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isolation of a single CNT phase. However,
the products of current synthetic schemes
are either pure multiwalled CNTs
(MWNTs) with a range of outer diameters
or a mixture of single-walled CNTs
(SWNTs) with different diameters and chi-
rality. A detailed knowledge of the growth
mechanisms for CNTs is currently lacking,
although it has been found recently that
catalytic chemical vapor deposition (CVD)
provides a near-equilibrium route to both
MWNTs and SWNTs. In order to gain a
detailed understanding of the CNT growth
process, which might lead to the ability
to control the type of CNTs produced,
R. Sharma of Arizona State University and
Z. Iqbal of the New Jersey Institute of
Technology, Newark, have used an envi-
ronmental transmission electron micro-
scope (ETEM) to observe in situ the growth
of CNTs in various reaction conditions. 

As reported in the February 9 issue of
Applied Physics Letters, Sharma and Iqbal
used CVD to produce CNTs by flowing
propylene or acetylene gas over Ni or Co
catalysts. While the researchers observed
only growth of graphitic filaments as
propylene flowed over Ni-SiO2 at 400°C,
the growth of well-defined CNT struc-
tures was observed as acetylene flowed
over Ni-SO2 at 450°C. Sharma and Iqbal
observed Ni particles at the tips of the
CNTs as well as in the middle of the
tubes. In addition, the researchers said
that these CNTs grew in a zigzag manner,
with cumulative turns of up to 360°. After
finding that CNTs had formed all over
the sample area, the researchers conclud-
ed that the electron beam did not induce
the CNT growth process and, therefore,
the observations in situ are directly com-
parable to the bulk synthesis conditions. 

Sharma and Iqbal said that ex situ, high-
resolution electron micrographs confirmed
that MWNT growth is favored at 450°C.
The inner diameters of these tubes ranged
over 2–8 nm, while the outer diameters
ranged over 8–17 nm. The researchers also
observed several graphene sheets perpen-
dicular to the length of a tube and said that
a bubble seen within the wall of a tube
indicates that the CNT was in the process
of development. 

Sharma and Iqbal found that at
700–800°C, single- and double-walled
CNTs formed predominantly but occa-
sionally very thin graphene filaments were
observed. They also often observed bun-

dles of SWNT sheets forming. The
researchers said that, in contrast to
MWNT growth, the SWNTs grew straight
out from the catalyst with very uniform
diameters, varying between 1 nm and
1.5 nm for different tubes. In addition, the
researchers observed no catalyst at the
tube tips or in the middle of the tubes,
which is consistent with the proposal that
SWNTs grow from the catalyst that is pre-
sent at the tube root, although they admit
that the roots of their SWNTs are hidden
from view. Sharma and Iqbal used confo-
cal micro-Raman spectroscopy to confirm
that samples prepared with acetylene at
700°C were indeed SWNTs. They said that
the diameters calculated from the Raman
data agree well with the diameters meas-
ured from the ETEM images. 

In future work, Sharma plans to
“observe the effects of temperature and
pressure on the mechanism, growth rate,
and structure (chirality and diameter) of
CNTs using ETEM for controlled CNT
synthesis,” while Iqbal will “use this
information for large-scale synthesis of
SWNTs with desired structure.”
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Microwave Technique Allows
Selective Drilling of Thermal
Barrier Coatings 

Some gas-turbine engine components
are exposed to temperatures exceeding
the melting point of the most common
superalloys used for this application.
These components typically have internal
cooling holes that allow a local reduction
in temperature while in operation.
Additionally, the use of thermal-barrier
coatings (TBCs) extends the service life of
these components. A TBC is applied in a
two-step process including a first layer of
a metallic coating, or bond coat, and a
second layer of ceramic coating, or top
coat. The ceramic of choice is usually
yttria-stabilized zirconia (YSZ) and is
typically deposited by air plasma spray
or electron-beam physical vapor deposi-
tion. After a plasma-sprayed coating is
deposited, the cooling holes are reopened
with, for example, a laser drill. This is a
laborious process, since the laser, not able
to distinguish between the metal sub-
strate and the ceramic coating, has to be
perfectly aligned with the covered hole.
However, an alternative technique using
a microwave drill is currently under

development by E. Jerby from Tel Aviv
University in Israel and A.M. Thompson
from General Electric Global Research in
New York, as these researchers explain in
the February issue of the Journal of the
American Ceramic Society. Jerby and
Thompson said the advantage of the
microwave drill is the materials selectivi-
ty of the microwave energy. When a
coaxial open-end applicator comes into
contact with a ceramic material, the
power density is concentrated at the con-
tact point, increasing the temperature
locally up to the melting point of the
ceramic; but contact with a metal reflects
the microwave energy and produces no
localized heating. 

The investigators built a microwave
drill using a power-tuned magnetron
(2.45 GHz) and a coaxial microwave
structure with a movable tungsten center
electrode that worked as a drilling bit
when pushed through the molten ceramic
material, along with a gas inlet for cool-
ing the coaxial structure. The cooling gas
could be argon or air. The electrode
worked as a near-field monopole antenna
that allowed drilling holes with a diame-
ter 10-2 times smaller than the microwave
wavelength. Experiments were conduct-
ed on plates with a thickness of 3.2 mm
containing predrilled holes of 0.76 mm,
1.02 mm, and 1.27 mm diameters. Two
different TBCs were deposited. One had
a NiCrAlY base coat, 0.25 mm thick, and
a porous YSZ top coat, 0.76 mm thick; the
other had a NiCrAlY base coat, 0.35 mm
thick, and a dense YSZ top coat, 0.76 mm
thick. Holes were drilled in less than 5 s
using a power level of 0.5 kW or less, and
resulting holes showed a smooth round
edge. Cross-sectional observations
around the holes revealed that the ceramic
material around the edge became denser
and developed cracks, and that the TBC
deposits inside the hole are not removed.
The base metal was unaffected by the
process. Success rate was above 70% for
the more than 50 drilling attempts con-
ducted, with the porous TBC giving the
best results. The researchers said that fail-
ure was mostly due to mechanical flaws
rather than a defect inherent in the process
itself. The researchers are now looking
into the possibility of using the informa-
tion in the reflected wave to direct the
drilling process. 
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