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Microstructure and high-temperature strength
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A new Al,03/ErsAlsO1,(EAG)/ZrO, ternary MGC (Melt Growth Composite) with a novel
microstructure has been fabricated by unidirectional solidification. This ternary MGC has a
microstructure consisting of continuous networks of single-crystal Al,O3, single-crystal
EAG and fine cubic-ZrO, phases without grain boundaries. The ternary MGC has also
characteristic dimensions of the microstructure of around 2-4 um for EAG phases, around
2-4 um for Al,O3 phases reinforced with around 0.4-0.8 um cubic-ZrO, phases. No
amorphous phases are formed at interfaces between phases in the ternary MGC. The
ternary MGC's flexural strength at 1873 K is approximately 700 MPa, more than twice the
330 MPa of the Al,O3/EAG binary MGC. The fracture manner of the Al,O3/EAG/ZrO, ternary
MGC at 1873 K shows the same intergranular fracture as the Al,O3/EAG binary MGC, but is
significantly different from the transgranular fracture of the sintered ceramic.

© 2005 Springer Science + Business Media, Inc.

1. Introduction

In the advanced gas turbine field, studies all over the
world are seeking to develop ultra-high-temperature
structural materials that will improve thermal efficiency
in aircraft engines and other high-efficiency gas tur-
bines. So far research is being vigorously pursued into
the development of very high temperature structural
materials that remain stable under use for prolonged
periods in an oxidizing atmosphere at very high temper-
atures. Ceramics and ceramic-matrix-composites hold
promise as structural materials with excellent heat re-
sistance, oxidation resistance, and abrasion resistance
and are therefore being examined and developed on a
global scale.

As a candidate for a high-temperature structural ma-
terial, it has been reported that a unidirectionally so-
lidified Al,O3/YAG eutectic composite has superior
flexural strength, thermal stability and creep resistance
at high temperatures [1-3]. As a different eutectic ce-
ramic oxide system, superior mechanical properties at
high temperatures of rods with small diameters of the
Al,03/Zr0,(Y,03) system have been reported by Sayir
et al. [4] and Paster et al. [5]. In order to find a new pos-
sible development of binary oxide eutectic systems, a
microstructural study on ternary oxide systems such

as ZrO,-Y,03-Al,03 and MgO-Al,03-ZrO; systems
has recently been performed [6, 7]. A lot of this re-
search has principally been focused on the stabilization
of ZrO, phases with the addition of an Y element [4,
8, 9]. The relation between microstructures and high
temperature characteristics has seldom been reported.

Waku et al. [10, 11] have recently developed uni-
directionally solidified Al,03/Y3Al5012 (YAG)/ZrO,
ternary eutectic composites, termed Melt Growth Com-
posites (MGCs). The ternary MGC has a unique mi-
crostructure, which consists of single-crystal Al,Os3,
single-crystal YAG and fine cubic-ZrO,. This ternary
MGTC, therefore, displayed superior high-temperature
strength characteristics. On the other hand, Nakagawa
and Waku et al. have developed unidirectionally solid-
ified Al,03/Er3AlsOp; (EAG) binary MGC [12-14].
The composite is thermally stable and its strength at
room temperature can be maintained up to 2073 K. In
addition, the compression creep strength at 1873 K and
astrain rate of 10~*s~! is approximately 7 times higher
than that of sintered composites with the same compo-
sition, and the material shows neither weight gain nor
grain growth even when heated at 1973 K in an air atmo-
sphere for 1000 h [14]. However, the flexural strength
and room temperature fracture toughness of this binary
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MGGC are low. To increase the high temperature flexu-
ral strength and room temperature fracture toughness of
an Al,O3/EAG binary MGC, we have now attempted to
fabricate an Al,O3/EAG/ZrO, ternary MGC reinforced
with a ZrO, phase by controlling the microstructure us-
ing a eutectic reaction of the Al,03-Er; O3-ZrO; ternary
system. In this paper we report on microstructure and
high-temperature strength and room temperature frac-
ture toughness of an Al,O3/EAG/ZrO, ternary MGC
compared with an Al,O3/EAG binary MGC.

2. Experimental

Commercially available Al,O3; powder (AKP-30, Sum-
itimo Chemical Co., Ltd., Tokyo, Japan), Er, O3 powder
(Er,O3-RU, submicron-type, Shin-etsu Chemical Co.,
Ltd., Tokyo, Japan) and ZrO, powder (TZ-O, Tosoh
Co., Ltd., Tokyo, Japan) were mixed to mole ratios
of A1203/Er203 = 81/19 and A1203/EI‘203/ZI‘02 =
68.4/16.1/15.5, 67.2/15.8/17.0, 65.9/15.5/18.6 and
64.7/15.2/20.1, and wet ball milling using ethanol was
carried out to obtain homogeneous mixed powders. The
melting experiments of these mixed powders were per-
formed in the Mo crucible heated by high-frequency
induction heating under a pressure of 107> mmHg of
argon, and then, after holding for 30 min at 2173 K,
unidirectional solidification was carried out by lower-
ing the Mo crucible at a speed of 5 mm h~! for the bi-
nary MGC and 30 mm h~! for the ternary MGC in the
same argon atmosphere. For accurate control of crystal
growth, a mini-crucible (2 mm in diameter and 17 mm
in length) for growing a suitable seed crystal was set at
the bottom of the main crucible.

Three-point flexural tests were carried out by using
specimens of dimensions of 3 x 4 x 36 mm? having
the long axis parallel to the solidification direction. The
equipment used in this study was a high-temperature
uniaxial tension, compression and bending test system
(a modified creep and fatigue machine, Instron type
8562). Flexural tests were conducted in an argon gas
atmosphere at a crosshead speed of 0.5 mm min~! at
1873 K for the ternary MGC and at room tempera-
ture to 2073 K for the binary MGC. The measurement
of fracture toughness was performed according to the
ASTM E399-90 [15] at room temperature using the
same machine used for flexural tests. The dimensions
of single edge-notched specimens were 2 x 4 x 25
mm?. A notch, 2 mm long, was introduced using a dia-
mond wheel. Fracture toughness was calculated using
the following equation:

Ki. = (PS)/(BW*?) f(a/w)
fla/w) = 3(a/w)"/*[1.99 — (a/w)(1 — a/w)
x (2.15 — 3.97a/w + 2.7a* Jw?)]/
[2(1 4 2a/w)(1 — a/w)*’]

Here, P is the load, S is the span, B is the specimen
thickness, W is the specimen width, while a is the notch
length.

Structural analyses were undertaken using a Rigaku-
Denki RAD-RB type X-ray diffraction apparatus. The
transmission electron microscope (TEM) observations
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Figure 1 Temperature dependence of flexural strength of an Al,O3/EAG
MGC compared with Al,O3/EAG sintered composites.

of the interface and grain-boundary structure between
the phases were conducted using a Japan Electron JEM-
2010, electron probe microanalysis (EPMA) were un-
dertaken using a Japan Electron IMX-8621MX.

3. Results and discussion
3.1. Temperature dependence of flexural
strength for Al,O3/EAG binary MGC
Fig. 1 shows the temperature dependence of the flexu-
ral strength of an Al,O3/EAG binary MGC from room
temperature to 2073 K in comparison with that of
Al,O3/EAG sintered composites of the same compo-
sition. The binary MGC maintains its room temper-
ature strength up to 2073 K (just below its melting
point of about 2130 K), with a flexural strength of ap-
proximately 320 MPa. The sintered composite, on the
other hand, has the higher flexural strength at room
temperature, but its strength falls precipitously above
1773 K [12-14]. The binary MGC has a microstruc-
ture in which continuous networks of single-crystal like
Al,O3 and single-crystal EAG interpenetrate without
grain boundaries, colony and porosity [12—14]. In con-
trast, the sintered composite is a polycrystalline mate-
rial consisting of grains with random crystal orientation
[12-14].

Sintered composites show intergranular fracture at
room temperature and at 1673 K, while the binary MGC
shows no grain growth up to the very high temperature
of 1973 K, and the fracture is transgranular. Moreover,
when the test temperature reaches 2073 K, fracture
of the interface between Al,O3 and EAG phases and
mixed fracture of intergranular and transgranular is ob-
served [12-14].

3.2. Al,O3/EAG/ZrO, ternary eutectic MGC

3.2.1. Computer simulation of a liquidus
surface in the Al,O3/Er,05/2r0O,
ternary equilibrium diagram

To obtain thermodynamic parameters necessary to cal-

culate the Al,O3/Er,03/ZrO; ternary equilibrium dia-

gram by a computer, thermodynamic analysis between
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Figure 2 Showing a liquid surface diagram in an Al,O3/Er,03/ZrO,
ternary equilibrium system calculated by computer using a CALPHAD
method.

experimental and calculated equilibrium diagrams were
performed using Al,O3/Er, O3 binary [16], Al,O03/ZrO;
binary [17] and Er,O3/ZrO, binary [18] diagrams.
The main objective of computer simulation in this
study is to obtain a liquidus surface diagram, we
therefore neglect equilibrium state treatment between
solid phases due to several complex phase trans-
formations in an Er,O3/ZrO, binary system. Fig. 2
shows a liquidus surface diagram in Al,O3/Er,03/ZrO;
ternary equilibrium system simulated by a computer
using a CALPHAD method. It is found that there are
four ternary eutectic compositions, a, b, ¢ and d in
Fig. 2.

In the case of Al,O3/Er,03/ZrO, = 70.5/20.5/9.0
mole ratio (‘a’ eutectic composition in Fig. 2), no cracks
can be observed in the unidirectionally solidified com-
posite. Therefore, this composition system may be pro-
duced in situ by the unidirectional solidification pro-
cess, with the composite consisting of Al,O3 phase,
EAG phase and ZrO, phase. Referring to “a” eutectic
composition in Fig. 2, several compositional experi-
ments were conducted, increasing the amount of ZrO.

3.2.2. Microstructure

The microstructure of the unidirectionally solidified
ternary hypoeutectic composite with ZrO, less than
18.6 mole ratio consists of a large primary crystal,
which is the Al,O3:/EAG binary eutectic, and a fine
Al,O3/EAG/ZrO, ternary eutectic. The dimensions of
the primary crystal are nearly the same as that of an
Al,O3/EAG binary MGC. The volume of primary crys-
tal decreases with increasing ZrO; content.

At a ZrO, content equal to 18.6 mole ratio, we can
obtain a fine and uniform microstructure consisting of
only Al,O3/EAG/ZrO; ternary eutectic. Fig. 3 shows
SEM images of the cross-section perpendicular to the
solidification direction of the ternary MGC with a mole
ratio of Al,O3/Er,03/ZrO, = 65.9/15.5/18.6 (Fig. 3a
and b) in comparison with that of an Al,O3/EAG bi-
nary MGC with a mole ratio Al,03/Y,03 = 81/19
(Fig. 3c). The microstructure of the ternary MGC

@

Figure 3 SEM images showing the microstructure of a cross-section per-
pendicular to the solidification direction of the Al,O3/EAG/ZrO; ternary
MGTC. (a) and (b) Al,O3/EAG/ZrO; ternary MGC. (b) an enlarged image
of (a), (c) Al,O3/EAG binary MGC.

consists of Al;O3, EAG phases and fully stabilized
Zro3Erp 2019 phases with an erbium element for the
Al,O3/EAG/ZrO; ternary MGC, and Al,O3 and EAG
phases for the Al;O3/EAG binary MGC (we describe
these Zry sErg 201 9 phases as cubic-ZrO, phases in the
following); these were determined from X-ray diffrac-
tion patterns. The large gray area like a plate form in
the SEM micrograph is the EAG phase, the dark area is
the Al,O3 phase and fine gray area in the Al,O3 phase
is the cubic-ZrO, phase as shown in Fig. 2b (iden-
tified by X-ray diffraction and EPMA analysis). The
dimensions of EAG phases in the Al,O3/EAG/ZrO,
ternary MGC are around 2-3 pum (this dimension is
defined as the typical length of the short axis of each
domain seen in the cross-section perpendicular to the
solidification direction) smaller than 1/10, at around
20-30 pm, of the Al,O3/EAG binary MGC. Many of
the ZrO, phases exist at interfaces between Al,O3 and
EAG phases or in Al;O3 phases, and seldom exist in
EAG phases. The dimensions of the fine cubic-ZrO, are
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Figure 4 SEM micrograph showing the three-dimensional configuration
of single-crystal EAG and ZrO; phases in the Al,O3/EAG/ZrO; ternary
MGC.

0.4-0.8 pum. Homogeneous microstructures with no
pores or colonies are observed in the unidirection-
ally solidified binary and ternary system ceramics
(Fig. 3a—c).

In the X-ray diffraction pattern for the ternary MGC,
diffraction peaks from the (0006) and (00012) plane of
the Al,O3 phase, from the (400) and (800) plane of the
EAG phase and from the (200), (400) and (220) plane
of the ZrO, phase are observed only from the plane per-
pendicular to the solidification direction. Consequently,
it can be concluded that this ternary MGC consists of
(0001) single-crystal Al,O3 with a hexagonal struc-
ture, (100) single-crystal EAG with a garnet structure
and fine (100) and (110) ZrO, phases with a cubic
structure.

Fig. 4 shows a SEM micrograph which illustrates the
three-dimensional configuration of the single-crystal
EAG and the ZrO, phase in the ternary MGC from
which Al,O3 phases had been removed by heating in
graphite powders at 1923 K for 2 h. The large lump,
assembling a plate, in the SEM micrograph is the EAG
phase, and the fine rod like material attached to the
surface of the EAG phase or between EAG phases is
the cubic-ZrO, phase as shown in Fig. 4. The con-
figuration of single-crystal EAG and fine cubic-ZrO,
phases is a three-dimensionally connected porous struc-
ture with irregular shape. We therefore conclude that the
present ternary MGC has a microstructure consisting of
three-dimensionally continuous and complexly entan-
gled single-crystal Al,Os3, single crystal EAG and fine
cubic-ZrO, phases. This microstructure was fabricated
by controlling accurately crystal growth and the solidi-
fication process in the unidirectional solidification. This
ternary MGC’s room-temperature fracture toughness is
approximately 5.2 MPam!/2, which is much higher than
that of around 3 MPam'/? of the Al,03/EAG binary
MGC.

3.2.3. Interface

The existence of amorphous phases at interfaces or
grain boundaries generally leads to a reduction in the
strength of the material at high temperatures [19, 20].
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Fig. 5 shows typical high-resolution TEM images of the
interfaces between EAG and cubic-ZrO, phases in the
Al O3/EAG/ZrO; ternary MGC. No amorphous phases
are observed at the interfaces between the EAG and
cubic-ZrO, phases. A similar result was observed at
other interfaces between the Al,O3 and EAG phases,
Al,O3 and c-ZrO; phases. All the interfaces observed
are relatively compatible.

3.2.4. High temperature flexural strength
Fig. 6 shows typical stress-displacement curves of
the Al,O3/EAG/ZrO, ternary MGC obtained from
the flexural test at 1873 K. For comparison, a
stress-displacement curve for an Al,O3/EAG binary
MGC [12-14] is also shown. Flexural strength of
the Al,O3/EAG/ZrO; ternary MGC is approximately
700 MPa and appreciably higher than that of the
Al,O3/EAG binary MGC. The relative fracture energy
of the Al,O3/EAG/ZrO, ternary MGC (which can be
inferred from the area under the stress-strain curve) is
several times that of the Al,O3/YAG binary MGC [12-
14].

The change in flexural strength of the unidirection-
ally solidified Al,O3/EAG/ZrO, ternary composite at
1873 K with additional amount of ZrO, is shown in
Fig. 7. The flexural strength of the unidirectionally so-
lidified composite depends substantially on the addi-
tional amounts of ZrO,. When the additional amount
of ZrO, reaches 18.6 mole ratio, the fine and uniform
ternary eutectic microstructure appears (Fig. 3a and b),
and the ternary MGC'’s average flexural strength at
1873 K is approximately 700 MPa, more than twice
that, at around 336 MPa, of the Al,O3/EAG binary
MGQC fabricated at a lowering speed of 5 mm h~! of
the Mo crucible (Fig. 7).

Fig. 8 shows a SEM image of the fracture surface
of a flexural tested specimen at 1873 K for the present
ternary MGC. The large region having plate-like form
in the SEM image is single-crystal EAG. Among these
EAG phases, a single-crystal Al,O3 was observed with
fine dispersions of cubic-ZrO;. The fracture surface of
Al,O3 phases is irregular, showing that cubic ZrO, is
more resistant to fracture. Seemingly, the fracture mode
of the cubic-ZrO; in the Al,O3 phase is intergranular,
however, it is presumed to be a transgranular fracture
from the evidence of a continuous network of cubic-
ZrO; seen in Fig. 4. Single-crystal ZrO, readily shows
plastic deformation at above 1673 K [21] and a tran-
sition temperature from brittle to ductile behavior for
single-crystal Al,O3 of 1300-1333 K [22]. Therefore,
the round shape of fine cubic-ZrO; seen on the fracture
surface is likely to be due to the fact that single-crystal
Al;O3 and fine cubic-ZrO, deform plastically at 1873
K. The fracture mode of the Al,O3/EAG/ZrO, ternary
MGC at 1873 K is intergranular and completely differ-
ent from the transgranular fracture of sintered ceramics
[12-14].

According to Hillig [23], the strength of brittle
materials should decrease proportionally to 7'/ THSI/ 2,
where T;, is the melting temperature. At 0.5 T, the
strength is around half that at room temperature because
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Figure 5 High-resolution TEM images of the interface between EAG and cubic-ZrO; phases of the AlO3/EAG/ZrO; ternary MGC. The

directions are [001] Al, O3, [001] EAG and [001] ZrO,.
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Figure 6 Typical stress-displacement curves in the three-point flexural
test at 1873 K of (a) an Al,O3/EAG/ZrO; MGC compared with (b) an
Al,O3/EAG binary MGC.

at high temperatures, diffusional processes at grain
boundaries, which lead to plastic deformation, play a
large role. The ternary MGC has a unique microstruc-
ture in which single-crystal phases interpenetrate with-
out grain boundaries. The average flexural strength
of the Al,O3/EAG/ZrO, ternary MGC is therefore
around 700 MPa at 1873 K and much higher than that
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Figure 7 Dependence of flexural strength at 1873 K on the additional
amount of ZrO, for the Al,O3/EAG/ZrO, ternary MGC.

(~550 MPa) at 1773 K of an advanced SizNyceramic
recently developed for high temperature structural ma-
terials [24].

3.2.5. Stabilization of ZrO,
Fig. 9 shows X-ray diffraction patterns of the
AlL,O3/EAG/ZrO, ternary MGC from room
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Figure 8 A SEM photograph showing fracture surfaces in flexural tested
specimens at 1873 K of the Al,O3/EAG/ZrO; ternary MGC.

temperature to 1773 K compared with the Al,O03/ZrO,
binary MGC without the stabilization element erbium.
It is found that the monoclinic-to-tetragonal trans-
formation exists above 1273 K in the Al,O3/ZrO,

]

binary MGC without the stabilization element erbium
(Fig. 9a2). However, in the case of the Al,O3/EAG/ZrO,
ternary MGC, the monoclinic-to-tetragonal transfor-
mation between room temperature and 1773 K does
not occur due to the formation of fully stabilized
cubic-ZrO, phases with an erbium element (Fig. 9b).

4. Conclusions

We conclude that the superior high-temperature
strength of Al,O3/EAG/ZrO, ternary MGC over
Al,O3/EAG binary MGC was obtained by the follow-
ing means: a new combination of single-crystal Al,O3
with a hexagonal structure, single-crystal EAG with
a garnet structure and fine ZrO, with a cubic struc-
ture; a microstructure consisting of three-dimensionally
continuous and complexly entangled single-crystal
Al O3, single-crystal EAG and fine cubic-ZrO;; char-
acteristic dimensions of the microstructure of the
Al O3/EAG/ZrO; ternary MGC of around 2-3 um for
EAG phases, around 2-3 pum for Al,Os phases and
0.4-0.8 um for ZrO, phases, finer than that of the
~20-30 pum for the Al;O3/EAG binary MGC; and the
fact that no amorphous phase is formed at interfaces
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Figure 9 X-ray diffraction patterns of (a) the Al,O3/EAG/ZrO, ternary MGC from room temperature to 1773 K in comparison with (b) the Al,03/ZrO,

binary MGC.
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between the Al,O3; and EAG phases, the Al,O3 and
71O, phases, the EAG and ZrO, phases. It is possible
that the two phases are bound together strongly at these
interfaces.
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