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Nano-sizing titanium into titanium carbide by 1-chlorobutane
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TiC nanoparticles (average diameter 10-150 nm) were prepared by reacting bulk Ti
powders (average diameter 20 wm) with gaseous 1-chlorobutane at a relatively low
temperature (1073—-1273 K). 1-Chlorobutane provided the carbon atom in the TiC and
the chlorine atom that assisted the shrinking of the size of the original Ti powders. The
apparently simple procedure is a complex heterogeneous process combining etching,

deposition, and carburization reactions.

Due to their special properties, such as high melting
point, low density, extreme hardness, and high resistance
to corrosion and oxidation, early transition metal car-
bides have many potential industrial applications.'™ For
example, they can be used in rocket nozzles and drill bits.
Recently, there were reports about the potential applica-
tion using early transition metal carbides as diffusion
barriers for Cu metallization in microchip fabrication.*
Traditionally, transition metal carbides are prepared via
high-temperature routes. For example, TiC can be syn-
thesized by reducing TiO, with carbon black at 2000—
2400 K. Recent reports have shown that it is possible to
prepare TiC through reduction—carburization,”” gas—
solid reaction,® polymeric precursors obtained from tita-
nium alkoxides with other organic compounds,’™"' and
solid-state metathesis (SSM) methods.'*'® The last two
examples are the so-called “bottom-up” strategy for the
preparation of small-size materials. The strategy employs
molecular precursors as the building blocks to form solid
materials through chemical bond formation. To imple-
ment the strategy effectively, much chemistry knowledge
is required. Another strategy is to employ the “top-down”
approach. For example, bulk solid materials can be
shrunk through the physical evaporation—deposition
process. But this high-energy route suffers from the re-
quirement of maintaining a vacuum environment, low
production efficiency, and frequently forming highly re-
active powder products. Alternatively, bulk solid mate-
rials can be shrunk through a high-energy mechanical
milling process. For example, synthesis of TiC powders
by this route has been reported.'*'> But the process fre-
quently employs a long period of reaction time. Carbur-
ization of metals directly by hydrocarbons at high

® Address all correspondence to this author.
e-mail: htchiu@cc.nctu.edu.tw

J. Mater. Res., Vol. 17, No. 11, Nov 2002

Downloaded: 28 Apr 2014

temperatures is a simple method to prepare metal car-
bides.”® But the process usually does not shrink and
carburize the bulk metal particles effectively. For ex-
ample, reacting Ti metal with methane at 1173 K for 8 h
can only transform about half of the metal into the car-
bide.® Here, we wish to report a simple chemical method
to prepare nano-sized TiC powders by reacting bulk Ti
metal powders with 1-chlorobutane at a relatively low
1073-1273 K. The reaction is a combination of etching,
deposition, and carburization processes.

Ti powders (2.0 g, 42 mmol) (Strem, 2N-325 mesh) or
a piece of Ti foil (1 x1 cm?, Strem, 99.6+%, thickness
0.025 mm) in an alumina boat were placed in a 30-mm
quartz tube and heated by a horizontal tube furnace (873—
1273 K). At 1 atm, 1-chlorobutane at 298 K was bubbled
into the reactor under the assistance of a constant flow of
Ar (20-100 sccm). Under a flow of 20 sccm Ar, the con-
sumption rate of liquid 1-chlorobutane was 0.04 ml/min.
While under a flow of 100 sccm Ar, 1-chlorobutane was
evaporated at a rate of 0.1 ml/min. After 2—4 h, black
powders of TiC were collected. The results are summa-
rized in Table I. In this work, x-ray diffraction (XRD)
studies were carried out using a MAC MXP-3 (MAC,
Japan) diffractometer with Cu K, radiation. Transmis-
sion electron microscopy (TEM) and electron diffraction
(ED) data collection were accomplished on a JEOL JEM-
2000FX (JEOL, Tokyo, Japan) instrument. High-
resolution transmission electron microscopy (HRTEM)
images were collected on a JEOL JEM-2010 microscope.
Scanning electron microscopy (SEM) data collection was
performed using a JEOL JSM840A instrument. Atomic
force microscopy (AFM) images were obtained using a
Digital Nanoscope E (Digital Instrument, Santa Barbara,
CA). The x-ray photoelectron spectroscopy (XPS) meas-
urements were carried out using a Perkin-Elmer PHI-
1600 (Norwalk, CT) spectrometer with Mg K,
(1253.6 eV) radiation. The volatile products were ana-
lyzed by a Perkin-Elmer System 2000 Fourier transform
infrared (FTIR) spectrometer.

© 2002 Materials Research Society 2779

|P address: 140.113.38.11


http://journals.cambridge.org

http://iournals.cambridae.ora

Rapid Communications

Dark black powders were obtained when 1-chlorobu-
tane was passed over Ti powders with an average particle
size of 20 pm (by SEM) and a crystal size exceeding
1 pm (estimated from the XRD pattern using Scherrer
equation) at 873-1273 K under atmospheric pressure.
The general reaction conditions and observations are
summarized in Table I. In addition, deposition of brown
and purple solids on the quartz tube was observed. They
were identified to be TiCl, and TiCls, respectively. The
powders prepared at 873 K were very reactive in the air
and not characterized. Other volatile products, such as
HCI, TiCl,, and hydrocarbons, were detected also and
will be discussed below.

The XRD patterns of the powders synthesized at 873—
1273 K are shown in Fig. 1. Figure 1(a) shows the XRD
from the purchased Ti metal powder. There was no re-
action taking place until the temperature reached 873 K.
The signals of Ti metal diminished and broadened under
this condition [Fig. 1(b)]. For the samples prepared at
1073 and 1273 K [Figs. 1(c) and 1(d), respectively], the
signals at 26 of 36.33, 42.30, 61.30, 73.40, and 77.32 deg
are assigned to the (111), (200), (220), (311), and (222)
reflections of a face-centered cubic (fcc) structure. The
diffraction peaks are broadened due to the small domain
size of the products. The average crystal sizes estimated
from the Scherrer equation'® are 13 and 15 nm for the
products prepared at 1073 and 1273 K, respectively.
The cell constant a is calculated to be 0.431 nm,
which is close to the reported value of cubic TiC,

TABLE I. Summary of reaction conditions and results.

Reaction  Ar flow Cryst.  Surf.
Metal temp. rate Reaction  Yield size area
source (K) (sccm) time (h) (%) (nm)  (m%g)
Ti powder 873 100 4
Ti powder 1073 20 4 60 13 17.93
Ti powder 1273 20 2 69 15 7.05

“The yield was too low to be estimated at this temperature.
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FIG. 1. XRD patterns of (a) as purchased Ti powder and (b) 873, (c)
1073, and (d) 1273 K prepared TiC powders.

a = 0.43274 nm."” In Fig. 2(a), the TEM image of the
powders prepared at 1073 K is shown while the particle
size is about 10—150 nm. The crystal size is estimated to
be near 15 nm. The ED pattern, shown in Fig. 2(b), in-
dicates that the nanocrystals have an fcc structure with an
estimated lattice parameter a of 0.43 nm. This is close to
the XRD data and the reported value of TiC. The result
of HRTEM studies of the sample prepared at 1273 K is
shown in Fig. 3. The micrograph in Fig. 3(b) reveals a
nanocrystalline nature. The patterns of the lines identifies
them to be (111) and (200) of TiC. The ED in Fig. 3(c)
shows dot patterns that correspond to single-crystal TiC.
In addition, there are some graphite-like lattice images
around the metal carbide, as observed in the HRTEM
experiments, indicating the presence of excess carbon
materials.

(b)

FIG. 2. (a) TEM image and (b) ED pattern of TiC powders obtained
at 1073 K.
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FIG. 3. TEM studies of a TiC crystal obtained at 1273 K: (a) TEM image; (b) HRTEM image of the selected area shown in (a); (c) ED pattern.

XPS survey spectra showed the presence of Ti and C ~ metal carbide environment while the minor signal at
as the major components after Ar* sputtering. Shown in ~ 284.5 eV is designated to the presence of graphitic car-
Fig. 4(a), high-resolution Ti signals are observed at 454.9  bon. The quantity of carbidic carbon is twice that of
and 460.8 eV, corresponding to Ti2p,, and Ti2p,,  graphitic carbon, estimated from the integration of the
electrons,'®'? respectively. The major C 1s signal at  spectra. The surface area was estimated by the BET
281.8 eV [Fig. 4(b)] is assigned to the carbon atoms ina  method®® (Table I). Assuming that the products are
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FIG. 5. AFM images of a Ti foil surface: (a) as-received, rough-
FIG. 4. High-resolution XPS spectra of TiC powders prepared at 1273 ness = 20 nm; (b) after reacting with 1-chlorobutane at 873 K, rough-
K: (a) Ti2p region; (b) C s region. ness = 95 nm.
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spherical, the mean diameters are estimated to be 68 and
173 nm, for the samples prepared at 1073 and 1273 K,
respectively. This observation is in good agreement with
the TEM image in Fig. 2(a), which shows aggregation of
TiC nanoparticles to form larger powders. This study and
the TEM data clearly show that the size of the Ti powder
was shrunk by two to three orders of magnitude.

Clearly, 1-chlorobutane provided the source of carbon
in metal carbide. On the other hand, it also acted as a
source of chlorine atoms, capable of removing Ti atoms
as titanium chlorides. To understand the reaction further,
the following experiment was carried out. A Ti foil of
0.025 mm thick was exposed to 1-chlorobutane at a re-
action temperature of 873 K for 1 h. As shown by the
AFM images in Fig. 5, the Ti surface was clearly etched.
The surface roughness increased significantly from an
original value of 20 to 95 nm after the reaction. The
observation suggests that the etching process probably
plays an important role to shrink the size of the Ti pow-
der. An XPS study also showed that the surface consisted
of Ti metal and graphitic carbon atoms. But the concen-
tration of carbidic carbon atoms was below the XPS de-
tection limit. Therefore, under this temperature, the Ti
surface was etched but not converted to TiC.

Using an on-line FTIR instrument, the gas-phase prod-
ucts were studied. No volatile products were observed
below 773 K. From 873 to 1073 K, significant amounts
of hydrocarbons, including CH,, C;H,, C,H,,, and
C,Hg, were detected. Above 1173 K, additional products,
HCl, CH,, and TiCl,, were identified. The result suggests
that the reaction threshold was near 773 K. Above this
temperature, the chlorine atoms from 1-chlorobutane
etched the Ti surface to form lower valent TiCl, and
TiCl; deposits mentioned earlier. Also, above the thresh-
old, a major portion of the butyl groups underwent a
B-hydrogen activation pathway to form C,Hg and C,H,,,.
Some butyl groups underwent a C—C bond activation
process to form CH, and C;H,. This process also pro-
vided the route to incorporate the carbon atoms into the
Ti lattice to generate TiC. The low-valent TiCl, mol-
ecules are known to disproportionate into TiCl, and el-
emental Ti solids,” providing another source of nanometer-
sized particles. The process is summarized in Fig. 6.

In conclusion, we have demonstrated that the reaction
between 1-chlorobutane and bulk Ti metal powders can
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FIG. 6. Proposed reaction pathway.

generate nano-sized TiC particles at a relatively low tem-
perature, 1073—-1273 K. 1-Chlorobutane not only acts the
carbon source to carburize the Ti metal but also provides
the chlorine atoms to etch the Ti metal into smaller size
and generating volatile TiCl, molecules. The dispropor-
tionation of TiCl, and TiCl; provides another growth
route of the nano-sized metal powders, with the evolution
of TiCl, vapor. The apparently simple procedure is a
complex heterogeneous process combining etching,
deposition, and carburization reactions.
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