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To prepare high quality large solidified Al,O3/ZrO, eutectic ceramic, the preparation processing
of the presintered ceramic as a feed rod was investigated via experiments; some parameters of the
induction heating zone process were optimized via numerical modeling; an Al,03/ZrO, eutectic
ceramic rod with a diameter 10 mm was prepared. The results show that increasing the sintering
temperature could increase the presintered ceramic’s bulk density, while increasing sintering time
had little effect. And the bulk density increased first and then decreased with the molding pressure
increase. And the saucer coil obtained a higher temperature gradient than the tubbiness coil for
a fixed crucible wall maximum temperature, and the coil turn’s increase could increase the
melting zone height in the induction zone melting process. In the directionally solidified
Al,O3/ZrO, eutectic ceramics, Al,O3 phase is the matrix phase, and the ZrO, phase embedded in
the Al,O5; phase mostly with the rod shape, and little with lamellar. The hardness of directionally
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solidified eutectic ceramics reaches 16.17 GPa and the fracture toughness reaches 4.76 MPa m -,
which are 1.7 times and 1.5 times of the presintered eutectic ceramic, respectively.

. INTRODUCTION

Directionally solidified eutectic oxide ceramics are
promising to be a new generation of ultra high temper-
ature structural materials for aerospace engines due to
their unique high temperature mechanical properties and
ablation resistance. Since the 21st century, the demand
for ultra high temperature (=1650 °C) materials has
being become more and more urgent with the rapid
development of the aerospace industry. Ultra high tem-
perature materials with excellent properties could make
the engine and turbine work normally at ultra-high
temperature without a cooling system, thus promote fuel
combustion and reduce consumption and harmful emis-
sions. Compared with the high-performance ceramics
prepared by the traditional sintering method, there are
no pores and interface amorphous phases in the direc-
tionally solidified eutectic ceramics, thus the material’s
mechanical properties improve greatly, especially at high
temperatures, thus is very promising to be a new gener-
ation of ultra high temperature structural materials.' In
recent years, scholars from various countries have carried
out a lot of research studies. They prepared directionally
solidified eutectic ceramics with different experimental
methods. In 1997, Waku et al.>™* prepared an Al,Os/
Y3Al50;, (YAG) eutectic ceramic with excellent high
temperature performance using an improved Bridgeman
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method. This ceramic’s tensile strength at 1700 °C was
up to 160 MPa, and its elongation was up to 10%. At
1600 °C, the material was applied 10~*s strain rate; its
creep strength could be as high as 433 MPa, which is
13 times of the sintered ceramic with the same compo-
sition. After zirconia doping, Al,03/Y,03/ZrO, eutectic
ceramics had the flexural strength at 1600 °C as high as
851 MPa, which was 57 times of the same composition
sintered ceramics.’ Su et al.® prepared Al,O3/GdA1O3/
ZrO, eutectic ceramic with laser floating zone melting
having a higher temperature gradient. The sample was
rather small and showed an irregular outline due to the
spot diameter’s limit. Omar et al.” prepared Al,Os/
Y;Al50,,/ZrO, eutectic ceramic with the microdrawing
method, which was of very high strength and small size.
Combustion synthesis was also used to prepare Al,Os/
7ZrO, (Y,03) eutectic ceramics.>® This method had
a very high solidification rate resulting in great differ-
ences of both the phase components and the
microstructures.

The induction heating zone melting (IHZM) method is
of a high temperature gradient and able to prepare regular
shape large samples. The higher the temperature gradient
in front of the solid-liquid interfaces during the solidifi-
cation process, the more homogeneous and compact the
structure of the solidified ceramic, the better mechanical
properties the ceramic.'® Generally, the preparation of
solidified eutectic ceramic requires high density presin-
tered eutectic samples as the starting materials, which
could be prepared with the conventional sintering
in a muffle furnace, hot pressing sintering,'' reactive
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sintering,12 and microwave sintering method.”® In the
case of complex shape and large volume sample, the
conventional sintering method is commonly used.

Here, the presintered eutectic ceramic rod was first
prepared by the conventional sintering in this paper. The
effects of sintering temperature, sintering time, and
molding pressure on the bulk density and porosity of
the presintered body were studied. Next, Al,O3/ZrO,
eutectic ceramic was prepared with IHZM. The effects of
coil shape and number of turns on the temperature
distribution of the crucible, as well as the effect of the
maximum crucible wall temperature on the solidified
eutectic ceramic morphology were investigated. And the
solidification structure and mechanical property of the
ceramic were also analyzed and discussed.

Il. EXPERIMENTAL DETAILS
A. Preparation of presintered ceramics

According to the eutectic phase diagram of Al,O3/
Zr0,,'* AL,Os, and ZrO, mole fractions at the eutectic
point are 61.9%, 38.1%, respectively, the mass ratio of
Al,05:Zr0, is 57.4:42.6 and the eutectic temperature is
1865 °C.

Commercially available high-purity Al,O3, ZrO, pow-
ders (>3 N, 5 pum, from Beijing Fuxingkai Photo-Electric
Technology Co., Ltd., Beijing, China) were the starting
materials. Concentration of 5% polyvinylalcohol as a binder
material was mixed with the powders uniformly, of which
the mass ratio of Al,05:ZrO, is 57.4:42.6. An amount of
anhydrous ethanol was subjected to ball milling as the
dispersant, followed by drying at 70 °C for 24 h. The
powder was pressed into rods of @ 10 x 20 mm with the
molding method. Thereafter, three group experiments were
set up to prepare presintered rods with a high bulk density
and a low porosity. All parameters are listed in Table L.

B. Preparation of Al,03/ZrO, eutectic ceramics by
IHZM

Al,03/ZrO, binary eutectic ceramics have a melting
point of 1865 °C so the selected crucible material melting
point must be much higher than 1865 °C. The tungsten
crucible is well qualified. It can provide a temperature
gradient of up to 470 °C/cm as can be seen in Ref. 15 at

TABLE I. Experimental parameters for the sintering eutectic ceramics.

the solid-liquid interface, about 4-6 times the conven-
tional Bridgman method.'® The presintered ceramic rod
was put into a vertical tungsten crucible, placed into the
chamber evacuated to 1 x 10~* Pa. When the high
frequency power was put on, a high temperature belt on
the crucible wall came into being, melting the inner
presintering rod. As the crucible lowered vertically at
arate of 3 mm/h, the presintered rod melted and solidified
bit by bit from the down to up. The influences of the coil
shape and the coil turns on the temperature distribution of
the crucible were simulated with the finite element
method. And the coil shape and turns were determined
in advance. The maximum temperature on the crucible
wall was set to 2050, 2200, and 2350 °C, respectively.
Based on the simulation results and the previous exper-
imental process, the optimum process parameters for
Al,O3/ZrO, eutectic ceramic preparation with ITHZM
were determined.

C. Characterization

The sample phase compositions were determined with
an X-ray diffractometer (XRD; D/MAX-RB, Rigaku,
Tokyo, Japan; Cu K,;, A = 0.15405 nm) at a scanning
speed of 10°/min and an energy dispersive spectrometer
(EDS). The sample microstructure was observed by
scanning electron microscopy (SEM; JSM-6390, JEOL
Ltd., Tokyo, Japan). The sample hardness at room
temperature was measured with a Vickers hardness tester
(HVS-5, Yantai Huayin Experimental Instrument Co.,
Ltd., Yantai, China.) with a load of 9.8 N lasting 15 s,
and its fracture toughness was calculated by the in-
dentation method. At least five valid indentations were
conducted on each sample cross section.

The bulk density and porosity of the presintered
ceramics were determined with the Archimedes principle.
Take out the sample from the dryer and dry it for 5 h in an
oven at 80 °C, and then cool it down to room temperature
in the oven, weigh its mass D with an electronic balance
(accurate to 0.001 mg, the same as below). Next, boil the
sample in water for 2 h, then cool it to room temperature,
leave it in water for 24 h; after that, take it out from the
water, wipe its surface water stains, and weigh its mass W.
Next, suspend it in water, weigh its mass S in the water. Its
density is calculated with p = D/(W — §), and its porosity
is calculated with P = (W — D)/(W — S).

lll. RESULTS AND DISCUSSION

1 2 . .
Group Group Group 3 A. Process parameters for presintered ceramics
Sintering 1350, 1400, 1450, 1500 1500 1500 S
lemperature (°C) 1. Sintering temperature
Sintering 2 2,3,4 2 The effects of the sintering temperature on the bulk
Mt‘l‘:,e () 0 0 10, 15. 20,25 density and porosity of the sintered ceramic are shown in
;relsllire (MPa) U Fig. 1(a). It can be seen that with the increase of the
sintering temperature, the bulk density of the presintered
1682 J. Mater. Res., Vol. 33, No. 11, Jun 13, 2018
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FIG. 1. Influences of the processing parameters on the samples’ density and porosity. (a) Sintering temperature (10 MPa, 2 h); (b) sintering time

(10 MPa, 1500 °C); (c) molding pressure (1500 °C, 2 h).

ceramic gradually increases and reaches the maximum
value at 1500 °C. The porosity decreases with the
increase of sintering temperature and reaches a minimum
value at 1500 °C. The sintering temperature increase
contributed to the mass transfer and grain growth, thus
made the structure more compact.'”

2. Sintering time

Figure 1(b) shows the effects of the sintering time on
the porosity and bulk density of the presintered ceramic.
It can be seen that increasing the sintering time just has
a little effects on the porosity and bulk density, which are
almost negligible. The sintering time doubled from 2 to
4 h, but the bulk density only increased by 0.06 and the
porosity just reduced by 0.08. From the aspect of cost
reduction, the sintering time of 2 h was acceptable.

3. Molding pressure

The effects of molding pressure on the bulk density
and porosity of the presintered ceramics are shown in
Fig. 1(c). It is clear that with the molding pressure
increase, the sample porosity decreased first and then
increased, while the bulk density increased first and then
decreased. It is reasonable that the density increased with
the molding pressure. Under the pressure of 25 MPa, the
obvious layer cracks appeared on the individual body.
After sintering at 1500 °C, the sample had more cracks,
which might be attributed to ZrO, phase transformation
from the monoclinic phase to tetragonal phase at
1170 °C, resulting in a volume change.18 Therefore, the

presintering rod density decreased from a macro point of
view. By contrast, the sintered samples molded at
20 MPa pressure had no macro crack and had the lowest
porosity and the highest bulk density. From all above, the
optimum parameters for the presintered ceramic rod were
as follows: the sintering temperature is 1500 °C, the
sintering time is 2 h, and the molding pressure is 20 MPa.

B. Preparation of Al,03/ZrO, eutectic ceramics by
IHZM

1. Induction coil shape and number of turns

In the induction heating process, the commonly used
induction coil has two shapes: one saucer shape, the
other tubbiness shape. They produce different temper-
ature distributions on the crucible wall. Figures 2(a)
and 2(b) show the crucible wall temperature profiles for
these two shapes of coils, of which the number of turns
is 3. It can be seen that the crucible melting zone heated
by the saucer coil is narrower than that by the tubbiness
coil when the crucible wall maximum temperature
reached 2200 °C. In other words, the crucible temper-
ature gradient of the former is higher than that of the
latter. The temperature gradient by the saucer-shaped
coil was calculated to be 505 °C/cm and the
temperature gradient by the tubbiness coil was only
365 °C/cm. In the directionally solidified process,
a high temperature gradient favors the refinement of
the grains, resulting in a better microstructure of the
eutectic ceramics.'”?° Therefore, to obtain a higher
temperature gradient, the induction heating coil should
be saucer-shaped.
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FIG. 2. Influences of the coil shape and circle number on the crucible temperature field. (a) Saucer-shaped coil with 3 turns; (b) tubbiness coil with

3 turns; (c) saucer coil with 1-4 turns, respectively.

The influence of the coil turns or circles on the
temperature distribution is shown in Fig. 2(c). It can be
seen that with the turns’ increase, the height of the
melting zone increased slowly from 9 to 12 mm. How-
ever, the temperature gradient in the growth direction
interface changed little, almost kept constant about
500 °C/cm. From the component’s uniformity and
microstructure refinement, a narrower melting zone
would be preferable under the same temperature gradient.
Nevertheless, it was found in actual experimental pro-
cesses that the power consumed by a single-turn coil was
nearly twice of that by a three-turn coil when the crucible
wall temperature reached 2200 °C. In view of the two
aspects of melting zone height and power consumption,
a three-turn coil was preferable.

2. Effect of maximum temperature of crucible wall
on the morphology of eutectic ceramics

Figure 3 shows the macroscopic morphologies of
directionally solidified eutectic ceramics prepared at
2050, 2200, and 2350 °C, respectively. As can be seen
from Fig. 3(a), the presintered ceramics was not com-
pletely melted, the sample outer layer, near the crucible
wall, was relatively dense, but the sample central region
seemed as the presintered rod. Though the crucible wall
temperature 2050 °C was higher than the eutectic melting
point of 1865 °C near 190 °C, the sample center
temperature was still below the eutectic melting point
due to the low heat conductivity of the sample, which led
to a rather large temperature gradient. When the crucible
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wall temperature reached 2350 °C, the presintered ce-
ramic sample completely melted, but the crucible vola-
tilization was very serious, a large quantity of tungsten
atoms diffused into the sample, thus the sample displayed
gray-black. In other words, the ceramic was polluted
seriously; see Fig. 3(c). When the crucible wall temper-
ature took 2200 °C, the presintered sample melted
completely, and a dense solidified rod was obtained, with
neither any macropore nor any tungsten pollution, see
Fig. 3(b). Therefore, 2200 °C was suitable to the zone
melting processing.

Figure 4 shows a solidified eutectic ceramic sample
with a size ® 9.94 x 22.7 mm. Its outer surface is smooth
and there are no obvious pores. The little black spots
might be resulted from the diffusion of a small amount of
tungsten atoms.

C. Microstructure and mechanical properties
1. Phase composition and microstructure

Figure 5 shows the XRD patterns of presintered
ceramics and zone melting Al,O5/ZrO, eutectic ceramics.
It is clear that there is no phase component change before
and after directional solidification. The solidified ceramic
is also composed of Al,O3 and ZrO, phases, just the
same as that of the sintered one. In the XRD pattern of
the solidified ceramic, the highest peak could be indexed
to (111) lattice planes of the Al,O3 phase (20 = 34.206°)
and (122) lattice planes of the ZrO, phase (20 =
34.733°), the secondary high peak could be indexed to
(002) lattice planes of the Al,O; phase (20 = 55.060°)
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FIG. 3. Influence of the temperature on the solidified eutectic ceramic appearance (3 mm/h).
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ceramic.

and (204) lattice planes of the ZrO, phase (20 =
55.882°), and the third high peak could be indexed to
(252) lattice planes of the ZrO, phase (20 = 71.884°). It
is obvious that after directional solidification, the number
of characteristic diffraction peaks was significantly re-
duced and the intensity of the diffraction peaks signifi-
cantly increased, whether it was Al,O3 or ZrO, phase.
That is to say, both alumina and zirconia had obvious
crystallizing preference orientation during the solidifica-
tion process. Compared with the sintered ceramics, the
crystallinity of the directionally solidified ceramic had
been greatly improved.

Figure 6(a) shows the microstructure of the presintered
ceramic, which presents a typical polycrystalline ceramic
morphology. The grains are randomly distributed without
any orientation, and pores can be seen everywhere. Both
the grain boundary and pore are the key factors affecting
the mechanical properties of ceramic materials.?' The
more the grain boundaries and pores, the worse the
mechanical properties of ceramics.

Figures 6(b) and 6(c) show the cross-section micro-
structure and the longitudinal one of the zone melting
Al,03/7ZrO, eutectic ceramic, respectively. Figure 6(d)
shows that the region 1 contains two elements of Zr and
O, and the region 2 contains two elements, Al and O.
Based on the XRD pattern of Fig. 5 and the EDS
spectrum of Figs. 6(d) and 6(e), it can be confirmed that

FIG. 4. Solidified eutectic ceramic’s photos (2200 °C, 3 mm/h). (a) Length of the solidified eutectic ceramic; (b) diameter of the solidified eutectic
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FIG. 5. XRD patterns of the directionally solidified eutectic ceramic
(2200 °C, 3 mm/h) and the presintered ceramic (1500 °C).
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FIG. 6. Microstructures of both the presintered ceramic and the solidified ceramic. (a) Presintered ceramic, 20 MPa, 1500 °C, 2 h; (b) and (c) cross section
and the longitudinal section of the solidified ceramic, 2200 °C, 3 mm/h; (d) and (e) EDS spectra analysis of the solidified ceramic.

the black phase is the Al,O3 phase and the gray phase with
the regular distribution is the ZrO, phase. According to the
molar fraction ratio of eutectic point Al,O3 and ZrO, and
their respective densities, and the volume fraction of the
Al O; phase is roughly 66.5% and the volume fraction of
71O, phase is 33.5%. It can be seen from Figs. 6(b) and 6(c)
that the Al,O5 phase is the matrix phase and most of the
71O, phase is evenly embedded in the Al,O3 phase with
rod shape, and some of the rods are connected into a thick
lamellar. As can be seen from Fig. 6(b), the cross-section,
the ZrO, phase appears as a rectangular or nearly rectan-
gular shape. And in the longitudinal section, the ZrO, phase
appears as a strip or rod shape, and the arrangement
direction is approximately the same as the direction of the
zone melting; please see Fig. 6(c).

The eutectic eigenstructure is closely related to the
growth pattern of the crystal. According to Jackson—Hunt
theory, the growth mode takes nonfaceted phase growth,
and the eutectic microstructure presents a regular eutectic
morphology when the melting entropy of the eutectic
phase is less than 2R. When both of two phases’ melting
entropies are greater than SR, the eutectic microstructure
is inclined to grow at facet phases under the influence of
the interface growth kinetics. When the melting entropy
is greater than 2R and less than SR, the eutectic growth is
a little complex, it includes both regular eutectic and
irregular eutectic.”>>*

In the Al,O5/ZrO, eutectic ceramic system, the melting
entropy of the ZrO, phase is 3.55R* [R = 8.314 J/(mol K),

the molar gas constant] between 2R and 5R, which is
much less than that of the Al,O5 phase, 5.74R.%® And the
ZrO, phase growth will be more prominent and prior-
ity.'? It would grow first as a leading phase, and the
Al;O3 phase would follow it. Therefore, the ZrO, phase
has a tendency to grow at nonfaceted phase, and the
Al,O5 phase prefers to grow at faceted phase. The Al,O5/
ZrO, binary eutectic microstructure should be composed
of regular ZrO, phase and irregular Al,O3 phase.

ZrO, phase volume fraction, 33.5%, is slightly greater
than 1/m, so most of the ZrO, phase is rod-like growth,
the other is lamellar. Compared with Al,03/ZrO, eutectic
ceramic prepared with the explosion synthesis method,?’
herein the solidified eutectic microstructure with the
induction is more uniform and has no segregation. This
might be due to the very slow solidification rate, much
smaller than that of the explosive synthesis method,
which results in a thorough solute transport in the front
of the solid-liquid interface during solidification.

2. Mechanical properties

The indentation size and the crack length were
measured by using a laser scanning confocal microscope.
The Vickers hardness method was used to measure the
hardness values of both the presintered ceramic and the
directionally solidified one, and their fracture toughness
values, Kjc, were calculated by using formula (3-1)
according to their indentations. According to the
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indentation geometry, the indentation cracks can be
classed into two types: Median and Palmqvist. For
a Median crack, 2.5 = ¢/d and the fracture toughness
Kjc is calculated using formula (3-1), Anstis formula. For
a Palmgqvist crack, 0 = c¢/d = 2.5 and the fracture
toughness Kjc is calculated using Niihara formula.?®
Here is the case of the Median crack.

E\2 3
Kic = 0.016 x <—> Pt | (3-1)
Hy

where Hy is the Vickers hardness (GPa), [ is the extended
length of the crack along the diagonal, 2a is the diagonal
length of the indentation, and ¢ = [ + a (um); E is the
elastic modulus of the material, calculated by the following
formula, about 320 GPa.”

E=) ExVx , (3-2)

where Ey is the elastic modulus of each phase and Vx is
its volume fraction.

Figure 7 shows the indentation morphologies for the
presintered ceramics (1500 °C, 2 h), and the solidified
ceramic (2200 °C, 3 mm/h). The solidified ceramic’s
hardness and fracture toughness are 16.17 GPa and
476 MPa m'?, which are 1.7 times and 1.5 times of
those of the presintered ceramic, respectively, listed in
Table II.

Of course, the disappearance of grain boundaries and
voids is one of the main factors that increase the solidified
eutectic ceramic mechanical property. Besides that, there
are other key factors. The mechanical properties of two-
phase Al,03/ZrO, (Y,05) eutectic are superior to that of
either constituent alone due to strong constraining effects
provided by the coherent interfaces and microstructure.
The Al,03/ZrO, (Y,03) eutectic maintains a low energy
interface resulting from directional solidification and can
produce strong and stable reinforcing phase/matrix bond-
ing.*® The Al,O; phase and the ZrO, phase present in the
form of single crystal share an oxygen surface, and the
two-phase interface is tightly bonded, and there is no

L

FIG. 7. Indentation morphologies. (a) Presintered ceramics (1500 °C, 2 h); (b) solidified ceramic (2200 °C, 3 mm/h).

TABLE II. Mechanical properties of the eutectic ceramics.

Fracture
Hardness/GPa toughness/MPa m'*?
The presintered ceramic 9.51 3.17
(1500 °C, 2 h)
The solidified ceramics 16.17 4.76

(2200 °C, 3 mm/h)

amorphous phase which is easy to cause plastic de-
formation. The ZrO, phase is induced by stress to the
phase transition. The bulk expansion and shear deforma-
tion due to phase transition absorb a large amount of
energy, thus inhibiting the growth of microcracks, which
makes the hardness and fracture toughness of the
materials greatly improved.>' The matrix and the ZrO,
phase form an in situ composite pattern, where high
elastic modulus ZrO, plays a reinforcing role, acting as
crystal whiskers to reinforce the solidified ceramic.*

IV. CONCLUSION

Directionally solidified eutectic ceramics are promising
to be a new generation of ultra high temperature
structural materials for aerospace engines. As the feed
rod of the IHZM method, the presintered ceramic rod
with as high density as possible was necessary to prepare
high quality large solidified Al,03/ZrO, eutectic ceramic.
The preparation processing for the presintered ceramic
rod was investigated via experiments at first. Then, some
parameters of the IHZM process were optimized via
numerical modeling. Next, an Al,05/ZrO, eutectic ce-
ramic rod with a diameter 10 mm was prepared with
IHZM. And the mechanical properties of both the
sintered and the solidified ceramics were tested, and the
factors to improve the properties of the solidified
ceramics were analyzed. The main conclusions are as
follows:

(1) Increasing sintering temperature could increase the
bulk density of presintered ceramics and decrease its
porosity. Increasing sintering time had little effect on the
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bulk density and the porosity. When the molding pressure
increased, the bulk density increased first and then
decreased, and the porosity increased first and then
decreased.

(2) When the maximum temperature of the crucible
wall was fixed, the saucer-shaped coil obtained a higher
temperature gradient than the tubbiness coil; the increase
in the number of turns of the saucer shaped coil could
increase the melting zone height.

(3) In the directionally solidified Al,O5/ZrO, eutectic
ceramics, the Al,O3 phase is the matrix phase, in which
71O, phase embedded mostly with rod shape, and a little
with lamellar. The hardness of directionally solidified
eutectic ceramics reaches 16.17 GPa and the fracture
toughness reaches 4.76 MPa m'?, which are 1.7 times
and 1.5 times of the presintered eutectic ceramic,
respectively.

(4) The disappearance of grain boundaries and voids,
Al,O3 phase and ZrO, phase sharing an oxygen atom
interface, and the uniform distribution of the ZrO, phase
with higher elastic modulus in the matrix improve the
solidified ceramic’s mechanical properties.
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