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ORIGINAL ARTICLE

Fracture resistance of monolithic zirconia molar crowns with reduced
thickness

KEISUKE NAKAMURA1,2, AKIO HARADA3, RYOICHI INAGAKI4, TARO KANNO3,
YOSHIMI NIWANO2, PERCY MILLEDING1 & ULF ÖRTENGREN1,5

1Department of Prosthetic Dentistry/Dental Materials Science, Institute of Odontology, University of Gothenburg,
Gothenburg, Sweden, 2Laboratory for Redox Regulation, Tohoku University Graduate School of Dentistry, Sendai,
Japan, 3Division of Molecular and Regenerative Prosthodontics, Tohoku University Graduate School of Dentistry, Sendai,
Japan, 4Tohoku University School of Dental Laboratory Technicians, Sendai, Japan, and 5Department of Clinical
Dentistry/Faculty of Health Sciences, The Arctic University of Norway, Tromsø, Norway

Abstract
Objectives. The purpose of the present study was to analyze the relationship between fracture load of monolithic zirconia
crowns and axial/occlusal thickness and to evaluate the fracture resistance of monolithic zirconia crowns with reduced thickness
in comparison with that of monolithic lithium disilicate crowns with regular thickness. Materials and methods. Monolithic
zirconia crowns (Lava Plus Zirconia, 3M/ESPE) with specified axial/occlusal thicknesses and lithium disilicate crowns (IPS e.
max press, Ivoclar/Vivadent) with regular thickness were fabricated using a dental CAD/CAM system and a press technique,
respectively. The crowns cemented onto dies were loaded until fracture. Based on measurements of the crown thickness made
by micro-CT and the fracture load, multiple regression analysis was performed. Results. It was revealed that the occlusal
thickness significantly affected the fracture load (p < 0.01), but the axial thickness did not (p = 0.2828). Although the reduction
of the occlusal thickness decreased the fracture resistance of the monolithic zirconia crowns, the fracture load of the zirconia
crowns with the occlusal thickness of 0.5 mm (5558 ± 522 N) was significantly higher than that of lithium disilicate crowns with
an occlusal thickness of 1.5 mm (3147 ± 409 N). Conclusion. Within the limitations of the present study, it is suggested that
monolithic zirconia crown with chamfer width of 0.5 mm and occlusal thickness of 0.5 mm can be used in the molar region in
terms of fracture resistance.

Key Words: computer-aided design, lithium disilicate, X-ray microtomography, zirconium oxide

Introduction

Zirconia has increasingly been used in dentistry over
recent years, taking advantage of its high strength [1].
The strength is due to the crystalline phase transfor-
mation system of zirconia (i.e. stress-induced trans-
formation toughening), giving the material high
mechanical strength and reliability [2]. In addition,
the development of computer aided designing
(CAD)/computer aided manufacturing (CAM) tech-
nology has increased the use. Thus, all-ceramic
crowns and fixed dental prostheses (FDPs) utilizing
zirconia as a framework have been provided to
patients with sufficient strength and a good esthetic
outcome [3,4].

Due to the original color of zirconia (i.e. bright
white), its application has been limited. The devel-
opment of translucent tooth-colored zirconia, how-
ever, enables fabrication of restorations without
veneering porcelain (i.e. monolithic zirconia crown)
[5,6]. Advantages of monolithic zirconia crowns may
be limited amounts of defects due to fabrication with
CAD/CAM technique and reduced production time/
cost.
When a tooth is restored with a conventional all-

ceramic crown, irrespective of the materials used, it is
recommended that axial and occlusal reduction of the
preparation should be 1.5 and 2.0 mm, respectively
[7]. The reason is to obtain sufficient strength of the
reconstruction and space for veneering [7]. It has
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been demonstrated that monolithic lithium disilicate
crowns for posterior teeth with reduced occlusal
thickness showed more fatigue failures than those
with a thickness of ‡1.5 mm [8]. Since zirconia has
higher flexural strength (>1000 MPa) [9,10] than
lithium disilicate (~400 MPa) [11,12], the fracture
resistance of monolithic zirconia crowns may be
acceptable, even at a reduced thickness. Still, to the
knowledge of the authors, there are few data in the
matter available.
Therefore, the purposes of this study were (1) to

analyze the relationship between fracture load of
monolithic zirconia crowns and axial/occlusal thick-
ness and (2) to evaluate the fracture resistance of
monolithic zirconia crowns with reduced thickness
in comparison with that of monolithic lithium dis-
ilicate crowns with regular thickness. The hypothesis
was that the fracture resistance of monolithic zirconia
crowns with reduced thickness should still be suffi-
cient for use in the molar region.

Materials and methods

Preparation of dies

Plastic models of tooth 46 (A5A-500, NISSIN,
Kyoto, Japan) were used to prepare different types
of abutments. The tooth model was prepared with a
chamfer finish line (width: 0.5, 0.7 and 1.0 mm)
(Figure 1A). The total occlusal convergence angle
was finally finished using a milling machine (F3 ergo,
DeguDent GmbH, Hanau-Wolfgang, Germany) to
be 10� (Figure 1A). The prepared tooth models were
scanned using a digital scanner (LavaScan ST, 3M/
ESPE, St. Paul, MN) made for a dental CAD/CAM
system (Lava System, 3M/ESPE). The chamfer width
was measured at the central part of mesial, distal,
buccal and lingual surfaces (Lava Design 5.50 CAD
software, 3M/ESPE). Preparation and measurement
were repeated until the defined chamfer width with an

error range of 50 mm or less was obtained. The
occlusal surface was prepared to be V-shape to ensure
as equal thickness as possible for the occlusal ceramic
(Figure 1B). The prepared and the non-prepared
tooth models were scanned to evaluate the reduction
of occlusal surface using the CAD software. The
vertical distance was defined as the occlusal reduction
and measurements were performed at 10 different
points (Figure 1C). The minimal reduction of occlu-
sal surface was defined to be 0.6, 1.1 and 1.6 mm,
resulting in a minimal occlusal thickness of the crowns
of 0.5, 1.0 and 1.5 mm including the cement space
(70 mm). Nine abutments were prepared and coded as
follows; C0.5/O0.5, C0.5/O1.0, C0.5/O1.5, C0.7/
O0.5, C0.7/O1.0, C0.7/O1.5, C1.0/O0.5, C1.0/
O1.0 and C1.0/O1.5 (Figures 2A–C). The first two
digits express the chamfer width and the last two the
minimal occlusal thickness. In addition, an abutment
with facetted occlusal shape (chamfer width of
0.5 mm/occlusal reduction of 0.6 mm) was prepared
(C0.5/O0.5f, Figure 2D). All abutments were
scanned and dies were milled from composite resin
blocks (Lava Ultimate, 3M/ESPE) using the CAD/
CAM system performed at the 3M Education Center
(Tokyo, Japan).
The flexural strength and modulus of elasticity of

the die material were measured according to ISO
10477: 2004, ‘Dentistry-Polymer-based crown and
bridge material (MOD)’ [13] in a universal testing
machine (AI-GS, Shimadzu, Kyoto, Japan). The
Poisson’s ratio was evaluated in compression using
a universal testing machine with video extensiometer
(Zwick/Roell, Ulm, Germany).

Fabrication of crowns

The dies were scanned and crowns were designed by
double scan technique in which additional scanning
of the non-prepared tooth model was performed to
obtain an identical outer shape for each type of die.

Taper
5°

Taper
5°

Occlusal reduction Occlusal reduction

A B
C

D

GFE

H I J

A B C
Chamfer width

Abutment tooth Abutment tooth

1.0 mm
0.5 mmMargin

CEJ

Buccal aspect Mesial aspect Occlusal aspect

Figure 1. Schematic illustration of the abutment tooth 46 (A, B) and measurement points for occlusal reduction (C). Chamfer width was
defined as the distance between the axial wall and the vertical line from the edge of finishing line at 1 mm above the margin. Occlusal reduction
was measured as the vertical distance between the prepared and the non-prepared tooth models at 10 different points (A–J). The minimal
occlusal thickness was obtained at B, F and I. CEJ, cement enamel junction.
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Then, 60 monolithic zirconia crowns (six crowns for
each type of die, Table I) were milled from pre-
sintered zirconia blocks (Lava Plus Zirconia, 3M/
ESPE). Sample size was calculated based on the
detection of a difference in mean fracture load of
1000 N between two groups with different crown
thicknesses, assuming that SD was 500 N,
a = 0.05 and b = 0.02. Coloring was performed using
zirconia dyeing liquid (A2, Lava 3M/ESPE) followed
by final sintering. The fabrication process was per-
formed at the Lava Milling Center (Dental Digital
Operation, Osaka, Japan). After sintering, margin
adjustment was performed manually using a dental
micromotor (Ultimate 500, Nakanishi, Tochigi,
Japan) and grinding point (CeraPro, Edenta, AU/
SG, Switzerland). Polishing was done using polishing
points (StarGloss, Edenta) and wheel brush together
with polishing agent (Zircon-Brite, Dental Ventures
of America, Corona, CA).
Six monolithic lithium disilicate crowns (IPS

e.max press, Ivoclar/Vivadent, Schaan, Liechten-
stein) were fabricated on the C1.0/O1.5 die
(C1.0/O1.5e.max press, Table I). A mold of the
non-prepared tooth was produced using a silicone
impression material (Exafine, GC, Tokyo, Japan).
A spacer (Th = 70 mm) and a separator were applied
onto the die surfaces. The mold was fit to the die and
molten wax was poured into the mold to obtain the
identical outer shape of the non-prepared tooth,
i.e. also identical to the monolithic zirconia crowns.
Subsequent investment, pressing and glazing
were performed according to the manufacturer’s
instructions.

Evaluation of thickness

The thicknesses of all specimens (i.e. six crowns for
each type) were evaluated with micro-CT (ScanX-
mate-D225RSS270, Comscantecno, Kanagawa,
Japan) using the following measurement conditions:
voltage; 200 kV (zirconia) vs 90 kV (lithium disili-
cate), current; 200 mA (zirconia) vs 220 mA (lithium
disilicate), resolution (voxel size); 14.9 mm. ImageJ
(The Research Services Branch of the NIH), an image
processing program, was used for analysis. The thick-
ness was measured at the same points as those used
for the evaluation of the abutments (Figure 1).

Cementation

Each crown was luted onto their respective die using a
resin-based cement (Panavia F2.0, Kuraray Noritake
Dental, Tokyo, Japan) according to the man-
ufacturer’s instructions. A static load of 20 N was
applied using a universal testing machine (AI-GS)
[14]. Excess was removed immediately after loading
and Oxyguard (Kuraray Noritake Dental) was applied
around the margin. The crown-die samples were
stored in distilled water at 37 ± 1�C for 24 ± 1 h
before load-to-failure test.

Load-to-failure test

The test was performed in a universal testing machine
(AI-GS) with a 10 kN load cell. A custom-made semi-
spherical indenter (Ø = 10 mm) of type 304-stainless
steel (Kabumoto, Osaki, Japan) was placed in the
central fossa of the occlusal surface. Great caution
was taken to place the indenter identical at each test
occasion. A urethane rubber sheet (Kokugo, Tokyo,
Japan) (Th = 2 mm, Shore A Hardness = 90) was
interspersed between the indenter and the occlusal

Table I. The groups of monolithic crowns tested.

Group
Chamfer

width (mm)
Minimal occlusal
thickness (mm)

C0.5/O0.5 0.5 0.5

C0.5/O1.0 0.5 1.0

C0.5/O1.5 0.5 1.5

C0.7/O0.5 0.7 0.5

C0.7/O1.0 0.7 1.0

C0.7/O1.5 0.7 1.5

C1.0/O0.5 1.0 0.5

C1.0/O1.0 1.0 1.0

C1.0/O1.5 1.0 1.5

C0.5/O0.5f* 0.5 0.5

C1.0/O1.55e.max press 1.0 1.5

*C0.5/O0.5f was fabricated on the die with the facetted occlusal
surface.

A B

C D

Figure 2. Scanned abutment images of C0.5/O0.5 (A), C0.7/
O1.0 (B), C1.0/O1.5 (C) and C0.5/O0.5f (D).

604 K. Nakamura et al.

D
ow

nl
oa

de
d 

by
 [

83
.2

52
.2

44
.2

18
] 

at
 0

4:
24

 2
4 

A
ug

us
t 2

01
5 



surface to avoid contact damage [15]. A pre-load of
20 N was applied vertically to the crown followed by
compressive loading at a crosshead-speed of 0.5 mm/
min until fracture.

Statistics

Statistical analyses were performed using JMP Pro
11.0.0 software (SASInstitute,Cary,NC).Differences
in axial/occlusal thickness and fracture load were ana-
lyzed using Tukey-Kramer HSDmultiple comparison
test. When the crowns did not fracture within 10 kN
(the limit of the load-cell) the value of 10 kNwas used.
The influence of the axial and occlusal thickness was
assessed bymultiple regression analysis. The represen-
tative thickness of the axial wall and occlusal surface for
each crown, calculated as an average of fourmeasuring
points and as an average of minimal thickness at the
measuring points of B, F and I (Figure 1C), respec-
tively, were used for the multiple regression analysis.
The level of significance was set at 5%.

Results

Evaluation of die material and crowns

The flexural strength, the E-modulus and the
Poisson’s ratio of the die material were 196 ±
10 MPa, 10.73 ± 0.28 GPa and 0.43 ± 0.03, respec-
tively. The axial and occlusal thickness of the crowns
are summarized in Table II. There were significant
differences in axial/occlusal thickness between the
different groups (i.e. C/0.5 vs 0.7 vs 1.0, and O/0.5
vs 1.0 vs 1.5) at any measurement points (p < 0.01). In
C0.5/O0.5f, the occlusal thickness was 0.5 ± 0.1 mm
at any measurement points (Table II). Furthermore, it
was observed that the zirconia crowns had no internal
defects, while lithium disilicate crowns showed voids
inside the crowns.

Load-to-failure test

One out of six, four of six and four of six crowns from
the group of C0.5/O1.5, C0.7/O1.5 and C1.0/O1.5,
respectively, did not fracture even at 10 kN. As shown
in Figure 3, there were significant differences
(p < 0.05) in the fracture load between the crowns
of various thickness. Based on the measurement of
crown thickness and the fracture load, multiple
regression analysis was performed and the following
statistical prediction formula was calculated. That is,
F = 3295 + 657 � A + 3465 � O
where F is the fracture load (N), A is the axial

thickness (mm) and O is the occlusal thickness (mm).
The adjusted coefficient of determination was

0.711. It was revealed that the occlusal thickness
significantly affected the fracture load (p < 0.01),
whereas the axial thickness did not (p = 0.2828). T
ab
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Although the reduction of occlusal thickness
decreased the fracture resistance of monolithic zirco-
nia crown, the fracture load of C0.5/O0.5 (5558 ±
522 N) and C0.5/O0.5f (4597 ± 532 N) was signif-
icantly higher than that of C1.0/O1.5e.max press
(3147 ± 409 N) (Figure 4). Between the two types
of monolithic zirconia crowns (V-shape and facetted
shape), C0.5/O0.5f showed significantly lower
fracture load than C0.5/O0.5.

Discussion

In the present study, the preparation of materials and
load-to-failure test were performed basically accord-
ing to the recommendation for clinically relevant pre-
clinical tests [16]. It was demonstrated that the
strength of the monolithic zirconia crowns tested
was dependent on the occlusal thickness. Further-
more, under the condition used in the present study,
the monolithic zirconia crowns tested showed higher
fracture resistance than monolithic lithium disilicate
crowns. The results suggest that monolithic zirconia
crown with reduced thickness can be applied to the
molar region. Therefore, the hypothesis was accepted.
Flexural strength as well as E-modulus and

Poisson’s ratio of die materials has been considered
important for the fracture resistance of all-ceramic
crowns [17–19]. It has been suggested that a low E-
modulus of the die material (10–14GPa) as compared
to ceramics (70–220 GPa) may be more accurate in
terms of deformation since it will closer match the
value of human dentin. In the present study, the
elastic properties were in the range of those reported
in earlier studies on resin-based polymer materials

[17,18]. The Poisson’s ratio of the die material in use
(0.43) was found to be close to that of wet (i.e. vital)
dentin (0.38–0.45) [20,21]. It should be remembered
though that the determination of the Poisson value is
liable to variations due to different dentin conditions
(dry–wet) and strain rates. In theory a high Poisson’s
ratio may result in crack formation close to the crown
margins due to compression-induced expansion of
the die material. That was not seen in the present
study. A logical conclusion must be that the mono-
lithic zirconia used was able to withstand the devel-
oped stress without fracturing.
There were significant differences in the axial and

the occlusal thickness between the different groups
according to the micro-CT analysis. Since other para-
meters, such as the crown shape and the height of the
axial wall, which is known to influence the fracture
resistance of posterior all-ceramic crowns [22], were
standardized, it is considered that the difference in
fracture load for each type of the monolithic zirconia
crowns were related to the crown thickness. Another
finding from the micro-CT analysis was that pressed
lithium disilicate crowns contained several voids while
the CAD/CAM made zirconia crowns did not.
In the load-to-failure test, some of the monolithic

zirconia crowns with occlusal thickness of 1.5 mm
were not fractured even at 10 kN. This results is
consistent with a previous report wherein
Beuer et al. [23] demonstrated that 11 out of
12 monolithic zirconia crowns did not fail at
10.5 kN. Their dies imitating tooth 46 with
1.2 mm chamfer preparation and 1.5 mm occlusal
reduction seemed comparable to C1.0/O1.5 dies used
in the present study.
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Figure 4. Comparison of fracture load of monolithic zirconia crown
with reduced thickness (C0.5/O0.5 and C0.5/O0.5f) with that of
lithium disilicate crown (C1.0/O1.5e.max press). Each value repre-
sents the mean with SD (n=6).
** p < 0.01.
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Based on the multiple regression analysis, the
occlusal thickness significantly affected the fracture
resistance. It is known that the occlusal thickness of
all-ceramic crowns is one of the primary factors influ-
encing stress and fracture resistance [24,25]. For the
monolithic zirconia crowns tested in the present
study, an increase in occlusal thickness with 1 mm
resulted in an augmented fracture load with 3465 N
according to the multiple regression analysis. There-
fore, even for patients with high loading forces, only a
small increase in occlusal thickness of a monolithic
zirconia crown will probably contribute to a sufficient
increase in fracture resistance.
Contrary to the occlusal thickness, the axial thick-

ness of monolithic zirconia crown did not significantly
affect the fracture resistance. This finding is in accor-
dance with previous studies on leucite-reinforced
glass-ceramic crowns [26,27]. However, when a
load is applied at a different angle to the tooth axis,
the axial thickness might affect the fracture resistance.
It was demonstrated that lithium disilicate crowns
with a wall thickness of 0.5 mm showed significantly
lower fracture resistance than those with wall thick-
nesses of 1.0 and 1.5 mm when loaded with a tilt of
30� to the tooth axis [28]. Although further studies are
needed to reach a conclusion, based on the present
study it might be recommended that the axial wall
should be prepared with a slight chamfer (e.g.
0.5 mm) when monolithic zirconia is used for crowns.
A recent systematic review found a high survival

rate for lithium disilicate single crowns (the 5-year
cumulative survival rate: 97.8%) [29]. In addition,
since IPS e.max could be used in a monolithic form as
in the case of monolithic zirconia crowns, they were
used as a control in the present study. Two types of
production technique for lithium disilicate restora-
tions are commercially available, one for press tech-
nique and the other for CAD/CAM (e.g. IPS e.max
press and IPS e.max CAD). Since IPS e.max press
possesses higher flexural strength (400 ± 40 MPa)
than IPS e.max CAD (360 ± 60 MPa) according to
the manufacturer’s data [30,31], the former was used
in the present study. Johansson et al. [5] compared
fracture resistance of monolithic zirconia and
monolithic lithium disilicate (IPS e.max press) after
thermo-cycling and cyclic loading. They reported
higher strength for the zirconia crowns compared to
lithium disilicate crowns with the same occlusal thick-
ness (‡1.8 mm). In the present study, although the
crowns were not subjected to thermo-cycling and
cyclic loading, the fracture load of the monolithic
zirconia crowns with an occlusal thickness of
0.5 mm were significantly higher vs the lithium dis-
ilicate crowns with an occlusal thickness of 1.5 mm.
These findings indicate that monolithic zirconia
crowns can withstand the forces in the molar region,
even with a minimal thickness of 0.5 mm. Since
zirconia has higher flexural strength (1000 MPa)

than lithium disilicate (400 MPa) [9–12], it is logic
to assume that monolithic zirconia crowns with
reduced thickness can show higher fracture resistance
than monolithic lithium disilicate crowns with regular
thickness. Limiting the occlusal reduction of the
abutment preparation would probably contribute
not only to the preservation of sound tooth substance,
but also to ensure adequate height of the axial walls of
the abutment tooth, promoting retention and resis-
tance of the crown. The result obtained that the
fracture resistance of C0.5/O0.5f crowns was signif-
icantly lower than that of C0.5/O0.5 crowns may
suggest that several stress points were generated dur-
ing load due to the shape of the surface with ridges.
This would imply that the facetted design is not the
most ideal preparation design for the ceramic crown.
In the present study, the load-to-failure test was

performedwithout any aging procedures, such as cyclic
loading, thermal cycling, thermo-mechanical cycling
and autoclave-induced low temperature degradation
(LTD). It has been demonstrated that flexural strength
of zirconia decreases when subjected to such aging
treatments [32,33]. With respect to dental zirconia
prostheses, Kohorst et al. [34] demonstrated that cyclic
loading with 1 � 106 cycles at 100 N together with 1 �
104 thermal cycles between 5–55�C significantly
decreased the fracture resistance of zirconia-based
FDPs. Since the stress distributions under cyclic load-
ing for FDPs and crowns are completely different, the
influence of such aging procedures on monolithic
zirconia crowns should be further studied. From a
mechanical perspective accounting that a 20–40%
reduction in fracture load might occur as a result of
thermo-stressed cyclic loading in a wet environment
[34] and possible effects of LTD [35], there still seems
to be a considerable strength safety margin for mono-
lithic zirconia crowns, even in situations of high biting
forces. Within the limitations of the present study, it is
suggested that monolithic zirconia crown with chamfer
width of 0.5 mm/occlusal thickness of 0.5 mm can be
used in the molar region in terms of fracture resistance.
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