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Anisotropy of surface fracture of sapphire plates with basal orientation

upon friction
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The influence of the anisotropy of the crystal structure of sapphire plates on the process of their mechanical wear
has been revealed by using cyclic circular motion of silicon carbide spherical indenter over their surface. It is shown
that in this friction geometry, crack formation areas are formed on the basal plane. Their centers are located 120°
degrees apart from each other along the perimeter of the annular friction trace. Analysis of the crack distribution
enables to determine the orientations of the velocity vector relative to the rhombohedral planes responsible for
maximum and minimum wear of the sapphire plate of basal orientation.
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Owing to a combination of high melting point, hardness,
chemical resistance, and transparency, sapphire crystals have
a wide variety of applications; for example, they are used
to produce LED substrates and optical devices and as a
structural material [1]. Most applications require a smooth
surface of sapphire components. This is achieved through
mechanical processing, which includes precision grinding
and chemical-mechanical polishing. The study of abrasion
as one of the modes of mechanical interaction of bodies is
of practical importance, since it provides an opportunity to
improve the quality and efficiency of mechanical processing
of sapphire crystals. The mechanical interaction of a crystal
with a harder counterbody is investigated using such tech-
niques as micro- and nanoindentation [2,3], scratching [4,5],
and friction of sapphire against counterbodies of various
nature and shape in different media [6-10]. However,
only a small number of orientations of the velocity vector
relative to the crystallographic directions were examined.
In addition, diamond pyramids were used in friction
experiments performed in the majority of published studies;
i.e, the initial contact pressure was high, and sapphire
sustained severe damage right at the start of the friction
process, which made it difficult to analyze the contact
area itself. In the present study, we propose a friction
test design that covers all directions perpendicular to the
basal axis. This design, where friction proceeds with a
continuous and smooth direction variation of the velocity
vector of a ball indenter relative to the crystallographic
directions of a sapphire plate, is being introduced gradually
into current studies on crystal friction [11]. The groove left
by a silicon carbide ball moving circularly along the basal
face of sapphire was examined.

The tribological setup and the method for measuring
and calculating the friction force (Fj) were discussed in
detail in [12] (see also the references therein). The setup
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was modified additionally to implement friction of a ball
indenter (Fig. 1,a) against a plane surface. Ceramic silicon
carbide ball 1 (Fushi™ bearings) 6 mm in diameter was
secured in cylindrical holder 2 in such a way that the axis
of the ball was r = 1.5mm away from the cylinder rotation
axis. Stationary sapphire plate 3 was pressed against the
ball by fixed load F,. The linear velocity at the center of
the ball-plane contact area: V = 2zrv (v is the ball rotation
frequency). Friction force Fy in this setup is calculated from
the friction-induced torque of plate 3 that is determined
using a strain gauge beam [12]. The hardness values of
ceramic silicon carbide and sapphire are comparable and
fall within the range of ~ 20—29 GPa [1,13]. The estimated
maximum values of contact pressure in the approximation
of elastic contact between an isotropic ball and a plane
(the contact radius is then a = (125)1/3, where E* is the
reduced modulus of elasticity [14]) at the maximum F,
used reach ~ 2.5GPa. This value is in close agreement
with the compression strength of both sapphire [1] and
SiC-ceramics [7]. The elastic contact area was as large as
~ 0.01 mm?. Commercial polished (R, ~ 20nm) sapphire
plates (10 x 10 x 1 mm) with orientations ¢ and m were
used in experiments. The orientation of crystallographic
planes was determined by analyzing conoscopic figures
(recorded with a Polam™ polarization microscope) and
X-ray diffraction patterns obtained using a DRON UMI1.0
diffractometer. Profilometry of the friction path along the
ring radius was carried out using a MahrPS10 profilometer.
The linear wear intensity (I, = h/L, where h is the groove
depth and L is the friction distance in the region of ball-
plane contact) was chosen as a measure of wear. The linear
dimension in the contact area is comparable to the linear
size of the contact spot, which, as a first approximation,
is estimated as the diameter of the ball-plane contact
spot. Microscopic analysis of the ball tip revealed the
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Figure 1. a — Diagram of the ball-plane friction assembly. b — Typical dependences of the friction force on friction distance at different
loads: 3 (1), 8 (2), and 14N (3). Average sliding velocity V = 0.004 m/s.

formation of a plateau with a diameter as large as ~ 500 um.
This value is a few percent of the overall perimeter of
the annular friction trace, which was taken into account
in the calculation of I,. Approximately 30 experimental
measurements of Fy. with various V (0—0.0084 m/s) and
F, (0—14N), where the effects described below were
reproduced, were performed. Figure 1,5 shows the typical
dependences of Fy; on friction distance. The key measured
effects are the upward shift of the curves with an increase
in F, and the transition of Fj from the lower level to
the upper one (Ff‘;1in — Fp™). These effects are induced
by the destruction processes discussed below. Prior to
the transition, the friction coefficient (Fj = uF,) is at the
level of 0.1—0.2; after the transition, it assumes a value
of ~ 0.25—-0.5. Note that the F}:‘i“ — Fp** transition is
accompanied not only by the formation of cracks on the
sapphire surface (see below), but also by wear of the ball
tip. This implies that the use of a silicon carbide ceramic ball
does not allow one to link the Fj. behavior unambiguously
with wear of the sapphire surface alone.

The formation of an annular friction trace with a radius of
1.5 £ 0.1 mm on the basal plane of sapphire was observed
in all experiments (Fig. 2,a). This trace features three
extended dark regions positioned 120° apart from each
other along the perimeter of the ring (i.e., they are
characterized by threefold symmetry). They reveal well-
defined U-shaped cracks diverging to both sides of the
friction path in the direction of ball motion. This crack zone
distribution pattern was recorded reliably in experiments
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with V and F, up to ~ 0.005m/s and 14N, respectively.
At higher values of V and F;,, the damage extended over the
entire perimeter of the annular friction trace, and it became
difficult to detect cracks in the contact region due to its
severe damage. The resulting roughness R, on the friction
path was several micrometers in magnitude. An annular
friction trace was also formed in experiments on plates with
their surface coinciding with the m{1100} plane, but this
trace was homogeneous along the entire perimeter and did
not feature the discussed cracks. Sapphire crystals tend to
cleave along the planes of the morphological rhombohedron
that feature threefold symmetry [1]. It is reasonable to
assume that the formation of cracks on the friction path
is associated with mechanical damage (shear or twinning)
along these planes. Archlike U-shaped cracks on the basal
plane were noted in one of the first studies on sapphire
friction [7], where they were designated as ,,chevron® cracks
without detailing the mechanism of their formation. These
cracks were not observed in more recent experiments [4,5]
on scratching of sapphire plates with diamond indenters;
apparently, this is attributable to the fact that the region
under the pyramidal indenter sustained severe damage.
Similar cracks were reported in [15], where friction-induced
cracks on the surface of diamond were analyzed. They
were interpreted as partial cone Hertzian cracks distorted
by tensile stress fields behind the indenter.

The change in profiles in the regions between crack clus-
ters did not exceed the sensitivity level of the profilometer,
indicating negligible wear in these areas (I ~ 0). In the
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Figure 2. a — General view of the annular friction trace on the base plane of a sapphire plate. The plane lattice cell of sapphire is shown
in the center. Three dotted lines crossing the entire ring represent the orientation of the lines of intersection of three rhombohedral planes
with the basal plane. The ball rotates clockwise. The sliding velocity is V = 0.005m/s, and the load is F, = 8 N. b and ¢ — Photographic
images of regions / and 2 in panel a. The diagrams show velocity vectors V. Three intersecting lines represent the intersections of
intersection of rhombohedral planes ri, r2, r3 and the basal plane in these regions. Dotted line R indicates the ring radius at the given
point. The diagrams of normal compressive force F, and shear force F; and inclination of planes r in these cases are shown below
panels b and c. Sections perpendicular to basal plane ¢ and passing through velocity vector V are shown.

region of maximum crack density, the profiles had the shape
of rough grooves. The maximum estimated [, values here
reached ~ 1074, Note that the area of the contact spot
increases in the process of ball-plane friction. This factor
is beyond the scope of the present paper. However, the
relative increase in linear wear intensity in the region of
maximum crack density (compared to that in the regions
with minimum crack density) is evident and may be as large
as several orders of magnitude. The value of I, for plates
with their surfaces coinciding with plane m{1100} did not
exceed ~ 1077 at all the examined values of V and F,,
which is consistent with literature data regarding the lower
wear resistance of plates with a basal orientation [8,10].
Figures 2,b and c present enlarged photographic images
of cracks in regions / and 2 highlighted in Fig. 2,a. Three
lines intersecting at the point of contact represent the lines
of intersection of all three planes (rj, r», and r3) with the
basal plane. Calculations of the Schmid factor and numerical
calculations of stresses during indentation of the basal plane
reveal threefold symmetry of the maximum probability of
fracture along rhombohedral planes, which was confirmed
in indentation experiments by the emergence of three cracks
intersecting the contact area and oriented at an angle of
120° relative to each other [3.16]. In the case of friction, the
observed pattern of crack growth is modified significantly.
The arrows in Figs. 2,b and c represent vectors V in the
regions under consideration. They are tangent to the ring,
i.e., they are directed perpendicular to the radius of the
annular friction trace (dotted line R). It is evident that the
linear density of cracks and their shape depend strongly on
the relative orientation of vector V and the crystallographic

orientation of the crystal. The variation of length of lateral
cracks on the right and left sides of the friction path is also
noteworthy. For example, the cracks on the right side of the
path are longer in the bottom area of the region shown in
Fig. 2,c. The crack lengths are approximately equal in the
middle of the region; as the slider moves further, cracks on
the left side become longer (at the top in Fig. 2, c¢). This type
of distribution of lateral cracks along the perimeter of the
annular friction trace was reproduced reliably in all three
regions of crack accumulation, wherein only the specific
rhombohedral plane along which crack growth is initiated
changes successively in 120° intervals. Note that a rough
estimate of the shear stress by the value of Fp prior to
the Ff‘fi“ — F*™ transition (several N) with the use of the
elastic contact area yields a value below 1GPa, which is
comparable with the level of shear stress characteristic of
twinning and shear along rhombohedral planes [3,16]. It
may be assumed that other crystal planes (e.g., the n {2243}
family; Fig. 2,a) become involved in fracture and start
to provide an additional contribution to the overall wear
mechanism as F, and V grow further.

The kinematic diagrams of orientation of the shear
force (F;) collinear to velocity vector V, normal load F,,
and resulting vector F, and the relative positions of basal
plane ¢ and planes r are shown at the bottom of Figs. 2, b
and c. Sections perpendicular to basal plane ¢ and passing
through velocity vector V (or F;) are presented. In the
diagram shown in Fig. 2, b, resulting vector F, is close to the
normal of thombohedral plane r»; i. e., the resulting chipping
force reduces the probability of formation (in this example,
along intersection line r;) and growth (along intersection
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lines r; and r3) of cracks. This is evidenced by their low
linear density along the perimeter of the ring and the lack of
lateral cracks. In the case of the kinematic diagram shown
in Fig. 2, ¢, lateral cracks have a significantly higher linear
density; they are elongated and deviate less significantly
from the intersection lines (in this example, r, and r3),
and the U-shaped initial section is shortened. The direction
of vector F, in this case is close to the direction along
rhombohedral plane r;. This leads to an increase in chipping
stress and the probability of crack formation and growth.
The non-uniformity of crack lengths relative to the direction
of shear force vector F, may be governed by the component
of this vector directed along the line of intersection of planes
ro (Fig. 2,b) and ry (Fig. 2,¢) with the basal plane, which
will affect the level of tensile and compressive stresses in
the plate in these directions. The effects described above
were reproduced in all three regions of crack accumulation,
and the X-ray diffraction analysis data on plate orientations
were in excellent agreement with the discussed diagrams.
This provides an opportunity to determine the position of
rhombohedral planes by analyzing the patterns of crack
distribution.

Thus, crystallographic directions of maximum and mini-
mum wear of a sapphire plate of basal orientation in friction
against a silicon carbide ball in circular cyclic motion along
its surface were revealed. New information regarding the
mechanism of formation and growth of cracks on the surface
of sapphire plates in the process of friction was obtained.
The minimum and maximum wear intensity in different
directions was estimated, and the determined values fell
within the range of 0—10~%. The results and the proposed
method for obtaining them are of practical value for the
study of wear during grinding and polishing of crystals
in various crystallographic directions. In addition, these
results appear to be important for the development of
techniques for production of sapphire substrates for epitaxy
and structures that use sapphire-based friction pairs, such as
bearings and endoprostheses [1].
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