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Some observations on the wear of single
point diamond tools used for machining

glass

R.E. GLARDON, I. FINNIE

Department of Mechanical Engineering, University of California, Berkeley,

CA 94720, USA

The wear pattern on a single point diamond tool used for machining glass is studied.
Possible wear mechanisms are proposed on the basis of additional sliding wear tests and
observations by scanning electron and optical microscopy. The wear process is believed
to take place in two stages, one involving a polishing mechanism and the other consisting
of crack propagation which occurs after the accumulation of a certain amount of damage.
The importance of the crystallographic orientation of the diamond single crystal,
particularly for crack propagation along cleavage planes is pointed out. It is concluded
that the likelihood of rapid deterioration of the diamond tool may be decreased by

proper crystallographic orientation.

1. Introduction

Recently, attempts have been made to machine
glass in a manner similar to ductile metals by using
single-point diamond tools [1—~3]. This work has
been motivated by the successful use of single-
point diamond tools in the production of metallic
parts with surface finish of optical quality [4].
However, diamond has been shown to wear
relatively rapidly when rubbed against glass [1, 5.
As the geometry of the contact zone between the
tip of the tool and the work-piece is extremely
important for the attainment of flow rather than
fracture in cutting, it appears that the wear of
the diamond tool may be a limiting factor in
developing machining processes for glass.

The wear of diamond in general has been the
subject of controversial studies and is still not
well understood [6]. In particular, the mechanisms
responsible for the rapid wear of diamond on glass
are not known. A study of the wear of diamond
tools on glass is therefore of interest, not only for
that particular reason, but also for the more general
problem of the wear of diamond.

In this paper, the wear pattern formed on a
diamond tool used for machining glass is reported
and analysed. These observations are compared
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with sliding wear experiments conducted with a
new diamond tool on glass plates. The results are
discussed in terms of proposed wear mechanisms
of diamond. Tentative conclusions are also drawn
concerning the importance of tool wear in the
machining of glass.

2. Experimental procedures

The tools investigated in this work were round
nosed single crystal diamonds. Their geometry
and dimensions are described in Fig. 1. The rake
angle « and the angles vy and & are defined on the
same figure, It should be noted that these angles
are measured with reference to the x-, y-, and
z-axes which stay fixed in space. The diamond in
the tool used for machining was mounted with
built in angles oy =—2°and &, ~2°. The steel
base to which the diamond is attached was rotated
about the x-axis to provide the two different
cutting positions visible in Fig. 2. Position A corre-
sponds to a rotation of ¥ =—45" and position B
to a rotation of y =—20°. The machining tests
were run at a linear speed of ~30mm sec™! using;
a fixed depth of penetration. Additional technical
details are reported elsewhere [1]. The wear patterns
were observed by standard optical microscopy
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and scanning electron microscopy (SEM). The
crystallographic orientation of the diamond was
determined by the Laue X-oray back reflection
method.

In addition to the investigation of the tool used
for machining experiments on glass, wear tests
were conducted on a new tool. This was carried
out on a modified pin on a disc wear tester which
permits the measurement of the friction force. The
diamond tool was loaded with a dead weight of

4N and allowed to slide on a soda-lime glass disc

wear zone B

wear
zone A

/

rake face

steel Iy
base

Figure 1 Geometry and dimensions of the diamond tools;
(a) front view, (b) side view, (c) top view. O is the centre
of the rake face. Ox is parallel to the sliding direction.
Qy is perpendicular to the sliding direction and paraliel
to the sliding surface. Oz is perpendicular to the sliding
surface. The angles a, v and & represent the rotations
around the axes Qy, Ox and Oz, respectively.

specimen rotating at a speed of 12 rpm. This corre-
sponds to an average linear speed of 30 mmsec™.
No lubricant was used and the tests were run in
air at a temperature of ~ 23° C. It should be noted
that these conditions did not lead to a ductile
machining of the glass surface, but that typical
partial cone cracks were observed along the track,
The tool was periodically removed for observation

by SEM and optical microscopy.

3. Results
3.1. Tool used for machining experiments
on glass

The worn areas A and B on the tool edge are
shown in Fig.2. Careful examination of these
zones by optical microscopy, at magnifications up

clearance face

tool edge

Figure 2 SEM micrograph of the
edge of the tool wused for
machining tests on glass.
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Figure 3 Optical micrograph of wear zone B.

to x 1000, has shown that they are plane surfaces,
as can be seen in Fig. 3. The orientation of these
planes corresponds to that of the glass surface
during machining. Thus, the wear process generates
a wear plane parallel to the surface of the work-
piece. As apparent in Fig. 2, areas A and B exhibit
dissimilar patterns. Zone A has the appearance of a
polished smooth surface, without any observable
cracking. On the other hand, zone B is severely
cracked on part of the surface, the rest of the wear
plane having the same smooth appearance as
zone A. SEM examination at high magnification
(x10000) and at grazing angle has revealed fine
“polishing” lines running perpendicular to the tool
edge on the smooth areas of the wear planes. More
details of zone B can be seen on Fig. 4. As shown
by Fig.4a and b, the smooth areas of the wear
plane have different appearances in front of and
behind the cracked zone. Between the tool edge
and the cracked zone, the surface is flat and fine
“polishing” lines are visible (some of them can be
seen on Fig.4b). On the contrary, the area between
the cracked zone and the clearance face consists of
relatively wide grooves. This pattern is believed to
be due to the abrasive effect of the diamond
particles released by fracturing of the cracked
zone. Fig. 4 shows also that fracture occurs mainly
along two well defined directions, named u and v.
These lines and that formed by the intersection of
the wear plane with the rake face form the three
angles u/v, ufw and v/w, as defined in Fig. 4c. The
values of these angles, measured on optical micro-
graphs are indicated in Table I.

The determination of the crystallographic orien-
tation of the diamond showed that the rake face
is close to a {001} plane. It is inclined to this
crystallographic direction by angles o, = 7° and
8, =—3°. Additional information concerning the
orientation of the diamond is given by the stereo-
graphic projection of Fig. 5.

Fracture of diamond is known to occur by
cleavage, the (111) plane being the dominant
cleavage plane [7]. Therefore, the traces of the
{111} cleavage planes on the wear planes A and B
were determined. They are shown, together with
the trace of the rake face, on the stereographic
projections of Fig. 6. A first comparison of Figs 4
and 6b indicates the existence of an approximate
correlation between the main fracture directions
u and v and the traces of the (T11) and (111)
planes, respectively. To verify this observation, the
angles defined by the trace of the rake face and
those of planes (11 1) and (11 1) on wear plane B
were measured on optical micrographs. Their
values are reported in Table I. They correspond,
within the accuracy of the method, to the angles
u/v, u/w and v/w.

3.2. Friction and wear tests on soda-lime
glass

From the measurement of the friction force during
the experiment, a value of ~ 0.1 was determined
for the coefficient of friction. Periodic exami-
nation of the tool after increasing sliding distances
indicated the formation of wear planes parallel to
the surface of the glass specimen. This is similar to
the pattern observed on the worn tool used for
machining experiments (Fig. 3). However, no indi-
cation of cracking was found up to a sliding
distance of 200m. The simple geometry of the
wear zone allows the volume loss to be calculated.
This can be done from the geometrical parameters
of the tool and the dimensions of the wear plane
measured by optical microscopy. The total volume
loss determined in this way is represented as a
function of the sliding distance in Fig. 7. While an
important initial loss of material was found up to
a sliding distance of 30 m, no additional measur-

TABLE I Angles between fracture directions and traces of cleavage planes on wear plane B

Fracture ufv u/w viw
directions 105° 128° 23°
Traces of T1Yi11 11 1/rake face 1T 1/rake face
cleavage planes 107° 129° 22°
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able wear was detected after 200 m. Although the
scarcity of the experimental data limits the validity
of any conclusion, it appears that, after an incu-
bation period, the wear rate of the diamond tool
remains very low.

4. Discussion
An approximate calculation using a moving heat

(b)

Figure 4 (A) SEM micrograph of wear zone
B: general view, (b) SEM micrograph of
wear zone B showing different patterns in
front of and behind the cracked zone, (c)
SEM micrograph of wear zone B indicating
the main fracture directions u and vand (d)
SEM micrograph of wear zone B: close-
up of the heavily cracked area.

source model for the glass [8] and a stationary
heat source for the tool has shown that due to the
exceptional heat conductivity of diamond the tem-
perature increase at the interface is only of the
order of 1°C. Thus, wear of the diamond has to be
analysed in terms of mechanical processes.

Based on the wear pattern of Fig. 4, it seems
possible to distinguish two different wear mech-
anisms. The first one consists of a polishing mech-
anism which generates smooth wear surfaces like
that of zone A in Fig. 2. According to the exper-
imental data given in Fig.7, the corresponding
wear rate should be very low. Such a polishing
mechanism has been described by Wilks and Wilks
[9] to be due to microcleavage on a very fine scale.
The second mechanism is one involving crack
propagation along cleavage planes. This process,
responsible for the large scale fracturing of the
wear surface shown in Fig. 4, would certainly lead
to a much higher wear rate and probably to a rapid
deterioration of the tool. It is interesting to note
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that cracks lying on cleavage planes have also been
observed after repeated indentation [10]. This is
very similar to the behaviour observed in this
work. Thus, it seems reasonable to assume that
wear takes place in two stages. During the initial
stage of polishing by microcleavage, sufficient
damage could be accumulated (particularly by the
abrasive effect of the small diamond particles
removed from the surface) to initiate microcracks
on the surface. In the second stage, these cracks
would propagate along the cleavage planes and
generate large wear debris.

As shown in Figs4 and 6b and in Tablel,
cracking occurs mainly along two of the four
{111} cleavage planes on wear plane B. In order
to investigate the reason for the apparent absence
of large cracks on two of these planes, it is
necessary to compare the tensile stress acting on
the four cleavage planes. The stress field produced
in a semi-infinite elastic body by a sliding spherical
contact has been determined by Hamilton and
Goodman [11]. However, this derivation is difficult
to apply to the present case due to the peculiar
geometry of the tool tip and to the anisotropic
properties of the single crystal. Therefore, the
analysis has been conducted in a less accurate, but
simpler way by calculating the normal components
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Figure 5 Stereographic projection
indicating the crystallographic orien-
tation of the diamond tool ysed for
machining tests on glass. The plane of
the projection is parallel to the rake
face. For simplicity, the approxi-
mate locations of the y- and z-axes
are shown as coinciding with the W
and N poles. Due to the orientation
of the diamond their exact locations
would be close to the E and S poles
in this projection.

of the normal and friction forces on the four
cleavage planes. If P is the force applied normal to
the wear plane and u is the coefficient of friction,
the normal component of force on a plane is

M = P(+ cos 0, + ucos 8g) )

where 0, and 0; are the angles between the normal
to the plane and the direction of the applied
normal and friction forces, respectively. For the
discussion, it is easier to consider the parameter n
defined as
M

n=m=icosepiucosﬂf 2)
where M is normalized by the absolute value of P
so that n is positive for traction and negative for
compression. The discussion of the signs to apply
in Equation 2 requires the examination of four
different cases. These are determined on the one
hand by the orientation of the plane (pole in the
northern or the southern hemisphere of the stereo-
graphic projection) and on the other hand by the
position of the applied force on the wear surface
with respect to the trace of the plane. The applied
force is defined as being in front of or behind the
plane when its point of application is situated
towards the clearance or towards the rake face,
respectively, with respect to the trace of the plane.
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Figure 6 Stereographic projections of the diamond tool used for machining tests on glass: (a) projection parallel to the
wear plane A and (b) projection parallel to wear plane B.
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=12k R Figure 7 Wear volume as a function of sliding distance for
& o 3 7 a diamond tool rubbed against soda-lime glass.

EY
WL

5 4

o !

€

2 T

o

>

= 4 —

O

@

z ]

o) [T S B T S S S
0] 40 80 120 160 200

sliding distance (m)

T T T T T T T
wear plane A—J’

(I

T 1] T T
wear plane B

0]
C

-04
Figure 8 Variation of the parameter » 0.8
with the coefficient of friction u for the
four cleavage planes on the wear zones -1.2
of the diamond tool used for machining 0 1
tests on glass, Only the highest non-zero {a)
value of # is reported for each plane. value
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Figure 9 Dependence of the para-
meter n on the crystallographic orien-
tation for a coefficient of friction
u = 0.1. The stereographic projection
S is parallel to the wear plane.
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TABLE Il Dependence of the parameter n on the orientation of the plane and on the position of the force

Position of Orientation of the plane

the force Pole in the Pole in the
northern hemisphere southern hemisphere
In front of
the plane n = --C08fp + M COS Of n=20
Behind
the plane n = cos fp—u COS O N =—C080p— M COSO¢

The equations relevant for the four possible cases
are given in Table II. No force (n = 0) is considered
to be transmitted through the plane in case 3
because of the proximity of a free surface (rake
face) on which, judged by the absence of wear, no
force is exerted.

The angles 8, and @; can easily be measured
from the stereographic projections of Fig. 6. The
value of # isreported as a function of the coefficient
of friction in Fig. 8, according to the equations
given in Table II. For the average value of the
coefficient of friction (u = 0.1) measured during
the experiments, on wear plane A, positive values
of n are possible only on one of the four cleavage
planes (Fig. 8a). This might be one of the reasons
why no fracture is observed in this case. On wear
plane B (Fig. 8b), n is positive for the two cleavage
planes (I11) and (111) and negative for (111)
and (111). This is in agreement with the obser-
vation of fracture only in the first two planes.
Thus, it seems that the occurrence of cracking
is mainly determined by purely geometrical
considerations.

As only positive values of #n are dangerous, the
equations of Table II determine two main regions
with respect to the orientation of the cleavage
planes. If the pole is in the northern hemisphere,
n is positive and tension will be exerted on the
cleavage plane. On the contrary, if the pole lies
in the southern hemisphere, n is negative and the
cleavage plane is in compression. This strong
dependence on the orientation is illustrated by
Fig. 9. On this stereographic projection, similar to
those of Fig. 6, lines of constant positive » have
been drawn. Comparison of Figs 6b and 9 indicates
immediately why preferred cracking occurred on
planes (111) and (111) on wear plane B. It must
be recalled that Fig.9 represents an ideal case
based on a rough analysis. Thus, the results must
be interpreted with caution. This is especially true
for the border-line cases defined by 6, =0° and
0,2 90° for which the finite dimension of the

tool and its particular geometry should have a
strong influence.

In spite of the limitations inherent in the above
analysis, the agreement with the experimental
results appears to be quite good. It suggests that
the crystallographic orientation of the tool is
extremely important as a proper choice might
delay, restrict, or perhaps even eliminate the
occurrence of fracture and high wear rate.

5. Conclusion

The investigation of a worn diamond tool used for
machining tests on glass and the results of
additional wear tests have led to the following con-
clusions. The wear process generates the formation
of a wear plane, on the tool edge, which is parallel
to the surface of the workpiece. This permits a
simple calculation of the volume loss on the basis
of purely geometrical considerations. Wear appears
to proceed by two successive different processes. A
polishing mechanism attributed to very fine micro-
cleavage starts first. After an incubation period,
the corresponding wear rate appears to remain very
low. This process is eventually followed by crack
propagation along cleavage planes which produces
the removal of relatively large debris from the
wear plane. This is believed to correspond to a
high wear rate and a rapid deterioration of the
tool. This mechanism appears also to be strongly
dependent on the crystallographic orientation.
This suggests that tool life could be improved by
a careful characterization of the diamond and
proper use according to the crystallographic
orientation.
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