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An In Vitro Comparative Study to Assess Minimal Thickness
Required for Monolithic Zirconia Crowns to Resist Fracture
under Load on Rapid Prototyped Models
Vandana Narayanan1, Vinod Narayanan2, Shivkumar A Devanarayanan3

A b s t r ac t
Aim: To evaluate and validate minimal thickness required for computer-aided designed (CAD) and computer-aided manufactured (CAM)
monolithic zirconia crowns to withstand occlusal load. The study compares two systems.
Materials and methods: Forty-eight rapid prototype die models with varying occlusal reductions were fabricated. Group I samples had an axial
wall height of 7.0 mm with occlusal reduction of 0.5 mm, group II had axial wall height 6.5 mm with occlusal reduction 1.0 mm, group III had
axial wall height 6.0 mm with occlusal reduction of 1.5 mm. Control group IV had axial wall height 5.5 mm with occlusal reduction of 2.0 mm.
Laboratories A (Czar) and B (3M) were provided with 24 samples each, 6 samples in each group for fabricating CAD/CAM monolithic zirconia
crowns of 0.5, 1.0, 1.5, and 2 mm occlusal thickness, respectively, and cemented using resin-modified glass ionomer cement over the die models.
Samples were loaded on a universal testing machine for fracture testing. Surface topography analysis of fractured specimens was done under
the scanning electron microscope (SEM). The results were subjected to one-way analysis of variance (ANOVA) and honestly significant difference
(HSD) Tukey test to analyze statistical significance at 0.05 levels.
Results: Samples of laboratory A performed superior to laboratory B. The t test showed fracture resistance of group AI (0.5 mm) > group BII
(1.0 mm) and also group AIII (1.5 mm) > control of Lab B (2 mm).
Conclusion: Monolithic zirconia crowns showed a favorable mechanical property to withstand occlusal load with minimal tooth preparation.
The occlusal thickness of Czar with 0.5 mm is found to resist fracture under physiological masticatory load. Scanning electron microscope
revealed increased voids in the microstructure of 3M, which lead to decreased fracture resistance.
Clinical significance: Preservation of tooth structure can be considered using monolithic crowns with minimal thickness of 1 mm.
Keywords: Fracture resistance, Monolithic crowns, Non-hot isostatic pressed zirconia block, Occlusal thickness, Rapid prototyping, Scanning
electron microscope.
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I n t r o d u c t i o n
The phenomenon of bond failure and esthetic drawbacks of
porcelain fused to metal led to the invention of computer-aided
designed (CAD) and computer-aided manufactured (CAM) metalfree restorative materials. An important advantage of poly-crystal
ceramics like zirconia when compared to glass and particle-filled
glass ceramics is their increased strength. The CAD/CAM technology
enables complex shapes to be milled out of zirconia blanks where
the prepared tooth is scanned and the crown is designed prior
to milling. According to literature, the ideal tooth preparation for
monolithic zirconia crown is 2 mm of occlusal clearance, 3–4 mm
axial wall height, and a finish line of 0.5–1 mm chamfer.1–3 Teeth
do not possess the regenerative ability found in most of other
tissues. Therefore, careful attention to the amount of reduction is
imperative during tooth preparation.
The objective of this study is to evaluate the minimum occlusal
tooth reduction required for CAD/CAM designed monolithic
zirconia crowns of two systems (Czar, 3M) to resist fracture. The
null hypothesis of this study was that no difference was found in
fracture resistance between the two systems.

M at e r ia l s

a n d  M e t h o d s

Scanning and Designing
An anatomical typodont first left mandibular molar tooth (NISSIN
Dental Product Ltd, Japan) was scanned by contact probing
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method (Renishaw SP620). Data were captured in the form of
“cloud points” by TRACECUT software in less than a minute. This
was converted to produce a three-dimensional image (3D; part
modeling) with CATIA V5 software. The axial height of the scanned
mandibular molar is 7.5 mm, which is the height of a human
mandibular first molar.4 The tooth preparation was designed in such
a way that the proximal walls had a convergence of 6° with 1.2 mm
reduction in axial walls and margin of 1 mm deep chamfer (Fig. 1A).
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Figs 1A and B: (A) Designing of virtual 3D tooth preparation model for
rapid prototyping; (B) Diagrammatic representation of varying occlusal
heights in millimeters

All the line angles were rounded. The final image of the virtual
models was saved in standard template language file.

Rapid Prototype Models
A CAD file of the prepared mandibular molar tooth was imported
to the rapid prototyping machine (Stratasys FORTUS 900mc, USA)
for generating die models of mandibular molar teeth. To evaluate
fracture resistance, a dimensionally stable standard die with
the strength of nearing natural dentine (69.9 MPa)5 is essential.
Polyetherimide resin—ULTEM 9085 (Stratasys Ltd, UK) with the
tensile strength of 71.6 MPa was the material used (Fig. 2).

Grouping
From the virtual 3D model, 48 rapid first mandibular molar die
models were generated. Twenty-four samples were grouped
and sent to both the laboratories (laboratory A—Czar, laboratory
B—3M) for fabrication of CAD/CAM monolithic zirconia crowns.
Samples were grouped based on the occlusal reduction in the
following manner (Fig. 1B):
•
•
•
•
•
•
•
•

Group AI (n = 6) had a crown height of 7.0 mm and occlusal
reduction of 0.5 mm.
Group BI (n = 6) had a crown height of 7.0 mm and occlusal
reduction of 0.5 mm.
Group AII (n = 6) had a crown height of 6.5 mm with occlusal
reduction of 1.0 mm.
Group BII (n = 6) had a crown height of 6.5 mm with occlusal
reduction of 1.0 mm.
Group AIII (n = 6) had a crown height of 6.0 mm with occlusal
reduction of 1.5 mm.
Group BIII (n = 6) had a crown height of 6.0 mm with occlusal
reduction of 1.5 mm.
Control group AIV (n = 6) had a crown height of 5.5 mm with
occlusal reduction of 2.0 mm.
Control group BIV (n = 6) had a crown height of 5.5 mm with
occlusal reduction of 2.0 mm.

Fabrication of CAD/CAM Monolithic Zirconia Crowns
Contrast-sprayed die models were scanned at laboratory A (Czar)
using Dental Wings series 5 (Dental Wings Inc., Canada) and
184

Fig. 2: Fabrication of rapid prototyped models

laboratory B (3M) with 3M ESPE LAVA™ Scan ST. With the inbuilt
CAD software, the complete contour molar crowns of varying
occlusal thicknesses of 0.5, 1.0, 1.5, and 2.0 mm were designed for
the respective die groups.
In laboratory A, milling process was performed with Yenadent
D-40 milling unit (Yenadent Ltd, Istanbul, Turkey). Laboratory
B used LAVA™ CNC 500 milling unit for milling zirconia blank.
Non-hot isostatic pressed (HIPed) zirconia blocks were used.
Crowns fabricated in laboratory A were sintered in Zirconofen 600/
V2 (Zircon Zahn, Atlanta) sintering machine at 1,500°C for 8 hours,
and crowns of laboratory B were sintered in 3M LAVA™ furnace 200
for 9 hours at 1,450°C according to the manufacturer.
The occlusal thickness was checked and cross verified by
two Iwanson gauges. The fit of the crown was checked under
a microscope at 50× magnification (Dewinter Technologies)
for marginal fit. To increase the mechanical bonding for
cementation, the intaglio surface of the crowns was sandblasted
at 3 bars with 50 μ aluminum oxide and then the crowns were
rinsed and dried. Glazing was done with A2 stain on all 48 crowns
at a temperature of 750°C in Programat 500 furnace (Ivoclar
Vivadent, USA).

Mounting of the Dies
Ney’s surveyor was used for axial alignment of the dies for mounting
into the acrylic block.6 The sintered zirconia crowns were cemented
using resin-modified glass ionomer cement (RelyX™ 3M/ESPE, USA)
onto their corresponding mounted dies. A custom-made cementing
jig was used to ensure that the crown was loaded centrally during
cementation at a force of 50 N for 10 minutes.7,8 A2 samples were
stored in distilled water at room temperature for 24 hours to assure
hydration and to simulate the oral environment.8

Fracture Testing
One layer of 1 mm thick polyethylene vacuum forming foil (EasyVac) was placed between the occlusal surface of the crown and
the custom-made 6 mm diameter stainless steel piston to achieve
a homogenous stress distribution.7 The samples were occlusally
loaded, using a universal testing machine with a crosshead speed
distribution of 1 mm/minute (INSTRON 3382, London, UK) (Fig. 3).
Fracture was defined as the occurrence of visible cracks or chipping
in combination with load drops and acoustic events (Fig. 4). The
peak load was recorded for each sample.
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Fig. 3: Testing for fracture resistance under universal testing machine

Fig. 4: Fractured specimens

Table 1: ANOVA and Tukey HSD tests fracture strength of zirconia crowns—Czar laboratory A
System
Czar

Between groups
Within groups
Total

Sum of squares
49953810.906
1776439.139
51730250.045

df
3
20
23

Mean square
16651270.302
88821.957

F
187.468

p value
0.000

Dependent variable: fracture strength of zirconia crowns
Multiple comparisons
System
Czar

(I) thickness
Control (2 mm)

AIII (1.5 mm)

AII (1.0 mm)

AI ( 0.5 mm)

(J) thickness
AIII 1.5 mm
AII 1.0 mm
AI 0.5 mm
Control
AII 1.0 mm
AIII 0.5 mm
Control
AIII 1.5 mm
AI 0.5 mm
Control
AIII 1.5 mm
AII 1.0 mm

Mean difference (I − J)
1549.2067 (*)
2828.4067 (*)
3857.4100 (*)
−1549.2067 (*)
1279.2000 (*)
2308.2033 (*)
−2828.4067 (*)
−1279.2000 (*)
1029.0033 (*)
−3857.4100 (*)
−2308.2033 (*)
−1029.0033 (*)

Std. error
172.06777
172.06777
172.06777
172.06777
172.06777
172.06777
172.06777
172.06777
172.06777
172.06777
172.06777
172.06777

p value
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

*The mean difference is significant at the 0.05 level

Scanning Electron Microscope
The fractured specimens were gold sputtered (Quarum, Q150RSEngland) for 120 seconds to visualize the surface topography of
the fractured crowns under SEM. Scanning electron microscope
was used to observe the reason for crack propagation (Carl Zeiss,
Germany).

Statistical Analysis
The data so obtained were compiled systematically and subjected
to statistical analysis using ANOVA and Tukey’s test. Student’s t test
was used to analyze the variation between the groups.

R e s u lts
•

As the thickness increased, the fracture resistance of laboratory
A material also increased, with highest fracture resistance for the

•

control group (5337.8250 N), followed by group AIII (3788.6183
N), AII (2509.4183 N), and AI (1480.4150 N).
As the thickness increased, the mean fracture resistance of
laboratory B material also increased with highest fracture
resistance for the control group (3899.4433 N), followed by
group BIII (3218.2900 N), BII (1768.3633 N), and BI (951.5133 N).

Both ANOVA and Tukey’s HSD (post hoc) (Tables 1 and 2) were
employed to compare the groups pairwise based on mean values
since p value was less than 0.05 (5% level of significance), and the
null hypothesis was proven wrong. The test favored the alternative
hypothesis that a significant difference was observed in fracture
resistance of laboratory A (Czar) and laboratory B (3M) monolithic
zirconia crowns fabricated with various thickness. Table 3 and
Figure 5 show that the fracture resistance of laboratory A performs
better than that of laboratory B.
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Table 2: ANOVA and Tukey HSD tests fracture strength of zirconia crowns—3M laboratory B
System
3M

Sum of squares
32405356.249
1441099.470
33846455.719

Between groups
Within groups
Total

df
3
20
23

Mean square
10801785.416
72054.974

F
149.910

p value
0.000

Dependent variable: fracture strength of zirconia crowns
Multiple comparisons
System
3M

(I) thickness
Control (2 mm)

BIII (1.5 mm)

BII (1.0 mm)

BI (0.5 mm)

(J) thickness
1.5 mm
1.0 mm
0.5 mm
Control
1.0 mm
0.5 mm
Control
1.5 mm
0.5 mm
Control
1.5 mm
1.0 mm

Mean difference (I − J)
681.1533 (*)
2131.0800 (*)
2947.9300 (*)
−681.1533 (*)
1449.9267 (*)
2266.7767 (*)
−2131.0800 (*)
−1449.9267 (*)
816.8500 (*)
−2947.9300 (*)
−2266.7767 (*)
−816.8500 (*)

Std. error
154.97846
154.97846
154.97846
154.97846
154.97846
154.97846
154.97846
154.97846
154.97846
154.97846
154.97846
154.97846

p value
0.001
0.000
0.000
0.001
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

*The mean difference is significant at the 0.05 level

Table 3: Comparison between the mean fracture resistances of two
systems
System

Thickness
Control
1.5 mm
1.0 mm
0.5 mm

Czar laboratory A

3M laboratory B

Fracture strength of
zirconia crowns (n)
5337.8250
3788.6183
2509.4183
1480.4150

Fracture strength of
zirconia crowns (n)
3899.4433
3218.2900
1768.3633
951.5133

Fig. 5: Graphical representation between the two systems

The t test (Table 4) inferred that the fracture resistance of 0.5
mm occlusal thickness of laboratory A (1480.415 N) and 1 mm of
laboratory B (1768.363 N) were compared an insignificant difference
(p value is >0.05) was observed. Similarly 1.5 mm of laboratory
186

A (3788.618 N) to the control 2 mm of laboratory B (3899.443 N)
also showed insignificant difference (since p value is >0.05), which
indicates that the fracture resistance of laboratory A (Czar) at
lower occlusal thickness is greater than the occlusal thickness of
laboratory B (3M).

D i s c u s s i o n
In this study, the ideal cervico occlusal length of 7.5 mm was
considered for first left mandibular crown as given by Ash and
Nelson.4 To standardize the molar tooth anatomy, a typodont tooth
was scanned and the 3D virtual model designing was performed.
The tooth preparation in the present study was designed by CAD
software in accordance with the previous studies,9,10 such that the
proximal walls each had 6° taper and the axial walls were reduced
by 1.2 mm. Bonfante11 stated that fracture resistance of chamfer
margin was more than shoulder margin because the chamfer
margin has a curve and round internal angle which leads to more
marginal fit and spreads the load better. So the finish line of the
virtual model was designed with 1 mm deep chamfer and all the
line angles were rounded.
Restoring the mandibular first molar was considered because
the maximum biting force (300–600 N) in natural dentition is in
the first molar region.3,12,13 Braun et al.14 and Hylander15 measured
1,000 N as the critical load on the first molar during the normal
human oral function. In a study conducted by Hattori et al.,16 the
magnitude of the bite force varied from 246.9 to 2091.9 N, with a
median of 776.7 N. It has been reported by Waltimo et al.17 that
patients with bruxism or clenching exert a supraphysiological force
on their teeth. Such patients have an increased possibility of crown
fracture. Waugh18 reported clenching forces up to 1547 N (348 lbs) in
the Alaskan Eskimo. A world record clenching force of 4333 N (975
lbs) was recorded for a man with a clenching habit.19
A study by Yucel et al.20 suggests that the modulus of elasticity
of the supporting die structure may have a significant effect on the
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Table 4: t test comparison between Czar and 3M
3M laboratory B
p values (t test)
Czar laboratory A

Control A
AIII 1.5 mm
AII 1 mm
AI 0.5 mm
Mean n (3M)

Control B
0.000
0.386
0.000
0.000
3899.443

BIII 1.5 mm
0.000
0.003
0.006
0.000
3218.29

BII 1 mm
0.000
0.000
0.004
0.160
1768.363

BI 0.5 mm
0.000
0.000
0.000
0.012
951.5133

Mean n (Czar)
5337.825
3788.618
2509.418
1480.415

Figs 6A to D: (A) SEM micrograph of laboratory A specimen shows absence of voids (10.53 KX); (B) SEM micrograph of laboratory B specimen
shows cluster of multiple voids (10.64 KX); (C) SEM micrograph of laboratory A specimen shows absence of voids (18 KX); (D) SEM micrograph of
laboratory B specimen shows cluster of multiple voids (18 KX)

ability of the model to accurately reflect the clinical conditions. To
obtain realistic fracture strength values, materials with a modulus
of elasticity closer to human dentine must be used rather than a
metal die. Inoue et al.21 reported tensile strength of mineralized
dentine ranged 99.8 ± 27.9 MPa when loaded perpendicular to
the tubule axis. Nishitani et al.5 stated that the elastic modulus
of normal dentine is 69.9 MPa. Standardization of die models was
done by rapid prototyping of ULTEM (ISO10993, FDA) material as
the modulus of elasticity (71.6 MPa) was closer to human dentine.
Langeland22 stated that full crown preparation with diamond
points at ultra-high speed cannot be carried out without causing
some trauma to the dentine and pulp. Hence, it is important to
implement conservative preparation of the tooth, so that minimum

thickness of the crown can withstand masticatory load. From a wide
array of tooth-colored materials available for full coverage, zirconia
is the latest and strongest material. Zirconia has flexural strength
ranging from 900 to 1,200 MPa23 and compressive strength of
2,000 MPa.24 But the minimum thickness required for monolithic
zirconia crown to withstand occlusal load needs to be analyzed
and identified, so as to clinically perform minimal tooth reduction.
This in vitro study was aimed at comparing the fracture
resistance of two monolithic zirconia crown materials with an
occlusal thickness of 0.5, 1.0, 1.5, and 2.0 mm. Both systems used
the same manufacturing protocol with non-HIPed zirconia blocks.
Conventional glass ionomer cement has low tensile strength and
fracture toughness, and they are susceptible to attack by moisture
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during the initial setting period25–27 and hence resin-modified
glass ionomer cement with a molecular bonding ability was used
in the study. During fracture testing, a layer of 1 mm thickness
polyethylene vacuum-forming foil was placed between the occlusal
surface of the crown and the piston to achieve a homogenous
stress distribution.7 Soares et al.6 in his study concluded that
periodontal ligament simulation has a greater influence on the
fracture direction rather than on the fracture load values. Hence,
in this study no periodontal ligaments (PDL) simulation was done
and the specimens were mounted in acrylic, representing alveolar
bone. Specimens with 2 mm thickness crowns were taken as the
control group.28
This study evaluated the fracture resistance under static load.
The mean fracture strength of the two manufacturers showed that
laboratory A (Czar) had better fracture resistance when compared
to laboratory B (3M). As the thickness of the crown increased, the
fracture resistance to load also increased.
To the question, what is the minimum thickness required for
the monolithic zirconia crown for withstanding the occlusal load,
the answer that can be inferred within the limitations of this study
is as follows:
•
•

•

While considering the previous studies on masticatory load,
the mean limit of fracture resistance for a posterior restorative
material to survive clinically can be set at 1,000 N.15,16
Considering that AI of Czar with 0.5 mm occlusal thickness
(1480.4150 N) is adequate to take up the normal occlusal load
but there is a high risk of fracture for BI of 3M (951.5133 N) since
its mean fracture resistance is below the mean masticatory load.
For patients with bruxism, greater occlusal thickness of zirconia
crowns is indicated. In this situation, a minimal requirement can
be accomplished with AII (1.0 mm) as its fracture resistance is
2509.41 N and group BII with 1768.36 N, which is higher to the
mean clenching force (1,547 N) reported in Bruxers.18

In this study, the fracture resistance of laboratory A was
significantly different from laboratory B (p value is less than 0.05).
Hence, the fractured specimens were further studied under SEM
for surface topography analysis. At greater magnification, the 3M
specimens showed multiple voids near the fracture line. This could
be one of the reasons for its decreased strength when compared
to Czar (Fig. 6).
It is necessary to specify that the testing in this study was
performed under static load. Intraorally, teeth are subjected
to multiple loading and varying thermal environment during
mastication and hence further mouth motion fatigue testing can
be explored to closely simulate clinical condition. Further study can
be performed with resin cement to evaluate whether the cement
causes any characteristic change in the mechanical property and
the type of fracture of the monolithic zirconia crowns.

C o n c lu s i o n
Within the limitations of this study, the following conclusion can
be drawn:
•
•
•

Monolithic zirconia crown shows a favorable mechanical
property to withstand posterior occlusal load with minimal
tooth preparation.
Occlusal thickness of 0.5 mm Czar is found to resist fracture
under physiological masticatory load.
Monolithic zirconia crown of 1 mm and above occlusal thickness
should be considered for patients with parafunctional habit.
188
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