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bstract

he phase diagram of the Al2O3–Y2O3 system has been investigated with five different compositions by XRD and in situ high temperature
eutron diffractometry. High purity YAG, YAP and YAM compounds have been produced successfully through a melt extraction technique. High

emperature neutron diffraction has made it possible to follow, in real time, the reactions involved in this system, especially to determine the
emperature range of each reaction, which would have been impossible to determine by other means. A good agreement between the experimental
esults and the phase diagram of the Al2O3–Y2O3 system has been observed.

2005 Elsevier Ltd. All rights reserved.
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. Introduction

The importance of the Al2O3–Y2O3 phase diagram stems
rom the significance of alumina and yttria for liquid phase
intering of the covalently bonded ceramic AlN.1 In the
l2O3–Y2O3 system, there are three important compounds:
3Al5O12 (YAG), YAlO3 (YAP) and Y4Al2O9 (YAM)2 having

ubic garnet, orthorhombic perovskite and monoclinic struc-
ure, respectively. These compounds are of considerable interest
s solid-state laser materials.3–5 Recent studies show that YAG
nd the Al2O3–YAG eutectic are potential candidate materials
or reinforcement fibers in ceramic and intermetallic compos-
tes used in structural applications.6,7 In addition, YAG doped
ith Nd is widely used as a laser material. YAlO3 (YAP) is

n excellent material for gain media, scintillators and acousto-
ptics. Single crystal YAP can be grown by the Czochralski
echnique or by vertical directional solidification.8 Yamane
t al.9–11 studied the phase transition of Y4Al2O9 (YAM)

y high temperature differential scanning calormitry (DSC),
igh temperature X-ray powder diffraction (XRD) and high
emperature dilatometry. Their XRD experiments showed no

∗ Corresponding author. Tel.: +1 514 848 2424x3146; fax: +1 514 848 3175.
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ifference between the diffraction patterns of the high tem-
erature and the room temperature phases.4,5,9 YAG is the
nly unambiguously stable phase in the system according to
bell et al.4 Cockayne5 reviewed the Al2O3–Y2O3 system,

nd reported the melting points and the stability ranges for
he end and stoichiometric compounds that occur in this sys-
em.

Lo and Tseng2 studied the phase evolution of YAG, YAP and
AM synthesized by a modified sol–gel method and used XRD

o determine the crystalline phases. They could obtain synthe-
ized high-purity YAG and YAM phases, but they concluded
hat YAP is a result of reaction between YAG and YAM, where
esidual amounts were left even after heat treatment. Gervais et
l.12 studied the solidification process of liquid YAG and YAP
y differential thermal analysis (DTA) and, unlike Maier and
aviniva,8 observed difficulties in the growth of single crystals
f both YAG and YAP.

Synthesizing YAG, YAM and YAP from the oxides is diffi-
ult. YAG synthesized by solid-state reaction contained unre-
cted Y2O3 and Al2O3. Since alumina and yttria are impor-
ant for liquid phase sintering of AlN, the need to understand

he phase relationships in the Al2O3–Y2O3 system becomes

ore important. In this regard, in situ study of the develop-
ent and stability of the phases in the Al2O3–Y2O3 system

hould be conducted. In this article, the phase development
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Table 1
Chemical composition and the expected phases of the studied samples

Sample no. Al2O3 mol% (wt.%) Composition

1 79% (62.94%) e1

2 62.5% (42.94%) YAG
3 57.5% (37.92%) e2
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50% (31.11%) YAP
33.33% (18.42%) YAM

as investigated using X-ray diffractometry, XRD, which pro-
ided the phases existing at room temperature but not the tem-
erature ranges of the reactions. Hence, phase evolution in
l2O3–Y2O3 system was studied in situ at elevated tempera-

ures using neutron diffractometry which provided, in real time,
nformation on the reactions and their temperature ranges. The
ormation of YAG, YAP and YAM will be described. Experi-
ental results were also compared with the Al2O3–Y2O3 phase

iagram.

. Experimental procedures

To determine phase evolution in the Al2O3–Y2O3 sys-
em, the neutron diffraction patterns were monitored in situ
t elevated temperature using the DUALSPEC high-resolution
owder diffractometer, C2, at the NRU reactor of Atomic
nergy of Canada Limited (AECL), Chalk River Laborato-

ies. The major advantage of neutron diffraction compared to
ther diffraction techniques is the extraordinarily penetrating
ature of the neutrons, which leads to its use in measure-
ents under special environments.13 The diffractometer is an

00-channel position sensitive detector that spans 80◦ in scat-
ering angle, 2θ. The wavelength, λ, of the neutron beam was
alibrated by measuring the diffraction pattern of a standard
owder of alumina, obtained from the National Institute of
tandards and Technology. λ = 1.33(1) Å and 2θ range from
◦ to 88◦ were used in this experiment. The diffractometer
as equipped with a tantalum-element vacuum furnace capa-
le of reaching temperatures as high as 2000 ◦C. The furnace
rogramming and data acquisition system were fully comput-
rized, allowing accurate temperature control and rapid data
ollection.

Y2O3 powder, grade 5600, supplied by Union Molycorp,
.S.A. with 99.99% purity and Al2O3 powder, grade A16-SG,

upplied by Alcoa Industrial Chemical Division, Canada, with
9.8% purity, were mixed in various stoichiometric amounts.
able 1 and Fig. 1 show the composition of these samples. These
amples include two compositions corresponding to eutectic
oints and three stoichiometric compounds. The premixed com-
ositions were ball milled in a plastic container for 1 h using
mm diameter Al2O3 media and water with a solid to liquid ratio
f 1:5 by volume. The resultant slurry was dried in a microwave
ven to completely remove the water. After drying, the mixtures

ere granulated through a 60 �m mesh sieve to create a fine
owder mixture. A portion of each composition was encapsu-
ated in molybdenum foil to prevent the powder from spreading
n the sample chamber upon evacuating, and to protect the appa-
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ig. 1. Experimental Al2O3–Y2O3 phase diagram25 with the investigated com-
ositions.

atus when the sample melts. A neutron diffraction spectrum
or each sample was collected at room temperature to form the
eference for any reactions taking place upon heating. During
eating and cooling, samples were kept under 1 atm of argon gas
ithin the molybdenum tube. The sample was observed in situ
uring heating and cooling. Neutron diffraction spectra were col-
ected at incremental intervals until the spectra displayed loss of
rystallinity or reached the maximum temperature of the appara-
us (2000 ◦C). At each step the temperature was maintained for
20 min to ensure that the reaction was complete. After melt-
ng or reaching 2000 ◦C, cooling started and neutron spectra
ere collected at incremental cooling temperatures to observe

he precipitation of crystalline phases.
The phase development was also investigated at room tem-

erature using X-ray diffraction for different stages of heat
reatment. First X-ray diffraction was carried out for the mixed
tarting powders in their stoichiometric ratio. This was done in
rder to have a baseline comparison to detect any change and
hase development during the later stages of heat treatment.
his powder was then mixed with water and 8 wt.% of hydrox-
propyl cellulose as a plasticizer and the mixture was extruded
nto 2.5 mm diameter rods. These rods were dried in air for 24 h.
nitially, a solid-state reaction of these powders was performed at
500 ◦C for 2 h at a heating rate of 10 ◦C/min using a silicon car-
ide element, Blue M furnace. However, it has been found that a
olid-state reaction led to an incomplete reaction. This indicated
hat a different experimental approach was required to bring
bout complete reaction; therefore, the samples were melted at
2200 ◦C using an oxyacetylene torch. The X-ray diffraction
as performed on the crushed droplets for each composition.

he chemical analysis of Aguilar and Drew14 showed that there

s no contamination or weight loss when this technique was used
or the melt extraction of Al2O3–Y2O3 fibers.



ean C

3

b
d

3

r
d
p
d
t
f
a
w
d
a

1
l
c
t
t
a
1
p
g
u
w
I

b
B

M. Medraj et al. / Journal of the Europ

. Results

In this section, five compositions will be discussed followed
y a summary and comparison with the Al2O3–Y2O3 phase
iagram.

.1. E1 composition

Fig. 2 illustrates the reaction of the E1 composition from
oom temperature until 1900 ◦C. The main evolution in the
iffraction pattern appears to be the gradual formation of YAG
hase, and the gradual reduction in the intensity of the Y2O3
iffraction peaks with the progression of heating. The reac-
ion of Al2O3 and Y2O3 to produce YAG is clearly evident
rom the new diffraction peaks. These peaks can be seen first

t 1200 ◦C in addition to diffraction peaks for Al2O3 and Y2O3
ith lower intensities than those at room temperature. Y2O3
iffraction peaks were not observed at 1500 ◦C; this means all
vailable Y2O3 was reacted to produce YAG upon heating from

t
Y
s
t

Fig. 2. Neutron diffractograms of
eramic Society 26 (2006) 3515–3524 3517

200 ◦C to 1500 ◦C. Then neutron diffraction data were col-
ected at higher temperature to detect the melting point of this
omposition. No changes can be seen in the patterns collected in
he range of 1500–1850 ◦C. It can be seen from this figure that
he sample lost crystallinity in the diffraction pattern collected
t 1900 ◦C. This means that the sample had melted between
850 ◦C and 1900 ◦C. For all spectra, Al2O3 peaks and Y2O3
eaks were identified using a rhomboheadral unit-cell (space
roup R3̄c, a = 4.759(0) Å and c = 12.992(0) Å)15–17 and a cubic
nit-cell (space group Ia3, a = 10.608(7) Å),17–19 respectively,
hile YAG peaks were indexed as a cubic unit-cell (space group

a3d, a = 12.016(3) Å).3,12,20

Fig. 3 shows the cooling cycle of the E1 composition. It can
e seen that YAG and Al2O3 were fully crystallized at 1600 ◦C.
y cooling from 1600 ◦C to room temperature, no difference in
he collected diffraction patterns was noticed. This indicates that
AG and Al2O3 are the stable phases for the E1 composition
ince no further crystallization occured down to room tempera-
ure. Fig. 3 also shows that the peaks shifted to higher diffraction

heating of E1 composition.
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Fig. 3. Neutron diffractogra

ngle with decreasing temperature. The same phenomenon was
lso noticed in Fig. 2, where the peaks shifted to lower diffrac-
ion angle with increasing temperature. This indicates a positive
hermal expansion coefficient for both YAG and Al2O3.

X-ray diffractograms of the E1 composition are shown in

ig. 4, where Y2O3 peaks were indexed using JCPDS card
5–1200, Al2O3 peaks by JCPDS card 10–173 and YAG peaks
ere indexed by JCPDS card 33–40. The patterns of the mixed

r
i
s

Fig. 4. XRD patterns of
cooling of E1 composition.

owder are labeled with the letter (a). Initially, a solid-state reac-
ion of these powders was attempted at 1500 ◦C for 2 h. X-ray
iffraction was conducted at room temperature and the patterns
ere labeled with the letter (b). The X-ray diffraction was per-

ormed on the melted droplets for each composition and the

esulting patterns were labeled with the letter (c). All the peaks
n pattern (a) in Fig. 5 are related to Y2O3 and Al2O3. It can be
een that the strong peaks are Y2O3 while the weaker ones cor-

E1 composition.
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Fig. 5. Neutron diffractogram

espond to Al2O3. This refers to the fact that the atomic number
f yttrium is 39 and 13 for aluminum. Pattern (c) in this figure
hows that YAG and Al2O3 are the stable phases after melting
nd solidification. These results obey the Lever Rule, exhibit-
ng complete consistency with the phase diagram and neutron
iffraction results.

.2. YAG composition

Neutron diffraction spectra acquired during heating cycle of
ample 2 which has YAG composition are presented in Fig. 5.
t can be seen from Fig. 5 that a mixture of 62.5 mol% Al2O3
nd 37.5 mol% Y2O3 produced a pure YAG phase at 1600 ◦C.
he first changes are already visible when comparing the neu-

ron diffraction patterns of 1200 ◦C with that at room tempera-

ure, where additional peaks, for example at 33◦ (2θ) and 64◦
2θ), appear. These peaks continue to grow, whereas the peaks
f Al2O3 and Y2O3 decay with increasing temperature up to
600 ◦C. For example, the (4 4 0) peak of Y2O3 at 41.5◦ (2θ),

F
t
i
d

eating of YAG composition.

hich does not overlap with other peaks, is still present up to
500 ◦C but cannot be observed at 1600 ◦C and higher. The same
henomenon was observed in the (1 1 9) peak of Al2O3 at 65◦
2θ), which indicates that the reaction was completed between
500 ◦C and 1600 ◦C.

The patterns are practically unchanged from 1600 ◦C up to
950 ◦C, if peak shifts due to thermal expansion of the lattice,
re neglected. The diffraction pattern collected at 2000 ◦C in
ig. 5 shows complete loss of crystallinity. This indicates that
ample 2 melts between 1950 ◦C and 2000 ◦C.

The neutron diffraction patterns of the cooling sequence for
ample 2 show a full recrystallization of the YAG phase at
600 ◦C. There is no phase transformation or decomposition
f YAG upon cooling from its melt.

X-ray diffractograms of YAG composition are shown in

ig. 6. Pattern (b) in Fig. 6 shows that not all the peaks are related

o the YAG phase. This indicates that the formation of YAG was
ncomplete at this temperature. This is consistent with neutron
iffraction pattern during heating of this sample. However pat-
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Fig. 6. XRD patterns of YAG composition.

Fig. 7. Neutron diffractograms of heating of E2 composition.
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ern (c) shows no residual reactants after melting indicating the
ormation of pure YAG from this composition.

.3. E2 Composition

The development of the neutron diffraction pattern of E2
omposition, representing the second eutectic point in the
l2O3–Y2O3 phase diagram, with increasing temperature up

o 2000 ◦C is shown in Fig. 7. Comparing the neutron diffrac-
ion patterns at 1200 ◦C and that at room temperature shows that
o additional peaks evolved at 1200 ◦C. The first changes are
isible when comparing patterns at 1500 ◦C and 1200 ◦C where
dditional peaks, for example (4 2 0) of YAG and (2 2 0) of YAP,
espectively, at 28◦ (2θ) and 35◦ (2θ) appear. This indicates that
he reaction started in the temperature range of 1200–1500 ◦C.

t 1500 ◦C significant proportions of both Al2O3 and Y2O3 are
resent, which are illustrated by, for example, the two overlap-
ing peaks (4 1 3) of Y2O3 and (1 1 3) of Al2O3 at 37◦ (2θ),
hile there are no Al2O3 and Y2O3 traces visible at 1600 ◦C.

c
i
b
1

Fig. 8. Neutron diffractograms of h
eramic Society 26 (2006) 3515–3524 3521

his indicates that the reaction was completed between 1500 ◦C
nd 1600 ◦C. At 1600 ◦C all the peaks correspond to YAG
nd YAP phases. YAP peaks were identified as orthorhombic
nit-cell (space group Pnma, a = 5.330(2) Å, b = 7.375(2) Å and
= 5.180(2) Å).21–23 The patterns are unchanged up to 1950 ◦C,

f the shifts of reflections due to thermal expansion of the lattice
re neglected. It can be seen from this figure that sample 3 was
elted in the temperature range of 1950–2000 ◦C. This sample
as also monitored during cooling; YAP and YAG crystallized

rom the melt and found to be stable down to room temperature.

.4. YAP composition

The reaction process was different when starting with
0 mol% Al2O3 and 50 mol% Y2O3. This was obvious when the

ollected spectra of this sample at different temperature shown
n Fig. 8 were compared. The first changes are already visible
y comparing the neutron diffraction patterns of 1500 ◦C and
200 ◦C. The pattern at 1500 ◦C clearly shows the decay of the

eating of YAP composition.
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Fig. 9. Neutron diffractogram

tarting material peaks and the growth of new peaks that were
ound to belong to YAP. Following the reaction in later stages of
eating shows that this mixture provided a pure YAP phase by
800 ◦C. This is because there are still Al2O3 and Y2O3 traces
isible at 1600 ◦C and 1700 ◦C which however indicates that the
eaction was complete in the temperature range 1700–1800 ◦C.
ther evidence of incomplete reaction at 1700 ◦C is the growth
f (2 3 0) peak of YAP at 42◦ (2θ). It can be seen that this peak
id not get its full height below 1800 ◦C. Also, decaying of the
4 0 0) YAP peak at 59◦, which overlaps with (7 2 3) Y2O3 peak,
roves indeed that some residual Y2O3 exists at 1700 ◦C. From
800 ◦C to 1900 ◦C the patterns were unchanged except for small
hift in the peaks positions due to the thermal expansion of YAP
nit cell.

During the course of in situ high temperature neutron diffrac-

ion experiments it was at times difficult to reach 2000 ◦C and to

aintain the furnace at such high temperature. This resulted in
tarting the cooling cycle before melting took place. During the
eating of this sample the furnace only reached 1900 ◦C. Even

(
p
o
p

eating of YAM composition.

hough the melting point was not shown it can be said that the
elting temperature of this sample is higher than 1900 ◦C.
During cooling from 1900 ◦C to room temperature, the pat-

erns were practically unchanged. This clearly indicated that
nder these conditions the orthorhombic YAP phase is stable
hase down to room temperature. Moreover, this was supported
y reheating this compound for 3 h at 1550 ◦C to detect any high
emperature decomposition. The resulting X-ray diffractograms
f this compound before and after the heat treatment showed no
ifference and both belong to the orthorhombic crystal structure.

.5. YAM composition

The development of the neutron diffraction pattern with
ncreasing temperature up to 1950 ◦C of YAM composition

sample 5) is shown in Fig. 9. The first changes for this sam-
le can be noticed by comparing the neutron diffraction patterns
f 1200 ◦C and that of room temperature. There are additional
eaks, which appear at 1200 ◦C. Although traces of YAM were
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Table 2
Summary of the results

Sample no. Neutron diffraction results Phase diagram25

Reaction started (Trs) Reaction finished (Trc) Melting
temperature (Tm)

Stable phases Melting
temperature (◦C)

Stable phases

1 Trs < 1200 ◦C 1200 ◦C < Trc < 1500 ◦C 1850 ◦C < Tm < 1900 ◦C Al2O3 and YAG 1820 Al2O3 and YAG
2 Trs < 1200 ◦C 1500 ◦C < Trc < 1600 ◦C 1950 ◦C < Tm < 2000 ◦C YAG 1942 YAG
3 ◦ ◦ ◦ ◦ ◦C < T ◦
4 900 ◦
5 950 ◦
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1200 C < Trs < 1500 C 1500 C < Trc < 1600 C 1950
1200 ◦C < Trs < 1500 ◦C 1700 ◦C < Trc < 1800 ◦C Tm > 1
Trs < 1200 ◦C 1700 ◦C < Trc < 1800 ◦C Tm > 1

een at 1200 ◦C, formation of pure YAM from a mixture of
3 mol% Al2O3 and 67 mol% Y2O3 was not observed at a tem-
erature lower than 1800 ◦C. This indicates that the reaction
as completed in the temperature range of 1700–1800 ◦C. YAM
eaks were identified according to the calculated pattern as mon-
clinic (space group P21/c, a = 7.4706(5) Å, b = 10.535(6) Å,
= 11.1941(8) Å, β = 108.888◦(5)).24

Patterns at 1800 ◦C, 1900 ◦C and 1950 ◦C are similar.
lthough the furnace reached 2000 ◦C for this sample, due to

echnical problems it was not possible to be maintained for a
ong time to collect the pattern of this temperature. Hence the
ooling sequence started after staying 5 min at 2000 ◦C. It can
e seen that the sample is still diffracting at 1950 ◦C. This leads
o the conclusion that the melting temperature of sample 5 is
igher than 1950 ◦C.

The neutron diffraction pattern of the cooling sequence for
ample 5 shows that YAM is a stable phase from 1950 ◦C down
o room temperature.

X-ray diffractograms indicate that reaction and formation
f YAM takes place at 1500 ◦C for 2 h but this reaction is
ncomplete. This is consistent with the neutron diffraction
esults of this composition where the formation of YAM was
ot complete until 1800 ◦C. The starting powder reacted com-
letely in the liquid state leading to the desired product being
ormed.

Table 2 summarizes the results of neutron diffraction
xperiments and compares them with the phase diagram of
l2O3–Y2O3 system. It can be seen that the phases evolved

t room temperature after heating and cooling of the different
ompositions are in complete agreement with the phase dia-
ram. Whereas the melting temperatures measured in this work
ere generally higher than those indicated on the phase diagram

hown in Fig. 1. Furthermore, YAP, YAG and YAM compounds
ave been observed as stable phases down to room tempera-
ure; this in turn should clarify any speculation regarding their
ecomposition. Also, this study showed that the formation of
hese compounds is possible through two different routes; melt
xtraction or solid-state reaction. In the latter case the tempera-
ure ranges for the reactions were provided.

. Conclusion
The present research was conducted to investigate the
l2O3–Y2O3 binary system and from the results the following

onclusions can be drawn:

1
1

1

m < 2000 C YAG and YAP 1908 YAG and YAP
C YAP 1915 YAP
C YAM 1978 YAM

. High temperature neutron diffractometry has made it possi-
ble to follow, in real time, the reactions and especially the
temperature range of each reaction involved in Al2O3–Y2O3
phase diagram, which would have been impossible to deter-
mine ex situ.

. Unique dynamic determination of the formation and melt-
ing temperatures of the stoichiometric compounds, YAG,
YAP and YAM in Al2O3–Y2O3 was established successfully
in this study. The formation of these compounds started at
around 1200 ◦C and finished by 1600 ◦C for YAG and by
1800 ◦C for both YAP and YAM.

. The Al2O3–Y2O3 binary phase diagram was investigated
using X-ray diffraction for the different compositions. The
results are in excellent agreement with the neutron diffraction
results.
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