the nitrate process, the deviation in stoichiometryof yttrium and aluminum in the precipitates, which
may occur as a result of the segregation of aluminummakes the crystallization of YAH favorable. The ex-
and yttrium hydroxides during coprecipitation. Eachcess yttrium in the powder leads to the formation of
hydroxide is known to precipitate at different pH val- the yttrium-rich YAM phase. YAM has been observed
ues (pH 3.5 for aluminum and pH 7 for yttrium) [18]. in YAG powder that was prepared from a nitrate solu-
When a droplet of the base contacts the solution, théion without washing precipitates [30]. The melting of
cations should precipitate in the same ratio as the bulla residual ammonium nitrate in the hydroxides during
solution. However, according to Apkt al. [18], the  calcination caused a significant change in the distribu-
ions in the precipitates can be exchanged from the sution of the cations.
rounding solution because of the different solubilities The X-ray diffraction pattern of the pure YAH in
of aluminum and yttrium. This can give rise to a non- Fig. 3wasindexed and the resultis presented in Table II.
uniform distribution of the cations in the hydroxides, The d-spacings are in good agreement with those re-
even if the starting solution has a stoichiometric ratioported by previous workers [6, 7, 9]. The values of the
of YAG. lattice parameters were found to&e- 0.3672 nm and

For the alkoxide process, YAH or YAM is formed ¢ = 1.0522 nm. The crystallographic data for YAH
due to the presence of a double alkoxide in the solutiomnd other phases are listed in Table Il for compari-
of the alkoxide mixture. It was confirmed by nuclear son. Bertaut and Mareschal [6] reported YAH as a sin-
magnetic resonance spectroscopy [29] that when thgle compound, while Yamaguchi and coworkers [7, 8]
isopropoxides are mixed in a Y:Al molar ratio of claimed a YAH solid solution that exists in the range
3:5, a stable, hydrolysis-resistant double isopropoxof compositions between 37.5 and 50 mol%O¢. The
ide, Y{AI(OPr')4}3, havinga Y : Almolarratioof 1:3, present study could not determine whether YAH is a
is formed, leaving residual yttrium isopropoxide. The solid solution or a single compound. However, the lat-
different rates of hydrolysis reactions between thesgice parameters for this study show that YAH is formed
alkoxides can cause an inhomogeneous distributiom a 1:1 molar ratio rather than in a 3 :5 molar ratio of
Y : Al. This supports the contention that the occurrence
of YAH is due to poor chemical homogeneity in the
as-prepared powder.

The modified alkoxide process results in the least
hkl dobs(NM) deal(Nm) 1/lo deviation from the bulk composition. The formation of
YAG along with a very small amount of YAH indicates

TABLE Il X-ray diffraction data for YAH of powdeP prepared by
alkoxide process

002 0.5261 0.5261 27 an intimate mixing of the cations in the precipitates.
100 0.3178 0.3180 62 _ : i :
101 0.3045 0.3044 o3 When EAA is added to the solution of yttrium iso-
102 0.2721 0.2721 100 propoxide, it replaces alkoxy groups and forms bonds
004 0.2631 0.2631 21 between yttrium ions and acetate groups, yielding
ﬁg g-iggg g-iggg 4312 Y(OPr),(acac). The mixing of the chelated yttriumiso-
' ' propoxide with aluminum isopropoxide forms a double
112 0.1734 0.1733 19 . ; - X
200 0.1589 0.1590 7 alkoxide, Y{AI(OPT')4}2{AI(OPr')s(acac) [29]. This
106 0.1536 double alkoxide and the remaining chelated yttrium
202 0.1522 alkoxide have slow hydrolysis rates and inhibit the seg-
114 0.1506 regation of the cations in the hydroxides during hy-
aHexagonal YAIQ phase with unit cell parameters af= 0.3672 nm dr0|y_SIS' Pure YAG pov_vder has be_en obtained from
andc = 1.0522 nm. aluminum tri-sec-butoxide and yttrium acetate [24].
bHeated to 850C at the same heating rate as in Table I. Yttrium acetate acts in the same manner as EAA does.
TABLE 11l Crystallographic data of yttrium aluminates
Phase Structure Space group Lattice parameter (nm) Ref.
YAG(Y 3Al5012) Cubic la3d a=1201 2
YAM(Y 4Al200) Monoclinic a=0.737,b=1.047, 4
c=1112,8 = 1085°
YAP(YAIO 3) Orthorhombic Pnma a= 0.5179,b = 0.5329, 3
¢ =0.7370
YAH(YAIO 3) Hexagonal P63/mmc a= 0.3678,c = 1.052 6
(c/a = 2.860)
Hexagondt a=0.3678,c = 1.046 7
(c/a=2.844)
Hexagondl a = 0.3678,c = 1.054 8
(c/a=2.866)
Hexagonal a=0.3672,c = 1.052 Present study
(c/a = 2.865)

aSolid solution contains 37.5 mol%,03 (3:5=Y : Al).
bSolid solution contains 50 mol%>0D3 (1:1=Y:Al.
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4. Conclusions 9
YAG powders were synthesized by three chemical

methods: the nitrate process, the alkoxide process, and
the modified alkoxide process. An intermediate YAH

phase was formed at 800 regardless of the synthe-
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(=1000C). Its complete transformation to YAG de- 13
pended on the synthesis processes. The DTA and the
X-ray diffraction analysis showed that the formation of

the second phases was due to poor chemical homogengs:

ity in the as-prepared powders. The exothermic peaks
of the DTA curves suggested that the alkoxide process
led to the largest deviation from the bulk composition,*
producing a single phase of YAH upon crystallization ,,
that transformed to a stable YAM phase coexisting with
YAG. The modified alkoxide process resulted in the

most homogeneous bulk composition, yielding the leasts:

amount of YAH in the powder. The deviation from the
bulk composition in the powders prepared by the nitrate

and alkoxide processes was attributed to the segregas.

tion of the hydroxides during the coprecipitation and to
the presence of the yttrium-aluminum double alkoxide,
respectively.

22.

Acknowledgements

The authors would like to thank C. Cooke for prepar-23-

ing the powders, M. Cook for the thermal analysis and
Dr. S. Sambasivan of Systran Corp. for many helpful
discussions.

References 26

1. B. COCKAYNE,J. Less-Comm. Metal14(1985) 199.
2. H. S. YODERandM. L. KEITH, Amer. Mineralogis86(1951)
519.

3. S. GELLERandE. A. WOOD, Acta Cryst.9 (1956) 563.

4.1. WARSHAW andR. ROY, J. Amer. Ceram. So@2 (1959)
434,

.J. S. ABELL, I|. R. HARRIS, B.
LENT, J. Mater. Sci9 (1974) 527.

. E. F. BERTAUT andJ. MARESCHAL, C. R. Acad. SciParis
257(1963) 867.

. 0. YAMAGUCHI,K. TAKEOKA andA. HAYASHIDA, J.
Mater. Sci. Lett10(1990) 101.

. 0. YAMAGUCHI, K. TAKEOKA, K. HIROTA, H.
TAKANO and A. HAYASHIDA, J. Mater. Sci.27 (1992)
1261.

COCKAYNE andB.

21.

24.
25.

27.
28.

29.

30.

.T. A. PARTHASARATHY,T. MAH andK. KELLER, ibid.
12(1991) 1767.

14.T. A. PARTHASARATHY, T.-I. MAH andK. KELLER,

J. Amer. Ceram. So@5(1992) 1756.

V. B. GLUSHKOVA, V. A. KRZHIZHANOVSKAYA,
O. N. EGOROVA, YU. P. UDALOV and L. P.
KACHALOVA, Inorg. Mater.(Engl. Transl.)19 (1983) 80.

6. D. R. MESSIERandG. E. GAZZA, Amer. Ceram. Soc. Bull.

51(1972) 692.

.V. B. GLUSHKOVA, O. N. EGOROVA, V. A.
KRZHIZHANOVSKAYA andK. YU. MEREZHINSKII, In-
org. Mater.(Engl. Transl.)19 (1983) 1015.

P. APTE,H. BURKE andH. PICKUP, J. Mater. Res7 (1992)
706.

19.J. W. G. A. VROLIJK,J. W. M. M. WILLEMS andR.

METSELAAR, J. Eur. Ceram. So® (1990) 47.

J. W. G. A. VROLIJK,J. W. M. M. WILLEMS and

R. METSELAAR, in “Euro-Ceramics I, Proc. 2nd Eur. Ceram.
Soc. Conf.,” Augsburg, edited by G. Ziegler and H. Hausner, DKG.,
Germany, 1991 p. 197.

G. DE WITH andH. J. A. VAN DIJK, Mat. Res. Bull19
(1984) 1669.

K. KELLER,T. MAH andT. A. PARTHASARATHY, Ce-
ram. Eng. Sci. Procl1(1990) 1122.

J. MCKITTRICK, K. KINSMAN andS. CONNELL, in
“Ceramic Transactions, Vol. 26, Forming Science and Technology
for Ceramics,” edited by M. J. Cima (the American Ceramic Society,
Westville, OH, 1992) p. 17.

G. GOWDA, J. Mater. Sci. Lett5 (1986) 1029.

Y. LIU, Z.-F. ZHANG, B. KING, J. HALLORAN and

R. M. LAINE, J. Amer. Ceram. So@9(1996) 385.

.T. TAKAMORI andL. D. DAVIS, Amer. Ceram. Soc. Bub5
(1986) 1282.

K. S. MAZDIYASNI, ibid. 8 (1982) 2.

S.-M. SIM, K. A. KELLER, T.-I. MAH and S.
SAMBASIVAN, in 17th Annual Conference on Composites and
Advanced Ceramics, Cocoa Beach, January 1993.

S. SAMBASIVAN, K. KELLER, S.-M. SIM andT.-I.
MAH, ibid.

S.-M. SIM, K. A. KELLER andT.-I. MAH; unpublished
work.

Received 17 February 1998
and accepted 22 July 1999

717



