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Investigation of chromium carbide/alumina nano-composite prepared via
MOCVD in fluidized bed and densification process
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Abstract

Nano-sized Cr-species particles with a size about 20-40 nm, uniformly coated on alumina particles, has been prepared by metal organic chemic
vapor deposition (MOCVD) in the fluidized chamber, using the pyrolysis of Cré@@cursor. The Carbothermal reactions of Cr-species in an
Ar atmosphere in a graphite furnace at 1260for 2 h and the microstructure of high pressure sintering specimen are reported. The crystalline
phase of the powder deposited in fluidized bed was characterized by an X-ray diffractometer, and transmission electron microscopy. The analys
indicates that the deposited powders were metastable Cafid CkOs. These Cr-species were transferred into stable chromium carbigl@,(Cr
and CrC;) after the thermal treatment as well as high pressure sintering. Microstructure of sintering specimen shows that the cluster of coating
nano-particles were formed in the fluidized bed which coarsen during densification and generally located on the grain boundary to inhibit the
alumina grain growth. Further, the independent coating nano-particle was also incorporated into the alumina grains.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction inclusions have been reported by Nakahira and NiiH8ta
These are the reduction in grain size of the matrix grains, and
Alumina (Al2O3) is one of the most widely used ceramic the strengthening and toughening of the composites. Various
materials because of its excellent physical, thermal and chemicatethods such as gas condensa{@h laser induced pyroly-
properties, but its intrinsic brittleness and relatively poor relia-sis [10], sol-gel[11,12], microwave plasm#l3] and gamma
bility make the toughening of alumina ceramics an importantadiation[14] synthesis have been investigated for synthesizing
and challenging area. Among the reported toughening methano-size particles. Furthermore, using traditional mixing tech-
ods[1-4], the incorporation of hard particulate reinforcementniques for preparing particle-reinforced composite, the nano-
has been proven to be an easy, safe and economical tougbcaled reinforced particles are difficult to disperse uniformly
ening technique for alumina ceramics. Chromium carbide hasen the micro-scale matrix particles. This problem is ascribed
been successfully incorporated into,®g [1] for toughening to the fact that nano-scale particles agglomerate easily due to
purposes owing to its high Young’s modulus and its high temperthe interaction between the particles. It was recognjiBjthat
ature erosion resistance. Quite promising mechanical propertiesfluidized bed reactor can supply an environment with a uni-
and high temperature oxidation resistance of chromium carfform temperature and concentration of the coating precursor,
bide/alumina composites have been previously reported in thehich can provide the possibility of a good dispersion of rein-
literature[1,5-7] The advantages of the addition of ultrafine forcing nano-particles in a matrix. A precursor vaporized at a
low temperature is the major characteristic of the metal—organic
chemical vapor deposition (MOCVD) process. The combination
* Corresponding author. Tel.: +886 6 234 8188; fax: +886 6 276 3586. of conventional fluidized bed technology with standard chemical
E-mail address: JLH888@mail.ncku.edu.tw (J.-L. Huang). vapor deposition has been proven to be an effective method to
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Fig. 1. Schematic diagram of MOCVD in fluidized bed reactor.
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Fig. 2. (a and b) TEM micrographs of as-deposited particle prepared by MOCVD in fluidized bed°&@ #00l,, showing the nano-sized Cr-species particles
coated on micro-sized ADs particle. “X” is a cluster nano-particles, “y” is a single nano-particle (c) EDS spectrum of the coating particle “z” in (b).
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deposit particle§l6,17] In this study, a fluidized powder reac-
tor was used for MOCVD processes to produce the nano-sized
particles coated on to AD3 particles with a micron grain size.
The carbonizing of the nano-sized particles, the sintering behav-
iors and microstructure of the composites were also discussed
in this study.

2. Experiment

Chromium hexacarbonyl (Cr(C@)99%, Strem Chemicals
Co., USA) was used as a precursor for chromium oxide in the
MOCVD process. Aluminum oxide powder (A16SG, Alcoa,
USA) was used as the matrix powder. The vapor of the pre-
cursor was carried by Ngas (99.9% pure) that was introduced
into the fluidized bed reactor for the MOCVD process.

Based on Lander’s repofi8], the precursor container was
kept at 75°C in a vacuum (10 Torr) in the present study. Hex-
acarbonyl vapor, which was carried by as, was decomposed
in the hot chamber (where the temperature was maintained at
400°C) and then the decomposed species would deposit on the
fluidizing alumina particles. A schematic diagram of the appa-
ratus is shown ifrig. 1

The as-deposited particles were characterized by X-ray
diffractrometry (Rigaku D/Maxll, Japan). Field Emission Trans-
mission Electron Microscopy (FETEM, Hitachi FE-2000,
Japan) equipped with energy dispersive X-ray spectroscopy
(EDS, England) was used to identify phase, morphology and
composition. The as-deposited powder was ball-milled for 24 h
and sieved through a 200-mesh screen. The sieved powder was
then thermally treated at 125Q for 2 h in an Ar atmosphere in
a graphite furnace. The ball-milled and screened powder, used
as the sintering powder, was high pressed at 2@D@nder
a mechanical pressure of 25MPa for 1h (High-multi-5000,
Fujidempa Kogyo Co., LTD., Japan) under vacuunt@Torr).

The microstructure and phases of the sintered samples were also
characterized by XRD, SEM (XL-40 FEG Field Emission Scan-
ning Electron Microscope, Philip Co., Holland) and TEM. At Fig. 3. TEM diffraction patterns of the coating particles of (a)@s phase with
least five samples were analyzed to acquire electron diffractiohexagonal structure and (b) GrG phase with NaCl (B1) structure, respectively.
patterns and reliably identify the corresponding phases.

the coating particles were &P3 with hexagonal crystalline

3. Results and discussion structure and a CrC, phase a with NaCl (B1) structuf&9],
as shown inFig. 3(a and b), respectively. From our previous
3.1. The characteristics of as-deposited powders researclfi20], in addition to the chromium carbide (CtC,), free

carbon also existed in the as-deposited powder. These results

TEM micrographs of the as-deposited powder prepared are similar to the finding by Schuste and Mayt]. They
400°C in the fluidized bed are shownfig. 2aand b)Fig. 2a)  reported that the CrC, phase was fabricated in the coating
shows nano-particles disperses well op@d particlesFig. 2b)  when Cr(COj was used as the precursor of a MOCVD pro-
indicates that the nano-particles with about 20—-40 nm wereess. Bouzy et aJ19] indicated that non-stoichiometric CtC;
coated on AJOs particle.Fig. 2(c) is the EDS spectrum of the is a metastable phase, and interpreted that small C atoms were
coating particle “z” shown ifrig. 2b), which clearly reveals the inserted in the octahedral interstitial sites of the cubic-close Cr
composition of C, Cr and O elements. The Cu intensity comingdackings in this structure.
from the Cu grid was also detected. The EDS results showed evi-
dence that the coated particles resulted from pyrolysis coating 2. Carbothermal reaction of chromium-species
by the Cr-precursor.

Fig. 3shows the TEM diffraction pattern of nanometer-sized Fig. 4 shows the TEM morphology and diffraction patterns
particles dispersed on the alumina surface of the particles axf the as-deposited powder treated at 126Gor 2 h in an Ar
shown inFig. 2(a). The TEM diffraction patterns, indicate that atmosphere in a graphite furnace. Compared to the as-deposited
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Fig. 4. (a and b) TEM micrographs of composite powder treated atI2%®a graphite furnace under an argon atmosphere for 2 h, which the coating particles are
about 100 and 30 nm in size, respectively. (c) TEM diffraction patterns of coating particles treated under above condition, she@irghag& with a orthorhombic
structure and (d) showing a {23 phase with a hexagonal structure.

particles, the particle size shown ffig. 4a) increases from 27 2
20-40 to 80—-100 nm. The growth was due to the coalescence 6203 + 70 — ?Cr7C3 + 3CO,
the cluster of nanometer-size particles as “xFig. 2(a) during

thermal treatment. Whereas the thermal treated particles shovhC
in Fig. 4(b) keep the same size with the as-deposited, similar

to the single coating particle like *y” iftig. 2a). Fig. 4(c and duced carbon radicals into the Q3 powders, and promoted it

d) indicate the TEM diffraction patterns of coating particles, : . :
) . ) conversion to GiCs3 during thermal treatment to be carried out
showing the G4C, phase with an orthorhombic structure and 3 9

the CrC3 phase with a hexagonal structure, respectiviély. 5

— 75707956 — 543867 )

Hernandez et a[23] reported that the graphite mould intro-

presents the XRD results for the powder heated underthe thermal 600 - S a z é'f:();z
treatment, which is consistent with the observation made in the c, Cr,C,
TEM diffraction patterns. It can thus be concluded thai@r 500 :
and CgC, form on the surface of the alumina after the heat 400 ]

a

treatment. In the case of the metastable Cy®hase, according
to the results of Bewilogua et gR2], an annealing treatment 300 4 a a

would cause the transformation of the Gr¢ into the stable £
Cr3Coy. In this study, the Crg_, reacts with free carbon and § 200+
can transform to GCs. The carbonization of GO3 has been c, a
previously explained23—-25] Equations of the carbothermal 100 Slle. e a
reaction processes of £33 can be shown as following reactions ac,
04 W

[26]:

-100 T T T T T T T T T T T T T

20 30 40 50 60 70 80
2 Theta

13 2
Cr,0O3 + —C — =Cr3C;, + 3CO,
3 3 Fig. 5. XRD patterns of as-deposited powder at 125@or 2 h in an Ar atmo-
AG = 754746567 — 543 87T (1) sphere in a graphite furnace.
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Table 1

Carbon content of specimen

Fabricated in fluidized reactor 40Q, 2h
Carbon content (%) 0.23

in a graphite furnace. Chu and Rahrf] also suggested the
carbonizing behaviors to be relevant to the activity of carbon. In
their report, a piece of graphite felt was placed directly in front
of the CpOg3 tablet during thermal treatment and led to a greater
formation of CgC, surface particles, owing to the higher car-
bon activity in this system. Otherwise, the;Cg phase would

be generated during the carbonizing process. Antony §£25]l.
also reported that the €2 phase was initially generated from
the interface region between &3 and C. In this study, the
existence of a GICz phase was due to not all of theQx; par- Fig. 7. Bright field image of TEM micrograph of chromium carbide/alumina
ticles in the fluidizing powder were directly in contact with the nano-composite hot pressed at 14Q0in a vacuum for 1 h.

free carbon. Therefore, it is reasonable for thg@rand CrCs

phases to form simultaneously from the;O particles during  shown inFig. 7 pinned the matrix grain boundaries and inhib-

2 ym

the thermal treatmentéble ). ited the AbOg3 grain growth. Therefore, the ADs grain nearby
nano-sized particles as indicated in the figure, was smaller than
3.3. Microstructure development of sintered samples others.

Fig. 8 shows the bright field image of TEM micrographs of
The powder fabricated by the fluidized bed process ar@oo sintered nano-compositdgi_g_ 8(a) shows the Cr-carbide par-
after the ball-milling and screening was used for hot-pressegicles marked “D” located on a triple junctioftig. §b) is the
sintering. Fig. 6 shows the XRD patterns of chromium car- higher magnification ofig. 8a). The dark field image is also
bide/alumina composite prepared by hot-pressing at 1800 shown in the right-upper corner &fig. 8b). It indicates that
a vacuum for 1 h. The peaks indicate the carbide phase wastRe particle “D” is composed of nano-particles d1 and d2. A
mixture of phases of G€3 and CgCy. The TEM micrograph of  similar condition was also observed fiiig. 8c and d), which
sintered chromium carbide/alumina nano-composites is showshow that “E” was composed of e1, e2 and e3. The grain bound-
in Fig. 7. The ratio of atom percentage between Cr and Al isaries between the nano-particles were suspected to exist due to
expressed in Eq3): non-coalescence of grains in the final step of sintering. The non-
Acr consolidation of nano-particles was ascribed to the pore easily
r= (3)  becoming aresidue intriple-junction area, which retards the coa-
Al lescence of nano-particles. The intergranular chromium carbide
The atomic ratios#) of grains A—C inFig. 7 are shown in  particle with micron-size marked “F”, as shown Fig. 8e)
Table 2 which indicates that Cr ions diffused into theo8s  tended to stay at the triple-junction and suppressed the grain
matrix and the GrO3—Al>03 solid solution produced. Accord- growth of the matrix because of the pinning force exerted on
ing to the report of Sternitzkg27], the nano-sized particle (P) the grain boundary. It is similar to the repof28,29], which
indicates that the reinforced second phase led to narrower dis-
600 a . a AALO tribution of alumina grain sizelFig. 8f) shows intragranular
c':cfcz nano-sized patrticles, indicated by “G”, enclosed in apG4l
c::CrfCS grain with a size of about 30 nm, which approximately equals
the original size of as-deposited powder fabricated in a fluidized
bed. This implies that the nano-particles stop coarsening when
a they were trapped in the AD3 grain during sintering.
a From the above discussion, it was found that thgQgmar-
2004 ticle had at least two reactions during sintering. One was that
the system AlOs—Cr,O3 formed due to the continuous solid

400 a

Count

C, 74 C
o e WL < 5 Table 2 . .
Ratio () of Cr to Al atom percentage on grains A—C fiy. 7)

T T T T T T T T T T T T T 1 Grain r=ACI’/AA|
20 30 40 50 60 70 80 >
2 Theta A 1.73x 10

B 1.12x 102
Fig. 6. XRD patterns of chromium carbide/alumina composite hot pressed at 0.86x 1072
1400°C in a graphite furnace in a vacuum for 1 h.
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Fig. 8. Bright field image of TEM micrographs of intergranular (a) nano-sized particles “D” located on triple junction areas, (b) bright and darkrfigtdphs
in higher magnification of particle “D” in (a), (c) particles located on triple junction areas, (d) bright and dark-field micrographs in higher atiagrofiparticle
“E”in (c), (e) intergranular micron-sized particle “F” and (f) intragranular nano-sized patrticle “G”.

solution in the systerfB80]. Another one was that @03 parti-  process. One was the system®@4—Cr,O3 forming a solid solu-
cles reacted with carbon or carbon radicals to induce Cr-carbidéon, and the second one was the Qs particles reacting with

(Cr3Cy or Cr,Cg). carbon particles or carbon radicals to induce Cr-carbide. Inter-
granular and non-consolidation nano-sized Cr-carbide particles
4. Conclusions were observed at triple-junctions. In general, the coarse Cr-

carbide particles tended to located on grain boundaries, which

A fluidized powder reactor used for MOCVD processes isimpeded the alumina grain growth whilst nano-partilces which
an efficient method to prepare Cr-species nano-powder/ceramy¢ere incorporated into the alumina grains due to sintering of the
composite powders. Nano-sized Cr-species particles wer@ano-particles were probably pass over by the grain boundary
deposited uniform|y on the surfaces szg?’ powder51 which movement associated with the typlcal densification mechanism.
were ascribed to the characteristic of very large heat and mass
transfer rates in the fluidized bed. The as-deposited powdekcknowledgment
with CrC;_, and CpO3 was detected. The CiC, transferred
into a CiCy phase during thermal treatment, while the Qs The authors would like to thank the National Science Coun-
transferred to a mixture of @€> and CrCs. In case of CsO3 cil of the Republic of China for its financial support under the
particles, there were two reactions that took place in the sinterinGontract No. NSC-92-2216-E-006-011.
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