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bstract

anosized chromium carbide has been prepared by metal–organic chemical vapour deposition (MOCVD) method in a fluidized bed and carburized
n the mixture of CH4/H2 atmosphere in temperature range 700–850 ◦C. The carburization process involves carbon deposition on the outer surface
f the Cr2O3 powder, followed by carbon diffusion into the powder, leading to formation of metastable Cr3C2−x phase and stable Cr3C2. The phase
ransformation from Cr O to Cr C via an intermediate state Cr C has been identified using electron-energy loss spectroscopy (EELS) and
2 3 3 2 3 2−x

icro-Raman spectroscopy. We could hypothesize that the formation of carbon nanofilms surrounding the carbide crystallites provides the stress
nd assist the phase transformation from metastable Cr3C2−x to stable Cr3C2.

2010 Elsevier Ltd. All rights reserved.

eywords: Precursors-organic; Nanocomposites; Spectroscopy; Al2O3; Carbides

C
C
f
L
a
a
C
b
m
i
t
c
a

t
e

. Introduction

Over the past several decades, there have been efforts on
mproving the strength and the toughness of alumina, by the
se of nanocomposites.1–4 The incorporation of hard particulate
einforcement has been shown to be an easy, safe and economi-
ally toughening technique for alumina ceramics. The carbides
re good reinforced materials for oxide ceramics due to their
igh melting point, high hardness, high Young modulus and
ear resistance. Among the carbides, the Cr3C2 used for the

econd phase has been proved to exhibit improved mechani-
al properties and enhanced temperature oxidation resistance
f Cr3C2/alumina composites.3–5 In addition, Cr3C2 is a mate-
ial with high electrical conductivity and the Cr3C2/ceramic
omposite has potential applications for electrical discharge
achining (EDM).6
The mostly reported Cr3C2 were prepared from the reduc-
ion of chromium oxide by methane gas.7 However, besides
he three stable chromium carbides such as Cr3C2, Cr7C3, and

∗ Corresponding author. Tel.: +886 6 2348188; fax: +886 6 2763586.
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r23C6, several metastable carbides were reported including
r3C, CrC1−y, Cr5C2, and Cr3C2−x which were exist during dif-

erent preparation methods and for various Cr/C contents.8–10

erch and Rousset11 indicated that the CrO1.9 with high surface
rea (200–350 m2/g) reduces at 700 ◦C in the mixture of methane
nd hydrogen atmosphere and produces Cr3C2 and metastable
r3C2−x. The metastable Cr3C2−x powder was also prepared
y Loubière et al.12,13 using CH4–H2 atmosphere to carburize
etastable chromium oxide. Summarizing above literatures, it

s observed that the metastable Cr3C2−x is a Re3B-type struc-
ure which can be found by carburization of high specific surface
hromium oxide and usually present together with Cr2O3, Cr3C2
nd free carbon.

Electron energy loss spectroscopy gives information about
he electronic structure of chromium and carbon in Cr3C2. Lozzi
t al.14 have studied the electronic structure of Cr clusters on
raphite by measuring L2,3 ionization edges using EELS tech-
ique. They observed that there is a variation in the intensity ratio
f L3–L2 ionization core edges. The EELS core edge energy is

hat required to excite an electron from a core level to the first
noccupied state above Fermi level Ef. Therefore, these vari-
tions in L3/L2 ratio are due to the empty d states above Ef.
an et al.15 have studied the electronic structure of Cr as well

dx.doi.org/10.1016/j.jeurceramsoc.2010.12.005
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s carbon of chromium-doped diamond like-carbon films from
arbon K edge and Cr L edge using EELS analysis.

Raman spectroscopy is a best tool for characterization of
arbon based materials. Different Raman modes for diamond,
raphite and amorphous carbon have been studied by different
roups.16–18 Barshilia et al.19 have studied the Raman spectra
f CrxOy/Cr/Cr2O3 multilayer coatings on Cu substrates. They
ave observed the A1g and Eg Raman modes, which are the
haracteristic of Cr2O3.

In our previous study,20,21 Cr2O3/Al2O3 composite powders
ere prepared by the decomposition of chromium hexacarbonyl

n a fluidized bed. The composite powder then hot-press sintered
n a graphite mode and transformed as Cr3C2/Al2O3 nanocom-
osite. But some residual Cr2O3 reacted with Al2O3 in high
emperature became solid solution thereby decreasing Cr3C2
ontents. In order to carburize the chromium oxide completely,
he present paper reports the nanosized chromium carbide from
recursor carburization in a CH4/H2 mixture gas. The phase
volution and formation mechanisms were characterized by the
ELS and micro-Raman spectroscopy.

. Experimental procedure

The decomposed powder was fabricated by metal–organic
hemical vapor deposition (MOCVD) method in a fluidized bed.
he schematic diagram of the homemade apparatus is given in
ur earlier paper.22 The precursor comprising of metal–organic
hromium hexacarbonyl (Cr(CO)6, 99% Strem Chemicals Co.,
SA) was initially heated for evaporation at 75 ◦C. He gas was
sed as the carrier gas for transporting these precursor vapors
nto the reaction chamber for coating on the fluidized alumina
owder (�-Al2O3, 99.9%, A16SG, Alcoa, USA), which was
sed as the matrix powder. The pressure of reaction chamber
as controlled at 10 torr and the reaction temperature was kept

t 300 ◦C. The as-received powder then carburized in an alumina
ube furnace in the presence of methane–hydrogen mixture (1:
) gas at 700–850 ◦C for 5 h.

The electron-energy loss spectroscopy (EELS) of prepared
amples was characterized by field emission gun scanning
ransmission electron microscopy (FEG-STEM) equipped with
nergy dispersive X-ray detector (EDS) and energy filter
Gatan). The presence of the chromium oxide, carbide and
arbon phases was analyzed by micro-Raman spectroscopy
sing a solid laser (514.5 nm) with an output power of
0 mW for 30 seconds (LabRAM HR). The Raman spectra
re taken in the range of 1100–1800 cm−1 and 200–800 cm−1

or the detection of C–C and Cr binding energy, respec-
ively. The microstructures have been studied by (FE-SEM,
HILIPS / FEI XL 40) and (FEG-TEM, TEI Tecnal F20,
SA).

. Results and discussion

◦
The pyrolysis of Cr based precursor Cr(CO)6 at 300 C results
he formation of Cr2O3, C–Cr and C–C bonds observed from
PS spectra.22 The decomposed precursor deposits uniformly
ver Al2O3 and the deposited nanoparticles (∼30 nm) are shown

f
d
i
c
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n the TEM micrograph (Fig. 1(a)). The insert shows the TEM
attern of the deposited nanoparticles, which is amorphous in
ature. From the EDS spectrum shown in Fig. 1(b), it is con-
rmed that the nanoparticles consist of mostly Cr and O along
ith small amount of C. The presence of Cu is the contribution

rom Cu grid.
Fig. 2 shows the EELS spectra of Cr L edge for the sample of

he decomposed precursor and the samples carbonized at 800 ◦C
nd 850 ◦C. The chromium L edges have features comprising
wo sharp L2 and L3, known as “white lines”14 and a continuum
ackground following the edge. The sharp double peaks are due
o transitions from the 2p1/2 and 2p3/2 core levels towards 3d
tates above Ef. The sharp peaks of L2 and L3 at threshold are
ue to the transitions from the 2pl/2 core levels to 3d3/2 states
nd the 2p3/2 core levels to 3d3/2 3d5/2, respectively. The L3/L2
hite line ratio is correlated to the electron occupancy and spin
airing in 3d band. The variations of the ratio are due to the
nteraction between chromium and surrounding atoms. A change
f the L2, L3 edge intensities in the samples indicates a variation
f the d holes because the edge intensity is proportional to the
umber of the empty final states available. The ratio of L3/L2
f sample shown in Fig. 2(a) is higher than that of carbonized
amples. According to the results of Arévalo-López et al.23 the
atio of L3/L2 for the Cr2O3 is about 1.6 and from the report
f Fan et al.15 the ratio of L3/L2 for the Chromium carbide is
bout 1. A comparison between Fig. 2(b) and (c) shows L3 edge
f the sample carbonized at 850 ◦C is 577.72 eV, while that of
ample carbonized at 800 ◦C is 575.42 eV. The shift in energy
2.3 eV) is called the chemical shift. This result is due to the
ransformation from the metastable carbide to stable carbide,
ecause the EELS represent the difference in energy between
core-level initial state and the lowest energy final state of an

xcited electron. But the energy loss close to 577.72 eV for the
ecomposed precursor,24 which consists of Cr2O3 is same as
he sample carbonized at 850 ◦C. It is observed that there is
o chemical shift between this two species because Cr2O3 and
r3C2 are both chemically stable compounds.

The � electron formed sp2 bonding observed from the EELS
pectra of C K edges as shown in Fig. 3. The peak of sp2 bond-
ng is sharper when the carbonized temperature increases from
00 ◦C to 850 ◦C. The sharpening of sp2 peak is attributed to
he formation of graphite like carbon according to Fan et al.15

n Cr3C2, C is graphite like rather than diamond like, which
omprising of sp3 bonded carbon atoms. For the as decom-
osed precursor, the content of carbon was little and formed
morphous phase. More carbon produced from the pyrolysis of
ethane coated on the Cr2O3 surface and then formed graphite

hase and metastable carbide of Cr3C2−x, when the sample was
reated at 800 ◦C for 5 h. The increase of treated temperature
o 850 ◦C, enhanced the process of carbonizing reaction lead-
ng to more graphite formation followed by transformation of

etastable Cr3C2−x to stable carbide of Cr3C2.
The SEM micrographs of the decomposed precursor at dif-
erent carburized temperature are shown in Fig. 4. The as
ecomposed precursor exhibits particle size of 20–30 nm shown
n Fig. 4 (a) and the particle size increases with the increase of
arburized temperature observed from Fig. 4(b)–(e). The maxi-
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Fig. 1. TEM micrographs of (a) nanoparticles deposited on alumina particle and (b) EDS spectrum of the coating particle.
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um particle size is observed to be 150–200 nm for the precursor
arburized at 850 ◦C for 5 h. Similar trend in particle size has

lso been observed from the TEM morphology of the decom-
osed powder at different carburized temperature (Fig. 5). From
EM microstructures, it is observed that the carbon layers are

ig. 2. EELS of Cr L edges: (a) decomposed precursor, (b) carbonized at
00 ◦C/5 h (Cr3C2−x), and (c) carbonized at 850 ◦C/5 h (Cr3C2).
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oated on Cr2O3 surface and the coating is very effective at
igher temperatures in the range 800–850 ◦C.

The presence of the chromium oxide, carbide and carbon

hases of the decomposed powder at different temperature has
een analyzed by micro-Raman spectroscopy as shown in Fig. 6.

ig. 3. EELS of C K edges: (a) decomposed precursor, (b) carbonized at
00 ◦C/5 h (Cr3C2−x), and (c) carbonized at 850 ◦C/5 h (Cr3C2).
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Fig. 4. SEM micrographs of decomposed precursor: (a) as prepared, and carburized at (b) 700 ◦C, (c) 750 ◦C, (d) 800 ◦C, and (e) 850 ◦C for 5 h.
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he feature of the powder of as decomposed precursor is not
bvious, i.e. the content of free carbon bonds is very little. After
arbonized treatment increases from 700 ◦C to 850 ◦C, the peak
f D-bands and G bands become more prominent. The D-band
s called as the disorder or defect band and the G-band cor-
esponds to the graphite band, i.e. sp2 bonded carbon atoms.
he Intensity of G band peaks increases with higher carboniza-

ion temperatures means there is presence of more graphite and
arbide. Moreover, increased ID/IG ratio indicates an increase
n the sp2 bonding according to Lacerda et al.25 It is consis-
ent with the results of TEM images showing the carbon layers

oating on the Cr2O3 surface. The Raman spectra of the decom-
osed powder at different temperature taken in the range of
00–800 cm−1 are shown in Fig. 7. The peaks at 542 cm−1 and

c
s
o

302, 341, 596 cm−1) corresponds to Raman A1g and Eg modes
f Cr2O3.19 The intensities of Cr2O3 at these peak positions are
omparable between 700 ◦C and 750 ◦C, while these are reduced
lightly at 800 ◦C and 850 ◦C. This gives information about the
ransformation trend from Cr2O3 to Cr3C2 but not completely
onversion.

Based on these above results, we could hypothesize the fol-
owing phase transformation steps: In the first step, the methane
ecomposes to elemental carbon and hydrogen.26,27 The car-
on reacts with the Cr2O3 at temperatures higher than 800 ◦C,
nd produce partial Cr3C2 phase and CO(g). The CO(g) can also

arburize the Cr2O3 further. There are three kinds of carbon
ources in the system viz. free carbon from the decomposition
f methane, CO from above reaction and C–C bonding from
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Fig. 5. TEM morphology of decomposed precursor: (a) as prepared, and carburized at (b) 700 ◦C, (c) 750 ◦C, (d) 800 ◦C, and (e) 850 ◦ C for 5 h. The carbon layers
o

t
w
g
a
s
c

s
c
t

n Cr2O3 particles are marked by arrows.

he precursor. Finally, the unreacted redundant carbon sources
ould deposit on the surface of the powder as the lamellar
raphene. The graphene deposited during the carburization has

n important role for the formation of meta-stable Cr3C2−x and
table Cr3C2. Initially, carbon gets absorb on the surface of
hromium oxide at low temperature. As the temperature rises,

i
a
C

ubstantial amount of carbon is available, leading to metastable
hromium carbide. Finally, as the temperature increases further,
he redundant carbon forms the graphene layers. Further thicken-

ng of the graphene films, generates a mechanical stress13 which
ssists the transformation of meta-stable Cr3C2−x state to stable
r3C2 phase.
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Fig. 6. Raman spectra of decomposed powder at different temperature in the
range of 1100–1800 cm−1.

Fig. 7. Raman spectra of decomposed powder at different temperature in the
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Res 2005;20:2154–60.
ange of 200–800 cm−1.

. Conclusion

The Cr(CO)6 powder is decomposed by MOCVD fluidized
ed and form an amorphous Cr2O3 with free C–C bond-
ng and C–O bonding through the carbonized treatment under
he CH4–H2 atmosphere. Electron-energy loss spectroscopy
nd micro-Raman analysis reveal that the decomposed powder
ransforms from chromium oxide to chromium carbide [Cr2O3
700 ◦C) → Cr3C2−x (800 ◦C) → Cr3C2 (850 ◦C)] via an inter-
ediate metastable state. Initially, the decomposed carbon from
ethane adsorbs on the surface of chromium oxide. With the

ncrease of temperature, the chromium oxide transforms to
hromium carbide.
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