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Scratching experiments on quartz crystals: 
orientation effects in chipping 
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The deformation and microfracture properties of quartz crystals were studied by scratching 
experiments. The critical load at which microfractures are initiated was found to be orientation 
dependent, whereas the average width of ductile grooves and chips remained relatively 
insensitive to crystal orientation. In contrast, a marked anisotropy in the shape of chips was 
observed. This anisotropy has been .interpreted in terms of microfractures propagating 
preferentially along slip planes. Simple geometrical conditions for the SEM observation of 
active slip planes are proposed. 

1. In troduct ion  
The construction of quartz resonators requires thin 
quartz plates which are commonly processed by 
mechanical lapping and polishing [1-3]. However, 
surface damages such as microcracks induced by abra- 
sion processes can markedly degrade the metrological 
performances of quartz resonators [ 1, 3-5]. An optim- 
ization of abrasion processes is then needed; such an 
optimization encompasses an understanding of condi- 
tions for the initiation and the subsequent propaga- 
tion of microfractures. 

Scratching experiments are finding increasing appli- 
cations in the study of abrasive wear [6-9]. Ele- 
mentary abrasive wear grooves are generally pro- 
duced by indentors with simple shape [6, 7, 10-12] 
(spheres, cones and pyramids) which translate at a 
constant speed across the specimen surface. However, 
most of the experiments on brittle materials are de- 
voted to the study of static indentation tests [13-17] 
made specially using Hertz's analysis [11, 13, 14, 16] 
which, for isotropic materials, predicts that micro- 
cracks nucleate at points of maximum tensile stress. 
This result is maintained for sliding spherical in- 
dentors, but sliding tangential force changes the stress 
trajectory pattern asymmetrically and causes a de- 
crease in the critical normal load, Pc, for micro- 
cracking [10]. 

Moreover, in practice, the nucleation of a micro- 
crack also depends on the initial surface damage [14, 
17-19]. In particular, it has been found that inherent 
surface flaws can act as potential nuclei for crack 
growth in brittle solids. In addition, static hertzian 
tests made on anisotropic crystals have provided evid- 
ence both of a correlation between indentation shapes 
and the symmetry of the crystal [17, 19-21] and of a 
preferential propagation of fractures on cleavage 
planes (silicon crystal [20]) or on crystallographic slip 
planes of low index (quartz crystal [17, 19]). 

Up to now, the number of static indentation tests 
performed on crystals has been limited. For quartz 
crystal, only Hartley and Wilshaw [17] have studied 
the deformation and fracture properties of three prin- 
cipal cuts of the quartz crystal in order to outline the 
role played by environmental parameters (moisture, 
temperature) in fracture nucleation. To our know- 
ledge, no work has centred on the microcracking of 
various quartz surfaces under a sliding indentor. The 
purpose of this paper is to present results on the 
surface microcracking of differently oriented quartz 
surfaces. First, changes in the characteristic dimension 
of grooves (ductile formation of grooves) and in the 
shapes of microcracks with normal load and crystal 
orientation are systematically studied. Second, the 
action of slip planes in microcracking is investigated 
and emphasis is placed on the identification of slip 
planes which take an active part in propagation of 
fractures. 

2. E x p e r i m e n t a l  p r o c e d u r e  
2.1. Materials 
The quartz crystal belongs to the class 32. The slip 
planes are identified with reference to the crystal 
lattice (al, a2, a3, c) in Table I. They correspond re- 
spectively to the rhombohedral r faces and to the 
conventionally denoted Y and Z cuts [22]. Adopting 
the conventions specified by the IEEE standards on 
piezoelectricity the orientation in space (x, y, z) of a 
doubly-rotated plate is defined by means of a two 
angles of cut (s 0) (Fig. la). Fig. lb shows that the 
prism and pyramid planes intersect the basal plane 
along three linear traces, respectively parallel to FH 
(planes P1 and ~1), EH (P2 and ~2) and EF (P3 and 

~3). 
Four differently-oriented plates (Table II) were cut 

in the same zone of a synthetic m-quartz crystal. The 
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TABLE I Identification of slip planes 

Pyramidal planes (0 1-11) (fl01) (10 fl) 

Prism planes (0 i-10) (fl00) (10 f, 0) 
Basal plane (0001) 

TABLE II The differently oriented quartz plates 

Cut Plane Angle of cut 

l 

(3 

Xz 

d~ (deg) 0 (deg) 

Z-cut (0001) 0 90 
X-cut (f 100) 90 0 
Y-cut (1120) 0 0 
AT-cut 0 35 

orientations (~, 0) were determined using a double X- 
ray goniometer which offers an accuracy of about 10 s. 
Before the tests were carried out, the quartz surfaces 
were mechanically polished and then carefully cleaned 
to remove contamination and abrasive particles. Each 
plate possesses a flat mark (Fig. 1C) to locate easily the 
direction of the X axis (Y, Z and AT cuts) or of the Y 
axis (X cut). 

2.2. The scratching apparatus 
The apparatus used in the tests was designed from a 
basic Leitz miniload 2 for Vickers hardness indenta- 
tion tests. Scratches of total length L T = 3 mm were 
made by moving the sample at a constant speed, VT, 
under the vertically loaded Vickers indentor. The 
indentor is oriented as indicated in Fig. 2a. The nor- 
mal load could be varied from 10-100 g so that one 
may reasonably expect to observe the transition duct- 
ile ~ brittle. The translation speed, VT, could be 
chosen in the range [5 -15mms-1 ] .  Tests are per- 
formed in air at room temperature; the temperature is 
controlled within + 0.5 ~ 

The tangential, lateral and normal forces (Fig. 2b) 
were measured using a piezoelectric three-dimensional 
sensor. The microcomputer-based apparatus allowed 
us to record the forces F N and FT at any length L of the 
run and to evaluate at L dimension parameters char- 
acteristic of a scratch (Section 3.3) because images of 
scratches made along various directions, De, were 
simultaneously viewed on a 512 x 512 pixels display 
monitor. The angle ~ on Fig. Ic defines the direction 
of scratching. 

y~ 
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x'  = x 
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~ H  
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Y 
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2.3. Exper imenta l  p a r a m e t e r s  
Two parameters, namely the hardness (resistance to 
deformation), Hs, and the toughness (resistance to 
fracture), Kc, are widely used [15, 23] as convenient 
parameters to describe the two possible mechanical 
responses (i.e. deformation and fracture) of a surface 
material to a sliding indentor. 
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Figure 1 (a) Definition of the angles of cut, ~) and 0. (b) The slip 
planes for the quartz crystal, (c) Definition of the angle tp for AT-Y 
and Z- cut plates. 



Experiments give the friction coefficientfA = F T / F  N, 

which governs the ductile ~ brittle transition [6, 7, 1 l, 
12]. Thus, complementary measurements of the width, 
2a, of wear grooves are needed to evaluate the hard- 
ness (Fig. 2c) 

H s = % F y / ( 2 a )  2 (1) 

which characterizes the elastic deformation process in 
a wide range of solids provided the load, P, does not 
reach the critical load, Pc, at which microfractures are 
initiated. % is a constant determined by indentor 
geometry. Let us recall that for loads exceeding the 
critical load the median crack length, c, is associated 
with the toughness by means of the relation [23] 

FN 
Kc - 131(2c ) 3/2 c >> a (2) 

where 131 is an indentor constant. In practice, the path 
length of a median crack can only be estimated from 
images taken in transmitted light. The observation of 
cracks along the total length of run is then excluded. 
Therefore, in this study we overcame these difficulties 
by assuming that the length of lateral microcracks 
does not differ from that of median cracks as fre- 
quently observed for isotropic solids. When lateral 
cracks intersect the reference surface, chips of width cs 
are formed (Fig. 2c). Because chips are directly access- 
ible to vision it is possible to estimate c~ at any length 
run. In reality, the description of geometrical para- 
meters 2a and 2c~ was achieved using a microcompu- 
ter and conventional numerical procedures for images 
analysis with a final program [243 furnishing statist- 
ical values 2a,v and 2c, v for these parameters. 

3. Results 
3.1. The deformat ion ~ ch ipp ing  t ransi t ion 
It is expected that by increasing the normal load,, P, 
from 5 g to 100 g, the critical load, Pc, at which 
microcracks are initiated may easily be determined. 
However, the introduction of sliding motion on a 
brittle surface significantly lowers the normal load 
required to produce micro-cracking. In some cases, 
scratching with a normal load as light as 5 g can 
induce surface microcracking in brittle solids [25]. 
Thus, for convenience we restrict our study to the 
observation by scanning electron microscopy (SEM) 
of microchipping along scratches. As a consequence, 
the critical load is identified with the limiting load, P*, 
which causes Surface chipping. 

Scanning electron micrographs allows us to follow 
the changes in the deformation ~ chipping transition 
with orientation (qb, 0), of plates, with the direction, 
D~,, of scratches and with the translation speed, VT. 
Because the results are found to be independent of V T, 
we only report here data obtained with a speed V T 
= 10 m m s  - 1. Figs 3-7 illustrate some typical results. 

There are three particularly interesting features as 
revealed by these figures 

1. At fixed angles (qb, 0) and fixed De, scratches 
exhibit a quasi-ductile behaviour (Figs 3 and 4a-c, for 
example) as long as the load does not reach the 
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Figure 2 (a) Geometry of the indentor. (b) Definition of tangential, 
Fr, and normal, F N forces. (c) Geometrical parameters 2a and 2c. 

threshold load, P*. In this "ductile" region, the width, 
2a, of a scratch increases with load (see Fig. 3a-c, for 
example) as expected. Upon attaining P*, chips begin 
to develop but "ductile" regions are still present along 
a run (see Figs 3d, 5c and 6c). With further increase in 
load, chips enlarge and the distance separating them 
decreases dramatically. 

2. The threshold load, P*, for a given plate depends 
on the direction of scratching (directional effect). The 
directional effects in P* are completely revealed only 
by viewing scratches along the total run, L T. Although 
the scanning electron micrographs displayed in Figs 
3-6 illustrate partly the directional effects, let us, for 
example, turn our attention to Figs 5 and 6 relative to 
a Z-cut plate. These figures indicate without ambigu- 
ity that chips are formed for P * =  10g when D e 
coincides with the Y-axis, whereas such a load causes 
no chipping when the scratch is made along the X- 
axis. Moreover, the shape of chips produced for 
P >> P* seems to be sensitive to the direction of scrat- 
ching. 
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Figure 3 Changes with load, P, in scratches made along the Z 
direction on an Y-cut plate : (a-f) P = 5, 10, 15, 25, 50 and 100 g, 
respectively. (a)x 4000, (b, c)x 3000, (d, e)x 1500, (f)x 750. 

3. F o r  scratches carr ied out  a long a di rect ion com- 
mon  to several  differently or iented plates,  the thre- 
shold  load,  P*, is found to exhibit  an or ien ta t ion  
effect. Let  us examine,  for example,  the scanning elec- 
t ron  mic rographs  presented  in Figs  6 and  7 relat ive to 
X-scratches made,  respectively,  on Z-  and AT-cut  
plates: one can depic t  o r ien ta t ion  effects which clearly 
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Figure 4 Changes with load, P, in scratches made along the Z- 
direction on an X-cut plate : (a-f), P = 5, 10, 15, 25, 50 and 100 g, 
respectively. (a) x 4000, (c) x 2700, (b, d) x 3000, (e) x 1500, (f) x 750. 

no t  only  concern  the threshold  load  but  also the 
extent  and  the shape of chips. This last  po in t  will be 
discussed later. 

Thresho ld  values for the no rma l  load  (Table III)  
were es t imated  from a comple te  analysis  of scratch 



Figure 6 Changes with load, P, in scratches made along the X- 
direction on a Z-cut plate: (a-f) P = 10, 15, 25, 50 and 100g, 
respectively. (a, b) x 3000, (c, d) x 1500, (e) x 750. 

Figure 5 Changes with load, P, in scratches made along the Y- 
direction on an Z-cut plate: (a-f) P = 5, 10, 15, 25, 50 and 100g, 
respectively, (a) x 4000, (b, c) x 3000, (d, e) x 1500, (f) x 750. 

views. Clearly the load at which chipping occurs is 
determined principally by the crystal orientation. 
Such an assumpt ion  agrees with previously published 
results relative to indentat ion tests [17]. 

3.2. The average geometrical parameters 
2aav and 2car 

The geometrical  parameters  2a and 2c~, as viewed on 
the moni to r  screen, were averaged over  the total  
length, L T, of scratches made  along various directions, 
D e. Fo r  "heavy"  loads (typically P > 25 g), "ductile" 
region can be recognized along the tracks, and then 
only the average value 2Cav emerges f rom numerical  
calculations. 

Figs 8-11 show the experimental  variat ions in the 
averaged dimension parameters  2a~v and 2c,v, with the 
normal  load, P, for five different scratching tests made  
on various quar tz  plates. Generally,  for a given cut, 
the average paramete rs  remain quasi- independent  of  
the direction Dr.  Only  the Y-cut plate departs  from 
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TABLE III  The threshold load, P*,fordifferently oriented quartz 
plates 

Cut Angle, ~t Load, P* 
(deg) (g) 

Z-cut 0 15 
90 10 

X-cut 0 15 
90 15 

Y-cut 0 25 
90 15 

AT-cut 0 25 
90 10 

Figure 7 Changes with load, P, in scratches made along the 17. 
direction on an AT-cut plate: (a-e) P = 5, 15, 25, 50 and 100 g, 
respectively. (a) x 4000, (b, c) x 3000, (d) x 1000, (e) x 750. 

this behaviour: the geometrical parameters 2aav and 
2Cav exhibit effectively slight directional effects and the 
data are fitted to two distinct curves with respect to 
the scratching direction. In Fig. 9 we observe that the 
deviation between the two curves never exceed 25% 
for 2Cav and 15% for 2a,v, thus the observed direc- 
tional effects are not very significant. For  all the other 
cuts studied here, the average parameters, 2aav and 
2c~, remain virtually unaltered with changes in direc- 
tion, Dr. Under these conditions the variations in 
geometrical parameter  (2aa~ and 2Cav) with load can be 
conveniently fitted by rneans of an average plot 
(2a* versus P or 2c* versus P plot) as typified by 
curves in Figs 8-11. 

At this point, it should be noted that the average 
value, 2a~, of the width of "ductile" grooves differs 
from the true value 2%~o as evaluated from the scan- 
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Figure 8 Variations of the geometrical parameters (a) 2av and (b) 2cv 
with normal load P for various sliding directions. Dr. ~: (O) 90 ~ 
(m) 45 ~ (~) 30 ~ (A) 15 o, (.) 0 o, X-cut plate. 

ning electron micrographs. This deviation may be 
attributed to humped edges produced by scratching 
which cannot be easily distinguished for a transparent 
material. In practice, these two lateral boundaries are 
visually identified with the bot tom of grooves and 
accounted for in the numerical evaluation of the aver- 
age width, 2aav, of "ductile" grooves. 

Each of the 2a* and 2e* versus P plots, as drawn in 
Figs 8-11 shows a steady increase in the geometrical 
parameter  with load followed by a quasi-saturating 
behaviour in the heavy load region (P > P*). Taking 
this observation, into account, attempts are made to 
obtain useful information about  the nature of the 
dependence of geometrical parameter on the normal 
load by plotting In 2a*, In 2%ue and In 2c* against In P 
(Figs 12 and 13). In all cases, changes in the geometri- 
cal parameters with load give straight lines. Thus, the 
effect of loading on the geometrical parameters is 
accurately represented by simple equations of the 
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Figure 10 Variations of the geometrical parameters (a) 2av and (b) 
2cv with normal load, P, for various sliding directions, Dr. W: (O) 
90 ~ (11) 45 ~ (il,) 30 ~ (A) 15 ~ (*) 0 ~ Z-cut plate. 

form 

2a* = b , ,P  m"* (3) 

2c* = bc,P me* (4) 

where ba,, be,, rna, and me* can act as orientation- 
dependent constants. The parameter  2atrue exhibits a 
quite similar behaviour  and from Figs 12 and 13 it can 
be seen that  the simple relations 

m . . . .  = ma, (5) 

2a* ~ 2atrue (6) 

hold for the various cuts under consideration. 
Experimental  values for the constant  m,, (or m~,) 

and b,, (or be,) can be respectively determined from the 
slope and the ordinate intercept of  the ln2a* (or 
In 2c*) versus In P curve from Table IV which sum- 
marizes the main results. We can collate two inter- 
esting points: 

(i) for the various cuts studied here, the constants 
ma, and m~, take nearly similar values. Then, on the 
one hand, differences in the mechanical  response of the 
material (ductile deformation or fracture) do not  
modify the value for the exposant  which, on the other 
hand, remains unaffected by the angles of cut. We then 
infer that  the constant  m characterizes the material 
only; 

(ii) orientation effects are clearly depicted in the 
constants b,, and b~,. The constant  b,, is weakly 
dependent on the orientation, whereas the constant  be, 
is a more  rapidly varying function of the angles of cut. 
These more  marked orientat ion effects in be, can be 
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Figure 11 Variations of the geometrical parameters (a) 2av and (b) 
2cv with normal load, P, for various sliding directions, Dr. W: (O) 
90 ~ (11) 45 ~ (O) 30 ~ (A) 15 ~ (*) 0 ~ AT-cut plate. 

interpreted in terms of differences in the shape of chips 
formed on differently oriented plates. 

3.3. Chipping a n d  o r i e n t a t i o n  
Careful examination of Figs 8-11 reveals an apparent  
dependence of the surface chipping on orientation and 
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Figure 13 Plots o f (D)  In 2a*, ( i )  In 2at,ue and ( 4 )  In 2c* against 
lnP for (a) Z-cut plate and (b) AT-cut plate. 

T A B L E  IV Experimental values for the constants (ba,, m~,), (bc,, me, ) and (bat, mat ) as evaluated from Figs 12 and 13. The subscript indicates 

atrue 

X-cut Y-cut Z-cut AT-cut 

= 0 ~ 15~ 90 ~ ~ = 30 ~ , 45 ~ 

b,,, m,, 2.1; 0.57 2.1; 0.57 
b,t , m,t l; 0.57 1; 0.55 
be,, mc, 5.2; 0.57 2.8; 0.62 

- - 0.74;0.62 0.74;0.63 
3.8 0.59 2.5;0.61 2.5;0.62 

on the direction of scratch with a lateral dimension, 2c, 
very sensitive to angles (qb, 0) and to direction, D v. 
Therefore, we must now investigate more precisely the 
influence of angles (~b, 0) and of De on the surface 
chipping. This is most conveniently achieved from the 
SEM observat ions relative to a normal  load 
P = 100 g. Qualitative information can be extracted 
by examining the scanning electron mierographs dis- 

3 2 8 8  

played in Figs 14-17. To detect eventual directional 
effects, is obvious that for a given plate the shape of 
chips is governed by the direction D e . In particular, 
experiments on an X-cut plate give rise to partially 
formed chips (Fig. 14a~t), or to large chips with 
curved edges (Fig. 14e) when ~ passes, respectively, 
through 0 ~ or 90 o. Evidently, for a common fixed 
direction, D~,, scratching on various plates causes the 



Figure 14 Evolution of the shape of chips with the sliding direction, 
D v for an X-cut plate. W: (a) 0 ~ (Y-axis), (b) 15 ~ (c) 30 ~ (d) 45 ~ (e) 
90 ~ (Z-axis). Some slip traces are indicated in the micrographs. 
x 750 

Figure 15 Evolution of the shape of chips with the sliding direction, 
D~ for an Y-cut plate, tt': (a) 0 ~ (X-axis), (b) 15 ~ (c) 30 ~ (d) 45 ~ (e) 
90 ~ (Z-axis). Some slip traces are indicated in the micrographs. 
x 750 
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Figure 16 Evolution of the shape of chips with the sliding direction, 
Dr, for a Z-cut plate. ~: (a) 0 ~ (X-axis), (b) 15 ~ (c) 30 ~ (d) 45 ~ (e) 
90 ~ (Y-axis). Some slip traces are indicated in the micrographs. 
x 1500. 

deve lopmen t  of  differently shaped  chips: it is sufficient, 
for example,  to c o m p a r e  Fig. 14a with Fig. 16a or  Fig. 
14e with Fig. 15e. 

4. Discussion 
4.1. Anisotropic elastic properties of the 

quartz crystal 
Let us recall tha t  the averaged  exper imenta l  values for 
cons tan t s  ba. and  be* m a y  take  into accoun t  possible 
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Figure 17 Evolution of the shape of chips with the sliding direction, 
Ov for an AT-cut plate. ~: (a) 0 ~ (X-axis), (b) 15 ~ (c) 30 ~ (d) 45 ~ (e) 
90 ~ (Z'-axis). Some slip traces are indicated in the micrographs. 
x 750. 

direct ional  effects. In  part icular ,  the m o d e r a t e  devi- 
a t ions in the geometr ica l  pa ramete r s  caused by modi -  
f ications in the sliding di rect ion (Figs 8-11) can be 
u n d e r s t o o d  in terms of  slight d i rect ional  effects. But  



(Ym = (l  ~- B y ) ( 1  __ V) Po (7) 

where Po is the averaged load, f the coefficient of 
kinetic friction, and B is a parameter related to 
Poisson's ratio, v, of the isotropic material [10] 

3n (4 + v) 
B - ( 8 )  

8 (1 - 2v) 

In an anisotropic material, Poisson's ratio depends on 
orientation (4~, 0) and direction Dr. Then, as suggested 
by Hartley and Wilshaw [17], we must now take into 
account the angular variation of v, (qb, 0, t)). 

In the present study, we are also concerned with a 
sharp indentor, and Equations 7 and 8 no longer hold. 
Then, for simplicity, we assume that the constant B 
remains insensitive to the angles of cut and to De. To 
estimate crudely the role played by the anisotropic 
elastic properties of the quartz crystal, we can now 
write simply 

Sij 
v(~, 0, ~) ~ - -  (9) 

Su 

(a) 

where the Sis are the compliance coefficients. The 
subscript j refers to the direction of normal loading 
and the subscript i corresponds to the direction of 
lateral strain. 

Applying the approximate Equation 9 to the three 
principal cuts gives the results shown in Table V. We 
observe that the anisotropy due to the angular varia- 
tion of the Poisson's ratio induces only slight changes 
in the maximum tensile stress (deviation less than 
10%). The calculated deviation is of the same order of 
magnitude as the experimental deviation which, for 
the geometrical parameters, does not exceed 10%. 

tions produced by hertzian tests. Experimental studies 
of the hertzian fracture geometry of differently orient- 
ed surfaces of silicon [13, 20, 21] or of quartz [17] 
have provided evidence for symmetry exerting an 
influence on crack geometry. Moreover, several au- 
thors [17, 20] have pointed out that in anisotropic 
crystals, microcracks propagate preferentially along 
planes of easy cleavage, i.e. for the quartz crystal along 
slip planes. 

If we take this explanation into consideration, it is 
obvious that fractures are formed along directions Dv 
characteristic of the angles of cut (qb, 0) and of the 
sliding direction, D v. Figs 14-I 7 reveal clearly that the 
edges of chips are effectively aligned along preferential 
directions. Starting from this observation we assume 
that the chipping is essentially governed by the crys- 
tallographic slip planes with a low index (see Section 
2.1.). A slip plane inclined with respect to the reference 
surface by an angle A (Fig. 18a) intersects this refer- 
ence surface of orientation (qb, 0) in a straight line 
called, for convenience, the "slip trace". The direction 
of a slip trace with respect to the sliding direction is 
defined by means of the angle 5 (Fig. 18b). For a given 
slip plane, it is evident that the angle A is determined 
only by the angles of cut. 

As a first step, values for the angles A and ~5 are 
calculated for different cuts and for five directions of 
sliding (Table VI). In a second step, preferential direc- 
tions DF are recognized in Figs 14-17. We have, for 

Slip plane 

n r 
17 

Reference 

surface 

4.2. Symmetry of the crystal and planes of 
"easy cleavage" 

Some authors [-10, 17, 20, 21, 25] have argued that the 
symmetry of the crystal governs the shape of indenta- 

T A B L E  V Values of v(~, 0, 4) as evaluated from Equation 9 for 
stresses measured along various directions D v 

Cut v(~, 0, 4) 

4 = 0~ 4 = 90~ 

X-cut 0.134 0.094 
Y-cut 0.134 0.094 
Z-cut 0.125 0.125 

turning our attention to Section 3.3, it appears that the 
geometrical parameter 2c* also exhibit some orienta- 
tion effects. We can attempt to explain these orienta- 
tion and directional effects in terms of the anisotropic 
elastic properties of quartz crystal [26]. 

For an isotropic material and a spherical indentor 
[10], the maximum tensile stress, cym, in the specimen 
is given by 

(dp, O) cut-plane 

(b) 

Figure 18 Definition of the angles (a) A and (b) & 
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TABLE VI Absolute values of angles 5 and A for the X-, Y- and AT-cut plates and for various sliding directions, D, 

151(deg) 

Cut Slip plane ~: 
0 ~ 15 ~ 

IAl(deg) 

30 ~ 
= 0 o, 15 o, 30 ~ 

45 ~ 90 ~ 45~ ~ 

X-cut 

Y-cut 

AT-cut 

P1, P2 32 47 62 77 58 47 
P3 52 37 22 7 38 90 
Pl, P2, P3 90 75 60 45 0 30 
basal 0 15 30 45 90 90 
PI 48 63 78 93 42 67 
P2 48 33 18 3 42 67 
P3 0 15 30 45 90 38 
Pi, P2, P3 90 75 60 45 0 60, 60, 0 
basal 0 15 30 45 90 90 
PI 68 53 38 23 22 47 
P2 68 83 82 67 22 47 
P3 0 15 30 45 90 73 
Pl 68 53 38 23 22 66 
P2 68 83 82 '67 22 66 
P3 0 15 30 45 90 35 
basal 0 15 30 45 90 55 

convenience, distinguished between three types of 
cracks or fractures: (1) microcracks (f) aligned along a 
specified direction, (2) aligned fracture (f) at the bot- 
tom of chips, (3) chips (C) aligned parallel to the trace 
of a slip plane. Then the direction of alignment of 
microcracks, fractures and chips are identified when 
possible with a "slip trace". Tables VII-IX indicate, 
for different cuts and for various directions Dr, the slip 
planes which are found to participate in microcrac- 
king or chipping. Examination of these tables reveals 
that the prism planes are operative only for angles ~ in 
the vicinity of 30 ~ whereas pyramidal planes are 
involved in fracture and chipping mechanisms 
whatever the sliding direction. Moreover, we note that 
depending on D~,, all the slip planes are found to 
contribute actively to chipping. 

Therefore, it may be of interest to correlate the 
possible contribution of a given slip plane to a favour- 
able geometrical orientation of this slip plane with 
regard to the reference surface and to De. To decide if 
a slip plane plays a role in chipping we retain two 
simple conditions, connected to  the values of the 
angles A and 8. 

1. We must separate clearly the direction of 
alignment of a fracture or of a slip from the direction 
Dv of the groove. Then, we suppose that we can only 
identify fractures corresponding to relatively large 18t. 
In practice, the identification is limited to fractures 
whose direction of alignment makes an angle [81 > 30 ~ 
with the direction Dr. 

2. To explain the mechanism of chipping, we follow 
the description scheme adopted by Lawn and Swain 
[20]: median vents form during loading and lateral 
vents during unloading. If vents intersect a slip plane, 
they initiate chipping along this plane. Depending on 
the inclination, A, of the slip plane, fractures and chips 
with sharp edges can be formed. Such fractures and 
edges can be easily tracked on the scanning electron 
micrographs of sliding traces. The additional condi- 
tion for an easy identification of fracture can now be 
written as A > 45 ~ 
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TABLE VII Correlation between slip planes and the geometrical 
features of chips which are formed on an X-cut plate. Underlined 
features or planes correspond to: =, IAI >- 60 ~ - -, IAI > 45 o; 
[~l > 30 ~ 

(deg) P1, P2 P3 Pl, P2, P3 Basal 

0 f + F + C  f + F  
15 f + F + C  f + F + C  C 
30 f + F + C  f* F+fR  
45 f F + f a + C  
90 
Load:100g F + C  F + C  

f* 
F* 

In Tables VII-IX, we have outlined the microcracks 
(f), fractures (F) and chips (C) which satisfy Condition 
1, as well as the slip planes whose inclinations verify 
Condition 2. Several interesting features emerge from 
these tables, one may reasonably presume to reflect 
the role played by slip planes in chipping: 

(i) all the slip planes seem to participate in fracture 
and chipping, but for a given cut and for a fixed De, we 
are able to recognize the contribution of a limited 
number of slip planes with A > 45 ~ and for which 
181 > 30 ~ 

(ii) for the Z-cut plane, all the slip planes contribute 
to the development of large chips whose bottoms are 
covered by ridges associated with the fact that the Z- 
cut plane lies parallel to the basal plane and that the 
inclination, A, of prism and pyramidal planes with 
respect to the basal plane is 60 ~ and 52 ~ respectively. 
Then we can assume that lateral vents develop parallel 
to the surface specimen and meet both pyramidal and 
prism planes. They then propagate along these slip 
planes before emerging at the specimen surface. 

5. Conclusion 
The results presented here on scratching of differently 
oriented quartz plates have provided evidence for 
both directional and orientation effects. These effects 



T A B L E  V I I I  Correlation between slip planes and the geometrical features of ships formed on an Y-cut plate. Underlined features or planes 
correspond to : = ,  ]A] _> 60 o ; _ _ ,  [8[ > 30 ~ 

(deg) P1 P2 P3 Pl, P2, P3 Basal 

0 f + F + C  f + F + C  
15 F + A C V__* _r_~ E* 
30 C. f_* F + C f* 
45 C_. C + F  f + F + C  C + F  
9O 
Load :100g  f + F + C  f + F + C  f 

T A B L E  IX Correlation between slip planes and the geometrical features of ships formed on an AT-cut plate. Underlined features or planes 
correspond to: = ,  IA[ > 60 ~ - - ,  [A[ > 45 ~ , [8[ > 30 ~ 

(deg) P1 P2 P3 Pa P2 P3 Basal 

0 F + C  F + C  
15 F + C  f f C + F  
30 C__ f + F + C  C__ f + F + C  
45 C . + F  C + F  C + F  F + C  C + F  
9O 
Load: 100 g C* C C* C C C_ 

T A B L E  X Identification of various plates and different sliding directions of the slip planes which contribute to chipping 

(deg) 
Cut 0 15 30 45 90 

X-cut 
Y-cut 
Z-cut 
AT-cut 

(P1, P2), P3 (P1, P=); Pa (P1, P2), P3 P3 
P1, P2 P1, P2, P2 P1, P2 P1, P3, P2, basal 
Both prisms planes, pyramidal planes and the basal plane contribute to chipping 
P1, P2, Pl, P2 Pl, P2 P2, Pl, P3, Pa basal P2, Pl, P3, P3 basal 

(P1, P2), P3 
P1, P2, basal 

P3, P3, basal 

affect the critical load at which microfractures are 
initiated. However, in the ductile region, no marked 
changes in the width of grooves with the orientation of 
plates or with the direction of sliding, Dr, have been 
detected. 

Changes in the angles of cut as well as in the 
direction Dv induce marked modifications in the 
shape of chips or in the extent of chipping along 
scratches. In contrast, the average width, 2c*, of chips 
remains quasi-unaffected. Moreover, the variations in 
the averaged geometrical parameters 2a* and 2c* with 
normal load P are found to follow the same simple 
type of laws. 

The orientation effects cannot be explained solely in 
terms of the anisotropic elastic properties of quartz 
crystal. The observed anisotropy is then interpreted by 
assuming that the microfracture behaviour is correl- 
ated principally to the presence of slip planes. The role 
of slip planes correctly oriented with respect to the 
specimen surface and to the direction of scratching has 
been easily recognized on scanning electron micro- 
graphs of scratches. The main results summarized in 
Table X show, without ambiguity, that all the slip 
planes contribute to chipping. 
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