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bstract

anosized particles dispersed uniformly on Al2O3 particles were prepared from the decomposition of precursor Cr(CO)6 by metal organic chemical
apor deposition (MOCVD) in a fluidized chamber. These nanosized particles consisted of Cr O , CrC , and C. A solid solution of Al O –Cr O
2 3 1−x 2 3 2 3

nd an Al2O3–Cr2O3/Cr3C2 nanocomposite were formed when these fluidized powders were pre-sintered at 1000 and 1150 ◦C before hot-pressing
t 1400 ◦C, respectively. In addition, an Al2O3–Cr2O3/Cr-carbide (Cr3C2 and Cr7C3) nanocomposite was formed when the particles were directly
ot pressed at 1400 ◦C. The interface between Cr3C2 and Al2O3 is non-coherent, while the interface between Cr7C3 and Al2O3 is semi-coherent.

2007 Elsevier Ltd. All rights reserved.
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. Introduction

Alumina has been much used in structural ceramic appli-
ations because of its excellent mechanical properties, good
hemical stability, and high temperature characteristics. Vari-
us second phase particles have been reported in the literature
s additives to improve its inherent brittle property.1–3 A com-
osite consisting of Al2O3 as a matrix and micro-sized Cr3C2
s the second phase reinforcing particle has been prepared by
uang,4–6 Fu and coworkers.7,8 These Al2O3/Cr3C2 compos-

tes demonstrated superior mechanical properties to those of the
atrix phase due to the high Young’s modulus of Cr3C2 and its

utstanding ability to resist high-temperature erosion at tempera-
ures up to 1000 ◦C.9 In addition, the good electrical conductivity
f Cr3C2

10 makes electrical discharge machining possible.
Besides second phase particles, solid solution strengthening

s another mechanism for the Al2O3 matrix. Chromia (Cr2O3)
as been used to improve the physical properties of Al2O3.11–14
s Cr2O3 has the same corundum crystal structure as Al2O3,
l2O3–Cr2O3 can form substitutional solid solution in all ranges

t high temperature. The addition of Cr2O3 was found to increase

∗ Corresponding author. Tel.: +886 6 234 8188; fax: +886 6 276 3586.
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he hardness, tensile strength, and thermal shock resistance of
l2O3.
More attention has been given to nanocomposites since

iihara et al.15 reported that advantages of nanometer inclusions
re able to achieve several benefits. The nanometer inclusions
re difficult to be uniformly dispersed within the microscaled
atrix particles. This problem arises since that the nanosized

articles are easy to agglomerate due to the interaction between
he particles. The agglomerate will promote the generation of
oids during densification and produce microstructural non-
omogeneity.16 It has been found that the combination of
onventional fluidized bed technology with CVD is an effective
ethod to deposit particles on powders.17–19 The advantage of

his method is that a fluidized bed provides uniform temperature
nd concentration of decomposed precursor to make the good
ispersion of fine particles on the fluidized particles.20

In this present work, nanometer-sized Cr2O3 coated on
icrometer-sized Al2O3 has been prepared by MOCVD in a
uidizing reactor, using Cr(CO)6 as the precursor. An Al2O3-
ased nanocomposite containing nanosized Cr-carbide particles
Cr3C2, Cr7C3) and solid solution Al2O3–Cr2O3 can be hot

ressed. The processing and microstructure development of
hese nanocomposites are particularly discussed here. The

echanical properties of these nanocomposites will be the sub-
ect for further publications.

mailto:JLH888@mail.ncku.edu.tw
dx.doi.org/10.1016/j.jeurceramsoc.2007.02.207
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Table 1
Sintering conditions of samples

Samples Sintering powders Sintering conditions

ALO Pure alumina powder 1400 ◦C/1 h, pressure 25 MPa
S ◦ for 1 h 1000 ◦C/1 h, then 1400 ◦C/1 h, pressure 25 MPa
S for 1 h 1150 ◦C/1 h, then 1400 ◦C/1 h, pressure 25 MPa
S for 1 h 1400 ◦C/1 h, pressure 25 MPa
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ample 1 Composite powders fluidized at 300 C
ample 2 Composite powders fluidized at 300 ◦C
ample 3 Composite powders fluidized at 300 ◦C

. Experiment

.1. Powder and sample preparation

Chromium hexacarbonyl (Cr(CO)6, 99%, Strem Chemicals
o., USA) was used as the precursor of chromium oxide in

he MOCVD process. Aluminum oxide powder (A16SG, Alcoa,
SA) was used as the matrix powder, and the average particle

ize was about 0.2–0.4 �m. A vaporized precursor carried by
e gas (99.9% pure) was introduced into the fluidized bed reac-

or for the MOCVD process. Based on Lander’s results,21 the
recursor container was kept at 75 ◦C in a vacuum (10 torr) in
he present experiment. The Cr(CO)6 vapor was decomposed in
he fluidized chamber at 300 ◦C, causing it to leave a deposit
n the fluidizing alumina particles in the chamber. A detailed
escription of the process can be found elsewhere.22

.2. Densification

The 200 mesh fluidized powder is first die-pressed, and then
ut into a BN-coated graphite die and hot-pressed at a pressure
f 25 MPa in a HP furnace (High-multi 5000, Fujidempa Kogyo
o., Ltd., Japan) at 1400 ◦C under vacuum (5 × 10−4 torr). The
etailed sintering conditions of the different samples are listed
n Table 1.

.3. Characterization of properties

The deposited particles and hot pressed pieces were ana-
yzed by XRD (Rigaku D/MaxIII, Japan) using Cu K radiation
f 1.5418 Å wavelength. FEG-TEM (field emission gun trans-
ission electron microscopy, FEI Tecnal F20, USA) equipped
ith high angle annular dark field (HAADF) scanning transmis-

ion electron microscopy (STEM) was used to characterize the
hase composition and microstructure. In addition, XPS (X-ray
hotoelectron spectroscopy, VG Scientific 210, England) was
sed to identify the coating phases by their binding energy. An
mage analysis program of Matrox Inspector 2.2 was utilized
o determine the matrix grain size and volume percents of the
einforcing particles based on the micrographs.

. Results and discussion

.1. Characteristics of particles prepared by the pyrolysis
f Cr(CO)6
The vaporized precursor Cr(CO)6 decomposed at 300 ◦C in
he reaction chamber without alumina powder as the matrix.
ig. 1(a) shows the TEM micrograph of the particles of decom-

Fig. 1. (a) TEM micrograph of nanosized particles of decomposed Cr(CO)6

prepared at 300 ◦C. (b) TEM diffraction pattern shows the nanosized particle is
an amorphous phase.
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Fig. 5 shows the XRD patterns of the fluidizing powders
treated at a variety of temperatures from 700 to 1150 ◦C in
the graphite furnace in a vacuum for 2 h. The Cr2O3 peaks
seen in the XRD patterns clearly indicate that the amorphous
ig. 2. X-ray photoelectron spectra of the C1s regions of decomposed Cr(CO)6

repared at 300 ◦C in fluidized bed.

osed Cr(CO)6 collected from the fluidized chamber wall. It can
learly be observed that the particles are nanosized. Fig. 1(b)
hows the TEM electron diffraction pattern of the nanosized
articles in Fig. 1(a). It demonstrates that the particles of decom-
osed Cr(CO)6 are amorphous. The XPS spectra of the particles
f decomposed Cr(CO)6, with bonding energy at the C1s and
r2p regions, are displayed in Figs. 2 and 3, respectively. In
ig. 2, the solid line is the experimental data, the dashed line is
sed to fit the data, and the dotted lines are deconvolutions of the
t into two peaks. The XPS spectra of the C1s regions in Fig. 2
rovide evidence that at least two forms of carbon bonding exist
n the particles of decomposed Cr(CO)6. One is carbon bonded
o chromium atoms (C–Cr) at 283.5 eV, and the other is free car-

on (C–C) at 284.6 eV. Fig. 3 indicates two peaks corresponding
o the spin-orbit splitting 2p1/2 and 2p3/2 of Cr, which has a bond-
ng energy of 586.3 and 576.6 eV, respectively. The band shift of
hese two peaks is 9.7 eV, which indicates the existence of Cr2O3

ig. 3. X-ray photoelectron spectra of the Cr 2p regions of decomposed Cr(CO)6

repared at 300 ◦C in fluidized bed.
F
p
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n the particles of decomposed Cr(CO)6. 23 During pyrolysis, the
O ligands in Cr(CO)6 gradually disappeared24 and produced
r and CO. However, Shinn and his collaborators25 report that

he CO molecules are unstable and have a tendency to chemisorb
nto the surface of transition metals, causing the bond between
arbon and oxygen to break after the occurance of chemisorp-
ion. Therefore, the XPS results showing that the products of the
ecomposed Cr(CO)6 are Cr2O3, carbide (Cr–C) and free car-
on are reasonable. Schuste et al.26 report that CrC1−x and free
arbon are fabricated in the coating when Cr(CO)6 is used as
he precursor in the MOCVD process. In our study, the carbide
rC1−x, corresponding to the C–Cr binding in the XPS in Fig. 2,
as found in the particles of decomposed Cr(CO)6. Bouzy and

oworkers27 found C atoms in the octahedral interstitial sites of
he cubic-closed Cr packing in the non-stoichiometric CrC1−x

tructure.

.2. Characteristics of nano-particles deposited on the
lumina

Fig. 4 shows the TEM micrograph of the fluidized parti-
les; it clearly shows that the nanosized Cr-species particles
re well dispersed on the surfaces of the alumina when the
lumina powders have been used as the matrix powder in the
uidized chamber at 300 ◦C for 2 h. This result indicates that

he vaporized Cr(CO)6 precursor can be deposited on the sur-
aces of fluidizing alumina particles via the pyrolysis effect by
eans of a combination of chemical vaporized deposition and
uidized bed technique.
ig. 4. TEM micrograph of nano-particles deposited on the surface of Al2O3

articles.
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ig. 5. XRD patterns of the powder thermally treated at a variety of temperatur
raphite furnace for 2 h for the fluidized powders prepared in the fluidized bed.

r2O3 has crystallized, but does not carbonize at temperatures
nder 1000 ◦C. As, Bouzy27 and Bewilogua28 report, an anneal-
ng treatment causes a transformation of the metastable carbide
rC1−x into the stable carbide phase Cr3C2. In this study,
r3C2 peaks are not observed in the XRD patterns shown in
ig. 5(a)–(d), consequently, suggesting that the CrC1−x content
f the decomposed Cr(CO)6 is too little to be found in XRD pat-
erns. According to the XRD pattern shown in Fig. 5(e), Cr2O3
eacts with carbon and transforms into Cr3C2 when the treatment
emperature is 1150 ◦C. This carbothermal reaction process9 can

e shown as reaction (1):

r2O3(s) + 13/3C(s) → 2/3Cr3C2(s) + 3CO(g) (1)

p
s
t
m

Fig. 6. XRD patterns of hot pressed samples: (a) ALO
) 700 ◦C, (b) 800 ◦C, (c) 900 ◦C, (d) 1000 ◦C, and (e) 1150 ◦C in a vacuum in a

.3. The formations of Cr-carbide/Al2O3 nanocomposite
nd Cr2O3/Al2O3 solid solution

The detailed sintering conditions of the different samples of
LO, sample 1, sample 2, and sample 3, are shown in Table 1.
ig. 6 shows the XRD patterns of the samples thermally treated
nder different conditions. The Si peaks shown in the XRD
attern were used for calibration.

First, Fig. 6(a) and (b) indicate that the Al2O3 peaks for sam-
le 1 shifted to lower angles than those for ALO. With ALO the

ure alumina powder was hot pressed at 1400 ◦C, while with
ample 1 the fluidized powder was pre-sintered at 1000 ◦C before
he hot pressing at 1400 ◦C. During the pre-sintering at 1000 ◦C,

ost of the Cr2O3 reacted with Al2O3 to form an Al2O3–Cr2O3

, (b) sample 1, (c) sample 2, and (d) sample 3.
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Fig. 7. HAADF STEM micrographs of sam

olid solution and thus the Al2O3 peaks shifted to lower angles
n the XRD pattern. Furthermore, the color of the pieces is dark
ed,29 as observed in sample 1, due to the (Al,Cr)2O3 solid
olution reaction product.

Secondly, a comparison with the peaks of ALO reveals that
he Al2O3 diffraction peaks of sample 2, as shown in Fig. 6(c),
hift to lower angles, occurring simultaneously with the peaks
f Cr3C2. Consequently, besides forming a solid solution, some
f the Cr2O3 reacts with carbon as Eq. (1) to form chromium
arbide Cr3C2 when the powders have been pre-sintered at
150 ◦C.

Thirdly, Fig. 6(d) shows the XRD patterns of sample 3. Sim-
lar to the results of sample 2, in addition to forming a solid
olution, some of the Cr2O3 was also carbonized. However,
t transformed into mixed phases of Cr3C2 and Cr7C3 when
he fluidized powders were hot pressed at 1400 ◦C. Berger et
l.30 reports that Cr7C3 is formed at an elevated temperature

>1150 ◦C). Moreover, the TG/DTA results of our previous
aper22 also indicate that the generation temperature of Cr7C3
s about 1170 ◦C. This carbothermal reaction process11 can be
hown as reaction (2). Consequently, not only Cr3C2, but also

T
g
T
F

a) sample 1, (b) sample 2 and (c) sample 3.

r7C3 is formed in sample 3, hot pressed at 1400 ◦C.

r2O3(s) + 27/7C(s) → 2/7Cr7C3(s) + 3CO(g) (2)

.4. Microstructure of hot-pressed samples

According to Bondioli et al.31, at temperatures of over
000 ◦C the complete ranges of substitutional solid solutions
re obtained. Fig. 7(a) is the HAADF STEM image of sample
, showing almost all the Cr3+ replaced the Al3+ and formed a
l2O3–Cr2O3 solid solution.
Fig. 7(b) and (c) are the HAADF STEM images of samples 2

nd 3, respectively, showing that in addition to forming a solid
olution, nanosized chromium carbide particles also disperse
niformly in the alumina matrix. Comparing the HAADF STEM
mages of samples, sample 2 has smaller alumina grain size than
thers (sample 1: 1.5 �m, sample 2: 0.7 �m, sample 3: 0.9 �m.)

his is because it has much nanosized particles on the Al2O3
rain boundaries, which effectively inhibit the grain growth.
he volume percentages of the reinforced particles showing in
ig. 7(b) and (c) are 4.5 and 1.5 vol%, respectively. Conversely,
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Fig. 8. Lattice images of the interfaces (a) between Cr C and Al O , and (b)
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etween Cr7C3 and Al2O3.

he Al2O3 grains of sample 1 have a larger growth size as a result
f the diffusion of Cr atoms inducing grain boundary migration
DIGM).32 The drive force for the migration is believed to rise
rom the coherency strain in the Cr2O3 diffusion zone in front
f the migrating grain boundaries.

There are two HRTEM micrographs of interfaces shown in
ig. 8. One is the interface between the Cr3C2 and Al2O3 and

he other is the interface between Cr7C3 and Al2O3. The inter-
ace between Al2O3 and Cr3C2 is non-coherent, as shown in
ig. 8(a). The smaller illustrations in Fig. 8(a) show Al2O3
ith hexagonal and Cr3C2 with orthorhombic structure. The

attice spacing of the Al2O3 (1̄ 0 1 4) is 0.255 nm and that of
he Cr3C2 (0 0 2) is 0.115 nm. The spacing difference between
hese two planes is large. However, the interface between Al2O3
nd Cr7C3 is semi-coherent, as shown in Fig. 8(b). Structures

f both Al2O3 and Cr7C3 are hexagonal. The lattice spacing
f the Al2O3 plane (1̄ 1 0 2) and Cr7C3 plane (2 2̄ 0 1) are 0.349
nd 0.360 nm, respectively. There is little difference between the
attice spacing of these two hexagonal planes.

1

1

eramic Society 27 (2007) 4759–4765

. Conclusions

The method used in this study, which combines MOCVD
nd a fluidized bed, can fabricate nanocomposite particles in
hich the nanosized Cr-species are deposited uniformly on alu-
ina particles. Cr2O3 reacts with free carbon and carbonizes

nto Cr3C2 at 1150 ◦C in vacuum condition. Solid solution of
l2O3–Cr2O3 was formed when the sintering condition was
re-sintering at 1000 ◦C before hot-pressing at 1400 ◦C. When
re-sintering at 1150 ◦C before hot-pressing at 1400 ◦C, both a
olid solution of Al2O3–Cr2O3 and a Cr3C2–Al2O3 nanocom-
osite were formed. However, the second phase particles became
mixed phase of Cr7C3 and Cr3C2 when directly hot pressed at
400 ◦C. Interface between Al2O3 and Cr7C3 is semi-coherent,
hile between Al2O3 and Cr3C2 is non-coherent.
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