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Summary

Surface wear and frictional behavior of porcelain denture teeth were
examined with a single-pass sliding technique. The influence of environment,
type of surface (enamel or dentin) and repeated passes on the wear character-
istics of the teeth were investigated. The enamel surface of the teeth was
more resistant to penetration and to surface damage than the dentin surface
was. Damage was more severe for double-pass than for single-pass sliding.
The wear characteristics were affected similarly by the liquid environments
of water and of human saliva. Quantitative differences in the wear parameters
investigated were found between the two brands of porcelain denture teeth.

1. Introduction

One approach to the study of wear involves the characterization of
surface failure under conditions of single-pass sliding. Such an approach has
been used in dentistry to study the wear characteristics of human enamel
[1, 2], dental amalgam [3], dental feldspathic porcelain [4], dental com-
posite and unfilled resins [5] and dental pit and fissure sealants [6].

The purpose of this study was to characterize the surface failure of
porcelain denture teeth and to investigate the influence of environment, type
of surface (enamel or dentin) and repeated passes on the wear characteristics
of these teeth.

2. Materials and methods
Porcelain denture teeth MP (mold 52L, body 120, enamel 207, Myerson

Tooth Corp., Cambridge, MA 02139) and DP (mold 11H, body 37, enamel
88, Dentsply International Inc., York, PA 17404) were evaluated. The

*This investigation was presented in part at the annual meeting of the American
Association for Dental Research in Los Angeles, CA, March 1980.
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apparatus used has been described in detail elsewhere [7, 8]. It consisted of
a surface grinder, loading jig, diamond slider, friction transducer and sample
holder. A diamond hemisphere (360 um in diameter) was slid across the
surface of the specimens. The sample holder was mounted on the table of a
surface grinder moving horizontally at a speed of 0.025 cm s !, Parallel
one-traversal scratches that resulted from sliding a normal load of 0.5 - 10 N
in varying increments were made on each specimen.

The study was divided into four parts.

(1) The influence of liquid media on the wear characteristics of the
enamel as-received surfaces of DP teeth was investigated using distilled water
and filtered human saliva.

(2) The wear characteristics of the enamel of MP teeth under single-pass
sliding were investigated using distilled water as the liquid medium.

(3) The wear characteristics of the dentin of teeth from both manufac-
turers under single-pass sliding were investigated in distilled water. The dentin
surface was prepared by uniformly removing material from the ridge lap
area of the denture teeth to a depth of 1 mm and subsequent polishing.

(4) The influence of double-pass sliding on the wear characteristics of
the enamel as-received surface of teeth from both manufacturers was studied
using distilled water as the liquid medium. Two one-traversal scars were
superimposed on each other in the same sliding direction with the same
normal load.

Five specimens were tested for each material and each condition.
Tangential force and track width data were collected for each run with one
exception: tangential force results were not obtained for the double-pass
runs. Track width was measured with a metallographic microscope and a
calibrated eyepiece. Surface failure modes were determined by optical
microscopy at a magnification of 200X and were further studied by scanning
electron microscopy (SEM). Wear scars were classified according to the
degree of surface damage on a one to five ordinal scale. Class 1 was ductile
failure, class 3 was tensile failure characterized by surface tensile cracks and
class 5 was catastrophic failure featuring chevron formation. Damages inter-
mediate to those of classes 1 and 3 and classes 3 and b were classified as
class 2 and class 4 respectively.

The tangential force and track width data were evaluated as a function
of normal load by an analysis of variance [9] that included regression and
covariance models to study the effects of medium, condition and manufac-
turer. To analyze the classified failure data the Spearman—Kérber test [10]
was used to obtain an estimate of the transition load at which each sample
would begin to show failure appropriate to the next higher classification.
The transition loads were used as the response data in a multivariate analysis
[9]. The multivariate analysis investigated first whether any differences in
the vectors of mean transition loads were present and then whether there
were differences in the individual mean transition loads using Scheffé’s
method [11]. A 95% level of confidence was used for all the statistical
analyses performed.
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3. Results

The track width, tangential force and classified surface failure results
for DP teeth in water were not statistically different from the respective
data for runs in saliva, indicating that the wear characteristics of the teeth
tested were affected similarly by the two liguid environments. The compara-
tive statistical results of track width and tangential force for water and saliva
are presented in Table 1.

Average values of track width for DP and MP teeth are plotted as a
function of normal load on log-log coordinates in Fig. 1 and Fig. 2 respec-
tively. The measured values of track width are also compared with values
(the straight lines in the figures) computed from an equation derived from a
special case of Hertz’s [12] theory of contact between two elastic spheres.
The equation used was

Eg(1 —vp?) + Ex(1 —vg?) '®
E\Eyg

where w is the track width, W is the normal load, R is the radius of the
diamond hemisphere and v and E are the Poisson’s ratio and Young’s modulus
for porcelain (A) and diamond (B) respectively. In this equation Poisson’s
ratio was 0.30 and Young’s modulus was 930 GN m~? for diamond. Poisson’s
ratio was 0.24 and Young’s modulus was 82.8 GN m™2 for porcelain. Average
values of the tangential force for single-pass sliding of the enamel surfaces of
both brands are plotted as a function of normal load in Fig. 3. The tangential

w=1.82(WR)!/3
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Fig. 1. Log-log plot of track width vs. normal load for single-pass sliding on enamel and
dentin surfaces and double-pass sliding on enamel for DP teeth: @, enamel; o, dentin;

0, double pass.

Fig. 2. Log-log plot of track width vs. normal load for single-pass sliding on enamel and

dentin surfaces and double-pass sliding on enamel for MP teeth: @, enamel; o, dentin;
O, double pass.



180

‘ejEp 9510] [PIUsSuR] 10] SUOIMAU JO STIUN UI PUR BJRD YIPIM }0ra) 10] N 1 0% [enbe ‘peoj euriou je qdedratu],

0000 00T°0 2800 T00'0 %660 €660 O0O¥3'0 3920 unus(q
0000 6900 1%0°0 0000 186’0 6860 0¥3°0 9930 jpureuy  8010] [eljusBue],
0000 BYO'E  ¥ETE £92°0 0960 €960 L8Y'0 99¥'0 ssedeiqnog
0000 €¥0'E B9TE 9300 966’'0 ¥86'0 TEFO0 GOFO0 unuag
0000 690°¢C 0OVE'E L91T°'0  I86°0 0860 3ZOP'0 GBEQ [oureusy Yipim HoeL],
da d dd d dd diW
suossaufaa jpnby 40] sadoys jonba 10/ Juaotjfsor
souvdifiusis jo jenal pdooupguy  aouvotfrtufs Jo 1aaa7y UOIPIALIOD sdols uoRIPpUOD

I93eM Ul Y3a9) urepolod
JO SpueIq 8y} UBBMIB( PRO] [BULIOU 'Sa 8010] [erjusue] pue {peo] (euiou) uf "sa (qIpim jOrv1]) U] 10] S0URLIBA Jo sisA[euw woaj eled

o HIdviL

*®jep 83707 [eljUadur] I0] SUOIMAU JO SIUN UL PUR BIEp YIpis ¥oB1 103 N T o4 [enba ‘peor ppuiou je jdosauy,

¥¥6'0 8900 6900 0L8'o G860 186°0 I¥e'0  0¥%0 8210} ferjuafuey,
L98°0 690t 680°¢E ¥69°0 9960 186°0 5680 20¥o WIpIM yoed],
suoissasfos jpnbha 10/ PP 2oM sadojs jponba uof pons “910M oINS oM
douporfiusts Jo jaaa’] oo ] doupdtjrudis Jo fana JU101{[800 UONDIBLIO)) adolg

BAI[ES U] pUR 10jeM

ul yjee7 4 urepaoiod jo prO| [eULIoU ‘$n 92107 [eljUsiue) pue ( pro| [vwiou) uf "sa (YIPIM HOwv)) uj 10) 9oURLIRA JO SISATeus Woay vjec]

T d749v.L



181

24

TANGENTIAL FORCE, N

0 2 4 6 8 10
NORMAL LOAD, N

Fig. 3. Tangential force vs. normal load for single-pass sliding of the enamel surfaces of
porcelain denture teeth: X,----, MP; ,—, DP.

force values for the dentin surfaces of the two brands exhibited the same
ranking. The comparative statistical results of track width and tangential
force data for the various surfaces and treatments are presented in Table 2.

The estimated loads for surface failure of both brands of porcelain teeth
are presented in Table 3. Photomicrographs typifying the surface failure
classification for both brands of porcelain teeth are shown in Fig. 4. A picture
of the ductile mode of failure (class 1) was omitted. The modes of surface
failure resulting from the second pass are shown in Fig. 5. The increase in the
extent of surface damage of the section of the wear tracks corresponding to
the second pass is evident, particularly at the larger normal loads.

4, Discussion

Porcelain fractured like a brittle substance during sliding. The severity
of surface failure varied according to the applied normal load. Low values of
tangential force and low values of track width were observed with less severe
surface deformation and were associated with the lower values of the range
of normal loads applied. High tangential force and track width values were
observed with more extensive surface damage and larger normal loads.

TABLE 3

Estimated loads for surface failure transitions for porcelain teeth (MP and DP)

Condition and test Estimated transition load® (N)

Classes 1 - 2 Classes 2 - 3 Classes 3 - 4 Classes 4 - 5
MP DpP MP DP MP DP MpP DP

Enamel single pass 2.45 2.65 395 455 6.45 8.20 - -
Dentin single pass 210 2.50 3.50 450 6.10 6.70 9.9 -
Enamel double pass 150 210 3.10 4.0 490 590 7.10 8.10

3Qverall statistical test: F = 102.15, p = 0,000 for enamel single pass; F = 4.31, p = 0.070
for dentin single pass; F = 6.86, p = 0.029 for enamel double pass.
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(d)

Fig. 4. SEM photomicrographs of wear tracks showing modes of surface failure of enamel
and dentin surfaces of porcelain denture teeth: (a) class 2; (b) class 3;(c) class 4; (d) class 5. .

(b)

(d)

Fig. 5. Modes of surface failure of enamel surfaces of porcelain denture teeth on changing
from single- to double-pass sliding: (a) class 1 - 2; (b) class 2 - 3; (¢) class 3 - 4; (d) class
4 -5,
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Three major modes of surface failure were seen over the range of normal
loads tested. A ductile mode of failure characterized by smooth grooves was
observed at low loads; tensile failure was absent and plastic flow predominated.
A ductile-to-brittle transition was observed within a small range of normal
loads. These initial load values were different for the various dentures and
conditions. This observation suggested that a strain corresponding to these
critical normal loads could be accommodated by plastic deformation. Above
this strain level, tensile cracks occurred immediately on passing of the slider.
The tensile failure producing the cracks appeared to be the combined effect
of a hertzian stress (caused by the normally loaded slider) and a stress
caused by the frictional forces of sliding. At even larger normal loads a
chipping mode of surface failure was observed and the scars no longer
showed evidence of ductility. Tensile cracking and chevron formation at the
surface adjacent to the wear track were characteristic of extensive surface
failure.

The variables of track width, tangential force and surface failure classifi-
cation were effective in ranking data obtained under single-pass sliding for
the two brands of porcelain denture teeth and for the two different surfaces.
As a group the enamel surfaces of both brands were less susceptible to sur-
face damage, were more resistant to penetration and produced lower values
of frictional force than the dentin surfaces did.

The normal load on enamel at which catastrophic failure occurred at
the porcelain surface was larger than the corresponding load on dentin for
both MP and DP teeth. The track width values measured for MP teeth were
higher than the values predicted by the hertzian analysis of two elastic
bodies. The discrepancy was greater at the larger normal loads. It is suggested
that these high values of track width reflect the propagation of cracks in the
material which is not taken into account in the hertzian model. The material
behaved in a more brittle fashion at the larger loads; hence the discrepancy
is greater between measured and predicted values at these loads. The track
width values for DP teeth were in reasonable agreement with the predicted
hertzian values with the exception of those corresponding to the highest
loads (9 and 10 N). Disturbance of the porcelain surface during the removal
of material and the subsequent polishing could be a factor causing the differ-
ences between enamel and dentin. Other possible contributing factors could
be a difference in composition between the enamel surface and the dentin
surface and a difference resulting from the firing technique during manu-
facturing. The clinical implications of these findings are important since
it is common practice to grind the denture teeth in an effort to produce
a harmonious occlusal scheme.

Wear caused by double-pass sliding was more severe than might have
been expected on the basis of single-pass sliding. When the estimated transi-
tion loads corresponding to single- and double-pass sliding were compared
for both brands it was observed that the differences in load increased as the
severity of failure increased. For both brands track widths in the double-pass
regions were higher under the same normal load than those in single-pass
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regions, especially at higher loads. These observations suggest that there is a
limit to the amount of plastic deformation that can be undergone during
sliding. If this limit were exceeded during a single pass, a subsequent pass
would necessarily cause cracking independently of the load of the later pass.
Double-pass sliding provides additional information about the nature of sub-
surface damage that may not be apparent from single-pass tests. In practical
sliding systems where repeated sliding is always occurring, wear of brittle
materials is probably dominated by the catastrophic mechanisms found on
the second pass rather than by the events that occurred during the first pass.

The wear-testing technique for porcelain denture teeth, characterized
by single-pass and double-pass sliding, enabled the determination of differ-
ences in the wear parameters of various experimental combinations. The
enamel of porcelain DP teeth had lower values of track width and tangential
force and higher values of estimated loads for surface failure transitions than
the enamel of porcelain MP teeth had. On comparison of the three wear
parameters among the dentin groups of the two manufacturers the same
differences were found, The dentin surface of MP teeth was more susceptible
to penetration and surface damage than the dentin surface of DP teeth,
while the force required to cause deformation of the dentin of MP teeth was
greater than that required for DP teeth. When double-pass sliding was
employed on the enamel the ranking between the two brands was consistent
with the ranking of the enamel and dentin produced by single-pass sliding.

In a concurrent study [13] acrylic denture teeth from the same two
manufacturers were tested under single- and double-pass sliding techniques
and their wear characteristics were evaluated. The differences observed
between the two materials were characteristic of the essentially brittle
nature of porcelain and the ductile nature of acrylic denture tooth materials.
The three parameters (track width, tangential force and mode of surface
failure) differed between the porcelain and acrylic denture tooth materials
in the following ways:(1) for acrylic teeth the track widths measured were
larger and showed greater deviations from the values calculated from the
hertzian model; (2) the values of tangential force observed for acrylic teeth
were higher than the values for the porcelain teeth; (3) the surface failure
observed for acrylic teeth was usually ductile. When at the larger loads
cracking was observed with acrylic teeth it was almost always confined
within the edges of the wear tracks. Brittle failure was observed at lower
loads for porcelain tooth surfaces, featuring the characteristic tensile cracks
on the sides of the wear tracks.

5. Conclusions

The frictional behavior and surface failure of porcelain denture teeth
under sliding were investigated to study the influence of environment, type
of surface and repeated passes on the wear characteristics. The response of
porcelain to wear testing was characteristic of a brittle material. The wear
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characteristics as determined by single-pass sliding were affected similarly
by environments of water and saliva. The enamel as-received surfaces of
the teeth were less susceptible to surface damage and surface penetration
and generated less frictional resistance than the dentin surfaces under single-
pass sliding. The damage resulting from double-pass sliding on the enamel
surfaces was an accelerative rather than an additive phenomenon. As a group
the enamel and dentin surfaces of DP teeth suffered less extensive damage
in single-pass sliding than the surfaces of MP teeth did. Double-pass results
on the enamel surfaces of the two brands were consistent with this ranking.
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