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Abstract: Al2O3/YAG/ZrO2 eutectic in situ composite has
now been considered as the new generation of high-
temperature structural material due to its excellent per-
formance even close to its melting point. In this work,
hypereutectic Al2O3/YAG/ZrO2 in situ composite is manu-
factured by the horizontal laser zone melting technique.
The relationship between the solidification microstruc-
ture and the solidification parameters is studied. The
minimum lamellar spacing is as finer as 0.20 μm when
the laser scanning rate is 800 μm/s. Compared with
eutectic Al2O3/YAG/ZrO2, hypereutectic exhibits more reg-
ular and finer microstructure at the similar conditions.
Meanwhile, it is found that the lamellar spacing remains
almost as constant at a certain high solidification velo-
city. The maximum hardness and fracture toughness are
15.9 GPa and 4.2MPa · m1/2, respectively.
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Introduction

In 1997, Waku [1] found Al2O3/YAG binary eutectic in situ
composite that possesses outstanding mechanical proper-
ties and chemical stabilities at high temperature. The
flexural strength at 2,073K is 360–500MPa [2]. The com-
pression creep strengths [3] at 1,873K is about 433MPa
under the strain rate of 104/s. However, recent research
indicates that Al2O3/YAG eutectic in situ composite does
not have optimistic corrosion resistance under the condi-
tions simulating the aeroengine working environment [4].
During corrosion exposure under high-velocity and high-
temperature gas flow of water vapor, water vapor led to
the favored degradation of the alumina phase. Aluminates

like YAG, YAP and YAM show a superior corrosion resis-
tance in comparison to alumina, and more than one order
in magnitude lower corrosion rate [5]. Therefore, the sam-
ple showed the formation of porous YAG surface due to
gasification of alumina, and then, the porous layer crack
and spall. For the longtime exposure of Al2O3/YAG eutec-
tic in situ composite in gas turbines, the use of environ-
mental barrier coatings like dense YAG is proposed. But in
the view of solidification scholars, that is not the exclu-
sive way. For instance, refinement of lamellar spacing
(prevent penetration of corrosion flow into the layer),
the decrease of alumina content, all of the above are
possible methods to enhance the corrosion resistance.

The lower toughness (≈2Mpa · m1/2) [6] is another
bottleneck restricting the application of Al2O3/YAG eutec-
tic in situ composite. The introduction of ZrO2 into the
eutectic composition is a widely used approach, enhan-
cing the fracture toughness. In 2001, Lee [7] obtained
Al2O3/YAG/ZrO2 ternary eutectic fibers 0.3–2mm in dia-
meter and 500mm in length grown with the micro-pull-
ing-down (μ-PD) method. Compared with Al2O3/YAG
eutectic obtained under similar solidification condition
[8], Al2O3/YAG/ZrO2 eutectic exhibits finer microstructure
and higher fracture toughness due to the addition of the
third component and the strengthening effect of ZrO2 [9,
10]. From that, Al2O3/YAG/ZrO2 ternary with eutectic com-
position was widely investigated [11–13]. With the
increase of solidification velocity, microstructure mor-
phology is finer and more regular. The microstructure
transforms from the so-called Chinese script to texturing
morphology; therefore, the mechanical properties exhibit
more anisotropy. The fracture toughness of Al2O3/YAG/
ZrO2 eutectic in situ composite prepared by the laser
floating zone is 4.3Mpa · m1/2, as higher as twice of that
obtained from Al2O3/YAG eutectic [14].

Furthermore, almost all works were concentrated on
the eutectic point that with off-eutectic composition was
seldom concerned. But for revealing the solidification
behavior of Al2O3/YAG/ZrO2 ternary system, the investi-
gations with off-eutectic composition are indispensable.
Otherwise, from the thermodynamic point of view, the
full lamellar microstructure can also be obtained with off-
eutectic composition under nonequilibrium solidification
condition.
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In conclusion, with the composition range in which
the full lamellar microstructure can be obtained, seeking
the suitable composition with less Al2O3 content and
technology parameters, to obtain defect-free Al2O3/YAG/
ZrO2 ternary in situ composite with texturing morphol-
ogy, are main development directions of this system.
Considering the contribution of ZrO2 to microstructure
refinement and toughness enhancement, in this paper,
the selected mole ratio of hypereutectic composition was
Al2O3/YAG/ZrO2 = 64.6∶15.3∶20.1, in which the ratio of
Al2O3/YAG equaled to the ternary eutectic point, the
ZrO2 content, was added to 1.5%.

Experimental

Ceramics were manufactured using a mixture of powders
of Al2O3 (4 N), Y2O3 (4 N) and ZrO2 (3 N) (64.6mol% Al2O3,
15.3mol% Y2O3, 20.1mol% ZrO2). The preparation of the
precursor is described in detail elsewhere [15]. The experi-
mental setup of the laser horizontal zone melting is sche-
matically shown in Figure 1. The precursors were moved
by the numerically controlled worktable to achieve the
laser scanning with different velocities. The experiments
were conducted under the Ar atmosphere with a laser
power of about 200W, a scanning rate of 100–800 μm/s
and a beam diameter of 4mm.

The solidified samples were ground with SiC abrasive
paper and polished sequentially with diamond paste
down to 0.5 µm size. The sample surfaces were coated
with a thin layer of Au before observation. The micro-
structure and component were examined by scanning

electron microscopy (SEM) (JSM-5800), energy dispersive
spectroscopy (EDS) (Link-Isis) and X-ray diffraction (XRD)
(Rigakumsg-158) techniques. The lamellar spacing was
statistically measured by scanning the cross-sectional
images along a chosen line being perpendicular to most
of the phase domains traversed, and then calculating the
number of identical pixels in successive segments along
the line [7, 16–18]. The lamellar spacings were measured
by repeating at least 400–500 times. The average lamel-
lar spacing is calculated by the arithmetic average of all
the measured values.

The mechanical properties (hardness and fracture
toughness) are examined on the polished surface by
using the Vickers indentation technique following the
ASTM C1327-99 standard. The indentations were made
using 9.8 N loads for 15 s, and at least 10 valid micro-
indentations were conducted in each sample. The hard-
ness and fracture toughness are calculated according to
the following equations proposed by Niihara [19] for
Palmqvist cracks:

Hv = 1.8544 � P=a2 (1)

KIC = 0.016 � EC=Hvð Þ2=5 P=al1=2
� �

(2)

where Hv is the Vickers hardness, KIC the fracture tough-
ness, EC the elastic modulus of the ceramic, P the inden-
tation load, a half the indentation diagonal and l the
crack length [20–22].

Result and discussion

Microstructure evolution

The Al2O3/YAG/ZrO2 ternary hypereutectic samples are
approximately 4mm in diameter. Pore-free samples with
smooth surface were obtained in lower scanning rate
(<200 μm/s).

Figures 2 and 3 show the EDS spectra of the compo-
nent phases and the XRD pattern for the ternary hyper-
eutectic, respectively. The relevant analyses indicate that
the Al2O3/YAG/ZrO2 hypereutectic consists of Al2O3

phase, YAG phase and ZrO2 phase, which are black,
gray and white in SEM photography, respectively. The
volume fraction of different composition phases is given
in Table 1. With lower scanning rate, the microstructure
exhibits weakly irregular property due to unidirectional
heat flow and branching of facet phase (see Figure 4(a)).
The ZrO2 phase is observed mainly as lamellar

Figure 1: Schematic diagram of the laser horizontal zone melting.
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morphology between Al2O3 and YAG. In higher solidifica-
tion velocity, the microstructure is refined obviously and
transforms to regular lamellar morphology. It is found
that the lamellar spacing remains almost as constant at
very high solidification velocity (see Figure 4(d)). The

ZrO2 phase is hardly observed in SEM at very high soli-
dification velocity that is similar to other reports [12].

Compared with Al2O3/YAG/ZrO2 eutectic prepared
under same solidification condition [12], the hypereutec-
tic microstructure exhibits obvious texturing tendency.
The eutectic microstructure is mainly composed of inter-
connected Al2O3 and YAG (so-called Chinese script), and
the ZrO2 phase partially distributes between Al2O3/YAG
interfaces or at the edge of the YAG phases [9]. The

Figure 2: The microstructure of the as-solidified hypereutectic sample (a) and the corresponding EDS analysis of the alumina (b), YAG
(c) and zirconia (d).

Figure 3: XRD pattern of the as-solidified Al2O3/YAG/ZrO2 ternary
hypereutectic.

Table 1: Elastic modulus, linear thermal expansion coefficient and
volume fraction of different composition phases.

Composition
phase

Elastic
modulus
(E, GPa)

Linear thermal
expansion
coefficient

(K− × 
−)

Volume
fraction
(f, %)

AlO  . .
YAG  . .
ZrO  . .

Source: Data from Refs [34–36].
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growth characteristic of hypereutectic exhibits intensely
texturing tendency, which is similar with the regular
eutectic.

The texturing tendency of hypereutectic microstruc-
ture is the result of the ZrO2 addition. In Al2O3/YAG
binary system, the irregular morphology is caused by
the strong anisotropy of Al2O3 [23]. However, the micro-
structure of Al2O3/YAG/ZrO2 is mainly controlled by YAG
and ZrO2 phases. As shown by the solid/liquid interface
of Al2O3/YAG/ZrO2 hypereutectic [24], the YAG phase pro-
jects into the melt [15]. And in the Al2O3/YAG/ZrO2 ternary
system, YAG and ZrO2 dissolve each other. However,
Al2O3 solubility in solid solutions YAG and ZrO2 is almost
zero [25, 26]. So YAG and ZrO2 easily form lamellar micro-
structure with more coincident spacing through diffusion
couple. Thus, in coupled growth of Al2O3/YAG/ZrO2 tern-
ary hypereutectic, the microstructure is governed by YAG
and ZrO2, which are leading phases with regular lamellar
spacing.

Furthermore, the very high-temperature gradient and
solidification velocity supplied by horizontal laser zone
melting method are also important reasons for texturing
tendency of microstructure. The samples obtained by the
conventional method with a lower temperature gradient
(i. e. Bridgman method [1], 102 K/cm) have “Chinese
script” microstructure. However, the microstructure
obtained with a higher temperature gradient, such as
laser floating zone (LFZ) method (6 × 103 K/cm) [12] and
µ-PD method (103 K/cm) [7], has more regular microstruc-
ture. The morphology of the irregular eutectic is deter-
mined by the branching of the faceted phase. The higher

temperature gradient prompts the solid/liquid interface of
the faceted phase to be flatter, which induces the branch-
ing of the faceted phase more different and results in the
texturing tendency of microstructure. Moreover, with an
increase of solidification rate, the texturing tendency is
further enhanced. As shown in Figure 4(d), when the
solidification rate is 800μm/s, the microstructure is com-
posed of clusters with regular lamellar whose spacing is
almost a constant. Under the rapid solidification condi-
tion, the weakly faceted phase or faceted phase may
transit into the non-faceted phase [27], which induces a
relevant regular eutectic structure [28]. Additionally, the
λv0.5 =C law (JH model [29]) is universally followed by
eutectic growth, where λ is the lamellar spacing, v is the
solidification velocity and C is a constant. For the Al2O3/
YAG/ZrO2 hypereutectic prepared by the horizontal laser
zone melting, C is equal to 7 μm1.5 · s−0.5, lower than that
measured from the laser floating zone method [30].

Hardness and fracture toughness

The measured hardness with the different solidification
velocity is plotted in Figure 5(a). The maximum hardness
of Al2O3/YAG/ZrO2 hypereutectic is 15.9 GPa, slightly lar-
ger than that reported on Al2O3/YAG/ZrO2 eutectic fiber
prepared by LFZ method (14.8 GPa) [12] and lower than
that prepared by optical floating zone method (19.8 GPa)
[13]. As shown in Figure 5, the average hardness of Al2O3/
YAG/ZrO2 hypereutectic is slightly lower than that of the
eutectic.

Figure 4: Microstructures of Al2O3/YAG/
ZrO2 hypereutectic with different solidifi-
cation velocities: (a) 100μm/s;
(b) 200μm/s; (c) 400μm/s; (d) 800μm/s.
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In this paper, the elastic modulus of composites (EC) was
calculated by Halpin–Tsai equation [31]:

EC =EAl2O3 fAl2O3 + EYAGfYAG +EZrO2 fZrO2 (3)

The elastic modulus (E) and volume fraction (f) of com-
position phases are shown in Table 1. The calculated
elastic modulus of Al2O3/YAG/ZrO2 hypereutectic is
324.75 GPa. Further, the fracture toughness is also plotted
in Figure 5(b). It can be found that the fracture toughness
of Al2O3/YAG/ZrO2 hypereutectic is obviously higher than
that of eutectic. The maximum of the fracture toughness
is 4.2MPa · m1/2. Additionally, the fracture toughness in
this work is obviously higher than that obtained from
Al2O3/YAG eutectic manufactured by the analogous
method (2MPa · m1/2) [10]. It illustrates that ZrO2 plays a
role on toughening the Al2O3-based in situ composite.

It is widely recognized that the toughening effect of
ZrO2 arises from the discrepancy in the thermal expan-
sion coefficients of the ZrO2, YAG and Al2O3 phases as
shown in Table 1. Because Al2O3 and YAG phases have
similar thermal expansion coefficients, the residual stres-
ses are almost free in Al2O3/YAG binary eutectic.
However, the thermal expansion coefficient of ZrO2 is
much higher than those of YAG and Al2O3. Therefore,
ZrO2 is subjected to tensile residual stresses. Al2O3 and
YAG phases are often subjected to compressive residual
stresses in the Al2O3/YAG/ZrO2 ternary system [32, 33].
According to Frazer [33], the residual tensile stress in
ZrO2 reaches 1.13 GPa in Al2O3/YAG/ZrO2 ternary system.
The interaction between the high residual stresses and
the propagating cracks is the direct reason for the tough-
ening effect [24]. Additionally, the improved fracture
toughness can be attributed to the microstructure with
obviously regular eutectic characteristic. The relevant
results reported by Song et al. [24] illustrate that the
crack propagation can be significantly affected by the

phase interface in Al2O3/YAG/ZrO2 eutectic system. The
propagating cracks can be disturbed more easily by the
intense and regularly arranged phase interface.

Conclusion

Hypereutectic Al2O3/YAG/ZrO2 in situ composite is prepared
by the horizontal laser zone melting technique. With the
increase of solidification velocity, the microstructure tran-
sits from weakly regular to regular lamellar eutectic. The
regular eutectic microstructure with almost constant lamel-
lar spacing is obtained under solidification velocity of
800μm/s. Compared with Al2O3/YAG/ZrO2 ternary eutectic
obtained under same solidification condition, the hypereu-
tectic microstructure exhibits obvious texturing tendency.
This is mainly due to the addition of ZrO2 which projects
into the melt with YAG together. The two phases form
regular eutectic, which plays the leading role in the eutectic
solidification and results in the relatively regular eutectic
morphology. Furthermore, the very high-temperature gra-
dient and solidification velocity supplied by horizontal
laser zone melting method are also important reasons for
texturing tendency. The maximum hardness and fracture
toughness are 15.9GPa and 4.2MPa · m1/2, respectively.
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Figure 5: The dependence of the hardness (a) and fracture toughness (b) of Al2O3/YAG/ZrO2 hypereutectic and eutectic in situ composite as
a function of the solidification velocity.
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