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Abstract

Purpose: The original ceramic surface finish and its microstructure may have an effect
on crack propagation. The purpose of this study was to investigate the relation between
crack propagation and ceramic microstructure following cyclic fatigue loading, and
to qualitatively evaluate and quantitatively measure the surface and subsurface crack
depths of three types of ceramic restorations with different microstructures using a
Confocal Laser Scanning Microscope (CLSM) and Scanning Electron Microscope
(SEM).

Materials and Methods: Twenty (8 x 4 x 2 mm?) blocks of AllCeram (AC), ex-
perimental ceramic (EC, IPS e.max Press), and Sensation SL (SSL) were prepared,
ten glazed and ten polished of each material. Sixty antagonist enamel specimens were
made from the labial surfaces of permanent incisors. The ceramic abraders were at-
tached to a wear machine, so that each enamel specimen presented at 45 degrees to the
vertical movement of the abraders, and immersed in artificial saliva. Wear was induced
for 80K cycles at 60 cycles/min with a load of 40 N and 2-mm horizontal deflection.
The specimens were examined for cracks at baseline, SK, 10K, 20K, 40K, and 80K
cycles.

Results: Twenty- to 30-em deep subsurface cracking appeared in SSL, with 8§ to 10 um
in AC, and 7 um close to the margin of the wear facets in glazed EC after 5K cycles.
The EC showed no cracks with increasing wear cycles. Seventy-um deep subsurface
cracks were detected in SSL and 45 um in AC after 80K cycles. Statistically, there
was significant difference among the three materials (p < 0.05). Bonferroni multiple
comparison of means test confirmed the ANOVA test and showed that there was no
statistical difference (p > 0.05) in crack depth within the same ceramic material with
different surface finishes.

Conclusions: The ceramic materials with different microstructures showed different
patterns of subsurface cracking.

Laboratory load failure tests attempt to simulate clinical failure
to investigate variables thought to influence the success of den-
tal materials and to evaluate new materials or designs. These
tests involve loading a surface of a material with a spherical in-
denter or equivalently using a flat compression pattern against
a curved incisal edge.!? Little attention has been paid to the
stress state at failure, or to the mechanism by which failures oc-
cur during testing, especially crack initiation and propagation
before complete fracture.

Dental restorations are subject to intermittent forces during
mastication with maximal occlusal forces that range from 200
to 1000 N.> When forces of this magnitude are applied to a
small surface area, as during tooth-material contact, substantial
stresses are generated, and each stress is capable of creating a
corresponding deformation or strain in the contacting bodies.

Brittle dental ceramics are incapable of absorbing appreciable
amounts of elastic strain energy before fracturing.*> The re-
sistance of a material to crack propagation is one measure of
the strain-energy-absorbing ability of a brittle material;® it also
depends on the composition of the ceramic.” It was reported
that the fracture toughness values of most dental ceramics ex-
amined were slightly higher than that of soda lime glass, but
less than one-third that of zirconia.’

Fracture toughness of IPS e.max Press was measured with
different methods, and it was found that values measured largely
depend on the measuring method used.®%:10

The techniques of assessing the resistance of brittle materi-
als to crack initiation and propagation depend on direct mea-
surement of surface radial crack length, which is visible to the
naked eye and does show microcrack initiation and propagation
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Figure 1 SEM photomicrographs: (A)
Rounded structure in homogeneous glassy
matrix in AllCeram. (B) Densely packed rod-like
crystals of lithium disilicate crystals in
experimental glass-ceramic (Courtesy of
Ivoclar-Vivadent); from a pilot study. (C)
Leucite glass ceramic in Sensation SL.

before fracture.®!! It does not measure the depth of the subsur-
face cracking in relation to the microstructure of a material. Of-
ten the test does not simulate the stress applied to the restoration
clinically. The relevance of cone cracks in ceramic restoration
failures has been questioned.!? Previous studies report the use
of SEM and optical examination using a stereobinocular mi-
croscope to determine subsurface cracks in ceramics.'>'* There
have been no reports quantitatively measuring the subsurface
cracks in ceramic restorations.

This study tested the null hypothesis that the microstructure
and surface finish of all-ceramic restorations have an effect on
the magnitude of subsurface crack formation and propagation
and can be measured quantitatively.

Materials and methods

Three types of ceramic materials with different microstructures
(Fig 1) were used in this study (Table 1). Twenty (8 x 4 x
3 mm?®) cusp-shaped specimens of ceramic, ten glazed and ten
polished of each material, were fabricated following the man-
ufacturer’s instructions. For the glazed group, the thickness of

Table 1 Ceramic materials used

Trade name Composition Manufacturer
AllCeram AllCeram (feldspathic ~ Ducera Dental GmbH
low-fusing porcelain) & Co. KG, Rosbach,
Germany
Sensation SL Glass-ceramic, Leach & Dillon

Leucite-reinforced Products, Cranston,
glass-ceramic RI

Glass-ceramic, densely Ivoclar, Schaan,
packed rod-like Liechtenstein
lithium disilicate
crystals

IPS e.max Press
Experimental glass
ceramic

Ceramic Subsurface Cracking

the glaze layer was in the average of 30 to 50 um, confirmed
using an UltraVIEW Confocal Laser Imaging Microscopy Sys-
tem (CLSM, Perkin Elmer, Salem, MA). All specimens in the
polished group were polished using a series of polishing sys-
tems down to 2 pm particle size.'>! Sixty antagonist enamel
specimens were made from the labial surfaces of permanent
incisors. The specimens were attached to a specially designed
wear machine.

Wear machine

The wear testing machine (Fig 2) comprised six cylindrical
plungers, which were connected from one side to six identi-
cal sample chambers. The cylindrical plungers were connected
from the other side to rocker arms. These in turn were in con-
tact with eccentric cams driven by an electric motor. This motor
allowed a horizontal sliding motion of the samples so that the
plungers produced a vertical reciprocating movement of 2 mm
at maximum speed of 60 strokes per minute against the antag-
onistic specimens in each sample chamber. The wear machine
was designed to achieve the following experimental objectives:

1) To produce wear by sliding enamel or ceramic specimens
against opposing enamel specimens. The enamel (con-
trol group) and the ceramic specimens were attached to
the plunger arms (maxillary components), and the enamel
specimens (mandibular component) were presented at a
45 degrees angle to the vertical movement of the maxil-
lary component, which held the ceramic and enamel speci-
mens. This was designed to simulate the masticatory move-
ments so that an element of fatigue is superimposed upon
sliding wear. A brass hinge mechanism with an attached
spring was designed as part of a permanent attachment
to the plunger arm, enabling lateral displacement of tooth
specimens as they contacted and slid across the material
specimens. The function of the spring was to provide a
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given load during this lateral displacement and to reposi-
tion the tooth specimens during the upward stroke of the
plunger (Fig 2).

2) The enamel (control group/maxillary component) and ce-
ramic specimens had to be mounted on the plungers in
such a way that they could be removed, measured, and re-
mounted in the same position. This required the design and
construction of brass tooth specimen holders, which could
be fitted onto the permanent brass plunger attachments.
A square fitting was designed with the male component
attached to the plunger and the female component being
part of the tooth specimen holder. This geometrical design
prevented any unwanted rotational movement of the tooth
specimens and allowed for accurate repositioning.

3) The enamel specimens (mandibular component) were em-
bedded in brass specimen holders, and these in turn were
securely positioned at 45 degrees to the horizontal plane
in clear Perspex containers, which were fitted onto the ma-
chine. The square fitting was chosen to prevent rotational
movement of the material specimens.

A pilot study was carried out to test the feasibility of the
design and to establish the required load and cycling period
necessary to produce a measurable amount of wear. Phosphor
Bronze springs of various thicknesses were tested, and springs
of 0.5 mm thickness providing a 40 N load per 2 mm of lateral
deflection were chosen.

Test material specimens

Twenty specimens of each ceramic material were prepared ac-
cording to the manufacturer’s instructions. Ten were glazed
and ten were polished. All specimens were screened for cracks
or surface defects using the CLSM. All specimens that showed
cracks or surface defects were discarded and replaced. Ten tooth
enamel specimens were used as a control group. The test spec-
imens were rectangular with one rounded corner. This rounded
part of the rectangle was abraded against the tooth enamel spec-
imen (abrader). The measurements of the test specimen were:
x =8 mm; y =4 mm; and z = 3 mm. The curved configuration
was selected for the following reasons:

1) To examine the antagonistic enamel wear with a standard-
ized cusp configuration.

2) The shape of the abrader was important. A cylindrical or
flat abrader has the disadvantage that edge loading tends to
plough the surface of the specimen, thus accelerating wear
and altering the mechanism of wear. A curved (spherical)
abrader avoided such problems.

3) The control group was enamel cusp tip to flat surface
enamel; the cusp tip of the tooth was curved.

4) With curved surfaces, it was possible to visualize the con-
tact point between the two surfaces.

Mounting of the test material specimens

Six cylindrical brass specimen holders (Fig 2) were designed
and constructed to ensure tooth and material specimens could
be easily removed and replaced in the machine in exactly the
same position. A slot was made in one side of the specimen
holders for placement of the test materials and tooth pieces.
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This measured 12 mm in length, 5 mm in width, and 2 mm in
depth. A square cavity with dimensions of 10 x 10 x 6 mm?
was prepared on the opposite side, which enabled the specimen
holders to be mounted to matching square fixtures attached
to the plungers of the wear machine. Square fittings enabled
accurate repositioning and prevented rotational movement of
the specimen holders. The specimen holders were secured into
position with the aid of an anterior screw.

Each material specimen (AllCeram, Sensation SL, Experi-
mental ceramic, and tooth enamel as a control group) was se-
cured in a cylindrical brass specimen holder. Twenty specimens
from each ceramic material group (ten glazed and ten polished)
and ten enamel specimens were prepared and placed in the brass
specimen holders making a total of 70 specimens. Ceramic ma-
terials and tooth enamel specimens were accurately positioned
in the specimen holders so presentation of the enamel surface
to the opposing enamel abrader surface could be standardized.
This was accomplished by means of a brass-mounting jig. Each
specimen holder was seated onto a square block on the mount-
ing jig. The specimens could then be placed in uncured com-
posite resin in the prepared slot of the specimen holder. The
height, position, and inclination of the tooth piece were gauged
by means of a brass-positioning arm on the jig. Once in posi-
tion the resin composite was light-cured for 40 seconds. Further
incremental packing was carried out to secure the tooth piece.
In total, six specimen holders were mounted on the machine at
any one time. After completion of testing and following crack
measurement, the tooth and material specimens were removed
from the brass holders with high-speed diamond fissure burs
using an air-turbine hand piece. These were then discarded and
new specimens mounted.

Test methods

A wear machine'” was used in this study to simulate the clin-
ical fatigue loading of the three different ceramic materials
(abraders) opposing enamel. The abraders were attached to the
wear machine and immersed in artificial saliva so each enamel
specimen presented at 45° to its vertical movement. The cusp-
shaped ceramic specimens slid across the enamel surface with a
2 mm linear path, delivering a 40 N load with a maximum speed
of 60 strokes per minute, thus generating wear tracks. This se-
quence was repeated for 5K, 10K, 20K, 40K, and 80K cycles.
The specimens were removed after each sequence, cleaned in
the ultrasonic bath with distilled water for 10 minutes and dried
with compressed air. Cracks were measured using a Confocal
Laser Scanning Microscope (CLSM) and SEM, and the speci-
mens were repositioned on the machine.

Quantitative measurement of depth of cracks

Cracks were measured using CLSM with x60/1.4 numerical
aperture (NA) and x100/1.3 NA oil lens after application of
fluorescence wetting solution. Rhodamine B (Sigma Chemical
Co. St. Louis, MO) dissolved in a silane coupling agent as a wet-
ting solution (Monobond-S, Ivoclar-Vivadent, Schaan, Liecht-
enstein) was applied using a microbrush to highlight cracks and
defects. The location of the potential wear tracks was located
at baseline by selecting the point of maximum radial convexity
when the ceramic surface was at 90 degrees to the optical axis
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Figure 2 \Wear machine components and
specimen alignment. Wear machine (A, C): (a)
eccentric cams, (b) cylindrical plungers
attached to sample (maxillary component), (c)
clear Perspex containers with the aligned
specimens, and (d) rocker arms in contact with
eccentric cams. (B, C): Clear perspex container
with the aligned specimens: (e) phosphor
bronze spring, (f) specimen holder (test
material), (j) test material, (h) specimen holder
(enamel abrader), and (i) motor. (D) Enamel
brass sample holder (a) mandibular
component, which has a cylindrical recess
(10-mm diameter, 4-mm depth) prepared for
placement of the enamel abrader, (b)
square-fitting side, (c) brass tooth/enamel
specimen holders, and (d) the prepared recess
in the brass specimen holders to
accommodate the test material specimens,
which could be fitted onto the permanent
brass plunger attachments.

Figure 3 CLSM images of subsurface cracks
in AllCeram: (A) Baseline 5 um below the
surface; (B) 5-um subsurface, note the
rounded features and the crack lines; (C) 8-
10 um below the surface, spherical features
may be porosity or microstructures; the cracks
show up clearly using CLSM in this combined
image; and (D) The same field of view, 25 um
below the surface. Perkin-Elmer LSR Ultrview
CLSM, x100/1.3 Qil (A, C, D; 102 um);
%20/0.80 Qil (B; 430 um).
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of the confocal microscope. The surface and subsurface regions
of the worn ceramics were evaluated, and crack depth was mea-
sured at four points on the wear facet. Photomicrographs were
taken. SPSS statistical software (SPSS, version 15, SPSS Inc.,
Chicago, IL) was used for data analysis. The data were ana-
lyzed using ANOVA and a variety of general linear modeling
statistical tests.

Qualitative measurement of depth of cracks

SEM was used for the qualitative evaluation of surface cracks
of the ceramic materials using replicas and the actual ceramic
specimens. Replicas were made at baseline, 5000, 10,000,
20,000, 40,000, and 80,000 cycles using poly(vinyl siloxane)

Etman

Figure 4 CLSM images of surface and
subsurface cracks in Sensation SL: (A) Just
below the surface, this was a polished surface
of Sensation SL; large number of cracks is very
apparent. (B) Sensation SL near the surface,
cracks at 90 degrees to the wear cracks. (C)
The same sample in (D) 20 um below the
surface, the cracks are broadly parallel and at
90 degrees to the wear tracks. (D) The same
field of view, 60 um below the surface.
Perkin-Elmer LSR Ultrview CLSM, x100/1.3
Qil. Field width 102 pm.

elastomeric impression material (President, Coltene Inc. Alt-
statten, Switzerland) following a standardized impression tech-
nique. After 80,000 cycles, the ceramic specimens were cleaned
in the ultrasonic bath (Model T14, L & R Mfg., Kearny, NJ) with
distilled water for 10 minutes, and then dried with compressed
air. The replicas and the actual ceramic specimens were gold
sputter-coated for SEM (Model S 520, Hitachi, Tokyo, Japan)
examination, and photomicrographs were recorded.

Results

CLSM examination revealed different microstructures and
crack patterns in each material. AllCeram specimens revealed

Figure 5 CLSM image of cracks in
experimental ceramic: (A) 10-um subsurface
view of glazed surface near the margin of a
wear facet; note the disappearance of
subsurface cracks. (B) Experimental ceramic,
view of the polished surface; note the absence
of cracks (C) surface view of glazed surface
near the margin of a wear facet, cracks at 90
degrees to the wear tracks. (D) The same
sample in (C), 7-um subsurface view; note the
disappearance of subsurface cracks.
Perkin-Elmer LSR Ultrview CLSM, x60/1.4NA
Oil. Field width 170 um.
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a uniform distribution of large granular or spherical struc-
tures with an average 5-pum size in a homogenous background
(Fig 3A). Intergranular and transgranular subsurface cracks
were visible (Fig 3B). Sensation SL showed signs of subsurface
cracks in a crystalline glassy matrix and a less granular struc-
ture than AllCeram. The cracks were parallel to each other and
perpendicular to the direction of the wear tracks (Fig 4A). The
worn surfaces of the experimental ceramic specimens displayed
homogeneous structures with no signs of subsurface cracks in
the polished specimens (Fig 5A, B). The glazed group showed
up to 7 pum subsurface cracks near the outer surface of the wear
facets (Fig 5C, D). These cracks were multiple and confined
only to the glaze layer. Subsurface imaging showed little evi-
dence of porosity in this material. Sensation SL showed a range
of 20- to 30-um deep subsurface cracking (Fig 4C), while 8- to
10-pum deep cracks were apparent in AllCeram after 5000 cy-
cles (Fig 3C). The surface cracking of the glazed groups in both
ceramics showed multiple cracks propagating in different direc-
tions. The subsurface cracks were continuous and not branched.
The depth of the subsurface cracks increased with greater num-
ber of fatigue loading cycles in both AllCeram (Fig 3D) and
Sensation SL (Fig 4D). The experimental ceramic showed no
cracks with increasing wear cycles. Up to 70-um deep subsur-
face cracks were detected after 80K cycles in Sensation SL,
while AllCeram showed a 45-pm maximum depth of crack.
Table 2 shows the means and standard deviations of crack
depths at different number of cycles. Statistically, ANOVA re-
vealed a significant statistical difference in crack depth between
the three types of ceramic materials (p < 0.05). Bonferroni Mul-
tiple Comparison of Means test confirmed the ANOVA test and
showed that there was no statistical difference (p > 0.05) in
crack depth within the same ceramic material with different
surface finishes. Figures 6 and 7 show the change in the depth
of cracks for each ceramic system at different numbers of wear
cycles.

Qualitative surface crack measurement

SEM showed that the microcracks’ shape, distribution, and
location were different from one material to another. The micro-
cracks in Sensation SL were related to the wear facets and per-
pendicular to the wear tracks. Cracks in this material were semi-
circular and were distributed all over the wear facets (Fig 8).
This material showed a uniform distribution of crack lines with
no evidence of microcracking in the semicircular crack patterns.

AllCeram was quite different in that there was much more
chipping and bulk fracture of the materials (Fig 9). The fracture
followed the direction of the sliding force and was represented
by wear tracks. The experimental ceramic showed no cracks
on the worn surfaces (Fig 10A). The margin of the wear facets
showed the remnants of the glaze material with fine cracks
(Fig 10B).

Discussion

The results of this study showed that the experimental glass-
ceramic with its unique microstructures was more crack resis-
tant than other ceramic materials.

Ceramic Subsurface Cracking

Table 2 Means and standard deviations (SD) of crack depth

Crack depth (micron)

Wear cycles

Ceramic material 5000 10,000 20,000 40,000 80,000

AllCeram polished

Mean 8.55 10.07 15.40 23.88 32.15

SD 1.961 2.654 4.290 3.031 7.850
AllCeram glazed

Mean 8.45 13.40 18.05 24.45 33.98

SD 1.739 2.479 3.782 6.441  10.060
Sensation SL polished

Mean 12.43 18.88 24.65 30.13 39.40

SD 4.057 4.863 4.995 8.582 10.507
Sensation SL glazed

Mean 11.70 14.70 25.55 32.53 42.88

SD 2.738 4.109 5.104 6.887 8.386
Experimental polished

Mean 0.25 0.00 0.00 0.00 0.00

SD 0.954 0.000 0.000 0.000 0.000
Experimental glazed

Mean 3.73 0.72 0.58 0.70 0.10

SD 4.076 1.783 1.647 1.636 0.632

When grinding forces were measured in alumina and glass-
ceramics with various microstructures, it was found that the
microstructures exerted a profound influence on machinability.
In particular, the controlling toughness variable is that which
pertains to small cracks, not that conventionally measured in a
large-scale fracture specimen.'® In a clinical study, Etman et al'°
reported that the IPS e.max Press ceramic material showed a
friendly wear behavior on the opposing tooth enamel and yet
was more wear resistant than the Procera AllCeram system. An-
other study reported that the three all-ceramic materials caused
enamel wear and were worn by enamel; none retained final
surface finish. The mean depth of wear of the test materials
were: AllCeram (polished, 254.17 um; glazed, 264.48 pm),
Sensation SL (polished, 268.09 um; glazed, 265.69 um), ex-
perimental ceramic (polished, 196.90 yum; glazed, 201.62 pm),
and tooth enamel (184.48 pm). The antagonists’ tooth enamel
showed wear caused by the four test materials. The mean
depth of wear in the enamel antagonists were 248.04 um and
260.34 pum caused by AllCeram polished and glazed, respec-
tively. Sensation SL caused enamel wear (polished, 270.04 pm;
glazed, 264.05 um). The experimental ceramic caused less
wear than the other two all-ceramic materials but more wear
than tooth enamel. The polished experimental ceramic caused a
197.90-um depth of wear, while the glazed specimens caused a
201.30-pm mean depth of wear. Tooth enamel caused wear for
the opposing tooth enamel with mean depth of wear 178.36 um.
This may confirm the relation between microstructures, micro-
cracks, and wear behavior.2

In recent years, many ceramic materials have been developed
with different proportions of glassy and crystalline phases aim-
ing to improve their physical and mechanical properties. Differ-
ent phases in these multiphase ceramic materials may react in a
different way to cyclic fatigue loading and may have an effect
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Mean Values of subsurface crack (micron)
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Figure 6 Mean values of crack depth over
different groups of wear cycles.

Figure 7 Box plot shows medium distribution,
75% and 25% of each distribution and
extreme values at different wear cycles.

Figure 8 SEM photomicrographs of the worn Sensation SL ceramic show circular crack lines in both glazed (A) and polished (B) worn surfaces after
80,000 wear cycles. (Original magnification x5000).
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Ceramic Subsurface Cracking

Figure 9 SEM photomicrographs show bulk fracture of AllCeram in both polished (A) and glazed (B) samples after 80,000 wear cycles. Original

magnification, x2500 (A); x 1200 (B).

on crack initiation and propagation. In this study, surface and
subsurface cracks were investigated, with the results revealing
that surface and subsurface cracks were dependent on the type
of ceramic material.

The experimental hot-pressed lithium disilicate glass-
ceramic material showed the highest resistance to crack for-
mation and propagation. This may be due to the crystalline
phases in this material. It has been reported that the crystalline
phases in ceramic materials may act as crack stoppers to pre-
vent crack propagation;2! however, with Sensation SL, this was
not the case in this study. The high leucite crystalline structure
showed the least resistance to crack propagation. This may be
attributed to phase interaction and separation. The promotion of
interaction between fatigue crack and microstructure, such as
microcracking and phase transformation and separation in the
process zone, has been reported.?? AllCeram showed less crack
propagation than Sensation SL, even though it is single phase
low-fusing feldspathic porcelain. Crack initiation and propaga-
tion in this material may be explained by correlation between
microcracks, porosity, and microstructures. It has been reported
that the equilibrium between the external and internal forces in-
side the damage zone correlates with microstructural features,
such as grain size distribution.?> Crack propagation may de-

pend on the compatibility between the phases in each material
and some other microstructural factors, such as density of the
material and porosity.

In the first 5000 cycles, AllCeram, Sensation SL, and the ex-
perimental ceramic showed multiple crack lines on the glazed
surface. With an increasing number of wear cycles, the glaze
layer was removed from the surface of the experimental ceramic
leaving a crack-free surface. On the other hand, Sensation SL
developed more cracks that propagated deeper into the material
once the glaze layer was worn away. This may be explained
as the driving force required for crack propagation being sup-
plied continuously by the external stress-caused phase separa-
tion at a low energy level. These external stresses can provide
sufficient energy for crack formation, especially as the crack
becomes larger at constant load.>* Upon loading the material
and inducing stresses, phase separation may occur. This would
explain the irregular pattern of cracks in some specimens of
this material, which are similar to the shape and distribution
of the leucite phase; however, another study reported that the
crystalline inclusion was thought to help blunt fracture progres-
sion and improve fracture resistance.?> Another possible cause
of Sensation SL cracks might be thermal mismatch between
the leucite phase and the glassy matrix. Also the inclusion of

Figure 10 SEM photomicrographs of the worn experimental ceramic show crack lines located in the glaze layer at 90 degrees to the wear tracks (A);
note, no cracks in the polished worn surface after 80,000 wear cycles. Original magnification, x2500 (A); x 1200 (B).

Journal of Prosthodontics 18 (2009) 550-559 © 2009 by The American College of Prosthodontists 557



Ceramic Subsurface Cracking

large particle sizes of crystalline phases into a glassy matrix
may have a direct correlation to crack formation.?%?” A smaller
crystal size could be beneficial to the strength properties of the
experimental ceramic.

AllCeram is considered a low-fusing feldspathic porcelain.
CLSM showed two phases in AllCeram, one a glassy matrix
and the other a sparse rounded structure that may represent a
crystalline phase or porosity. SEM photomicrgraphs showed
pores on the surface. Both AllCeram and Sensation SL were
made using a powder and condensing liquid and repeated firing.
This method has inherent problems, such as porosity, that may
cause internal microcracks and phase separation from the use
of physical mixtures of the glass powder.?® While the inclu-
sion of phases of a different refractive index is believed to be
beneficial in terms of light scattering within porcelain,?® prob-
lems may ensue due to incompatibility of thermal expansion
of the various phases present.’®3! Imaging of AllCeram worn
surfaces showed a high proportion of spherical-type pores that
may cause further cracking. Small cracks around the periphery
of a void have been cited as causing failure due to the stress
concentration at the void.3? In this study, the catastrophic ef-
fect of cracking is more evident around the larger-sized voids
in the AllCeram samples. Pores arresting cracks have been de-
scribed.?? The crack awaits a load rise to break away or requires
extra energy to curve out of the main crack plane because of the
pore-stress field. This theory was based on evenly spaced and
sized pores and does not totally equate to the differing pore size
and distribution in AllCeram. Nevertheless, there is an obvious
crack-pore interaction.

The experimental ceramic is composed mainly of an inter-
locking pattern of many elongated lithium disilicate crystals
(Iength up to 6 um, diameter up to 1 um) and secondary lithium
orthophosphate crystals (0.1 to 0.3 wum).3* Hot-pressing and
continuous growth of the dimensions of these crystals upon
heating may create a more dense structure. This may explain
the crack resistance of this material.

The SEM examination confirmed the CLSM finding, but only
on the worn surfaces. This showed the microcracks’ shape, dis-
tribution, and location are different from one material to an-
other. The microcracks in Sensation SL related to the wear
facets and were perpendicular to the wear tracks. Cracks in this
material are semicircular and are distributed all over the wear
facets. Also, this material showed considerably more uniform
distribution of crack lines with evidence of microcracking in the
semicircular crack patterns. This crack pattern may be related to
the leucite-shaped crystals that form the main component of this
material. AllCeram was quite different in that there is much uni-
form distribution of a small amount of large crystals. Although
there are small cracks within the crystals, these do not extend
into the glass matrix. There was also evidence of microcracking
within the crystals, and in some instances, cracks ran from the
glassy matrix into and through the large crystalline structures.
These round structures may have stopped crack propagation.

The presence of microcracks around the clusters of leucite
crystal may suggest that nonuniform shrinkage of the glassy
matrix and crystalline phases had occurred on cooling due to
differences in their thermal expansion behavior and the cubic
to tetragonal leucite transformation.?° If this is the case, micro-
cracks would have to be found in the polished surface of these
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materials, which was not the case. These microcracks can also
occur around individual leucite crystals, but only when these are
exceptionally large.?' These microcracks, combined with the
nonuniform distribution of the crystalline phase, will severely
limit the mechanical properties of these materials, because
they increase the inherent flaw size and may act as fracture-
initiating flaws,> increasing the chances of catastrophic crack
propagation. These flaws depend upon the size of the starting
particles and distribution of the crystalline phase in the fired
ceramics.

Crack formation may serve as a mechanism for relief of the
residual stresses.?* In this manner, the final size of the crack
corresponds to the condition of crack arrest. It is speculated that
under these conditions the force derived from the relaxation of
the residual stress field just suffices to supply the energy re-
quired to propagate the crack along a single crack front with
little or no probability for secondary cracks or microcrack for-
mation. The deriving force required for crack propagation is
supplied continuously by the external stress field, which can
provide sufficient energy for microcrack formation, especially
as the crack becomes larger at constant load.>*

The combination of high-strength and fine crystalline struc-
ture may have an effect on the long-term performance of all-
ceramic restorations, especially in stress-bearing areas. Al-
though no fixed values of masticatory stress could be found
in the literature for posterior crowns, using 40 N loads, sur-
face cracks started to develop as early as 5000 wear cycles
in the glaze layer. This study showed that these cracks in the
glaze layer have no correlation with the underlying ceramic.
On the other hand, the subsurface cracks that occurred in the
main bulk of the material have a strong correlation with the
microstructures of such material.

Conclusions

The microstructure and the technique of build-up of ceramic
restorations may have an effect on crack initiation and prop-
agation. An overall view of the data from this investigation
suggests that Sensation SL is not much more resistant to crack
initiation and propagation than AllCeram. The higher subsur-
face crack depth of Sensation SL and AllCeram demonstrates
the potential unreliability of these materials in stress-bearing ar-
eas. High values of subsurface cracks were recorded as early as
5000 loading cycles. The experimental ceramic showed higher
resistance to crack formation, and this may make it more reli-
able for stress-bearing areas. The surface finish has no effect
on crack propagation. Knowing the potential for developing
cracks in these materials may aid selection in various clinical
applications. The CLSM is a useful instrument for detecting
subsurface cracks in ceramics.
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