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Compressive creep characteristics at 1773, 1873, and 1973 K, oxidation resistance over
1000 h at a temperature of 1973 K in ambient air, and the thermal stability characteristics at
1973 K in ambient air of a unidirectionally solidified Al,O3/YAG eutectic composite were
evaluated. At a test temperature of 1873 K and a strain rate of 10~%/s, the compressive creep
strength of a eutectic composite manufactured by the unidirectional solidification method
is approximately 13 times higher than that of a sintered composite with the same chemical
composition. The insite eutectic composite also showed greater thermal stability, with no
change in mass after an exposure of 1000 hours at 1973 K in ambient air. The superior
high-temperature characteristics are closely related to such factors as (1) the in-situ eutectic
composite having a microstructure, in which single crystal Al,O3 and single crystal YAG are
three-dimensionally and continuously connected and finely entangled without grain
boundaries and (2) no amorphous phase is formed at the interface between the Al,O3; and
the YAG phases. © 1998 Kluwer Academic Publishers

1. Introduction 0.5Ty, the strength is around half that at room tempera-
To help solve environmental problems, it is vital to ture because at high temperatures, diffusional processes
develop a material that can save energy and curb that grain boundaries, which lead to plastic deformation,
emission of pollutants such as @énd NQ.. Inthe ad-  play a large role [2, 3].
vanced power generator field, studies all over the world Keeping in mind the above conditions, the realiza-
are seeking to develop ultra-high-temperature structurdion of ultra-high-temperature heat-resistant structural
materials that will improve thermal efficiency in air- materials that remain stable and able to be used for long
craft engines and high-efficiency gas turbines. A 1%periods in an air atmosphere requires the development
improvement of thermal efficiency would lead to a of a new concept material. For this, we believe that the
world-wide annual saving in energy costs of aroundmaterial must be a composite with these characteris-
$1000billion [1], and research is being vigorously pur-tics, single-crystal, oxides, thermodynamically stable
sued into the development of ultra-high-temperaturenterfaces and phases, three-dimensionally linked and
structural materials that remain stable under use for proreinforced phases and matrices.
longed periods in an oxidizing atmosphere at tempera- Viechnickiet al. [4] conducted microstructural stud-
tures above 1923 K [2]. In other words, these materialdes on a AbOs/Y3AIs012(YAG) system using the
must be suitable for use as non-cooled turbine blade®ridgman method, and showed that microstructure of
Such materials must offer a performance balance ithe eutectic composite could be controlled by unidirec-
such areas as high-temperature strength, oxidation réional solidification. In addition, it has recently been
sistance, creep resistance, fatigue resistance, thermaported that a unidirectionally solidified ADs/YAG
shock characteristics, and fracture toughness [2]. eutectic composite has superior flexural strength, ther-
Ceramics and ceramic-matrix composites holdmal stability and creep resistance at high temperatures
promise as structural materials with excellent heat ref5-7], and is a candidate for high-temperature struc-
sistance, oxidation resistance, and abrasion resistandelyal materials. However, this material contains grain
and are therefore being researched and developed doundaries or colonies between@®; and YAG, which
a global scale. However, the strength of nearly all ce-are expected to impair the mechanical properties. On
ramic polycrystalline materials drops off rapidly with the other hand, Waku et al [8-11] have recently re-
increases in temperature. According to Hillig [3], the ported on a unidirectionally solidified ADs/YAG eu-
strength in brittle materials should decrease proportiontectic composite manufactured using a eutectic reaction
allyto T/Tﬁ/z,whereTm is the melting temperature. At composed of 82 mol %AD3-18 mol %Y,03, with a
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dimension of 10 mm in diameter and 50 mm in height,direction. Strain rate control compressive creep tests
and made up of a single-crystal 83 phase and a were carried out on the 84x 6 mm specimens.
single-crystal YAG phase containing no colonies orFig. 1 shows the creep test equipment. The speci-
pores. This composite has excellent high-temperaturenen was heated by heating the carbon susceptor us-
strength characteristics, creep resistance, superior oxig high-frequency induction heating. The test tem-
idation resistance, and a thermally stable microstrucperatures were 1773, 1873, and 1973 K. The strain
ture. Success was also achieved in manufacturing eates were 10%s, 10°°/s, and 10%/s. The tests were
still larger unidirectionally solidified eutectic com- conducted in an argon atmosphere. The equipment
posite with a single-crystal ADs/single-crystal YAG  used in the tests was the Japan Ultra-High-Temperature
structure, with a dimension of 40 mm in diameter andMaterials Research Center’s high-temperature uniaxial
70 mm in height, and this composite also had excellentension-compression and flexural test system (a modi-
high-temperature strength characteristics and a stabfeed creep and fatigue machine, type 8562 produced by
microstructure at very high temperatures [12]. Instron).

Accordingly, to investigate the possibilities of this  The oxidation resistance tests were carried out using
composite as a very high temperature-resistant strua 6x 6 x 6 mm specimen. After holding the specimen
tural material, this research evaluated its major creeffor a fixed period at 1973 K in an air atmosphere, the
characteristics, oxidation resistance characteristics amgpecimen was tested for changes in its mass. Flexu-
thermal stability at high temperatures. ral test samples (2 4 x 36 mm) were also heated at

1973 K in an air atmosphere for a prescribed period.

The flexural strength of these specimens was measured
2. Experimental both at room temperature and at 1973 K following ex-
2.1. Manufacture of raw powders posure. For a comparison, commercially available sin-
Using Commercia”y available ADS powder (AKP_ tered SiC and SN4 were Subjected to the same tests
30, produced by Sumitomo Chemical Co., Ltd., Tokyo,and measurement.
Japan) and ¥O5; powder (Y,05-RU, submicron-type, Structural analysis was performed using the RAD-
produced by Shin-Etsu Chemical Co., Ltd., Tokyo, RB-type X-ray diffraction equipment produced by
Japan), ball milling was carried out to obtain a homo-Rigaku Denki Co., Ltd. High-resolution transmission
geneous composite powder slurry. After removing theelectron microscopic (HRTEM) observation of the in-
ethanol and drying the slurry using a rotary evaporatorterface of the AlOsz and YAG phases was carried out
preliminary melting was performed by high-frequency With @ JEM-2010 produced by JEOL Ltd., while the
induction heating to a Mo crucible (50 mm in outer di- EPMA analysis was conducted with a JMX-8621MX
ameter by 200 mm in height by 5 mm in thickness) toby JEOL.
obtain an ingot.

3. Results and discussion
2.2. Unidirectional solidification 3.1. Microstructure
All experiments were performed using the Brigdman-Fig. 2 is SEM images showing the microstructure of a
type equipment at the Japan Ultra-high Temperatur@nidirectionally solidified eutectic composite and of a
Materials Research Center. The ingot obtained by presintered composite with the same chemical composi-
liminary melting was inserted in a Mo crucible (50 mm tion. The white phases in the micrographs are the YAG
in outer diameter by 200 mm in height by 5 mm in (Y3Al50;15), while the black phase is the AD; from
thickness) set in a vacuum chamber, and a graphite su¥~diffraction and EPMA analyses results. The unidi-
ceptor was heated by high-frequency induction heatingrectionally solidified eutectic composite contained no
This heated the Mo crucible and performed the meltcolonies or pores, and moreover, also consisted of a
ing. After sustaining the high temperature of 2223 Ksingle-crystal AJOz with the (110 direction paral-
(about 120 K above melting temperature of approxi-lel to a direction declined by about 14 degrees from
mately 2100 K) for 30 minutes, the Mo crucible was the solidification directions, and a single-crystal of
lowered at 5 mm an hour, completing the unidirectionalYAG with the (74 3 direction parallel to the solidi-
solidification experiment. fication direction [12]. The sintered composite, on the

other hand, was a polycrystalline material with a fine

microstructure.

2.3. Sintering

The mixed powders described above were used to per-

form hot pressing using graphite dies ¢G0 mm) 3.2, Creep Characteristics

in a vacuum (10> mmHg). The temperature of the hot Fig. 3 shows the typical compressive creep deformation

press was 1973 K, the pressure of the press was 50 MPgyrve of a unidirectionally solidified eutectic compos-

and pressing time was one hour. ite. In all the curves, there is a plateau area showing
a steady state creep in which the creep rate is con-
stant with constant stress. Fig. 4 shows the relation-

2.4. Evaluation method ship between compressed creep stress and strain rate in

The specimens used in the creep test were selected sounidirectionally solidified eutectic composite and a

that its axial direction was parallel to the solidification sintered composite at test temperatures of 1773, 1873,
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Figure 1 Schematic of compression creep testing apparatus.

and 1973 K. For comparison, data of a polycrystallineHere,A, n are dimensionless coefficientsis the creep
YAG [13] are also shown in Fig. 4. While the unidi- stressQ is the activation energy for the creépjs the
rectionally solidified eutectic composite and the sin-absolute temperature, whiRis the gas constant [15].
tered composite shared the same chemical compositidn Fig. 4, the value oh is around 1 for sintered com-
and structural phase, their creep characteristics werngosites, and 5-6 for unidirectionally solidified eutectic
markedly different. That is, at the same strain rate oftomposites. As can be seen from the valuenothe
10~%/s and test temperature of 1873 K, the sinterectreep deformation mechanism differs according to the
composite showed a creep stress of 33 MPa nearlgnanufacturing method. In sintered composites, itcan be
same as polycrystalline YAG [13], while the unidi- assumed thatthe creep deformation mechanism follows
rectionally solidified eutectic composite’s creep stresghe Nabarro-Herring or Coble creep models as shown
was approximately 13 times higher at 433 MPa. More-in polycrystalline YAG [13], while in unidirectionally
over, as can be seen from the diagram, the unidirecsolidified eutectic composites, the creep deformation
tionally solidified eutectic composite has creep charmechanism can be assumed to follow the dislocation
acteristics that surpass those of a-axis sapphire fibexgeep models [15] as shown in reference [7].

[14] and, as a bulk material, displays excellent creep Fig. 5 shows the temperature dependence of the

resistance. steady state creep rate of the unidirectionally solidified

The steady state creep ratecan be usually shown eutectic composite, extrapolated from the Fig. 4. It is
by the following equation: found that the activation energy for creep@= 670—

905 kJ/mol in agreement with reference [7]. This value

¢ = Ac" exp(—Q/RT) (1) falls within the 600-1000 kJ/mol range [15] reported
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Figure 2 SEM photograph of microstructure of a unidirectionally solidified eutectic composite and a sintered composite: (a) unidirectionally solidified
eutectic composite and (b) sintered composite.

for the sapphire, and is wider than the 645—703 kJ/moamorphous phases [15-17]. Because unidirectionally
range [18] reported for the single-crystal YAG. solidified eutectic composites are completely free of
As shown in Fig. 6, which shows the results of ob-these microstructural factors [12], they show excellent
serving the cross-section microstructure after the creepreep characteristics. On the other hand, sintered com-
testing, in the unidirectionally solidified eutectic com- posites have poor creep characteristics because they
posite, no voids can be observed in the interface. In thenclude grain boundaries and triple grain junctions
sintered composite, grain growth occurred and voidsith amorphous phases [8-12] that are bad for high-
were observed at the grain boundaries and the tripleemperature creep.
grain junctions.
The reason that the creep strength and creep de-
formation mechanism vary according to the manufac-3.3. Oxidation resistance
turing method even though the chemical compositiorFig. 7 shows the change in mass of eutectic compos-
and the structural phase are the same, is as follows. lites manufactured by the unidirectional solidification
high-temperature creep, the diffusion process is dommethod when these eutectic composites are exposed
inant, and the poor microstructure is caused by suclfor a fixed period in an air atmosphere at 1973 K. For a
factors as grain boundaries with active diffusion, andcomparison, Fig. 7 also shows the results of oxidation
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Figure 3 Typical creep deformation curves in a unidirectionally solidified eutectic composite at 1873 K. Strain rates axet@af 1s, (b) 1x 10~°/s
and (c) 1x 10~%/s.
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Figure 4 Comparison of compression creep in a unidirectionally solidified eutectic composite and a sintered composite.

resistance tests performed under the same conditions avhen SiC was held at 1973 K for 50 hours, it was
ceramics SiC and gN4. Asthe Fig. 7 shows, 8Ny,was  also shown to be unstable. The following reaction took
shown to be unstable. When it was exposed to 1973 Klace; 2SiCGt 30, — 2Si0, + 2CO and the collapse of
for 10 hours in the atmosphere, the following reactionthe shape also occurred.

took place; SiN4 + 30, — 3SiO; + 2N, and the col- On the other hand, when the unidirectionally solidi-
lapse of the shape of thesBi, occurred. Likewise, fied Al,O3/YAG eutectic composite was exposed in an

4947



-3 A air atmosphere at 1973 K for 1000 hours, the composite

] displayed excellent oxidation resistance with no change
4t | in mass whatsoever.
) A00MPa Fig. 8 shows the relationship between flexural

»

= strength and heat treatment time at 1973 K in an air

& 5 O . atmosphere. For comparison, Fig. 8 also shows results
T for SiC and SiN4. When the unidirectionally solidi-

£ i | fied eutectic composite was tested following exposure,

& -6 200MPa there were no changes in flexural strengths both atroom
o I temperature and 1973 K, demonstrating that the com-
S 7 - posite is an extremely stable material. In contrast, when

SiC and SiN4 were heated to 1973 K in an air atmo-
L ., © sphere for only 15 minutes, a marked drop in flexural
-8 strength occurred. Fig. 9 shows changes in the surface

50 51 52 53 54 55 56 57 microstructure of these test specimens before and after
heat treatment. There was little difference in surface
microstructure of the unidirectionally solidified eutec-
Figure 5 Temperature dependence of steady state creep rate in a unidfiC CompO_Site following 1000 hours of oxidation resis-
rectionally solidified eutectic composite. tance testing.

1000/T /K™

Figure 6 SEM photograph showing the microstructures of a unidirectionally solidified eutectic composite and a sintered composite after compression
creep testing at 1873 K: (a) unidirectionally solidified eutectic composite and (b) sintered composite.
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Figure 9 SEM images of surface microstructure before and after oxidation resistance testing at 1973 K in air for 1000 h: (a) the pre-test surface
microstructure of the unidirectionally solidified eutectic composite and (b) post-test surface microstructure.
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Figure 10 SEM observation of the three-dimensional structure of the YAG phase.

3.4. Three-dimensional shape of that for the unidirectionally solidified eutectic compos-
compositional microstructure of ite was 5—-6. The activation energy for the steady state
unidirectionally solidified composites creep of the unidirectionally solidified eutectic com-

As shown above, eutectic composites manufacturegosite was around 670-905 kJ/mol. After 1000 hours
by unidirectional solidification are highly likely to re- at 1973 K in an air atmosphere no change whatsoever
main stable under use in an air atmosphere at temwas observed in the highly stable eutectic composite’s
peratures in excess of 1923 K. This kind of high-mass. These excellent high-temperature characteristics
temperature performance is closely related to the comef the unidirectionally solidified eutectic composite are
posite microstructure with the previously mentionedclosely linked to such factors as: (1) the composite
lack of grain boundaries, formation of interfaces with consisting of a single-crystal ADs phase and single-
comparatively good coherency because of the absenagystal YAG phase with no grain boundaries, (2) in-
of amorphous phases, and three-dimensional singlderfaces with comparatively good coherency and no
crystal ALbOs/single-crystal YAG phases. Fig. 10 is a amorphous phases are formed, (3) the phases being
SEM photograph of the three-dimensional YAG phaseconnected three-dimensionally and having a complex
with only the ALO3 phase excluded, after the eutectic interlocking structure.
composite was heated in graphite powder for two hours
at 1973 K. As the photograph clearly shows, the YAG
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