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Enamel Wear Opposing Polished
and Aged Zirconia

JO Burgess ® S Janyavula ® NC Lawson
TJ Lucas ® D Cakir

Clinical Relevance

Zirconia is an esthetic material with mechanical properties similar to steel. However, when
subjected to loading in the oral cavity, zirconia exhibits phase transformation that
increases the surface roughness. The roughness, however, does not increase opposing

enamel loss.

SUMMARY

Aging of dental zirconia roughens its surface
through low temperature degradation. We hy-
pothesized that age-related roughening of zir-
conia crowns may cause detrimental wear to
the enamel of an opposing tooth. To test our
hypothesis, we subjected artificially aged zir-
conia and reference specimens to simulated
mastication in a wear device and measured the
wear of an opposing enamel cusp. Additionally,
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the roughness of the pretest surfaces was
measured. The zirconia specimens, artificially
aged by autoclave, showed no significant in-
crease in roughness compared to the nonaged
specimens. Furthermore, no significant differ-
ence in material or opposing enamel wear
between the aged and nonaged zirconia was
seen. All zirconia specimens showed less ma-
terial and opposing enamel wear than the
enamel to enamel control or veneering porce-
lain specimens. Scanning electron micro-
graphs showed relatively smooth surfaces of
aged and nonaged zirconia following wear
testing. The micrographs of the veneering
ceramic showed sharp fractured edges and
fragments of wear debris. Zirconia may be
considered a wear-friendly material for resto-
rations opposing enamel, even after simulated

aging.

INTRODUCTION

As a result of its unique microstructure, zirconia has
mechanical properties superior to those of other
dental ceramics.! It is a multiphasic ceramic,
existing in three temperature-dependent crystallo-
graphic structures: monoclinic (room temperature-
1170°C), tetragonal (1170°C-2370°C), and cubic
(above 2370°C).2 The tetragonal phase of zirconia
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can be stabilized at oral temperatures by alloying the
zirconia with an oxidizer, such as yttria.® Yttria-
stabilized tetragonal zirconia polycrystal (Y-TZP) is
metastable at oral temperatures, meaning that
mechanical and thermal stimuli induce a tetragonal
to monoclinic (t-m) transformation.* This phase
transformation causes a 4.5% volume expansion in
the material and presents both advantages and
disadvantages for Y-TZP.5 Following crack initiation
in Y-TZP, the t-m phase-induced expansion com-
presses the growing crack tip in a phenomenon
known as transformation toughening.* The t-m
phase transformation can also spontaneously occur
over time in a process known as low temperature
degradation.®

Zirconia is used in dental applications for its dual
esthetic and mechanical advantages. As a result of
its opacity, early uses of dental zirconia were for
crown cores and frameworks over which a more
translucent veneering porcelain was applied. As a
result of a mismatch in the coefficient of thermal
expansion of the core zirconia and the veneering
porcelain,” however, chipping of the veneering
porcelain was observed. In response, monolithic,
full-contour zirconia restorations were introduced.®
An initial concern with nonveneered zirconia was
wear of opposing enamel, as zirconia is over twice as
hard as veneering porcelain.”!° Recent studies,'!!2
however, have shown that polished zirconia appears
to be wear-friendly with regard to opposing tooth
structure.

Although the in vivo wear of zirconia is a relatively
new problem in dentistry, zirconia has been used in
artificial hip joints since the late 1980s, and
orthopedic investigators'®'* have noted increased
roughening and wear of zirconia after prolonged in
vivo service. As zirconia ages, it undergoes low
temperature degradation. This degradation has been
associated with surface roughening and particle
release,'® which increase its wearing potential. The
wear associated with zirconia-based artificial hip
joints led to manufacturer recalls'®; therefore, it is
critical to examine the effects of zirconia aging for
dental applications. Since full- contoured zirconia
crowns have only been commercially available for a
short period of time, it is necessary to artificially age
zirconia in order to predict its long-term wear
performance. Several methods exist to artificially
age zirconia, including autoclaving and boiling.'4*®
In this project, zirconia was artificially aged by
autoclave.

In this study, we examined polished and aged
zirconia. Roughness, wear, and opposing tooth wear
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were compared. Enamel and veneering porcelain
were used as controls. The null hypothesis was that
there would be no difference in wear or opposing
enamel wear between any of the tested materials.

MATERIALS AND METHODS
Specimen Preparation

Sixteen Y-TZP specimens (LAVA, 3M ESPE, St Paul,
MN, USA) were surface polished in the pre-sintered
(green) state with 2500-grit silicon carbide sandpa-
per and then sintered at 1500°C. Eight of the
specimens were then polished with a 3-pm diamond
disk and polishing compound as the final step and
assigned to the polished group. The remaining eight
specimens were heated in a dental autoclave (bio-
medis FVS 2 Steam Autoclave, biomedis GmbH) for
five hours at 135°C and two-bar pressure. These
specimens were assigned to the aged group. Speci-
mens (n=8) of a veneering porcelain (Lava Ceram;
3M ESPE) were prepared by the manufacturer. Flat
human maxillary incisors (n=8) were collected for
reference enamel and mounted to expose their facial
surfaces. Opposing enamel cusps (antagonists) were
prepared from extracted caries-free mandibular
molars. Their mesiobuccal cusps were standardized
to a cone (diameter=5 mm, height=2 mm) with a
diamond bur (Sintered diamond part #50140060U;
Brasseler, Savannah, GA, USA). The cusp tips were
not abraded by the standardizing bur and therefore
represent uncut enamel.

Wear Testing and Measurement

Wear testing was performed in the modified Alaba-
ma wear testing device. A vertical force of 10 N was
applied by enamel antagonists followed by a 2-mm
horizontal slide. The test was cycled at 0.66 Hz,
stopping at 100,000 and 200,000 cycles. A 1:3
glycerine:distilled water solution continuously lubri-
cated the specimens. Impressions of the enamel styli
were taken with siloxane impression material (Im-
print 3 Light Body; 3M ESPE) at baseline and at
200,000 and 400,000 cycles and poured with gypsum
die stone (Silky-Rock; Whip Mix Corporation, Louis-
ville, KY, USA). The stone models and wear
specimens were scanned with a noncontact light
profilometer (Proscan 2000; Scantron Industrial
Products Ltd, Tauton, UK) at a 20 pm X 20 um
resolution. The profilometer scans at baseline-
100,000 cycles and baseline-200,000 cycles were
superimposed (ProForm Software; Scantron Indus-
trial Products Ltd) and aligned to measure the
volumetric loss of enamel and ceramic. Representa-
tive samples were then examined by light microsco-
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Table 1: Volumetric Wear of Enamel Antagonists and Ceramic/Enamel Substrates and Roughness of Pretest Substrates?®

Volumetric Enamel
Antagonist Wear, mm?

Ceramic/Enamel
Volumetric Ceramic/Enamel Substrate Roughness (Ra),
Substrate Wear, mm?® pum Ra

100,000 Cycles 200,000 Cycles 100,000 Cycles 200,000 Cycles Pretest
Polished zirconia 0.099 + 0.027 A 0.177 = 0.049 A — — 0.04 = 0.01 A
Aged zirconia 0.139 + 0.023 A 0.202 + 0.032 A — — 0.10 = 0.05 A
Veneering porcelain 0.359 + 0.053 ¢ 0.512 = 0.051 ¢ 0.28 = 0.05 B 0.36 = 0.06 B 0.35 = 0.05 A
Enamel 0.237 + 0.045 B 0.358 + 0.075 B 0.17 = 0.03 A 0.27 = 0.06 A 2.37 = 0.74 B

2 Similar letters represent statistically similar groups within each column.

py (VHX600; Keyence, Itasca, IL, USA) and scanning
electron microscopy (SEM) (Quanta FEG 650; FEI,
Hillsboro, OR, USA). Specimens were gold-palladi-
um sputter-coated prior to SEM. Enamel specimens
became desiccated during sputter-coating and there-
fore could not be imaged with SEM.

Roughness Measurement

Surface roughness (Ra) of all the specimens was
determined using a noncontact light profilometer
(Proscan 2000). As pretest surfaces were assumed to
be homogeneous, an area in the middle of each
specimen was selected for testing. A 0.7-um length
was measured with a 0.8- mm cutoff length and a 40
surface filter number selected for polished and aged
zirconia and a 2.5-mm cutoff length and a 125
surface filter number selected for all other groups
(based on ISO 4288-1996).

Statistical Analysis

A repeated-measures general linear model was used
to determine significant differences between the
paired groups of 100,000 and 200,000 cycles
(0=0.05) and the differences between material
groups (a=0.05). Post hoc analyses among group
means were conducted using a Tukey test («=0.05).

RESULTS

The volumetric wear of the opposing enamel speci-
mens, as well as the ceramic and enamel specimens,
are both presented in Table 1. The samples and
opposing enamel had significantly more wear after
200,000 cycles than after 100,000 cycles (p<<0.01).
The enamel opposing aged and nonaged zirconia
showed statistically similar wear. The enamel-
enamel group showed significantly more wear than
both of the zirconia groups, but the greatest wear
was seen on enamel opposing veneering porcelain
(p<0.05).

At both 100,000 and 200,000 cycles, no detectable
wear was measured on either the polished or aged
zirconia. The veneering porcelain showed signifi-
cantly more wear than the enamel control
(p<0.05). Light micrographs of the ceramic and
enamel specimens can be seen in Figure 1. No
detectable scratches or cracks can be seen on the
surface of the polished or aged zirconia samples.
The veneering porcelain and enamel exhibited a
rough wear scar.

SEM of the polished and aged zirconia showed
relatively smooth surfaces of ceramic at an original
magnification of 5000X (Figure 2) and only fine
scratches from polishing could be observed. SEM
images of the veneering porcelain showed sharp
fractured edges of the porcelain in the wear scar
(Figure 2). Additionally, fragments of the worn
material could be seen on the specimen surface.

Roughness values are presented in Table 1. Both
zirconia groups and the veneering porcelain had
statistically similar roughness values. The enamel
group was significantly rougher than all other
groups (p<<0.05).

Figure 1. Light micrographs of (A) polished zirconia, (B) aged
zirconia, (C) veneering porcelain, (D) incisor enamel, (E) enamel
opposing polished zirconia, (F) enamel opposing aged zirconia, (G)
enamel opposing veneering porcelain, and (H) enamel opposing
enamel.
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Figure 2. SEM micrographs of (A) polished zirconia, (B) aged
zirconia, and (C) veneering porcelain.

DISCUSSION

Aged zirconia demonstrated statistically similar
amounts of wear and produced similar amounts of
opposing enamel wear when compared to nonaged,
polished zirconia. Both zirconia groups showed less
wear and opposing enamel wear than the control
enamel and veneering porcelain groups. Therefore,
the null hypothesis is rejected. Within the limita-
tions of this study, the long- term wear of zirconia
and its opposing enamel should be as clinically
acceptable as that of veneering porcelain or natural
enamel.

The three basic substrates in this study (veneering
porcelain, zirconia, and enamel) all have different
microstructures and methods of wear. The veneering
porcelain used in this study, Lava Ceram (3M
ESPE), is a feldspathic porcelain designed specifi-
cally for veneering zirconia frameworks. It is
composed of a crystalline leucite phase surrounded
by an amorphous glassy matrix.?° Presumably, Lava
Ceram would have a low concentration of leucite
phase (5%-10%) to lower its coefficient of thermal
expansion to match zirconia.?! This crystalline
leucite phase contributes to its mechanism of wear
in two ways. The hard leucite crystals are more
abrasive than the surrounding glass and can more
easily damage opposing enamel. The leucite crystals
also strengthen the porcelain through dispersion
strengthening and help prevent fracture.2%?? The
porcelain material used in this study is predomi-
nantly composed of glass, and therefore it is
susceptible to fracture. The SEM image of the
veneering porcelain (Figure 2) shows the sharp
edges of porcelain that have been fractured through
the wear process. Fragments of wear debris are
observed on the surface of the specimen. We theorize
that the sharp fractured edges of the worn porcelain
and the hard fragments of wear debris caused
abrasive damage to the opposing tooth structure.
The wear process may have been initiated by the
initial roughness of the porcelain (Ra=0.35*+0.05
pm). A previous study showed that hydroxyapatite
(HA) wear increased by a 20-fold measure as a
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counter—surface roughness was increased from 0.014
to 0.649 um Ra.?® Unlike veneering porcelain,
zirconia is a polycrystalline ceramic with no glass
content.?’ Tts crystalline microstructure along with
its transformation toughening ability make zirconia
very resistant to fracture.® The SEM image of
polished zirconia (Figure 2) shows no signs of
scratching or cracking after 200,000 cycles of wear.
We theorize that the smooth surface of worn zirconia
prevented abrasive wear of the opposing enamel.
Aging zirconia roughens its surface through the
growth of transforming monoclinic phases and the
corresponding surface relief.'®?* This study is in
agreement with other studies,?*?° that aging zirco-
nia increases its surface roughness (although not by
a statistically significant amount); however, no
increase in opposing enamel wear was noted. The
SEM image of the aged zirconia (Figure 2) demon-
strates a similar surface smoothness to nonaged
zirconia. A study by Liu and Xue?® found that
increasing the normal load applied to zirconia during
sliding wear above 20 N altered the mechanism of
wear from plastic deformation to microcracking. The
shift in wear mechanism led to increased wear.

Enamel is composed of HA crystals embedded in
an organic matrix. The orientation of these crystals
divides enamel into structures known as rods.?’
Analysis of enamel subjected to sliding wear reveals
that it fails by microcracking.?® Pure fluorapatite
(similar to HA) wears by brittle fracture.?® The
arrangement of HA into rod structures in enamel
can hinder the propagation of cracks by redirecting
them.?® The light micrograph of the worn enamel
demonstrates a rough wear scar. We speculate that
wear of the contacting enamel surfaces was initiat-
ed by the relatively rough enamel surface
(Ra=2.37+0.74 pm) and potentiated by fracturing
of opposing enamel asperities.

Enamel is an anisotropic material, as its mechan-
ical properties are dependent on the orientation of its
rods.?® In this study, the incisors used as enamel
specimens for the enamel- enamel group were
oriented with their facial surfaces in contact with
the occlusal surface of the antagonist tooth. We
chose this orientation with the assumption that
enamel rods are aligned perpendicular to the surface
of the tooth. A study by Fernandes and Chevitar-
ese,?® however, indicated that rods are oriented at
different directions in different parts of the tooth.
Wear of tooth structure is also significantly in-
creased when the layer of enamel is worn away to
expose dentin.?® The depth of the wear did not
exceed 0.1 mm on any of the incisor specimens,
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however, so we can assume that all wear occurred in
the enamel.

The zirconia in this study was aged in an autoclave
for five hours. Although there has not been a study to
show the direct correlation between the time of aging
in vitro and in vivo, a previous study'® has shown that
autoclaving will transform surface tetragonal zirco-
nia to its monoclinic phase and roughen its surface.
Additionally, retrieval studies'®!* have shown that
zirconia undergoes monoclinic transformation in vivo
over time, leading to increased roughness. Therefore,
autoclaving zirconia appears to be a reasonable
method for simulating accelerated aging.

CONCLUSIONS

The results of this study are in agreement with those
of earlier studies that found that zirconia causes less
wear to opposing teeth and experiences less surface
wear than enamel or a veneering porcelain.'?
Additionally, the results of this study indicate that
age-related degradation of zirconia does not make
this material more likely to induce or undergo wear.
Future studies should examine wear of zirconia at
forces beyond 20 N to determine if microcracking
occurs.
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