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ANISOTROPIC TRIBOLOGICAL PROPERTIES OF SILICON CARBIDE

by Kazuhisa Miyoshi and Donald H. Buckley

National Aeronautics and Space Administration
Lewis Research Center
Cleveland, Ohio 44135

ABSTRACT

The anisotropic friction, deformation and fracture
behavior of single-crystal silicon carbide surfaces
were investigated in two categories. The first, is
that in which friction and wear of silicon carbide
arises primarily from adhesion between sliding solid
surfaces in contact, and second is where friction and
wear of silicon carbide occur as a result of the sur-
face sliding against a hard particle. The categories
are called adhesive and abrasive wear processes, respec-
tively. In the adhesive wear process, the adhesion,
friction and wear of silicon carbide are markedly de-
pendent on crystallographic orientation. The force to
reestablish the shearing fracture of adhesive bond at
the interface between silicon carbide and metal is the
lowest in the preferred orientation of silicon carbide
slip system. The fracturing of silicon carbide occurs
near the adhesive bond to metal and it is due to pri-
mary cleavages of both prismatic (1010) and basal (0001}
planes. In the abrasion process of silicon carbide the
(1010) direction on the basal plane exhibits the lowest
coefficient of friction and the greatest resistance to
abrasion for silicon carbide. The anisotropic friction
and plastic deformation are primarily controlled by the
slip system (1010} (1120). The anisotropic fracture
in the abrasion process is due to primary cleavages of
(0001), (1010) and (1120) planes.

INTRODUCTION

The high strength, excellent oxidation, and creep
resistance as well as semiconducting properties of
silicon carbide makes it an extremely important mate-
rial for high temperature mechanical and eiectronic
applications in “ostile environments. Examples of its
application include use as stable high-temperature semi-
conductors, gas turbine blades, turbine ceramic seals,
and ‘s an abrasive in grinding (1,2).

Silicor. carbide has been studied in a number of
fields including material science, solid state physics,
metallurgy, etc. A wide variety of its properties have
been investigated including ultrapurification, growth,
crystal structure, new device concepts, physical, chemi-
cal, structural, optical, and electronic properties
(1,2). Despite the wide scope of property studies,
there is a lack of fundamental understanding relative to
the surface science of silicon carbide, that is, its
surface chemistry and physics. The present authors have
conducted experimental studies to gain a better under-
standing of the surface chemistry and physics of single-
cyrstal silicon carbide and its tribological proper-
ties under a varieLy of exacting environmental condi-
tions (3-5).

Properties such as atomic density, spacing of
atomic planes, surface energy, modulus of elasticity,
slip systems, influence of imperfections, deformation,
fracture and hardness have all been related to crystal
orientation.

Anisotropic friction and deformation studies have
been made by many investigators with a variety of salt
structures (Mg0, LiF, NaCl, etc.) as well as for some of
the wear-resistant materials such as sapphire, diamond,
and ferric oxide (6-16).

Although considerable effort has been put forth in
determining the anisotropic friction behavior of single
crystals on a variety of crysta!lographic planes and
directions, the anisotropic friction and wear arise pri-
marily from nonadhesive processes, such as abrasion.
Very few studies of the anisotropic nature oi friction
and wear have been conducced from the consideration of
adhesion between the sliding surfaces.

The objective of this paper is to describe the ef-
fects of crystallographic orientation on the tribologi-
cal properties, that is, the friction and wear behavior
of single-crystal silicon carbide surfaces in contact
with various solids.

For simplicity of discussion, the tribological
properties and the effect of crystallographic orienta-
tion on them are divided into two categories. The first
is that in which the friction and wear of the silicon
carbide airses primarily from adhesion between solid
surfaces in sliding contact, and the second is where the
friction and wear of silicon carbide occur as a result
of the surface sliding against a hard particle. The two
categories are called the adhesive and the abrasive wear
processes, respectively. Two types of sliding frictiom
experiments were conducted with the single-crystal sili-
con carbide. The first is conducted with silicon car-
bide in contact with metals or silicon carbide in vac-
uum, and the second is conducted with silicon carbide in
contact with a diamond rider in mineral oil or in argon
at atmospheric pressure. The vacuum environment is used
in order to maximize the adhesion effect, while the oil
and argon atmosphere is used to minimize the adhesion
effect.

MATERIALS

The a single-crystal silicon carbide used in
these experiments was a 99.9 percent pure compound of
silicon and carbon. }he unit cell of a-SiC is hexago-
nal with a = 3,0817 A, C = 15.1183 A, and has 21 mole-
cules per unit cell (17,18). The method of growth is
carbon arc.

Specimens were within $2° of the low index (0001)
plane, and #3° of (1010) and (1120) planes. The silicon
carbide samples were in the form of flat platelets. The
roughness of the mirror-polished silicon carbide sur-
faces measured by surface profilemeter was 0.3 micro-
meter for the maximum height of irregularities.

The metals (W, Fe, Rh, Ni, Ti, Co, Cu and Al) were
all polycrystalline. The titanium was 99.97 percent
pure, and the copper was 99.599 percent pure. All other
metals were 99.99 percent pure. The radius of metal pin
(rider) specimen was 0.79 mm.

The diamonds were commercially purchased. Diamond,
the hardest known material, indents silicon carbide
without itself sufferin; permanent deformation. It is
elastic constants are also very high. The Young's modu-
lus of silicon carbide is about &.5x10% pascals, while
that of diamond lies between 7:<10° and 10x10° pascals
(19,20).

APPARATUS
Two apparatuses were used in this investigation.

One was a vacuum system capable of measuring adhesion,
load, and friction. The apparatus also contained tools
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for surface analysis, and an Auger electron spectros-
copy (AES). The mechanism used for measuring adhesion,
load, and friction is shown schematically in Fig. 1(a).
A gimbal-mounted beam {s projected into the vacuum sys-
tem. The beam contains two flats machined normal to
each other with strain gages mou‘ted thereon. The end
of the rei1 contafus the metal or . 'licon carbide rider.
As th "um {s moved normal to the Jlat specimen, a
load = .pplied that is measured by the strain gage.
The v ..ical sliding motion of the rider along the flat
surface is accomplished through a motorized gimbal as-
sembly. Under an applied load, the friction force is
sensed by the strain gage normal to that used to mea-
sure load. Multiple wear tracks could be generated on
the flat specimen surface by translacional motion of
the beam containing the rider. This feature was used
to examine the coefficient of friction at various loads.
Rider sliding was in the vertical direction, as shown
in Fig. 1(a). The vacuum apparatus in which the compo-
nents of Fig. l(a) were contained also had an AES. The
electron beam from AES could be focused on any flat
site desired. The second apparatus was a system cap-
able of measuring friction in oil. The mechanism for
measuring friction is shown schematically in Fig. 1(b).
The beam contains one [lat machined normal to the direc-
tion of friction application. The end of the rod con-
tains the diamond rider. The load is applied by plac-
ing deadweights on a pan that sits on top of the rod.
Under an applied load the friction force is sensed by

a strain gage.

EXPERIMENTAL PROCEDURE

Adhesive wear., The flat and rider specimens we: e
polished with a 3 micrometer diamond powder and then
1 micrometer aluminum oxide powder. The radius of
rider was 0.79 millimeter. Both specimens were rinsed
with 200-proof ethyl alcohol.

For the experiments in vacuum the specimens were
placed in the vacuum chamber and the system was evacu-
ated and subsequently baked out to achieve a pressure
of 1.3x10°8 N/w? (10710 Torr). Two specimen cleaning
procedures were used for silicon carbide in vacuum:

(1) argon sputter cleaning, and (2) heating to 800° C.

In the first procedure, argon gas was bled back into

the vacuum chamber to a pressure of 1.3 pascal. A 1000-
volt, direct-current potential was applied and the speci-
mens (both flat and rider) were argon sputter bombarded
for 30 minutes. After 1 hour the vacuum chamber was re-
evacuated and Auger spectra of the flat surface were
obtained to determine the degree of surface cleanliness.

The second procedure examined included a resistance
hentlns in situ to a temperature of 800° C at a pressure
of 109 pascal for an hour and subsequent cooling to
room temperature with the crystal in the as-received
state after having been baked out in the vacuum chamber.
The temperature of the silicon carbide surface was mea-
sured with a conventional thermocouple in direct contact
with the surface of the silicon carbide specimen. The
rider specimen was argon sputter clearad. When the flat
and rider surfaces were clean, friction experiments were
conducted.

Loads of 5 to 50 grams were applied to the rider-
flat contact by deflecting the beam of Fig. 1(a). Both
load and friction force were continuously monitored dur-
ing a friction experiment. Sliding velocity was 3 mm/
min, with a total sliding distance of 3 millimeters.

All friction experiments in vacuum were conducted with
the system reevacuated to a pressure of 10°8 N/m?,

Abrasive wear. The diamond riders were conical.
The apical angle of conical rider was 117° £1° and the
radius of curvature at the apex was less than 5 micro-
meter. The riders were polished with 1 micrometer
aluminum oxide powder hetore each friction experiment.
The silicon carbide was polished with diamond and alumi-

"

num powder, as above mentioned. Both silicon carbide
and diamond surfaces were rinsed with water and 200-
proof ethyl alcohol before use. The friction experi-
ments were single-pass, with a total sliding distance
of 2 mm, at a sliding velocity of 3 mm/min in pure min-
eral oil (21) or in argon at atmospheric pressure.

RESULTS AND DISCUSSION

Adhesive Wear and Friction

Cleanliness of silicon carbide surfaces. An AES
spectrum of the single-crystal siiicon carbide surfaces
obtained before sputter or heat cleaning, but after pol-
ishing and bake out, revealed an oxygen peak in'addition
to the silicon and carbon. The oxygen peak, and the
chemically shifted silicon peaks at 78 and 89 electron
volts indicated a layer of S10; on the silicon carbide
surfaces as well as a simple, adsorbed film of oxygen.
The carbon peak was similar to that obtained for
amorphous-carbon (22). Thus, the spectrum indicated a
carbon contaminant on the silicon carbide surface as
well as the Si0p layer.

The AES spectrum taken after the silicon carbide
surface had been argon-sputter cleaned clearly reveals
the silicon at 91 or 92 eV and carbon peaks at 272 eV,
as shown in Fig. 2(a). The carbon peak is of the car-
bide type, which is characterized by three prak labelled
Ag to Ay in Fig. 2(a). A small argon peak is evident
in the spectrum, but the oxygen peak is negligible.

The spectrum of the surface prelieated to 800° C is
almost the same as that obtained for an argon sputter
cleaned surface, as indicated by the data in Fig. 2.

The spectrum of this surface reveals that main silicon
peak appears at 88 eV, and the carbon peak of the car-
bide type is at 271 eV. No argon and oxygen peaks,
however, are seen in the spectrum. Friction experiments
were conducted in vacuum with surfaces cleaned in the
manner just described.

Wear. Sliding friction experiments were conducted
with silicon carbide (0001) surface in contact with
various metals (W, Fe, Rh, Ni, Ti, Co, Cu, and Al), and
the silicon carbide itself. All the silicon carbide
surfaces contacted by the metals investigated were found
to have transferred metals on the silicon carbide sur-
face even with a single pass of a metal rider. Typical
examples of metal transfer are shown in Fig. 3. The
coetricient of friction for silicon carbide in contact
with various metals was related to the relative chemi-
cal activity of the metals. The more active the metal
(e.g., aluminum and titanium), the higher the coeffi-
cient of friction (3). The chemical activity of the
metal and its shear modulus also play important roles
in metal-transfer and wear. The more active the metal,
and the less resistance it has to shear, the greater
the transfer to silicon carbide (3).

The coefficient of friction for silicon carbide in
sliding contact with silicon carbide itself is almost
the same as those for silicon carbide in contact with
the chemically active metals titanium and aluminum,

The coefficient of friction is approximately 0.6, When
repeated passes were made of the metal riders over the
same single-crystal silicon carbide surface, the coeffi-
cient of friction generally decreased with the number

of passes to an equilibrium value which depended on the
nature of transfer of the wmetals.. In contrast, when re-
peated passes were made with the silicon carbide rider
on silicon carbide, the coefficient of friction was
generally constant at 0.6,

The sliding of a metal or silicon carbide rider on
a silicon carbide flat (00ui) surfaces results in
cracks along cleavage planes of (1010) orientation.
Figure 3 shows scanning electron micvrographs of the
wear tiracks, generated by 10 passes of rhodium and tita-
nium riders, on the silicon carbide (0001) surface along




the (IOTO) direction. The cracks, which are observed
in the wear tracks, primarily propagete along cleavage
planes of the (1010} orientation. In Fig. 3(a), a
hexagon=shaped light area {s the beginning of wear
track, and there is a large crack where cracks primar-
ily along the (1010) planes were generated, propagated,
and then intersected during loading and sliding of the
rhodium rider over the silicon carbide surface. It is
anticipated from Fig. 3(a) that subsurface-cleavage
cracking of the (0001) planes, which are parallel to
the sliding surface, also occurs. Figure 3(b) reveals
a hexagon-shaped pit and a copious amount of thin tita-
nium film around the pit. The hexagon-shaped fractur-
fng s primarily due to cleavage-cracking along (1010)
planes and subsurtace-cleavage-cracking along the
(0001) plane. The very smooth surface at the bottom
of hexagon-pit {s due to cleavage of the (0001] planes.

Figure 4 {llustrates detaliled examination of sili-
con carbide wear debris produced by 10-pass sliding of
aluminum riders on the silicon carbide surface. The
Jcanning electron micrographs already reveal evidence
of multiangular wear debris particles of silicon carbide
with transferred aluminum wear debris on the silicon
carbide wear track. Such multiangular wear debris par-
ticles have crystallographically oriented sharp edges.
They had shapes which were nearly hexagon, rhombus,
parallelogram, or square (23). These shapes may be re-
lated to surface and subsurface cleavage of (1010),
{1120), and {0001) planes.

Similar hexagon-shaped pit and wultiangular wear
debris, having crystallographically oriented sharp
edges, were also observed with single-crystal silicon
carbide in contact with itselr. Figure 5 clearly re-
veals the gross hexagonal shaped pits on the wear scar
of silicon carbide rider and a nearly full hexagon-
shape and flat wear particle. The wear debris was ob-
served to transfer to the flat specimen of silicon car-
bide. Thuu, the crystallographically oriented crack-
ing and fracturing of silicon carbide occurred as a re-
sult of sliding of the metal or the silicon carbide
rider.

Friction. Friction experiments were conducted
with the iron rider sliding on a silicon carbide (0001)
aurface, Shich was cleaned by heating to a temperature
800" C in vacuum. The frictional properties of the
silicon carbide (0001) surface in contact with iron at
temperatures up to 800° C {s indicated in the data of
Fig. 6. Auger analysis indicated that the reheated
surface after the cleaning processes was the same as
that of cleaned surface. The coefficient of friction
generally increases with increasing temperature from
about 0.5 {n the (1010) sliding direction and 0.4 1
the (1120) sliding direction at room temperature to
0.75 and 0.63 at about 8300° C, respectively. Although
the coefficient of friction remains low balow 300° C,
it increases rapidly with increasing temperature in the
range ~f 5009 to 600° C. There is then, however, little
further increase in friction above 600° C.

The rapid increase in friction at temperatures of
300° to 600° C can be related to an increase in the ad-
hesfon resulting from recrystallization of iron. Iron
normally has a recrystallization temperature of 200° to
300° ¢, The experiments herein were started with a de-
formed surface of polycrystalline {ron. At temperatures
of 300° to 600° ¢, recrystallization will occur for (ron
in contact with the silicon carbide. Recrystallized-
annealed {ron surfaces are less resistant to deformation
and adhesion than are deformed surfaces. The general
increases in fric.‘on at elevated temp: ratures are then
due to the increased adhesion and plasciz flow in the
area of contact,

The data of Fig. 6 indicate that the friction be-
havior of silicon carbide in contact with {ron is highly
anisotropic over the cntire temperature range of room

temperature to 800° C. With silicon carbide several
slip systems have been observed in a-silicon carbide,
including the (0001} {(1120), (3301) (1120) and (1010)
(1120) (24,25). The preferred crystallographic slip
direction or the_direction of shear for the basal (0001}
plane is the (1120) direction. Examination of the co-
efficient of friction on the basal plane indicates that
the coefficient of friction s lower in the (1120)
direction than it was in the (1010) direction. The co-
efficient of friction reflects the force required to
shear at the interface with the basal planes of the
silicon carbide parallel to the interface. The results
presented in Fig. 6 indicate that the force to vesist
the shearing fracture of the adhesion bond at the inter-
face {a lower in the preferred crystallographic direc-
tion than it i{s in the (1010) direction.

Silicon carbide (0001) surfaces, which were argon
sputter cleaned or were heat cleaned in situ, revealed
no significant difference in coefficient of friction.
The frictional anisotropy is also similar, that is, the
coefficient of friction is lower in the (1120) direc-
tion than it . s in the (1010) direction.

Abrasive Wear and Friction

Hardness. As hardness is a conventionally used
parameter for indicating abrasion resistance, it is use-
ful to attemp: an exeamination of hardness anisotropy of
silicon carbide, Figure 7 vepresents & back reflection
Laue photograph and the results of Knoop hardness ex-
periments made on the (0001) plane of silicon carbide.
Specimens wore less than 2% of the low index (0001)

plane. The Knoop hardness is picsented os a function
of orieatation with the long axis ot (he indenter in
the \.olu‘ direction at 10° intervals. The hardness

decreases smecthly to a minimum value of about 2670
located near 30° from the (1010) direction. Figure 7
indicates that the (1010) direction i{s the maximum hard-
ness direction and the value of hardness {s about 2830.
The hardness results are very consistent with those of
Shaffer and Adewoye (26,27).

Wear. Sliding friction experiments were conducted
with a conical diamond rider in contact with flst sili-
con carbide (0001), (1010), and (1120) surfaces in min-
eral oil at atmospheric pressure. The aliding generally
involves plastic flow and suriace cracking in silicon
carbide. Figure 8 shows scanning electron micrographs
of the wear track and wear debris generated during slid-
ing process of rider on the silicon carbide (0001) sur-
face. 1In Fig. 8(a), both the loading and tangential
force were applied to che specimen, but no gross slid-
ing of rider was observed,

A sector-shaped light area adjacent to and ahead
of wear track (plastic identation) made by rider is a
large particle of wear debris which was generated by
both tangential and normal forces during microsliding
of the rider. A large number of small wear debris par-
ticles are also generated during loading and micro-
sliding by rider, It is anticipated from Fig. 8(a) that
gross fracturing {s primarily due to cleax e-cracking
along (1010) planes and subsurface-cleavage-cracking
wade by wmicrosliding of the rider. Further, Fig. 8(b)
shows a scanning electron micrograph of wear track and
wear debris after gross sliding.

Figure 8(b) reveals the wear debris has been di-
vided (fractured) by gross-sliding of rider, and the
wear track is plastically deformed. The gross wear de-
bris has sharp edges ganerated by clesvage crackiug of
(1010) planes. At the third stage of the fracturing
process, the giss wear debris partic.es fractured, di-
vided and wvas e'vcted from the wear track. The track,
where the wear debriws particle was ejectad reveals tha:
the fraciuring is the :iosult of surface cracking. This
s & result o cleavage of the (1010' planes and sub-
surface cracking occurring with cleavage along (0001)



planes. Figure 9 reveals the wear tracks accompanied
by fracture. ain, this is primarily due to surface
cracking of (10!10) planes observed on both sides of the
wear track and subsurface cracking of (0001) planes.
The wear debris particles were ejected from the wear
track.

Thus, the fracture behavior of silicon carbide dur-
ing sliding, as mentioned above, may be explained in
terms of the fracture energy acting in the (1010) cleav-
age syrtem (primary cracking system) during slidings in
the (1010) and (1120) directions on a (0001) silicon
carbide surface.

Figure 10 shows typical scanning electron micro-
graphs of the grooves on the silicon carbide (1010) and
(1120) surfaces generated by a single pass of the dia-
mond rider. In Fig. 10, the rectangular area consists
of a large crack with lodged wear debris, where the
cracks were generated, propagated, and then intersected
during sliding of the rider. The cracking generally de-
pends on the crystallographic orientation. The surface
cracks propagate primarily in the (0001) and (1120) or
(1010) directions. The formations of these cracks are
due te the surface-cleavage cracking along the (0001)
and (1120) or {1010) planes, recpectively. It is asntic-
ipated from Fige. 8 and 9 that subsurface cracking also
occurs underneath the lodged rectangular wear debris.

Figure 11 reveals a gross fracture pit where the
gross wear debris particle has already beeun ejected.

The fracture pit reveals that the fracturing is the re-
sult of surface cracking along primary cleavage planes
(1010) and (0001) and subsurface cracking along (1010},
as anticipated. In the Fig. 11 sharp edges zig-zag
along the (1010) and (0001) cleavage planes. The bot-
tom surface of the fracture pit is parallel to the
sliding surface.

Thus, again the fracture_of silicon carbide during
sliding on the (1010) and (1120) surfaces in various
directions (such as (0001), (1010), or (1120)) is ex-
plained in terms of the fracture cnergy acting in the
(1010), (1120), and (0001) cleavage systems.

Friction. The coefficient of friction and width
of the permanent grocves, involving plastic flow and
surface cracking, were measured as functions of the
crystallographic direction of sliding on the (0001},
(1010}, and (1120) planes of silicon carbide for the
diamond rider in mineral oil. The widths of the perma-
nent grooves were obtained by average measurements of
20 samples from 7 to 10 scanning electron micrographs.
The results presented in Fig. 12 indicate that the co-
efficient of friction and the groove width are influ-
enced by the crystallographic orientation. The (1120)
direction on the basal (0001) plane has the larger
groove, primarily resulting from plastic flow and is
the direction of high friction for this_plane. The
(0001) directions on the (1010) and (1120) planes have
the greater groove width and are the directions of high
friction when compared with (1120) on (1010} and (1010)
on the (1120] planes. The anisotropies of friction are
#11120)7:(1010) = 1.2 on (0001), w(0001)/u(1120) = 1.3
on (1010), and ,(0001)/u(1010) = 1.3 on (1120]).

Figure 12 also represents the contact pressure cal-
culated from the data of the groove width in Fig. 12(b)
and the Knoop hardness obtained by Shaffer (26). The
anisotropies of the contact pressure during sliding and
the Knoop hardness clearly correlate with each other.

Several slip systems have been observed in hexagon-
al silicon carbide, such as (0001)(1120), (3301)(1120),
and (1010)(1120) (24,25). The (1010)(1120) slip system
observed on the sliding surface was responsible for che
anisotropic friction and Jeformation behavior of silicon
carbide during sliding in the (1010) and (1120) direc-
tions on a (0001) silicon carbide surfac:. The experi-
mental results on the L0001) plane genevally agreed with
Daniel and Dunn's (28) resolved shear stress analysis

based on the slip system (1010)(1120). The minimum and
maxima of the resolved shear stress for the (0001) plane
of hexagonal crystal match the hard and soft directions
on that plane, that is, the (1010) and (1120) direc-
tions, respectively. These experimental results can not
be explained by the Brookes, O'Neill, and Redfern'er (25)
resolved shear stress analysis based on the (0001)(1120)
slip system. Thus, the anisotropies of friction and
hardness on the (0001) plane strongly correlate with
the_resolved shear stress, based on the slip system
(1010)(1120).

The anisotropies of friction, contact pressurc
(groove width), and Knoop hardness on the (1010) and
(1120) planes were correlated with Ref, 28's resolved
shear stress based »n the (1010)(0001) and (1010){1120)
slip systems. They were also correlated with Ref. 25's
resolved shear stress based on the (1210)(1010) slip
system However, the slip system actually observed in
hexagonal silicon carbide, the (1010)(1120) nltp system,
may be responsible for those anisotropies on the (1010)
and (1120) planes.

Similar data for Knoop_hardness anisotropy of tung-
sten carbide (0001) and (1010) surfaces have been re-
ported by French and Thoman (29) who used a resolved
shear-stress calculation involving the (1010)(0001) and
(1010){1120) s1ip systems to explain the data. Thus,
the anisotropies of .riction, contect prenuu. and
Knoop hardness on the {(0001), {i010), and {1120) planes
of silicon_carbide are primarily controlled by the slip
system l1010)(1120)

Figure 12 suggest that the (1010) on the basal
plane of silicon carbide would exhibit the lowest co-
efficient of friction and greatest resistance to abra-
sion resulting from plastic Aoformation.

CONCLUS IONS

The following conclusions are drawn from this study
of silicon carbide surfaces after sliding contact with
diamond, metals or itself,

Adhesive Friction and Wear

1. Hexagon-shaped pits of silicon carbide and the
formation of platelet multiangular wear debris, includ-
ing hexagon-shaped wear debris, are observed as a re-
sult of sliding of single-crystal silicon carbide
against metals and itself. The formation of pits and
wear debris is due to cleavage of (0001), (1010) and
(1120) planes.

2. The coefficient of friction is marvedly depen-
dent on the orientation and it_is lower in the (1120)
direction than that in the (1010) direction. That is
the force resisting shearing fracture of the adhesive
bonds at the interface i{s lower in preferred crystallo-
graphic direction of slip.

Abrasive Wear and Friction

1. The (1010) direction on the basal (0001) plane
of silicon carbide exhibits the lowest coefficient of
friction and the greatest resistance to abrasion,

2. The anisotropic fracture during sliding on the
basal plane is due to surface cracking along (1010) and
subsurface cracking along (0001). The fracture during
sliding on the (1010) and (1120) surfaces is_due to sur-
face cracking along (0001) and (1120) or (1010) and to
subsurface cracking along (1010).

3. Anisotropic friction and deformation on the
(0001), (1010), and (1120) silicon carbide surfaces are
primarily controlled by the slip system (1010)(1120).
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Figure 1. - Friction and wear apparatus.
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Figure 2. - Auger spectra of silicon carbide (0001}
surface,
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Figure 3. - Cracking and hexagon-shaped pit of single-crystal silicon carbide in
contact with rhodium and titanium as result of 10 passes of rider in vacuum
(10°° Pa). Scanning electron micrographs of wear tracks on silicon carbide
(0001) surface. Sliding direction, (1010); sliding velocity, 3 mm/min; load,
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Figure 4, - Multiangular wear debris of single crystal silicon carbide as a result
of 10 passes of aluminum riders in vacuum (107 Pa), Scanning electron
micrographs of wear tracks on flat silicon carbide. Sliding velocity, 3x10 3
meter per minute; load, Q. 2 newton, room temperature,
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Figure 5. - Hexagon-shaped fracture and wear debris of single-crystal silicon |
carbide in sliding contact with itself as a result of 10 passes of rider in e
vacuum, Sliding velocity, 3 mm/min; load, 0.5N; room temperature, and ‘
108 N/m2,
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velocity, 3 mm/min; load, 0,3 N; temperature, 25° C in argon at
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Figure 8. - Concluded.
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Figure 10, - Scanning electron micrographs of grooves on {1010/ and {1120
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