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PURPOSE. The aim of this in vitro study was to investigate the fracture resistance under chewing simulation of 
implant-supported posterior restorations (crowns cemented to hybrid-abutments) made of different all-ceramic 
materials. MATERIALS AND METHODS. Monolithic zirconia (MZr) and monolithic lithium disilicate (MLD) 
crowns for mandibular first molar were fabricated using computer-aided design/computer-aided manufacturing 
technology and then cemented to zirconia hybrid-abutments (Ti-based). Each group was divided into two 
subgroups (n=10): (A) control group, crowns were subjected to single load to fracture; (B) test group, crowns 
underwent chewing simulation using multiple loads for 1.2 million cycles at 1.2 Hz with simultaneous 
thermocycling between 5°C and 55°C. Data was statistically analyzed with one-way ANOVA and a Post-Hoc 
test. RESULTS. All tested crowns survived chewing simulation resulting in 100% survival rate. However, wear 
facets were observed on all the crowns at the occlusal contact point. Fracture load of monolithic lithium 
disilicate crowns was statistically significantly lower than that of monolithic zirconia crowns. Also, fracture load 
was significantly reduced in both of the all-ceramic materials after exposure to chewing simulation and 
thermocycling. Crowns of all test groups exhibited cohesive fracture within the monolithic crown structure only, 
and no abutment fractures or screw loosening were observed. CONCLUSION. When supported by implants, 
monolithic zirconia restorations cemented to hybrid abutments withstand masticatory forces. Also, fatigue 
loading accompanied by simultaneous thermocycling significantly reduces the strength of both of the all-ceramic 
materials. Moreover, further research is needed to define potentials, limits, and long-term serviceability of the 
materials and hybrid abutments. [ J Adv Prosthodont 2018;10:65-72]
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INTRODUCTION

With the availability of  computer-aided design/computer-
aided manufacturing (CAD/CAM) technique and the intro-
duction of  the high strength all-ceramic materials, the ten-
dency towards replacing the metal-ceramic restorations with 
the highly aesthetic all-ceramic materials is increasing.1,2 
While the use of  some all-ceramic materials has been nar-
rowed down mainly due to inaccurate fitting3, the use of  zir-
conia and lithium disilicate ceramics has increased in recent 
years. Restorations made from these materials have demon-
strated successful short- and medium-term survival rates 
under clinical performance.4-6
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Titanium has been the popular option for abutments in 
the posterior region because of  its favourable mechanical 
properties.7,8 However, there is also a trend to substitute 
titanium with all-ceramic materials, i.e. Al2O3 and ZrO2, to 
provide patients with a more aesthetically pleasing restora-
tion.9,10 In both in vitro and in vivo studies, zirconia has been 
investigated as an abutment material and has shown both 
strength and biocompatibility needed for an abutment.11-13 
In addition, zirconia abutments can be customized and fab-
ricated using the CAD/CAM technology, adding simplicity, 
efficiency and reducing cost and time.14,15

The hybrid-abutment approach is a combination of  
strength and aesthetics. However, it is still relatively new in 
implant dentistry. The all-ceramic hybrid-abutment crown 
system is made of  three components: a) an all-ceramic 
crown, b) an all-ceramic abutment, and c) a Ti-base abut-
ment. Clinical studies by Lin et al.16 and Hornbrook17 and 
Traini et al.18 suggested the use of  hybrid abutments as an 
adequate approach to enhance aesthetics in the anterior 
region for single all-ceramic crowns. The combination of  
monolithic lithium disilicate crowns with a Ti-base (hybrid 
crowns) was also considered a reliable and cost effective 
approach in the posterior region.19

Few in vitro studies have looked at the use of  hybrid 
abutments and their influence on the fracture resistance of  
all-ceramic crown.20-24 Stimmelmayr et al.24 reported that 
titanium abutments and hybrid abutments exhibited compa-
rable mechanical properties. On the other hand, other stud-
ies showed that crown structure,22 all-ceramic crown materi-
al22 and the abutment material,20 and manufacturer and 
design23 all have proven to have an influence on the fracture 
resistance of  all-ceramic crowns.

Current literature provides only limited information on 
the fracture resistance of  crowns supported by hybrid-abut-
ments. Therefore, the aim of  this study was to investigate 
fatigue resistance and post-fatigue fracture load of  all-
ceramic crowns in hybrid-abutment system. This study 
adopted a clinically relevant mechanical testing to investi-
gate the fracture resistance of  implant-supported posterior 
restorations (crowns cemented to hybrid-abutment) under 
chewing simulation. The null hypothesis was that there 
would be no difference in fracture load between the zirconia 
and lithium disilicate crowns when cemented to a zirconia 
hybrid-abutment and supported by dental implants. We also 
hypothesized that fatigue, manifested by chewing simulation 
and thermal cycling, would have no significant effect on the 
all-ceramic materials fracture load.

MATERIALS AND METHODS

Forty Ankylos implants (Ankylos C/X, DENTSPLY-Friadent 
GmbH, Mannheim, Germany) with a diameter of  5.5 mm, 
and Internal Ankylos compatible titanium base (Ti-Base) 
abutments (Dess, Dental Smart Solutions, Montcada, Spain) 
of  1.00 mm hex screw, 4 mm height, and 0° angulations 
were used for this study. The forty implants were divided 
into two groups (n = 20) according to the monolithic all-

ceramic crown material to be tested, namely monolithic zir-
conia (MZr) and monolithic lithium disilicate (MLD).

CAD/CAM technology was used for the fabrication of  
both the zirconia abutments and the monolithic all-ceramic 
crowns. Using a dental laboratory scanner (3Shape, Copenhagen, 
Denmark), AnkylosScanBase was used to obtain the Ti-Base 
geometry needed to design Zr abutments (Zenostar, Ivoclar 
Vivadent, Lichtenstein, Germany) with 1.0 mm depth 
shoulder. With the split file technology, a monolithic crown 
was also designed according to the manufacturer’s recom-
mendations for thickness of  full contour crowns (1.0 mm 
circular, 1.5 mm occlusal). The CAD file was transferred to 
a 5-axis milling machine (ZENOTEC select, Wieland 
Dental, Lindenstraße, Germany) to mill 40 Zr abutments 
and 20 MZr crowns using pre-sintered Zr discs (Zenostar 
Zr, Wieland Dental, Germany). A wet milling machine 
(ZENOTEC select hybrid, Wieland Dental, Lindenstraße, 
Germany) was used to mill the 20 MLD crowns (IPS e.max-
CAD for Zenotec, Wieland Dental, Germany). Zr struc-
tures (abutments & MZr) were sintered in a Programat S1 
furnace (Ivoclar Vivadent, Schaan, Liechtenstein) (Fig. 1), 
while MLD crowns were crystallized in a Programat EP 
3010 furnace (Ivoclar Vivadent, Schaan, Liechtenstein). 
Both the sintering and the crystallization conditions are list-
ed in Table 1, Table 2. Upon completion of  sintering and 
crystallization, abutments and monolithic crowns were 
checked for fitting followed by glazing of  the crowns 
according to the manufacturer’s instructions.

Fig. 1.  Sintering of Zr structures in a Programat S1.
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To prepare the crowns for chewing simulation, specimen 
holders were fabricated to ensure fitting to the chewing sim-
ulators’ sample cup and to standardize the positioning of  
the implants across all the test groups (Fig. 2). To position 
implants and create a negative replica of  the sample cup, 
implants were screwed into a heavy putty (Coltene Whaledent, 
Altstätten, Switzerland) to the desired perpendicular posi-
tion and to the horizontal plane up to the first thread in 
order to simulate clinical procedures. Afterwards, the nega-
tive replica of  Ti-Base abutment screwed to implant were 

positioned in a cup, and silicone duplicate material (Exaktosil 
N21, Bredent) was poured to create the positive replica of  
the sample cup and was left to set in a pressure pot to avoid 
porosity. Finally, acrylic resin (Palapress vario, Heraeus 
Kulzer, Wehrheim, Germany) was poured in the mold and 
upon setting was checked in the original chewing simulation 
sample cup for fitting. The base was made using acrylic res-
in; it has a modulus of  elasticity of  approximately 12 GPa, 
which is similar to that of  human bone (18 GPa).25

To assemble all components, Ti-Base abutments were 

Table 1.  Sintering conditions for zirconia structures in Programat S1 furnace

Temperature 1 (°C) Temperature 2 (°C) Heating rate (°C/h) Holding time (h)

Heating phase 20 900 600 -

Holding phase 900 900 - 0.5

Heating phase 900 1450 200 -

Holding phase 1450 1450 - 2

Cooling phase 1450 900 600 -

Cooling phase 900 300 500 -

Table 2.  Crystallization conditions for lithium disilicate structures in Programat EP 3010

B (°C) S (mm:ss) t↑ (°C/min) T (°C) H (hh:mm:ss) V1 (°C) V2 (°C) L (°C)

IPS e.max CAD 
Crystallization

403 06:00 90 830 00:10 550 830 710

B: standby temperature, S: closing time, t↑: temperature increase, T: holding temperature, H: holding time, V1: vacuum on, V2: Vacuum off, L: long-term cooling

Fig. 2.  Fabrication of sample holder (A) Implant positioning and the CS sample cup duplication to create a negative 
replica of the sample cup, (B & C) Creating the positive replica of the sample cup, (D) The positive sample cup replica 
with implant and Ti-Base abutment inverted, (E) Acrylic resin poured in the mold and checked in the original chewing 
simulator sample cup for fitting.

A B

C D

E
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screw tightened on the implants with a torque wrench driver 
(Dentsply-Friadent GmbH, Mannheim, Germany) to 20 N/
cm. The abutment access hole was filled with a temporary 
restorative material (Fermit N; Ivoclar Vivadent AG, 
Schaan, Liechtenstein). All Zr abutments were then cement-
ed to the Ti-Base abutment using a self-curing dental luting 
composite (Multilink Hybrid Abutment, Ivoclar Vivadent, 
Schaan, Liechtenstein) according to the manufacturer’s 
instructions. 24 hours later, both MZr and MLD crowns 
were cemented to the Zr abutments using Multilink Automix 
(Ivoclar Vivadent, Schaan, Liechtenstein) according to the 
manufacturer’s instructions. All specimens were stored at 
37°C in distilled water for a minimum of  7 days prior to 
testing to ensure overall hydration of  both the cement and 
the embedding material.26

Each group was divided into two subgroups (n = 10): a) 
in control group, crowns were subjected to single load to 
fracture (SLF) using a universal testing machine (Model 
LRX; Lloyds Instrument, West Sussex, UK) and b) crowns 
underwent fatigue by means of  chewing simulation (CS) 
(CS-4.8; SD Mechatronik GmbH, Feldkirchen-Westerham, 
Germany) for 1.2 million cycles prior to the SLF test.

Crowns underwent CS for 1,200,000 cycles with a 6-mm 
diameter stainless steel spherical indenter, according to the 
following protocol; 50 N for 250,000 cycles, followed by 
100 N for 500,000 cycles, and finally 50 N for another 
450,000 cycles with a loading frequency of  1.2 Hz. This 
loading protocol simulates 5 clinical years; according to pre-
vious studies, 250,000 cycles were used to simulate one year 
of  clinical service.25 To simulate natural masticatory func-
tion, articulating paper was used to position indenters 0.5 
mm lingual to the disto-buccal cusp tip and sliding 0.3 mm 
lingual27 to the central fossa with a mouth opening of  6 
mm. During testing, each crown was subjected to simultane-
ous thermal cycling between 5°C and 55°C in distilled water 
resulting in 5118 thermal cycles with 60 s dwell time for 
each cycle and 15 s pause time to empty the chambers. Each 
crown was checked for any cracks, chipping or fractures at 
the end of  each loading stage using an endodontic optical 
microscope at 12×.

A jig with a sample cup similar to that of  the chewing 
simulator was specifically designed for the SLF testing (Fig. 
3A) to ensure stability of  the samples during testing. All 
crowns of  the control group, as well as those surviving CS, 
were then subjected to SLF test in the universal testing 
machine (Lloyds Instrument Model LRX, Fareham, England). 
Load was vertically applied at the triangular ridges of  both 
lingual cusps and disto-buccal cusps using 6-mm diameter 
spherical stainless steel indenter at a crosshead speed of  1 
mm/min28 until failure (Fig. 3B). The fracture load of  SLF 
test for all the groups were recorded in N.

One crown from each group was randomly selected to 
be examined using Scanning Electron Microscopy (SEM) 
(Joel, JCM-5000 NeoScope, Tokyo, Japan) to evaluate frac-
tured surfaces. Crowns were sputter coated with gold (Leica 
EM SCD050, Wetzlar, Germany) to a thickness of  approxi-
mately 15 nm prior to imaging. 

Data was analyzed using the SPSS statistical software 
(version 22.0, IBM, Chicago, IL, USA). All-ceramic materi-
als and testing regimes, as well as the loads at fracture for 
each group were registered and descriptive statistics (mean 
and standard deviation (SD)) was performed. To evaluate 
statistical significance among the groups, a one-way analysis 
of  variance (ANOVA) was conducted, followed by LSD 
Post-Hoc test (two-tailed). All the statistical analysis was 
performed with significance level set at 5%.

RESULTS

This study showed that all crowns (MZr and MLD) sur-
vived the CS testing, resulting in 100% survival rate. 
However, wear facets were observed in all crowns at the 
occlusal contact point (Fig. 4). Not being the focus of  this 
study, wear facets did not undergo further investigations.

Fracture load mean and SD of  all groups are presented 
in Fig. 5. Generally, the mean fracture loads of  MLD 
crowns were lower than those of  the MZr group. In each 
ceramic group, the un-fatigued crowns had higher fracture 
load mean than that of  the fatigued crowns; the mean frac-
ture load of  the MZr control group was 3929.5 ± 491.4 

Fig. 3.  (A) A jig especially designed for SLF testing, (B) 
Position of indenter during SLF testing.

A B

Fig. 4.  Wear facets visible on the disto-buccal cusp of 
tested crowns after CS (arrows) using an endodontic 
microscope at 12×; (A) MZr, (B) MLD.

A B
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compared to 3131.5 ± 714.3 of  the fatigued group. MLD 
control group and fatigued MLD recorded mean fracture 
loads of  2077.4 ± 99.6 and 1646.2 ± 211.7, respectively.

One-way ANOVA analysis showed significant differenc-
es between MZr and MLD groups and within the sub-
groups. LSD Post-Hoc tests showed a significant difference 
in fracture load between MZr control and MLD control (P 
≤	 .05).	Within	 each	 ceramic	 group,	 significant	 differences	
were shown between the control group and the fatigued 
group (P	≤	.05	in	both	MZr	and	MLD	groups).

Both MZr and MLD crowns exhibited cohesive fracture 
mode within the monolithic crown structure only. Both 
materials showed different fracture pattern with different 
numbers of  fracture fragments (Fig. 6). None of  the zirco-
nia abutments were fractured upon completion of  SLF test-
ing of  both groups.

SEM imaging showed the presence of  hackles in both 
MZr and MLD fractured surfaces, which indicates the ori-
entation of  crack as shown in Fig. 7.

DISCUSSION

This study focused on implant-supported restorations using 
the hybrid abutment concept.16-18,29 Results of  this study 
showed that implant-supported monolithic crowns made of  
zirconia had significantly higher fracture resistance com-
pared to the monolithic crowns made of  lithium disilicate 
material. The results also suggested that fatigue application 
caused significant reduction in the fracture resistance of  
both of  the all-ceramic groups. These findings rejected the 
null hypothesis that there would be no significant difference 
in fracture load and fatigue resistance between monolithic 
zirconia and lithium disilicate implant-supported crowns 
used in combination with zirconia abutment cemented to 
Ti-Base. 

To the authors’ knowledge, this work is the first to 
report on this combination of  materials, designs, and testing 
protocol in an in vitro context. Therefore, comparing the 
findings of  the current study to the findings of  published 
work should be made with caution.

Prior to releasing a material for clinical use, in vitro tests 
are necessary to prove materials’ performance and applica-
bility. Such tests can be performed in a short period of  time 
with a standardized test parameters,30 and its results are 
more clinically relevant when the tests closely simulate the 
clinical conditions.31 Our results confirmed that chewing 
simulation over 5 years had an impact on the fracture 
strength of  different all-ceramic crown systems when sup-
ported by implants. Mechanical stress and wet environment, 
“hydrothermal stress” in particular, can accelerate the aging 
of  zirconia structures. Aging of  zirconia, also termed as 
“low temperature degradation” (LTD),32 is a phenomenon 
where crystals slowly transform from the stable tetragonal 
phase to the less stable monoclinic phase in the absence of  
any mechanical load.33,34 Various factors cause aging, such as 
grain size35, residual stress, as well as stabilizer type and con-
tent.33 Surface defects, processing and finishing techniques, 
as well as vapor and temperature also play a key role in 
aging of  any zirconia structure.34,36

Fig. 6.  Fracture pattern for the two tested groups after SLF 
(A) MZr; fracture along the mesiodistal plane and the 
lingual developmental groove, (B) MLD; fracture along 
the mesiodistal plane.

A B

Fig. 7.  Representative SEM images after fracture 
resistance testing showing hackles in both (A) MZr and 
(B) MLD.

A B

Fig. 5.  Descriptive statistics of fracture load in Newtons 
for MZr and MLD.
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Due to the material properties and geometry, monolithic 
crowns milled from zirconia perform well when used in the 
molar region and supported by implants.37 de Kok et al. 
reported that where only SLF was used, the highest load to 
fracture was observed for monolithic zirconia crowns, fol-
lowed by lithium disilicate crowns, when cemented to a pre-
fabricated titanium abutment.38 When monolithic crowns 
made of  zirconia and lithium disilicate were compared, zir-
conia was superior to lithium disilicate in terms of  fracture 
strength.37,39 The present study showed that monolithic zir-
conia restorations had significantly higher fracture resis-
tance compared to monolithic lithium disilicate crowns. 
Kelly reported that strong highly crystalline ceramics has 
more opaque appearance and less translucency compared to 
aesthetic ceramics.40 It is also known that ceramic materials 
strength declines when exposed to mechanical loading; this 
usually cause subcritical crack propagation initiated by 
humid environment of  the artificial mouth imitating the 
oral environment.41

Using zirconia as an abutment material for implant-sup-
ported restorations has proven to be superior to other all-
ceramic materials; an in vitro study42 on the fracture resis-
tance of  all-ceramic restorations on implants revealed that 
crowns supported with ZrO2 abutments withstood higher 
load to fracture than those supported with Al2O3 abutment. 
Clinically, a 4-year result of  a prospective clinical study 
reported that abutments made of  zirconia can provide 
enough stability to support single-tooth restorations in ante-
rior and premolar regions when supported by implants 
show good response to both the soft and hard tissues.11 
Similarly, a systematic review by Sailer et al.43 have reported a 
high cumulative success rate of  zirconia implant abutments 
after 11-year follow up, in both the anterior and the posteri-
or regions.

A recent study in 2016 on implant-supported monolithic 
crowns reported that lithium disilicate crowns had generally 
a higher fracture resistance value after thermocycling 
mechanical loading (TCML) compared to polished zirconia 
reinforced lithium silicate crowns.44 However, the difference 
in fracture force values was not statistically significant. 
Straumann implant-abutment dummies were used in this 
study rather than zirconia abutments.44

Two in vitro studies on hybrid-abutments were recently 
published.21,23 Ceramic crown and lithium disilicate abut-
ment on Ti sleeve were tested in the anterior region and 
were concluded to be clinically reliable; however, success 
was limited by the abutment screw.21 Similarly, zirconia abut-
ments were tested against zirconia hybrid abutments,23 but 
load was directed on the abutments and no crowns were 
involved in the testing. Hence, results of  both studies can-
not be compared to the results of  the current study.

With regard to the failure mode observed in this study, 
crowns made of  both zirconia and lithium disilicate failed 
predominantly by bulk fracture involving the whole thick-
ness of  the crown. This mode of  fracture is the most com-
mon mechanical failure in LD restorations reported in pre-
vious in vivo45,46 and in vitro studies.47,48 In clinical context, 

radial cracks from the cementation surface propagate 
toward the occlusal surface and cause bulk fracture of  den-
tal crowns.31,49 However, bulk fracture in laboratory simula-
tion is mostly the result of  a Hertzian cone crack extension 
which extends from the surface underneath the loading 
indenter and propagates to the whole crown thickness.47 A 
previous in vitro study48 demonstrated that radial cracks at 
the cementation surface beneath the contact point did not 
occur until the cyclic loading force was increased to 1400 N. 
Therefore, the loading forces used during the cyclic loading 
in this study were not enough to generate radial cracks.

Although hybrid-abutment was suggested by Lin et al.16 
and Hornbrook17 as an adequate approach in restoring teeth 
supported by implants, there is currently little scientific 
information and clinical data on the applicability of  hybrid-
abutment concept in specific and implant-supported resto-
rations50 in general. Hence, the current study provides prac-
titioners with evidence for choosing the designs and materi-
als to protect the benefit of  their patients and potentially 
provide manufacturers with feedback regarding processing 
and design issues.

While enamel would be considered the ideal material to 
be used as an antagonist for in vitro testing of  restorative 
materials, the use of  a spherical stainless steel indenter 
instead of  natural tooth as an antagonist during the cyclic 
loading might be considered a limitation in this study. 
However, natural teeth vary in morphology and require a 
precise machining process for manufacturing which makes 
it less convenient and accurate.51 Also, using sphere antago-
nist in the in vitro cyclic loading testing was considered a 
good and adequate approach to understand the clinical flaw 
mechanism, although it is hard to predict.52

CONCLUSION

Within the limitation of  the current study, it can be con-
cluded that implant-supported monolithic zirconia restora-
tions cemented to hybrid abutments are unlikely to fracture 
and should have satisfactory clinical performance with-
standing molar masticatory forces. In addition, although the 
different aging process occurs in both zirconia and lithium 
disilicate crown materials, fatigue loading with simultaneous 
thermocycling caused aging in both of  the tested materials 
and reduced their strength significantly. Finally, clinical trials 
are important to provide the final word in the applicability 
of  the hybrid abutment concept, and current data is not 
sufficient to suggest a safe clinical serviceability. Therefore, 
further research is needed to define potential, limits, and 
long-term serviceability of  such combination of  materials 
and hybrid abutment system.
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