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a  b  s  t  r  a  c  t

The  wear  behaviors  of a newly  developed  grade  of self-glazed  zirconia  against  the  enamel  of  freshly
extracted  teeth  were  investigated  under  simulated  oral  stresses  and  chemical  environment.  It was
revealed  that  an  inherently  formed  enamel-like  surface  on  self-glazed  zirconia  that  is very  smooth  on
micrometer  scale  yet  with  nanoscale  roughness  has  almost  the same  frictional  coefficient  against  tooth
enamel  as  the  well-polished  zirconia  surface.  The  wear  scars  observed  on the  worn  surface  of enamel
against  self-glazed  zirconia  and  well-polished  zirconia  surface  revealed  that  in  both  cases  fatigue  wear  is
eywords:
eramics
irconia
ental restorations
ear

urface

the dominating  wear  mechanism.  It was concluded  that  the  friction  and  wear  performances  of  both  the
well-polished  and  self-glazed  zirconia  ceramics  against  natural  enamel  were  very  similar,  which  bears  a
very  strong  implication  for the  clinical  safe  use of the  full contour  zirconia  restorations,  yet  the  self-glazed
zirconia  provides  sufficiently  improved  aesthetic  appearance  that  ensures  its  potential  for  direct  clinical
uses.

©  2015  Elsevier  Ltd. All  rights  reserved.

namel

. Introduction

Veneered zirconia restorations exhibited high failure rates due
o veneering porcelain fractures [1–3]. As an alternative approach
or overcoming this problem encountered often in clinical practice,

illing of a pre-sintered blank to full-contour has been estab-
ished for zirconia monolithic restorations [4,5]. In this way the
ommon use of a thick ceramic veneer layer can be avoided, but

 thin stain and glaze coating layer still need to be applied, oth-
rwise the surface has to be well polished before use in order to
educe the wear of a rough surface to the enamel of the opposite
eeth. Although these full-contour monolithic restorations are ide-
lly suited to cases where only minimal space is available, the risk
f clinical failures by the progressive occlusal height reductions ini-
iated by the friction and wear between restorations and opposite

atural teeth under mastication cycles in oral environment has to
e considered [6–8].

In order to eliminate as many as possible manual operation steps
n traditional dental labs such as sandblasting, polishing, veneering,

∗ Corresponding author. Fax.: +46 8 152187.
E-mail address: shen@mmk.su.se (Z. Shen).

ttp://dx.doi.org/10.1016/j.jeurceramsoc.2015.11.029
955-2219/© 2015 Elsevier Ltd. All rights reserved.
staining and glazing, it is desirable to prepare strong, reliable and
nature looking dental restorations completely by digital technol-
ogy. By applying a precision wet-chemistry technology in which
local plastic deformation is facilitated to pack nano-sized grains on
the surface of dental restorations a new grade of self-glazed zirconia
ceramics has been developed recently. The inherent formation of an
enamel-like surface ensures no further need of veneering or glaz-
ing thereby avoiding breakable interfaces. This appears for the first
time as a real monolithic restoration that can be directly applied
with minimal clinical adjustment.

Zirconia restorations used to be blamed to increase the risk of
wear to the opposite teeth due to their higher hardness compared to
that of the silicate based veneer porcelains and the lithium disilicate
glass-ceramics. Recent studies have, however, confidently demon-
strated that the wear of a dental restoration to the opposite tooth
mainly depends on the surface roughness of the former [6,8]. Dif-
ferent from the traditional blank-machined zirconia, which appears
like a rough sand parchment, the self-glazed zirconia restorations
have very smooth surfaces that may  protect the opposite natural
teeth from excessive wear. It is the aim of this work to investi-

gate the wear behaviors of the self-glazed zirconia against natural
enamel by in vitro friction tests under simulated oral stresses and
chemical environment using zirconia ceramics with well-polished
surface as a reference.

dx.doi.org/10.1016/j.jeurceramsoc.2015.11.029
http://www.sciencedirect.com/science/journal/09552219
http://www.elsevier.com/locate/jeurceramsoc
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jeurceramsoc.2015.11.029&domain=pdf
mailto:shen@mmk.su.se
dx.doi.org/10.1016/j.jeurceramsoc.2015.11.029


2890 Y. Liu et al. / Journal of the European Ceramic Society 36 (2016) 2889–2894

Fig. 1. A 2D (a) draw and a 3D (b) illustration showing the size and geometry of
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Table 1
The chemical composition of artificial saliva.

NaCl(g) 0.4
KCl(g) 0.4
CaCl2·2H2O(g) 0.795
NaH2PO4·2H2O(g) 0.78
Na2S·9H2O(g) 0.005

by using a scanning electron microscope (SEM, JSM-7401F, JEOL,
he cylindrical test sample and the setup of a wear pair in reciprocating ball on plat
attern style.

. Experimental

.1. Sample preparation

Two kinds of 3Y-TZP samples (ZrO2 doped with 3 mol% Y2O3)
ere prepared for test, being the self-glazed zirconia with a smooth

urface and the zirconia with a polished surface down to 1 �m fin-
shing, with the latter one as a reference. As a 2D draw and a 3D
llustration shown in Fig. 1 demonstrate, the cylindrical test sam-
les were fabricated to have a hemisphere head at one end, with
he radius of 2 mm,  to simulate the dimension of natural tooth
usp with the radius of 2–4 mm.  The hemispherical geometry was
roduced by CAD/CAM milling of a green body formed by a wet
rocess in case of self-glazed zirconia sample and of a pre-sintered
lank in case of zirconia with milled rough surface and polished
urfaces, respectively. All the milled samples were pressure-less
intered at 1450 ◦C for 2 h in air atmosphere to achieve a relative
ensity above 99.9%. After sintering the self-glazed zirconia sam-
le was used directly for wear test without applying any additional
ost-sintering treatment, whereas one zirconia sample milled from

re-sintered blank was polished by diamond suspension down
o 1 �m finishing before wear test. The smooth surface on self-
lazed zirconia was inherently formed by local plastic deformation
Urea(g) 1
Distilled (ml) 1000

introduced during a precision wet-chemistry process that assured
dense packing of nano-sized grains on the surface of dental restora-
tions. The self-glazed zirconia sample reveled a finer grain structure
than the blank-machined zirconia samples, being 100–250 nm
versus 200–600 nm of the grain size for the former and later, respec-
tively. In both cases, a newly developed 3Y-TZP powder is used as
the precursor. The powder is a semi-product with the potential
of being commercialized in the near future and, thus, the pro-
ducer will not be disclosed at this point. The powder consists of
100–150 nm spherically-shaped particles. The single, secondary
particle is composed of loosely aggregated primary nanoscaled
crystallites of 27 nm in average size. The specific surface area of
the powder is 18.2 m2/g.

A premolar without obvious wear scar, extracted for orthodontic
demand, was  collected from a 13-year aged young male, and pre-
served in distilled water at 4 ◦C for sample preparation. The tooth
was embedded in epoxy resin (SY-668-3, SenMeiYa, China) after
pulpless, with the enamel of buccal surface (at least 5 × 5 mm area)
exposed. The enamel surface was  then grounded by carborundum
sand papers in water, gradually from 180 to 1500 mesh, and pol-
ished by 1 �m diamond sand papers. The final dimension of the
epoxy resin block was 30 mm in diameter and 10 mm in thick-
ness. The sample was  stored in distilled water during the whole
test process.

2.2. Friction and wear tests

The wear pairs of the plate of natural tooth and hemispherical
zirconia with two types of surfaces were tested by a micro friction
and wear testing apparatus (UMT-2, CETR, USA) in a reciprocating
ball on plate pattern style. Throughout the testing procedure the
natural tooth was  always immersed in artificial saliva, even during
the cleaning of the samples before the experiment. The friction and
wear tests were controlled by a computer. The relation between
surface friction and displacement at every cycle was recorded. The
frictional coefficient was automatically calculated and recorded by
the UMT-2 control software. The average width of each wear track
on enamel surface was calculated from five measurements in the
middle part of the track. The spacing between neighbor measure-
ments is 10% of the maximum track length. The Artificial saliva was
used to simulate the actual oral condition and its composition was
showed in Table 1 [9]. The enamel sample was tested with antago-
nist made by zirconia samples with well-polished and self-glazed
surfaces, respectively, under constant static load, vertical load 4 N,
and cyclic friction with back-and-forth movement pattern. Every
sample was tested with four different antagonists, each for 5000
cycles, at frequency 2 Hz and sliding displacement 1 mm.

2.3. Microstructure characterization

The surface microstructure of the self-glazed zirconia, polished
zirconia, and blank-machined zirconia ceramics was characterized
Tokyo, Japan). The samples were washed by water and acetone in an
ultrasonic bath before loaded into the SEM and the SEM observation
was carried out on the surface without any coating. Accelerating
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-glazed zirconia (b), and blank-machined zirconia ceramics (c) as a reference.
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Fig. 2. SEM images taken on the surface of the polished zirconia (a), self

oltages of 1 kV and 2 kV were applied in order to reduce the charg-
ng up of the samples.

The surface topography of the self-glazed zirconia was char-
cterized in a 2 �m × 2 �m area by an Atomic Force Microscope
AFM, XE-100, Park Systems, Suwon, Korea) in DC-EFM mode with
can rate of 0.8 Hz. The surface roughness was  also characterized
y white light interferometer. The sample was washed by water in
ltrasonic bath and dried at room temperature before the observa-
ion.

The wear scars on the worn surfaces of teeth enamel were inves-
igated both by an optical microscope (Nikon Eclipse LV100, Nikon
o., Ltd., Japan) and an environmental scanning electron micro-
cope (SEM, SSX-550, Shimadzu, Japan). The widths of worn scars
ere measured on the optical microscope images.

. Results and discussion

.1. A unique surface of self-glazed zirconia

Fig. 2 shows the SEM microstructure taken on the surface of
ell-polished, self-glazed and blank milled zirconia ceramics, with

he latter being quoted as a reference. It appears that the surface
f self-glazed zirconia is very smooth on micrometer scale in com-
arison with a rough surface of the blank-milled zirconia ceramics,
lthough the well-polished zirconia is the smoothest one with only
ano-scale scratches on it. Materials are removed during the tradi-
ional milling of pre-sintered or partially sintered zirconia blanks of
55% relative density by a local fracture mechanism, i.e., crystalline
rains are peeled off one by one or in groups leaving behind a rough
urface full of ditches in the scale of half to a few micrometers, see

ig. 2(c). Polishing would flatten this rough surface by removing
aterials in nano- and even atomic steps. The smooth surface on

elf-glazed zirconia is inherently formed by local plastic deforma-
ion introduced during a precision wet-chemistry process. A surface
Fig. 3. An AFM image taken on the surface of the self-glazed zirconia ceramic sam-
ple.

roughness in the scale of 1/3 to 2/3 of the grain size does present
on the surface of the self-glazed zirconia, which appears even more
evident in the AFM image shown in Fig. 3. Nano-grains with average
size in the range of 100–250 nm tend to coalesce to form aggre-
gates of up to 1 �m,  among which ditches in the scale of 1/3–2/3
of the size of nano-grains are formed.Under a lower magnification
the characterization by white light interferometer revealed that on
millimeter scale there are clear machining tracks with ridges of
∼2 �m high between the neighboring tracks on the surface of blank
milled zirconia ceramics, see Fig. 4(a), whereas, such ridges are not

observable on the surface of self-glazed zirconia, see Fig. 4(b).

It has been established that due to the strong reflection of light
by a well-polished surface the polished zirconia restorations reveal
a pearl-like optical appearance, thus are not favorable for clinical
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Fig. 4. Surface roughness of blank-machined zirconia (a) and self-glazed zirconia (b) characterized by the light interferometer on millmeter scale.
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ig. 5. A photo revealing the optical appearance difference among zirconia crowns
ith well-polished, self-glazed and blank-machined surfaces (from left to right).

pplications [10]. However, the characteristic surface microscopic
orphology of the self-glazed zirconia, i.e., micro-smooth yet with

anometer scale roughness viewed as densely packed grain struc-
ure, ensures this surface can scatter light besides reflecting it. It
mitates the surface morphology of the natural dental enamel on

hich enamel prisms of 4–6 �m in size are clearly visible, cf. Fig. 8
elow. A simultaneous reflection and scattering of light make the
elf-glazed surface having a sufficiently improved aesthetic appear-
nce, see Fig. 5.

.2. Friction behaviors

Fig. 6 shows the time-dependent frictional coefficient of natural
namel against the surfaces of well-polished zirconia and self-
lazed zirconia ceramics. Although the self-glazed surface shows

 slight low frictional coefficient at the beginning, both surfaces
chieve the same steady state frictional coefficient, around 0.5. The
igh strength and toughness of zirconia enabled it to resist surface
amage under stress. So the surface of polished zirconia antagonist
ept its fineness during long time frictional process, presenting a
table frictional coefficient over time.

Frictional coefficient is a very important parameter that reflects
he intrinsic interaction characteristics of tribology. An ideal den-
al restoration should have appropriate frictional coefficient with
atural teeth for the benefit of chewing food without excessive
brasion of natural teeth. In the present study, the enamel sam-
le and antagonists were tested in artificial saliva under similar
tress and sliding distance with human teeth to mimic  the oral
hemical and mechanical environment [11]. The steady state fric-
ional coefficient of the well-polished zirconia sample (around 0.5)
n the present study is comparable to the numbers obtained in our

revious study for both the well-polished zirconia and porcelain
amples (both of them are around 0.55) [6]. Veneer porcelain is the
ommon material used in fixed and implant dental restorations. A
ombination of the present and our past results shows that both
Fig. 6. The frictional coefficient of natural enamel against the surface of well-
polished (a) and self-glazed zirconia ceramics (b), plotted versus the time.

self-glazed and well-polished zirconia restorations have the simi-
lar friction behaviors with porcelain veneered restorations [6]. The
fluctuation of frictional coefficient by time observed on self-glazed
zirconia ceramics can be ascribed to the presence of nanometer
scale roughness.

3.3. Wear behaviors

Fig. 7 shows an optical microscope image revealing the wear
tracks generated by the wear of dental enamel against the well-
polished zirconia and self-glazed zirconia antagonist. The average
width of the wear track on the enamel surface is determined to be
372 ± 6 �m and 349 ± 8 �m for the former and latter cases, respec-
tively. The width and length of wear scars on the enamel surface
by well-polished and self-glazed zirconia antagonists are almost
the same. Therefore, it is reasonable to estimate that the wear loss
volume of dental enamel is similar in both cases.
Fig. 8 shows the morphology of the original polished and the
worn surface of the natural enamel after wear test against the
well-polished zirconia and the self-glazed zirconia antagonist,
respectively. Under the environmental SEM the well-assembled
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Fig. 7. The width of the wear tracks on natural enamel viewed an optical microscopic
image; against well-polished zirconia (1) and self-glazed zirconia (2).
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Fig. 8. SEM images revealing the microscopic morphology of the natural enamel (a
and b) and the worn surface of the natural enamel after wear test for 5000 cycles
against the well-polished zirconia (c) and the self-glazed zirconia (d), respectively.
The  low magnification image shown in (a) gives an overview of the embedded tooth
and  its surface morphology inside the epoxy resin block in which “1” and “2” indicate
namel prisms in the range of 4–6 �m are clearly visible on the
riginal polished surface of the natural enamel as shown in Fig. 7(a
nd b). This is the section view of the enamel prisms, perpendicular
o which every enamel prism is constituted by a bunch of elon-
ated and well-assembled hydroxyapatite nano-crystals. Between
he prisms, there is an interprismatic substance containing more
rganics and less mineral that is well preserved in wet condition
nder the environmental SEM [12,13]. Such well-arranged enamel
rism structure is hard to be observed by conventional SEM carried
ut under high vacuum due to the dehydration and the conductive
oating that may  either destroy the prisms or hide their surfaces.

As shown in Fig. 8(a–d), part of the enamel prisms are hidden
n a very similar way by a deposition layer most probably formed
uring initial grinding and polishing of the freshly extracted tooth.
o noticeable increase of such deposition layer and the formation
f scratches are observed on the worn surface of the dental enamel
n both cases of wear of enamel against well-polished zirconia and
elf-glazed zirconia antagonists. It indicates that the observed wear
n both cases is not the abrasive wear type but a moderate type of
urface fatigue.

The implication of the present results is the same as that
f our previous results [6]. When zirconia slid over the enamel
urface a compression zone is generated ahead the zirconia antago-
ist, whereas behind the antagonist plastic deformation of enamel
reates a zone of tension. Micro-cracks thus would nucleate in
he subsurface of enamel and propagate [14]. The micro-cracks
nitiated in enamel under high stress prefer to form a reticu-
ar framework instead of prolonging straight in depth direction.
ventually, materials surrounded by the cracks propagating to the
urface would get lost. This micro-fracture character is strongly
etermined by the unique structure of dental enamel that is
omposed by well-assembled enamel prisms and interprismatic
ubstance [15]. Therefore, the wear behaviors of the dental enamel
gainst the self-glazed zirconia restoration is similar to that of
he well-polished zirconia restorations commonly used in clinic
owadays, whereas the former demonstrates sufficiently improved

esthetic appearance than the later. the  location of wear tracks generated by wearing against well-polished zirconia and

self-glazed zirconia, respectively.
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. Conclusions

) The measured frictional coefficient of the tested zirconia sam-
ples against the enamel of freshly extracted tooth confirms that
self-glazed zirconia has almost the same frictional coefficient as
well-polished zirconia surface. The fluctuation of frictional coef-
ficient by time observed on self-glazed zirconia ceramics can be
ascribed to the presence of nanometer scale roughness.

) The wear scars observed on the worn surface of enamel against
self-glazed zirconia and well-polished zirconia surface reveal
fatigue wear style.

) Comparing to well-polished zirconia ceramics, the self-glazed
zirconia ceramics shows similar friction and wear performance
against natural tooth while provides sufficiently improved aes-
thetic appearance, revealing its potential for direct clinical use.
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