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Abstract: Novel headstand pyrocarbon cones (HPCs) with hollow structure were developed on the surfaces of pyrocarbon layers of
the carbon/carbon (C/C) composites at 650—750 °C by the electromagnetic-field-assisted chemical vapor deposition in the absence of
catalysts. The fine microstructures of the HPCs were characterized by high-resolution transmission electron microscopy. The results
show that the textural features of the HPCs directly transfer from turbostratic structure in roots to a well-ordered high texture in stems.
And the degree of high texture ordering decreases gradually from the stem to the tail of the HPCs. The formation mechanism of the
HPCs was inferred as the comprehensive effect of polarization induction on electromagnetic fields and particle-filler property under

disruptive discharge.

Key words: headstand pyrocarbon cones; chemical vapor deposition; electromagnetic-field-assisted method; fine microstructure;

formation mechanism

1 Introduction

The potential application of cone-shaped carbon has
become a hotspot in the field of new carbon materials.
The cone-shaped micro/nano carbon cone materials
[1-8] are used in the scanning probe microscopy [3,4],
field electron emission display [4,8,9] and many other
domains of nanofabrication. For example, the graphite
cone of tip with nano scale which was recently
developed could take the place of the silicon or silicon
nitride tip. Besides, the carbon cone with hollow
structure is an ideal reservoir for liquid hydrogen.
Furthermore, it could be widely used in the field of
biology and chemistry [4] for its maneuverability.
shown that the most

Recent research has

cone-shaped carbon materials were prepared at
temperature exceeding 900 °C by chemical vapor
deposition (CVD) method [3—5]. The sources of the
cone-shaped carbons are from manual pyrolysis material
and natural materials. The natural crystal cone-shaped

graphite, with height ranging from less than a micron to

40 mm, was first reported by JASZCZAK et al [7], and
was determined to come from metamorphic fluids. To
better solve the difficulties in practical application of
carbon nanotube, many researchers have synthesized
cone-shaped carbons with cone tips head outward while
the root of carbon cone fixed on the substrate at a high
deposition temperatures [2—5]. The crystal carbon with
small-angle cone was obtained from micron bore of
glass-like carbon with phenolic resin carbonized at 2000
°C by GOGOTSI et al [2]. The cone-shaped carbon
possessing better field emission characteristics was
filaments with undiluted
hydrocarbon gas as carbon source at temperature of
900-1500 °C by MURADOV and SCHWITTER [3].
Tubular graphite cones, having nano-size tips, micro-size

obtained from carbon

roots and hollow interiors with a diameter ranging from
about 2 nm to several tens of nanometers, were
synthesized from the iron needles with N, and CH, using
a microwave plasma assisted CVD method by ZHANG
et al [4]. Recently, three unusual morphologies, i.c., a
cone-shaped tip, a suddenly-shrinking tip, and a pencil
point-like tip, were synthesized on a graphite rod from a
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mixture of graphite and silicon powder by a hydrogen arc
discharge method by ZHANG et al [5]. The cone-shaped
carbons with the cone tips head outward have been
reported [1,4,8], but little attention has been paid to the
ones with the cone tips head away from the substrates
and to their formation mechanism.

In this study, novel HPCs with hollow structure
were successfully developed at 650-750 °C by
electromagnetic-field-assisted CVD in the absence of
catalysts. It was observed that the HPCs were formed on
the surfaces of pyrocarbon layers, which were deposited
in advance on carbon fibers, and used as the reinforced
materials to form C/C composites. Furthermore, different
from the other traditional cones, the cone tip head of our
HPCs with hollow structure was embedded in the
substrates. In order to discuss the textural features of the
HPCs and infer the formation mechanism of the HPCs,
the fine microstructures of the HPCs were characterized
emphatically by using transmission electron microscopy
(TEM) region by region.

2 Experimental

The electric heating equipment of electromagnetic-
field-assisted CVD with sandwich-structure was
designed with a needle-punched carbon felt (Lanzhou
Carbon Fiber Plant, China) as porous performs, and a
flexible graphite sheet as conductive heating unit. The
HPCs were developed on the surfaces of pyrocarbon
layers of C/C composites by using C;Hg (99.9% purity)
as a carbon source, and N, and H, as carriers, and diluent
gas under the conditions as follows: the deposition
temperature 650—750 °C, system gas pressure 0.2—15
kPa, gas flux 0.1-0.5 L/min, the rated power of CVD
vacuum furnace 5—30 kW and within 12 h at one cycle in
the absence of catalysts using a homemade depositing
furnace, then followed by a heat-treatment at 2300 °C for
2—4 h to achieve the HPCs successively. The schematics
of the electric heating equipment of electromagnetic-
field-assisted CVD is shown in Fig. 1.

The morphology of the HPCs was observed on a
scanning electron microscope (SEM; JSM—6700F)
attached with energy dispersive spectroscopy (EDS). The
longitudinal  microstructure of the HPCs was
characterized by a high-resolution transmission electron
microscope (HRTEM; JEM—3010). The sample for TEM
observation was prepared using focused ion beam (FIB;
Nova 200/600 NanoLab). Details were as follows: First,
the HPCs were fixed by Pt film as a protective coating by
Pt deposition technology; second, the whole sample of
the HPCs were extracted from C/C composite surface by
Omiprobe equipment; then, ion beam was used to reduce
the thickness of the sample. Finally, the sample was fixed
by copper loop.

Fig. 1 Schematics of electric heating equipment of
electromagnetic-field-assisted CVD: 1-Tail gas exhaust vent;
2—Thermocouple; 3—Copper electrode; 4—Graphite susceptor;
5—Electrically conductive heater (graphite sheet/carbon fiber
felt); 6—Gas outlet; 7—Heat preservation felt; 8—Insulating
sleeve

3 Results and discussion

3.1 Structure of HPCs
3.1.1 SEM of HPCs

Typical headstand cone morphologies and EDS
analysis results of the HPCs on the surfaces of
pyrocarbon layers are shown in Fig. 2. As shown in
Fig. 2, the HPCs grow isolatedly on the surfaces of the
pyrocarbon layers deposited in advance on carbon fibers,
co-existing with hemisphere appearance (marked by
solid arrow in Fig. 2(a)) and granular appearance
(marked by white arrow in Fig. 2(b)). Most of the
pyrocarbon cones are hollow (Figs. 2(a) and (c)) and the
cone tip heads are fixed on the substrate, forming the
headstand structure (Figs. 2(a), (c) and (d)). The external
surfaces of some HPCs are of polygonal type (Fig. 2(c)),
with irregular-shaped inner cavity. And the surfaces of
some headstand cones are smooth and bright, which
shows an obvious edge drape (Fig. 2(c)).

Figure 2 also shows that typical morphologies of the
HPCs with stem having a minimum diameter along the
growth direction of deposits are definitely different from
traditional pyrocarbon and cone-shaped carbon with cone
tips head outward [1,4]. Moreover, the longest outer and
inner diameters of facet diagonal are about 5.0 um and
2.5 um respectively, as shown in Fig. 2(c). No catalyst



TU Chuan-jun, et al/Trans. Nonferrous Met. Soc. China 22(2012) 25692577 2571

was found in the HPCs by EDS (Fig. 2(e)).
3.1.2 TEM of HPCs

TEM images in longitudinal section of single HPCs
are shown in Fig. 3. The HRTEM images and the
corresponding fast Fourier transform (FFT) images in the
micro-zone of the HPCs from the root to stem end to the
tail of the cone region by region are shown in Fig. 4. The
corresponding selected area electron diffraction (SAED)
patterns of the micro-zones in Fig. 4 are shown in Fig. 5.

Figure 3 shows that the HPC is in cone-shaped
hollowed structure. The fine microstructure of the HPC
was examined by HRTEM at different positions. As
shown in Fig. 4, from the root to stem end to the tail of
the headstand cone, the HPC shows three typical textural
features. In the region 1, the crystal lattice fringe of the
carbon layer [10—12] has a turbostratic structure and
some bends obviously. However, there are tiny regions
which show ordered or short-range ordered structure. In

Fig. 2 Typical headstand cones morphologies
and EDS analysis results of HPCs: (a) SEM
image of headstand cones on surfaces of
pyrocarbon layers; (b) High magnification SEM
image of headstand cones on surfaces of
pyrocarbon layers; (c) Top view of SEM image
of single HPC; (d) Side view of SEM image of
single HPC; (e) EDS analysis results of single
HPC

the region 2, i.e., the transition region between the stem
and the root of the HPC, there are apparent bended and
twisted crystal lattice fringes. But some microcrystal
states show ordered preferred orientation, which grows
along the (002) direction. In regions 3 and 4, the crystal
lattice fringes of the carbon layer are well-ordered and
the degree of preferred orientation is comparatively high,
namely, the entire field of view is a homogeneous
microcrystal structure. Besides, dyy, of the microcrystal
is about 0.3378 nm (Fig. 4(e)). Also there are graphite-
like microcrystals [13,14] which have a long-range order
(Fig. 4(e)). The continuity of microcrystal states of the
HPCs in the region 4 declined compared with that in the
region 3. Further, FFT images [15] in regions 3 and 4 are
brighter and concentrated compared with regions 1 and 2.
In the region 5, the continuity of the arrangement of the
crystal

lattice fringes of the carbon layer and

microcrystal size decreased. The crystal lattice fringes
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Fig. 3 TEM images in longitudinal section of single HPC: (a) TEM image of single HPC; (b) Enlarged view of single HPC

are intermittent and partially ordered, meanwhile some

crystal lattice fringes slightly curve and are
discontinuous (Fig. 4(a)). Therefore, the degree of
preferred orientation of the carbon layer is clearly lower
than that in the region 3 or 4. In the region 6, the crystal
lattice fringe of the carbon layer becomes blurred, and
the degree of preferred orientation is lower than that in
the region 5, namely, the HPCs of the region 6 show a
random orientation (Fig. 4(h)). In the region 10, the
orientation of the carbon layer is disordered and
non-oriented, indicating that its structure is in an
amorphous structure (Fig. 4(d)). Besides, the crystal
lattice fringes in the region 9, lying in the internal cone
hole, are non-oriented, which is the same as that in the
region 10. However, due to the Pt etching during the
process of FIB sampling preparation, there are apparent
dark pots of Pt particles with the diameter of 3—4 nm
(Fig. 4(c)). Meanwhile, observation of the other side of
the HPC reveals that the degree of preferred orientation
is the same as the former side of the crystal lattice fringe
of carbon layer’s microcrystal states (Figs. 4(i) and (j)).
According to Figs. 4 and 5, there are four
polycrystalline diffraction rings and two sections of
symmetrical diffraction arc [16] in the SAED pattern
near the region 1 (Fig. 5(a)), indicating a low level of
internal crystallization in roots of the HPCs. That is, the
texture of the microcrystal states is in a polycrystalline

structure. There are two symmetrical distributions of the

selected diffraction spots in the (002) basal plane near
the region 2 (Fig. 5(b)) in the SAED pattern with clear
polycrystalline diffraction rings. Compared with the zone
1, the texture of the HPCs in the zone 2 shows the
existence of preferred orientation along the deposition
direction, referred to Fig. 4(b), in which part of the
crystal lattice planes in microcrystal state has an ordered
structure. The elongated diffraction spots in the (002),
(004) and (006) reflection planes of the microcrystal
state, which are near the region 3 (Fig. 5(c)) in the SAED
pattern, are highly bright and sharp. The diffraction spots
of lattice plane in the zone 3 have a great symmetry and
the crystal structure is close to ideal graphite lattice [14],
indicating a higher graphitization degree. In the SAED
pattern which is near the region 5 (Fig. 5(e)), there are
ambiguous approximately symmetrical diffraction spots
along the (002) basal plane, which exhibit broadened
phenomena. Also we can see several amorphous haloes,
which reveal the decrease of preferred orientation degree
along the (002) basal plane of carbon layer. Probably,
this would be the diffraction patterns which contained at
least two sets of diffraction spectra of crystallite carbon.
In the SAED pattern near the region 6 (Fig. 5(¢)), there
are not two symmetrical distributions of the diffraction
spots as the same as that in the zone 2. Instead, the
diffuse
polycrystalline diffraction rings, which indicate the

diffraction  spots expanded into two

degree of preferred orientation of lattice plane in this
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Fig. 4 HRTEM images and corresponding FFT images (entire field of view) in micro-zone of HPCs from root to stem end to tail of
cone region by region in Fig. 3: (a) Zone 1; (b) Zone 2; (¢) Zone 9; (d) Zone 10; (e) Zone 3; (f) Zone 4; (g) Zone 5; (h) Zone 6; (i)
Zone 7; (j) Zone 8
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Fig. 5 Corresponding SAED pattern of micro-zone in Fig. 3: (a) Zone 1; (b) Zone 2; (c) Zone 3; (d) Zone 5; (e) Zone 6; (f) Zone 10

region further declined. In the SAED near the region 10
(Fig. 5(f)), there are typical dispersive amorphous halo
rings [16], indicating the characteristic of amorphous
carbon in this region. Besides, the width of the
diffraction arcs can directly reflect the degree of
preferred orientation of graphite crystallites [17]. The
angular width of the (002) diffraction arc (marked by
solid arrow) in zones 2, 3 and 5 of Fig. 3, first decreased

and then increased. There is a typical correlation between
orientation degree of graphite crystallites and the result
of SAED in the corresponding micro-zone.

The results show that the HPCs, whose textural
features directly transfer from turbostratic structures in
roots to a well-ordered high texture in stems, were
deposited on the surfaces of the pyrocarbon layers. And
the degree of high texture ordering decreased gradually
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from the stem to the tail of the HPCs.

3.2 Formation mechanism of HPCs
3.2.1 Position of first occurrence of cone tip head

The thermal decomposition of C;H¢ includes
polymerization reactions of small molecules, cyclic
molecules in gas phase as well as dehydrogenation
aggregating into polyaromatic hydrocarbons [18—20] at
the solid—gas interfaces of pyrocarbon. It is concluded
that the main reaction chain [19,20] can be expressed as
formula 1. The chemical bonds of reactive gas molecules
would be broken to form polycyclic aromatic
hydrocarbons (PAHs) and free radicals [21] on the
surfaces of the pyrocarbon layers during the thermal
decomposition process. And liquid droplets containing
many hydrocarbons were formed due to molecular
collisions [22]. The temperature was raised and strong
magnetic field was generated by electric current in the
C/C composites, meanwhile, the polarization effects
result from strong magnetic field. These lead to form a
large number of electriferous droplets and aggregates of
hydrocarbon groups. Then these droplets and aggregates
are polarized and then paramagnetic charged groups are
formed, which can move fast under the action of
electromagnetic fields and are absorbed directly into
surfaces of pyrocarbon substrate. The compounds of
hydrogen atom and hydrogen ion are generated from the
thermal decomposition of hydrocarbon [23], and then
hydrogen bubbles form in electriferous droplets. These
bubbles first aggregate and merge into the liquid film
when droplets spread evenly on the surface of
pyrocarbon layers, then expand at an instant high
temperature effect, and finally escape from weak stress
area in the liquid films. As the bubbles reach a specific
size, they would blast in weak stress area, so that the
chemical reaction produces a bubbling effect, which
would form crater-like morphology in-situ pits. Thus, the
positions of the first occurrence of the cone tip head are
at the roots of the HPCs.

| ]
C3Hg==C,H,+C;H- == C,H,=—=CH.,

} } | |
PyC, PyC PyC, PyC, PyC

n n n

where x=2—-4, 6; y=4, 6; C¢H, represents monocyclic
aromatic hydrocarbons; PAHs represent polycyclic
aromatic hydrocarbons; PyC, represents pyrolytic
carbon.
3.2.2 Formation process of HPCs

The formation process of the HPCs can be inferred
from the growth traces according to the fine
microstructure analysis of the HPCs (Fig. 4).
Two-dimensional growth models of the HPCs by
electromagnetic-field-assisted CVD are shown in Fig. 6
at different stages of deposition.

In the initial growing period of the HPCs (see
Fig. 6(a)), the electriferous droplets are adsorbed and
condensated at the solid—gas interfaces of the pyrocarbon
layers, so they can be fast-carbonized. This is mainly
because the heterogeneous reactions have rapid-
deposited productions under the action of the
electromagnetic fields. The initial deposition process of
the HPCs is coincident with the liquid droplet theory of
the PAHs introduced by WU et al [24]. Then, the textural
features of the HPCs directly transfer from turbostratic
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Fig. 6 Two-dimensional growth models of HPCs by
electromagnetic-field-assisted CVD at different stages of
deposition: (a) Early growth stage of HPCs; (b) Middle growth
stage of HPCs; (c) Top view of crater-like morphology;
(d) Later growth stage of HPCs (texture image)
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structures in roots to a well-ordered high texture in stems
due to the influence of the transient temperature rise
generated by disruptive discharge [25,26] between the
active sites of crater-like pyrocarbon and electriferous
droplets under electromagnetic fields (see Fig. 6(b)).
According to the model of one-dimensional quantum
wells [27], the deposition of electriferous droplets would
be accelerated and it is more likely to form the crystallite
carbon with graphite lattice at a high temperature when
the disruptive discharge occurs. On the other hand, the
magnetic force (F) is strong near the surface of
hydrocarbon, which makes the charged polyaromatic
hydrocarbons with the higher C/H density first adsorb to
the active sites and pair up with small straight-chained
hydrocarbon molecule [12] then deposit in stems of the
HPCs. According to the formula 1, the orientation degree
of graphite crystallite in the HPCs decreases gradually
with  increasing concentration of polyaromatic
hydrocarbons and its degrees of freedom, which leads to
vapor-phase nucleation [15] and physical adsorption of
deposition elements. In addition, owing to the offset of
magnetic field in the craters-like concave core, it cannot
adsorb charged groups and just common non-polar
molecules would deposit (see Fig. 6(d)).

4 Conclusions

1) The novel HPCs were developed on the surfaces
of pyrocarbon layers of the C/C composites at 650—
750 °C by electromagnetic-field-assisted CVD in the
absence of catalysts.

2) The textural features of the HPCs directly
transfer from turbostratic structures in roots to ordered
high texture in stems. And the degree of high texture
ordering decreases gradually from the stem to the tail of
the HPCs.

3) The formation mechanism of the HPCs was
inferred as the comprehensive effect of polarization
induction on electromagnetic fields and particle-filler
property under disruptive discharge for -electriferous
droplets and aggregates of hydrocarbon groups.
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