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ABSTRACT

Ultrafine SiC powders have been prepared by gas phase synthesis
from silane and methane in an argon thermal rf-plasma. Bulk
properties of the powders were determined by elemental analysis,
x~ray diffraction; helium pycnometry, and BET surface area
measurements. The near-surface composition and structure of the
particles were examined by x-ray photoelectron spectroscopy (XPS)
and traﬁsmission electron microscopy (TEM). In addition tc free
silicon and carbon particles in the powd2rs, free carbon and
various silicon/carbon/oxygen species were found on the surface
of the SiC particles. The presence of these surface species will
dominate the powder surface chemistry, having important impli-

cations for powder nrocessing and consolidation.

INTRODUCTION

Growing interest in ultrafine silicon carbide powders has
arisen fr. .. the possible application of these powders tn the
prepara .ion of high temperature structural ceramics. The
physical and chemical properties »>f the powders will be dominant
factors for the control of the micrxostructure and physical

properties of the consolidated ceramic prapared by sintering



processes. Important properties (1] generally sought for
successful consolidation include chemical stoichiometry and
purity, small particle size with a narrow size distribution,
equiaxed morphologies, and the absence of hard agglomerates.
More fundamentally, the surface composition and chemistrv of the
plasma SiC powders will piay a critical role in the formation of
a satisfactory green body by dispersion processing and in the
later sintering of the compact.

Numerous investigators [2] have studied the preparaticn of
silicon carbide powder by thermal plasma chemical synthesis. The
powders are typically spheroidal in shape with an ultrafine size
(5-100 nm), consisting predominately of the beta-SiC phase (as
seen by XRD analysis). Examination by TEM generally shows a
significant fraction of agglomerates, which seem to be largelv
hard (sintered) in nature. Bulk chemical analysis of the powders
shows that the powders can be prepared in a large variety of C/Si
atomic ratios, ranging from silicon rich (<1.0) to carbon rich
(>1.0). Although considerable effort is given to preparing
powder with a C/Si ratio near 1.0 as determined by bulk analysis,
the question still remains whether the particle surfaces contain
any non-carbide silicon or carbon phases. Particle gurface
composition does not necessarily reflect that of the bulk. The
presence of these non-carbide silicon or carbon species on tha
particle surfaces will styrongly influence the powder surfuace
chemistry and dispersibility.

The average surface composition and bonding of ultrafine 8iC

powders, prepared at Los Alamos by thermal rf-plasma synthesis,



have been characterized by x-ray photoelectron spectroscopy (XPS)
and Auger electron spectroscopy (AES). The same powders have
also been examined for surface and bulk phases of silicon and
carbon by transmission electron microscopy (TEM). In this paper
the results of surface chemicai and microstructural studies will
be discussed in light of their significance to colloidal
processing anGd with specific suggestions on how the surface
chemistry of the powders may be altered in synthesis and by post-
synthesis treatment. The synergistic effort of plasma synthesis,
surface analytical measurements, and powder colloidal character-
ization, we believe, is essential to the eventual understanding
of the colloidal dispersion of plasma-przpared SiC and subsequent

additive-free densification of the powder.

EXPERIMENTAL
Synthesis of Silicon Carbide

Silicon carbide powders we2re synthesized by the chemical
reaction of silane and methane in the energetic tail flame from a
thermal inductively-coupled argon plasma [3~-5]. The reactor,
shown schematically in Fig. 1, included an induction tube,
designed at Los Alamos, with a 75-kW rf generator and a water-
cooled stainless steel quenching chamber., The main argon stream
to the rf plasma was tangentially injected at the top of the
induction tube with a tail flame extending into the quenching
chamber. A cold quench gas can be added to the system through an
annular jet located between the induction tube and the quenching
chamber. The reactart mixture was introduced into the tail flame

through a water-cooled stainless steel probe, positioned along
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the central axis of the plasma and its tail flame, as shown in
Fig. 1. The point wherr the reactants enter the tail flame can
be varied by raising or lowering the probe. The powders were
swept out of the quenching chamber with the exhaust gases and
collected on sintered metal filters or by cyclone separators.

Reaction conditions are summarized in Tables I and II. The
induction plasma tube was operated at a frequency of 360 kHz and
a typical plate power of 30 kW. The main plasma argon stream was
fed intc the reactor at a typical flow rate of 28-29 standard
liters per minute (slpm) at STP with a chamber pressure near
60C torr. The argon quench flow was set between 3 and 12 slpm.
Duration cf the synthesis runs ranged from 1.5 to 4.3 hours
without any observed restrictions for even longer run times. The
increased yield for Run 40 over the other runs resulted from
using absolute filters to collect the plasma powder rather than
cyclone separators. Run 41 was a duplicate of Run 40 with
special precauticn taken to collect and store the powders in an
inert atmosphere. The plasma powders were routinely character-
ized by elemental analysis, x-ray diffraction, multipoint BET
measurements of their specific surface area, and by helium
pycnometry for true densities.

Some characteristics of the plasma SiC powders are given in
Table II1. The total silicon utilization (fraction of silane con-
verted to powder material) in the plasma reactor was well above
028 for Run 40. In this experviment with a run time of 1.5 hours,
82% o1 the powder was fonnd in the downstream powder collector

and the remaining 18% in the quenching chamber. In all aynthesis



runs shown in Table II, excess methane was used with silane to
generate silicon carbide. Despite this excess methane, silicon-
rich powders can be produced as seen in Run 24, Powders 24, 40,
and 4] were chosen as representative silicon-rich and carbon-rich

samples for further examination by XPS, AES, and TEM.

Surface Characterization

We have used XPS to determine the average surface
composition and chemical bonding of these ultrafine silicon
carbide powders. The energy spectrum of photoelectrons produced
from a powder material by Mg-K, radiation {(hv = 1253.6 eV) was
measured with a hemispherical analyzer which had been calibrated
using atomically clean Ag and Au standards. For Mg-K, radiation,
the kiretic energy of photoelectrons Irom Si, C, aad O is greater
than 700 eV and, thus, the measurement of these species probes
~2.J nm into the individual powder particles [6]. (This analysis
examines an outer shell with a thickness of approximately 50 per
cent of the volume of a 20 nm diameter sphere.) We have also
employed AES to make corplementary measurements of powder
composition.

The powders under study had either been stored in air for
more than six months or under glovebox conditions at <2 ppm of
oxygen. Air-storud samples were pressed onto an indium support
in a contipuous layer using a double-sided compaction technique
that revealed only virgin powder for analysis. In order to
simplify this procedure, the glovehox-stored powders were applied
to the indium in situ using a clean glass glide. Air-etored

powder mounted using these two compaction techniqﬁes showed no

5



measurable XPS or AES differences. The puwder/asupport was
nounted on a transfer rod and introduced into the vacuum chamber
for analysis at pressures _<_10_8 Torr. Samples that had been
stored and compacted on indium under glovebox conditions were
k2pt in containers purged with dry N2 during the mcunting

procedure.

TEM Characterization.

The powder samples described here were prepaired for
examination in the transmission electron microscope (TEM) by
dipping holey carbon films into dilute dispersions preﬁared by
sonicating the powder in methanol. Other organic suspensions
ware studied but rejected either because of excessive
agglomeration during drying (butanol) or because they left heavy
residues on the particle surfaces (carbon tetrachloride). These
samples were then examined in conventional TEM at 120 kV.
Particles supported by homogeneous patches of carbon support film
were suitable for determination nf particle sizes and shapes and
for estimation of relative levels of agglomeration among powders.
Portions of large agglomerates suspended above lLoles in the film
were used for qualitative phase analyses using electron diffrac-

tion and for high resolution imaging.

RESULTS
Powder Surface Chemistry

The XP: and AES measurements revealed only silicon, carbon,
and oxygen containing species on the powders. As indicated in

Table III for the powder runs 46, 41, and 24 examined by XP8 in



this study, the air-stored powders had larger atom fractions of C
and O than did those stored under glovebox conditions. The
oxygen atom fraction is at least two times larger for the powders
stored in air. Adsorption of C and O containing contaminants
during air storage acts to cover the Si and hence reduce its atom
rraction at the surface.

Measurement of the C(ls) peak for the air-stored powders 40
and 24 gives the XPS spectra (intensity versus binding energy,
BE) shown in Fig. 2. These data show a pronounced doublet from
both powders with peak energies (282.8 + 0.1 and 284.1 + 0.1 eV
BE) near those associated with carbide bonding and C-C or
graphitic bonding, respectively [7-9]. The high binding energy
region within 3 eV of the C-C peak allows for the existence of
C-H and C-OH species on these surfaces [10,11]. Only a smcoth
background intensity is found above ~287.0 eV BE and consequently
we conclude that there is no significant C-0 bonding on the
powders. This agrees with recent nmr measurements on the powders
at Los Alamos [l12]. The comparable glovebox-stored powders (41
and 24) show very similar C(1ls) peaks where the C-C to carbide
intensities vary no more than 10 per cent from the air-stored
samples.

A second set of XPS data for the Si(2p) peak from the air-
stored powders (40 and 24), shown in Fig. 3, gives peak positions
at 100.4 + 0.1 eV BE. They agree weli with the Si(2p) values of
100.20 eV BE measured from cleaved and/or sputtered SiC [8] and
100.4 eV BE measured from sputtered SiC(0001) and siC(0001) [9].

Note, however, that the peak width (FWHM) for powder 40 is



0.30 eV smaller than that for powder 24, indicating better state
definition. We have consequently taken the Si(2p) peak from
powder 40 as a reference spectrum most like that for pure SiC
bonding. By subtracting this reference peak from that for powder
24, one can get a semiquantitative measure of the additional Si
bonding states present in powder 24. Proper scaling and
normalization gives the difference plot at the top of Fig. 3.
Clearly, powder 24 contains additional Si(2p) spectral content
both below and above the carbide peak position. Substantial
difference peaks ar2 observed near 99.3 and 101.4 eV BE. The
former peak is near accepted values for elemental Si [8,13],
while the latter is attributable to 0-Si-C (101.0 to 102.0 eV BE)
[8] and 5i0,_, species. There is no measurable evidence for SiO2
at 103.4 eV BE [10,13]. The suboxides have been observed by XPS
over the binding energy range from SiC to SiO2 in studies of both
chemisorbed [14] and thin (<1.0 nm) thermally grown oxide layers
[15,16]. The parent Si(2p) peaks for the glovebox-stored powders
are also located at 120.4 + 0.1 eV BE. However, the higher
binding energy difference peak found on air-stored powder 24 is
much better developed than that for glovebox-storage; the Si(2p)
FWHM increasing from 1.76 to 1.84 eV after air storage. The
0(1s) peaks are found near 531.7 * 0.1 eV BE (powder 40 and 41)
and 531.9 + 0.1 eV BE (powder 24), more than 0.5 eV BE below the
value reported for stoichiometric Sioz [13] and consistent with

our Si(zp) peak assignments.



Transmission Electron Microscopy

Cursory TEM examination under low resolution of the plasma
SiC powders shows remarkable similarity between runs. A typical
example is seen in Fig. 4 for powder 24. All powders showed
similar distributions of primary particle sizes near 20 nm
average diameter. These primary particles were arranged into a
wide variety of agglomerate sizes and shapes extending up to 3
microns apparent diameter. Ring diffraction patterns from the
silicon-rich powder 24 in Fig. 5 indicate a mixture of Si and
bet.a-SiC particles. No evidence of either graphitic carbon or
any of the alpha-fiC phases was detected by electron diffraction.

High resolution imaging of the SiC particles has, however,
shown some striking distinctions among different powder runs (see
Figs. 6 and 7). First, these images show that the primary 20 nm
particles are basically single crystals of SiC, sometimes
including twins and stacking faults. Second, both silicon-rich
powder 24 and carbon-rich powder 40 contain apparent carbon
inclusions. These inclusions are partly responsible for the
large C/Si surface atom iraction ratios found in Table III. 1In
the carbon-rich powders, such as lot 40, they are cften
sufficiently crystalline to be recognized by the 0.34 nm fringe
periodicity of graphite (0001, planes, as seen in Fig. 7. Many
of these carbon inclusions show hollow braid-like morphologies;
the carbon inclusions labhelled in Fig. 4 were identified on the
basis of analogy with these particles. Finally, the praimary SiC
particles from carbon-rich runs (similar to runs 40 and 41) often

show graphitic carbon coatings (identified from fringe



periodicity) of apparent unit-cell thicknesses. Such a coating

is demonstrated in Fig. 7.

DISCUSSION

The XPS and TEM results demonstrate that powder 24 has bulk
and surface components that are different from those found in the
more SiC-like powders 40 and 41. Being silicon-rich, the
agglomerates in powder 24 should exhibit a silicon/oxygen/carbon
surface chemistry which is influenced by free silicon particles
and unhindered by the protective carbor coating found typically
on the carbon-rich powders. Preliminary work at Los Alamos in
the area of colloidal processing has shown that these silicon-
rich powders zre much more effectively suspended using silicon
oxide dispersion schemes than are the carbon-rich powders. This
is undoubtedly tied to the above described differences in powder
surface composition, where the silicon compound (0-Si-C and/or

§i0,_,) sites mimic the wet chemical behavicr of pure silicon

2
oxide surfaces [l17]. These silica dispersion routes might be
utilized for silicon carbide prozessing, if synthesis and post-
synthesis chemical tailoring are employed to eliminate the carbon
coating and produce monolayer thick silicon ozide on the more
SiC~l1ike powders, such as found in lots 40 and 4l.

The preserce of free carbon particles in the plasma powders
is not remarkable, since the reactant gas streams for all
syntheses were methanc-rich (see Table IXI). It seems likely that
a portion of the molecular fragments produced by dissociation of

methane in the plasma later recombines to give methane and some

higher hydrocarbon species (e.g., acetylene and ethylene), which
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then crack at the particle surfaces during cooling to leave
elemental carbon. It is possible that this cracking on the
surfaces of the primary SiC particles occurs at relatively high
temperatures to yield a truly crystalline product, while at lower
temperatures amorphous carbon could form. It is also possible
that the particle coatings are in fact similar to the free
inclusions, since even amorphous carbons are thought to be
ordered over ranges larger than three layers. Carbon coatings on
silicon carbide particles may also be formed by the decomposition
of SiC at the particle surface through sublimation of Si at high
temperatures. This carbonizing or graphitization mechanism has
been proposed [1l] and studied [7,9] by other investigators.

Since both cracking and graphitization mechanisms would occur at
elevated temperatures, enhanced quenching of the plasma process
may suppress the formation of the carbon coatings.

In the event that carbon coatings cannot be eliminated
during synthesis, post-synthesis treatment of the powders may be
an alternative for carbor removal. A simple method would be to
heat treat the plasma powders at 1000-1200 K and under a pure
hydrogen atmosphere. This type of post-synthesis treatment has
proven quite successful in the removal of free carbon in plasma
nickel powders (5]. As part of colleoidal processing strategy,
the hydrogen heat treatment could be performed to remove the
carbon before dispersing the powder and preparing the Jgreen
bodies. Subsequent atmospheric exposure of the treated powders
at lower temperatures might conveniently produce the thin surface

oxidation needed for successful dispersion. Alternately, after
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dispersing the carbon-coated powder, using a carbon dispersion
scheme, and forming a compact, the powder could be degraphitised
in hydrogen immediately before sinter.ing the compact, as an
oxygen-free atmosphere will be needed in any case to prevent
heavy oxidation of the ultrafine particles.

However the carbon coatings form, their implications for
subsequent processing are quite important. Indeed, we have
verified that their chenmical characteristics differ substantially
from those of oxidized silicon (silanol) species, making
dispersion and wet casting processes more difficult. On the
other hand, these coatings also protect the particles against
oxidation, making them part of an attractive model system fcr
studying the wet processing and sintering of covalent non-oxide

ceramics.
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Table I. Reaction Conditions

Run Plasma Quench  Probe,

No. Power Argon Argon Depth Yield
(kW) (slpm) (slpm) (cm) (g/hr)

24 28 27.1 12 9.8 45

27B 32 29.4 6.2 5.7 48

31 29 27.6 11 9.7 -

35D 29 27.6 11l 15.9 23

40 30-31 29.8 11 15.9 79

41 3¢ 29.8 3.7 15.9 -

*Probe depth is distance of probe tip below rf coil.



TABLE 11. Reactant Flow Rates and Fowder Properties

Reactant BET BET

Run Gas Powder Surface Equivalent
No. SiH CH C/Si c/Si Area Diameter Densigy

(slpﬂ) (slﬂm) (mol/mol) (mol/mol) (m“/g) (nm) (g/cm”)
24 0.94 1.4 1.5 0.92 111 17 N/A
~71B 0.94 1.4 1.5 1.1 93 23 2.81
31 0.94 1.4 1.5 1.3 90 23 2.93
35D 0.94 2.8 3.0 1.3 110 19 2.84
40 0.94 2.0 2,2 1.2 94 22 2.86

41 0.94 2.0 2.2 1.2 85 23 3.01




»
Table I1I. Powder Surface Atom Fractions

XPS Powder Glovebox Aiy
Peak Run No. Storage Storage
C(ls) 40 - 0.64
41 0.63 -
24 0.60 0.62
0(1ls) 40 - 0.04
41 0.01 -
24 0.03 0.06
Si(2p) 40 - 0.32
41 0.36 -
24 0.37 0.32

*Surface atom fraction determined using the integrated
peak areas divided by their XPS gsensitivity factors.
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Schematic of thermal plasma reactor used to prepare
SiC powders.

XPS spectra showing C(ls) peaks for silicon carbide
powders 40 and 24 after air storage. Carbide and C-C
species are indicated by arrows.

XFS spectra showing Si(2p) peak for silicon carbide
powders 4C nd 24 after air storage. Difference
spect.rum was found relative to powder 40. Binding
energies for some Si species are indicated by arrows.
Silicon-rich SiC powder 24, dispersed on carbcn
support film. ‘The individual powder particles
averaged 20 nm diameter, but are collected irnto
large, irregular agglomerates. Ffree eiemental carbon
(see arrow) is present even in silicon-rich powders.
Selected area electron diffraction from Si-rich
powder 24, showing composice Si plus beta-SiC rings.
High resolution image of Si-rich powder 24, showing
Si, SiC, and amorphoua C phases. Note that the
agglomerate imaged is heavily sintered (i.e.,
"hard").

High resolution image of C-rich powder 40, showing
elemental carbon both as discrete inclusions and as a

thin film coating the SiC particles.
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