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The addition of more components are an interesting way of the microstructural controls. Herein, adding Y2O3 to
Al2O3-ZrO2 bulk eutectic at the low G/v ratio (thermal gradient G divided by growth rate v) was adopted to tailor
the morphology. As the Y2O3 content increases, the solidification structure changes obviously from cellular into
the dendritic shape. Especially, a typical irregular Al2O3/ZrO2/Y3Al5O12 (YAG) ternary eutectic appeared in the
inter-colony region for the higher Y2O3 content. This microstructure transition is consistent with the classical
constitutional supercooling criterion.

© 2016 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

Keywords:
Eutectic ceramic
Al2O3/ZrO2(Y2O3)
Crystal growth
Constitutional supercooling
Eutectic oxide ceramics prepared by the solidification from themelts
exhibit excellentmechanical properties, thermal stability, and oxidation
resistance in atmosphere at high temperature. Therefore, they are con-
sidered appropriate candidates for ultra-high-temperaturematerials for
aerospace, jet aircraft engine, and gas turbine system applications [1–4].
In particular, binary and ternary eutectics of the Al2O3-ZrO2-Y2O3 sys-
tem are marked because of their outstanding mechanical properties
with a remarkable strength retention up to nearly the melting temper-
ature and a suitable thermal shock resistance [5–7].

The mechanical properties of Al2O3-based eutectic composite de-
pends strongly on its microstructure. Higher strength could be achieved
by refining the microstructure with the reducing of the flaw sizes [7–
10]. Enhancing the growth rates of the melt is the most effective way
to reduce the size of the eutectic domains [1,11–13]. Addition of more
components is another important strategy to furthermanipulate the eu-
tectic microstructure. The addition of more components to the eutectic
system may decrease the growth length scales to produce finer struc-
tures [7,14,15]. Furthermore, recent reports showed that adding com-
ponents could be used to amend the bonding interface, which will
enhance the toughness [16,17].

In Al2O3-ZrO2-Y2O3 system, adding Y2O3 to Al2O3-ZrO2 eutectic were
widely studied previously [18]. For Al2O3/ZrO2 systemwhich can accept
high amount of yttrium, the Y2O3 addition led to the pseudo-binary eu-
tectic in which various zirconia polymorphs (monoclinic, tetragonal or
ence and Engineering, Dalian
6085, PR China.

ier Ltd. All rights reserved.
cubic zirconia) could be obtained just by changing the Y2O3 content.
The presence of the zirconia polymorphs gave rise to a rich variety of
microstructural morphologies and residual stress states, which con-
trolled the mechanical properties [18–20]. Previous investigations
have reported the eutectic composition with 1 mol% Y2O3 addition pre-
sented the highest strength at room temperature [18,21,22]. Someother
studies show that apart from the growth rate, Y2O3 addition can also
have an effect on the appearance of eutectic structure, such as lamellar,
Chinese-script and rod-like structures [23]. Lee et al. [24] found out the
eutectic microstructure changed dramatically with the growth rate, and
the morphology and the rate of transformation were affected by the
amount of Y2O3. Farmer et al. [22] discovered that Y2O3 addition may
give rise to colony structure easily, and the colony size decreases as
Y2O3 increases. The colony structure as a typical microstructure in the
Al2O3-ZrO2(Y2O3) eutectic systemhas an important influence on itsme-
chanical properties. However, there are few research concerned the
control of the colony morphological characteristics.

In this work, the melt-grown Al2O3-ZrO2(Y2O3) eutectic ingots with
different Y2O3 contents were grown to investigate the effect of Y2O3

concentration on the microstructure development at the low G/v ratio
(thermal gradient divided by growth rate). Furthermore, the formation
and transition mechanism of the colony structure with the doping
amount of Y2O3 were also analyzed.

The rawmaterialwas prepared using amixture of commercial nano-
powders with average grain size of 50 nm of Al2O3 (99.99%), Y2O3

(99.99%), and ZrO2 (99.99%), and contained 63 mol% Al2O3 and
37 mol% of a mixture of ZrO2 and Y2O3 corresponding to the eutectic
composition which has been formulated according to the phase dia-
gram given by Lakiza and Lopato [25]. The different specimens with
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six nominal Y2O3 contents were prepared, and the corresponding pro-
portions of Y2O3 in relation to the total ZrO2+ Y2O3 content (expressed
by Y = mol% Y2O3 / (mol% ZrO2 + mol% Y2O3)) were 0, 1.5%, 3%, 4.5%,
8%, and 12%, designated as 0Y, 1.5Y, 3Y, 4.5Y, 8Y, and 12Y, respectively.

The powdersweremixed and dissolved thoroughly in the alcohol by
electromagnetic stirring and ultrasonic wave shaking at room tempera-
ture to obtain a homogeneous slurry. The mixed powders was dried at
80 °C in air, and then hand-milled in an agate mortar. Precursor pow-
ders were calcined in air at 1000 °C for 1 h. Precursor rods of 20 mm
diameter × 10 mm were prepared from the nanocomposite powders
by hot pressing sintering method in graphite die at 1450 °C for 1 h
under 30 MPa to get high-density (N98%) precursors. The as-sintered
rodwas thenmelted inMomolds in a furnace equippedwith a graphite
heater. The eutectic temperature of 1862 °C was slightly decreased as
the doping amount of Y2O3 was increased, so the melt was heated to
1950 °C, and held for 60 min in a high-purity argon atmosphere cham-
ber. Melt was then cooled down to 1870 °C, held for 5min to equilibrate
the temperature, and finally solidified to room temperature at a cooling
rate of 10 °C/min.

The as-solidified rods were cut with a diamond saw and the cross-
sections were polished with diamond paste up to 1.5 μm. The polished
surfaces were coatedwith a thin layer of Au before observation. Themi-
crostructure and component phases of the compositeswere determined
by scanning electron microscopy (SEM), electron probe microanalysis
(EPMA), energy disperse spectroscopy (EDS, Link-Isis) and X-ray dif-
fraction techniques (XRD).
Fig. 1. Back scattered electron images of (a) 0Y, (b) 1.5Y, (c) 3Y, (d) 4.5Y, (e) 8Y, and (f) 12Y e
samples show an enlarged portion of thewell-ordered and disordered regions, respectively). Th
Fig. 1 shows the cross-sectionalmicrostructures in the central area of
Al2O3/ZrO2(Y2O3)melt-grown eutectic ingots doped different Y2O3 con-
tents of 0Y, 1.5Y, 3Y, 4.5Y, 8Y, and 12Y. The eutecticmicrostructure of all
samples was composed of a typical colony structure. The center of each
colony was composed of an Al2O3 matrix (dark areas) containing a reg-
ular distribution of white zirconia fibers of≈0.1 μmorder of magnitude
in diameter (insets in Fig. 1(a) and (c)) or a disordered interpenetrating
network of fine ZrO2 lamellae (inset in Fig. 1(f)). This microstructure
characteristic was consistent with the results obtained by Pastor et al.
[26], inwhich the specimenswere prepared by the laser-heatedfloating
zone method. The average interphase spacing in the colonies decreases
from 1.8 μm for 0Y to 1.1 μm for 3Y with increasing Y2O3 content, then
increases slightly, as the insets of (a), (c) and (f) 12Y shown in Fig. 1.
The colony core was surrounded by a thick intercolony region formed
by coarse ZrO2 particles with the irregular shape. X-ray diffraction pat-
terns showed that the crystal structures of the ZrO2 phase changed
from monoclinic for 0Y, monoclinic and tetragonal for 1.5Y and 3Y, te-
tragonal and cubic for 4.5Y to cubic for up to 8Y by the Y2O3 addition.
However, an alumina-yttria-rich phase (gray color) was identified in
this inter-colony region, as shown in Fig. 1(f), which was assigned to
the yttrium aluminum garnet (YAG) phase.

Furthermore, it should be noted that a typical irregular ‘Chinese
script’ Al2O3/ZrO2/YAG ternary eutectic microstructure appeared occa-
sionally in the inter-colony region of the 12Y sample, as the C region
shown in Fig. 2(a), which is similar to that of the directionally solidified
Al2O3/ZrO2/YAG prepared by the directional solidification reported by
utectic ceramic bulks at the cooling rate of 10 °C/min (insets of (a) 0Y, (c) 3Y and (f) 12Y
e black, white and gray contrasts correspond to a-Al2O3, ZrO2 and YAGphases, respectively.
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Fig. 2. (a) Back scattered electron image of the colony in 12Y sample: A region showing thedisordered interpenetrating networkmicrostructures of the colony structure surrounded by the
B and C regions; B region showing the coarse ZrO2 particles of irregular shape in the inter-colony regions; C region showing a typical irregular ‘Chinese script’ Al2O3/ZrO2/YAG ternary
eutectic microstructure in the inter-colony regions; (b) Y2O3 concentrations in the ZrO2 phase along the cross-section radius direction (r direction) of the colony on the red solid line
in (a) analyzed by EPMA.
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Nagira et al. [27]. The corresponding EPMA results of the Fig. 2(a) are
given in Fig. 2(b). The yttrium concentration increases along with the
radius direction (r direction), and the ZrO2 phase in the inter-colony re-
gion (B region) gives a sharply higher yttrium content than that in the
colony (A region), which indicates that the segregation of yttrium oc-
curred during the solidification. When the higher Y2O3 content enrich-
ment in the intercolony region exceeds the solubility of ZrO2 phase, it
will make the composition lie close to the boundary of the Al2O3-
ZrO2-Y3Al5O12 phase field, which led to the formation of the irregular
Al2O3/ZrO2/YAG ternary eutectic microstructure.

It can be seen that the colony size decreases and intercolony area in-
creases with the increase of Y2O3 content. Furthermore, the geometrical
shape of the Al2O3/ZrO2(Y2O3) eutectic colony morphology also
changed dramatically with the increase of the Y2O3 content. When
adding a small amount of the Y2O3 stabilizer (b3 mol%, with respect to
zirconia), the colony morphology exhibited sub-rounded or ellipsoidal
cellular shape, as shown in Fig. 1(a–c). Sometimes a modicum of
grooves formed along colony boundary of the 1.5Y and 3Y samples.
When the Y2O3 content was enhanced to 4.5 mol%, themassive grooves
appeared, as shown in Fig. 1(d). As the Y2O3 content was at the 8 mol%,
the colony with serrated cellular dendritic shape appeared in Fig. 1(e).
When the Y2O3 content further increased up to 12mol%, themorpholo-
gy characteristic of colony turned into the dendritic form, as shown in
Fig. 3(f). This obvious transition of the colony morphology with the in-
crease of Y2O3 content can be elucidate by the constitutional
Fig. 3. Equilibrium liquidus temperature, calculated from Eq. (3) at different C0, and
specimen temperature (straight line) calculated from Eq. (4), as functions of distance
ahead of the interface. The shadow area showing the constitutional supercooled zone, in
which the δ represents the nominal length of the constitutional supercooled zone.
supercooling criterion similar to the solidification behavior of the im-
pure metals and metallic alloys.

Constitutional supercooling has been described and discussed qual-
itatively [28]. The length δ of the constitutionally supercooled zonemay
be calculated by comparing the equilibrium temperature distribution
with the temperature gradient for any point in front of the interface.

For the steady-state growth of an interface, the equilibrium temper-
ature for any point in front of the interface was given by

TL ¼ Tm−mC0 1þ 1−k
k

exp −
νx
D

� �� �
ð1Þ

where Tm is the melting point of the pure metal, m is the slope of the
liquidus line and assumed to be constant for simplicity, ν is the growth
rate of the crystal, k is the equilibrium segregation coefficient, C0 is the
impurity concentration in the melt, D is the diffusion coefficient of the
impurity in the melt, and x is the distance measured from the interface
into the liquid.

The temperature gradient in front of the interface may be expressed
as

T ¼ Tm−m
C0

k
þ Gx ð2Þ

whereTm−mC0
k is the temperature at the interface, and G is the temper-

ature gradient in the liquid.
If the above Eqs. (1) and (2) are plotted, the point of intersection

other than x=0 will give the length δ of the supercooled zone. Thus,
for T=TL, it can be obtained that

1− exp −
νx
D

� �
¼ G

mC0 1−kð Þ=k x ð3Þ

The length δ of the supercooled zone depends strongly on the
growth rate ν, the solidification thermal gradient G and the solute con-
centration C0. Herein, ignoring the kinetic undercooling in this stage, we
assumed the Al2O3/ZrO2 binary eutectic melt as the pure metal melt
during solidification, and the Y2O3 addition can be deemed as the impu-
rity. In this study, the growth rate v was calculated according to λ =
1 × ν−1/2 μm1.5 s−0.5 [29]. Ignoring the Y2O3 content on the growth
rate, we approximately tookλ≈ 1 μmas the average interphase spacing
(see the insets in Fig. 1) for the calculation. The growth rate ν =
1 × 10−4 cm/s was obtained, eventually. Based on Eq. (3), we took the
thermal gradient G = °C/cm (b102 °C/cm [19]) for example to qualita-
tively calculate the nominal length δ variation of the supercooled zone
for different Y2O3 content C0. The approximate physical parameters
are shown in Table 1.
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Table 1
Physical parameters used for the calculation.

Parameters Values Reference

D (cm2/s) 1 × 10−6 [30] approx.

k 0.58 [31] calc.

m (°C/mol%) 9.75 [25] calc.
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The discrimination of constitutional supercooling has been theoret-
ically proposed as follows:

Gb
dTL

dx

� �
x¼0

ð4Þ

The Eq. (4) can be further written as

G
v
b
mC0

D
1−k
k

ð5Þ

According to Eq. (5), one can determine the formation of cellular or
dendrite structure strongly depends on the growth rate v, the solidifica-
tion thermal gradient G, and the solute concentration C0.

Although the growth rate in this study was very low
(v ≈ 1 × 10−4 cm/s), the colony structures with sub-rounded cellular
geometric shape in 0Y sample without Y2O3 dopant were also observed
in Fig. 1(a). This was different from that prepared by the laser-heated
floating zone (LHFZ) method under the relatively high growth rate
(v = 20 mm/h), in which a homogeneous dispersion of irregular ZrO2

lamellae within the Al2O3 matrix was obtained in the small-dimension
rods of 1.2–1.6mm in diameter [26]. This is due to that the LHFZmethod
can produce higher thermal gradient (104 K/cm [19]) in the small-di-
mension samples, which will keep the solid-liquid interfaces flat during
growth. However, large-size samples (radius R= 10 mm) prepared by
conventional casting method in this study would generate a relatively
low-temperature gradient G (b102 °C/cm [19]) in the melt [32], in
which the resulted small G/v ratio may meet the conditions of Eq. (5)
to lead to the break-down of planar growing interface to generate a cel-
lular or dendritic structure. However the cellular eutectic growthwith a
revolution paraboloid tip interface happened in themelt of the 0Y sam-
ple. The significant concentration difference between the two eutectic
phases may reduce the growth velocity considerably. So the thermal
field around the adjacent cells overlapped severely to restrain the lateral
branching of the cellular interface and sub-rounded cellular eutectics
formed.

As the Y2O3 was added, the solidification interface morphology was
also controlled by its longitudinal diffusion. Thismay create another sol-
ute field superposed around the advancing eutectic dendrite tip. To dif-
fuse away the enriched Y2O3 solute easily, the tip radius decreases with
the increase of Y2O3 content, as shown in Fig. 1. Eqs. (1) and (2) were
Fig. 4. Schematic diagram of colony shape evolution versus the scale of constitutional
supercooling zone.
plotted in Fig. 3. The graph gives the nominal length δ of the supercooled
zone for different Y2O3 content (C0). As the Y2O3 content increased, the
supercooled zone length δ becomemuch larger. This will result in a dif-
ferent solidification behavior, which made the interface morphology
obviously change from a cellular shape into the dendritic form with
the increase of Y2O3 content.

Based on the above results, an evolutionmodel of the interface shape
as a function of the Y2O3 content was considered, as shown in Fig. 4. At
first, the colony shape of 0Y sample without the Y2O3 addition in Fig.
1(a) reflected that its growth cellular interface was sub-rounded col-
umn in this experiment, as shown in Fig. 4(a). The Y2O3 addition yielded
an additional constitutional undercooling ahead of the advancing solid/
liquid interface, as the shadow area shown in Fig.3. This may destabilize
the original cellular interface. The crystal growth direction can trans-
form into other preferential orientations and generate some protrusion
penetrating to the melt further, which was controlled by the length of
constitutionally supercooled zone. Details are as follows:

A small amount of Y2O3 addition produced a narrow constitutional
supercooled zone. This made the sub-rounded cellular interface initiate
small-amplitude transverse growth to form an ellipsoidal interface (Fig.
4(b)). This was parallel to colony morphologies as shown in Fig. 1(b)
and (c). Sometimes a handful of grooves formed along colony boundary,
where the interface was retarded by large-size yttrium atoms. When
Y2O3 content increased, obvious protrusions or pits were then generat-
ed in the cellular interface due to the continuation of constitutional
supercooling, as shown in Fig. 4(c), which corresponded to 4.5Y sample
shown in Fig. 1(d). As Y2O3 content further increased, the serrated cel-
lular dendritic interface presented schematically in Fig. 4(d) is shown
in Fig. 1(e). When the Y2O3 content was large enough, substantial con-
stitutionally supercooled zone was obtained in the melt. This may ren-
der the cellular protrusions penetrating to the melt further and
initiated large-amplitude lateral growth, which led to the formation of
dendritic interface, as shown in Fig. 4(e). And the 12Y sample shown
in Fig. 1(f) was the corresponding example. However, once dendrites
formed, the most may quickly become highly unstable because of all
the surface area they possess. One way to reduce the surface area is by
causing the dendrite arms to “melt” or dissolve off completely. The con-
vection process may carry the remelted dendrite arm somewhere else
where it can grow to a new equiaxed randomly oriented cellular colony
microstructure, as shown in Fig. 1(f). Besides, when the constitutional
supercooling was large enough, the grains of the solid can also nucleate
in the melt ahead of the solid-liquid interface. This was completely dif-
ferent from that of the specimens with the same composition prepared
by the laser-heated floating zonemethod (LFZ) reported by Pastor et al.
[26]. Pastor obtained three different microstructures (the lamellae, col-
onies and elongated cells) depending on the growth rate. This evident
difference comes from the great disparity in the apparent thermal gradi-
ent. The growth thermal gradients of up to 104 K/cm can be obtained by
LFZ method [19], in which the larger G/v ratio may produce the smaller
constitutionally supercooled zone to limit the branch growth. Therefore,
Y2O3 addition may affect the growth interface morphology of melt-
grown Al2O3-ZrO2 eutectic bulks, remarkably.

In summary, Al2O3/ZrO2 eutectic bulks 20 mm in diameter contain-
ing various amounts of the Y2O3 were grown by the melt-grown meth-
od. The Y2O3 content had a pronounced effect on the microstructure
morphology at the low G/v ratio (thermal gradient divided by growth
rate).

The eutectic ceramic microstructure of samples with different Y2O3

addition composed of a typical randomly-orientated colony structure
with various geometrical shapes surrounded by a thick intercolony re-
gion formed by coarse particles of irregular shape. The colony size de-
creases and intercolony area increases as the Y2O3 content increases.
Furthermore, the geometrical shapes of the colony morphology also
changed from a sub-rounded cellular to ellipsoidal cellular with protru-
sions or pits, the serrated cellular, and then to dendritic form, respec-
tively, which was analyzed by the constitutional supercooling criterion
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similar to the solidification behavior of the impuremetals or alloys. And
thismicrostructure evolutionwas attributed to the enlarging of a consti-
tutionally supercooled zone of the melt just ahead of the interface with
the increase of Y2O3 content on cooling. Therefore, the colonymorphol-
ogy in eutectic ceramics can be tailored by the Y2O3 addition.
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