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Abstract

Directionally solidified fibers and rods have been grown from the terngt@4Y 3Als0,,/ZrO, system using micro-pulling-down method.

Fiber diameter could be varied 0.3mm-2mm at pull-rates ranging 6—~900 mm/h and 500 mm in length. The ternary eutectic fibers had
homogeneous colony patterned eutectic microstructures. The interlamellar spaethipited an inverse-square-root dependence on the
growth speed according tox = 8 x V-2, wherex has the dimension qim andv is in um/s. The tensile strength was recorded 1730 MPa

at 25°C and 1100 MPa at 120 for a fiber crystals grown at a growth speed of 900 mm/h. Eutectic rods having 5 mm of diameter and up
to 80 mm in length were also successfully grown by the micro-pulling-down method. The eutectic rods showed 1400 MPa of mechanical
strength by compressive mode at 15a0with homogeneous colony microstructures.

© 2005 Published by Elsevier Ltd.
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1. Introduction properties’ The eutectic microstructures depended on the

growth speed and their interlamellar spacing had an inverse-
Since early 1960s, systematic investigations of oxide eu- square-root relation to the growth speéd.

tectics began and considerable research has been devoted Sjnce the beginning of new century, researches on the eu-
to the structure and properties of these eutectics. How- tectic materials shifted from ADs-based binary to ternary
ever, real attention focused on these directionally solid- system. Lee et d#-14investigated microstructural changes
ified oxide eutectics from 1990s when their high struc- and preliminary mechanical properties of2@k/ZrO, bi-

tural stability up to nearly the melting temperature was nary and ApO3/YAG/ZrO, ternary eutectic crystal fibers as

reported! a function of solidification rate using-PD method. All the
Late 1990s, promising results were reported for th€at eutectic crystal fibers grown hy-PD method showed much

based binary eutectic systems such agQIGdAIOs,! greater mechanical strength than bulk crystal grown by the

Al>03/Y3Al5012 (below abbreviated as YA@)S and conventional method.

Al203/Zr07.6719 Among them, AbO3/YAG eutectic crys- n-PD method demonstrated its excellent feasibility in not

tal showed a homogeneous ‘Chinese Script’ lamellar pattern.only eutectic fiber crystals growth but also the other vari-
Eutectic fiber crystals grown by the micro-pulling-dowtr ( ous single crystal fibers, and it has also good potential for
PD) method yielded an greatimprovement in the mechanical pulk crystal growth. In this study, therefore, bulk growth of
_ Al>,O3/YAG/ZrO, ternary eutectic crystal has been tried by
* Corresponding author. Present address: Gwangju Research Center, KO'pL-PDviasimpIe modification of the crucible. Microstructural
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2. Experimental procedure

Thew-PD apparatus used in this study consisted of an irid-
ium crucible coupled with an RF induction heating module,
a cylindrical iridium after-heater, and appropriate thermal in-

sulation, as described Kig. 1 The crucible has a thin orifice
hole on its bottom (end-tip).
In this w-PD method, crystal is grown to the down direc-
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For that reason, we modified the shape of the end-tip of cru-
cibles so that bulk crystals having over 3mm of diameter
can be grown. The modifications of the crucible were per-
formed by twice to improve the diameter and the quality of
grown crystalsFig. 2shows the illustration of the crucibles.

In Fig. 2 crucible (a) is for the rod crystal having 3 mm in di-
ameter, and crucible (b) for 5mm in diameter. Each crucible
has a central capillary hole about 0.3—0.4 mm in diameter and

tion from the bottom of the crucible, and the shape of grown 1 mm in length.

crystal is decided by the shape of end-tip of the crucible. The

Al>03/YAG/ZrO5 eutectic fiber crystal was used as a seed.

end-tip, therefore, has a role of shaper for growing crystal. The meniscus and growing crystal were observed by CCD
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Fig. 1. Schematics of micro-pulling-down apparatus.
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Fig. 2. lllustration of modification of the crucibles and as-growp@4/YAG/ZrO, ternary eutectic crystals.
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camera and monitor. The growth was performed under flow- mosphere. Specimen length was approximately 200 mm. For

ing Ar gas atmosphere. The growth process was controlledthe bulk crystals, compressive strength tests were performed

by manual adjustment of RF power and pulling rate. at high temperature region from 1400 to 16@in Ar at-
5-N-purity Al,O3 (High-Purity Chemical Co.), 4-N pu-  mosphere. Specimen dimension for the compressive strength

rity ZrO, (Rare Metallic Co.) and 4-N purity O3 (Nippon testwas 2 mnx 2mmx 5mm.

Yttrium Co.) were used for the starting materials. There are

several ternary eutectic compositions in the systemrOAl

(alumina), 203 (yttria) and ZrQ (zirconia). But only one 3. Results and discussion

point is for the alumina, YAG and zirconia ternary system,

which is placed on the 65 mol% £03, 19 mol% ZrGQ and The real melting temperature of AD3/YAG/ZrO, ternary

16 mol% Y03, and its melting temperature is 1716.1° eutectics measured in this experiment was 1¥30°C. As-

Hence, starting materials were mixed to ternary eutectic com-grown AlOs/YAG/ZrO, ternary eutectic fibers and some

position of alumina, YAG and zirconia. bulk crystals had an almost white color as showFig. 2
Al203/YAG/ZrO5 eutectic fibers of 0.3—1.0 mm in diame- In the fiber growing, stable growth was obtained in the

ter and up to 500 mm in length tried to grow over the range of range of 6-900 mm/h with the comical crucible. It was pos-
growth speed of 6—900 mm/h with cornical crucible. And also sible to control the fiber diameter from approximately 0.3 to
rod-shaped bulk crystals having 3—5 mm in diameter tried to 2 mm within 5% of diameter stability. The maximum length

grow with modified crucibles as depictedHing. 2 was about 500 mm, limited by the apparatus.

The grown ternary eutectic crystals were characterized by  In the bulk growing with the crucibles for rod crys-
XRD, SEM, energy dispersive spectroscopy (EDS), electron tal, stable growth was obtained in the growth speed below
backscatter pattern (EBSP). Microstructure images were ob-120 mm/h. The crystals up to 3mm in diameter and over
tained from perpendicular polished cross-sections using the200 mm in length could be grown by the crucible (brig. 2
back-scattered emission (BE) and secondary electron (SE)Using the crucible (c) ifFig. 2, the crystal having 5mm in
modes of SEM. The intercellular spacings were evaluated diameter and 80 mm in length could be grown successfully.
on the chosen line on the perpendicular cross section to theThe grown crystals by these modified crucibles showed diam-
growth direction. eter stability within 5%Fig. 2 shows also some of as-grown

To investigate the mechanical properties of the grown crystals.
eutectic crystals, we examined the tensile strength for the Back scattered electron images (BEI) of the microstruc-
fiber crystals using a universal testing machine (UTM) with tures observed from AD3/YAG/ZrO, ternary eutectic
crosshead speed of 0.5 mm/min at room temperature in airfiber crystals in perpendicular cross-section are shown in
and high temperatures of 800, 1200 and 1500n Ar at- Fig. 3

T
f

Fig. 3. Back scattered images of perpendicular cross-section of ternary eutectic fibers grown at various growth speed: (a) 6 mm/h, (b) 60 mm¢h/H(c) 300 m
and (d) 600 mm/h.
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5 10 Gromsfth Speed, mm/ min ; cellular pattern in AJOs/ZrO, eutectic fiberd213 |t could
N A ; ; L be observed that neighboring YAG grains were connected to
T SO NI SVRIU NS, S st S each other, but the Zrfparticles were scattered.

i : : : The eutectic microstructure changed its size with growth
speed, but not its shape, which was different from observa-
tions in Al,O3/ZrO, binary eutecticd316 At lower growth
speed, below 30 mm/h, the YAG phase showed an irregu-
lar shape with varying size, as showrfig. 3, but at growth
speed over 60 mm/h, the interconnection between YAG grains
got thick and the microstructure changed to ‘Chinese Script’
pattern with regular shape and size. The script size of the
YAG phase was found to be uniform for each cross-section
investigated.

; i ; i : The interlamellar spacing, i.e. script size decreased from
0.05 0.10 0.15 0.20 0:25 1.7 to approximately 200 nm as the growth speed increased
Growth Speed? (um/s?) from 60 to 900 mm/h irFig. 4 The general relation~v—12,
where is the interlamellar spacing, ands the solidification
rate (growth speed), could also be applied to the script size
of Al,03/YAG/ZrO5 ternary eutectics.

Fig. 3@a) shows the typical phase distribution of The proportionality constant is close to 8 ifis in um
Al,O3/YAG/ZrO, ternary eutectics grown at 6 mm/h of andvis in um/s. This value is intermediate between 10 for
growth speed. The eutectic microstructure was composedAl,03/YAG!! and 1 for AbO3/ZrO, binary eutectic$?
of three phases distinguished by their different shapes and Fig. 5shows the SEM microstructures of perpendicular
colors. By EDS analysis, the black matrix was shown to cross-section of AlO3/YAG/ZrO; ternary eutectic bulk crys-
be AlLbOs, and the gray colored second phase was YAG. tal having 5mm in diameter and grown at 30 mm/h of growth
ZrO, regions were distributed on the periphery of the YAG speed. Homogeneous ‘Chinese Script’ patterns could be seen
phase as relatively small particles that appear white in the on the whole cross-section observed from edge to core part.
micrograph. Microstructural homogeneity however, became worse with

Both YAG and ZrQ phases in the ternary eutectics showed increasing the growth speed. Atthe growth speed of 60 mm/h,
different morphology than in their respective,8i3-based although major part of cross-section showed ‘Chinese Script’
binary eutectic systems-13Especially the particle-shaped pattern, some of part revealed not ‘Chinese Script’ pattern but
ZrO» grains had a very different shape from their lamellar or ‘Geometric’ pattern as lik&ig. 6.
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Fig. 4. Change of Interlamellar spacing 0bL83/YAG/ZrO, ternary eutec-
tic crystals as the function of growth speed.
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Fig. 5. SEM microstructure of perpendicular cross-section eutectic bulk crystals grown at 30 mm/h of growth speed.
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Fig. 6. SEM microstructure of perpendicular cross-section g0AIYAG/ZIO, ternary eutectic bulk crystals grown at 60 mm/h of growth speed.

As the growth speed increased to 120 mm/h, microstruc- back scatter pattern (EBSP) and pole figure for the perpen-
tural disorder went from bad to worse. ‘Geometric’ pattern dicular cross section to the growth directidfig. 8 showed
was prevailed to almost half of the cross-sectional area, andEBSP and pole figure for the ‘Chinese Script’ patterned part.
at some of edge part, the traces of microstructural collapseFrom this result, we could understand that matrix phase of
were observed as likeig. 7. sapphire oriented t¢30—3Q direction, and zirconia phase

To examine the orientational properties, both ‘Chinese oriented to/0 0 1) direction, but YAG phase showed two kind
Script’ and ‘Geometric’ patterned part were tested by electron of direction of(800) and(1 1 1). The reason why only YAG
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Fig. 7. SEM microstructure of perpendicular cross-section gQAIYAG/ZrO, ternary eutectic bulk crystals grown at 120 mm/h of growth speed.
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Fig. 8. EBSP and pole figures of ‘Chinese Script’ patterned area.

phase showed two kinds of orientations is not clear yet, and strength tests were performed for the bulk crystals. Tensile
further investigation is going on. strength tests were performed for the eutectic fibers grown at

EBSP and pole figure for ‘Geometric’ patterned area the growth speed of 900 mm/h at various temperatures from
showed all three components oriented two kinds of orien- room temperature to 150C.

tation; (30-30Q and(000 1) for sapphire{001) and(220 As shown inFig. 10 the highest strength was 1730 MPa
for zirconia, and(800 and (111 for YAG as shown in at room temperature; the strength diminished only slightly
Fig. 9 with temperature until it decreased drastically to 350 MPa

In order to examine the mechanical properties of the at 1500°C, due to the proximity of its melting temperature.
grown AlLO3/YAG/ZrO, eutectic crystals, tensile strength The measured strength of ZD3/YAG/ZrO, ternary eutectic
tests were carried out for the fiber crystals, and compressivefibers are much higher than thex8l3/YAG and Al,O3/ZrO,

Alumina Zircona YAG
0001 220 111

GD : Growth direction

Fig. 9. EBSP and pole figures of ‘Geometric’ patterned area.
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