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ABSTRACT
 

Tribological studies and X-ray photoelectron spectroscopy analyses were
 

conducted with sintered polycrystalline and single crystal silicon carbide
 

surfaces in sliding contact with iron at various temperatures to 15000 C in
 

a vacuum of 30 nPa. The results indicate -that there is a significant tem­

perature influence on both the friction properties and the surface chemistry
 

of silicon carbide.
 

The main contaminants on the as-received sintered polycrystalline sili­

con carbide surfaces are adsorbed carbon, oxygen, graphite and silicon diox­

ide. The surface revealed a low coefficient of friction. This is believed
 

to be due to the presence of the graphite on the surface. At temperatures
 

of 4000 to 6000 C graphite and copious amount of silicon dioxide were ob­

served on the polycrystalline silicon carbide surface in addition to silicon
 

carbide. At 8000 C, the amount of the silicon dioxide decreased rapidly and
 

the silicon carbide-type silicon and carbon peaks were at a maximum inten­

sity in the XPS spectra. The coefficients of friction were high in the tem­

perature range of 4000 to 8000 C. Small amounts of carbon and oxygen con­

taminants were observed on the as-received single crystal silicon carbide
 

surface below 2500 C. Silicon carbide-type silicon and carbon peaks were
 



seen on the silicon carbide in addition to very small amount of graphite and
 

silicon dioxide at temperatures of 4500 to 8000 C. The coefficients of
 

friction were high over entire temperature range to 8000 C. Above 8000 C,
 

the concentration of the graphite increases rapidly on both polycrystalline
 

and single crystal silicon carbide surfaces, whereas those of the silicon
 

carbide-type silicon and carbon peaks decrease rapidly. The presence of
 

graphite is accompanied by a significant decrease in friction.
 

INTRODUCTION
 

Silicon carbide has been used as a wear, corrosion, oxidation, erosion,
 

creep and fracture resistant material in high temperature technology. It is
 

also used in stable high-temperature semiconductors.
 

Many studies have been- reported on silicon carbide covering such sub­

jects as single crystal growth, structure, imperfections, surfaces, thin
 

film coatings, diffusion, electrical and optical characteristics, mechanical
 

properties, radiation effects, and device fabrication techniques (refs. I
 

to 23). The tribological properties and surface characteristics, however,
 

such as adhesion, friction, wear and surface chemistry, of silicon carbide
 

in contact with metals, ceramics and polymers are not clearly understood in
 

many aspects. All technological processes of interacting surfaces in rela­

tive motion essentially depend on the tribological properties and the sur­

face characterisitics of the materials. Miyoshi and Buckley have conducted
 

experimental studies with silicon carbide in single crystal form in order to
 

gain a fundamental understanding of the-surface characteristics of silicon
 

carbide and its relation to adhesion and friction properties as well as its
 

deformation and fracture behavior (refs. 24 to 31). The present study is an
 

extension of that work to the tribological properties and surface chemistry
 

of sintered alpha silicon carbide in the polycrystalline form.
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Sintered alpha silicon carbide is a self-b6nded form of silicon carbide
 

which lends itself to fabrication of large complex shapes and advances sub­

stantially to the capability of ceramics to resist severe wear, erosion,
 

corrosion, and thermal problems in practical applications. The sintered
 

silicon carbide is very stable and superior to chemically bonded forms of
 

silicon carbide. It is formed by conventional ceramic processing techniques
 

such as cold pressing, injection molding, and extruding prior to firing.
 

After the green forming step, silicon carbide is fired at a high temperature
 

(10000 C in an argon atmosphere) resulting in dense, self-bonded bodies.
 

The objective of the present paper is to discuss the surface chemistry
 

and the tribological properties of sintered polycrystalline and single crys­

tal alpha silicon carbides at elevated temperatures. Polycrystalline and
 

single crystal silicon carbide specimens were heated in a vacuum system at a
 

° 
pressure of 30 nPa by resistance heating to 1200 and 15000 C, respec­

tively. The surface chemistry of silicon carbide crystals was analyzed by
 

X-ray photoelectron spectroscopy (XPS). XPS provides a surface composition
 

analysis and is a preferred analysis technique when electron radiation dam­

age is of concern, since X-ray excitation causes very little radiation dam­

age to most materials. The in situ sliding friction experiments were con­

ducted with a sintered polycrystalline specimen and a single crystal alpha
 

silicon carbide surface in contact with polycrystalline iron at temperatures
 

from 23° to 12000 C. All friction experiments were conducted with loads to
 

-
0.3 N, at a sliding velocity of 5x10 2 mm/s, and in a vacuum of 30 nPa.
 

MATERIAL
 

The sintered polycrystalline alpha silicon carbide used in the exper­

iments was a 98.5 to 98.7-percent-pure compound of silicon and carbon
 

(table 1).
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The single-crystal alpha silicon carbide used in the experiments was a
 

99.9-percent-pure compound of silicon and carbon (table 2). The crystal was
 

grown by a carbon arc method. Alpha silicon carbide has a hexagonal close­

packed crystal structure with the most commonly occurring unit cell dimen­

sions being a = 0.30817'nm and c = 1.51183 nm (ref. 3). The unit cell 

contains two interpenetrating, close-packed atomic arrays - one of silicon 

and the other of carbon displaced by one-quarter.of a layer spacing along
 

the c axis. The silicon atoms thus occupy the tetrahedral locations in
 

the array of carbon atoms, and vice versa (refs. 4 and 5). Hence the basic
 

unit of the structure can be considered to be a plane of a tetrahedron, ar­

bitrarily SiC 4 or CSi 4.
 

The {00011 planewas nearly parallel to the, sliding surfaces examined
 

herein. The X-ray back-reflection Laue photographs were taken to establish
 

the exact bulk orientation of the crystals after the crystals had been pol­

ished. Specimens were within :35 m rad of the low index {00011 plane. The
 

silicon carbide samples were in the form of flat platelets. The roughness
 

of the silicon carbide surfaces measured by surface profilometer was 0.1 Pm
 

for the maximum height of irregularities.
 

The polycrystalline iron was electron-beam-zone refined and was 99.99
 

percent pure. The crystallitec size was 300 micrometers or more. The
 

radius of the iron pin specimen was 0.79 mm.
 

APPARATUS
 

An apparatus which is capable of measuring adhesion, load, and friction
 

was mounted in an ultrahigh vacuum system (see fig. 1). The ultrahigh vacu­

um system contained an X-ray photoelectron spectrometer. The major compo­

nents shown in the figure include the electron energy analyzer, the X-ray
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source and the ion gun used for ion sputter etching. The X-ray source con­

tains a magnesium anode.
 

EXPERIMENTAL PROCEDURE
 

Specimen Preparation and Heating
 

The silicon carbide specimens were heated by resistance heating by ap­

plying tantalum thin-film coatings were applied to the back surfaces of
 

eight silicon carbide crystals in a commercial radio frequency diode appara­

tus. The sliding surfaces of the silicon carbide specimens and the pin spe­

cimens to be used in the friction experiments were then polished and cleaned
 

with diamond powder (3-pm diameter) and with aluminum oxide powder (1-pm
 

diameter). The back of each specimen was attached to tantalum rods with
 

tantalum supporting sheets' The tantalum-coated surface of the specimen was
 

directly in contact with the rods. The power for resistance heating of sil­

icon carbide specimen is supplied through the tantalum rods or sheets and
 

the coated tantalum film by a precisely regulated DC output, adjustable over
 

a wide range. The temperature of the silicon carbide surface was measured
 

with a conventional thermocouple in direct contact with the surface of the
 

silicon carbide specimen. The flat and pin specimens were rinsed with pure
 

ethyl alcohol, just before being placed in the vacuum chamber. The speci­

mens were placed inthe vacuum chamber, and the system was evacuated and
 

subsequently baked out to obtain a pressure of 30 nPa. The specimen was
 

heated to a temperature of 800 C during baking out.
 

Surface treatments were then conducted in situ on the silicon carbide
 

flat specimens in both vacuum chambers. The surface treatments included
 

heating to a maximum temperature of 12000 or 15000 C at a pressure of 30 nPa
 

and subsequent cooling to room temperature with the crystal in the as­

received state after bake-out in the vacuum chamber. The surface of the
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silicon carbide was resistance heated at various temperatures starting at
 

2500 C. The specimen was heated for periods of 1 or 3 hours at a pressure
 

of 30 nPa. The XPS spectra of the specimen were obtained before and after
 

heating. XPS analyses after cooling to room temperature were conducted on
 

these specimens in the same manner as those at 2500 C. Heating times varied
 

from 1 or 3 hours at each temperature in a vacuum of 30 nPa.
 

Ion Sputter Etching
 

The pin specimens were ion sputter cleaned. To conduct depth profiling
 

of the silicon carbide flat surface, the silicon carbide flat specimen was
 

also ion sputter etched. Ion sputter etching was performed with a beam en­

ergy of 3000 electron volts at 20 milliamperes beam current with an argon
 

pressure of 8x10 -3 Pa or 7x10-4 Pa for a predetermined sputter etching time.
 

The ion beam'was continuously rastered over the specimen surface. After
 

sputter etching, the system was reevacuated to a pressure of 30 nPa or lower.
 

X-ray Photoelectron Spectroscopy
 

To obtain reproducible results, a strict stanaardization of the order
 

and time of recording was used. The instrument was calibrated regularly.
 

The analyzer calibration was determined assuming the binding energy for the
 

gold 4f 7/2 peak to be 13.4 aJ (83.8 eV), that is,the Au 4f 7/2 level was
 

used as the reference line. All survey spectra, scans of 1000 or 1100 eV,
 

were taken at a pass energy of 50 eV providing an instrumentation resolution
 

of 1 eV at room temperature. The Mg Ka X-ray was used with an X-ray source
 

power of 400 W (10 kV - 40 mA). The narrow scans of individual peaks are
 

just wide enough to encompass the peaks of interest and were obtained with a
 

pass energy of 25 eV at room temperature.
 

To determine accurately the energy and the shape of peaks, spectra were
 

recorded several times. The resolution of the spectral peak was 1.5 eV full
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width. The energy resolution was 2 percent of the pass energy, that is,
 

0.5 eV. The peak maxima could be located to ±0.1 eV. The reproducibility
 

of peak height gas good, and th probable error in the peak heights ranged
 

from *2 to ±8. percent. The peak ratios were generally good to ±10 percent
 

or less.
 

Friction Experiments
 

In situ friction experiements were conducted with tile as-received, and
 

surface-treated silicon carbide specimens over a temperature range from room
 

to a maximum of 12000 C in order to not exceed the melting point of iron
 

(1535° C). A load of 0.2 N was applied to the pin-flat contact by deflecting
 

the beam, as shown in figure 1. The calculated mean contact pressure at a
 

0.2 N load with a 0.79-mm-radius iron pin in contact with silicon carbide
 

would nominally be 0.8 GPa at room temperature. To obtain consistent experi­

mental conditions, the time in contact before sliding was 30 seconds. Both
 

load and friction forces were continuously monitored during a friction experi­

ment. Sliding velocity was 5xi0 -2 mm/s with a total sliding distance of
 

2 to 3 mm. The values of coefficients of friction reported herein were ob­

tained by averaging 3 to 5 measurements. The standard deviations of the meas­

ured values are within 2 to 4 percent of the mean value.
 

RESULTS AND DISCUSSION
 

X-Ray Photoelectron Spectroscopy
 

Sintered Polycrystalline Silicon Carbide. - The XPS survey spectra of the
 

polycrystalline silicon carbide surfaces obtained before sputter cleaning re­

vealed oxygen peaks, in addition to silicon and carbon peaks. The crystals
 

were in the as-received state after it had been baked out at a temperatore of
 

800 C in a vacuum system of 30 nPa. The XPS spectra of Si2p, CIs and 01s
 

obtained from narrow scans on the polycrystalline silicon carbide surfaces
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are presented in figure 2. The as-received crystal (after bake-out) was
 

heated at various temperatures in a 30 nPa vacuum. The temperatures given
 

in figure 2 were the highest temperatures to which the crystal had been
 

heated. All the XPS spectra were taken at room temperature after bake out
 

and heating. The results of figure 2-show 'asignificant influence of tem­

perature on the silicon carbide surface characteristics.
 

The photoelectron emission lines for Si2p of the silicon carbide
 

are primarily split asymmetrically into doublet peaks at temperatures from
 

room to 6000 C (fig. 2(a)). The doublet peaks at 100.4 and 103.4 eV are due
 

to distinguishable kinds of silicon compounds, which are silicon carbide and
 

silicon dioxide, respectively. Above 6000 C, the Si2p photoelectron
 

peak associated with silicon carbide is exclusively seen in the spectra.
 

The C1s photoelectron emission lines of the silicon carbide at tem­

peratures from room to 4000 C include primarily three distinguishable kinds
 

of peaks associated with (1) adsorbed carbon contaminant, (2)graphite, and
 

(3) silicon carbide (fig. 2(b)). The CIs photoelectron emission lines
 

at temperatures from 6000 to 12000 C are split asymmetrically into doublet
 

peaks associated with graphite and silicon carbide.
 

The 01s photoelectron emission lines primarily include silicon di­

oxide 01s peaks as well as small concentrations of adsorbed oxygen con­

taminants at temperatures from room to 8000 C. At temperatures of 10000 and
 

12000 C the 01s peaks are negligible.
 

In addition, a change in the vertical height of the peaks is observed
 

in figure 2. There are distinct influences of temperature on the Si2p,
 

CIS, and 01s concentrations. The heights of the Si2p (silicon car­

bide and silicon dioxide), CIs (adsorbed carbon contaminant, graphite, and
 

silicon carbide), 01s (adsorbed oxygen contaminant and silicon dioxide) on
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the silicon carbide surfaces are plotted as a function, of temperature in
 

f-igure 3.- The trend of-concentration of the Si2p related to the silicon
 

carbide is similar to that of C1s related to carbide over the entire
 

temperature-range of from room to 12000 C, as shown in figure 3(a). The
 

heightsof Si2p- and Cls, which are related tothe silicon carbide,
 

increase linearly with increasing temperature to 8000 C,-and then decrease
 

with increasing temperature above 8000 C. The carbon contaminant Cls
 

peak height decreases rapidly with increasing temperature to 400 C, as
 

shown in figure 3(b). The graphite Cls peak is present even on the as
 

received silicon carbide surface. This is a distinguishing feature of the
 

sintered polycrystalline silicon carbide, because the graphite Cls peak
 

is absent on the as-received single crystal silicon carbide as wi-li be shown
 

in figure 4. In figure 3(b), the graphite C1s peak height is relatively
 

constant at temperatures to 4000 C. Above 4000 C the graphite Cls peak
 

height increases with increasing temperature. Large graphite peaks are ob­

° 
served at temperatures of 1000 and 12000 C. In other words, the surface of
 

silicon carbide is covered with a graphite layer.
 

The trend of the height of 01s peak related to silicon dioxide is
 

similar to that of Si2p associated with silicon dioxide, as shown in
 

figure 3(c). The peak heights of silicon dioxide Si2p and 01s ob­

tained from the silicon carbide surface increase with increasing temperature
 

to 6000 C. Above 6000 C they decrease rapidly with increasing temperature.
 

The amount of the silicon dioxide present on the polycrystalTine silicon
 

carbide was a few times more than that on the single crystal silicon carbide.
 

Single Crystal Silicon Carbide. - Figure 4 presents the XPS peak
 

heights of the Si2p, Cls and 01s on the single crystal silicon carbide
 

surfaces as a function of a preheating temperature of 15000 C. An adsorbed
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carbon contaminant on the as received single crystal silicon carbide surface
 

was evident as well as a very small amount of oxygen contaminant.
 

The concentration of silicon carbide Si2p and Cis on the single
 

crystal silicon carbide surface increases with increasing temperature to
 

8000 C, and above 8000 C it decreases with increasing temperature, as shown
 

in figure 4(a). Large Si2p and CIs peaks associated with silicon
 

carbide are distinguished and are at a maximum intensity at the temperature
 

8000 C.
 

The peak heights of silicon dioxide Si2p and 01s remains rela­

tively very low at temperatures of room to 15000 C (fig. 4(a)). They are
 

almost negligible at temperatures of 8000 to 15000 C. The amount of silicon
 

dioxide on the single.crystal silicon carbide was much less than that on the
 

sintered polycrystalline silicon carbide, as already mentioned above.
 

The carbon contaminant Cis peak height decreases with increasing
 

temperature and is negligible above 4000 C, as shown in figure 4(b). The
 

graphite Cis peak was absent at temperatures from room to 2500 C. At
 

temperatures of 4000 to 8000 C the graphite peak height remains low. At
 

9000 C the amount of graphite increases rapidly and further the graphite
 

peak height increases in intensity with increasing temperature to 15000 C.
 

A very large graphite CIs peak is observed on the silicon carbide
 

surface at temperatures of 10000 C and above. Therefore, the surface of
 

silicon carbide is covered with a graphite layer above 10000 C.
 

A comparison of the XPS results obtained from sintered polycrystalline
 

and single crystal silicon carbide surfaces preheated to various tempera­

tures have generally the same surface chemical conditions as those of the
 

as-received sintered polycrystalline silicon carbidewith two major excep­

tions. The two exceptions are: (1)the amount of silicon doxide over the
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entire temperature range examined herein and (2)the presence of qraphite at
 

temperatures below 4000 C.
 

The amount of the silicon dioxide present on the single crystal silicon
 

carbide was a few times less than that on the sintered polycrystalline sili­

con carbide over the entire temperature range examined. The graphite peaks
 

were negligible on the single crystal silicon carbide surface, while those
 

on the polycrystalline-silicon carbide surface were quite visible. It is
 

anticipated from these results that the friction properties of the polycrys­

talline silicon carbide would be different from those of the single crystal
 

silicon carbide.
 

Depth Profile of Graphitized Surface
 

A typically complete elemental depth profile for the single,crystal
 

silicon carbide surface preheated to 15000 C was obtained as a function of
 

sputtering time and is presented in figure 5. The graphite peak decreases
 

rapidly in the first 30 minutes of sputtering, and thereafter it-gradually
 

decreases with an increase in the sputtering time to about 18 hours. After
 

18 hours the graphite peak height does not change much with sputtering
 

time. On the other hand, the silicon carbide-Si 2p and Cls peak
 

heights increase gradually with increasing sputtering times to 20 hours.
 

Ellipsometric measurements were conducted with two different {0001i
 

faces of the silicon carbide crystals, one which consisted of silicon atoms
 

{0001} and the other which consisted of carbon atoms {0001i at temperatures
 

above 12000 C (ref. 32). In 1 hour of heating at 13000 C the layer, which
 

consists of carbon (graphite), on the C-face grows to about 100 nm, whereas
 

the layer on the Si-face did not grow thicker than 10 nm even with longer
 

heating.
 

11
 



The silicon carbide {OO01i surfaces used in this investigation consis­

ted of both silicon atoms and carbon atoms because etching of the silicon
 

carbide surface inmolten salt 1NaF + 2KCO3 gives both a smooth surface
 

for the Si-face and a rough surface for the C-face. The apparent thickness
 

of the layer, which consists of graphite and is produced by heating above
 

12000 C for 1 hour, is about 100 nm (1000 A), and it is equivalent to a
 

depth of a layer sputter etched for about 18 hours shown in figure 5.
 

The graphitization behavior in the outermost surficial layer is be­

lieved to be as follows. The analysis depth with AES is of the order of
 

1 nm or less and an elemental concentration as low as 0.1 percent of a mono­

layer can be detected and identified. The analysis depth with XPS is of the
 

order of 2 nm or less, and the ultimate sensitivity is sufficient to allow
 

fractions of a monolayer to be detected and identified. Therefore, the
 

outermost surficial layer, which consists of mostly graphite and very little
 

silicon, on the silicon carbide surface is concluded to be of the order of
 

1 nm. This estimation is consistent with the proposition of Bommel, et al.
 

(ref. 7), that is the collapse of the carbon of three successive silicon
 

carbide layers is the most probable mechanism for the initial stages of the
 

graphitization of silicon carbide basal planes.
 

FRICTION
 

Sliding friction experiments were conducted with sintered polycrystal­

line and single crystal silicon carbide in contact with iron in vacuum.
 

Friction-force traces resulting from such sliding experiments were generally
 

characterized by a stick-slip behavior (ref. 33). All the coefficients of
 

friction reported infigures 6 and 7 are static values. The coefficient of
 

static friction p is defined: v = F1/W, where F1 is the friction 

force at which the first break, that is,first motion is observed inthe
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friction-force trace and W is the normal load. The kinetic friction prop­

erties of silicon carbide in sliding contact with iron were generally of the
 

same magnitude as those of the static friction. The kinetic friction is
 

also defined: tk =F/W, where F is the friction force determined by
 

averaging the heights of maximum peaks in the friction-force trace, and W
 

is the normal load.
 

The coefficient of friction of polycrystalline and single crystal sili­

con carbide {0001} surfaces in contact with iron as a function of slid­

ing temperatures is indicated in figures 6 and 7, respectively. The iron
 

rider was sputter cleaned with argon ions. Both silicon carbide specimens
 

were in the as-received state after they had been baked out in the vacuum
 

system. The specimens were then heated to the sliding temperature before
 

the friction experiment was initiated. In figure 6 the coefficient of fric­

tion remains low below 2500 C. The low friction can be associated with the
 

presence of graphite, as anticipated above. The coefficient of friction
 

increases rapidly with increasing temperature at the temperature 4000 C, and
 

remains high inthe range of 4000 to 8000 C. The rapid increase in friction
 

at 4000 C can be related to (1)the presence of increased silicon dioxide,
 

(2)increased adhesion, and (3)increased plastic flow in the area of con­

tact. It is possible that the iron breaks through the graphite layer on the
 

as-received sintered silicon carbide and comes directly in contact with the
 

silicon carbide. When this occurs, there can be very strong adhesive bond­

ing at the sliding interface. Above 8000 C the coefficient of friction de­

creases rapidly with an increase of temperature. The rapid decrease in
 

friction above 8000 C correlates with the graphitization of the silicon car­

bide surface, as already discussed.
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For single crystal silicon carbide the coefficient of friction in­

creases slightly with increasing temperature at temperatures below 4000 C,
 

as shown in figure 7. Above 4000 C, the coefficient of friction decreased
 

°
with an increase in temperature in the range 4000 to 600 C. The general
 

decrease in friction at these temperatures is due to the gradual removal of
 

the contaminant oxygen from the surface as supported by the XPS spectral
 

data. The coefficient of friction increased with increasing temperature in
 

the range of 6000 to 8000 C. The increase in friction at these temperatures
 

can be associated with increased adhesion and increased plastic flow in the
 

area of contact. Above 8000 C the coefficient of friction decreases rapidly
 

with an increase of temperature. The rapid decrease in friction above
 

8000 C correlates with the-graphitization of the silicon carbide surface as
 

already discussed.
 

Thus, the low friction at the high temperatures (above 8000 C) appears
 

to correlate with the graphitization ofthe silicon carbide surface. The
 

coefficients of friction on the single crystal and sintered polycrystalline
 

silicon carbide surfaces at high temperatues are nearly the same as those on
 

pyrolytic graphite in sliding contact with iron in a vacuum (ref. 34).
 

METAL TRANSFER
 

An inspection of the sintered polycrystalline and single-crystal sili­

con carbide surfaces after sliding contact with iron revealed transfer of
 

iron to silicon carbide. Figure 8 presents scanning electron micrographs at
 

the beginning of wear tracks on the as-received surfaces of silicon carbide
 

generated by a-single pass of the iron at room temperature. It is obvious
 

from figure 8 that the iron transfers to the silicon carbide even with sin­

gle pass sliding. The higher the sliding temperature, the more the extent
 

of the metal transfer produced to the ceramic surface (ref. 31).
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FRACTURE WEAR
 

The sliding-of iron on a silicon carbide surface at room and elevated
 

temperatures results in formation of cracks and fracture pits in the silicon
 

carbide surface. The fracture wear occurs very locally and in very small
 

areas in the sliding contact region.
 

Two of the present authors have observed multiangular and spherical
 

wear particles of single crystal silicon carbide when silicon carbide was in
 

sliding contact with metals or nonmetals (refs. 25 and 30). Itwas sugges­

ted that wear debris and fracture pits of silicon carbide were produced by
 

two mechanisms. The first involves the formation of a multiangular-shaped
 

fracture along the {C0O1}, {1010, and {11201 cleavage planes under the
 

Hertzian stress field or local inelastic deformation zone, and the second
 

involves the formation of a spherical-shaped fracture along the circular or
 

spherical stress trajectories under the inelastic deformation zone (ref. 30).
 

Figure 9 presents a scanning electron micrograph of the wear track on
 

the polycrystalline sintered silicon carbide surface, where the wear track
 

is generated by single pass sliding of the iron rider. The wear track has
 

microfracture pits in it. The microfracture pits, where the wear debris
 

particles were ejected, reveals that the fracturing is the result of surface
 

and subsurface fracture.
 

CONCLUSIONS
 

The following conclusions are drawn from the data presented herein:
 

1. There is a significant temperature influence on both the surface
 

chemistry and tribological properties of silicon carbide.
 

2. The principal contaminants on the as-received sintered polycrystal­

line silicon carbide surfaces are adsorbed carbon and oxygen, graphite and
 

silicon dioxide. The adsorbed carbon contaminants disappear on heating to
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4005 C. Above.4000 C, graphite and silicon dioxide are primarily seen on
 

the silicon carbide surface in addition to the silicon carbide. The amount
 

of silicon dioxide present on the silicon carbide decreases rapidly with
 

increasing temperature in the range of 6000 to 8000 C. At 8000 C, the sili­

con carbide-Si2p and C1s peaks are at maximum intensity as determined
 

by the XPS spectra. Above 8000 C, graphite concentration increases rapidly
 

with an increase in temperature on the silicon carbide surface. The surface
 

of silicon carbide graphitizes at temperatures of 10000 to 12000 C.
 

3. The principal contaminants on the as-received single crystal silicon
 

carbide surface is adsorbed carbon, oxygen and silicon dioxide. The amount
 

of the silicon dioxide present on the single crystal silicon carbide is less
 

than that on the sintered polycrystalline silicon carbide. The adsorbed
 

carbon contaminants disappear on heating to 4000 C. Above 4000 C, graphite
 

and silicon carbide are primarily seen on the silicon carbide surface. At
 

8000 C, the silicon carbide-Si2p and Cls peaks are at an maximum in­

tensity. Above 8000 C, the graphite concentration increases rapidly with an
 

increase in temperature, while the silicon carbide concentration decreases
 

rapidly in intensity from the silicon carbide surface.
 

4. The general temperature dependent trend of the coefficient of fric­

tion for sintered polycrystalline silicon carbide is similar to that for
 

single crystal silicon carbide in the range of 400 to 12000 C. The coef­

ficients of friction were high at temperatures of 4000 to 8000 C. Above
 

8000 C, coefficients of friction was dramatically lower because of the pres­

ence of the graphite layer on the surface of the silicon carbide.
 

The surface of the as-received polycrystalline silicon carbide at room
 

temperature and 2500 C revealed a low coefficient of friction. This is be­
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lieved to be due to the existence of graphite of the silicon carbide surface
 

during fabrication.
 

5. Iron transferred to the surface of silicon carbide in even a single
 

pass of sliding.
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ner Kc (a *l/l) a (mm) c Io) 
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(c)Hardness data 

Plane Direction Knoop 
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numberI(2.9 S)N 
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Figure 1. - Schematic representations of the X-ray photoelectron spectrometer, Friction and wear apparatus, and specimen holder.
Mb) 

friction and wear appartus and silicon carbide specimen. Figure 1.-Concluded. 
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