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The influence of environment on the fric-
tional behavior and surface failure of fluora-
patite single crystals was evaluated for slid-
ing in air, water, and dimethylformamide.
The coefficient of friction was independent
of environment. The ductile-to-brittle transi-
tion, however, occurred at a lower load in
water than in air.

In recent years, several investigations of
the environment-sensitive mechanical be-
havior of certain crystalline, nonmetallic
materials and glasses have been directed to-
ward characterizing the wear behavior of
these materials under conditions of sliding
and drilling in active liquid environments.
Buckley,! for example, examined the change
in plastic deformation and friction coeffi-
cient of single crystals of calcium fluoride
with sliding in water and oleic acid. West-
wood and Goldheim2 and Westwood, Gold-
heim, and Lye3* have studied the environ-
ment-sensitive mechanical behavior of cal-
cium fluoride and magnesium oxide.

The purpose of this study was to evaluate
the influence of liquid environments on the
frictional behavior and surface failure of
the basal plane of fluorapatite single
crystals.

Materials and Methods

A diamond hemisphere (360 micrometers
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{pm] in diameter) 2 was slid5 across the basal
surface of natural fluorapatite (FAP) single
crystals.?  Fifteen parallel, one-traversal
scratches that resulted from sliding a normal
load (W) of 10 to 150 gm in increments of
10 gm were made on the basal plane of each
of six crystals (FAP, 1 to 6) in the x direc

tion [2110] in environments of air, water,
and dimethylformamide (DMF),c another
highly polar liquid. Tangential force and
track width data were collected during each
run. A scanning electron microscoped was
used to study wear scars further. From
failure classification data, we chose the maxi-
mum normal load above which a ductile
mode of failure® (Class 1) was no longer
observed, Q.

Results

Data for failure classification, track width,
and tangential force are plotted as a func
tion of normal load in Figures 1 and 2 for
sliding on FAPI in environments of water
and DMF, respectively. Several curves cal-
culated from models were compared with
the measured data of these plots. A linear
regression line was fit to the tangential
force vs normal load data.? The slope (8)
of this regression line and its standard
error are indicated on the plot. The mea-
sured 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 elas-
tic spheres; this approach was discussed pre-
viously.? In addition to 8 and Q, several
other parameters? were averaged over the set

2 Wheel Trueing Tool Co., Detroit, Mich.

b Southwest Scientific Co., Hamilton, Mont.

¢ Matheson Coleman and Bell, Norwood, Ohio.

4 JSM-US3, Japan Electron Optics Laboratory, Jap.
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Fic 1.--Failure classification, track width, and

tangential force vs normal load for FAPl in
water in x sliding direction.

of six crystals and are reported in the table
for sliding in the x direction in environ-
ments of air, water, and DMF.

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
each of the parameters listed in the table.
The factor of environment was tested at
three levels (air, water, and DMF) with six
replications per cell. The tangential force
coefficient, 8, in the x sliding direction did
not vary as a function of the environments
tested at the 0.05 level of significance. An
average value that could describe 8 in the
three environments was 0.234. An analysis
of the variable Q, indicated that a difference
existed among the three levels at the 0.05
level of significance, since F = 8.97 > F 5 15,

= 3.68. Ranking of the means by the
method of Duncan® gave the following
results:

Qa1r Qpur ‘QH20’

where the means that are underscored could
not be distinguished from each other signif-
icantly.

Analysis of the variables, w (Q) , z (Q) , d (Q).

P, (ﬂ) » Tmax (‘Q) . and Thoundary (‘Q') . indicated
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that differences among the means at the
three levels of environment existed at the
0.05 level of significance. Ranking of the
means for each variable resulted in the fol-
lowing: air = DMF > H,0. An average co-
efficient of variation for these data was 279,.
Analysis of the variables, F(Q) and o, (Q),
indicated that no difference could be dis-
tinguished among the three levels of en-
vironment at the 0.05 level of significance.
The coefficients of variation for these data
were 76 and 359, respectively. It was noted
that z(Q) was an order of magnitude larger
than d (@) and that the variables describing
stress based on the Hertzian model could be
ranked in the following order for each en-
vironment: p, (ﬂ) > Tmax (‘Q) > O';L(Q‘) >
Thoundary (‘Q> .

Scanning electron photomicrographs of
wear scars that typify the failure observed in
water are shown in Figure 3 for FAP2. For
this particular crystal, evidence of tensile
cracking (Class 2) was observed at a nor-
mal load of 10 gm. The center of the track
appeared ductile. At a normal load of 20
gm, chipping in the center of the track was
observed, although tensile cracks (Class 3)
were evident along the edge of the wear

FAPL
5 -

4
3 6 06 0 0 0 O
2+ o

14 0o 0 0 0 0 0 0 O

FAILURE CLASS

w = s.02a0 3
304 o

TRACK WIDTH, pm

w = .33

404 DMP

20 4

TANGENTIAL FORCE, gm
w
=3
.
&

w
ot
aR

El

[ 20 40 60 80 100 120 140
LOAD, gm

Fi¢ 2.—Failure classification, track width, and
tangential force vs normal load for FAPl in
DMF in x sliding direction.



1028 POWERS, LUDEMA, AND CRAIG
(a) Hp0
(c) H20
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(d)  H20

Fic 3.—Wear tracks formed in water environment. Arrow beside each track

indicates direction of relative motion of slider with respect to surface of
crystal. Value to right of arrow is normal load corresponding to particular
wear scar. Scale for ¢ is 20 ym; force and scale for d are 120 gm and 67 ym.

respectively.

scar. At a normal load of 30 gm, tensile
cracking was no longer observed; rather, large
fragments had chipped away [rom the cen-
ter and along the edge of the wear scar.
Ductile grooves in the center of the track
were no longer observed. At higher loads,
an unusual type of chevron pattern was ob-
served at numerous intervals along the
track, as shown for a 120 gm load in Figure
3. d. Lines of fracture associated with these
chevron patterns were perpendicular to the
wear scar, as shown in the aforementioned

figure. Subsurface failure® in the immediate
vicinity of each wear scar was more prev-
alent with sliding in water than sliding in
air or DMF. The areas ol the wear tracks
shown in the photomicrographs are repre-
sentative of the particular wear scars as a
whole.

® Subsurface failure of a crystal was characterized by
observing the reflection of light during examination of
the wear scars on the metallograph. This reflection of
light was evaluated only qualitatively.
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Discussion

No differences were observed among the
values of g8 (Table) for sliding in the x
direction in environments of air (that is,
adsorbed water), water, or DMF. In mate-
rials where slip is the predominant mech-
anism for relieving strain under sliding, the
coefficient of friction is influenced by surface-
active species.! On single crystals of calcium
fluoride, for example, sliding in oleic acid
resulted in a decrease in the amount of
plastic deformation and a corresponding de-
crease in the coefficient of friction. In ad-
dition, measurements of dislocation densities
on the basal plane of FAP in the present
study indicated no increase in density as the
result of sliding.® These observations seem
to indicate that slip is not the primary mech-
anism for relieving strain on the basal plane
of FAP. Since a mechanism such as twin-
ning has not been reported for fluorapatite
(although it has been reported for chlora-
patitel0), it is suggested that the strain re-
sulting from sliding is accommodated pri-
marily by elastic deformation. Beyond a
critical value of elastic strain, a minimal
amount of slip (perhaps less than 109)
may occur to relieve additional stress.
Further stress results in the initiation and
propagation of surface and subsurface cracks.
Because of the small contribution of plowing
friction, the independence of the coefficient
of friction in the environments examined is
not inconsistent.

Qualitative interpretation of the track
width data suggested that there was prob-
ably little difference among the values mea-
sured for sliding in environments of air,
water, and DMF. The fit of these values to
the curve predicted by a Hertzian analysis
was reasonably good. These observations
support the hypothesis that only a minimal
amount of plastic deformation occurs as a
result of sliding on the basal plane of FAP.

The values of Q for sliding in the x
direction in air, water, and DMF are com-
pared in the table. Because of the scatter
of data, it was difficult to observe differences
statistically; however, a difference was ob-
served between the means of O for sliding in
air (adsorbed water) and water. Thus, the
ductile-to-brittle transition occurs at a lower
load for sliding in the x direction in an en-
vironment of bulk water than in air. Values
of p’ (Q)’ Tmax ('0')' and Thoundary (Q) were
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lower for sliding in water than in air. How-
ever, no differences could be detected among
the means of &, (Q) in the various environ-
ments. This latter observation is thought to
reflect the amount of scatter that existed in
the g8 and Q data. It was apparent, how-
ever, that the mode of surface damage was
influenced by sliding in water. Not only was
surface cracking evident at lower loads, as
indicated by @, but the mechanism of sur-
face failure appeared to have changed in the
presence of bulk water. In general, damage
as a result of sliding on the basal plane of
FAP in water was considerably more severe
when compared with damage resulting from
sliding in air (adsorbed water) and DMF.
No differences between sliding in air and
DMF were observed.

Recently, Westwood, and Goldheim?2 and
Westwood. Goldheim, and Lye3 have pro-
posed a model to explain increases and de-
creases in surface hardness in the presence of
surface-active species. The Westwood, Gold-
heim, and Lye model (WGL)2-%¢ assumes
that the mobility of dislocations in ionic
crystals is controlled predominantly by inter-
actions with such point defects as vacancies
and impurity atoms and that chemisorption
on such materials involves, at least in part,
electron transfer between near-surface point
and line defects and the adsorbate. They
suggest, essentially, that adsorption-induced
changes in the electronic state of near-sur-
face point defects and dislocations introduce
variations in their mutual interactions.

Two possibilities to explain the decrease
of 0 of FAP in water seem likely. The first
is surface hardening. Buckley! has observed
such an effect in calcium fluoride with slid-
ing in oleic acid. In this instance, the pres-
ence of oleic acid on calcium fluoride caused
a decrease in deformability that was mani-
fested by a decrease in the coefficient of fric-
tion and an increase in the amount of crack-
ing under sliding. The second possibility is
surface softening, with the restriction that
fluorapatite under the experimental condi-
tions be considered a notch-sensitive mate-
rial. Both of these possibilities can be dis-
cussed most conveniently in terms of the
WGL model.

Surface softening in the presence of
Lbulk water requires an interaction between
the polar water molecules or their dissocia-
tion products and charged, near-surface
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TABLE
AVERAGE BEHAVIOR OF FAP CRYSTALS As A FUNCTION OF ENVIRONMENT

Environment

Property Air Water DMF
B8 0.217 (0.008) * 0.241 (0.017) 0.245 (0.009)
Q
(gm) 77 (21) 18 (4) 63 (16)
F @
(gm) 17.2 (5.2) 47 (1.3) 16.1 (4.4)
w (0)
(wm) 17.0 (1.9) 10.8 (0.8) 159 (1.8)
z (@)
(um) 4.1 (0.5) 26 (0.2) 3.8 (0.4)
d (@)
(um) 0.21 (0.04) 0.08 (0.01) 0.19 (0.04)
@
(kg/mm?) 429 (48) 274 (20) 402 (46)
Tmlx (Q)
(kg/mm?) 135 (15) 86.1 (6.4) 126 (14)
Tbﬂundlry (Q)
(kg/mm?) 62.9 (7.1) 40.1 (3.0) 589 (6.8)
o (@)
(kg/mm?) 94.2 (13.1) 67.3 (9.5) 100 (14)

* Standard error of the mean is in parentheses.

species such that surface plasticity is im-
proved. The increased cracking in water,
however, requires that FAP be notch-sensi-
tive and that the dislocation process lead
to crack initiation through the formation
of microcracks. However, microcrack forma-
tion by means of a dislocation process re-
quires multiple slip systems, )1 a criterion
that is apparently not met in FAP.

Surface hardening in the presence of bulk
water also requires an interaction between
the polar water molecules or their dissocia-
tion products and charged, near-surface
species. This interaction would result in
the pinning of dislocations, thereby reduc-
ing the ability of the lattice to accommodate
strain by slip and effectively lowering the
fracture stress. This model is consistent with
the behavior observed for sliding on the
basal plane of FAP. Since the accommo-
dation of strain by slip in FAP is a limited
process in air, further limitations on dis-
location movement would lead to crack
initiation. Only a slight reduction in the
coefficient of friction is expected, since the
plowing component of friction was small
initially. Furthermore, examination of the

fracture surfaces that resulted from sliding in
water indicated that less grooving occurred
at low loads. At higher loads the entire
track chipped away in water; in air, a ductile
track was bordered by a chevron pattern.

The possibility of interactions according
to the WGL model occurring in fluorapatite
for sliding in various environments is reason-
able. In fluorapatite the fluorine is located
at the center of the calcium triangle.'2 The
channels formed by these calcium triangles
are fairly large and are supported by the
remainder of the structure, such that they
provide easy diffusion paths.13 Surface-active
agents could influence the position of the
near-surface F- jons relative to the calcium
triangles, thereby modifying the properties
of the surface. However, these surface-active
agents must be present in a liquid or in-
sulating environment so that surface charge
effects would not be dissipated in air; this
explains the differences in behavior observed
for fluorapatite in bulk water and in air
(adsorbed water) .

In all cases observed for sliding in various
environments, as well as in the x and vy
sliding directions, the magnitude of o, (Q)
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was greater than that of ry, 4ur, (@). The
mode of surface failure might change if o,
were less than 7y, 4ar- FOr o, to be less
than 7y, 4., the value of g8 must be low-
ered by 50 to 1009,. An attempt to reduce
B by sliding in a lubricant failed.® This
failure, however, does support the argument
that the deformation component of friction
is small.

Conclusions

The influence of environment on the fric-
tional behavior and surface failure of the
basal plane of natural fluorapatite single

crystals was evaluated in the [ZTTO] direction.

No differences could be detected among
the values of 8 for sliding in air (adsorbed
water), water, and DMF. Qualitative in-
terpretation of the track width suggested the
major mechanisms for the accommodation of
strain as a result of sliding were elastic de-
formation and cracking. No differences in
track width were detected for the environ-
ments studied. The ductile-to-brittle transi-
tion occurred at a lower load for sliding in
water than in air or DMF. The mechanism
of failure appeared to be different in water.
A model based on surface hardening was
proposed to explain the unusual mode of
failure observed in bulk water.
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