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Abstract

Directionally solidified Al,O3/YAG/YSZ ceramic in situ composite is an interesting candidate for the manufacture of turbine blade because of
its excellent mechanical property. In the present study, two directionally solidified hypoeutectic and hypereutectic Al,O3/YAG/YSZ ceramic in
situ composites are prepared by laser zone remelting, aiming to investigate the solidification behavior of the ternary composite with off-eutectic
composition under high-temperature gradient. The results show that the composition and laser scanning rate significantly influence the solidification
microstructure. The ternary in situ composite presents ultra-fine microstructure, and the eutectic interspacing is refined with the increase of the
scanning rate. The Al,03/YAG/YSZ hypoeutectic ceramic displays an irregular hypoeutectic network structure consisting of a primary Al,O3/YAG
binary eutectic and fine Al,O3/YAG/Y SZ ternary eutectic. Only at low scanning rate, homogeneous ternary eutectic-like microstructures are obtained
in the hypoeutectic composition. Meanwhile, the Al,03/YAG/YSZ hypereutectic ceramic shows homogeneous eutectic-like microstructure in
most cases and the eutectic interspacing is finer than the ternary eutectic. Furthermore, the formation and evolution mechanism of the off-eutectic

microstructure of the ternary composite are discussed.
© 2010 Elsevier Ltd. All rights reserved.
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1. Introduction

At present, environment protection and energy saving have
become increasing global international problems that mankind
has to face in 21st century. In order to improve the thermal
efficiency and reduce the polluting emissions such as CO»
and NOx, considerable efforts have been devoted to develop-
ing new high-temperature structural materials with excellent
mechanical properties at the temperature over 1923 K in the
oxidizing atmosphere.!> Over the past few decades, direction-
ally solidified (DS) oxide eutectic ceramic in situ composites
have been intensively explored as potential candidates for hot-
section components in advanced engines and gas turbines owing
to their excellent and unique combination of high melting points,
low density, retained strength at elevated temperatures, as well
as superior oxidation and creep resistance.*® For examples,
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in comparison with Ni-based superalloy, the use temperature
of DS Al,O3/YAG eutectic for turbine blade application can
be high over 1873 K without additional cooling*; compared
to SiC and SizN4 based ceramics, DS Al,O3/YAG eutectic
remains stable at temperatures higher than 1973 K in oxidiz-
ing atmosphere.® Of particular comparing with sintered oxide
ceramics, directional solidification effectively removes grain
boundaries and amorphous phases, allows size control over the
final microstructure, contains a huge amount of clean interfaces
and consequently, improving the mechanical properties.!? As a
result, several DS binary oxide eutectics such as Al,O3/YAG,
A1203/GdA103, A1203/EI’3A15012 and A1203/ZI’02 systems
have been systematically developed and studied.® However, it is
of low fracture toughness (~2 MPa M2y of these materials,!?
which extremely hinders their development as practical struc-
tural applications.

To enhance the limited toughness of DS oxide eutectic
ceramics, the concept of amending phase interface bonding and
altering crack path by introducing a third phase to binary eutec-
tics has recently been used.'>!3 It has been reported that the
Al O3/YAG/YSZ ternary eutectic prepared by rapid solidifi-
cation technique presents a much more improved toughness
(~8-9.0MPaM!2) 1415 Thjs thus leads to renewed interest
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on the Al,O3/YAG/YSZ ternary eutectics. So far several stud-
ies on the microstructure and mechanical properties of DS
Al,03/YAG/YSZ ternary eutectics have been investigated.!3~7
However, previous studies were mainly focused on the ternary
eutectic composition. Few reports referred to the ternary off-
eutectic composition.!820 Tt is known that eutectic growth
composition is generally not a fixed point but a range in eutectic
system, and the off-eutectic composition material is more often
used in practice. Moreover, homogeneous eutectic structure
can also be produced at the off-eutectic composition if suit-
able growth conditions are selected.?! In this case, the coupled
growth zone is possibly enlarged. Thus, the off-eutectic compos-
ite favors to produce fine homogeneous eutectic microstructure
at various compositions and a broad growth rate range. Far more
important is that it can freely adjust the volume fraction of eutec-
tic phase in reinforced composite applications. For example,
the mechanical properties of composites would be improved
because the materials could have the best volume ratio of each
component. The control of pore volume fraction in porous mate-
rials formed by removing one phase in microstructure would be
also possible.?? Recently, we have investigated the microstruc-
tures and mechanical properties of the ternary composite at a
hypoeutectic composition.?® Nevertheless, a systematic research
on the solidification behavior of the ternary composite with dif-
ferent off-eutectic compositions at a large range is little done
yet, which limits sufficient understanding of the complex solidi-
fication behavior of the ternary oxide eutectic system and further
optimization of the outstanding mechanical properties.

Furthermore, DS oxide eutectic ceramics generally have very
high melting points (>1973 K). Using conventional directional
solidification method to prepare them is difficult and leads
to large eutectic spacing due to low temperature gradient.*0
Recently, laser zone remelting has been successfully used to
produce DS oxide eutectic ceramic composites with advan-
tages of nonexistence of crucible, high melting temperature,
large thermal temperature gradient (>10* K/cm), as well as high
growth rates and low costs.!>1%2425 Particularly, an additional
advantage of this method over the floating zone method is the
possibility to produce large areas of directionally solidified
eutectics.”> In this present study, two directionally solidi-
fied hypoeutectic and hypereutectic ternary Al,O3/YAG/YSZ
ceramic in situ composites are prepared by laser zone remelting.
The microstructure characteristic and evolution of the ternary
oxide composite are studied in detail to investigate the solidifi-
cation behavior.

2. Experimental procedure

For laser zone remelting experiments, two off-eutectic
compositions were utilized according to the ternary oxide
phase diagram.”® One was hypoeutectic composition with
71.1mol%Al1,03, 16.8mol%Y,03 and 12.1 mol%ZrO,
(<18.6), and the other was hypereutectic composition with
64.6 mol%Al;03, 15.3mol%Y,03 and 20.1 mol%ZrO,
(>18.6). The ternary eutectic composition is 65.8 mol%Al,0s3,
15.6 mol%Y,03 and 18.6mol%ZrO,. These compositions
span three typical composition zones in the ternary oxide

system. Highly pure (>4N) commercial Al,03, Y203 and ZrO;
nano-powders were used for the starting materials. The oxide
powders were mixed with above off-eutectic compositions by
wet ball milling in an aqueous solution of polyvinyl alcohol.
The obtained slurry was then dried at 473 K in air for 1h to
remove the ethanol. The two powder mixtures were uniaxially
pressed at 25 MPa for 10 min and then sintered at 1773 K for
2h to obtain ceramic precursors of & 7mm x 60 mm rods and
68 mm x 7mm x 5 mm plates.

Laser zone remelting was performed in a vacuum environ-
ment using a SkW CO; laser as a heating source. Under the
high-energy laser beam, the sample was rapidly remelted and
solidified just behind the melting zone. At the same time, the
sample was moved by the numerically controlled worktable
with 5-axis and 4-direction coupled motion to realize the laser
beam scanning along the sample axis. To avoid composition
volatilization and pores during remelting, the Ar gas is filled
into the vacuum chamber from the bottom and top of samples
with a flow rate of 10 L/min. The quenched solid-liquid interface
was obtained by abruptly turning off the laser and the scanning
speed. Further detailed processing procedure has been described
elsewhere.'%27 The laser power used was 190-220 W, the laser
beam diameter was 4 mm, and the laser scanning rate was in the
range of 10-2000 pm/s.

The crystallographic phase analyses of the as-solidified
samples were examined using X-ray diffraction (XRD,
Rigakumsg-158) and energy disperse spectroscopy (EDS, Link-
Isis). The microstructures of the samples were observed by
scanning electron microscopy (SEM, JSM-5800). Quantitative
calculation of the phase volume fraction was performed by dig-
ital image analysis software of SISC IAS V 8.0.

3. Results and discussion
3.1. Typical solidification microstructure

The DS ternary hypereutectic and hypoeutectic in situ com-
posites present smooth surface and high density in diameter of
4—6 mm and thickness of 0.5-3 mm. The depth of the laser melt-
pool is determined by the input of the laser energy, i.e., laser
power density and scanning rate. Moreover, the wavy-shaped
surface is also observed at high scanning rates, which may be
attributed to the Marangoni effect and liquid flow due to the
temperature variation at the melt-pool surface. There are no
bubbles observed in the solidified samples by filling Ar gas dur-
ing remelting. Fig. 1a and c shows the typical microstructures
of the traversal sections of ternary Al,O3/YAG/YSZ hypoeu-
tectic and hypereutectic composite grown at the scanning rate
of 40 wm/s, respectively. For comparison, the laser remelted
Al,O3/YAG/YSZ ternary eutectic composites grown at the same
growth conditions are shown in Fig. 1b. The XRD and EDS
analyses show that the DS ternary hypoeutectic and hypereutec-
tic composites consist of three dispersed phases of Al,O3, YAG
and cubic yttria-stabilized zirconia (YSZ), and there are no other
phases such as Y4A;2O9 and YAIO3. The dark phase is Al,O3,
the grey phase is YAG, and the relative small white phase is YSZ.
The contents of Y203 dissolved in ZrO; in hypoeutectic, hyper-
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Fig. 1. Typical solidification microstructures of the laser remelted Al,O3/YAG/ZrO; ternary ceramic composite grown at the laser scanning rate of 40 wm/s: (a)

ternary hypoeutectic; (b) ternary eutectic; (c) ternary hypereutectic.

eutectic and eutectic are 8.1 mol%, 12.7 mol% and 13.3 mol%,
respectively, similar to the report of Echigoya et al.”® In the
ternary hypoeutectic ceramic, the microstructure presents a typ-
ical off-eutectic microstructure with three-dimensional network
structure, consisting of a coarse primary crystal (Al,O3/YAG
binary eutectic) and a fine AlO3/YAG/YSZ ternary eutectic, as
shown in Fig. 1a. The distribution of YSZ phase is not homoge-
neous, and tends to partly scatter at the Al,O3/YAG interface or
at the edge of the YAG phase, similar to the Al,O3/YAG/YSZ
ternary quasi-eutectic composites.”’ The volume fractions of
three component phases measured by digital SEM images are
41%Al1,03,49%YAG and 10%Y SZ, respectively, which is con-
sistent with that expected for hypoeutectic composition. In
contrast to the hypoeutectic composite, the microstructure of
the hypereutectic composite shows a typical fine eutectic-like
lamella structure similar to ternary eutectic structure (Fig. 1b),
in which Al;O3 and YAG lamellae are interconnected, and
the overfull ZrO, phases with spherical and lamellar shapes
are mainly dispersed at the Al,O3/YAG interface or in Al,O3
phase, as shown in Fig. 1c. The volume ratio of three phases
is 34%A1,03/45%YAG/21%ZrO;,. Comparing three kinds of
microstructures, it is found that at the same growth conditions
the interphase spacing is gradually decreased as the composition
changes from hypoeutectic to eutectic and then to hypereutectic
composition. It suggests that the addition of the third compo-
nent can effectively refine the microstructure and, consequently
improving the mechanical properties.'* Moreover, in compar-
ison with regular eutectic metal alloys, the above off-eutectics
exhibit an obvious irregular structure resulted from the faceted
growth habits of eutectic phases with relation of high entropies
of fusion.!> In addition, the microstructures in the three ternary
composites all present a gradual refinement from the bottom to

the remelted surface due to the changes of temperature gradients,
similar to the reports in the binary oxide eutectics.30-3!

3.2. Microstructure evolution

In the laser zone remelting, the microstructure evolution is
manly controlled by the laser scanning rate.!*?* Increasing the
laser scanning rate can result in a significant change in the
ternary composite growth. Fig. 2 shows the SEM micrographs
of the longitudinal sections of the ternary hypoeutectic ceramics
grown at different laser scanning rates from 15 to 1500 pm/s.
At low scanning rate of 15 pm/s, the hypoeutectic composite
presents a typical off-eutectic microstructure (Fig. 2a) consist-
ing of an evenly dispersed coarse primary Al,O3/YAG eutectic
and a fine ternary eutectic crystal, similar to a cellular structure
observed in the Y,03 doped Al,03/ZrO; eutectic.’ Increasing
the laser scanning rate to 150 wm/s leads to the reduction of
the cellular hypoeutectic microstructure and the formation of
dendrite microstructure (as arrows show) with relative irregular
array (Fig. 2b). The dendrite structure observed is never found
in the DS ternary eutectic and Al;03/YAG binary eutectic.®
When the laser scanning rate further increases to 1500 pwm/s,
the hypoeutectic ceramic shows complex dendrite structure (as
arrows show) with random distribution (Fig. 2¢). The produce
of the cellular and dendrite structure in the ternary hypoeutectic
composite can be primarily attributed to constitutional under-
cooling caused by the composition enrichment of the relative
few ZrO; addition. At the high scanning rate (Fig. 2c), the for-
mation of the random dendrite structure array is associated with
the formation of a curving melt-pool with different orientation of
a liquid/solid interface relative to the sample surface.? Further-
more, as the laser scanning rate increases from 15 to 1500 pwm/s,
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Fig. 2. SEM micrographs of the longitudinal sections of the ternary hypoeutectic ceramics grown at different laser scanning rates: (a) 15 wm/s; (b) 150 wm/s; (c)

1500 pm/s.

the interphase spacing is rapidly refined, decreasing from 3.1
to 0.3 wm. In contrast to ternary hypoeutectic composite, the
ternary hypereutectic composite presents a very fine eutectic-
like lamella structure. With increasing the laser scanning rate,
the interphase spacing is extremely decreased (Fig. 3a—c). When
the scanning rate reaches 400 wm/s, the eutectic spacing is as fine

as 100 nm, which is 1/20 of that of the ternary eutectic availably
obtained using the Bridgman method,'® and is almost 1/3 of
the value obtained in ternary eutectic rods grown at the same
conditions,!3 contributing to improving mechanical properties.
Moreover, Fig. 3 reveals that the eutectic-like microstructure is
not modified when the laser scanning rate increases and persists

Fig. 3. SEM micrographs of the longitudinal sections of the ternary hypereutectic ceramics grown at different laser scanning rates: (a) 10 wm/s; (b) 80 wm/s; (c)

400 pm/s.
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Fig. 4. Solidification interface micrograph of the ternary hypereutectic ceramics grown at the laser scanning rate of 20 wm/s (a) and (b) the detail of the solidification

interface in (a). The right zone is the quenched melt zone.

up to the rates close to 400 wm/s. The cellular microstructure
is only found at the local zone of the sample at the rate of
400 pm/s, and no dendrite structure is observed. Similar result
is also obtained in the laser floating zone melted Al,O3/YAG
eutectics.® The analysis indicates that addition of the ZrO, can
importantly influence the microstructure evolution and morphol-
ogy characteristic.

3.3. Solidification interface characteristic

It is well known that the solid-liquid interface morphol-
ogy in directional solidification process plays an important role
on the microstructure transition. Well-aligned eutectic structure
requires a dendrite-free planar solid-liquid interface. According
to constitutional supercooling theory,3 a planar solidification
interface can be obtained when G/Rg; > AT/D, where G is the
temperature gradient, R, is the solidification rate, AT is the
crystallization temperature range and D is the inter-diffusion
coefficient. Laser zone remelting process produces very high-
temperature gradient (>10% K/cm), providing such favorable
G/R; values. Large numbers of previous experiments about
solid/liquid interface morphology were mainly focused on met-
als and plastic crystals, which are nearly isotropic or have
sufficiently small anisotropy so that the interface does not appear
faceted planes. Few studies are carried out for highly faceted
oxide ceramics. In the DS ternary oxide composites, the Al,O3
and YAG present strong faceted growth, and the ZrO; presents a
weak-faceted growth, which will importantly affect the forma-
tion of the planar solidification interface. In the present study,
the solid/liquid interface morphology is obtained by zero power
method, i.e., both the laser power and the scanning rate is
abruptly adjusted to be zero when the crystal growth tends to
be stable, then the solid/liquid interface morphology is attained.
Fig. 4a shows the interface between the quenched and normally
solidified zone in the ternary hypereutectic grown at 20 wm/s,
and a detail of the solidification interface is shown in Fig. 4b.
The YAG phases keep ahead to entering into the melt, playing a
leading role in the melt growth. The solidification front is macro-
scopically curved and convex towards the solidified zone, which
leads to changes of the solidification direction and the solidifica-
tion rate with respect to the distance to the sample surface. The
solidification direction gradually changes and the microstruc-
ture decreases from the bottom to the surface. However, in fact,

the solidified lamellae always grow perpendicular to the solid-
ification front, namely, forming a planar solid/liquid interface,
as shown in Fig. 4b. So, the eutectic-like microstructure is pre-
ferred to be formed. The interface stability is also affected by
the solute diffusion.>* When the steady effect of temperature
gradient can not totally overcome the unsteady effect caused by
solute diffusion, the interface will be unstable and dependent of
the solidification rate. In the ternary hypoeutectic, the relative
few addition of ZrO, prefers to produce the solute enrichment
causing the interface instability. Consequently, with increasing
the laser scanning rate, the cellular and dendrite microstructure
are produced.

3.4. Production of ternary eutectic microstructure

Generally, the microstructure of the off-eutectic composition
system consists of coarse primary crystals and a fine eutectic
microstructure.’ If a fully eutectic-like structure devoid of any
cellular and dendritic regions could be obtained at off-eutectic
composition, a variety of useful properties may be obtained.
For example, homogeneous Al,O3/YAG eutectic microstruc-
ture without coarse primary crystals has been achieved at the
off-eutectic composition by Harada et al.?® using the rapid
quenching and heat treat technique. So one of the important aims
of this work is to broaden ternary eutectic solidification range
by studying the solidification behavior of the ternary off-eutectic
system. In the present ternary hypoeutectic system, it is found
that when laser scanning rate is low than 5 pm/s, the uniform
ternary eutectic-like microstructures with lamellar structure can
be obtained in local zone, as shown in Fig. 5a. On the contrast, in
the ternary hypereutectic composite, the homogeneous eutectic-
like microstructure can be thoroughly obtained at relative high
laser scanning rate, as shown in Fig. 5b. The typical lamel-
lar eutectic-like microstructure is well observed in the ternary
hypereutectic ceramic grown at the high laser scanning rate of
200 pm/s. This further indicates that the stability of the solidifi-
cation interface of the presented ternary hypereutectic ceramic
is obviously higher than the ternary hypoeutectic one. Simi-
lar phenomena are also found in the binary oxide eutectics. In
the Al,O3-Y»03 binary eutectic, it is found that the coupled
growth zone tends to be at the Y,O3-rich side (hypereutectic
point)36; in the Al,O3-ZrO; binary eutectic, the cellular den-
drites of AlO3 and facetted eutectic colonies more prefer to
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Fig. 5. Homogeneous ternary eutectic structures obtained in the ternary hypoeutectic ceramic grown at the laser scanning rate of 5 wm/s (a) and hypereutectic ceramic

grown at the laser scanning rate of 200 wm/s (b).

appear in the hypoeutectic than hypereutectic ceramics.>’ So
it is believed that the fine homogeneous eutectic microstruc-
ture having various volume ratios of each component at the
off-eutectic compositions will produce more useful properties
and applications, which are in progress.

4. Conclusions

Directionally solidified Al;03/YAG/ZrO; ternary hypoeu-
tectic and hypereutectic ceramic in sifu composites have been
produced by the laser zone remelting. The solidification behav-
iors of the ternary off-eutectic systems under high-temperature
gradient are investigated in detail. The ternary hypoeutectic
ceramic consists of a primary Al;O3/YAG binary eutectic and
fine Al2O03/YAG/ZrO; ternary eutectic; while the ternary hyper-
eutectic ceramic presents a very fine homogeneous eutectic-like
microstructure. The Al,O3 and YAG exhibit an obvious
faceted growth and the ZrO, shows a weak-faceted growth.
With increasing the laser scanning rate, the interphase spac-
ing is rapidly decreased. Meanwhile, the morphology of the
hypoeutectic composite changes from uniform hypoeutectic
microstructure to cellular microstructure to dendrite microstruc-
ture and to complex dendrite but the morphology of the
hypereutectic one does not change. Furthermore, the solidifi-
cation interface characteristic is examined. The solidification
interface stability of the presented ternary hypereutectic ceramic
is obviously higher than the ternary hypoeutectic one. The
homogeneous ternary eutectic-like microstructure can only be
obtained at low laser scanning rate in the ternary hypoeutec-
tic composite but can still be obtained at high scanning rate
in the ternary hypereutectic one. This foundational investiga-
tion favors us to enlarge the eutectic solidification range of the
ternary ceramic composite and to develop new useful properties
and applications.
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