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bstract

irectionally solidified Al2O3-based eutectic ceramic in situ composites with inherently high melting point, low density, excellent microstructure
tability, outstanding resistance to creep, corrosion and oxidation at elevated temperature, have attracted significant interest as promising candidate
or high-temperature application. This paper reviews the recent research progress on Al2O3-based eutectic ceramic in situ composites in State
ey Laboratory of Solidification Processing. Al2O3/YAG binary eutectic and Al2O3/YAG/ZrO2 ternary eutectic ceramics are prepared by laser

one melting, electron beam floating zone melting and laser direct forming, respectively. The processing control, solidification characteristic,
icrostructure evolution, eutectic growth mechanism, phase interface structure, mechanical property and toughening mechanism are investigated.
he high thermal gradient and cooling rate during solidification lead to the refined microstructure with minimum eutectic spacing of 100 nm.
esides the typical faceted/faceted eutectic growth manner, the faceted to non-faceted growth transition is found. The room-temperature hardness

V and fracture toughness KIC are measured with micro-indentation method. For Al2O3/YAG/ZrO2, KIC = 8.0 ± 2.0 MPa m1/2 while for Al2O3/YAG,
IC = 3.6 ± 0.4 MPa m1/2. It is expectable that directionally solidified Al2O3-based eutectic ceramics are approaching practical application with the
dvancement of processing theory, technique and apparatus.

2010 Elsevier Ltd. All rights reserved.
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. Introduction

In recent years, due to the unique properties, direction-
lly solidified (DS) oxide eutectic in situ composites have
een considered as new generation of structural or functional
aterials with high performance especially serviced at high

emperatures.1–4 The alumina-based eutectic in situ compos-
tes with high melting point of about 2100 K, low density
<5 g/cm3), excellent specific strength, superior oxidation and
reep resistance, and outstanding microstructure stability at
levated temperatures up to 2073 K, have attracted significant
nterest as one of the most promising candidates for ultra-high
emperature structural materials applied to the high temperature
xidizing atmosphere over a long period of time.5–8 Further-
ore, it is also very important to reveal the faceted eutectic
rowth manner of Al2O3-based ceramic for development of
utectic solidification theory, which is extraordinarily imper-
ect yet in many respects for irregular faceted eutectic growth
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echanism. Up to now the solidification characteristics of
l2O3-based ceramic have not been well understood.4,9

Several directional solidification techniques have been devel-
ped to prepare oxide eutectic composites, such as Bridgman
ethod,5,6 laser floating zone (LFZ) method,7,8 edge-defined
lm-fed growth (EFG) method10 and micro-pulling down
�-PD) method.11 Since most Al2O3-based eutectics have
xtremely high melting points, it is very difficult to prepare
hem with the conventional directional solidification methods
nd equipments, which leads to the urgent requirement to
evelop new preparation technique. With advantages of very
igh melting temperature, absence of possible crucible or die
ontamination, steep thermal gradient of above 104 K/cm at
olidification interface, and rapid solidification rate, the laser
one melting technique has been successfully used to grow oxide
utectic composites.12–14

This paper reviews the recent research progress on Al2O3-
ased eutectic ceramic in situ composites in State Key

aboratory of Solidification Processing. The directionally solid-

fied Al2O3/YAG binary eutectic and Al2O3/YAG/ZrO2 ternary
utectic in situ composites are prepared by the laser zone
elting technique (LZM), the modified electron beam float-

dx.doi.org/10.1016/j.jeurceramsoc.2010.11.008
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mailto:shjnpu@nwpu.edu.cn
dx.doi.org/10.1016/j.jeurceramsoc.2010.11.008


1192 J. Zhang et al. / Journal of the European Ceramic Society 31 (2011) 1191–1198

F elting
d ect for
w

i
f
i
m
s
t
g

2

2

a
e
e
(
6
p
f

2

w
i
a
n
i
i
s

t
t
a
a
s
s
d

2
(

fl
t
t
F
m
fi
fi
s

2

t
s
t

ig. 1. Solidification preparation procedure of oxide eutectic: (a) laser zone m
irection angle); (b) modified electron beam floating zone melting; (c) laser dir
orktable; 6, substrate; 8, melting zone).

ng zone melting technique (MEBFZM) and the laser direct
orming technique (LDF). The relationships between the solid-
fication parameter, the solidification microstructure and the

echanical property of Al2O3-based eutectic composites are
ystematically studied. Moreover, the phase interface structure,
he microstructure characteristic and evolution, and the eutectic
rowth mechanism are investigated.

. Experimental

.1. Precursor

Al2O3, Y2O3 and ZrO2 nano-powders with high purity (>4 N)
re homogenously mixed by wet ball milling according to binary
utectic composition15 of Al2O3:Y2O3 = 82:18 and ternary
utectic composition16 of Al2O3:Y2O3:ZrO2 = 65.8:15.6:18.6
mol%), respectively. Ø7 mm × 60 mm rod precursor and
8 mm × 7 mm × 5 mm plate precursor are prepared by die
ressing at 25 MPa for 10 min and are then sintered at 1773 K
or 2 h to obtain the precursor density of about 2–3 g/cm3.

.2. Laser zone melting (LZM)

The laser zone melting is carried out in a vacuum chamber
ith 5 kW ROFIN-SINAR850 CO2 laser. The precursor sample

s moved by the numerically controlled worktable with 5-axis
nd 4-direction coupled motion to realize the laser beam scan-

ing along the sample axis, as illustrated in Fig. 1a. The precursor
s first rapidly remelted to form the melting zone and then solid-
fied just behind the melting zone to obtain the directionally
olidified sample with smooth surface and high density. During

n
o
t
b

(V is the scanning rate, R is the solidification rate, and θ is the solidification
ming (1, laser; 2, mirror; 3, JPSF-1 powder feeder; 4 and 7, solidified layer; 5,

he melting, two beams of high-purity Ar gas are inputted into
he vacuum chamber from the top and bottom of the substrate
t the flow speed of 10 L/min. The laser power is 190–220 W
nd the scanning rate is 10–2000 �m/s. The deepness of the
olidified layer is 0.5–3 mm for the plate. The diameter of the
olidified rods is about 4–6 mm. The detailed process has been
escribed elsewhere.14

.3. Modified electron beam floating zone melting
MEBFZM)

The experiment is performed in the ESZ1.5/5 electron beam
oating zone melting furnace. As the precursor is nonconduc-

ive, a special Mo anode is served as heating element to realize
he floating zone melting. The MEBFZM sketch is shown in
ig. 1b. With the electron gun, consisting of the cathode fila-
ent and the focusing system, moving upward, the precursor is
rst zone-melted and then directionally solidified. The solidi-
ed eutectic sample can be prepared by accurate control of the
olidification processing as described elsewhere.17

.4. Laser direct forming (LDF)

As the precursors are all required for the two methods above,
he processing is complex and time consuming. In order to
implify the preparation processing, the laser direct forming
echnique is used as shown in Fig. 1c, which is a promising tech-

ique to manufacture three-dimensional component. The mixed
xide powders with eutectic composition are sprayed out from
he feeder nozzle and are rapidly melted by the scanning laser
eam to create a moving molten pool. The eutectic composite
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Table 1
Representative processing parameters in the laser direct forming.

Laser power (W) Scanning rate (mm/min) Beam diameter (mm) Powder feed rate (g/s) Shielding Ar gas

1

i
T

2

s
s
s
R
f
a
A
i

3

3

A
s
�
o
w
s
“
a
o
A
(
T
a
e
i

s
t

m
d
1
e
s
i
c
m
i

p
T
l
a
3
e
d
s
λ

g
d
i
A
q
i
b
t

F
r

90–220 5–15 4

s formed layer by layer with the solidification of molten pool.
he processing parameters are listed in Table 1.

.5. Characterization

The microstructure and the phase are characterized with
canning electron microscopy (SEM, JSM-5800), transmis-
ion electron microscopy (TEM, JEM-200CX), energy disperse
pectroscopy (EDS, Link-Isis), X-ray diffraction (XRD,
igakumsg-158), and digital image analysis (SISC IAS V8.0)

or quantitative calculation. The room-temperature hardness HV
nd fracture toughness KIC of laser remelted Al2O3/YAG and
l2O3/YAG/ZrO2 eutectics are determined by Vickers micro-

ndentation technique with load of 9.8 N for 15 s.

. Results and discussion

.1. Solidification microstructure

Fig. 2 shows the typical microstructure of laser remelted
l2O3/YAG and Al2O3/YAG/ZrO2 eutectics grown under the

ame solidification condition. Al2O3/YAG eutectic consists of
-Al2O3 (the black) and YAG (the gray) phases without any
ther phases. The phase volume ratio is Al2O3:YAG = 46:54,
hich coincides well with that expected for eutectic compo-

ition. The eutectic presents an interpenetrating network as
Chinese Script” type structure, in which Al2O3 and YAG phases
re homogenously distributed and interconnected with each
ther without grain boundary. Compared with binary eutectic,
l2O3/YAG/ZrO2 eutectic has three phases of �-Al2O3 phase

the black), YAG phase (the gray) and c-ZrO2 phase (the white).

he phase volume ratio is Al2O3:YAG:ZrO2 = 40:43:17. YAG
nd Al2O3 with similar size are continuously interwoven with
ach other, while ZrO2 is mainly distributed at the Al2O3/YAG
nterface. The eutectic spacing of Al2O3/YAG/ZrO2 is much

i
c
e

ig. 2. Typical solidification microstructures of the laser remelted (a) Al2O3/YAG bi
ate of 20 �m/s.
flow rate (L/min)

0.1–0.2 10

maller than that of Al2O3/YAG, which indicates that the addi-
ion of ZrO2 can effectively refine the eutectic microstructure.

With fixed laser power, the laser scanning rate dominates the
icrostructure characteristic and evolution. As the thermal gra-

ient of solidification interface during LZM can be as high as
04–105 K/cm, the coupled eutectic growth can be maintained
ven at high scanning rate. It is shown in Fig. 3 that the phase
ize and interspacing are all greatly reduced but the phase shape
s not changed when the scanning rate is increased, which is well
onsistent with the results of Lee et al.18 and Peña et al.19 The
icrostructure refinement is mainly ascribed to the rapid solid-

fication as well as the addition of the third component ZrO2.
Fig. 4 shows the microstructure of Al2O3/YAG eutectic

repared by MEBFZM technique at different growth rates.
he microstructure morphology is quite similar to that of

aser remelted Al2O3/YAG eutectic but the eutectic spacing is
ugmented due to the relatively low thermal gradient (about
00–500 K/cm) of solidification interface.20 Meanwhile, the
utectic phases tend to grow along the solidification direction
ue to the intensively directional thermal flow. The relation-
hip between the eutectic spacing (λ) and the growth rate (v) is
= 6.7v−1/2, where λ is in �m and v in �m/s.
Fig. 5 shows the microstructure of Al2O3/YAG eutectic

rown by LDF. The eutectic spacing can be fine as 100 nm
ue to the very high thermal gradient leading to rapid cool-
ng rate, while Calderon-Moreno and Yoshimura21 has obtained
l2O3/ZrO2 eutectic with interspacing of 30 nm by melt
uenching technique. In order to obtain large sample, further
nvestigation is still undergoing especially to enhance the sta-
ility and matching of the technical parameters such as powder
ype, powder feeding manner, shielding gas flow rate, etc.
Since the solidification microstructure is very complex and
rregular, it is quite difficult to quantificationally depict it by
onventional method. However, as shown in Fig. 6, the oxide
utectic microstructure can be quantitatively characterized by

nary eutectic and (b) Al2O3/YAG/ZrO2 ternary eutectic grown at the scanning
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ig. 3. Microstructures of the transverse sections of the laser remelted Al2O3/YA
c) 200 �m/s; (d) 1000 �m/s.

he fractal analysis, which has now become an effective way
o analyze the complex microstructures of metals, alloys and
eramics.22,23 The fractal dimension of the eutectic microstruc-
ure increases with the increased scanning rate (Fig. 6a), which
uggests that the complexity of the microstructure increases at
igh scanning rate. Meanwhile with the decrease of the eutectic

pacing, the fractal dimension increases (Fig. 6b). However, it is
ound that the fractal characteristic is not obvious at further high
canning rate due to the appearance of cellular microstructure.

e
t
i

ig. 4. Typical microstructures of the longitudinal sections of the DS Al2O3/YAG e
�m/s; (c) 16.7 �m/s; (d) the relationship between the mean interphase spacing and
2 ternary eutectics grown at different scanning rates: (a) 20 �m/s; (b) 100 �m/s;

.2. Interface structure and eutectic growth mechanism

The phase interface characteristic plays an important role
n microstructure and property of composite material. Since
here are huge amounts of intrinsic and clean interfaces between
utectic phases in directionally solidified oxide eutectics, the

utectic in situ composite can retain superior property even at
emperature near to its melting point. Fig. 7 presents the phase
nterface in directionally solidified Al2O3/YAG eutectic. The

utectics grown by the MEBFZM technique at different rates: (a) 1.7 �m/s; (b)
growth rate17.
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ig. 5. Typical microstructure of the Al2O3/YAG eutectic grown by the LDF
echnique at the scanning rate of 167 �m/s.

nterfaces are smooth and clear without any other phase, which
ndicates that the eutectic phases with low-energy interface can
ond with each other very well.

As is well known, the directionally solidified eutectic
sually presents preferential growth along well-defined crys-
allographic directions. However, the oxide eutectic with very
trong anisotropic growth characteristic tends to display an inter-
onnected microstructure, so the oxide eutectic may present two
ets of orientation relations.4 In terms of Jackson–Hunt (J-H)
heory,24 the eutectic can be categorized according to the growth
haracteristic of eutectic phases as non-faceted/non-faceted
utectic, faceted/non-faceted eutectic and faceted/faceted eutec-
ic, which may exhibit regular or irregular morphology. When
he fusion entropy �S is high and �S/R > 2, where R is gas
onstant, the phase presents faceted growth manner. And if
S/R > 5, the phase possesses strongly faceted growth behavior.
hus if one of the eutectic phases is faceted, the irregular or com-
lex microstructure is formed. Since ΔSAl2O3 is 48 J/(K mol),
SYAG is 122 J/(K mol), and ΔSZrO2 is 30 J/(K mol), Al2O3 and

AG have high value of �S/R > 5 and the value �S/R of ZrO2 is

ust slightly larger than 2. Therefore, Al2O3 and YAG show typi-
ally faceted growth manner to form polyhedral shapes, whereas
rO2 tends to grow with weakly faceted or non-faceted manner

c
P
l
o

Fig. 6. Relationships of fractal dimension with laser scanning rate (a) and eu
ig. 7. TEM morphology of the interface of the eutectic phases in the
l2O3/YAG binary eutectic.

o form rod or slice shapes. As the rapid growth of Al2O3 and
AG with large volume fraction dominates the eutectic solidifi-
ation, the coupled growth of eutectic phases cannot be kept and
he eutectic spacing is no longer constant, which consequently
eads to the irregular growth morphology. It can be concluded
hat the faceted growth is the most important factor to determine
he formation of irregular eutectic morphology.

It is interested to be noticed that regular eutectic morpholo-
ies shown as Fig. 8 can also be observed in the oxide eutectic,
hich is similar to that ever found in Al2O3/GaAlO3 system.25

his indicates that there exists the transition of irregular to reg-
lar growth manner caused by the large cooling rate during the
apid solidification of faceted phase.

.3. Mechanical properties and toughening mechanism

The hardness and fracture toughness are determinated
y Vickers indentation technique. The fracture toughness is

alculated according to the equation proposed by Niihara for
almqvist cracks if l/a ≤ 2.5 or by Anstis for median cracks if

/a ≥ 2.5, where l is crack length and a is half of indentation diag-
nal, which have been described elsewhere.13,14 The mechanical

tectic spacing (b) for the laser remelted Al2O3/YAG binary eutectic22.
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ig. 8. The transition of irregular lamellae to regular rods (right) in transverse c
nd the regular lamellae (alternate array of three phases) observed in the bottom
f 80 �m/s (b).

roperties of laser remelted Al2O3/YAG and Al2O3/YAG/ZrO2
utectics are listed in Table 2 in comparison with those reported
n the literatures. It is shown that for Al2O3/YAG/ZrO2,

V = 16.7 ± 2.0 GPa, KIC = 8.0 ± 2.0 MPa m1/2; while for
l2O3/YAG, HV = 17.5 ± 2.0 GPa, KIC = 3.6 ± 0.4 MPa m1/2.
he fracture toughness of Al2O3/YAG/ZrO2 ternary eutectic is
bviously higher than that of Al2O3/YAG binary eutectic, which
ndicates that the addition of ZrO2 phase and the microstructure
efinement are helpful to increase the fracture toughness.

As compared with that of metallic alloy, the fracture tough-
ess of DS oxide eutectic is very low, which severely restricts

ts practical application. It has always been the main point of
esearch to reveal the toughening mechanism and to develop the
oughening technique for oxide eutectic. Recently more efforts
ave been focused on how to enhance the resistance to crack

ig. 9. The interaction of the crack path and the ternary eutectic microstructure in th
he cracks are arrested by the fine eutectic phases; (b) the cracks are deflected at the A
he crack appears branching in the fine microstructure13.
ection of the Al2O3/YAG binary eutectic grown by MEBFZM at 25 �m/s (a)17

n of the Al2O3/YAG/ZrO2 ternary eutectic grown by LZM at the scanning rate

ropagation. So far, it is believed that the fracture toughness
mprovement for Al2O3-based eutectic in situ composite can be
ttributed to the following factors:

1) The crack arrest by interface. As the microstructure
refinement provides considerable amounts of heterophase
interfaces, the crack propagation can be effectively retarded
by the interfaces. As shown in Fig. 9a, a crack is stopped
and another crack is initiated nearby, but both of them are
eventually arrested by the interface.

2) The crack deflection and branching. The crack deflection in

Al2O3/YAG/ZrO2 ternary eutectic is shown in Fig. 9b and
c. The crack deflection at Al2O3/YAG interface is shown
in Fig. 9b as the arrows indicated while the deflection at
YAG/ZrO2 interface is shown in Fig. 9c. Similar crack

e Al2O3/YAG/ZrO2 ternary eutectic grown at the scanning rate of 40 �m/s: (a)
l2O3/YAG interfaces; (c) the crack is deflected at the YAG/ZrO2 interface; (d)
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Table 2
Mean values of Vickers indentation hardness and fracture toughness for the directionally solidified Al2O3-based eutectic ceramic composite and correlative
comparisons measured by the same method.

System Vickers hardness (GPa) Fracture toughness (MPa m1/2)

Al2O3/YAG (our work) 17.5 ± 2.0 3.6 ± 0.4
Al2O3/YAG/ZrO2 (our work) 16.7 ± 2.0 8.0 ± 2.0
Al2O3/YAG26 15–16 2–2.4
CeO2-doped Al2O3/YAG9 34.7 4.99
ZrO2 modified Al2O3–YAG27 5.6 ± 1.2
Al2O3/YAG/ZrO2

19 14.8 4.3
Al2O3/YAG/ZrO2

28 9.0 ± 2.0
Al2O3/YAG/ZrO2

29 19.8 8.9
A 29
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l2O3/GAP/ZrO2 17.9
l2O3/YAG 30

l2O3/YAG/YSZ 30

deflection is also found by Peña et al.19 The crack deflection
changes the crack propagation path and energy, resulting
in the weakened crack to be easily arrested. As shown in
Fig. 9d, the crack branching in Al2O3/YAG/ZrO2 retards
the crack growth and reduces the stress intensity of crack
tip.

3) High thermal residual stress. The thermal expansion
coefficients of Al2O3 and YAG phases are all about
8.0 × 10−6 K−1, but the value of ZrO2 is 12.0 × 10−6 K−1.
The discrepancy in thermal expansion coefficients results in
high thermal residual stress in Al2O3/YAG/ZrO2. So Al2O3
and YAG are often subjected to compressive stress but ZrO2
is subjected to tensile stress.19 High residual tensile stress
(>1 GPa) in ZrO2 has been reported in Al2O3/YAG/ZrO2
eutectics.8 It is considered that the crack is preferred to be
arrested in regions subjected to compressive stress since
the crack propagation energy is extremely consumed and
released.

. Conclusions

The Al2O3/YAG binary eutectic and Al2O3/YAG/ZrO2
ernary eutectic in situ composites are successfully fabricated
y the laser zone melting technique, the modified electron beam
oating zone melting technique and the laser direct forming

echnique under different growth conditions with high thermal
radients. The eutectics exhibit the solidification microstruc-
ure as “Chinese Script” pattern consisting of entangled network
f eutectic phases. The eutectic spacing is extremely reduced
ue to rapid solidification and ZrO2 addition. The minimum
utectic spacing is 100 nm. The Al2O3-based eutectic generally
hows complex and irregular microstructure caused by faceted
rowth derived from high fusion entropy of eutectic phases. The
ransition of faceted to non-faceted growth morphology is also
ound. The hardness reaches 17.5 GPa and 16.7 GPa, and the
racture toughness reaches 3.6 MPa m1/2 and 8.0 MPa m1/2 for
l2O3/YAG and Al2O3/YAG/ZrO2, respectively. The improved
racture toughness is mainly attributed to microstructure refine-
ent and ZrO2 addition, which leads to effective retardance of

rack propagation by crack arrest, deflection, branching as well
s high residual stress. The thorough research on solidification
8.5
2–4 (SENB method)
5–5.3 (SENB method)

haracteristic, eutectic growth manner and toughening mecha-
ism of Al2O3-based eutectic are in progress in order to further
evelop the eutectic solidification theory and the preparation
echnique for high performance Al2O3-based eutectic ceramic
n situ composite.
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