Available online at www.sciencedirect.com

SCIENCE@DIRECTO Egsas

ol TSR
ELSEVIER Journal of the European Ceramic Society 25 (2005) 1397-1403

Vi

www.elsevier.com/locate/jeurceramsoc

Three-dimensional observation of the entangled eutectic
structure in the AlIOs—YAG system

Hideyuki Yasud& *, ltsuo Ohnak4, Yoshiki Mizutani® 1, Takashi Morikaw4,
Satoshi Takeshinfa Akira Sugiyam@, Yoshiharu Wakd#, Akira Tsuchiyam4,
Tsukasa Nakarfy Kentaro Uesudi

a Department of Adaptive Machine Systems, Osaka University, Suita, Osaka 565-0871, Japan
b Ube Research Laboratory, Corporate Research and Development, UBE Industries, Ltd., Ube, Yamaguchi 755-8633, Japan
¢ Department of Earth and Space Science, Osaka University, Osaka 560-0043, Japan
d Geological Survey of Japan, National Institute of Advanced Industrial Science and Technology, Tsukuba 305-8567, Japan
€ Japan Synchrotron Radiation Research Institute, Hyogo 679-5198, Japan

Available online 15 February 2005

Abstract

The coupled growth zone of the AD;—YAG eutectic system was examined by means of high resolution X-ray tomography. The entangled
eutectic structure was observed for the unidirectional solidification and the solidification from the undercooled melt at the equilibrium eutectic
composition (A}O3—18.5 mol% ¥%,O3). The reconstructed three-dimensional images showed that boththeakid the YAG phases branched
and that the entangled domain was of the same order as the lamellar spacing. Comparison of the branchin@gy-ts@\kutectic system
to that in metallic alloys that exhibit the regular or the irregular eutectic structure indicated that the frequent branching of both phases resulted
in the entangled structure.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction In the eutectic composites, it has been reported that
the constituent phases with faceted interfaces are three-
It has been reported that unidirectionally solidified®g- dimensionally continuous and are complexly entangled with

based eutectic composites have excellent mechanical propeach other without grain boundarie&? Eutectic structures
erties at high temperaturés’ For example, AlOs—YAG are highly textured with two twin-related crystallographic
(Y3Al5012, yttrium-aluminum-garnet) eutectic composites orientationst? Since the mechanical properties are closely
exhibit flexural strengths of 360-500 MPa from room tem- related to the entangled structure, it is of interest to investi-
perature to 2073 K in an air atmosphér&he compression  gate the eutectic solidification of the ZD3—YAG system.
creep strength at 1873 K is about 13 times higher than that of  One of the characteristics of the&A);—YAG eutectic so-
sintered composites with the same chemical composifions. lidification is a narrow coupled growth zoA&12The eutec-
Therefore, because of their mechanical properties, eutectictic structure without any primary phase was obtained only
ceramics such as AD3—YAG are candidates for high tem-  at compositions ranging from AD3—18.5 mol% %03 (the
perature use. Al2,03—YAG eutectic composition is 18.5mol%,03) to
20.5mol% Y,0s for the unidirectional solidification and the

- o L . solidification from the undercooled melt.
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Al>,03-YAP (YAIO3, yttrium-aluminum-perovskite)  wasabout2 mnx 1 mmat50 mfromthe light source (around
metastable eutectic path normally occurs when the melt isthe sample position). This highly collimated undulator radi-
heated up to a temperature above 2273K dficE The ation from the low emittance storage ring is very suitable for
Al,O3—YAP metastable eutectic structure melted when high spatial resolution tomography.
the specimen was heated up to the metastable eutectic Transmission X-ray images were obtained using a beam
temperaturé? The solidification of the ANOs—YAG equi- monitor (BM) for X-rays (BM AA50, Hamamatsu Photonics
librium eutectic system immediately followed the melting of K.K.) and a CCD camera (C4880-10-14A, Hamamatsu Pho-
the AlbO3—YAP metastable eutectic system, resulting in the tonics K.K.). The beam monitor consists of a single crystal
fine eutectic structure. It was pointed out that shape castingphosphor screen (L$iOs) and a microscope objective. The
was performed using the solidification accompanying the format ofthe CCD camerais 10601018 pixels. Inthe trans-
melting1* mitted images, the effective pixel size is QB x 0.5um.

Three-dimensional observation is useful for investigating The transmitted image was recorded as a 14 bit-depth image.
the eutectic growth mechanism, since the time evolution of The exposure time for every transmitted image was 1.5s. The
the eutectic structure during the unidirectional solidification distance between the sample and the phosphor screen was set
is expected to remain in the growth direction. Micro X-ray as small as possible to avoid artifacts due to the phase con-
tomography using the synchrotron radiation facility has been trastimage. A high precision rotation stage with an air bearing
developed, in which the spatial resolution is in the order of was used for sample rotation. The convolution back projec-
pnm 1920 First, this paper briefly summarizes the coupled tion method was used for the tomographic reconstruction.
growth of the AbO3—YAG. Then, the three-dimensional ob- Al,03—YAG eutectic specimens grown at a growth rate of
servations obtained by the micro X-ray tomography are pre- 1.4x 10~7 m/s were used for the micro X-ray CT. Specimens
sented. On the basis of the three-dimensional observationswith dimensions of 20Q.m x 200p.m x 1 mmwere prepared
evolution of the entangled eutectic structure is discussed. from the unidirectionally solidified ingots. An X-ray beam

of 25keV was used to obtain the transmitted images with
sufficient contrast.

2. Experiments

2.1. Solidification procedure 3. Results and discussion

Specimens for the unidirectional solidification were pre- 3.1. Microstructure of the AD3—YAG eutectic system
pared using 99.99%-Al,03 and 99.9% Y03 powders. The
temperature gradient measured by pyrometers was roughly Two types of eutectic structures were observed in the
10* K/m. The Mo crucible used was 8 mm in outer diameter, Al,O3—YAG eutectic system. One was the entangled eutectic
5mm in inner diameter and 75 mm in depth. Details of the structure shown ifrig. 1(a) and (b). The entangled eutectic
unidirectional experiment are given in the previous wbrk.  structure was obtained when the;®s—YAG eutectic spec-
Solidification inthe undercooled melt and solidification ofthe imens (18.5 mol% ¥Os3) were unidirectionally solidified at
Al,03—YAG eutectic system accompanied by the melting of growth rates ranging from 10 to 10-° m/s! The entangled
the AlLbO3—YAP metastable eutectic structure were examined eutectic structure with narrower lamellar spacing was also
using an optical DTA apparatd$:2® obtained when the specimens (18.5 mol%0¥) solidified

The ALO3—YAG eutectic spacing was numerically es- in the undercooled melts. In the solidification in the under-
timated from the interfacial length (interface between cooled melts, the degree of the nucleation undercooling was
Al,O03 and YAG) per unit ared? The interfacial length 100K at most and the growth rate ranged from 50> to
per unit areal, was estimated from transverse sections 2 x 10-*m/s12
(500pm x 500pm) using an image analyzer. The lamellar The other eutectic structure, in which the,® phase
spacing was simply estimated byL.2An an ideal lamellar ~ with the rod or the lamellar shape is distributed in the
structure in which the lamellar phases are perfectly aligned, YAG phase and the two phases are not entangled, was ob-
the estimated value strictly coincides with the lamellar spac- served at a composition of 22.5mol% @3 (Alo,O3—-YAP

ing. metastable eutectic compositiolf) The eutectic structure
was produced when the ADs—YAP metastable eutectic
2.2. X-ray tomography structure melts at the metastable eutectic temperature and the

Al>,03-YAG equilibrium eutectic structure were generated
The experiments were performed at the micro X-ray com- concurrentlyt322 |n this solidification process, the exother-
puterized tomography (micro X-ray CT) facility of beam mic heat due to the solidification is coupled with the en-
line BL47XU in SPring8t° An “in-vacuum type” undula- dothermic heat due to the melting, resulting in higher growth
tor was employed as an X-ray source, and the radiation wasrates?? Thus, the coupled growth mechanism that resulted in
monochromatized with a Si(1 1 1) double crystal monochro- the entangled structure did not operate at the higher growth
mator. The cross-section of the monochromatic X-ray beam rate for the off-eutectic specimen.
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Fig. 1. Microstructures of AlO3—YAG equilibrium eutectic system. (a)

Longitudinal section of the unidirectionally solidified A)3—18.5 mol%

Y03 specimen (1.4 10~ 7 m/s), (b) AbOs—18.5 mol% specimen solidified

from the undercooled melt at a cooling rate of 1 K/s, ()@d—YAG equi-
librium eutectic structure (AlD3-22.5mol% Y%03) produced by melting
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Fig. 2. Lamellar spacing of the solidification of the equilibrium eutectic
structure accompanied by the melting of the metastable eutectic structure in
the heating procedure®(). Lamellar spacing of the unidirectional solidifica-
tion ((O) 18.5mol% Y203, () 20.5mol% Y>03) [11], n-PD method §)

[23] and solidification from the undercooled me®)[12] are also plotted.

The coupled growth mechanism resulting in the entan-
gled eutectic structure operated over a wide growth rate range
(1077 to 10~ m/s). In this study, the specimen (18.5 mol%

Y ,05) solidified at a lower growth rate of 1410~ 7 m/s was
used for the X-ray tomography, since the spatial resolution
of the tomography has to be sufficiently high in comparison
to the eutectic lamellar spacing.

3.2. X-ray tomography of the AD3—YAG eutectic
structure

Fig. 3(@) shows the reconstructed images of the
unidirectionally solidified A}Os—YAG eutectic structure
(Al,03-18.5mol% Y%03). The images are perpendicular to
the growth direction. All reconstructed images are similar to
each other, since there is no distinction between the char-
acteristics of the entangled structures (i.e. direction of the
lamellae, lamellar spacing). The X-ray analysis revealed a
crystallographic orientation relationship between thgeQhl
and the YAG phases, as shownhig. 3b). The specimen
used for the CT consisted afAl,03 and YAG single crys-
tals, since the X-ray diffractions are consistently identified on
the basis of the single crystallographic domain. The follow-
ing relationship for the crystallographic orientation between
the two phases was obtained.

(000 L)y,0,11(112)vac, [1 10 Oky,0,1[1 1 1lvaG-

the Al,O3—YAP metastable eutectic structure above the metastable eutectic-rhiS relationship coincides with that in the earlier WéPk.

temperature and below the equilibrium eutectic temperature. The black and

the white phases are-Al,03 and YAG, respectively.

The present specimen did not contain the twin-related orien-
tations.
In the reconstructed images as shownFig. 3a), the

Fig. 2shows the lamellar spacing as a function of growth lamellae tended to align in a certain direction. However, com-

velocity?? The lamellar spacing of the.-PD method in

parison between the lamellae in the reconstructed images and

which a rod-shaped crystal was pulled down from a hole in the crystallographic orientations indicated that the lamellar

the bottom of the platinum crucii2 was also plotted. For

alignment was not predominantly determined by the crystal-

both of the eutectic structures, the eutectic spacing roughlylographic orientationskig. 3(c) shows the normal vectors

obeys the relationship?V = A (A: constant) derived from the

Jackson—Hunt coupled growth mod8|.

of the interface between the AD3 and the YAG phases.
Although the normal vectors are slightly segregated in the
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Fig. 3. (a) Reconstructed images of the unidirectionally solidifieslOA+YAG eutectic structure (AlD3—18.5mol% Y%03) perpendicular to the growth
direction. Numbers indicate the relative growth length. Black-i&l,03 and white is YAG. (b) Stereographic projectionswfl,03 and YAG, and (c)
stereographic projection of the normal vectors of the interface betweddnO3 and YAG.
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upper-right or the lower-left regions due to the lamellar align-
ment observed ifig. 3(a), they are widely distributed. Com-
parison of the normal vectors and the crystallographic orien-
tations suggests that the interface between th®4and the
YAG phases does not have definite crystallographic planes
on a macroscopic scale.

Fig. 4 shows the three-dimensional image of the
Al>0O3-YAG eutectic structure constructed from the recon-
structed images as shown Fig. 3a). The growth mor-
phology continuously changed, keeping the characteris-
tic feature in the entangled structure. Entangling in the
growth direction frequently occurred and the entangled do-
main was of the same order as the lamellar spacing. The
three-dimensional image clearly indicates that the eutectic
growth in the AbOs—YAG system was far from the steady
state.

The entangled part in the AD3—YAG eutectic structure
is shown inFig. 5a). A hole is observed in the central part of
Fig. 5@), indicating that the AlO3 phase pierces through the
YAG phase Fig. 5b) shows the slice images perpendicular
to the growth direction. Morphological change in the growth
direction gives time evolution of the entangled structure dur-
ing the unidirectional solidification. Branching of the YAG Fig. 4. Three-dimensional image of the unidirectionally solidified
phase (black phase) occurred from image C to image D. In A/20s—YAG eutectic structure (AD3-18.5mol% %0s). The a-Al20s

phase was removed from the image.
otherwords, the AlO3 phase grew over the YAG phase. From
image E to image F, opposite branching of the@d phase
occurred at almost the same position on the transverse crosing is approximately 2p.m, while the lamellar spacing is
section. As a result of the sequential branching of the YAG 10um.
and the AyO3 phases at the same position on the transverse  The eutectic structures are classified by considering the
plane, the AdO3 phase pierces through the YAG phase. The branching sequence. The regular eutectic structure, in which
distance between the YAG branching and the@y branch- a minor phase with a lamellar or rod shape regularly aligns
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B

Fig. 5. (a) Three-dimensional image of the YAG phase in the entangled region and (b) sequence of the slice images perpendicular to the grovBlagkection
and white phases are YAG and,&)s, respectively.
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parallel to the growth direction, is observed for many metallic 2.
alloy systems with non-faceted interfacés?’ In the Sn—Pb
eutectic system, which exhibits the regular eutectic structure,
X-ray tomography showed thatthe branching frequency is ex-
tremely low in comparison with the AD3—YAG systen?8

The continuous growth of the Sn-rich and Pb-rich phases re- 4.
sults in the regular eutectic structure. In the Sn—Bi eutectic
system that exhibits the irregular eutectic strucfiré®the
Sn-rich phase hardly branches and the Bi phase with a faceted™
interface branches frequenfl§.The branching of only the

Bi phase results in the irregular eutectic structure. The hole
shown inFig. 5a) is not produced by single phase branching.
The sequential branching of both phases at the same trans-
verse section produces the hole, and the frequent branching
results in the entangled structure.

6.

7.

4. Conclusion

The entangled structure of the &3—YAG equilibrium
eutectic system was observed in the unidirectional solidifi-
cation and the solidification from the undercooled melt. The o.
growth rate that produced the entangled structure at the equi-
librium eutectic composition (18.5 mol%,03) ranged from
10~7 to 10*m/s. The entangled eutectic structure grown
at 1.4x 10~ " m/s was studied by micro X-ray tomography.
Comparison of the lamellae in the reconstructed images to11.
the crystallographic orientations indicated that the lamellar
alignment was not predominantly determined by the crys-
tallographic orientations. In addition, the interface between
the two phases did not have a definite crystallographic rela-
tionship. Both the AlO3 and the YAG phases branched at 13.
the same position on the transverse section. The entangled
domain is of the same order as the lamellar spacing. The fre-
quent branching of the two phases resulted in the entangledM'
structure.
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