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Sliding friction and wear mechanisms of silicon/silicon nitride

test pairs were investigated under conditions of both dry and

lubricated sliding. High-resolution surface topography mapping

and electron microscopy studies revealed that microfracture was

the predominant wear mechanism under dry and grease-lubricat-

ed sliding conditions. Raman spectroscopy suggested that in cer-

tain areas of the sliding contact, silicon underwent phase trans-

formation and reached a metallic state because of high contact

pressures. The extent of phase transformation was greater during

the very early stages of the run-in period than during steady-state

sliding regimes.

The use of grease and oil as lubricants led to a substantial

reduction in friction and greatly diminished wear due to

microfracture. Furthermore, almost all areas on Si surfaces sub-

jected to lubricated sliding contact underwent pressure-induced

phase transformation. Both amorphous material and crystalline

Si phases were identified by Raman spectroscopy. The experimen-

tal observations suggested that the wear process in lubricated

sliding contacts was mainly dominated by the formation of a duc-

tile metallic Si phase and subsequent removal of the transformed

layers.

The results of this study demonstrate that pressure-induced

phase transformation must be taken into account when consider-

ing possible wear mechanisms of silicon in contact with other

hard materials, inasmuch as it contributes notably to the wear of

silicon under lubricated sliding.
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INTRODUCTION

Silicon is the primary material for fabrication of integrated cir-
cuits, microelectromechanical systems (MEMS), and many opti-
cal and optoelectronic devices, which emphasizes the importance
of the investigation of sliding contact behavior of silicon against
other materials. In particular, the tribological properties of silicon
have received extensive attention in recent years mainly because
of their major role in machining, chemo-mechanical polishing,
and MEMS applications. Mishina (Mishina, 1988) studied the
friction and wear behavior of silicon in contact with several pure
metals from the tribochemical viewpoint and determined that
chemical affinity and the Schottky barrier height between the
metal and semiconducting silicon were key factors in their contact
interactions. Park, et al. (Park, 1991) studied the transition from
brittle to ductile deformation mode in sliding of single-crystal sil-
icon wafers against a partially stabilized zirconia ball at various
temperatures, and established, by means of scanning electron
microscopy (SEM), the formation of cracks at 25˚ and 300˚C, and
dislocation arrays at 600˚C in the subsurface layer of the affected
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material. It was inferred that the change in deformation mode
from brittle fracture to plastic flow accounted for the differences
in wear and was probably related to thermal activation of disloca-
tions as the temperature was increased (Park, 1991).

Zanoria, et al. (Zanoria, 1993; Zanoria, 1995a; Zanoria, 1995b)
observed the formation of cylindrically shaped wear debris
(“rolls”) during sliding of a polycrystalline silicon ball against a
silicon flat. Transmission electron microscopy (TEM) analysis
revealed that the rolls were made of amorphous silica. The authors
concluded that these rolls resulted from oxidation of silicon dur-
ing preparation of the flat and the ball samples and during exper-
iments in humid environments. The presence of SiO2 rolls at the
sliding interface effectively reduced the friction and wear rates
and helped to maintain them at low steady-state values.

Most of the tribological studies on silicon have explored its
abrasive scratching behavior in contact with sharp or blunt inden-
ters. To quantify the mechanical damage produced in linear
scratches by Vickers and spherical diamond tips that simulated the
single point contact of the cutting tools, Danyluk, et al (Danyluk,
1988; Kim, 1990; Li, 1996) developed a technique to measure
electrical resistivity. The relative changes in voltage were corre-
lated with the time for the diamond to move past the probes; and
the time was shown to depend on the dead load on the diamond tip
and on the properties of silicon (Li, 1996). SEM analysis of
scratches showed that the scratch morphology depended on tem-
perature (Danyluk, 1988): as the temperature was increased, the
grooves became shallower and displayed evidence of plowing. 

SEM analysis of silicon wafers after single-point diamond
turning (Blackley, 1994; Blake, 1990) and linear scratching with
diamond tools (Bhushan, 1997; Scott, 1992) revealed signs of
plastic deformation, even at room temperature. Such ductile
behavior was unexpected because silicon generally exhibits limit-
ed dislocation mobility and brittle behavior below 650˚C. TEM
studies of scratches produced in silicon wafers with sharp dia-
mond indenters (Minowa, 1992; Morris, 1994) revealed a thin
layer of amorphous material along the grooves, with a lightly dis-
located/median-cracked region just beneath the amorphous layer.
The amorphized zone was apparently equal to the contact area,

and under given experimental conditions (maximum loads of 10-
20 mN), it extended to depths of 150-200 nm beneath the speci-
men surface. 

The presence of amorphous material in the surfaces subjected
to contact loading has been shown to correlate with the pressure-
induced metallization of silicon under the diamond indenter
(Domnich, 2001a). It is known that at hydrostatic pressures of ≈
12 GPa, silicon transforms from the semiconducting phase with
cubic diamond structure (Si-I or cd) into a ductile metallic phase
with the β-tin structure (Si-II) (George, 1999). Extensive experi-
mental data obtained from hardness impressions on silicon sug-
gest that a similar transformation occurs during the indentation
tests (Bradby, 2001; Callahan, 1992; Clarke, 1988; Gogotsi, 2000;
Gridneva, 1972; Gupta, 1980; Kailer, 1997; Pharr, 1992;
Weppelmann, 1993). Furthermore, metallic Si-II is metastable
under ambient conditions and transforms upon unloading into
amorphous material (a-Si) or crystalline polymorphs of silicon
(Si-III or bc8, body-centered cubic structure with eight atoms per
unit cell; Si-XII or r8, rhombohedral structure with eight atoms
per unit cell; and Si-IV or hd, hexagonal diamond structure)
depending on the pressure-release conditions (Domnich, 2001a).
The entire transformation path of silicon during indentation is
illustrated in Fig. 1. Moreover, recent results by Gogotsi et al. sug-
gest that the room-temperature ductile behavior of silicon
observed during scratching (Gogotsi, 2001) and under various
machining operations (Domnich, 2001b; Gogotsi, 1999) is also
controlled by pressure-induced metallization under the moving
tool. 

All previous observations of contact loading-induced phase
transformations in silicon involved a contact between the speci-
men surface and a relatively sharp diamond indenter or a tool that
contained sharp diamond grains. Small contact areas in these
cases led to highly localized contact stresses that enabled the Si-I
→ Si-II transformation under the tool. However, no information
was available on whether the metallization of silicon can be
attained by using softer counterface materials and under less
localized loading. In this study, the authors attempt to determine
the mechanism of silicon wear in contact with a large-radius sili-
con nitride ball, paying special attention to possible signs of sili-
con metallization during the standard tribological experiments.
Taking into account the successful use of Raman microspec-
troscopy for the determination of phase compositions and residual
stresses in silicon surfaces subjected to contact loading (Bradby,
2001; Domnich, 2000; Gogotsi, 2000; Gogotsi, 1997; Kailer,
1997; Tanikella, 1996), the authors selected this technique as the
primary characterization tool for the present research.  

EXPERIMENTAL PROCEDURE AND MATERIALS

In the authors experiments, they use 0.7 mm-thick single-crys-
tal (111) p-type silicon wafers supplied by Mitsubishi Silicon
America. The wafer surfaces were polished and etched according
to semiconductor industry standards, and had a specified surface
roughness of Ra = 0.005 µm, RMS. Standard ball-bearing-grade
silicon nitride (Si3N4) balls were used as the pin material. The
diameter of the balls was 9.55 mm (0.375 in.). 

The friction and wear tests were carried out in a ball-on-disk
tribometer under dry and lubricated sliding conditions at room

Fig. 1—Schematic representation of phase transformations occurring in
silicon under contact loading and during subsequent heat treat-
ment.
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temperature (22˚C). The test specimens were mounted inside a
plexiglas chamber to provide a controlled test environment. Dry
sliding experiments were conducted in open air (with 40% relative
humidity) and dry nitrogen (derived from a liquid nitrogen tank),
while lubricated tests were performed in open air using a base syn-
thetic oil and a commercial grease. The type of oil and grease as
well as their properties are provided in Table 1. The dead weights
used during sliding experiments varied between 1 and 10 N in
order to achieve a wide range of contact pressures. The linear
velocity ranged from 5 to 30 mm/s. The reason for using such low
linear velocities was primarily to diminish the extent of frictional
heating and thus to suppress possible tribochemical reactions as
well as establish and maintain a boundary lubrication regime
under oil or grease lubricated sliding conditions. In these tests,
Si3N4 balls were rubbed against the single-crystal silicon wafers.
The wear track diameter was 10 mm. Under these experimental
conditions, wear damage was restricted to mechanical fracture and
pressure-induced phase transformations. The friction force was
monitored continuously with a data acquisition system, which
allowed calculation of friction coefficients throughout the test.
Each test was repeated at least three times to verify the repeata-
bility of the friction and wear data.

After the tribological tests the worn surfaces were investigated
and the wear tracks on the silicon disks and the wear scars on the
Si3N4 balls were analyzed by optical microscopy, SEM, and quan-
tified by optical profilometry. Phase compositions of the worn sur-
faces of the silicon were determined by Raman spectroscopy. For
this purpose, a Raman microspectrometer equipped with an argon-
ion laser (514.5-nm excitation wavelength) and a charge-coupled
device detector were used. The silicon wafers and silicon nitride

balls were thoroughly cleaned in acetone and methanol in an ultra-
sonic bath before tribological tests.

EXPERIMENTAL RESULTS

Friction and Wear Behavior in Air

Initial tribological experiments were performed under dry slid-
ing conditions at a 30-mm/s linear sliding speed and at contact
loads of 1, 2, and 5 N. The duration of each friction test was 10
min. Use of higher loads was difficult because of the premature
failure of silicon wafers after the sliding motion began. The
authors believe that high contact pressures coupled with high fric-
tion coefficients (i.e., 0.6-0.8) were major reasons for the prema-
ture fracture of silicon. At all contact loads, the friction coeffi-
cients rapidly increased after a brief run-in period and then fluc-
tuated between 0.6 and 0.8. A typical open-air friction coefficient-
vs.-time dependence is shown in Fig. 2. 

Microscopic examination of the worn surfaces confirmed
widespread microfracture on the sliding contact areas of the sili-
con wafers and Si3N4 balls. The depth and width of the wear
tracks on silicon wafers increased with increasing contact load
(Table 2). The width of the wear scars on the Si3N4 balls also
increased with load and roughly corresponded to the width of the
wear tracks on the silicon wafers. Raman microanalysis of the
worn silicon surfaces after the friction tests in open air generally
did not reveal signs of structural changes within the affected mate-
rial. Fig. 3 shows the Raman spectra of wear tracks formed on sil-
icon wafers during sliding against Si3N4 balls in open air.  Figures
3(a) and 3(b) show the Raman features of those areas that exhib-
ited mostly brittle fracture, while Fig. 3(c) was taken from a plas-
tically deformed area in the wear track.  Areas indicative of brittle
fracture and plastic flow are identified with arrows in optical and
SEM images in Figs. 4 and 5.

Each spectrum in Figs. 3(a)-3(c) shows a Raman band at ≈ 520
cm-1, which corresponds to the triple degenerate zone-center (Γ
point) phonons of Si-I phase in Fig. 1. Certain areas along the
wear tracks displayed more pronounced two-phonon scattering in
Si-I (L and X points), as well as a split Si-I (Γ) peak that was the
result of a complex stress state in a particular point associated with
cracking (Fig. 3(a)). Such a microfracture-dominated wear mech-

TABLE 1—PROPERTIES OF MULTI-PURPOSE LITHIUM GREASE

PROPERTY SPECIFIC VALUE

Viscosity at 40˚C 124 cSt
100˚C 12.8 cSt

Penetration at 60 strokes 280
10,000 strokes 287

Dropping point, ˚C 191
PROPERTIES OF POLYALPHAOLEFIN SYNTHETIC OIL

PROPERTY SPECIFIC VALUE

Viscosity at 40˚C 18 cSt
100˚C 4 cSt

Pour Point -57˚C
Flash Point 218˚C

TABLE 2—WIDTH OF WEAR TRACKS ON SILICON AFTER SLIDING IN

CONTACT WITH SILICON NITRIDE AT VARIOUS LOADS (LINEAR VELOCITY,
30 mm/s; EXPERIMENT DURATION, 10 min)

LOAD, N WIDTH OF WEAR TRACKS, µm
DRY SLIDING BOUNDARY SLIDING

1 230±5 190±4
2 290±7 200±5
5 340±8 335±8
10 - 360±9
20 - 420±10

Fig. 2—Typical behavior of friction coefficient of silicon-silicon nitride
couple under dry friction, grease, and oil-lubricated conditions.
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anism is consistent with the very brittle nature of silicon in the
absence of lubrication. The authors note here that although the
Raman spectra of the wear tracks produced during sliding contact
in open air were dominated by the bands of Si-I, the traces of
amorphous silicon (Maley, 1988) (broad bands at 160, 310, 400
and 470 cm-1, Fig. 3(b)) and/or the crystalline Si-III phase
(Hanfland, 1990; Olijnyk, 1999) (bands at 166, 350, 384, and 435
cm-1, Fig. 3(c)) were also observed in certain points along the
wear tracks. 

To investigate how the scale effect alters the mechanism of the
wear of silicon, additional tribological experiments were per-
formed at lower contact loads and lower linear velocities (1 N and
5 mm/s, respectively, the minimum possible load and speed val-
ues available for the test apparatus used in this study). Duration of
the experiments was 1, 10, and 20 min. The sliding frictional
behavior of these test pairs was the same as that observed in the
earlier experiments at higher loads and velocities. Specifically,
after a rapid increase during the first few seconds, the friction
coefficients began to fluctuate between 0.4 and 0.6. As expected,
the wear of Si3N4 balls and silicon disks increased with increasing
sliding time (see Figs. 4(a), 4(b), and 4(c)), a finding that is relat-
ed to the augmentation of brittle fracture with increasing test dura-
tion. Meanwhile, SEM images of selected areas within the wear

tracks on a silicon disk subjected to a 1-min friction test clearly
revealed evidence of some plastic and/or viscous flow in the cen-
ter of the wear tack (Fig. 5(a)). Specifically, area A in Fig. 5(a) is
characterized by a very smooth sliding surface, relatively lower
amount of small cracks compared to the surface that was closer to
the edge of the wear track, and it has a typical appearance of a
plastically deformed worn surface of a metal. The Raman spectra
taken from the corresponding areas show pronounced features
associated with the crystalline Si-III phase and amorphous silicon
(Fig. 3(c)). Inasmuch as the Si-III phase can be formed only via
the metallic Si-II phase, this observation confirms partial pres-
sure-induced metallization of silicon during sliding tests in open
air, leading to the plastic flow of the ductile metallic phase as evi-
dent from Figs. 5(a) and 5(b). 

After 10 and 20 min of sliding, a predominantly brittle charac-
ter of wear was revealed by optical microscopy, SEM, and Raman
spectroscopy studies. From this observation, the authors conclude
that a transformed layer formed at early stages of the friction test
is later removed because of wear by brittle failure.

Fig. 3—Raman spectra recorded from silicon wear tracks after dry fric-
tion against a Si3N4 ball.
(a) area of mostly brittle fracture
(b) area of mostly brittle fracture
(c) plastically deformed area (Area A in Fig. 5)

Fig. 4—Optical images of worn silicon surfaces after friction in air.
(a) 1 min
(b) 10 min
(c) 20 min under 1-N load and 5-mm/s linear sliding velocity
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Friction and Wear Behavior in Dry Nitrogen

The purpose of these experiments was to eliminate the possi-
ble effects of water and oxygen molecules on friction and wear of
silicon wafers during sliding against Si3N4. As mentioned in the
introduction, the presence of oxygen and water molecules in the
test environment may lead to the formation of SiO2 on sliding sur-
faces of both the silicon and Si3N4, and the oxidized wear debris
particles trapped at the sliding interface may play a significant
role in the friction and wear behavior of these materials. Except
for the test environment, the other test conditions were kept the
same as in the test run in humid air (i.e., 1, 10, and 20 min sliding
time, 1-N contact load, and 5-mm/s linear speed). Raman spec-
troscopy and microscopy of worn surfaces revealed that the mor-
phology and composition of the worn surfaces did not differ sig-
nificantly from those obtained in air. The friction and wear behav-
ior of test pairs tested in dry nitrogen was also similar to that
observed in air. These results imply that the surface oxidation
under the experimental conditions of the present study either did
not occur or did not significantly affect the sliding friction and
wear behavior. 

Friction and Wear Behavior Under Lubricated Test
Conditions

In an attempt to reduce the effects of microfracture on friction
and wear, and to expand the range of sliding contact regimes from

dry sliding (in air and dry nitrogen) to boundary lubrication, the
authors used a commercial grease and a base synthetic oil to lubri-
cate the sliding contact surfaces of the test pairs.

Test with Grease Lubricated Surfaces
Tests with grease lubricated surfaces were performed with a

multi-purpose white lithium-base grease. The general properties
of this grease can be found in Table 1. The applied load in the
grease-lubricated experiments was 1 N. The linear velocity was
30 mm/s and the test duration was 10 min.

The use of grease as a lubricant in sliding contact experiments
did not necessarily reduce the friction and the predominantly brit-
tle character of the wear process. The authors noted that the
increase in friction coefficient was rather slow in the beginning of
the test (Fig. 2). The average width of the wear track on a silicon
wafer after sliding with grease was equal to 225 µm. The devia-
tion in the widths of the wear tracks upon subsequent experiments
did not exceed 5%. SEM images of the wear tracks on silicon are
similar after the experiments with and without lubrication, but the
areas displaying amorphous silicon on the worn surface (as
revealed by Raman spectroscopy) are more often observed in this
case than in the unlubricated sliding tests. Thus, although some
plastic flow via pressure-induced metallization occurred in silicon
during sliding with grease, brittle fracture remained as the pre-
dominant wear mechanism in this case, mainly because insuffi-
cient lubricating ability of the chosen grease (especially after run-
in period) has led to a high frictional force which caused microc-
racking. Looking at the wear tracks, the authors could easily see
the total removal of grease from the sliding contact areas of the
silicon wafer and the formation of a deep wear groove. Si3N4 ball
also wore during grease lubricated sliding tests and a wear scar
was present on its contact spot. These wear scars had a circle
shape and their width roughly corresponded to the width of the
wear track on silicon wafer. 

Tests with Oil Lubricated Surfaces
This series of experiments was aimed at studying the wear

mechanism of silicon when the friction force can be significantly
reduced by the presence of oil. In the authors experiments, silicon
wafers were placed in a special bath filled with a base synthetic
oil, poly α-olefin (PAO) without any additives. The general prop-
erties of this oil can be found in Table 1. Each experiment lasted
for 10 min and was performed under linear velocity of 30 mm/s
and loads of 1 - 20 N. Considering the point contact between
Si3N4 ball and silicon wafer combined with high contact loads and
fairly slow sliding speeds, one should expect a boundary lubricat-
ed regime in these experiments. In particular, the range of friction
coefficients, i.e., 0.1-0.2 (Fig. 2), was typical of boundary lubri-
cated sliding regimes. Conversely, if the sliding was taking place
under hydrodynamic and/or elastohydrodynamics regimes, then a
direct contact between the Si3N4 ball and silicon wafer would not
exist and the formation of deep wear grooves on silicon wafers
and wear scars on Si3N4 balls would not be observed. 

Unlike grease lubrication, lubrication of sliding surfaces with a
base PAO oil permitted experiments to be run under significantly
higher loads without triggering brittle fracture of the sliding sili-
con surfaces. Friction coefficients in all tests were mostly steady

Fig. 5—SEM images of worn silicon surfaces after friction in air during
1 min under 1-N load and 0.005-m/s linear sliding speed.

(a) general view
(b) area of plastic flow (Area A)
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and did not exceed 0.2 (Fig. 2). Noise was essentially absent and
the frictional traces were rather smooth in all cases. It should be
noted that microfracture was absent on the silicon wear tracks
after tests at 1 and 2 N. Cracks developed only at or above a 5 N
load. Figure 6 shows that with increasing normal load, the wear
tracks on silicon surface become wider and more cracks form on
the sliding surfaces. The widths of the wear tracks on silicon
wafers are given in Table 2.

The wear scars on the Si3N4 balls were different from those
reported for the unlubricated and grease-lubricated cases: the vol-
umetric wear of the Si3N4 ball side was negligible and the ball
maintained its spherical shape in the case of oil-lubricated tests.
Under microscope, it looked as if the ball had established a line
contact over the grooved wear track on the silicon disk after the
running-in stage. On the ball side, the authors could only find
some longitudinal scratches with an alignment parallel to the slid-
ing direction. In short, only silicon was worn out during the slid-
ing contacts in oil lubricated tests. The cross-section profile of the
wear tracks on silicon wafers recorded with the aid of the optical
profilometer shows a nearly circular shape that mimics the spher-
ical shape of the Si3N4 balls (Fig. 7). The heights and widths of the
microscopic longitudinal parallel grooves on the wear track (Fig.
7(b)) are the same as those grooves that were found on Si3N4 balls.
This observation is in contrast to the results of unlubricated tests

with Si3N4 balls where a truncated sector of the material was
removed from the ball surfaces by wear and a cross-section pro-
file of the silicon wear track is very far from circular (Fig. 7(a)).

Figure 8 shows typical SEM images of the wear tracks on Si
produced under boundary lubrication and at a sliding velocity of
30 mm/s. SEM analysis reveals that the worn surface of silicon,
especially at low loads, is completely covered by a smooth layer,
with only negligible amounts of cracking. Also, clearly seen in
Fig. 8(a) is the evidence of plastic flow of silicon under the spher-
ical ball. Raman spectroscopy (Fig. 9) indicates that this plasti-
cally deformed layer on top of the wear track consists mostly of
amorphous material. The band of Si-I at 520 cm-1 (Fig. 9) is effec-
tively suppressed when compared with the bands of a-Si (160,
300, 390, and 470 cm-1), and in many cases is hardly distinguish-
able in the Raman spectra of the wear tracks (Fig. 9(c)). After
reaching some load threshold (5 N under these experimental con-
ditions), the cavities on the silicon surface start to appear in addi-
tion to the plastically deformed layer. From the SEM image in
Fig. 8(b), noticing the regularity and parallel orientation of the
cracks, the authors can affirm that these cracks were initiated
along the crystallographic planes. Also, it is evident that the cause
for cracking is the increased normal force, which accordingly
increases contact pressure, in contrast to friction without lubrica-
tion, where the main cause for cracking was a high tangential
force.

DISCUSSION

Room-temperature fracture toughness of silicon is on the order
of 0.9 MPa m1/2 (Roberts, 1999), therefore, it is not surprising that

Fig. 6—Optical images of silicon wear tracks after friction in contact
with Si3N4 ball under boundary lubrication.
(a) 2 N 
(b) 10 N loads

Fig. 7—Relief of wear tracks on silicon plates after friction against Si3N4
ball under (a) and (b).
(a) dry friction
(b) boundary lubrication at 5 N load
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the wear of silicon is largely dominated by microfracture. With
increasing temperature, silicon undergoes a brittle-to-ductile tran-
sition at temperatures >500ºC (Roberts, 1999). This transition is
associated with increasing plastic flow due to dislocation nucle-
ation and motion. During tests in open air and at elevated temper-
atures, surface oxidation may also take place in silicon. Scuffing
or microseizure is not expected to occur on the sliding silicon sur-
faces, at least to a noticeable extent. Thus, some other mechanism
should be responsible for the observed plasticity of silicon during
sliding and machining at ambient temperature. 

The authors maintain here that under certain experimental
conditions, the high stresses associated with the sliding contact
between a silicon flat and a Si3N4 ball are sufficient to initiate the
Si-I → Si-II transformation (see Fig. 1) within the affected area. It
is the ductile metallic Si-II phase that deforms plastically under
the Si3N4 ball and leads to the characteristic morphologies shown
in Figs. 5 and 8(a). The surface morphology is preserved after the
load is withdrawn; however, the outermost layer of the wear tracks
consist of amorphous silicon or a crystalline Si-III phase which
both form from metallic Si-II depending on the unloading condi-
tions behind the moving Si3N4 ball. 

Overall, the results of this study demonstrate that the pressure-
induced metallization of silicon is feasible during sliding against
Si3N4, provided that the experimental conditions are favorable.

The results also show that microfracture is by far the largest con-
tributor to the wear of silicon (especially under dry sliding condi-
tions). SEM investigation of wear tracks revealed two types of
cracks on wear tracks. One type was aligned at an angle to the
sliding direction (see Figs. 5(a) and 9(b)) and was mostly associ-
ated with weak cleavage planes of the silicon wafer. The second
type was perpendicular to the sliding direction (see Figs. 4 and 5)
and was most likely due to high frictional traction and hence ten-
sile forces developing behind the moving asperities of Si3N4 balls.
As reported by Hamilton and Goodman (Hamilton, 1966), under
sliding conditions where friction coefficient exceeds 0.3, the max-
imum shear stress is shifted from the subsurface toward the slid-
ing surface. The higher the friction coefficients, the greater the
magnitude of these shear and hence tensile forces developing
behind the moving asperities. Therefore, high wear of silicon
under dry and grease lubricated test conditions may be correlated
with and attributed to the high friction nature of these sliding sur-
faces. Specifically, because of its very poor fracture toughness,
silicon undergoes microfracture and suffers severe wear. Raman
spectroscopy of wear tracks formed under dry or grease lubricat-
ed test conditions revealed that certain areas were transformed to
an amorphous phase. The exact role of such phase transformation
in wear is not very clear from the authors results, but depending
on the state of stresses or stress distribution over these areas, the

Fig. 8—SEM images of amorphous layer on worn surface of silicon.
(a) after friction in contact with Si3N4 under conditions of 

boundary lubrication at 1-N load
(b) cracking in (001) silicon in the central part of the wear track 

at 10-N load

Fig. 9—Typical Raman spectra recorded from the uncracked areas on
the wear track on silicon after sliding contact with a Si3N4 ball
under boundary lubrication conditions.
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authors findings suggest that some areas within the wear track
undergo microfracture, while other areas experience phase trans-
formation. Again, the authors feel that microfracture is the most
dominant cause of wear of silicon under dry or grease lubricated
sliding conditions.

Under sliding conditions where a base PAO oil was used, the
friction coefficient was always less than 0.2. Hence the location of
shear forces was shifted from surface to subsurface and the extent
of tensile forces developing behind the moving asperities of Si3N4

ball was not as high as those existing in dry or grease lubricated
contacts. Under such sliding conditions, development of microc-
racks on sliding surfaces was greatly suppressed and the wear of
silicon was mostly dominated by a deformation mechanism.
Specifically, under the influence of normal and tangential forces,
a phase transformation from Si-I to Si-II phase occurred and since
this phase is metallic and highly ductile, it predominantly under-
went plastic flow (see Fig. 8(a)). Some features indicative of
microfracture were also present but they were mostly associated
with crystallographic (or cleavage) planes. Overall, the wear of
silicon under oil lubricated sliding conditions was mostly domi-
nated by plastic deformation.  In an earlier study, the thickness of
the transformed and plastically deformed layers was estimated to
be less than one micrometer (Gogotsi, 1999).

CONCLUSIONS

1. Silicon wears mainly by brittle fracture under dry sliding
conditions in open air and in dry nitrogen. Under such con-
ditions, limited pressure-induced metallization of silicon
can also occur during sliding contact, especially in the very
early stages of the run-in period of sliding tests.

2. Microfracture is also a predominant wear mechanism under
conditions of grease lubrication. However, plastic flow of
the material due to pressure-induced metallization of silicon
is also observed in certain areas where brittle fracture had
not yet occurred.

3. The major mechanism of silicon wear under conditions of oil
lubrication is the formation and subsequent plastic flow of
the metallic Si-II phase. Detailed SEM and Raman analyses
of sliding surfaces suggested that metallic Si-II phase
undergoes viscous and/or viscoplastic flow and may trans-
form into amorphous or crystalline silicon phases behind
the moving ball. This phenomenon is particularly inherent
to the low-load (i.e., 1 and 2 N) sliding conditions where the
cracking initiation threshold is not reached.
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