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Abstract
Directionally solidified Al 2O 3/MgAl 2O 4/ZrO 2 ternary eutectic ceramic was prepared by means of induction heating
zone melting (IHZM), and the effects of the growth rate on the microstructure and properties of the solidified
ceramic were investigated. X-ray diffraction (XRD) patterns showed that the eutectic rod contained Al 2O 3, MgAl 2O 4
and ZrO 2 phases. The results of scanning electron microscopy (SEM) and energy-dispersive spectroscopy (EDS)
demonstrated that Al 2O 3/MgAl 2O 4 constituted the matrix of the eutectic ceramic while rod-like ZrO 2 was uniformly
embedded in the matrix. The specimen morphology is transformed from an irregular pattern to a regular bar-shaped
pattern with the increase in the growth rate. The measured and calculated value of k 2m (k, the phase spacing; m, the
solidification rate) was approximately equal to 2.98, which fitted well with the formula: k 2m = constant. With the
increase in the growth rate, the hardness of the material decreases, the fracture toughness first increases and then
decreases. The maximum hardness of the solidified eutectic ceramic rate reached 11.68 GPa when the solidification
rate was 1 mm/h, this hardness was about 1.6 times that of the pre-sintered sample. Its maximum fracture toughness
at room temperature was 7.21 MPa⋅m 1/2 when the rate was 3 mm/h, which was about two times that of the pre-sintered
sample.
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I. Introduction
More stringent requirements have been made for the new
generation of ultra-high-temperature structural materials
to meet demand for high-temperature structural materials
in advanced aerospace applications, with the aim of saving energy and lessening any environmental impact. The
new generation of ultra-high-temperature materials need
to satisfy the following conditions 1: (1) The temperature
of the turbine inlet can reach or exceed 1700 °C; (2) the
density of the material is less than 5.0 g/cm 3; (3) the material can be used long term in a harsh environment (such as a
steam or humid environment); (4) cooling can be eliminated. However, the mainstream high-temperature structural
material is single crystal superalloy, the maximum service
temperature of which is only about 1100 °C while the density of the material is above 8 g/cm 3. Composites, such as
C/C, SiC and Si 3N 4, cannot be used over a long time because they are easily oxidized when the temperature exceeds 1400 °C.
The eutectic self-forming composite material is formed
by the matrix and reinforcing phase coexisting simultaneously from the melt in a directional solidification process.
The necessary reinforcement fibers and the corresponding
composite technology in traditional artificial composite
materials are abandoned.The manmade interface between
*
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the matrix and the reinforcement phase is eliminated and
the microstructure of the composite can be controlled by
adjusting the parameters of the solidification process. For
ceramic materials, the porosity and interface amorphous
phases in the process of powder sintering are eliminated
because of the directional solidification techniques. The
density and deformability of the material increase. The
sintered oxide ceramics are very sensitive to plastic deformation at high temperatures and cannot be used as a hightemperature structural material. However, the directionally solidified ceramics are becoming the preferred materials for long-term operation in high-temperature oxidizing
atmosphere because of their excellent oxidation resistance
at high temperature and corrosion resistance. Therefore,
providing their mechanical properties can be improved at
high temperatures, oxide ceramics are expected to become
excellent ultra-high-temperature structural materials 2.
In 1969, Viechnicki et al. started research work on directionally solidified Al 2O 3/Y 3Al 5O 12 (YAG) eutectic
ceramic 3. In 1997, Waku et al. prepared YAG eutectic ceramic with the modified Bridgeman method 4, 5.
During the past few years, the preparation and properties of oxide eutectic ceramics have attracted extensive
attention from all over the world, and different rareearth oxide eutectic ceramic systems have been investigated, including YAG 6, Al 2O 3/ZrO 2 7, Al 2O 3/YAG/
ZrO 2 8, Al 2O 3/GdAlO 3 (GAP) 9 and Al 2O 3/Er 3AlO 12
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(EAG) 10. Compared with rare-earth oxide eutectic ceramics, Al 2O 3/MgAl 2O 4/ZrO 2 eutectic ceramic has a
great competitive advantage in terms of cost. Moreover, it
has a high melting point of approximately 1830 °C, with
high thermal conductivity and high toughness 11. Therefore, in this work, oxide eutectic ceramics were prepared
based on Al 2O 3, MgAl 2O 4 and ZrO 2.
However, research on the morphology, eutectic growth
and solidification mechanism of Al 2O 3/MgAl 2O 4/ZrO 2
oxide eutectic ceramics has not received sufficient attention. Induction heating zone melting has the advantages
of enabling a high melting temperature, a wide solidification rate range and the preparation of large samples. In this
paper, the Al 2O 3/MgAl 2O 4/ZrO 2 oxide eutectic ceramics
were prepared by means of induction heating zone melting. A large-size eutectic ceramic was obtained by means
of controlled matching of high frequency power and the
solidification rate. The effects of the solidification rate on
the eutectic morphology, eutectic spacing and mechanical
properties were investigated. The effect of the ZrO 2 phase
size on the fracture toughness of the sample was discussed.
II. Experimental
Fig. 1 shows the Al 2O 3/MgO/ZrO 2 ternary eutectic
phase diagram 12. The specific composition and melting
point are shown in Table 1 12.
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the mixture was placed into a metal mold and a pressure of
20 MPa was exerted to form a precursor rod (∅ 10 mm ×
20 mm) at room temperature. The rod was later sintered at
1550 °C for 2 h. The pre-sintered body was placed in a tungsten crucible in a high-frequency induction furnace, and
the vacuum was maintained below 1 × 10 -4 Pa with a molecular pump. The crucible was locally heated because the distribution of the induction magnetic field was not uniform
under the action of high-frequency power. The sample in
the parallel position of the coil was melted when the temperature of the crucible wall reached 2300 °C. The tungsten crucible descended with different rates of 1 mm/h,
2 mm/h, 3 mm/h and 5 mm/h respectively. Therefore, the
coil scanned the crucible along its axis, a 2300 °C-hightemperature band scanned the rod with different rates, so
that the rod melted and solidified step by step. The rate of
magnitude of mm/h is small enough for the solidification
rate to be almost identical to the crucible rate.
The microstructures of the samples were observed with
scanning electron microscopy (SEM) equipped with an
energy spectrum detector. The hardness and fracture
toughness values of the samples were tested using a Vickers hardness tester at room temperature.
III. Results and Discussion
(1) Phase composition
Fig. 2 shows the XRD results of the pre-sintered body
and the eutectic ceramic sample. As can be seen, the eutectic ceramic sample contains Al 2O 3 phase, MgAl 2O 4 phase
and ZrO 2 phase, and more MgAl 2O 4 phase are formed after directional solidification.

Fig. 1: Ternary MgO/Al 2O 3/ZrO 2 phase diagram.

Table 1: Compositions and melting temperatures of the
two Al 2O 3/MgO/ZrO 2 ternary eutectics
Al 2O 3

MgO

ZrO 2

mol% wt% mol% wt% mol% wt%

Al 2O 3- 42.1
rich

43

MgOrich

20

16.6

17.4
42.1

7
20

40.5
41.3

50
60

Melting
point/°C

1830
1840

The Al 2O 3-rich eutectic point with a melting point of
1830 °C in the equilibrium phase diagram was chosen
in this study, where the mole ratio of Al 2O 3, MgO and
ZrO 2 was 42.1:17.4:40.5 12. Commercial oxide powders
(99.75 %, 5 lm) of Al 2O 3, MgO and ZrO 2 in the mole ratio of 42.1:17.4:40.5 were mixed homogeneously in a ball
mill, with 5 % polyethylene water solution and a moderate amount of alcohol added as the mixing additive. Then

Fig. 2: XRD patterns of the pre-sintered ceramic and the eutectic
ceramic.

Fig. 3 shows the SEM and EDS of the Al 2O 3/MgAl 2O 4/
ZrO 2 eutectic ceramic. It can be seen that the Al 2O 3/
MgAl 2O 4/ZrO 2 eutectic ceramic is composed of white
and gray regions. The gray region contains Al, Mg and
O elements, while the white region contains Zr and O
elements. In combination with Fig. 2, it can be concluded that the gray region is composed of Al 2O 3 phase and
MgAl 2O 4 phase, and that the white region corresponds to
ZrO 2 phase.
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MgAl 2O 4 phases usually have smooth atomic interfaces
and exhibit strong faceted growth characteristics, whereas the ZrO 2 phase presents either non-faceted or faceted
morphology 15 and obeys the growth rules of a rod shape.

Fig. 3: Cross-section microstructure and EDS spectra of the solidified Al 2O 3/MgAl 2O 4/ZrO 2 ceramic (3 mm/h).

(2) Microstructure
Fig. 4 shows the cross-section microstructure of the unpolished sample, the longitudinal-section microstructure
of the unpolished sample and the longitudinal-section microstructure of the polished sample when the growth rate
is 3 mm/h. As can be seen, Al 2O 3 / MgAl 2O 4 constitute
the matrix of the eutectic ceramic, while rod-like ZrO 2
phase is uniformly embedded in the matrix.
The Jackson factor is usually used to distinguish the
faceted and non-faceted morphologies for different materials. It has two critical values, i.e. 2 and 5 13. Although the
Jackson criterion is established under equilibrium solidification conditions, it can be used as a convenient criterion to predict the growth mode under normal solidification
conditions. The calculation of the Jackson factor is based
on the following equation:
ε∆S ε∆H
α=
=
(1)
R
RTm
where e is the crystallographic factor (less than but almost
equal to 1), R is the gas constant, S is the entropy of fusion, H is the enthalpy of fusion, and T m is the melting point of component phase. The entropies of fusion
of Al 2O 3, MgAl 2O 4 and ZrO 2 are 5.74R 14, 9.82R 14 and
3.55R 14, respectively. According to Equation (1), a Al 2O 3 =
5.74 and a MgAl 2O 4 = 9.82, which are both greater than 5;
a ZrO 2 = 3.55, which is between 2 and 5. Hence, Al 2O 3 and

Fig. 4: SEM images of the Al 2O 3/MgAl 2O 4/ZrO 2 eutectic ceramic:
(a) cross-section microstructure of the unpolished sample (3 mm/h),
(b) longitudinal-section microstructure of the unpolished sample
(3 mm/h), (c) longitudinal-section microstructure of the polished
sample (3 mm/h).

Fig. 5 shows the cross-section microstructure of the
eutectic ceramic at different growth rates. When the
growth rate is less than 2 mm/h, Al 2O 3, MgAl 2O 4
and ZrO 2 phases show strong growth anisotropy of
faceted planes, thus making the microstructure of the
Al 2O 3/MgAl 2O 4/ZrO 2 eutectic ceramic present an irregular pattern as shown in Fig. 5(a) and Fig. 5(b). With the
increase of the growth rate, the eutectic ceramic presents
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Fig. 5: Cross-section microstructure of the eutectic ceramic at different growth rates: (a) 1 mm/h, (b) 2 mm/h, (c) 3 mm/h and (d) 5 mm/h.

a layered and rod-like pattern as shown in Fig. 5(c). When
the growth rate increases to 5 mm/h, as Fig. 5(d) shows, the
eutectic ceramic presents a bar-shaped pattern. It is known
that with a sufficiently high driving force (e.g. deep super cooling), the atomic interface of the phases even with
high entropy of fusion may also become rough. In other words, the facets of the sample are converged to the
non-facets. Therefore, the growth behavior of the eutectic ceramic tends to be more isotropic. Moreover, because
of the positive correlation between the super cooling and
the growth rate, a further increase of the growth rate to
3 mm/h can produce a layered and rod-like microstructure pattern as shown in Fig. 5(c); when the growth rate
increases to 5 mm/h, the microstructure presents a more
regular bar-like pattern as shown in Fig. 5(d).
Fig. 4(c) shows the eutectic phase spacing. Fig. 6 shows
the relationship between the average eutectic phase spacing and the growth rate. The test result shows that k 2m =
2.98. Although the microstructure of the eutectic ceramic
presents a complex regular structure, it still meets the J-H
theory and the eutectic spacing decreases gradually with
the increase in the growth rate. Moreover, the microstructure is finer than that of the eutectics with rare earth oxides.
This can be attributed to the higher temperature gradient
and relatively fast solidification rate. Meanwhile, the large

volume fraction of ZrO 2 is very important for the refinement of the microstructure.

Fig. 6: Dependence of the average eutectic phase spacing on the
growth rate.

(3) Mechanical properties
The hardness of the eutectic ceramic was tested using the
Vickers indentation technique with a load of 9.8 N for 15 s,

65

Directionally Solidified Eutectic Ceramic Al 2O 3/MgAl 2O 4/ZrO 2

March 2018

and the fracture toughness was calculated on the basis of
the measured hardness using formula (2) 16. The diamond
indenter with proper pressure can produce indentation
and a crack along the indentation diagonal. As shown in
Fig. 7, the length of the indentation diagonal is 2a and that
of the crack is l; c = l + a. Fig. 8 shows the Vickers indentation morphology of Al 2O 3/MgAl 2O 4/ZrO 2 eutectic ceramic. In the process of the experiment, the load of 9.8 N
was not enough to produce the median crack (c/a > 2.5),
and the crack was produced until the load reached 49 N.

Fig. 7: Vickers micro-indentation schematic diagram.

E 12 - 23
) Pc
(2)
HV
where E is the material elasticity modulus (GPa), H V is
the Vickers hardness (GPa), K IC is the fracture toughness
(MPa⋅m 1/2), P is the indentation load, and c is the indentation crack length.
Table 2 gives the hardness and fracture toughness of the
pre-sintered ceramic and the ZM eutectic ceramic. The results show that there is little difference in the hardness and
fracture toughness of the cross- and longitudinal sections
of the eutectic ceramic; the hardness and fracture toughness of the eutectic ceramic are much higher than those of
the sintered ceramic with the same composition, the maximum hardness of the eutectic ceramic reaches 11.68 GPa,
KIC = 0.016 (

which is 1.6 times that of the sintered ceramic; the maximum fracture toughness is 7.21 MPa⋅m 1/2, which is two
times that of the sintered ceramic. The main reasons for
the increase in hardness and fracture toughness of the eutectic ceramic include the densification of the microstructure, the disappearance of pores and grain boundaries, and
the distribution of the finer ZrO 2 phase in the Al 2O 3 and
MgAl 2O 4 matrix. In Fig. 8(b), parallel cracks can be seen,
and the principal crack is accompanied by several microcracks. In Fig. 8(c), crack deflection and bifurcation can
be seen, and these behaviors can deplete the energy of
crack growth and expansion, thus improving the fracture
toughness of the material. In addition, it can be observed
that some cracks appear along the layer in this sample in
Fig. 8(d). Residual thermal stress should appear in the matrix phase because the ZrO 2 phase existed, and the ZrO 2
phase played a role in stress toughening.
Fig. 9 shows the relationship between the cross-sectional
hardness and fracture toughness of the eutectic ceramic
and the growth rate. As can be seen, with the increase in the
growth rate, the hardness of the material decreases while
the fracture toughness first increases and then decreases.
The toughening mechanism of the ZrO 2 phase is that the
phase transformation of t-m appears when it is subjected to stress, a lot of energies are absorbed because of the
volumetric and shape effects produced by phase transformation, and hence the material exhibits high toughness.
However, the toughening action of ZrO 2 phase is affected by the size of the ZrO 2 phase, d. At room temperature,
there is a critical phase size d c (about 0.64 lm 17), an upper critical size, the ZrO 2 phase is likely to produce phase
transformation toughening only if the ZrO 2 phase size is
less than the critical phase size, i.e., d < d c. There is another critical diameter d I (about 0.42 lm 17), a lower critical size that the ZrO 2 phase must exceed if it is to effect
phase transformation toughening. In other words, when
d I < d < d c, stress would induce ZrO 2 phase t-m transformation, which toughens the material containing the ZrO 2
phase.
During the cooling process from high temperature to low
temperature, ZrO 2 converts into m phase if d > d c, from
which phase transformation would induce micro-cracks
or residual stress in the material owing to the volume effect, just as the experimental results had shown. The third

Table 2: Hardness and fracture toughness of the pre-sintered ceramic and the ZM eutectic ceramic.
Pre-sintered

Properties

ceramic
Cross section

Hardness (GPa)

Longitudinal
section

Fracture toughness

Cross section

(MPa⋅m 1/2)

Longitudinal
section

7.2

3.5

Solidified ceramic
1 mm/h

2 mm/h

3 mm/h

5 mm/h

11.68

10.40

9.37

8.92

10.32

10.77

8.56

8.38

6.24

6.57

7.21

5.13

6.55

6.39

7.39

5.24
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Fig. 8: Vickers indentation morphology of Al 2O 3/MgAl 2O 4/ZrO 2: (a) indentation morphology with the load of 9.8 N, the load of 9.8 N was
not enough to produce the median crack, and the crack was produced until the load reached 49 N, (b) cross-section indentation morphology
with the load of 49 N, (c) and (d) longitudinal-section indentation morphology with the load of 49 N.

critical size, d m (about 0.83 lm 17), appears. When d > d m,
ZrO 2 phase transformation during the cooling process induces micro-cracks; and d c < d < d m, the phase transformation cannot induce micro-cracks, but results in residual stress around it. Both micro-cracks and residual stress
effect a toughening. The above theory is based on polycrystalline sintered ceramics with nearly equiaxed grains.
With the help of this theory, we try to explain the mechanical properties of this single crystal multiphase solidification ceramic herein.
It can be seen from Fig. 5 that the size of the ZrO 2 phase
decreases with the increase in the solidification rate. In
Fig. 5(a) and 5(b), the average size of the ZrO 2 phase is
larger (1.2 lm and 0.94 lm only from cross-section, respectively; much larger from a three-dimensional view, see
Fig. 5), i.e. d > d m > d c, ZrO 2 is m phase at room temperature, the residual stress of phase transformation leads to
micro-cracking toughening. The micro-crack density increases with the decrease in the ZrO 2 phase size, and the
micro-cracking toughening becomes enhanced.
In Fig. 5 (c), the average size of ZrO 2 phase is 0.72 lm
from the cross-section, about 5 lm from the longitudinal
section. None of these sizes satisfies the condition, d I < d <
d c. However, we suppose that the upper critical size for
ZrO 2 phase transformation for this single crystal multiphase solidification ceramic, d c-s, might be rather larger
than that for polycrystalline sintered ceramic, d c. There-

fore, the further improvement in the solidified ceramic
could be attributed to the phase transformation toughening as the solidification rate increases from 2 to 3 mm/h.

Fig. 9: Dependence of cross-section hardness and fracture toughness on the growth rate.

As shown in Fig. 5 (d), the phase average size is 0.37 lm,
d < d I, the stability of t phase increases, t-m phase transformation is blocked. Either phase transformation toughening or micro-cracking toughening, even residual stress
toughening significantly is reduced, so the toughness of
the material decreases.
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The bond hardness (H a-b) is the hardness average of the
bond atoms assigned to the a-b bond; it represents the
chemical bond ability to capture electrons in unit volume.
The relationship between the bond hardness and the hardness is:
H = 423.8 Ha - b - 3.4
(3)
Super cooling degree and solidification rate are positively
correlated. As the solidification rate increases, both the super cooling degree and the melt viscosity increase. The ability of the chemical bond to capture electrons per unit volume declines with the decline of the electron diffusion ability in the melt. Hence the hardness of material decreases.
When the solidification rate is 1 mm/h or 2 mm/h, the
ZrO 2 phase size is larger than d m, and the residual stress
formed in the cooling process is large enough to cause micro-cracks, which weaken the binding capacity between
the phases. As the micro-crack density increases with the
decrease of ZrO 2 phase size, the material hardness decreases.
When the solidification rate is 3 mm/h, the super cooling
degree increases, and more high temperature ZrO 2 t phase
is retained to room temperature, the hardness decreases
with the increase of the amounts of t-m phase transformation 18.
The relationship between the residual stress and the hardness is:


H| = a1 (σ σ)2 + a2 (σ σ) + a3
(4)
where H| p is the hardness of the material, a 1, a 2 and a 3
are quadratic polynomial coefficients, r res is the residual
stress, r y is yield stress. The hardness of the material decreases with the decrease in the residual stress. When the
solidification rate is 5 mm/h, the residual stress in the material is gradually eliminated, so the hardness of the material decreases.
Considering the effects of growth rate on the microstructure and mechanical properties, good directionally solidified eutectic ceramic with better performance and finer microstructure can be obtained at the growth rate between
the 2 ∼ 3 mm/h. The hardness of the material is lower than
that of rare-earth garnet series but higher than that of commonly sintered samples (Table 2), and its fracture toughness is slightly higher than that of ceramics reported by
Zhang and others 16, 19.
IV. Conclusions
Smooth Al 2O 3/MgAl 2O 4/ZrO 2 eutectic ceramic rods
were prepared with induction heating zone melting and
the effects of the growth rate on the microstructure and
properties of the solidified ceramic were investigated.
(1) The Al 2O 3/MgAl 2O 4/ZrO 2 eutectic ceramic is composed of Al 2O 3 phase, MgAl 2O 4 phase and ZrO 2
phase. It has a typical layered and rod-shaped eutectic structure, and the eutectic spacing is very fine. The
eutectic spacing k, and solidification rate m, conform to
the following formula: k 2m = 2.98.
(2) As the solidification rate increased, the specimen morphology transformed from an irregular morphology
to a regular layered or rod-like structure. The fracture
toughness increased first and then decreased owing to
the toughening effect of ZrO 2 phase, which was affected by the size of the ZrO 2 phase.
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(3) The maximum hardness of the solidified eutectic ceramic rate reached 11.68 GPa when the solidification
rate was 1 mm/h, which was about 1.6 times that of the
pre-sintered sample. Its maximum fracture toughness
at room temperature was 7.21 MPa⋅m 1/2 when the rate
was 3 mm/h, which was about two times that of the presintered sample.
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