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Frictional anisotropy of the basal plane of
natural fluorapatite single crystals was ob-
served; the coefficient of friction (fi) in the
[2110] direction ($ = 0.217) was approxi-
mately 12%7O higher than that in the [0110]
direction (fi = 0.193). The load at which
the ductile-to-brittle transition occurred (a)
was significantly higher in the [2110] direction
= 77 gm) than in the [0110] direction
= 15 gm). A mechanism is proposed in-

volving the maximum normal stress and
probable cleavage planes.

Preliminary studies of the wear of fluora-
patite single crystals subjected to sliding
neglected the possible influence of crystallo-
graphic direction on the frictional behavior
and surface failure of the basal plane.1-3
In these studies, possible anisotropic effects
were considered to contribute to the experi-
mental error in the analysis of the data.
Buckley4 has observed that friction coeffi-
cients (with limited plowing components)
for a number of metals in sliding contact
with other metals were lowest on the pre-
ferred slip or glide plane in the preferred
slip direction. The anisotropy of surface
failure has been discussed to a limited ex-
tent by Steijn5 for sapphire and by Bowden.
Brookes, and Hanwell6 and Bowden and
Brookes7 for magnesium oxide single crystals.
The purpose of this study was to evaluate

Based on a dissertation submitted in partial fulfill-
ment of the requirements for the Phi degree in the
Horace H. Rackham School of Graduate Studies at the
tInisersity of Michigan, 1972.
This paper was presented, in part, at the 50th gen-

eral session of the IADR in Las Vegas, Nevada, March
1972.
This investigation was supported, in part, by USPHS

Training Grant DE-00181 from the National Institute
of Dental Research, National Institutes of Health,
Bethesda, Md.

Received for publication May 10, 1972.

the influence of sliding direction on the fric-
tional behavior and surface failure of the
basal plane of fluorapatite single crystals.

Materials and Methods
A diamond hemisphere (360 micrometers

[gm] in diameter) a was slid across the basal
surface of natural fluorapatite (FAP) single
crystals.b Fifteen parallel, one-traversal
scratches resulted from sliding a normal
load of 10 to 150 gm in increments of 10
gm. The scratches were made on the basal
plane of each of six crystals (FAP, 1 to 6)
in the x direction [2110] and subsequently
in the y direction [0110]. Before sliding in
the y direction, the crystals were repolished.
The x direction was chosen as that direction
on the basal plane parallel to what was con-
sidered to be a prismatic [1010] surface of
the natural crystal. The y direction then
was chosen as the direction perpendicular
to this [1010] surface. All runs were made
in air (absorbed water). The single crystals
were given a polishing and surface treatment
before use.' The apparatus used for scratch-
ing the surface of a specimen and measuring
the tangential force has been described in
detail.12 The failure classification scale
tsed in this study also has been reported.3
Tangential force data were collected dur-

ing each run. The track width and failure
classification of each scar were determined
under optical magnification on a metallo-
graph.c To analyze the tangential force vs
normal load data, a linear regression model
was chosen.8 We assumed that the tan-
gential force vs normal load curve was a
straight line that passed through the origin.

W hlieel I ruling Tool Co., Detroit, Mich.
b Southwest Scientific Co., Hamilton, Mont.

Aristophot, Ernst Leitz, Wetzlar. NV Ger.

1019



1020 POWERS, LUDEMA, AND CRAIG

Analysis of variance was used to analyze the
data further. From the failure classification
data, the maximum normal load above which
a ductile mode of failure (Class 1) was no
longer observed (Q) was chosen.

Results
Data for failure classification, track width,

and tangential force are plotted as functions
of a normal load in Figures 1 and 2 for
sliding on FAP1 in the x and y directions,
respectively. Several curves calculated from
models were compared with the measured
data on these plots. A linear regression line
was fit to the tangential force vs normal load
data. The slope (,6) of this regression line
and its standard error are indicated on the
plot. The measured values of track width
were compared qualitatively with values
computed from an equation derived from a
special case of Hertz's theory of contact
between two elastic spheres.d In addition to
,8 and Q, several other parameters are re-
ported in Tables I and 2 for sliding in the
x and y directions on the set of six crystals.
Values of W and F, the tangential force,
were evaluated at IV = fQ. From the value
of IV (n) and the geometry of the slider,
the track depth evaluated at Q. d (u), was
calculated. The following parameterse de-
rived from Hertzian theory also were evalu-
ated at W = n: z, the distance below the sur-
face of the crystal at which shear stress
is a maximum; p', the maximum normal
pressure; Tr,,,x, the maximum shear stress;
rhoinldary' the shear stress at the boundary of

d The equation5 used was:

w = 1.816 (WR)'/5 [ A) +EA(l-vEB )
1

ea

where w equals track width, * equals normal load, R
equals the radius of the diamond hemisphere, and v
and E are the Poisson's ratio and Young's modulus of
fluorapatite (A) and diamond (B), respectively. In
this equation Poisson's ratio and Young's modulus for
diamond were 0.30 and 9.48~X 104 kg/mm2, respec-
tively. Poisson's ratio for flu rapatite was 0.28. Two
values of Young's modulus were used to indicate a
range of values for fluorapatite. A value of 8.44 X 103
kg/mm2 was chosen for comparative purposes as repre-
sentative of an average value for human enamel. The
value of 1.47 X 104 kg/mm2 represented Young's mod-
ulus in the [00011 direction for a single crystal of
fluorapatite.'0

e These parameters, with tlle exception of aim, have
been discussed in detail by "luberi and Timoshenko
and Goodier.12 The effect Of an applied tangential
force on the stress distribution at the contact area be-
tween two elastic bodies loaded normally has been dis-
cussed by Mindlin.13
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FIG 1.-Failure classification, track width, and
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PROPERTIES OF FAP
TABLE 1

(1 TO 6) AT THE DUCTILE-TO-BRITTLE TRANSITION AS A

FUNCTION OF SLIDING DIRECTION

Sliding 0 F (Q) w (Q)* z (Q)t d (Q)t
Crystal Direction 16 (gm) (gm) (im) (Am) (im)

FAPI x 0.211 50 10.5 15.6 3.7 0.17
y 0.194

FAP2 x 0.187
y 0.180

FAP3 x

y
FAP4 x

y
FAP5 x

y
FAP6 x

y

0.216
0.192
0.245
0.188

0.237
0.193

0.208
0.213

10 1.9 9.1 2.2 0.06

60 11.2 16.6 4.0 0.19
20 3.6 11.5 2.8 0.09

10
10

2.2 9.1 2.2 0.06
1.9 9.1 2.2 0.06

120 29.4
10 1.9

20.8
9.1

> 150 .35.6 >22.5
30 5.8 13.1

70
<10

14.6
<2.1

17.4
<9.1

5.0 0.30
2.2 0.06

,5.4 .0.36
3.2 0.12

4.2
<2.2

0.21
<0.06

* Track width calculated from slider geometry and Hertzian model at W = Q.
t z at Tmax for Hertzian behavior at W = Q.
$ Track depth calculated from Hertzian track widths and slider geometry at W = Q.

the circle of contact; and or, the tangential
traction stress at the center of the surface
of contact evaluated at , - /S, where tz is a
constant coefficient of friction.
An analysis of variance was used to de-

termine if there was a difference among
values of /3 indicated in Table 2. The
analysis of variance was based on a two-
factor design; the factors of specimens and
sliding directions were studied at six and

two levels, respectively. The main effect of
specimens was found to be significant, since
F = 45.4 > F(5.) 4.10, at the 0.001 level.
It was deduced that there were differences
among the six crystals. The main effect of
sliding direction was significant, since F =
268 > F(1 x) = 10.8, at the 0.001 level.
There was a difference between the two
levels of sliding direction. The interaction
between crystals and sliding direction, how-

TABLE 2
STRESS PROPERTIES OF FAP (1 To 6) AT TiHE DUCTILE-TO-BRITTLE TRANSITION AS A

FUNCTION OF SLIDING DIRECTION

Sliding 0
Crystal Direction (gm)

FAPI x 50
y 10

FAP2

FAP3

FAP4

FAP5

FAP6

x

x

y
x

.Y
x

y
x

y

60
20

10
10

120
10

.150
30

70
>10

I' (0)
(kg/mm2)

393
230
418
290
230
230

526
230

.567
331
440

>230

Tmax (Q)t
(kg/mm2)

124.0
72.4
132.0
91.2

72.4
72.4
166.0
72.4

.178.0
104.0

138.0
>72.4

Boundary (Q)t
(kg/mm2)

57.6
33.7
61.2
42.5
33.7
33.7

77.2
33.7

.83.1
48.6

64.5
>33.7

* Maximum normal pressure at W = Q calculated from Hertzian model.
t Maximum shearing stress (at z) at W = Q calculated from Hertzian model.
$ Shearing stress at boundary of circle of contact at W = 0 calculated from Hertzian model.
§ Tangential traction at W = Q with ja =- at the center of the surface of contact.

CA (0)§
(kg/mm2)

82.9
44.6

78.2
52.2
49.7
44.2
129.0
43.2

.134.0
63.9

91.5
>49.0
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ever, also was found to be significant, since
F = 41.7> F.5ex) = 4.10, at the 0.001 level.
This interaction meant that the behavior of
,8 could be predicted statistically as a func-
tion of sliding direction only if the crystals
were regarded as a sample of a larger popu-
lation of crystals. The error associated with
the analysis was 1.2%. The confidence in-
terval that could be used to determine the
difference between the means of the two slid-
ing directions for a given crystal was 0.007 at
the 0.05 level of significance. as determined
by the method of Duncan.14

Based on the assumption that the six
fluorapatite crystals were representative of
a sample of a larger population of crystals,
a one-way analysis of variance was made for

^qh f teh t,,rn "nrnrno-td-rc Nct~tP ;in Toahlee

surface failure remained ductile to a higher
load (n) in the x sliding direction. The re-
mainder of the parameters in the x sliding
direction were likewise statistically different
(P < 0.05) than those in the y sliding direc-
tion. An average coefficient of variation as-
sociated with the analysis was 39,.

It was interesting to note the trend of
comparable variables within a specific col-
umn (sliding direction) of Table 3. We
observed that z (n) was an order of mnagni-
tude larger than d (a) The variables de-
scril)ing stress based on the Hertzian model
could be ranked in the following order:
P ) > Tillax (OD>i-us(fl) >Tsioinlary (m)

Discussion
ecnbl ot tne~teni F
1 and 2. The me;
these parameters,
factor of sliding
levels, the x and
lications per cell.
efficient, 8, in ti
statistically differ
in the y sliding di
1 higher in X

AVERAGE BEHAA
FUNCTION

Property

p
Q

(gm)
F (Q)
(gm)

w (Q)
(#m)
z (9)
(Am)
d (Q)
(#m)

P' (0)
(kg/mm2)

Tmax (Q)
(kg/mm2)

Oboundary (Q)
(kg/mm2)

Erg (0)
(kg/mm2)
' Standard error of

IdrameteLs~ iisLea in5 1. da)es Natural fluorapatite has imperfect basal
ans and standard errors for
are listed in Table 3. The and {1010} cleavage.'5 Melt-grown (0001)
direction was tested at two fluorapatite crystals have been observed to
y directions, with six rep- cleave on both basal and {1210} planes.'6
The tangential force co- The tendency toward cleavage was enhanced

ie x sliding direction was by conditions that favored inclusion forma-
ent (P < 0.05) than that tion, that is, high growth rates and nonideal
irection and approximately composition melts. For melt-grown Huora-
magnitude. The mode of patite crystals, M\cMan1a s, Hopkins, and

Takei17 contend that slip takes place on

TABLE 3 -'11(01)} prism planes with one Burger's vector
VIOR OF FAP(I to6) AS A in the [0001] direction and another Burger's
OF SLIDING DIRECTION vector in the basal plane, presumably in the

x Sliding y Sliding [1010] prism direction. Hopkins'8 has re-
Direction Direction ported that dislocations where Burger's vec-

- tors lie in the basal plane of fluorapatite).217 (0.008) 0.193 (0.004) would have energies about double that of
those with a Burger's vector parallel to

77 (21) 1 5 (3) [0001].
The tangential force coefficient, i (Table

17.2 (5.2) 2.9 (0.6) 3), was approximately 12% larger in magni-
tude for sliding in the x direction, than for

17.0 (1.9) 10.2 (0.7) sliding in the y direction! This frictional
anisotropy of fluorapatite was neglected in

4.1 (0.5) 2.5 (0.2) a previous study of the frictional. behavior
of fluorapatite.2 The degree of anisotropy

0.21 (0.04) 0.07 (0.01) observed is consistent with the observations
made by Bowden and Brookes7 for the fric-

429 (48) 257 (18)
tional behavior of MgO single crystals. They
suggested that a critical amount of subsur-
face deformation was necessary for aniso-

lop, /Ip,\ nn c) "I 11 I135 (15)
f On the basis of crystal geometry, the x sliding

62.9 (7 1) 37.6 (2.6) direction was presumed to be parallel to a <21100>
direction. The y sliding direction was presumed to be
parallel to a <0110> direction. This assumption was

94.2 (13.1) 49.5 (3.2) supported by the orientation of etch pits, the hexagonal
sides of which were oriented parallel to the prism faces

the mean is in parentheses. of the crystal.19
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tropic friction, although for magnesium
oxide, strain was accommodated primarily
by plastic deformation over the load range
studied. Since subsurface fracture was ob-
served even at the lowest loads in the pres-
ent study, we propose that the criterion of
critical subsurface deformation was met
under the experimental conditions ex-
amined. The lower friction in the y direc-
tion is consistent with the hypothesis pro-
posed by Buckley4 that lower coefficients of
friction can be expected for sliding in pre-
ferred slip directions for materials with
limited plowing components. In the present
study, the y direction was parallel to a slip
direction, although the {0l 101 < 01 10 > slip
system is less energetically favorable than
the {0l 10} [0001] system.18

Statistical analysis of the track width data
for the x and y sliding directions was hind-
ered by the scatter of the data at low loads.
This scatter apparently was due to rough-
ness of the diamond slider. The roughness
resulted in outlying scratches, presumably
caused by "bumps" or asperities located be-
yond the circle of contact defined by the
Hertzian analysis.' Nevertheless, these out-
lying scratches were included in the mea-
surement of track width; thus, at low loads,
larger values of track width were measured
than should have been. The net effect
caused the results of regression analysis to
be difficult to interpret.

Oualitative interpretation of the track
width data suggested that there probably
was little difference between the values mea-
sured for the x and y sliding directions. The
fit of these values to the calculated curves
was reasonably good, except for values mea-
sured at low loads. These observations are
consistent with the fact that elastic prop-
erties of hexagonal crystals are symmetrical
around the c axis. Any variation in track
width that might be observed would neces-
sarily be the result of variation in the de-
gree of plastic deformation attainable in a
given direction; however, such variation was
not observed.
The value of the maximum normal load

above which a ductile mode of surface
failure is no longer observed was significantly

X In the present study, the contact area between the
diamond slider and the basal plane of FAP was as-
slimed to be circular.

lower in the y sliding direction, as indicated
in Table 3. This observation can be inter-
preted to mean that the ductile-to-brittle
transition occurs at a lower load in the y
sliding direction. Consistent with this is the
observation that the values of p' (il),

a-y (f), and Tboundary (Q1) were lower
in the y sliding direction. Presumably, the
initiation of subsurface failure, which oc-
curred to a greater extent in the y sliding
direction, is influenced predominantly by
the magnitude by r,,iax. On the other hand,
the initiation of surface fracture could be
influenced by rbo..dlryor by A-,. As indicated
in Table 3, c-r was observed to be greater in
magnitude than Tboundary. Therefore, the
magnitude of a-, probably controls the initia-
tion of surface failure under the experi-
mental conditions examined.
The anisotropy of surface failure has been

discussed only to a limited extent in the
literature. The existence of the ductile-to-
brittle transition for the basal plane of
FAP was reported by Powers and Craig3;
however, they failed to identify direction of
sliding as a variable in that study. The
scatter of their fracture classification data
may now be explained. Steijn5 found that
the wear of the basal plane of sapphire was
independent of sliding direction, although
wear of a prismatic plane resulted in severe
chipping in a [0001] direction but gave a
smooth wear surface in the [2110] direction.
Bowden, Brookes, and Hanwell,6 and Bow-
den and Brookes7 observed that the orienta-
tion of chevrons and tensile cracks in mag-
nesium oxide single crystals depended on
sliding direction. In the present study, sur-
face cracks formed during sliding in the y
direction were oriented 300 from the track
and pointed toward the origin of sliding.
Cracks formed during sliding in the x di-
rection were oriented at an angle larger
than 450 and pointed toward the origin of
sliding.
The following model is proposed to ex-

plain the fracture behavior observed for
sliding on the basal plane of FAP. This
model is diagrammed in Figure 3. For slid-
ing in the y direction (Fig 3, b), the com-
plex stress state is such that imperfect cleav-
age occurs on (1010) and (1100) planes, that
is, those planes oriented at a 300 angle to
the direction of sliding. For sliding in the
x direction (Fig 3, a), the same stress state

V-ol 52 No. 5
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Cat (AlaIL)

a2

a3 (b)

FIG 3.-Diagram of hexagonal system shows
orientation of cleavage planes with respect to x

sliding direction (a) and y sliding direction
(b) .

would favor cleavage on those planes
oriented at a 300 angle to the direction of
sliding, that is, the (1210) and (1120)
planes. However, cleavage on (2110) planes,
although observed for melt-grown crystals,
was not observed for natural FAP. Further-
more. cleavage on {2110) planes should be
less favorable energetically than cleavage on

(0110) planes because of the larger number
of strongly bound phosphate tetrahedra
overlapping (2110). Thus, the only cleavage
planes oriented favorably to accommodate
the stress imposed as a result of sliding in
the x direction are the (1100) and (1010)
planes. Because they are oriented at less
favorable angle of 600 to the sliding direc-
tion, a larger maximum normal stress would
be required to initiate cracking in this di-

rection. Cracks that occurred infrequently
at an angle of 300 for sliding in the x
direction were probably the result of {2110}
cleavage, perhaps on a plane where a natural
flaw existed. The fact that most cracks were
observed at a 45° angle to the wear track
suggests that for sliding in the x direction,
the maximum normal stress is oriented to
cause cracking at an angle of 450 to the
wear scar. This apparent reorientation of
the maximum normal stress may be due to
the influence of the higher coefficient of
friction in the x sliding direction. It is not
known whether the cracking observed at 450
is actual cleavage or is noncrystallographic in
nature.

Conclusions

The influence of sliding direction on the
frictional behavior and surface failure of the
plane of natural fluorapatite single crystals
was evaluated.

Frictional anisotropy was observed; the
coefficient of friction (,8) in the x direction
(,p = 0.217) was approximately 12% higher
than that in the y direction (,8 = 0.193)
The load at which the ductile-to-brittle
transition (a) occurred was significantly
higher in the x direction (f = 77 gm) than
in the y direction (f = 15 gm). A mech-
anism was proposed involving the maxi-
mum normal tensile stress and probable
cleavage planes.
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