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We have carried out molecular dynamics simulations of nanoindentation followed by scratching at con-
stant depth on the Si-terminated (0 0 1) surface of 3CSiC. The dependence of the friction coefficient, scratch
hardness, and wear on scratching depth, velocity, direction, and indenter size and shape are investigated.
In general, both the scratch hardness and friction coefficient increase with indentation depth but decrease
with increasing scratching speed. We also find that the scratch hardness and friction coefficient are
anisotropic, i.e. they are larger when scratching in the [1 1 0] direction than in the [1 0 0] direction. The fric-

gg_C;éJrg tion coefficient also depends on the rake angle of the tool and is larger for a pyramidal indenter, due to the
62.20. —x presence of a large negative rake angle in this case. While the primary mode of wear observed for scratch-
60.20.Fe ing is ploughing in good agreement with experimental studies, there is significantly more pile-up and chip

formation in the [11 0] direction. We have also used the shortest path ring distribution, pair-correlation
Keywords: function, bond-angle distribution and bond number analysis to investigate the nature of the plastic defor-
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mation due to nanoscratching. We find that scratching leads to a partial amorphization of the material
along the scratching trajectory. The size of the amorphization region increases with scratching velocity,
thus explaining the decrease in scratch hardness and friction coefficient for higher scratching velocities.
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1. Introduction

Due to its mechanical, thermal, and electrical properties, SiC
is an important material for a variety of technological applica-
tions, ranging from high-temperature electronics to structural and
protective components in nuclear fusion reactors [1]. In partic-
ular, because of its mechanical and thermal properties it plays
an important role in a variety of mechanical devices including
seal rings, journal bearings, valves, nozzles, rotors, as well as
micro-mechanical devices. Consequently a variety of theoretical
and experimental studies have been carried out to investigate
the different properties and possible applications of this material
[1-19].

Different polytypes of tetrahedrally bonded SiC exist at ambi-
ent pressure, which are differentiated by the stacking sequence
of the tetrahedrally bonded Si—C bilayers [1]. Among these poly-
types, the 3-SiC or 3C (cubic) polytype, which has the zinc-blende
structure, is of much interest. As a result, there have been a vari-
ety of experimental studies of the tribological properties of SiC
[20-27]. However, despite these experimental studies, the fun-
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damental mechanisms of mechanical deformation are not well
understood.

In order to try to understand these mechanisms, recently we
have carried out a molecular dynamics (MD) study of the nanoin-
dentation of 3C SiC [28,29]. Over the range of indenter sizes used
in our simulations, we found that both the critical pressure and
indentation depth for the elastic-to-plastic transition decreased
somewhat with increasing indenter size. In contrast, the critical
indentation depth for the elastic-to-plastic transition was not found
to depend on the indenter velocity. Our results also indicated the
existence of a phase transition from the cubic zinc-blende struc-
ture to the rocksalt structure at a critical indentation depth. In
particular, for indentation depths beyond the critical depth, the
pressure increases and saturates at 100 GPa, which corresponds to
the experimental pressure at which 3-SiC transforms to the rock-
salt structure. This is in reasonable agreement with experimental
studies of pressure-induced structural transformation in bulk SiC.

Here we present the results of molecular dynamics simulations
of nanoindentation followed by nanoscratching of the silicon ter-
minated (00 1) surface of 3Csilicon carbide by a diamond tip. These
simulations were carried out to investigate the dependence of fric-
tion coefficient, friction force, abrasive wear, and scratch hardness
on indentation depth, shape, scratching velocity and scratching
direction.
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2. Molecular dynamics simulations

In order to study the nanoscratching of SiC by a diamond tip we
have carried out molecular dynamics simulations using the Tersoff
SiC potential [4]. We note that this potential, which includes a pair-
interaction as well as a three-body interaction which depends on
bond angles, has been shown to reproduce many of the mechanical
and thermal properties of 3C SiC as well as of several other SiC
polytypes [4]. The Tersoff potential has also been shown [28] to
reproduce the known p(2 x 1) reconstruction of the 3C SiC(001)
surface in the absence of stress, in good agreement with density
functional theory predictions [17].

In our simulations the workpiece was taken to have the 3C
SiC cubic crystal structure (zinc-blende structure) with a lattice
constant of 4.32 A corresponding to the room-temperature lattice
constant using the Tersoff potential [4]. The single crystal work-
piece was made from a stacking of 18 SiC(001) bilayers with a
free surface corresponding to the Si-terminated (00 1) surface. In
order to hold the workpiece in place, fixed boundary conditions
were assumed in the x and y directions (e.g. parallel to the sur-
face) as well as on the bottom of the workpiece while the free
surface was allowed to relax in the z direction. Runs with periodic
boundary conditions in the x and y directions were also carried
out for comparison, and no difference was found between these
results and those obtained with fixed boundary conditions. The
workpiece was first equilibrated for a period of 14 ps, which was
significantly longer than the time needed for the system to reach
equilibrium. For simplicity, in all our simulations the diamond
indenter was assumed to be rigid with a lattice constant of 3.57 A.
We note that this approximation has been used in a number of
other studies [35-37] and may be justified by the fact that the hard-
ness of diamond (10 on the Mohs scale) is significantly larger than
that of SiC (8 on the Mohs scale). Both pyramidal and “rectangu-
lar” indenters were used with square tips and different tip areas
as shown in Table 1. In addition, two different workpiece sizes
were used—one with 92,120 atoms (207.4A x 103.7 A x 43.2 A) for
scratching in the [1 0 0] direction, and the other with 92,480 atoms
(146.9A x 146.9 A x 43.2 A) for scratching in the [110] direction.
We note that these sizes were selected to minimize boundary
effects in the y direction since the width of the workpiece was at
least 5 times the width of the indenter as well as in the scratching
(x) direction since at the end of the scratch the distance between
the indenter and the boundary (approximately 80 A) was also sig-
nificantly larger than the width of the indenter. In all cases, before
indenting the indenter was initially held at a distance larger than
the cutoff distance for the Tersoff SiC potential (rcye = 3.0A) from
the surface of the workpiece.

While the main focus of this study is scratching, in order to
determine the effects of the initial indentation speed on the results,
we have carried out two types of indentation. In the first type, the
indenter was moved towards the surface at a speed of 87.5 m/s until
the desired depth was reached and then the system was equili-
brated. In the second type each 1.5 A depth increment was followed
by a holding phase of about 5 ps to allow the system to relax in
order to simulate quasi-static indentation [35,37]. However, the
scratching results were essentially the same in both cases. This

Table 1

Parameters describing diamond indenter used in scratching simulations

# of atoms in indenter Shape of indenter Tip area (A2) Tip width (A)
1968 Pyramidal 205.6 14.3

3368 Pyramidal 458 21.4

1620 Rectangular 205.6 14.3

2704 Rectangular 458 214

Indentation depth = 12.5 A

(b) R ¢ Scratching direction [100]

—> X

(d)

oy

Fig. 1. Snapshots showing cross-sectional views for case of “rectangular” indenter
of different stages of MD simulation of indentation to a depth of 12.5 A followed by
scratching in the [100] direction at a speed of 214 m/s.

is consistent with our previous work [28] in which the indenta-
tion of SiC was studied and there was a negligible dependence on
indentation velocity.

Fig. 1 shows the model used in our MD simulation studies. The
workpiece is divided into three different zones: a “moving zone
(gray atoms), a thermostat zone (white, green and blue atoms), and
a fixed boundary zone (black atoms). The thermostat zone allows
for a gradual transition from the pure MD region to the fixed region
and also serves to equilibrate the system to the desired temperature
as well as to eliminate reflections from the boundaries. Thus, while
atoms in the “moving” zone undergo ordinary molecular dynam-
ics, the motion of atoms in the thermostat zone is modified by the
presence of a velocity-reset function [30-32]. In particular, after
every timestep the velocities of the atoms in the inner layer of the
thermostat zone (white atoms) are rescaled to the desired temper-
ature, while the velocities of the atoms in the outer two layers of
the thermostat zone (green and blue atoms) are re-assigned with
a new thermal distribution corresponding to the desired tempera-
ture. The boundary atoms are fixed in position and serve to reduce
the edge effects and maintain the proper symmetry of the crystal.
All of our simulations were carried out at room temperature.

In order to study the dependence of the friction coefficient, wear,
and scratch hardness on scratching velocity and scratching direc-
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tion, simulations were carried out with three different scratching
velocities (87.5, 214, and 428 m/s) and along the [100] and [11 0]
directions. To evaluate the dependence of atomic scale friction on
indentation depth, we considered four different indentation depths
(3.5,6.5,9.5,and 12.5 A). We note that in our simulations, the zero of
indenter displacement was defined as the point at which the force
between the workpiece and the indenter becomes repulsive as the
tip approaches the surface. Constantindentation depth and scratch-
ing velocity were maintained during the entire scratching length.
The total force on the substrate was calculated during indentation
and scratching by measuring the change in the total force acting on
the indenter atoms. The scratch hardness was then calculated as
equal to the ratio of the (average) magnitude of the force applied
in the scratching direction to the projected contact area, while the
friction coefficient was calculated as the ratio of the magnitude
of the component of the force in the scratching direction to the
z-component of force. The projected contact area was assumed to
correspond to the portion of the indenter beneath the substrate and
did not include the area of the chip formed in front of the indenter.
In order to speed up our molecular dynamics simulations, a par-
allel code based on atom-decomposition [33] was used, while the
equations of motion were integrated using the velocity-Verlet algo-
rithm with a timestep of 0.175 fs. Our simulations were carried out
on the Ohio Supercomputer Center Pentium 4 Cluster. On 26 pro-
cessors asystemof 93,132 atoms runs atarate of about 2.2 ps/atom/
timestep.

3. Results

Fig. 1 shows cross-sectional side views (Fig. 1(a)-(c)) and a
cross-sectional back view (Fig. 1(d)) obtained from simulations
of scratching in the [100] direction after indentation to a depth
of 12.5A for the case of a small rectangular indenter (tip width
14.3 A). As indicated by our previous nanoindentation simulations
[28], the indentation depth used in all our scratching simulations
is significantly beyond that corresponding to the critical distance
(approximately 2 A [28]) for plastic deformation [28]. As a result,
by the end of the indentation process (Fig. 1(a)) the region directly
beneath the indenter has undergone a structural transformation
from the four coordinated zinc-blende structure to the six coordi-
nated rocksalt structure [28].

Fig. 1(b) shows the deformation below, behind, and in front of
the indenter shortly after scratching has begun and the indenter
has moved a distance of 7 A, while the final stage of the scratch-
ing process is shown in Fig. 1(c) and (d). As can be seen there
is initially a considerable amount of subsurface deformation after
indentation, which extends several layers below the indentation-
scratching depth. However, the deformation zone is localized near
the indenter and, as discussed in more detail below, there is no
evidence of dislocations. In contrast, after scratching there is a con-
siderable amount of material removed from the substrate both in
front of, as well as on the sides of the indenter. The material removal
mechanism is predominantly ploughing (see Fig. 1(d)). Due to this
removal, the size of the deformed region directly underneath the
indenter during and after scratching is significantly smaller than
after the initial indentation.

Fig. 2 shows typical results for the forces on the indenter in
the scratching (x) direction as well as normal to the substrate (z
direction) as a function of displacement. Here the zero of displace-
ment along the x-axis corresponds to the onset of scratching after
indenting 12.5A and equilibrating the system for 5.0 ps. During
indentation (not shown) the normal force increases rapidly while
the average force parallel to the surface remains almost zero. How-
ever, during the scratching process, the normal force initially drops
significantly, while the (negative) friction force increases in magni-
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Fig. 2. Force in x and z directions as function of x-displacement for scratching in
[100] direction with small rectangular indenter (tip width 14.3 A) with indentation
depth 12.5A, and scratching speed of 214 m/s.

tude. After a displacement of approximately 28 A, a steady state
is reached such that both the normal and tangential forces are
essentially constant, fluctuating around an average value. Using
the data in this steady-state region we obtain a friction coefficient
f =0.374£0.02 and a scratch hardness H = 89 GPa.

Figs. 3 and 4 show similar results for the case of scratching in
the [110] direction. In this case the scratching speed was 214 m/s
and again the small rectangular indenter (tip widthw = 14.3 A) was
used with a scratching depth of 12.5A. For this scratching geom-
etry a significantly larger scratching distance is needed to reach
the steady state. As can be seen, both the average normal force
and tangential force are larger than for scratching in the [100]
direction. Accordingly the friction coefficient and scratch hardness
(f =1.21 £0.02 and H = 332 GPa) are significantly larger than for
scratching in the [100] direction. This is consistent with the fact
that the distance between [110] planes is significantly smaller
than the distance between [1 00] planes, thus leading to increased
resistance in the [11 0] direction. This is also consistent with the
observation (see Figs. 1 and 3) that there is significantly more chip
formation as well as ploughing for the case of scratching in the
[110] direction than in the [100] direction.

A summary of our results for the dependence of the friction
coefficient and scratch hardness on indentation depth, scratching
velocity and scratching direction for a small rectangular indenter
(T = 300K) is shown in Tables 2 and 3. In general, the friction coef-
ficient and scratch hardness decrease as the scratching speed is
increased, although the change is smaller for larger indentation

Table 2
Dependence of friction coefficient for small rectangular indenter on indentation
depth, scratching velocity and scratching direction

Indenter depth (A)-direction 87.5m/s 214m/s 428 m/s
3.5-[100] 0.25+0.02 - 0.24 £ 0.02
6.5-[100] 0.42 4+ 0.06 0.29+0.03 0.26 £ 0.01
9.5-[100] 0.53 4+ 0.02 0.35+0.02 0.28 £0.02
12.5-[100] - 0.37 £0.02 -
3.5-[110] - 1.1+0.03 -
9.5-[110] - 1.14+£0.03 -
12.5-[110] - 1.2140.02 -
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(a)

Indentation depth = 12.5 A

Scratching direction [110]
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(¢) Scratching length = 48 A

(d)

Fig. 3. Snapshots showing cross-sectional views of different stages of MD simula-
tion of indentation (12.5 A) followed by scratching in [11 0] direction with speed of
214m/s.
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Fig. 4. Force along scratch direction (“Force-[110]”) and perpendicular to substrate
(“Force-Z") as function of displacement for scratching in [1 1 0] direction with small
rectangular indenter (tip width 14.3 A) with indentation depth 12.5 A, and scratching
speed of 214 m/s.

Table 3
Dependence of scratch hardness (GPa) for small rectangular indenter on indentation
depth, scratching velocity and scratching direction

Indenter depth (A)-direction 87.5m/s 214 m/s 428 m/s
3.5-[100] 69 = 72
6.5-[100] 95 70 63
9.5-[100] 115 76 73
12.5-[100] = 89 =
3.5-[110] - 284 _
9.5-[110] = 319 _
12.5-[110] - 332 -

depths. The scratching speed dependence may be explained by
the fact that the steady-state temperature in the scratching region
increases as the scratching speed is increased. (For the case of a
small indenter and indentation depth of 9.5 A, and scratching in the
[100]direction, the steady-state temperature increases from 342 K
for v=87.5m/s to 452K for v = 428 m/s.) The increase in temper-
ature leads to a “softening” of the material, producing a smaller
friction force and scratch hardness. We note that a similar tendency
has also been observed in experiments [26].

Our results also indicate that the friction coefficient and scratch
hardness increase with indentation depth. As already noted, in the
case of scratching in the [1 1 0] direction, the friction coefficient and
scratch hardness are significantly larger thanin the [1 0 0] direction.
However, the dependence of the friction coefficient on the inden-
tation depth is smaller in the [110] direction than in the [100]
direction.

In order to investigate the dependence on indenter size, we have
also carried out simulations of scratching in the [100] direction
with a large rectangular indenter (21.4A width) with a scratch-
ing speed of 214 m/s. As shown in Table 4, we find that both the
friction coefficient and hardness are somewhat larger for the large
rectangular indenter than for the small rectangular indenter. To
investigate the dependence on indenter shape, we have also car-
ried out simulations with pyramidal indenters corresponding to a
negative rake angle of 45°. In this case we found that the material
removal process was also due to ploughing, while the amount of
deformation ahead of the tool as well as the degree of compres-
sion were larger (for the same size indenter) than for a rectangular
indenter. We also found that the friction coefficient was somewhat
larger than for the rectangular indenter. These results are qualita-
tively similar to those found in Refs. [30,34] for the scratching of
aluminum.

We now discuss the nature of the deformation due to scratching
in more detail. In order to investigate the nature of the deforma-
tion we have carried out a bond-number analysis for the substrate
atoms near the indenter. Fig. 5 presents side and front views of
the final frame in the case of scratching in the [100] direction
with two different scratching speeds for a scratching depth of 9.5 A.
Only atoms with other than four bonds are shown and the colors
correspond to the number of bonds. The horizontal “line” of gray
atoms corresponds to the surface layer of the workpiece with only
two bonds. Here we have assumed that two atoms share a bond if
their distance is less than 2.05 A. As can be seen, for both scratching
speeds the atoms with other than four bonds are localized around
the indenter. In addition most of the non-four-bonded atoms below

Table 4
Dependence of friction coefficient for large rectangular indenter on indentation
depth with 214 m/s scratching velocity

Indenter depth (A) Friction coefficient Scratch hardness (GPa)
6.7-[100] 0.32+0.01 89
9.7-[100] 0.39+£0.01 91




960 A. Noreyan, J.G. Amar / Wear 265 (2008) 956-962

(a) Side view
v=87.5m/s

(b) Side view
v=428.5m/s

v=87.5m/s

(d) Front view
v=4285 m/s
. Y

Fig. 5. Atoms with other than 4 bonds during scratching in [100] direction (dark blue, 0 bonds; light blue, 1 bond; gray, 2 bonds; yellow, 3 bonds; green, 5 bonds; red, 6
bonds). (a) Side view, v = 87.5m/s; (b) side view, v = 428 m/s; (c) front view, v = 87.5m/s; (d) front view, v = 428 m/s. (For interpretation of the references to color in this

figure legend, the reader is referred to the web version of the article.)

the surface typically have only 3 bonds (yellow) although there are
a few with 5 bonds (green). In contrast, the atoms above the sur-
face include a significant fraction of both singly bonded (dark blue)
and zero-bonded (light blue) atoms in addition to a large number
of atoms with only 3 bonds (yellow). We note that for the higher
speed scratch (v = 428 m/s), the deformation region is somewhat
larger while the shape of the deformation region is less well defined
than for the shorter speed scratch (v = 87.5m/s).

In order to further understand the nature of the plastic
deformation due to nanoscratching, we have also measured the
pair-correlation function (p.c.f.) in a rectangular region of size
24 A x 24 A x 21 A surrounding the indenter as shown in Fig. 6. In
agreement with our previous nanoindentation simulations [28],
indentation to a depth of 9.5A leads to an extra peak in the
pair-correlation function at 2.5A corresponding to the rocksalt
structure. However, after scratching this peak disappears while the
other two peaks at 1.87 and 3 A which are common to the 3C and
rocksalt structures become significantly weaker. This indicates a
transition back to a somewhat disordered structure which is similar
to the original 3C structure.

As shown in Fig. 7, we have also measured the bond-angle distri-
bution before indentation, after indentation, and after scratching in
order to further understand the structural changes due to scratch-
ing. We note that as for the pair-correlation function, the peaks that
were generated due to indentation become significantly weaker
during scratching (Fig. 7). Instead the bond-angle distribution is
closer to the initial zinc-blende structure, with some distortions,
again indicating a transition to a somewhat disordered structure
which is similar to the original 3C structure.

In order to further understand the subsurface deformation due
to scratching, we have also measured the shortest path ring distri-
bution [35,38-40]. The idea behind this method is that changes
in the shortest path ring sizes indicate the presence of struc-

05 —r——————+T"—+—"rT """ ——

Before indent g
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—e—Scr.-34 A
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Normalized p.c.f.

Fig. 6. Normalized pair-correlation function (p.c.f.) before indentation, after inden-
tation, and after scratching for scratching with small indenter (indentation depth
9.5 A, scratching speed 85.7 m/s, and scratching distance of 34.5 A).
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Fig. 7. Bond-angle distribution for scratching with small indenter before inden-
tation (solid line), after indentation to depth of 9.5A, and after scratching over a
distance of 34.5 A. Scratching speed is 85.7 m/s.

tural deformation. In particular, the shortest path ring distribution
has been used to study the short and intermediate-range struc-
tural correlations in amorphous silicon carbide [40], as well as
to investigate the nature of plastic deformation due to nanoin-
dentation on (11 1) surface of silicon carbide [35], and to explain
the relationship of chemical disorder to topological disorder in
irradiation-amorphized silicon carbide [39]. It has also been used to
visualize the presence of dislocations [35]. We note that the shortest
path rings in the 3C SiC structure are all three-fold (six atom) rings
corresponding to three pairs of Si—C bonds. Thus, the occurrence of
structural deformation is marked by the presence of non-three-fold
rings.

In our simulations, the distribution of n-fold rings was deter-
mined as follows. First the list of all nearest neighbors (NN) was
constructed for all Si and C atoms using a nearest neighbor dis-
tance cutoff of 2.2 A which is slightly larger than the equilibrium
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Fig. 8. Non-three-fold ring distribution (n,g # 6) for scratching in the [100] and
[110] directions with scratching speed 214 m/s and scratching depth of 9.66 A.
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Fig. 9. Atoms which contain only non-three-fold rings for scratching in the [100]
direction and the same conditions as Fig. 8.

bond-length for 3C SiC. Then for each atom in the region surround-
ing the scratching trajectory, the shortest path ring corresponding
to an alternating sequence of Si—C and C—Si bonds was determined.
We define nyj,g as the number of atoms in the shortest path ring.
Fig. 8 shows our results for the ring-size distribution exclud-
ing three-fold rings (n,; = 6) normalized over the total number
of non-three-fold rings for the case of scratching in the [100] and
[110] directions. We note that the ring-size distribution is differ-
ent from that which occurs during indentation for which a peak at
Nying = 4 corresponding to a phase transformation to the rocksalt
structure was observed [28,29]. In particular, in both scratching
directions we observe a peak corresponding to n,g = 5 which is
consistent with a partial amorphization of the crystal. This is also
consistent with the fact that as shown in Fig. 9 the deformation zone
is localized near the indenter, in contrast to the case of scratching
on aluminum [30,34] in which extended slip planes propagating
dislocations are observed. Thus, our ring-size distribution mea-
surements indicate the existence of partial amorphization near the
indenter during scratching rather than the formation of disloca-
tions. Such a partial amorphization or disordering may also explain
the fact that the scratch hardness is somewhat lower than the
indentation hardness, since the hardness of amorphous silicon car-
bide is known to be smaller than that for crystalline structures [41].

4. Conclusion

We have carried out molecular dynamics simulations of nano-
scratching on the Si terminated (00 1) surface of 3C SiC using both
rectangular and pyramidal indenters. In particular, the dependence
of the friction coefficient, scratch hardness, and wear on scratching
depth, scratching velocity, scratching direction, and indenter size
have been studied. In general, we find that the friction coefficient
and scratch hardness increase with indentation depth but decrease
with increasing scratching velocity. However, at high scratching
velocities the dependence on indentation depth is relatively weak.
We have also found significant anisotropy in the hardness and fric-
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tion coefficient. In particular, both the hardness and friction coeffi-
cientare significantly largerin the [1 1 0] direction thaninthe[100]
direction. We note that the direction dependence of the friction
coefficient is weaker at high scratching velocity. This is consistent
with the fact that more amorphization is observed at higher speeds.

By analyzing the pair-correlation function, bond-angle distri-
bution, and ring-size distribution in the region surrounding the
indenter, we have also studied the nature of the deformation dur-
ing scratching. As indicated by the decreased peak heights observed
in the pair-correlation function and bond-angle distributions, and
further supported by our results for the ring-size distribution,
one major effect of scratching on the substrate - in addition to
“ploughing” - is the partial amorphization of the material along
the scratching trajectory. This is also consistent with the fact that
we could not observe any dislocations or dislocation loops gener-
ated due to nanoscratching. We note that the size of the region of
amorphization increases with increasing scratching velocity. This
increase in the size of the amorphization region may also explain
the decrease in scratch hardness and friction coefficient for higher
scratching velocities. These results may also explain recent exper-
imental results on grinding of polycrystalline SiC, in which the
possibility of grinding in ductile mode at high speed has been
observed [42].

Finally, it is interesting to compare our results for the friction
coefficient with experimental results obtained for significantly
larger indenter sizes (12.7 mm) and significantly lower scratching
speeds (0.0014-0.42 m/s). Dong et al. [27] reported an average
friction coefficient f = 0.23 for polycrystalline 3C SiC at room
temperature, while Li et al. [24] found that the friction coefficient
of SiC is higher than 0.3 under dry friction [24]. Our simulation
results for the friction coefficient in the [100] direction (ranging
from 0.24 to 0.53 depending on the indentation depth and velocity)
are in reasonable agreement with these values although they tend
to be somewhat higher. In contrast, our results for the friction
coefficient in the [110] direction (f = 1.1-1.2) are significantly
higher. However, this may not be surprising since the existence
of polycrystallinity as well as defects and/or an oxidation layer
in experiments tends to decrease the friction coefficient [21]. We
thus conclude that our results are in reasonable qualitative agree-
ment with the existing experimental results for larger indenter
sizes.
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