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Friction coefficients for a variety of ma-

terial couples are reported. The relative
abrasive wear of materials followed the
order of their hardness, with one exception.

Many different instruments have been de-
veloped for the measurement of friction
and wear.1-5 Often the instrument was de-

signed to accommodate some particular
type of material, environment, or test con-

dition. Studies reported in the dental
literature have been limited to wear mea-

surements with simulated toothbrushing
methods,6-9 or on prosthetic teeth mounted
on an articulator.10

This study will describe the experimental
instrumentation for tests under a variety of
variables, as well as simulated mouth con-

ditions. Friction and wear measurements of
a variety of restorative dental materials also
will be reported.

Materials and Methods

A hydraulic surface grinder* was selected
to provide the sliding motion between the
samples under study. The surface grinder
with samples in position is shown in Figure
1. It had the following specifications: The
longitudinal table speed could be varied
from 3 inches to 150 feet/minute, and had
a travel of 23.5 inches. Table travel in a

transverse direction was 6.75 inches and the
actual working surface was 6 by 18 inches.
By appropriate adjustments the table can be
controlled at speeds as low as 0.002 cm/
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second. In addition, the machine controls
may be set so the table undergoes an ad-
justable transverse motion near the end of
each stroke. Friction and wear tests could
be made on a continuously fresh track or
the same track may be retraced; in the latter
instance, tests could be made to study the
effect of accumulating wear particles on
friction and wear.
The basic machine was modified by add-

ing a pair of heavy horizontal extension
arms to support the instrumentation over
the table. The instrumentation consisted of
a frictional force transducer, sample sup-
ports, and a means of counterbalancing the
sample and its supports. The transducer con-
sisted of a cantilever beam with strain gauges
attached to each side to form a full bridge
shown in Figure 2. The end of the beam
carried collet chucks for the rod samples
having hemispheric ends. The cantilever
beam rod operated as a linear motion bear-
ing that was supported in two ball bushings
with adjustable clearances. The adjustment
was provided by mounting the bushings in
a split aluminum block. The top of the trans-
ducer rod supported a pan for weights. A
small horizontal rod, one end of which was
confined to a vertical slot near the top of
the transducer rod, prevented rotation.
The surface grinder, as purchased, had a

minimum stroke length of 2 inches but was
modified to permit strokes as short as 1/6
inch. The limit switch consisted of a sliding
post and two adjustable microswitches that
permitted the sample to be mounted any-
where on the working surface of the table.
Each microswitch controlled a 12 v solenoid,
which in turn moved the mechanical revers-
ing lever. The switches were protected from
arcing by shorting them with 16 v zener di-
odes. The short strokes provided a means
for testing single teeth.
The displacement and table velocity for

short strokes was measured with a dial gauge
149
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FiG 1.-Overall view of the friction and
wear instruments. A, table; B, counterbalance;
C, weights.

and a stop watch if the velocities were rela-
tively low. The displacement for longer
strokes and greater velocities were deter-
mined by a displacement transducer, with
the output fed into a y-t recorder. The trans-
ducer was a ten turn potentiometer, the
shaft of which was connected to the table
motion through a wire wrapped once around
a shaft-mounted pulley. Tests under simu-
lated oral conditions were conducted using
saliva and other liquids placed on the sam-
ples.
The hemispheric tipped rods of one-fourth

inch diameter were formed by mounting the
sample on a lathe and using a radius cutter,*
or they were molded in a dental stone mold.
The lower flat samples were finished by wet
grinding on 600 mesh silicon carbide paper.
which yielded surfaces with roughnesses of
3 to 6 microinches. A 2 by 5 by '46s inch
sheet of amalgam was prepared using an ex-
tension of a method developed by Schoen-
feld and Greener." Two hundred grams of

* Holdridge Radii CtteCr, Model 3S, Ioldridge Mfg.
Co., 116 West 154th St., Gtardena, Calif.

FIG 2. Close up of the strain gauge trans-
ducer (A), slider (B), and flat (C).

a loyt and mercury in ac 1:1 ratio were amal-
gamated using a chilled mortar and pestle
and subsequently storing in Dry Ice. Sam-
ples of this mix were withdrawn serially and
condensed into a sheet of the aforementioned
dimensions. Sheets of gold alloy,? porce-
lain,§ and resin composites[J were supplied
by dental manufacturers. Acrylic sheets of
denture base plastic hf were processed by typ-
ical heat-curing dental laboratory procedures,
and bovine enamel specimens were prepared
as described by Eden, Craig, and Peyton.12
Sheets of a chromium-nickel alloy¶ were
prepared by investment casting.
The coefficients of friction (it) were de-

termined by measuring the horizontal force
(F) required to produce a motion of the flat
specimen when held in contact with the

t New True Dentalloy, S. S. White Co., Philadelphia,
Pa.

t Oro B-2, J. M. Ney Co., Bloomfield, Conn.
§ Bnform, Dental Supply Co., York, Pa.

Addent 35, 3M Company, St. Pail, Munn.
1Iuitone, L. D. Caulk. 'vlilford, Del.

¶ Regalloy, Ransom & Randolph Co., Toledo Ohio.
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hemispheric specimen and dividing this force
by the load (W) on the specimen, pt = F! W.

Abrasion was evaluated on a preliminary
basis using a standard tester. * The samples
were run in the dry condition, although the
zinc phosphate cement sample was stored
in a humidor between the time of prepara-
tion and testing.

Results
The coefficient of friction of bovine

enamel on a variety of materials in the ab-
sence (dry) and presence of saliva (wet)
are shown in Table 1. The values for gold,
amalgam, acrylic, and chromium-nickel al-
loy in the wet condition are not listed be-
cause no effect was observed. The coefficient
of friction for bovine enamel against porce-
lain, bovine enamel, and bovine dentin were
higher in the wet than the dry condition;
this was especially true for porcelain. The
sliding velocities varied from 0.02 to 3.75
cm/second, but no correlation was observed
between velocity and friction coefficient. The
load varied from 100 to 1,000 gm and the
coefficient of friction increased with load
with couples that produced wear particles,
such as acrylic resin and bovine enamel.
The friction of gold alloy on several ma-

terials is given in Table 2. In all but one
instance, the tests were run by retracing the
same wear track. The friction coefficients
for gold on gold had a wide range; the lower
values were obtained at the start of the test
and the values gradually increased as the
track was retraced. When the test was
stopped, the track washed with acetone and
dried, and the test continued, an immediate

TABLE 1
COEFFICIENT OF FRICTION OF A HEMISPHERIC
SAMPLE OF BOVINE ENAMEL ON MATERIALS

Lower Flat
Coefficient of Friction

Test Specimen Dry Wet

Gold 0.12-0.20
Amalgam 0.18-0.22 ...

Denture base
acrylic 0.19-0.65

Chromium-nickel
alloy 0.10-0.12

Porcelain 0.10-0.12 0.50-0.90
Bovine dentin 0.35-0.40 0.45-0.55
Bovine enamel 0.22-0.60 0.50-0.60

* Taber Abraser (CS-17 Calibrase Wheels), Tabef
Instrument Company, North Tonowanda, NY.

decrease of the friction coefficient to 0.28
was observed. A similar observation was
made when the friction coefficients of gold
on acrylic resin were determined by retrac-
ing the same track; pt varied from 0.6 to 0.8.
When the coefficient of friction was made
on a fresh surface the values ranged from
0.5 to 0.6.
The friction coefficients for gold on dry

porcelain were 0.22 to 0.25; the presence
of water caused a reduction of the value to
0.16 to 0.17. During the sliding of gold on
amalgam, the amalgam was found to trans-
fer to the gold slider and as a result it would
be expected the coefficient of friction (0.15
to 0.25) should be in the region of amalgam
on amalgam.

Tests for amalgam on various materials
are shown in Table 3 and in general the
friction was low with fairly large variations
for amalgam on gold, amalgam, and bovine
enamel. The variation of friction for amal-
gam on gold as a function of load and the
number of strokes is shown in Figure 3.
Higher loads resulted in higher friction val-
ues, up to about 30 strokes, and within this
range the friction increased more rapidly at
the higher loads. For 30 or more strokes no
difference in friction was observed as a func-
tion of load, and the scatter in the results
increased.
The values for amalgam on amalgam were

examined in greater detail and a plot of the
coefficient of friction as a function of load
at two sliding velocities is shown in Figure 4.
Each point is the average of 20 data points
in a single experimental run. The variation
in friction was greater for low loads, but no
significant effect of load or sliding velocity
on friction was observed in this range. If all
the points are treated together a mean co-
efficient of friction of 0.24 with a 95% con-
fidence limit of +0.02 was obtained. Micro-
scopic examination of wear tracks showed
that amalgam functioned as a ductile sub-
stance at low loads, 100 to 500 gm, and as
a brittle substance at high loads of 2,000
gm. The wear track for amalgam sliding on
amalgam under a 2,000 gm load is shown
in Figure 5, where the surface cracks at
right angles to the travel of the slider indi-
cate brittle failure.
The values for amalgam on porcelain

showed that water had little influence on
the friction and that load or velocity had

Vol 50 No. I
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TABLE 2
FRICTION TESTS WITH GOLD ALLOY HI MJSPHVR1C RIDERS

Lower
Flat Test Interface Velocity I oad Friction
Specimens Condition (Cnl Sec) (gm) Coefficient

Gold Clean & dry 0.16-0.30 100-1,000 0.2-0.6
Amalgam Clean&dry 0.05-0.40 100-1.500 0.15-0.25
Porcelain Clean & dry 0.05-2.5 10(-1.900 (1.22-0.25
Porcelain Water 0.23 100-1.900 0.16-0.17
Acrylic Clean & dry 0.05-2.5 100-700 0.6-0.8
Acrylic Clean & dry* 0.05-2.7 100-700 0.5-0.6

* Friction track was not retraced.

TABLE 3
FRICTION TESTS WITH AM\ALG\M HEMISPIrmI aiC RIDo aS

Lower Flat Interflace Velocity Load Ifiction
Test Specimens Condition (cm sec) (gin) Coeflicient

Gold Water 0.03-0.97 100-2.000 0.10-0.35
Amalgam Clean & dry 0.002-0.05 100-2,000 0.19-0.35
Porcelain Clean & cry 0.06-0.34 100-1.(00 0.06-0.12
Porcelain Water 0.06-0.34 100-2,000 0.07-0.15
Resin composite Water 0.004-0.92 100-2,000 0.10-0.18
Bovine enamel Water 0.007-0.73 100-2,000 0.12-0.28

I I I
10 20 30 40 100 200
NO. OF STROKES

FIG 3.-Friction coefficient (gt) of amalgam
on gold alloy as a function of the nuLmber of
repetitive strokes for three loads. FIG 5. Brittle behavior
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o The friction tests for a resin composite on
6 * various surfaces are given in Table 4. The
o OI° presence of water elevated the friction co-

efficient, but the effect of sliding velocity
and load was negligible. Again, it was noted
that amalgam was transferred to the coIn-
posite slider and the friction coefficient

5i ° 10100 ---I
0 2000

O should be in the region of amalgam on amal-
gam. The resin composite on bovine enamel

'IG 4.-Friction coefficient (g) for amalgam exhibited behavior similar to amalgam on
amalgam as a function of load and sliding gold (Fig 3) with the added feature that the
city. friction coefficient increased rapidly from
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TABLE 4
FRICTION TESTS WITH RESIN COMPOSITE HEMISPHERIC RIDERS

Lower
Flat Test Interface Velocity Load Friction
Specimens Condition (cm/sec) (gm) Coefficient

Amalgam Water 0.03-0.69 100-2,500 0.22-0.34
Amalgam Clean & dry 0.07-0.69 100-1,000 0.13-0.25
Bovine enamel Water 0.02-0.17 100-2,500 0.30-0.75

the initial value of 0.3 to a maximum of
0.75.

Abrasion resistance of several materials
to a standard abrasive wheel is listed in Ta-
ble 5. The values confirm that volume loss
should be used in evaluating abrasion. The
increase in the volume loss was in the order
of decreasing hardness except for porcelain,
which had a higher volume loss than dental
amalgam.

Discussion
The study showed that reporting an aver-

age value for the coefficient of friction of a

hemispheric slider on a flat surface may be
misleading because the value may be a func-
tion of load, sliding velocity, transfer of one

material to another, wear particle accumu-

lation, or the presence or absence of water
on the surface.
The effect of water on friction, for exam-

ple, resulted in increases for bovine enamel
on porcelain, bovine enamel, and bovine
dentin, decreases for gold on porcelain, and
no effect for amalgam on porcelain. Other
examples were also pointed out in the "re-

sults" section. These data suggest that the
presence of a polar liquid such as water im-
proves the opportunity for adhesion of sur-

face asperities, thus increasing the frictional
force. Further evidence supports this pro-
posal since a similar effect was observed
using other polar liquids; methyl alcohol,
propyl alcohol, dimethyl sulfoxide and di-
methylformamide. If one of the surfaces was

nonpolar, water either reduced the friction

or had no effect. These observations suggest
that adhesion is hindered in these instances,
with more hindrance taking place where one

of the members is not easily oxidized.
Material couples such as gold on gold

showed that the number of repetitive
strokes increased the friction. The effect ap-

peared to be a result of the accumulation
of wear particles in the track since the fric-
tion decreased immediately after cleaning
debris from the track. Similar effects were
observed for gold on acrylic resin. In these
systems, increasing the load also increased
the friction and the maximum was reached
sooner as a result of the more rapid accu-
mulation of wear particles. The rapid in-
crease in the coefficient of friction for the
resin composite on bovine enamel indicated
the collection of wear particles in the fric-
tion track as the track was retraced. At low
loads the materials tended to function in a

ductile manner, but they functioned as brit-
tle materials at high loads; this behavior
produced wear more rapidly at high loads.
The effect of wear particles was also ob-
served by noting higher friction values when
the track was retraced rather than making
the measurements continuously on a fresh
surface.
The transfer of amalgam to the hemi-

spheric slider also affected the friction val-
ues. Transfer of amalgam to gold and resin
composite sliders resulted in friction values
close to those for amalgam on amalgam.
Transfer of amalgam to the abrasive wheels
of the Taber Abraser may explain why amal-

TABLE 5
DRY ABRASION RESISTANCE ESTIMATED BY WEIGHT AND VOLUME Loss

Weight and Volume Loss/l,OOO rev

Material gm Rating ml Rating

Chromium-nickel alloy 0.005 1 0.00067 1
Acrylic (Plexiglas) 0.030 6 0.0254 3.8
Denture base acrylic 0.030 6 0.0254 3.8
Dental porcelain 0.033 6.5 0.013 1.9
Zinc phosphate cement 0.048 9.5 0.016 2.4
Dental amalgam 0.129 26.0 0.011 1.6

Vol 50 No. I
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gam had a lower rating than dental porce-
lain (Table 5).

Conclusions

Friction coefficients were reported for a
variety of material couples commonly used
in dentistry. The sliding friction values were
determined using a hemispheric slider on a
flat surface and measuring the frictional
force with a strain gauge transducer. The
coefficient of friction was measured at dif-
ferent loads and sliding velocities and under
wet and dry conditions. Comparison of mna-
terial couples in both wet and dry conditions
revealed that sometimes water functioned as
a lubricant and other times acted to increase
the friction. In the latter situation, both the
slider and the flat were polar solids. When
one of the solids in the couple was nonpolar,
water had no effect or functioned as a mild
lubricant. The friction of some couples in-
creased with increases in load and the num-

ber of repetitive cycles; this effect was prin-
cipally due to the accumulation of wear
particles in the track. One of the factors in
lower loads causing less friction is the duc-
tile behavior of materials under these con-
ditions. In general, the sliding velocity in the
region studied had less effect on friction
than the other variables. Transfer of mate-
rial from one member of the couple was
observed when amalgam was the flat speci-
men and the slider was gold or resin com-

posite; the friction values for these couples
were similar to amalgam on amalgam. The
relative abrasive wear of materials followed
the order of the hardness of the materials,
with the exception of amalgam, the deviance
of which probably resulted from transfer of
amalgam to the abrasive wheels.
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