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Aim: To investigate and compare the fracture strength and fracture mode in eleven groups of 

currently, the most commonly used multilayer three-unit all-ceramic yttria-stabilized tetragonal 

zirconia polycrystal (Y-TZP) fixed dental prostheses (FDPs) with respect to the choice of core 

material, veneering material area, manufacturing technique, design of connectors, and radii of 

curvature of FDP cores.

Materials and methods: A total of 110 three-unit Y-TZP FDP cores with one intermediate 

pontic were made. The FDP cores in groups 1–7 were made with a split-file design, veneered 

with manually built-up porcelain, computer-aided design-on veneers, and over-pressed veneers. 

Groups 8–11 consisted of FDPs with a state-of-the-art design, veneered with manually built-up 

porcelain. All the FDP cores were subjected to simulated aging and finally loaded to fracture.

Results: There was a significant difference (P,0.05) between the core designs, but not 

between the different types of Y-TZP materials. The split-file designs with VITABLOCS® 

(1,806±165 N) and e.max® ZirPress (1,854±115 N) and the state-of-the-art design with VITA 

VM® 9 (1,849±150 N) demonstrated the highest mean fracture values.

Conclusion: The shape of a split-file designed all-ceramic reconstruction calls for a different 

dimension protocol, compared to traditionally shaped ones, as the split-file design leads to sharp 

approximal indentations acting as fractural impressions, thus decreasing the overall strength. The 

design of a framework is a crucial factor for the load bearing capacity of an all-ceramic FDP. The 

state-of-the-art design is preferable since the split-file designed cores call for a cross-sectional 

connector area at least 42% larger, to have the same load bearing capacity as the state-of-the-art 

designed cores. All veneering materials and techniques tested in the study, split-file, over-press, 

built-up porcelains, and glass–ceramics are, with a great safety margin, sufficient for clinical use 

both anteriorly and posteriorly. Analysis of the fracture pattern shows differences between the 

milled veneers and over-pressed or built-up veneers, where the milled ones show numerically 

more veneer cracks and the other groups only show complete connector fractures.

Keywords: all-ceramic FDPs, connector design radius, state-of-the-art, CAD/CAM, multilayer 

technique, veneering ceramic techniques

Introduction
Since the first ceramic dental material, that is, the porcelain jacket crown, was intro-

duced into dental practice in the 1890s, dental ceramics have undergone the most 
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development of all dental materials and are considered among 

the most promising restorative materials. The relatively high 

strength and esthetic properties of ceramic materials have cre-

ated a demand for these highly esthetic and natural-appearing 

restorations and led to an increasing use of all-ceramic 

materials in dentistry.

Yttria-stabilized tetragonal zirconia polycrystal 

(Y-TZP) was introduced in dentistry in the 1990s. Due to 

its outstanding biocompatibility, mechanical properties, 

and relative translucency, it has become one of the most 

commonly used all-ceramic core materials. The advent of 

computer-aided design and computer-aided manufacturing 

(CAD/CAM) technology has not only made it possible 

to produce all-ceramic fixed dental prostheses (FDPs) in 

materials with a higher degree of purity, previously inac-

cessible to conventional techniques, but also to produce 

them with a higher degree of accuracy.1–4 The single most 

important factor for the overall fracture strength of FDP 

cores is the design of the connector area. To achieve an 

optimal design, it is important that the design options of 

the CAD system and the milling properties of the CAM 

system allow the operator to create a structure that satisfies 

the clinical demands.5–8

Despite Y-TZP having good properties as a dental core 

material, problems arise with the veneering porcelain. 

Several laboratory and clinical studies have reported cohe-

sive failure (chip-off, and fractures) and adhesive failure 

(interfacial and fractures) in the veneering porcelain zirconia 

FDPs.9–16

Chipping of the veneering ceramic has been reported 

as the most common clinical shortcoming. The reasons 

for veneer chipping are thought to be insufficient interfa-

cial bonding, mismatch between the core and veneering 

material, or veneering techniques. To reduce the risk of 

chipping, consideration must be given to anatomical cusp 

design, veneering technique, quality, and homogeneity 

of the veneering material in addition to the coefficient of 

thermal expansion and elastic modulus of both the core and 

veneering material.17

Several studies have investigated the optimal design of 

all-ceramic Y-TZP FDP cores. Suggestions of what consti-

tutes appropriate shape and dimensions have been made 

and include a minimum thickness of the core of 0.7 mm, 

an overall smooth and rounded, anatomically shaped core, 

with allowance and support for a 0.8–2.0 mm evenly thick 

veneering material. The connector dimensions should be at 

least 3×3 mm and the gingival embrasure areas should be 

U-shaped and preferably have a radius of at least 0.90 mm. 

This design is well accepted and might be referred to as the 

state-of-the-art design for Y-TZP FDPs.7,8

To overcome the complications of chip-off fractures, 

there have been developments in the veneering materials 

of Y-TZP which now display mechanical properties, that is, 

mechanical bonding between the core material and veneer-

ing material, comparable to those used for metal–ceramic 

FDPs.18 Another solution is the over-pressing technique, 

where a final contour wax-up model on the sintered zirconia 

framework is invested, burned out, and pressed with fluo-

rapatite pressable ceramics. In addition, the split-file, that 

is, “CAD-on” technique, makes it possible to design and 

mill both the Y-TZP core and the veneer using CAD/CAM 

technology. The substructure and the suprastructure are then 

joined either by sintering with a fusion glass–ceramic or by 

luting with resin cement.17,19

A number of different solutions and material systems are 

available in the market. There is a need to compare the differ-

ent systems with each other to investigate the advantages and 

disadvantages of each system to find the most suitable solution 

for the clinical situation, considering factors such as strength, 

manufacturing process, esthetics, and longevity.

One of the most important factors for clinical survival is 

a material’s strength and, therefore, the aim of this study is 

to investigate and compare the fracture strength and fracture 

mode in eleven groups of currently the most commonly used 

multilayer three-unit all-ceramic Y-TZP FDPs with respect 

to the choice of core material area, veneering material, 

manufacturing technique, design of connectors, and radius 

of curvature of FDP cores under the null hypothesis that the 

result will be equal in all groups.

Materials and methods
A total of 110 anterior three-unit Y-TZP FDP cores with 

one intermediate pontic, supported by end abutments, were 

made. In addition to the 110 FDPs, two extra cores, one of 

each design, were made for analyzing the connector cross-

section areas. The FDPs were then divided according to 

veneer material and core design into eleven groups, each 

group including ten FDPs (Table 1). The sample size was 

determined from other similar studies made by the same 

research group. The FDP cores in groups 1–7 were made 

with a split-file design, with group 1 as a nonlayered control 

group. Groups 4 and 7 were veneered with manually built-up 

porcelain, and groups 2, 3, and 6 were produced with the 

split-file technique and covered with CAD-on veneers. 
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Table 1 The connector height, width (H/W), radius of gingival embrasure, number of units, material, and core design

Group Core Y-TZP Veneer H/W (mm)a H/W (mm)b Radiusc Unit Core design

1 VITA In-Ceram® COREd 5.40×2.50 6.80×2.80 Default 3 Split-file design
2 VITA In-Ceram® VITABLOCS® 5.40×2.50 6.80×2.80 Default 3 Split-file design
3 VITA In-Ceram® IPS e.max® CAD 5.40×2.50 6.80×2.80 Default 3 Split-file design
4 VITA In-Ceram® VITA VM® 9 5.40×2.50 6.80×2.80 Default 3 Split-file design
5 IPS e.max® ZirCAD IPS e.max® ZirPress 5.40×2.50 6.80×2.80 Default 3 Split-file design
6 IPS e.max® ZirCAD IPS e.max® CAD 5.40×2.50 6.80×2.80 Default 3 Split-file design
7 IPS e.max® ZirCAD IPS e.max® Ceram 5.40×2.50 6.80×2.80 Default 3 Split-file design
8 VITA In-Ceram® COREe 3.00×3.00 3.00×3.00 0.90 mm 3 State-of-the-art
9 BruxZir® HT 2.0 COREe 3.00×3.00 3.00×3.00 0.90 mm 3 State-of-the-art
10 VITA In-Ceram® VITA VM® 9 3.00×3.00 3.00×3.00 0.90 mm 3 State-of-the-art
11 BruxZir® HT 2.0 VITA VM® 9 3.00×3.00 3.00×3.00 0.90 mm 3 State-of-the-art

Notes: aConnector dimension in the left central incisor; bconnector dimension in the left canine; cradius of gingival embrasure; dcore only – tested without veneer material, 
same core design as groups 1–7; ecore only – tested without veneer material, same core design as groups 8–11.
Abbreviation: Y-TZP, yttria-stabilized tetragonal zirconia polycrystal.

Group 5 was made with over-pressed veneers. Groups 

8–11 consisted of FDPs with a state-of-the-art design, with 

groups 8 and 9 being control groups. Groups 10 and 11 were 

veneered with manually built-up porcelain (Figure 1). All 

production and testing processes were carried out by the 

same skilled dental technician.

Preparation
A plastic model of an upper jaw (KaVo YZ, OK VZ 623 0401 

180, KaVo Dental GmbH, Biberach, Germany) was used. 

Two abutment preparations were made: one on the left central 

incisor and one on the left canine. The aim was to design a 

structure with a 120° chamfer and a 15° angle of convergence. 

The left lateral incisor was removed. Subsequently, a full arch 

A-silicone (Flexitime Mono Phase, Heraeus Kulzer GmbH, 

Hanau, Germany) impression was made and poured with die 

stone (Everest® Rock, Type 4 die stone, KaVo Dental GmbH) 

to produce a master cast.

Scanning
Two different optical scanners were used to manufacture the 

FDPs. Data for groups 1–7 were generated with Sirona InEos 

All-ceramic FDPs

Core design

Core material

BruxZir® HT 2.0

Veneer techniques

Over-pressing

MillingLayering

IPS e.max® ZirCAD

IPS e.max® Ceram VITABLOCS® IPS e.max® CAD

VITA In-Ceram®

VITA VM® 9

State-of-the-art designSplit-file design

Groups 1–7

Groups 1–4, 8, and 10

Groups 4 and 10–11

Groups 5–7

Group 5

Group 2 Groups 3 and 6Group 7

Groups 9 and 11

Groups 8–11

Figure 1 Overview, all-ceramic fixed dental prostheses (FDPs) groups 1–11, core design, core material, and veneer techniques.
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Blue (Sirona Dental Systems GmbH, Bensheim Germany). The 

master cast was scanned once and the data were transferred to a 

computer equipped with CAD software (Sirona inLab, version 

3.88) where the intended design of the FDP was established. 

Data for groups 8–11 were generated with 3shape D640 (3Shape 

A/S, Copenhagen, Denmark). The master cast was scanned once 

and the data were transferred to a computer equipped with CAD 

software (Dental-designer 3shape 2013, build 2.8.8.0) where 

the intended design of the FDP was established.

Split-file design cores
A total of 70 FDP split-file design cores were made. In 

groups 1–4, the FDPs were made in VITA In-Ceram® YZ 

for inLab®, YZ-40/15 (VITA Zahnfabrik, Bad Säckingen, 

Germany). In groups 5–7, the FDPs were made in IPS e.max® 

ZirCAD for inLab MO 0 B40 (Ivoclar Vivadent AG, Schaan, 

Liechtenstein).

The connector dimensions of Y-TZP cores in groups 

1–7 were set to 5.40×2.50 mm in the left central incisor and 

6.80×2.80 mm in the left canine with a bar-shaped occlusal 

design according to the default settings in the CAD program. 

The minimum thickness of the core was set to 0.7 mm. The 

radius of the gingival and occlusal embrasures in the connector 

areas was selected according to the default settings in the CAD 

program and the manufacturers’ recommendations (Figure 2). 

The aim was a split-file design structure that allowed a veneer-

ing material with a thickness of 1.5 mm. The CAD data for the 

FDPs were subsequently sent to a Sirona inLab MCXL milling 

machine (Sirona Dental Systems GmbH) where they were used 

to produce FDPs with a split-file design.

Design of state-of-the-art cores
A total of 40 FDP state-of-the-art cores were made. In groups 

8 and 10, the FDPs were made in VITA In-Ceram® YZ DISC, 

Ø 98×18 mm (VITA Zahnfabrik). In groups 9 and 11, 

the FDPs were made in BruxZir® HT 2.0, Ø 98×15 mm 

(Glidewell Laboratories, Newport Beach, LA, USA).

The connector dimensions of the Y-TZP cores in groups 

8–11 were set to 3×3 mm and the minimum thickness of the 

core was set to 0.7 mm. The design radius of the gingival and 

occlusal embrasures in the connector areas was set to 0.9 mm 

in the CAD program in accordance with the recommendations 

of previously published studies (Figure 3). The CAD data for 

the FDPs were subsequently sent to a Wieland 4030 MN mill-

ing machine (Wieland Dental + Technik GmbH, Pforzheim, 

Germany), with the CAM: Zenotec CAM 2.2.017 software 

(Wieland Dental + Technik GmbH) where they were used to 

produce the FDPs.

Veneering of the split-file design cores
The design of the veneering materials in groups 2, 3, 5, and 

6 was established in accordance with the manufacturers’ 

recommendations. The veneer structures for group 2 were 

milled from VITABLOCS® for CEREC®/inLab®, MC XL Mark 

II 3M2C I-40/19 (VITA Zahnfabrik) and were subsequently 

luted onto the substructure with Panavia F 2.0 luting cement 

(Kuraray Medical Inc., Osaka, Japan). The veneers in groups 3 

and 6 were milled from ceramic blocks of IPS e.max® CAD for 

CEREC® and inLab®, HT A3/B40 (Ivoclar Vivadent AG), and 

were subsequently fused to the substructure with IPS e.max® 

Crystall./Connect (Ivoclar Vivadent AG). The veneers in group 

5 were initially milled from combustible acrylic blocks of IPS 

AcrylCAD® for inLab B40/L (Ivoclar Vivadent AG), and then 

they were mounted on the cores and finally produced with the 

over-pressing technique according to the lost-wax method, IPS 

e.max® ZirPress (Ivoclar Vivadent AG).

All frameworks of the multilayer veneer were attached 

following the manufacturers’ instructions.

Figure 2 Y-TZP FDPs split-file design cores in groups 1–7.
Abbreviations: FDP, fixed dental prosthesis; Y-TZP, yttria-stabilized tetragonal 
zirconia polycrystal.

Figure 3 Y-TZP FDPs state-of-the-art cores in groups 8–11.
Abbreviations: FDP, fixed dental prosthesis; Y-TZP, yttria-stabilized tetragonal 
zirconia polycrystal.
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Manually built-up porcelain
To mimic the shape of the veneers in the milled veneering 

groups, one of the completed CAD-on FDPs in group 6 

was placed on a tooth analog and the undercuts were waxed. 

The shape of the FDP was duplicated using A-silicone and 

putty impression material (President, Coltène AG, Altstätten, 

Switzerland). The layering of veneering porcelain for groups 4, 

7, 10, and 11 was then created from the impression. The inner 

surfaces of the impression were treated with GI-MASK® 

universal separator for silicones, Coltène® (Coltène/Whaledent 

AG), and thereafter LPC Isolating Liquid (Ivoclar Vivadent 

AG) was applied to separate subsequently layered porcelain. 

VITA VM®9 was used to veneer the FDPs in groups 4, 10, 

and 11 (VITA Zahnfabrik), and the FDPs in group 7 were lay-

ered with IPS e.max® ceram (Ivoclar Vivadent AG). Veneering 

ceramic for dentine was applied to the FDP frameworks using 

the impression to achieve a standardized shape and size of the 

FDPs. All the layered FDPs were then subjected to a first firing. 

A second layer of dentine ceramic was applied to compensate 

for the shrinkage caused by sintering. Finally, glaze was applied 

to the FDPs. All porcelain firing was performed according to 

the firing programs specified in the manufacturers’ instruc-

tions in a calibrated porcelain furnace (Ivoclar P 500, Ivoclar 

Vivadent AG Schaan).

Heat treatment
The FDP cores in groups 1, 8, and 9 were subjected to heat 

treatment to simulate the firing cycles of the veneering 

porcelain VITA VM®9 (VITA Zahnfabrik) according to the 

manufacturer’s recommendations.

The FDPs in group 2 were excluded from the heat 

treatment procedure according to the manufacturer’s 

recommendations.

Thermocycling
As a first stage of the aging procedures, all FDPs underwent 

thermocycling (LTC Multifunctional Thermocycler, LAM 

Technologies electronic equipment, Sesto Fiorentino, Italy) using 

a small basket controlled by a device driver. All FDPs underwent 

5,000 thermocycles in two water baths at temperatures of 5°C 

and 55°C. The FDPs were placed in a basket for transfer between 

the two baths. Each cycle lasted 60 seconds, 20 seconds in 

each bath and 10 seconds to complete the transfer between the  

baths. After thermocycling, the FDPs were dried in air.

Supporting tooth analogs
Tooth analogs for the testing procedure were made using 

a CAD file at the Nobel Biocare production facility 

(Procera® Production center, Goteborg, Sweden). According 

to the recommendations of previous studies, 110 inspection 

blocks of a polymer material were made to enable precision 

checking and support the FDPs during testing.20

Cementation
Prior to cementation, the tooth analogs were steam-cleaned 

and subsequently treated with ED primer II A and B (Kuraray 

Medical Inc.), which was applied to the cementation surfaces 

according to the manufacturer’s instructions.

The FDPs of all eleven groups were luted onto the tooth 

analogs with Panavia F 2.0 luting cement (Kuraray Medical 

Inc.), using both light and Oxyguard II (Kuraray Medical 

Inc.), according to the manufacturer’s recommendations. 

During setting of the cement, all FDPs were loaded in the 

direction of insertion with a force of 15 N for a period of 

60 seconds. After cementation, the FDPs were placed in a 

plastic container with water covering the bottom surface and a 

sealing lid to create a humid atmosphere aimed at preventing 

desiccation of the luting cement.

Preloading
In the second stage of aging, all FDPs were stored in dis-

tilled water and mounted at a 10° inclination relative to 

the vertical plane. The FDPs underwent cyclic preloading 

at loads between 30 and 300 N, comprising 10,000 cycles 

and a load profile in the form of a sine wave at 1 Hz. In 

all groups, the force was applied with a stainless steel 

indender, 2.5 mm in diameter, with a 1 mm thick plastic 

foil (Erkoflex, Erkodent® Erich Kopp GmbH, Pfalzgrafen-

weiler, Germany) placed between the steel indender and 

the FDPs. To avoid sliding during loading, the indender 

was placed centrally on the incisal edge of the pontic in 

the three-unit FDPs.

Load to fracture
In the final stage of testing, the FDPs were mounted in a 

testing jig at a 10° inclination with a 1 mm thick plastic foil 

(Erkoflex, Erkodent® Erich Kopp GmbH) placed between 

the steel indender and centrally on the incisal edge of the 

pontic. Thereafter, they were subjected to a load applied by 

a universal testing machine (Instron 4465, Instron Co, Ltd, 

Norwood, MA, USA). The crosshead speed was 0.255 mm/

min and the load was applied with a stainless steel indender, 

2.5 mm in diameter. The FDPs were loaded until a fracture 

occurred, whereupon the loads at fracture were registered. 

Fracture was defined as a visible crack in the veneer or 

through the entire construction.
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Throughout the test period, whenever the FDPs were not 

being actively tested, they were stored in distilled water at 

room temperature.

Analysis
After load to fracture, all the 110 FDPs in the present study 

were examined and analyzed, both visually and under a light 

microscope (Leica DFC 420, Leica Application Suite v 3.3.1, 

Leica Microsystems CMS GmbH, Wetzlar, Germany) to 

establish the fracture modes.

Moreover, two FDPs, one state-of-the-art and one split-

file core, were cut in the connector areas with a diamond saw 

(IsoMet® 5000 Liner Precision Saw, Buehler, Lake Bluff, IL, 

USA) and the cross-section areas were measured under the 

light microscope.

Statistical analysis
Based on null hypothesis, the result will be equal in the 

following groups:

•	 the influence of connector design, split-file (VITA In-

Ceram®) vs state-of-the-art (VITA In-Ceram®) groups;

•	 the influence of Y-TZP core material, considering the 

same core design: a) BruxZir® HT 2.0 vs VITA In-Ceram® 

and b) VITA In-Ceram® vs IPS e.max® ZirCAD groups;

•	 the influence of veneering materials on fracture strength 

and comparison of different material systems, considering 

the same core manufacturer or design: a) VITABLOCS® vs 

IPS e.max® CAD, b) VITABLOCS® vs VITA VM® 9, 

c) VITA VM® 9 vs IPS e.max® CAD, d) IPS e.max® 

CAD vs IPS e.max® ZirPress, and e) IPS e.max® Ceram vs 

IPS e.max® ZirPress.

One-way analysis of variance was used in all comparisons. 

In the comparisons where we compared more than two 

groups, Tukey’s post hoc test was also used. A significance 

level of (P#0.05) was used in all tests.

Results
The fracture data are listed in Table 2. The null hypotheses 

are rejected.

The fracture mode of the FDPs were determined by 

three different failure types: either cohesive, (chipping of 

the veneering ceramic), radial cohesive veneer crack or total 

fracture through the whole construction. The fracture modes 

were distributed as follows:

•	 All the FDPs in group 1 fractured completely in the cen-

tral connector, starting gingivally with a crack growth 

toward the loading site on the pontic or involving the 

connector only.

•	 In group 2, seven of the FDPs fractured as described 

earlier for group 1. Three FDPs showed radial cohesive 

veneer fractures: one FDP in the disto-buccal connector 

area of the pontic and two FDPs in the mesio-buccal 

connector area of the pontic.

•	 In group 3, seven of the FDPs fractured as described 

earlier for group 1. Three FDPs showed radial cohesive 

veneer cracks: one FDP in the mesio-buccal connector 

area of the pontic and two FDPs in both the mesio-buccal 

and the disto-buccal connector/pontic areas (Figure 4).

•	 All the FDPs in group 4 fractured in the lateral connec-

tor, starting gingivally with a crack growth toward the 

loading site on the pontic or involving the connector 

only (Figure 5).

•	 The FDPs in group 5 fractured in either the central con-

nector (n=6) or the lateral connector (n=4), all starting 

gingivally with a crack growth toward the loading site on 

the pontic or involving the connector only.

Table 2 Load at fracture (N) for groups 1–11

G 1 G 2 G 3 G 4 G 5 G 6 G 7 G 8 G 9 G 10 G 11

FDP core number Split-file design State-of-the-art design

1 858 1,820 1,464 1,820 1,636 1,550 1,575 1,144 1,107 1,711 1,524
2 1,077 1,475* 1,660 1,539 1,860 1,424* 1,421 1,170 1,025 1,638 1,709
3 999 1,927 1,708* 1,748 1,908 1,488 1,314 1,154 1,103 1,801 1,519
4 982 1,901 1,657* 1,399 1,785 1,917 1,604 1,037 1,117 2,162 1,754
5 1,128 1,654 1,409 1,909 1,784 1,460 1,458 1,165 1,050 1,809 1,615
6 904 1,738 1,314 1,717 1,809 1,718* 1,536 1,084 945 1,909 1,658
7 1,047 2,054 1,377* 1,730 1,906 1,597 1,596 1,113 1,206 1,919 1,795
8 1,115 1,797 1,634 1,483 1,858 1,374 1,593 1,122 1,024 1,982 1,574
9 956 1,944* 1,550 1,573 1,907 1,703 1,467 1,093 1,172 1,785 1,695
10 997 1,746* 1,702 1,741 2,085 1,507 1,593 1,235 1,084 1,774 1,559
Mean 1,006 1,806 1,548 1,666 1,854 1,574 1,516 1,132 1,083 1,849 1,640
SD 88 165 145 160 115 164 97 55 76 150 97

Note: *FDPs with radial cohesive veneer facture under load to fracture.
Abbreviations: G, group; FDP, fixed dental prosthesis; SD, standard deviation.
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•	 The FDPs in group 6 fractured in either the central con-

nector (n=6) or the lateral connector (n=2), all starting 

gingivally with a crack growth toward the loading site 

on the pontic or involving the connector only. Two FDPs 

showed radial cohesive veneer cracks in the mesio-

buccal connector area of the pontic.

•	 All the FDPs in group 7 fractured as described earlier for 

group 1.

•	 On all the FDPs in groups 1–7, the fracture was initiated 

at the sharp indentation in the gingival embrasure area.

•	 The FDPs in groups 8–11 fractured in either the central 

connector or the lateral connector, all starting gingivally 

with a crack growth toward the loading site on the pontic 

or involving the connector only. The distribution was as 

follows:

○	 group 8, three fractures in the central connector and 

seven in the lateral one;

○	 group 9, two fractures in the central connector and 

eight in the lateral one;

○	 group 10, all FDPs fractured in the lateral connector;

○	 group 11, two fractures in the central connector and 

pontic in the lateral one.

Figure 4 Visible radial cohesive veneer fracture in groups 2, 3, and 6.

Figure 5 Fracture mode in group 4 through the connector and the pontic.

In groups 8–11, all fractures were located in the center of the 

connector area where the connector dimension was thinnest.

None of the 110 FDPs showed chip-off fractures.

Measurement of the cross-section area
The measurements of the cross-section areas of the split-file 

core showed that the cross-section area of the connector 

between the central incisor and the pontic was 11.2 mm2 and 

the cross-section area between the canine and the pontic was 

17.9 mm2. The cross-section area of the connectors on the 

state-of-the-art core was 7.3 mm2.

Statistical analyses
The influence of connector design, split-file vs state-of-the-art 

designs showed significant differences in group 1 vs group 

8 and group 4 vs group 10.

The influence of Y-TZP core material, considering the 

same core design showed significant difference in group 10 

vs group 11.

The influence of veneering materials on fracture strength 

and comparison of different material systems, considering the 

same core manufacturer or design was assessed. Comparisons 

of groups 1–4 were done (Tukey) and there were significant 

differences in group 1 vs group 2, group 1 vs group  3, 

group 1 vs group 4, and group 2 vs group 3. Comparisons 

of groups 5–7 were done (Tukey) and there were significant 

differences in group 5 vs group 6, group 5 vs group 7, group 8 

vs group 10, and group 9 vs Group 11.

Discussion
In the present study, the specimens were shaped as three-unit 

FDPs and, when veneering materials were used, they were 

fabricated as recommended by the manufacturers for restora-

tions intended for clinical use. During testing, environmental 

aspects were considered in the laboratory setup. To simulate 

aging of the materials, thermocycling and cyclic preloading 

in a wet environment were used to mimic the fatigue process 

in the oral environment.20–26

All FDPs, except the FDPs with luted veneers in 

group 2, underwent heat treatment, that is, porcelain firing, 

over-pressing, or crystal fusion. The unveneered groups 

underwent porcelain firing to assure comparable results since 

the temperatures that the core is subjected to during porcelain 

firing may decrease the mechanical properties of the ceramic 

material. In the case of Y-TZP, a possible explanation is that 

machine grinding initiates the tetragonal to monoclinic 

transformation, creating a compressive layer, and that these 

residual stresses are relaxed during porcelain firing.27–30
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The FDPs were thermocycled in order to simulate 

aging and expose the materials to fatigue. The change in 

temperature creates stresses corresponding to mechanical 

stresses in the mouth. The wet environment may also affect 

the materials by enhancing micro-crack growth due to stress 

corrosion and slow crack growth. The strength degradation 

rate is a slow process affecting the all-ceramic material dif-

ferently depending on several micro-structural parameters, 

such as – in the case of Y-TZP – yttrium oxide distribution 

and concentration, flaw distribution, flaw size, and shape 

and grain size.31,32

Cyclic preloading in an aqueous environment can be 

performed to simulate aging of the material in the oral cavity 

during function. It has been reported that ceramic materials 

show an abrupt strength degradation and transition in damage 

mode after multicyclic loads compared to static loading tests. 

Hence, it is essential to consider fatigue and environmental 

influences, as water in the saliva enhances crack growth in a 

ceramic restoration when subjected to small alternating forces 

during mastication in the clinical situation.33,34 To prevent 

clinically irrelevant Hertzian cone cracks, a thin plastic foil 

was used during the cyclic preloading and load in fracture 

procedures.35,36

According to several previous studies, a test method and 

tooth analogs with a relatively low elastic modulus were used, 

since the test method must reflect the range and distribution 

of strength, with consideration being given to the material’s 

brittle nature.37,38

When testing a material, it is hard to predict and simulate 

the stress patterns created in the oral cavity and the loads a 

dental restoration must resist in order to withstand the envi-

ronmental impact during function over time. Nevertheless, it 

is preferable to evaluate clinically shaped restorations under 

environmental conditions close to those present in the oral 

cavity and compare the results with clinical data on the maxi-

mum loads that might occur in the oral cavity.23,24,39

The average maximum bite force varies from one 

patient to another and individually over time.40–43 Moreover, 

the range varies from one area of the mouth to another, 

∼90–900 N.41–43 All veneering materials tested in the present 

study presented results that exceeded the expected average 

maximum loads with a large safety margin, indicating suf-

ficient fracture strength, with the lowest mean value being 

1,516 N (group 7).

Zirconia for dental use exists in a variety of brands, but 

the quality of the material is more important. Almost all raw 

material for zirconia is produced by the same manufacturer, 

but the quality varies depending on the price. Factors within 

the production process for the discs and blocks and the 

techniques for final sintering can also affect the strength of 

the FDP cores. Since the FDP cores in the present study were 

produced according to the manufacturers’ instructions and 

all accepted standards, we assume that the factors mentioned 

earlier had no influence on the results. Similarly, since all 

FDPs in this study, except the FDPs in group 2, underwent the 

same procedures of heat treatment, thermocycling, preload-

ing, luting, and load to fracture, we assume that none of those 

procedures would introduce sources of error.

In this study, two groups (1 and 8) consisted of non-

veneered FDPs produced from the same zirconia brand. 

Significant differences are apparent when comparing these 

groups according to the design of the core and particularly the 

connectors. The split-file designed cores (group 1) have high, 

thin connectors (default settings: 5.40×2.50 mm between 

the left central incisor and the pontic and 6.80×2.80 mm 

between the left canine and the pontic) and small gingival 

embrasures with sharp notches in the intersectional area of 

the connectors. The cross-section areas are 11.2 and 17.9 

mm2, respectively (Figure 6). Calculating N/mm2 and com-

paring the frameworks made according to the state-of-the-art 

design with a cross-section of 7.3 mm2 (Figure 7), the split-

file designed cores demand a connector cross-section area 

almost 42% (or 62% if comparing with the largest connector) 

enlarged in the vertical aspect to receive nearly the same load 

at fracture values as the state-of-the-art cores. The height and 

the size of the connectors are probably the most important 

factors in the relatively high fracture strength but the split-

file design FDP cores still show a lower fracture strength 

Figure 6 Measurement of a cut split-file Y-TZP FDP core under light microscope. 
Notes: The figure shows the cross-section area of the connector between the 
central incisor and pontic.
Abbreviations: FDP, fixed dental prosthesis; Y-TZP, yttria-stabilized tetragonal 
zirconia polycrystal.
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than the cores designed according to the state-of-the-art 

(group 8) with connector dimensions of 3×3 mm and a 0.90 

mm radius of the gingival embrasures. This confirms results 

from previous studies.6–8,26,44 A further explanation for the 

lower fracture strength of the non-veneered split-file design 

FDPs could be the small radius of the gingival embrasures, 

which in fact acts as a fractural impression. To prevent the 

radius of the gingival embrasures from being too small, it 

must be possible for the dental technician to control the radius 

settings in the CAD software. This was not the case here. The 

radius of the gingival embrasures was already determined by 

the default setting of the Sirona system.

Another problem with the split-file design cores is the 

hygiene aspect. The design of the gingival embrasures has to 

be rather bulky in order to allow sufficient fracture strength of 

the core material and enable a superstructure to fit accurately 

on the core. This could compromise the patient’s ability to 

maintain oral hygiene.45 The split-file shaped design could 

also be a disadvantage with regard to esthetics. The construc-

tion, with both core and veneer, tends to be somewhat bulky, 

and as the veneering material is monocolored, the technique 

is probably most suitable for posterior use.

In the present study, several different techniques for 

veneering full-ceramic substructures were studied. In all 

groups consisting of veneered FDPs, there was an obvious 

and statistically significant increase in the fracture strength, 

compared to the non-veneered groups, which shows that 

the complete material systems are more reliable than each 

component on its own. According to the manufacturers, the 

core material Y-TZP (IPS e.max® ZirCAD, VITA IN-Ceram® 

YZ for InLab®) has a flexural strength of up to 900 MPa, the 

materials for the milled veneers (IPS e.max® CAD lithium 

disilicate, VITABLOCS® for CEREC®/inLab®, feldspar) 

360 and 154 MPa respectively, the fluorapatite heat-pressing 

material (IPS e.max® ZirPress) 110 MPa, the porcelains 

used for the layering technique (IPS e.max® Ceram, nano-

fluorapatite, VITA VM® 9, feldspar) 90 and 100 MPa respec-

tively, and the fusion glass (IPS e.max® Crystall./Connect) 

160 MPa. Finally, the luting cement (Panavia F 2.0) has a 

shear bond strength between 25 and 44 MPa, depending on 

the luting surface.

There were four groups veneered with the build-up por-

celain layering technique. Two of these were split-file design 

substructures made from two different material systems with 

the same design. The reason for combining split-file cores 

with build-up veneer materials was to be able to compare 

the strength of the split-file cores with that of the state-of-

the-art cores, taking the influence of the veneering technique 

into consideration. The split-file/build-up combinations are, 

however, only for investigational purposes and should not be 

used in the clinical situation. Group 4 FDPs were layered with 

conventional veneering porcelain and group 7 FDPs were 

layered with a veneering glass–ceramic based on fluorapatite. 

When studying the result of the fracture strength test, there 

was a difference between the two groups, favoring group 4, 

which correlates with the result of previous studies.46,47 This 

result was, however, only numerical and not statistically 

significant.

The other two groups with porcelain built-up veneers were 

groups 10 and 11. The substructures were fabricated according 

to state-of-the-art design and the design of the veneers was 

identical to the split-file groups 4 and 7 mentioned previously. 

The only difference was the material and design of the sub-

structure. The FDPs in group 10 were made from traditional 

Y-TZP, layered with the conventional porcelain also used in 

group 4. The same porcelain was used for the FDPs in group 11 

but the substructures consisted of high-translucent stabilized 

zirconia which is mainly intended for use in full-anatomical, 

monolithic constructions. When used as intended, that is, 

full-anatomical, the highly translucent zirconia performs with 

a higher fracture strength than in the present study but here 

the fracture strength value was significantly lower than those 

for the conventional constructions in group 10. Nevertheless, 

the fracture strength value was sufficient to assume that the 

highly translucent zirconia can be used as a substructure for 

all-ceramic FDPs. The material is currently designed for use 

either as full-anatomical constructions, characterized with 

Figure 7 Measurement of a cut state-of-the-art Y-TZP FDP core under light 
microscope.
Notes: The figure shows the cross-section area (green circle) of the connector 
between the canine and pontic.
Abbreviations: FDP, fixed dental prosthesis; Y-TZP, yttria-stabilized tetragonal 
zirconia polycrystal.
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painted stains on the surface, or for use with different degrees 

of cut-backs in the labial/buccal areas which are then layered 

with porcelain to achieve better esthetics. In those cases, the 

whole construction would produce a higher fracture strength 

value since the bulk of the core material is thicker and there-

fore more resistant to loads as a result of masticatory forces.21 

It could be assumed, however, that the full anatomic design, 

which is challenging when considering the possibility to 

design the FDPs with high-radius interproximal embrasures, 

compels a design with sharp notch-like separations that might 

act as a fractural impression. If that is the case, higher demands 

on the minimum connector dimensions are needed to com-

pensate for impaired shape. This is not yet fully investigated 

though and compels further studies.

The only difference between groups 4 and 10 is the 

design of the substructures where the small radius of the 

gingival embrasures in group 4 probably was the reason for 

the lower fracture strength value in this group (P,0.05). 

Comparing the fracture strength values in respect of the 

cross-section areas of the connectors, the same relation 

between the split-file and the state-of-the-art cores remains, 

regardless of veneered or non-veneered core; that is, the 

split-file cores demand at least 42% larger cross-section area 

of the connector to withstand the same fracture load as the 

state-of-the-art FDPs.

In the present study, three groups were fabricated with 

milled veneers: groups 2, 3, and 6. The veneering technique 

raised the overall fracture strength values for all three 

groups but the mean value for group 2 (only statistically 

comparable with group 3), where VITABLOCS® was used 

to fabricate the veneers, was significantly higher than for 

the others, where IPS e.max® CAD was used for fabricating 

the veneers.

There were no significant differences in strength between 

groups 3 and 6, two different brands of the same material, 

which indicate that the material brand did not influence the 

results in the present study.

The higher fracture loads in group 2 require some 

discussion. First, the veneering material (VITABLOCS® for 

CEREC®/inLab®) is not as strong as the veneering material 

in group 3. This is according to the manufacturers’ informa-

tion and is also due to the fact that feldspar is known to have 

a slightly lower fracture value than fluorapatite. In addition, 

according to other studies,48,49 a fused superstructure should 

produce a higher fracture strength than a luted superstructure, 

especially after simulated aging given that the resin cement 

is more sensitive to simulated aging than the sintered glass–

ceramic. In the present study, however, the luted veneers 

in group 2 produced a significantly higher result than the 

crystal-fused group 3. If the FDPs had been exposed to a 

longer period of thermocycling, the luting cement might have 

dissolved, leading to a lower fracture resistance.

Moreover, the fact that the FDPs in group 2 were 

excluded from the heat treatment, a procedure that might 

have decreased the mechanical properties of the ceramic 

material, could also have had an effect on the result.

Another possible explanation for this rather unexpected 

result could be that the procedure for fusing the veneers to 

the core is a technique-sensitive method. The connecting 

glass is vibrated between the core and the veneer and there 

is a risk of air becoming trapped and later creating porosi-

ties along the surfaces connected. The risk of porosities 

is probably higher when attempting to cover a relatively 

large surface as is the case in the present study where the 

FDPs consist of a three-unit construction rather than in 

the single units tested in other studies.49,50 This indicates 

that the overall fracture value depends on the homogeneity 

of the connecting agent. When studying the fracture mode 

of the veneers under a microscope, the images clearly 

show a higher quantity of porosities along the interfacial 

surface of the glass-fused groups 3 and 6 than on the 

luted surface in group 2. Moreover, the fracture mode 

also differs between the glass-fused and luted groups. In 

all groups, the fracture starts in the gingival part of the 

connector area on the surface of the veneering material. In 

the rather homogeneous lithium disilicate ceramic mate-

rial, the fracture propagates straight through the veneer all 

the way through the fusion layer where it then continues 

via the porosities along the interface between the fusion 

layer and the Y-TZP core (Figure 8). In the luted group, the 

fracture propagates via the porosities within the veneering 

material but is obstructed before it reaches the cement 

layer (Figure 9).

An interesting finding within the aforementioned three 

groups is that these are the only groups where, in some 

cases (20%–30%), visible radial cohesive cracks occurred 

(Figure 4). A possible explanation for these cracks could be 

that the milling process creates crack initiators on the inner 

surface of the veneering material.51–53 Luting the veneering 

structure to the substructure (VITABLOCS®) or crystal fus-

ing the veneering structure to the substructure (IPS e.max® 

CAD) may not create adequate and homogeneous filling of 

the defects created by the milling process.53 When comparing 

the results of the present study with other studies of the 

CAD-on technique, the results are reversed. Most of those 

studies show that the CAD-on technique creates fewer or 
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no radial cohesive veneer fractures due to the homogeneity 

of the veneering material. However, these studies are under-

taken with single constructions and the load-bearing tests are 

performed on tooth analogs made from metal. Stiff analogs 

are known to increase the load-bearing capacity of an all-

ceramic construction and the choice of less stiff analogs in 

Figure 8 Fracture mode of the veneer in group 3 under light microscope.
Notes: The figure shows a higher quantity of porosities along the interfacial surface 
of the glass-fused groups. The arrow indicates the IPS e.max® Crystall./Connect 
layer.

Figure 9 Fracture mode of the veneers in luted group 2 under light microscope.
Notes: The fracture propagates via the porosities within the veneering material but 
is obstructed before it reaches the cement layer.

this study might explain the opposing results.20 There is also 

a difference in stress distribution between a single crown 

and an FDP, with connectors and pontics, which also might 

explain the differing results.

All groups cannot be compared statistically, but 

overviewing the results shows over-press technic group 

5 achieved the same fracture values as groups 2 and 10, 

but they cannot be compared statistically. Tsalouchou 

et  al54 reached an equivalent conclusion when testing 

over-pressed veneers and layered veneers. So did Beuer 

et al,50 but in this study, the split-file technique with fused 

veneers produced twice the fracture strength of the other 

techniques. A final remark is that the results in the present 

study need to be confirmed by clinical studies.

Conclusion
Within the limitations of this in vitro study, we made the 

following conclusions: The shape of a split-file designed 

all-ceramic reconstruction calls for a different dimension 

protocol, compared to traditionally shaped ones, as the split-

file design leads to sharp approximal indentations acting as 

fractural impressions, thus decreasing the overall strength. 

The design of a framework is a crucial factor for the load 

bearing capacity of an all-ceramic FDP. The state-of-the-art 

design is preferable since the split-file designed cores call 

for a cross-sectional connector area, at least 42% larger, 

to have the same load-bearing capacity as the state-of-the-

art designed cores. Analysis of the fracture pattern shows 

differences between the milled veneers and over-pressed 

or built-up veneers, where the milled ones show numeri-

cally more veneer cracks and the other groups only show 

complete connector fractures.
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