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LTD Low temperature degradation 
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1. Introduction 

1.1. Research Background 

Even though dental implants have been used widely lately, implant failures after the 

delivery of the dental prosthesis are common and are attributed mainly to the 

biomechanical complications influenced by the load transferred through the bone-

implant-prosthesis complex (Şahin et al., 2002). The amount of load transferred 

through the implant-prosthesis complex to the bone is critical. High loads are linked to 

bone resorption and in extreme cases might lead to fracture, while low stimulation, on 

the other hand, is known to cause bone resorption due to disuse atrophy through a 

phenomenon known as stress shielding (Menini et al., 2013; Şahin et al., 2002). 

With maximum stresses applied during mastication in the molar region reach around 

900 N (Varga et al., 2011; Zivko-Babić et al., 2002), the unsplinted single tooth 

posterior implant when compared to the cross-arch or short-span fixed bridge implants 

lacks the stabilizing support provided by adjacent implants and thus might be subjected 

to a greater level of masticatory force (Kao et al., 2008; Quek et al., 2008). In addition 

to that, single posterior implants are reported to be susceptible to bending overload 

and appear to be more at risk of failure (Abboud et al., 2005). 

In contrast to the natural teeth, implants lack the damping effect of the periodontal 

ligaments, therefore the amount of load transferred to the peri-implant bone is highly 

affected by the prosthetic choice (Kao et al., 2008; Magne et al., 2013; Menini et al., 

2013; Porter & von Fraunhofer, 2005; Şahin et al., 2002). Regardless of the prosthesis 

design, the material of choice affects the quantity and quality of stress and strain 

developing at the implant-bone interface (Kao et al., 2008; Şahin et al., 2002). 

1.2. Restorative Options for Posterior Single Tooth Implants 

In the molar region, two designs are available; screw-retained and cement-retained 

restorations, which were found to perform similarly when it comes to survival and failure 

rates (Shadid & Sadaqa, 2012; Wittneben et al., 2017). Among many factors, the 

choice depends mainly on the position of the implant and whether the screw access is 

in a favorable position for the fabrication of a screw-retained restoration or whether the 

compensation for a misaligned implant is required using a cement-retained restoration 

(Abichandani et al., 2013; Wittneben et al., 2017). Interocclusal space as low as 4 mm 
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is another indication of screw-retained restoration due to the lack of enough of surface 

area needed for crown retention (Shadid & Sadaqa, 2012). 

Nonetheless, cement-retained restorations remain the most often used in implant 

restoration in dentistry, mainly for their solid occlusal surface where stable occlusal 

contacts can be achieved and for the ease of fabrication due to their similarity to the 

restorations of the natural teeth (Linkevicius et al., 2011; Şahin et al., 2002; Shadid & 

Sadaqa, 2012; Vindasiute et al., 2015). However, caution must be exercised during 

cementation of the crown to avoid excess cement that might lead to peri-implant 

inflammation (Abichandani et al., 2013; Shadid & Sadaqa, 2012; Vindasiute et al., 

2015; Wittneben et al., 2017). 

There are two approaches for the construction of the implant abutments for cement-

retained restorations, either by using a ready-made stock implant abutment or a 

custom-made one (Abduo & Lyons, 2013). Stock abutments although readily available 

and industrially produced, are presented in cylindrical forms which might provide the 

necessary retention and resistance but fail to provide adequate peri-implant soft tissue 

support and hinder the development of an emergence profile that mimics the natural 

anatomy of the missing teeth (Abduo & Lyons, 2013; Zarauz et al., 2020). On the other 

side, custom-made implant abutments can compensate for those shortcomings and 

help reduce remnants of excess cement by the accurate placement of the margin 

following the gingival contours allowing proper removal of excess cement (Linkevicius 

et al., 2011; Vindasiute et al., 2015). 

Recent developments in the digital data acquisition, designing, and manufacturing 

techniques provided the chance to combine the advantages of the industrial production 

process including the use of homogenous materials and minimized errors together with 

the advantages of individualization of custom-made abutments (Joda et al., 2017; 

Kapos & Evans, 2014).  

Individual CAD/CAM (computer-aided design/computer-aided manufacturing) 

abutments, in comparison to analog custom-made ones, are not subject to the 

complicated and time-consuming process of casting and post-cast processing that 

might lead to inaccuracies and compromised final fit caused by temperature fluctuation 

(Abduo & Lyons, 2013; Kapos & Evans, 2014; Park et al., 2014). In addition to that, 

anatomically designed CAD/CAM abutments could provide the required clearance 
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necessary for the different crown materials leading to increased durability (Abduo & 

Lyons, 2013), which could be easily achieved by designing the abutment and crown 

simultaneously using dental design software.  

1.3. CAD/CAM Implant Abutment Materials 

Titanium and zirconia abutments are considered as the standard of care because both 

have been shown to perform almost at an equal level concerning their long-term 

survival and biocompatibility (Coray et al., 2016; Foong et al., 2013; Hisbergues et al., 

2009; Sailer et al., 2009; Zarauz et al., 2020; Zembic et al., 2015). Nevertheless, 

zirconia remains a brittle material and is more susceptible to fracture and mechanical 

complications than titanium (Zarauz et al., 2020). However, in cases with thin gingival 

biotype, the use of a zirconia abutment would be preferred to avoid the gray gingival 

discoloration that might occur when a titanium abutment is used (Edelhoff et al., 2019; 

Kohal et al., 2008; Pitta et al., 2020; Zarauz et al., 2020). 

1.3.1. Zirconia 

Zirconia (ZrO2) is a metal oxide with ceramic physio-chemical properties such as 

polymorphism and allotropy.  In nature, it is found in three different crystalline 

configurations at different temperatures: cubic (from the melting point at 2680 °C to 

2370 °C), tetragonal (from 2370 °C to 1170 °C), and monoclinic (from 1170 °C to room 

temperature). Each allotropic state shows distinctive mechanical and optical properties 

(Denry & Kelly, 2008; Zarone et al., 2019). 

As a dental restorative material, the yttria-stabilized tetragonal phase (Y-TZP) is the 

crystalline configuration of choice. The stabilizing oxides are responsible for keeping 

zirconia in the tetragonal crystalline phase at room temperature, preventing 

transformation into the monoclinic form, which does not possess enough mechanical 

and optical properties for intraoral use (Bona et al., 2015; Zarone et al., 2019). As an 

advantage in dental applications, under mechanical and/or thermal stresses, the 

atomic bonds of the polycrystalline structure break, changing the tetragonal crystals 

into the monoclinic form, in an irreversible process known as phase transformation 

toughening (PTT) (Denry & Kelly, 2008; Zarone et al., 2019). The increase in volume 

(4-5%) accompanying the PTT hinders the propagation of micro-cracks in zirconia 

restorations, rendering the material more resistant to mechanical failure (Denry & Kelly, 

2008; Zarone et al., 2019).  
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On the other hand, zirconia is also susceptible to low temperature degradation (LTD) 

which is responsible for aging of zirconia decreasing the desirable mechanical and 

optical properties of the material. LTD causes the undesirable transformation into the 

monoclinic phase, a phenomenon that is accelerated by mechanical stresses and 

wetness of the surrounding field (Bona et al., 2015; Denry & Kelly, 2008; Zarone et al., 

2019). 

Zirconia is a tooth-colored but opaque restorative material which is an advantage when 

used to mask metallic abutments or discolored teeth but disadvantageous in the 

esthetic zone when used as monolithic restoration (Zarone et al., 2019). Increasing the 

yttrium oxide content has improved the optical properties but with a negative effect on 

the mechanical properties (Elsayed et al., 2019). Nonetheless, the fracture strength is 

still higher than the masticatory load (Elsayed et al., 2019).  

Lithium disilicate is another metal-free implant abutment material that has been used 

successfully as an alternative to zirconia when higher translucency is required for 

esthetic reasons (Mobilio & Catapano, 2019; Roberts et al., 2018).  

1.3.2. Lithium Disilicate 

Lithium disilicate is a particle-filled glass-ceramic, formed of glassy matrix and lithium 

disilicate crystals. The tight interlocking of the crystals hinders crack propagation, 

alongside with the slight mismatch between the thermal expansion coefficients of the 

crystals and the matrix inducing compressive stress around the crystals, both 

contribute to the desired mechanical properties of the material (Denry & Holloway, 

2010). 

When properly polished, lithium disilicate shows low plaque retention and excellent 

biocompatibility (Forster et al., 2014; Zarone et al., 2019) and shows more 

translucency than zirconia, making it the material of choice when esthetics are of great 

concern (Baldissara et al., 2010). 

As an alternative to titanium, zirconia, and lithium disilicate, PEEK was introduced as 

an abutment material mainly due to the close match between the elastic moduli of bone 

and PEEK (Najeeb et al., 2016). The recently introduced PEEK abutments with a lower 

modulus of elasticity could provide the damping effect required to prevent the overload 

of the peri-implant bone (Kao et al., 2008; Magne et al., 2011; Menini et al., 2013).  
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1.3.3. Polyetheretherketone  

Polyetheretherketone (PEEK) is a semi-crystalline, high temperature thermoplastic 

polymer, consisting of an aromatic backbone chain interconnected by ketone and ether 

functional groups (Kurtz & Devine, 2007). Due to its chemical structure, PEEK is 

considered to be chemically inert which explains the high biocompatibility and 

resistance to various solvents except for highly concentrated sulfuric acid (98%) (Kurtz 

& Devine, 2007; Wenz et al., 1990). 

 Although PEEK has a relatively rigid molecular chain, it was found to be ductile and 

can accommodate large plastic deformation in compression or tension (Kurtz & 

Devine, 2007). At room temperature PEEK displays a linear relationship between 

stress and strain in compression and tension when strains are smaller than 3% (Rae 

et al., 2007). Above that level, PEEK exhibits a clear yield transition in the slope of the 

stress-strain curve which is 30-40% higher in compression than in tension (Rae et al., 

2007). After that phase of yield transition, PEEK was shown to exhibit post-yield 

hardening under compression and necking under tension (Rae et al., 2007). 

In the oral cavity with a temperature around 37º C, the physical properties of PEEK are 

not affected by temperature changes, because they are far below the glass transition 

temperature (Kurtz & Devine, 2007). However, plastic flow behavior is slightly affected 

by the strain rate. For example, under compression, changing from quasi-static loading 

to impact loading increases the yield strength of PEEK by 30% (Kurtz & Devine, 2007; 

Rae et al., 2007).  

Unfilled PEEK has low mechanical properties which makes it only suitable for a minimal 

range of clinical applications(Zheng et al., 2019). Organic and inorganic fillers can be 

used to improve the mechanical properties of the material to be used in a high-stress 

situation (Kurtz & Devine, 2007; Najeeb et al., 2016). 

Especially, on the abutment level, where biocompatibility plays a major role, implant 

healing abutments and definitive abutments can be constructed using PEEK (Hahnel 

et al., 2015; Koutouzis et al., 2011), as there is no significant difference in the bone 

resorption and soft tissue inflammation around PEEK and titanium abutments 

(Koutouzis et al., 2011). Furthermore, the formation of biofilm on PEEK is equal or 

lower than on conventional abutment materials such as titanium and zirconia (Hahnel 

et al., 2015).  
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One study tested PEEK as abutment material bonded to titanium base restored with a 

zirconia crown where all specimens failed during fatigue loading due to screw failure 

(Rosentritt et al., 2015). The manufacturer was not mentioned and the exact 

composition of the material, whether it was reinforced with inorganic fillers or not, was 

not stated as well. It might be hypothesized that the use of rigid ceramic crown on 

PEEK abutment caused an unfavorable loading condition, but no data is available yet 

to support that explanation. The authors recommended further testing of this material 

(Rosentritt et al., 2015). 

1.4. CAD/CAM Implant Crown Materials 

Zirconia and lithium disilicate are among the most versatile CAD/CAM materials that 

are present nowadays in the market (Zarone et al., 2019). Both materials have a high 

modulus of elasticity, fracture resistance, and inhibit crack propagation, which renders 

them a good choice for a monolithic CAD/CAM crown restoring implants in the posterior 

region (Batson et al., 2014; Zhang et al., 2016). Zirconia crowns are known to be 

superior in their mechanical properties, while lithium disilicate crowns have been 

shown to have better optical properties (Zarone et al., 2019; Zhang et al., 2016). 

On the other side, despite their long-term survival rates and biocompatibility, increasing 

evidence suggests that zirconia and glass ceramics, when used as crowns restoring 

dental implants, transfer more stresses to the peri-implant bone and do not allow 

distribution of load to the neighboring teeth (Kao et al., 2008; Magne et al., 2011; 

Menini et al., 2013; Meriç et al., 2011). In addition to that, zirconia and glass-ceramic 

crowns showed a higher wear rate of antagonistic enamel in comparison to polymer-

based crowns (Menini et al., 2013; Stawarczyk et al., 2013). 

And even though the CAD/CAM composite resin materials are very promising, their 

abrasion resistance remains their main disadvantage (Mörmann et al., 2013). To 

overcome the limitations of composite resin, polyetheretherketone (PEEK) was 

introduced into dentistry. Especially, reinforced PEEK materials with inorganic fillers 

may be a suitable alternative (Stawarczyk et al., 2015). PEEK reinforced with inorganic 

fillers can be potentially used as crown and bridge material with a mean fracture load 

at 2354 N for a three-unit fixed partial denture (Stawarczyk et al., 2015). The abrasive 

properties of PEEK are excellent, even with significantly low modulus of elasticity and 

hardness, the abrasive resistance of PEEK is close to that of the metallic alloys (Najeeb 
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et al., 2016). Considering the good abrasion resistance, and the adequate mechanical 

properties, a PEEK fixed partial denture would be expected to have a satisfactory 

survival rate (Najeeb et al., 2016), and with low hardness, they could reduce the wear 

rate of opposing teeth (Mörmann et al., 2013). 

Thanks to the recent advances in the CAD/CAM technology, the production of 

monolithic full anatomical crowns from industrially produced milling blanks is possible, 

reducing the production time and increasing the overall fracture resistance by 

eliminating the veneer layer (Batson et al., 2014; Johansson et al., 2014; Zhang et al., 

2016). 

2. Purpose of the Study 

The aim of this study was to investigate the fracture resistance and failure mode of the 

different commercially available CAD\CAM materials for the fabrication of custom-

made titanium, zirconia, lithium disilicate, and ceramic-reinforced PEEK implant 

abutments restored by monolithic molar crowns after artificial aging.  

The null hypothesis to be tested was that different restorative materials combinations 

show similar fracture resistance when stressed to failure after fatigue loading and 

thermal cycling. 

The research question was: How does ceramic-reinforced PEEK compare to other 

restorative CAD/CAM materials for the construction of implant custom-made 

abutments and/or crowns in terms of fracture resistance and failure mode after 

fatigue loading? 
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3. Materials and Methods 

3.1. Materials 

The materials used in this study are listed in the following table (Table 1) in the order 

of their use. 

Table 1. The materials used in the study 

 

Commercial name Manufacturer Generic name Lot number 

blueSKY implant 
bredent, Senden, 

DE 
Grade 4 titanium dental implant 412470 

Technovit 4000 
1. Powder 

2. Syrup 1 
3. Syrup 2 

Kulzer, Hanau, DE 
Cold-curing three-component 

resin based on modified 
polyester 

1. R010044 
2. R010034 
3. R010028 

SKY uni.fit Scan-
Abutment 

bredent, Senden, 
DE 

PEEK extra-oral scan abutment - 

SKY prefab 
titanium 

bredent, Senden, 
DE 

Grade 4 titanium block 450818 

Zenostar MO 

Wieland Dental + 

Technik, 
Pforzheim, DE 

Partly sintered 3 mol% yttria-
stabilized zirconia disc 

V21198 

SKY uni.fit titanium 
base S for CEREC 

bredent, Senden, 
DE 

Grade 4 cold-worked titanium 
base 

427751 

IPS e.max CAD 
MO A14 

Ivoclar Vivadent, 
Schaan, LI 

Lithium disilicate glass-ceramic 
block 

U56446 

BioHPP SKY 

elegance prefab 

bredent, Senden, 

DE 

Polyetheretherketone reinforced 

by titanium dioxide (≈30%) block 
447707 

IPS e.max CAD LT 
Ivoclar Vivadent, 

Schaan, LI 
Lithium disilicate glass-ceramic 

block 
U32834 

breCAM.BioHPP 
bredent, Senden, 

DE 
Polyetheretherketone reinforced 
by titanium dioxide (≈30%) disc 

439876 
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MKZ primer 
bredent, Senden, 

DE 

MDP-containing primer for 
titanium alloys, cobalt-chromium 

alloys, and zirconia 
439150 

IPS Ceramic 

Etching Gel 

Ivoclar Vivadent, 

Schaan, LI 
< 5% hydrofluoric acid gel T31384 

K primer 
bredent, Senden, 

DE 

Silane-containing primer for 

silicate ceramics 
531150 

DTK-Adhesive 
bredent, Senden, 

DE 
Dual-curing luting resin  54001195 

visio.link 
bredent, Senden, 

DE 

Primer for composites, 

polymethylmethacrylate, and 
high-performance polymers 

154126 

Steatite balls 
CeramTec, 

Plochingen, DE 
Steatite ceramic balls - 

Visio-Form 
3M Deutschland, 

Neuss, DE 
Light-cured composite resin - 

Tin foil 
Dentaurum, 

Ispringen, DE 
Pure tin foil (99.9%) - 

 

3.1.1. Titanium Dental Implants 

The blueSKY implant (bredent, Senden, DE) is a bone level, two-piece titanium grade 

4 dental implant. The collar of the implant is machined with horizontal micro-grooves 

to support the attachment of the connective tissue, followed by 0.2 mm of an etched 

surface to serve as a transition between the machined collar and the blasted and 

etched surface of the rest of the implant. The blasted etched surface provides the 

osteoblasts with an attachment surface for the rapid osseointegration. The implant has 

a so-called Torx internal connection, which is a 6-point star-shaped pattern with a flat 

implant-abutment interface. The implant is available in diameters of 4.0, 4.5, and 5.5 

mm and in length between 8 and 16 mm. The implant used in this study was 4 mm in 

diameter and 12 mm in length. 
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3.1.2. Titanium Blocks for One-Piece Abutments 

SKY prefab Titanium (bredent, Senden, DE) is a titanium grade 4 block for one-piece 

titanium abutments including an industrially precise pre-milled implant interface. CAM 

is used to process the block by a milling machine to produce custom-made abutments.  

3.1.3. Zirconia Discs 

Zenostar MO (Medium Opacity) (Wieland Dental + Technik, Pforzheim, DE) is a 

partially sintered, 3 mol% yttria-stabilized zirconia disc to be processed in a milling 

machine with the CAM technology to produce a wide range of dental restorations. 

Zenostar MO is available in 5 shades ranging from MO 0 to MO 4. It was used in this 

study for the production of zirconia custom-made abutments and crowns. 

3.1.4. Lithium Disilicate Glass-Ceramic Blocks 

IPS e.max CAD (Ivoclar Vivadent, Schaan, LI) is a lithium disilicate glass-ceramic. 

Blocks are processed by the CAM technology to produce mainly monolithic single unit 

dental restorations ranging from veneers to full crowns and could be used for a 3-unit 

fixed partial denture.  

In this study, IPS e.max CAD MO A14 was used for the production of custom-made 

abutments, and IPS e.max CAD LT was used for the production of crowns. 

IPS e.max CAD MO A14 is relatively opaque and is available in 5 shades ranging from 

MO 0 to MO 4. The blocks have a prefabricated interface for the direct bonding of the 

titanium base for the fabrication of implant abutments and crowns. 

IPS e.max CAD LT is the low translucency variant suitable for posterior crowns and is 

available in 20 shades, 16 A-D, and 4 Bleach BL shades. 

3.1.5. PEEK Blocks for Custom Abutments 

BioHPP SKY elegance prefab (bredent, Senden, DE) is a block made of 

polyetheretherketone reinforced by titanium dioxide (≈30%) pressed on the BioHPP 

SKY elegance titanium base to be processed by the CAM technology to produce 

custom-made abutments. The titanium base is made of grade 4 titanium. The BioHPP 

SKY elegance prefab is available only in one shade (Dentin-Shade 2). 

3.1.6. PEEK Discs 

breCAM.BioHPP (bredent, Senden, DE) is a disc of polyetheretherketone reinforced 

by titanium dioxide (≈30%) to be processed by the CAM technology to produce a wide 
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range of dental restorations and frameworks. The material is available in 2 shades: 

white and dentin-shade 2. 

3.1.7. Dual-Curing Adhesive Cement 

DTK-adhesive (bredent, Senden, DE) is a dual-curing, two-component adhesive 

cement based on methacrylates, inorganic fillers, and initiators. It is available in 

translucent and opaque variants and is suitable for intra-oral and extra-oral use. In 

combination with a suitable primer, it can be used with a wide range of dental materials. 

3.1.8. MDP-Containing Bonding Agent 

MKZ primer (bredent, Senden, DE) is a MDP-containing bonding agent for bonding 

resin to titanium alloys, cobalt-chromium alloys, and zirconia. 

3.1.9. Hydrofluoric Acid Etching Gel 

IPS Ceramic Etching Gel (Ivoclar Vivadent, Schaan, LI) is an etching gel for glass-

ceramics containing < 5% hydrofluoric acid gel. It is used to render the fitting surface 

of glass-ceramics retentive to resin cement. Application for 20 seconds is the 

manufacturer’s recommended etching time (for lithium disilicate) and it is suitable only 

for extra-oral use. 

3.1.10. Silane-Containing Bonding Agent 

K primer (bredent, Senden, DE) is a silane-containing bonding agent for bonding 

silicate ceramics to resin and could be used with metal and zirconia but only if the 

surface modification has been carried out using silica coating before using the primer. 

3.1.11. Light-Cured Bonding Agent 

visio.link (bredent, Senden, DE) is a light-cured bonding agent for bonding of 

composites, polymethylmethacrylate, and high-performance polymers to resin such as 

ceramic reinforced polyetheretherketone (BioHPP). 
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3.2. Methods 

3.2.1. Study Design 

A total of eighty-eight identical custom-made CAD/CAM abutments milled out of 

titanium, zirconia, lithium disilicate and ceramic-reinforced PEEK (crPEEK) were 

divided into 11 test groups of 8 specimens per group. Each abutment was restored 

with an identical CAD/CAM crown resembling a lower right first molar (Fig. 1). The 

groups had been designated as follows: A titanium abutment restored either with a 

zirconia crown (Ti Z), a lithium disilicate crown (TiL), or a crPEEK crown (TiP), a 

zirconia abutment restored either with a zirconia crown (ZrZ), a lithium disilicate crown 

(ZrL), or a crPEEK crown (ZrP), a lithium disilicate abutment restored either with a 

lithium disilicate crown (LiL), or a crPEEK crown (LiP), and a crPEEK abutment 

restored either with a zirconia crown (PeZ), a lithium disilicate crown (PeL), or a 

crPEEK crown (PeP) (Fig. 2). The lithium disilicate abutments were restored only with 

lithium disilicate and crPEEK crowns because of the higher flexural strength of zirconia 

in comparison to lithium disilicate and the higher translucency of lithium disilicate which 

makes a combination with zirconia crowns clinically irrelevant. 

 

Figure 1 A: The four abutments used in the study. From the left, titanium, zirconia, 

lithium disilicate, and crPEEK. B: The three crowns used in the study. From the left, 

zirconia, lithium disilicate, and crPEEK. 

A B 

B A 



  

13 
 

 

Figure 2 Study design and the codes of test groups. 

3.2.2. Preparation of the Specimens 

Implants with 4 mm diameter and 12 mm length (blueSKY implant) were embedded in 

polyester resin (Technovit 4000). The implants were placed with the aid of a milling 

surveyor (Degussa F2) to ensure a parallel relationship between the mechanical 

loading device and the long axis of the implant simulating the clinical situation of a 

lower first molar during fatigue loading and fracture resistance testing. A metal cylinder 

was roughened with a bur from the inner surface to aid in the mechanical retention of 

the polyester resin and closed from the bottom with a custom-made Teflon plate to act 

as a container to hold the mixed polyester resin and the embedded implant. The 

polyester resin was mixed according to the manufacturer’s instructions and the arm of 

the milling surveyor was lowered till the implants were embedded in the mixed 

polyester resin to the level of the first thread ±0.5 mm. The milling surveyor was fixed 

n = 88
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in that position to allow the polyester resin to set for 8 minutes according to the 

manufacturer’s instructions. The embedding procedure is shown in detail in Figure 3.  

 

Figure 3 A: Placement of the implant with the tightened long screw into the milling 

surveyor and tightening the spindle. B: Insertion of the implant into the mixed resin 

by lowering the spindle of the surveyor. C: Final position of the implant, ±0.5 mm 

from the level of the first thread. The milling surveyor was fixed in that position till the 

setting of the resin was completed. 

3.2.3. CAD Design 

A scan body (SKY uni.fit Scan-Abutment) was tightened to one of the embedded 

implants and scanned using a laboratory optical scanner (D1000, 3Shape, 

Copenhagen, DK). Then, the abutment and crown were designed simultaneously using 

dental CAD software (3Shape Dental System, 3Shape, Copenhagen, DK) to 

accommodate the anatomy and average dimensions of a lower right first molar crown, 

7.5 mm occluso-gingivally, 11 mm mesio-distally, and 10.5 mm bucco-lingually with a 

minimum thickness of 1.7 mm for the abutment and 2 mm for the crown. The 

distobuccal cusp of the crown was designed to be specifically flat and at 30º inclination 

to the long axis of the crown (Fig. 4). 

C 

A B 
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Figure 4 A: Buccal view of the crown (translucent) and the abutment from the CAD 

design software. B: Sagittal section of the design, illustrating the flat surface of the 

distobuccal cusp with 30º inclination to the long axis of the crown where the contact 

point was placed. 

3.2.4. Milling of the Abutments 

The titanium abutments were milled out of pre-milled titanium blanks (SKY prefab 

titanium) with an integrated implant-abutment connection. The zirconia abutments 

were milled out of a zirconia CAD/CAM disc (Zenostar MO) to be bonded to the titanium 

bases (SKY uni.fit titanium base S for CEREC). The lithium disilicate abutments were 

milled out of lithium disilicate blocks (IPS e.max CAD MO A14) to be bonded to the 

titanium bases as well. The crPEEK abutments were milled out of crPEEK blocks with 

an integrated titanium implant-abutment connection (BioHPP SKY elegance prefab).  

All the milled objects were separated from the corresponding disc or block and the 

attachment point of the holding pin was smoothed out. The zirconia abutments were 

sintered and the lithium disilicate abutments were glazed and crystallized according to 

the manufacturer’s instructions. 

The titanium and crPEEK abutments were ready to be screwed into the implants and 

would receive the required surface treatment to be bonded to the crowns at a later 

step. In contrast, the zirconia and lithium disilicate abutments require a extra step of 

bonding to the titanium bases before being screwed into the implants. 

3.2.5. Milling of the Crowns 

The zirconia crowns were milled out of zirconia CAD/CAM disc (Zenostar MO). The 

lithium disilicate crowns were milled out of lithium disilicate blanks (IPS e.max CAD 

A B 
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LT). The crPEEK crowns were milled out of crPEEK CAD/CAM discs 

(breCAM.BioHPP). 

All milled objects were separated from the corresponding disc or block and the 

attachment point of the holding pin was smoothed out. The zirconia crowns were 

sintered and the lithium disilicate crowns were glazed and crystallized according to the 

manufacturer’s instructions. 

3.2.6. Adhesive Cementation of the Abutments 

The titanium bases and the inner surface of zirconia abutments were steam cleaned 

and air abraded (50 μm alumina particles at 2.5 bar for titanium and 1 bar for zirconia), 

followed by ultrasonic cleaning in 99% isopropanol for 3 minutes, and then primed 

(MKZ primer).  

The inner surfaces of the lithium disilicate abutments were steam cleaned, followed by 

ultrasonic cleaning in 99% isopropanol for 3 minutes, then etched with etching gel 

containing <5% hydrofluoric acid (IPS Ceramic Etching Gel) for 20 sec, and then 

primed (K primer).  

The zirconia and lithium disilicate abutments were bonded to the titanium bases using 

a thin layer of dual-curing luting resin (DTK-Kleber) and allowed to set in a stabilizing 

apparatus under 750 g load. The setting was accelerated by exposing the assembly to 

30 seconds of light-curing (radii-cal, SDI Germany, Cologne, DE) from the buccal and 

lingual directions, respectively. The titanium bases had an anti-rotation feature that 

prevented the abutment from rotating during the cementation process.  

3.2.7. Tightening of the Abutments  

All the abutments were secured to the implants using titanium screws with a torque of 

20 Ncm according to the manufacturer’s recommendations and retightened again after 

10 minutes. The torque wrench was validated beforehand using a digital torque tester 

(Torque Tester 4-D, Plüderhausen, DE). 

3.2.8. Adhesive Cementation of the Crowns 

After retightening the screws, the screw access channels were closed with two foam 

pellets size 1 before applying the luting resin for bonding the crowns. To bond the 

crowns to the abutments, the fitting surfaces of the crowns and the abutments were 

surface treated, primed and, bonded using luting resin. The surface treatment and 
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priming methods of the used materials are summarized in Table 2. Then, the excess 

luting resin was removed and the whole assembly was left to set under 5 kg sustained 

load in a stabilizing apparatus. The setting was accelerated by light curing for 30 

seconds from the buccal and lingual directions respectively. All bonded specimens 

were stored in water at 37º for 3 days after the cementation and before the start of the 

fatigue loading and thermal cycling process to ensure the complete setting of the 

cement.  

 

3.2.9. Dynamic Loading 

All specimens were artificially aged in an eight chambered chewing simulator (CS-4 

Willytec, Feldkirchen-Westerham, DE) by thermal cycling between 5ºand 55º, the 

dwelling time set at 30 seconds, with simultaneous mechanical loading of 100 N load 

for 1,2 million cycles at 2.4 Hz and 0.3 mm horizontal movement to the direction of the 

central groove from the contact point. Steatite balls (CeramTec) of 6 mm diameter were 

used as antagonists. The steatite balls were trimmed to allow contact only with the 

buccal cusp and avoid unnecessary contact with the lingual ones during mechanical 

loading (Sieper et al., 2017). 

The contact point was in the middle of the distobuccal cusp 2.5 mm away from the 

central groove. The contact points were marked using a waterproof marker aided by a 

custom-made template, made of light-cured composite resin (Visio-Form) to ensure 

consistency and accuracy in contact point placement for all specimens of the different 

Table 2. The surface treatment of the used materials 

 
 

 Titanium Zirconia Lithium disilicate crPEEK 

Surface 

treatment 

Air abrasion 

with 50 μm 

alumina 

particles at  

2.5 bar 

Air abrasion 

with 50 μm 

alumina 

particles at  

1 bar 

Etching with 5% 

hydrofluoric acid (IPS 

Ceramic Etching Gel) 

for  

20 sec 

Air abrasion with 

110 μm alumina 

particles at  

2.5 bar 

Primer MKZ primer K primer VISIOLINK  
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groups before the start of artificial aging and again before the fracture resistance 

testing (Fig. 5).  

All specimens were monitored by cameras during the artificial aging process to detect 

any failure that might occur during the process. After artificial aging, the specimens 

were checked thoroughly for cracks and/or mobility of the superstructure. 

 

Figure 5 A: Trimmed steatite ball in contact with the marked occlusal contact point. 

B: Custom-made composite template on the occlusal surface of the assembly to 

ensure consistent exact placement of the contact point between different specimens 

before artificial loading and fracture resistance testing. C: Marked contact point using 

the custom-made composite template. 

 

 

 

A 

B C 
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3.2.10. Fracture Resistance Test 

Surviving specimens were loaded to failure by quasi-static compressive loading using 

an universal testing machine (Zwick Z010, ZwickRoell, Ulm, DE) at the same contact 

point as the dynamic loading with a crosshead speed of 2 mm/min using steel semi-

spherical indenter with diameter 5 mm. A 0.5 mm tin foil was placed between the 

indenter and the crowns to ensure homogenous stress distribution (Fig. 6).  

 

Figure 6 A: Indenter and the occlusal 

surface of a crPEEK crown after 

reapplication of the contact point due to 

visible wear after fatigue loading (The tin foil 

was not photographed for demonstration 

purposes). B: Setup used for fracture 

resistance testing using the universal testing 

machine. 

The failure loads were recorded with the testing software (testXpert II V3.3) and 

registered as the first sharp drop or as the highest load before 2 mm deformation of 

the superstructure (Fig 7) (Elsayed et al., 2017, 2018), but all specimens were loaded 

to ultimate failure regardless. 

A B 



  

20 
 

 

Figure 7 Screenshot from the testing software during the calculation of the failure 

load of specimen number three of group PeP, where the crosshair  

(red circle) is pointing at the point which was assigned as the failure load at 2 mm 

deformation even though it is not the highest load on the curve and that the specimen 

continued to deform uniformly after that. It should be noted that the 2 mm 

deformation point was calculated from the start of the linear deformation (red arrow)  

and not from the beginning of the curve. 

3.2.11. Failure Mode Analysis 

The failure modes were documented after visual examination of the fractured 

specimens, then categorized into the following groups: (i) crown fracture (ii) crown 

fracture + total debonding (iii) crown indentation (iv) crown and abutment fracture (v) 

screw fracture and all specimens were checked for implant deformation.  

3.2.12. Statistical Analysis 

The fracture resistance test results were tabulated, and statistical analysis was 

performed using statistical analysis software (SPSS 20.0, IBM Deutschland, Ehningen, 

DE). The data were tested for normality using the Shapiro-Wilk test and for 

homogeneity of variance using the Levene test. 

The tests revealed an occasional deviation from the normal distribution in three groups 

LiL, PeL, and PeP out of eleven and appeared to be of heterogeneous distribution. 
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Taking into consideration that the study design was balanced (equal sample size in 

each group), Welch’s ANOVA (analysis of variance) was selected as the test of choice 

to test for the presence of a statistically significant difference between the different 

groups. 

That was followed by the Games-Howell post-hoc test to determine the specific groups 

that showed a statistically significant difference between their means. The level of 

significance (p-value) was set at 0.05 (95% confidence interval) for all tests. 
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4. Results  

4.1. Results of the Dynamic Loading Test 

Seven specimens (8%) out of eighty-eight failed during the artificial aging process 

including dynamic loading and thermal cycling due to screw loosening (five specimens) 

and screw fracture (two specimens). The seven specimens belonged to group LiP with 

three failures, group PeL with one failure, and group PeP with three failures.  

It should be considered during the interpretation of the data and the results of the 

statistical tests that the failure load assigned to the specimens that failed during the 

artificial aging process was 0 N as none of them could be tested for fracture resistance 

in the universal testing machine.  

4.2. Results of the Fracture Resistance Test 

The means and standards of deviation were calculated respectively for each group and 

among other descriptive statistics are shown in Table 3.  

The comparative statistical tests showed that the fracture resistance means of groups 

TiZ and ZrZ were significantly higher than all other groups but did not show a significant 

difference between each other, being the highest two means with 5529.5 N for group 

ZrZ and 4926.5 N for group TiZ. Group LiP had the lowest mean with 1582.5 N. 

Within the titanium abutment groups, the mean of group TiZ was significantly higher 

than that of groups TiL and the TiP, while groups TiL and TiP did not show a significant 

statistical difference between their means.  

For the zirconia abutment groups, the mean of group ZrZ was significantly higher than 

that of groups ZrL and the ZrP, while groups ZrL and ZrP did not show a significant 

statistical difference between each other.  

Although there was no statistically significant difference between the two groups 

restored with lithium disilicate abutments, it should be noted that three specimens from 

group LiP failed during artificial aging.  

Within the crPEEK abutment groups, the mean of group PeZ was significantly higher 

than that of group PeL but there was no statistically significant difference between 

groups PeZ and PeP and between groups PeL and PeP. It should be noted that one 

and three specimens failed during artificial aging in groups PeL and PeP, respectively.  



23 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 Table 3. Fracture resistance of test groups (n=8) 

Groups Mean (N) Median (N) 
Standard 

deviation (N) 

Maximum 

(N) 
Minimum (N) 95% CI (N) 

Deformation at 

failure (mm) 

TiZ 4926.5 5081.5 541.2 5637 3986 4474 - 5379 =2 

TiL 3706.2 3720 602.9 4490 2590 3202.1 - 4210.3 <2 

TiP 3877.8 3826 294.0 4299 3497 3632 - 4123.7 =2 

ZrZ 5529.5 5512.5 347.5 6026 5089 5238.9 - 5820.1 =2 

ZrL 2826.2 2610 755.2 4100 1670 2194.8 - 3457.6 <2 

ZrP 3967.0 4012.5 232.0 4318 3578 3772.9 - 4161.0 =2 

LiL 2867.5 2700 363.5 3580 2620 2563.6 - 3171.4 <2 

LiP 1582.5 2020 1372.5 3250 0 435 - 2729.9 <2 

PeZ 3872.7 3890.5 373.7 4390 3249 3560.3 - 4185.1 =2 

PeL 1670 1920 679.3 2030 0 1102 - 2237.9 <2 

PeP 1985.7 3108 1646 3335 0 609.6 - 3361.8 =2 
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Table 4 shows the results of the comparative statistical tests and the significant 

differences between the test groups.  

Groups restored with lithium disilicate crowns or/and abutments (TiL, ZrL, LiL, LiP, and 

PeL) were the only groups where all the specimens failed before 2 mm deformation of 

the superstructure. For the rest of the groups, the failure load was calculated at 2 mm 

deformation, but specimens were loaded to ultimate failure to detect the weakest point 

in the assembly. 

 

 

 

Table 4. Statistical comparison of test groups using Welch’s ANOVA with post-hoc 

Games-Howell test 

 TiZ TiL TiP ZrZ ZrL ZrP LiL LiP PeZ PeL 

TiL .023  

TiP .014 .999  

ZrZ .320 .000 .000  

ZrL .001 .345 .093 .000  

ZrP .025 .976 1.000 .000 .060  

LiL .000 .118 .001 .000 1.000 .000  

LiP .003 .056 .036 .001 .519 .030 .388  

PeZ .017 1.000 1.000 .000 .104 1.000 .003 .036  

PeL .000 .001 .000 .000 .132 .000 .027 1.000 .000  

PeP .024 .297 .194 .009 .946 .162 .891 1.000 .199 1.000 

The p-value was set at 0.05. Bold font indicates statistically significant difference. 
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4.3. Results of the Failure Mode Analysis 

The failure mode analysis after the fracture resistance testing showed different failure 

and fracture patterns between the groups and within the same group. The most 

common failure mode was found to be the crown and abutment fracture with 31 

specimens (35.2%) showing that fracture pattern. Out of the six specimens that failed 

by screw fracture during the fracture resistance testing, three of them showed implant 

deformation due to excessive bending of the specimens during fracture resistance 

testing. Table 5 shows the different fracture patterns and their distribution among test 

groups. The different fracture modes are illustrated in Figures 8 to 13. 

The failure mode of crPEEK crowns differed from zirconia and lithium disilicate crowns 

as it was always preceded by indentation whether it fractured or not (Fig. 13).  

Table 5. Failure modes of test groups 

 TiZ TiL TiP ZrZ ZrL ZrP LiL LiP PeZ PeL PeP 

Screw loosening  

in CS 
- - - - - - - 1 - 1 3 

Screw fracture  

in CS 
- - - - - - - 2 - - - 

Crown fracture - 4 - 2 8 - - - 1 - 5 

Crown fracture +  

total debonding 
8 4 1 1 - - - - 2 1 - 

Crown indentation - - 7 - - - - - - - - 

Crown + 

abutment fracture 
- - - 5 - 5 8 5 2 6 - 

Screw fracture  - - - - - 3 - - 3 - - 

Implant 

deformation 
- - - - -  3* - - - - - 

* Additional analysis 
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Figure 8 Failure mode crown fracture without total debonding in group ZrL. 

         

Figure 9 Failure mode crown fracture with total debonding in group TiL A: Abutment. 

B: Fractured crown fragments. 

 

Figure 10 Failure mode crown indentation in group TiP. 

 

A B 
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Figure 11 Failure mode crown and abutment fracture in groups LiP (A) and PeL (B). 

 

Figure 12 A: Failure mode screw fracture in group Zr. B: Implant deformation in 

group ZrP. 

 

 

Figure 13 A: Failure mode screw fracture during chewing simulation  

in group LiP. B: Fractured crPEEK crown preceded by indentation in group TiP. 

 

  

A B 

A 

A 

B 

B 
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5. Discussion 

5.1. Discussion of Materials and Methods 

5.1.1. Study Design 

All the abutments were restored with zirconia, lithium disilicate, and crPEEK crowns to 

allow the testing of the effect of different CAD/CAM materials on the different 

abutments and to test the effect of using crPEEK as an abutment and as a crown in 

different scenarios. Only the lithium disilicate abutment was not tested with a zirconia 

crown due to the higher flexural strength of zirconia in comparison to lithium disilicate 

and the higher translucency of lithium disilicate which makes this combination clinically 

irrelevant. 

5.1.2. Specimen Preparation  

All implants were embedded in cold-curing polyester resin, because the resin has a 

modulus of elasticity of 12 GPa, close to that of bone (18 GPa), to help simulate the 

clinical situation (Att et al., 2006). 

The reported technique of inserting the implant into the polyester resin using the milling 

surveyor was developed to ensure a parallel relationship between the long axis of the 

implant and the loading device during dynamic and quasi-static loading, resembling 

the clinical loading scenario of a mandibular first molar. This helped also in optimizing 

the standardization of the preparation of the specimens by using a reproducible reliable 

technique for implant placement.  

To further standardization of the specimens between test groups, the crown and the 

abutment were designed simultaneously in the CAD software from a single scan to 

avoid inconsistencies that may arise from multiple scans or designs. Since the titanium 

and crPEEK abutments differed from the zirconia and lithium disilicate abutments in 

the type of implant-abutment connection, the design files were only copied to allow for 

the export of the different files required for the milling of the different types of 

abutments. Thanks to the automatic design feature of the used design software, 

duplication of the design with a different implant-abutment connection for the different 

groups without changing the design was possible.   

All the abutments were secured to the implants using titanium screws with a torque of 

20 Ncm according to the manufacturer’s recommendations and retightened after 10 



  

29 
 

minutes to decrease the settling effect (Siamos et al., 2002; Winkler et al., 2003). The 

reliability of the torque wrench was validated using a digital torque tester to ensure that 

the amount of torque transferred to the screws was equivalent to the value showed on 

the torque wrench. 

5.1.3. Dynamic Loading  

For more clinically relevant results, dynamic loading was performed before the fracture 

resistance test, in addition to thermal cycling, for artificial aging (Coray et al., 2016). In 

previous studies the cyclic loading parameters were heterogeneous, ranging between 

25,000 and 5,000,000 cycles with a frequency between 2 -15 Hz and loading force 

between 10 N to 1995 N (Coray et al., 2016). The thermal cycling was carried with 

temperature ranging between 5 ºC and 55 ºC in 0.9% saline, saliva substitute, lubricant 

film or water (Coray et al., 2016). 

In an attempt to approximate the laboratory testing procedure in this study to the clinical 

situation, the specimens were artificially aged by mechanical fatigue loading and 

thermal cycling which are especially important when testing implant restorations, as 

micromovements might cause screw loosening and/or screw fracture, which are 

common failure patterns in two-piece implants (Rosentritt et al., 2015). Added to that, 

thermal cycling is important to test the bonded interface between the different 

restorative components in a moist environment (Attia & Kern, 2010; Lehmann & Kern, 

2009; Rosentritt et al., 2015). 

In this study, the specimens were artificially aged in an eight chambered chewing 

simulator so that all the specimens of one test group were tested together under the 

same conditions to avoid any intra-group variability. The thermal cycling ranged 

between 5º and 55º water temperature and the dwelling time was set at 30 seconds. 

The simultaneous mechanical loading was done with 100 N load for 1,2 million cycles 

at 2.4 Hz and 0.3 mm horizontal movement to the direction of the central groove from 

the contact point. Those parameters are supposed to simulate 5 years of clinical 

service (Kern et al., 1999; Mehl et al., 2007). 

Another attempt to simulate the clinical situation was performing the mechanical 

dynamic loading and fracture resistance testing on a flat distobuccal cusp with 30º 

inclination to the long axis of the crown. The flat surface was important to ensure 

adequate reliable even contact of the trimmed steatite antagonist with the assembly. 
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The 30º inclination together with the application point placement 2.5 mm away from 

the central fissure, both were important to mimic unfavorable clinical situations with a 

possible offset load which is a common finding in the molar region (Steinebrunner et 

al., 2008). 

The steatite balls were chosen as antagonists during the mechanical fatigue loading 

because they are considered an adequate substitute for sound human enamel 

(Wassell et al., 1994). The steatite balls were trimmed to allow contact only with the 

buccal cusp and avoid unnecessary contact with the lingual ones during mechanical 

loading (Sieper et al., 2017). 

5.1.4. Fracture Resistance Test 

Among the mechanical properties, fracture resistance is considered to be one of the 

most important features of implant components (Coray et al., 2016). Fracture 

resistance is defined as the stress that corresponds to the stress at fracture and is an 

important indicator of the lifetime of the material and a good predictor of the failure 

pattern (Tatlisoz & Canpolat, 2017). In the fracture resistance test, the specimen is 

subjected to quasi-static compressive force till failure, a force/displacement curve is 

recorded and the maximum load to failure is calculated from the corresponding curve 

for each specimen individually (Bonfante & Coelho, 2016). 

There is no universal methodology for testing the fracture resistance of different 

restorative components for implants (Coray et al., 2016). The ISO 14801 is the only 

available international standard focused on the fatigue testing for dental implants and 

is mainly concerned with simulating functional loading on the implant body and the 

premanufactured prosthetic components under a worst-case scenario. This leaves the 

custom-made solutions without a universal standard to adhere to when testing new 

materials, designs, and workflows. Nonetheless, effort should always be made in order 

to simulate the clinical conditions as close as possible. 

The contact point used for fracture resistance testing was reapplied after the artificial 

aging and before the start of the fracture resistance testing because the wear caused 

by the dynamic loading caused the previously marked contact point to wear off. A 0.5 

mm tin foil was placed between the indenter and the crowns for homogenous stress 

distribution. For the specimens that did not structurally fail before 2 mm of deformation, 

they were loaded to ultimate failure even after reaching 2 mm of deformation to enable 
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detection of the weakest point of the assembly and allow for the prediction of the 

expected clinical failure modes.  

5.1.5. Statistical Methods 

Welch’s ANOVA (analysis of variance) was selected to compare the means of test 

groups regardless of the deviation of the data from normal distribution because 

ANOVA, in general, is robust against slight deviation from a normal distribution - taking 

into consideration that the study design is balanced (equal sample size in each group) 

- and specifically, the Welch’s ANOVA does not assume homogeneity of the variance 

(Delacre et al., 2020), since the data was found to be of heterogeneous in distribution. 

For the same reason, the Games-Howell post-hoc test was carried out as it does not 

assume equal variances (Lee & Lee, 2018).  

5.1.6. Limitations of Materials and Methods 

Even though the crPEEK crowns are usually used with composite veneering due to 

esthetic reasons, monolithic crPEEK crowns were used in this study to eliminate the 

possibility of crack development or fracture of the veneering material during artificial 

aging or fracture resistance testing, to allow for proper testing of crPEEK with its low 

modulus of elasticity in contrast to the more commonly used monolithic zirconia and 

lithium disilicate crowns. In a previous study, the mean values for crPEEK 

substructures veneered by milled or paste composite showed a lower mean of fracture 

strength at 1920.9 N and 921.3 N (Preis et al., 2017). The higher strength for the 

monolithic PEEK crowns in this study seems to be due to the absence of the veneering 

layer and the homogeneity of the monolithic alternative. Further testing of crPEEK 

crowns with composite facial veneering is recommended as it could combine the 

functional advantages of the monolithic solution and esthetic advantages of the full 

veneered alternative.  

Another limitation of this study is the use of a spherical non-anatomical metal indenter 

for the fracture resistance test which leads to plastic deformation and indentation of 

the crPEEK crowns with or without fracture which has not been a reported clinical 

failure mode. An anatomical indenter should be developed and tested as it might 

produce more clinically relevant fracture patterns in future studies. 

In addition, the absence of adjacent teeth might have influenced the fracture patterns 

and loads as they could have acted as means for stress distribution especially for the 
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crPEEK crowns which are expected to transfer more of the load to the adjacent teeth 

due to their low modulus of elasticity (Kao et al., 2008). The development of test 

specimens with adjacent teeth might help in the simulation of the clinical situation in a 

better way and produce more clinically relevant data. 

5.2. Discussion of the Results 

5.2.1. Dynamic Loading 

During artificial aging, seven out of 88 specimens failed in this study. Five failed due 

to screw loosening and two failed due to screw fracture. This might be attributed to the 

failure of the assembly to resist micromovements during the dynamic loading leading 

to screw loosening with or without subsequent fracture. The effect of using PEEK as 

crown material restoring either lithium disilicate (LiP) or PEEK (PeP) abutments had 

the most detrimental effect on the survival of the specimens during artificial aging. The 

impact of using a material with high resilience could have allowed the transmission of 

higher stresses to the screws during dynamic loading, which could not be shielded by 

the abutments. The ability of materials with higher yield strength like titanium and 

zirconia to withstand such stresses during dynamic loading could be demonstrated in 

TiP and ZrP groups in which all titanium and zirconia abutments restored with PEEK 

crowns survived the artificial aging without screw loosening or fracture.  

Screw loosening occurred in groups LiP and PeL in one specimen and in group PeP 

in three specimens. In addition, in group LiP two specimens exhibited screw fractures. 

The rest of the specimens were free of screw loosening, fractures, or debonding during 

or after the artificial aging, indicating a good resistance of the tested material 

combinations and design to micromovements and the good quality of bonding between 

the different components.  

5.2.2. Fracture Resistance Test 

Among the mechanical properties, the fracture resistance is considered to be one of 

the most important features for implant components and is considered to be a valuable 

parameter for comparing and predicting the clinical behavior of different implant 

components and designs (Coray et al., 2016). In this study, groups TiZ and ZrZ showed 

a statistically significant higher fracture resistance than the other groups but did not 

differ to each other, with 5529.5 N for group ZrZ and 4926.5 N for group TiZ. Although 

the fracture resistance of both groups were similar, the zirconia crowns showed a 
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consistent fracture pattern when restoring titanium abutments (TiZ), with exclusive 

crown fracture and total debonding, while when zirconia abutments (ZrZ) were used, 

they showed mixed crown and abutment fracture patterns with five specimens showing 

abutment and crown fracture. 

Although laboratory studies testing implant-supported restorations in the molar region 

are scarce, the mean of group TiZ is comparable to the results published in a previous 

study with 4817.8 N for CAD/CAM fabricated zirconia crowns cemented on abutment 

analogs (Preis et al., 2017). In another study where CAD/CAM lithium disilicate crowns 

were used to restore ready-made titanium abutments, the results were comparable to 

group TiL group with 2645 N (Dogan et al., 2017). Although those previous studies 

were relatively similar to the current study, differences in the methodology should be 

noted with regard to the use of analogs instead of implants and the use of ready-made 

abutments instead of custom abutments. 

Within the limitations of this study, all groups that survived the artificial aging process 

simulating 5 years of clinical service (Kern et al., 1999; Mehl et al., 2007; Rosentritt et 

al., 2008), and fractured above the maximum recorded masticatory force in the molar 

region around 900 N (Varga et al., 2011; Zivko-Babić et al., 2002). Therefore, they 

might be considered safe for clinical use from a mechanical point of view, within normal 

loading conditions. However, material combinations that failed during the artificial 

aging in the chewing simulator (groups LiP, PeL, and PeP) should be used with caution 

until further testing is carried out with different designs or improved material 

characteristics that could resist the micromovements and the subsequent loosening or 

fracture of the screws.   

Since the fracture loads after fatigue loading differed significantly between most of the 

groups (Tables 3 and 4), the null hypothesis was rejected. 

5.2.3. Failure Modes 

Titanium abutments were the only type of abutment that did not show any type of 

abutment failure with the three different crown materials, which is most likely because 

of the relatively higher flexural strength of titanium in comparison to the other materials. 

When restored with a zirconia crown, the failure was exclusively by crown fracture with 

total debonding, while when restored by lithium disilicate crowns, the failure mode was 

split in half between crown fracture with and without total debonding. When restored 
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with crPEEK crowns, it was the only group that showed the crown indentation failure 

mode (seven specimens) due to the high resistance of the assembly to fracture, and 

only one specimen failed by crown fracture with total debonding. Exclusive crown 

failures might be advantageous in clinical situations, by preventing overloading of the 

abutment and the screw which might cause screw loosening or screw fracture in case 

of excessive forces. This type of failure is the least detrimental and could be repaired 

while the implant, abutment, and screw are salvaged. 

All zirconia abutments survived the artificial aging, with predominantly crown and 

abutment fracture in the group restored with zirconia crowns (group ZrZ), which might 

be attributed to the matching flexural strength between the materials of the crown and 

the abutment which leads to simultaneous fracture of both of them at a similar load. 

When restored with lithium disilicate crowns (group ZrL), the specimens failed 

exclusively by crown fracture and when restored with PEEK crowns (group ZrP), the 

specimens showed predominantly crown and abutment fractures and three specimens 

failed by screw fracture. The screw fracture might be due to the combination of zirconia 

with high flexural strength and crPEEK with low modulus of elasticity (Hisbergues et 

al., 2009; Kurtz & Devine, 2007; Najeeb et al., 2016; Tang et al., 2019), leading to an 

assembly that is resistant to fracture but not to bending, transferring the excessive load 

to the screw with a subsequent screw fracture.  

Lithium disilicate abutments restored by lithium disilicate crowns (group LiL) and 

crPEEK crowns (group) showed exclusively crown and abutment fractures except for 

three specimens from group LiP that did not survive the artificial aging where two 

specimens failed by screw fracture and one failed by screw loosening. The screw 

failures during artificial aging might be attributed to the fact that the restorative complex 

could not protect the screws from the effect of the micromovement caused by the 

dynamic mechanical loading. 

Abutments made of crPEEK and restored by lithium disilicate (group PeL) and crPEEK 

crowns (group PeP) might have not been able to properly resist the micromovements 

during fatigue loading leading to screw loosening in one and three specimens in each 

group, respectively. The specimens that survived the artificial aging in group PeP failed 

exclusively by crown fracture and in group PeL they failed mostly by crown and 

abutment fracture (6 specimens out of 7) with one specimen showing crown fracture 
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with total debonding. The absence of screw loosening during fatigue loading with 

zirconia crowns (group PeZ) might indicate that the presence of a crown made of a 

material with high flexural strength could have shielded the assembly and 

consequently the screw from the effect of micromovements in comparison to when 

restored with lithium disilicate or crPEEK. Nonetheless, when loaded to ultimate failure, 

three specimens from group PeZ failed by screw fracture during fracture resistance 

testing, which might indicate that the screw is a vulnerable component when using 

crPEEK abutments regardless of the crown material.  

The only combination that showed implant deformation was group ZrP with three 

specimens out of eight failing by screw fracture due to excessive bending, which could 

be explained by the high resistance of the assembly to fracture due to the presence of 

zirconia crown with high flexural strength but vulnerability to excessive bending 

because of the low modulus of elasticity of crPEEK. 

In total four groups (groups TiZ, TiL, TiP, and ZrL) out of eleven failed exclusively with 

a crown only failure pattern (crown fracture with or without debonding and crown 

indentation). The limitation of the failure to the crown, salvaging the abutment, screw, 

and implant, is a finding that could be of value among other factors when choosing the 

suitable restorative materials combination, because it is the least critical part of the 

assembly and the easiest and cheapest form of failure to repair as mentioned before. 

Important to mention as well, that whenever and only when lithium disilicate was 

incorporated in the restorative complex (groups TiL, ZrL, LiL, LiP, and PeL), either as 

a crown, an abutment, or both, the specimens failed before 2 mm of deformation, which 

means that the implant and the screw were not subjected to the excessive loading and 

bending that might occur when the restorative materials have higher resistance to 

fracture or low resistance to elastic deformation, which might lead to screw loosening 

or screw fracture and subsequent implant deformation. 

It is worth noting that the fracture patterns and loads could differ with other implant 

systems and/or titanium bases in comparison to what was used in this study.  Added 

to that, clinically relevant factors such as the abutment and crown design variations, 

the type of opposing occlusion, the presence of parafunctional habits, and others 

might lead to different results. 
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6. Conclusions 

Within the limitations of this study, the following can be concluded: 

1. Groups that survived the artificial aging process simulating 5 years of clinical 

service and fractured above the maximum recorded masticatory forces in the 

molar region (900 N), i.e., groups TiZ, TiL, TiP, ZrZ. ZrL, ZrP, LiL, and PeZ, are 

considered safe for clinical use, from a mechanical point of view, within normal 

loading condition.  

2. Material combinations that failed during the artificial aging in the chewing 

simulator, i.e., groups LiP, PeL, and PeP, should be limited only to short-term 

use and should be used with caution until further testing is carried out with 

different designs or improved material characteristics. 

3. Only when lithium disilicate was incorporated in the restorative complex, i.e., 

groups TiL, ZrL, LiL, LiP, and PeL, either as crown, abutment, or both, the 

specimens failed before 2 mm of deformation preventing overload of the screw 

and the implant and subsequent deformation.  

4. Groups TiZ, TiL, TiP, and ZrL showed exclusive crown failures which might be 

advantageous in clinical situations. This type of failure is the least detrimental 

and could be repaired while the implant, abutment, and screw are salvaged. 
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7. Summary 

7.1. Summary 

Thanks to CAD/CAM technology, the production of monolithic full anatomical crowns 

and abutments from industrially produced milling blanks is possible, reducing the 

production time and increasing the overall fracture resistance by eliminating the veneer 

layer. This study was carried out to investigate the effect of using different commercially 

available CAD/CAM materials for fabrication of molar crowns on the fracture strength 

of custom-made abutments after dynamic loading and thermal cycling.  

A total of 88 identical custom-made CAD/CAM abutments milled out of titanium, 

zirconia, lithium disilicate and ceramic-reinforced polyetheretherketone were divided 

into 11 test groups (n=8) and restored with CAD/CAM crowns milled out of zirconia, 

lithium disilicate, and ceramic-reinforced polyetheretherketone. Lithium disilicate 

abutments were restored only with lithium disilicate and ceramic-reinforced 

polyetheretherketone crowns due to the lack of clinical significance of the zirconia 

crown and lithium disilicate abutment combination. Specimens were artificially aged in 

a chewing simulator for 1.2 million cycles of dynamic loading with simultaneous thermal 

cycling. The surviving specimens were loaded to fracture in the universal testing 

machine. The data were tested for normality using the Shapiro-Wilk test and for 

homogeneity of variance using the Levene test revealing heterogeneity and deviation 

from the normal distribution. Statistical significance was tested for using Welch’s 

Analysis of variance with post-hoc Games-Howell test (95% confidence interval).  

In total, 81 specimens survived the artificial aging process simulating five years of 

clinical service. The fracture modes and means of the fracture strength varied between 

the groups, zirconia abutments restored with zirconia crowns had the highest mean 

with 5529.5 N and lithium disilicate abutments restored with ceramic-reinforced 

polyetheretherketone crowns had the lowest mean with 1582.5 N.  

Although the tested combinations showed different fracture values and modes, all the 

groups that survived the artificial aging and fractured above 900 N are considered safe 

from a mechanical point of view for restoring single implants in the posterior region 

within normal loading conditions. 
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7.2. Zusammenfassung 

Dank der CAD/CAM-Technologie ist die Herstellung monolithischer vollanatomischer 

Kronen und Abutments aus industriell gefertigten Fräsrohlingen möglich, wodurch sich 

die Herstellungszeit verkürzt und die Bruchfestigkeit insgesamt durch den Verzicht auf 

die Verblendschicht erhöht. In dieser Studie wurde untersucht, wie sich die 

Verwendung verschiedener kommerziell erhältlicher CAD/CAM-Materialien für die 

Herstellung von Molarenkronen auf die Bruchfestigkeit von individuell angefertigten 

Abutments nach dynamischer Belastung und Temperaturwechselbadbelastung 

auswirkt.  

Insgesamt 88 identische individuell gefertigte CAD/CAM-Abutments, die aus Titan, 

Zirkoniumdioxid, Lithiumdisilikat und keramikverstärktem Polyetheretherketon gefräst 

wurden, wurden in 11 Testgruppen (n=8) aufgeteilt und mit CAD/CAM-Kronen 

versorgt, die aus Zirkonoxid, Lithiumdisilikat und keramikverstärktem 

Polyetheretherketon gefräst wurden. Lithiumdisilikat-Abutments wurden nur mit 

Kronen aus Lithiumdisilikat und keramikverstärktem Polyetheretherketon versorgt, da 

die Kombination aus Lithiumdisilikat-Abutments und Zirkonoxid-Kronen keine klinische 

Relevanz hat. Die Proben wurden in einem Kausimulator künstlich gealtert, und zwar 

für 1,2 Millionen dynamische Belastungszyklen bei gleichzeitiger 

Temperaturwechselbadbelastung. Die überlebenden Probekörper wurden in der 

Universalprüfmaschine bis zum Bruch belastet. Die Daten wurden mit dem Shapiro-

Wilk-Test auf Normalität und mit dem Levene-Test auf Homogenität der Varianz 

geprüft, wobei Heterogenität und Abweichungen von der Normalverteilung festgestellt 

wurden. Die statistische Signifikanz wurde mit dem Welch einfaktoriellen 

Varianzanalyse mit post-hoc Games-Howell-Test (95% Konfidenzintervall) geprüft.  

Insgesamt überlebten 81 Probekörper den künstlichen Alterungsprozess, der fünf 

Jahre klinische Belastung simuliert. Die Brucharten und Mittelwerte der Bruchfestigkeit 

variierten zwischen den Gruppen, wobei die mit Zirkonoxidkronen versorgten 

Zirkonoxidabutments mit 5529,5 N den höchsten Mittelwert und die mit 

keramikverstärkten Polyetheretherketonkronen versorgten Lithiumdisilikatabutments 

mit 1582,5 N den niedrigsten Mittelwert aufwiesen.  

Obwohl die getesteten Kombinationen unterschiedliche Bruchwerte und -muster 

zeigten, gelten alle Gruppen, die die künstliche Alterung unbeschadet überstanden 
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und bei über 900 N gebrochen sind, aus mechanischer Sicht als sicher für die 

Versorgung von Einzelimplantaten im Seitenzahnbereich unter normalen 

Belastungsbedingungen. 
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9. Appendices 

 

Table 6. Results of the fracture resistance test of group TiZ 

 

TiZ 

specimens 

Start of linear 

deformation 

(μm) 

Load at 2 mm 

deformation 

(N) 

Structural 

failure (N) 

1 1489.5 5112.3 6640 

2 1303.9 5637.4 7210 

3 1276.8 4508.0 9050 

4 1470.3 3985.9 8070 

5 1322.9 4539.0 7350 

6 1431.0 5179.2 8410 

7 1203.6 5399.0 8630 

8 1335.6 5051.0 6440 
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Table 7. Results of the fracture resistance test of group TiL 

 

TiL 

specimens 

Start of linear 

deformation 

(μm) 

Load at 2 mm 

deformation 

(N) 

Structural 

failure (N) 

1 1598.4 - 3770 

2 1319.4 - 3390 

3 1621.5 - 3380 

4 1506.6 - 4070 

5 1609.3 - 2590 

6 1381.0 - 4290 

7 1711.3 - 4490 

8 1601.1 - 3670 

 

The structural failure occurred before 2 mm of linear deformation for all specimens.  
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Table 8. Results of the fracture resistance test of group TiP 

 

TiP 

 

specimens 

Start of linear 

deformation 

(μm) 

Load at 2 mm 

deformation 

(N) 

Structural 

failure (N) 

1 1289.8 4007.0 5126.6 

2 1420.4 4247.5 (9800) 

3 1918.8 3605.9 5034.5 

4 1892.9 3936.2 5286.3 

5 1198.9 3715.3 4754.1 

6 5451.6 3497.3 4780 

7 5012.9 4299.0 (9800) 

8 1479.1 3715.9 (9810) 

 

The structural failure load assigned for specimens 2, 8 and, 8 is the maximum limit 

set for the universal testing machine during testing.  
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Table 9. Results of the fracture resistance test of group ZrZ  

ZrZ 

 

specimens 

Start of linear 

deformation 

(μm) 

Load at 2 mm 

deformation 

(N) 

Structural 

failure (N) 

1 1354.8 5488.1 5980 

2 2052.9 6025.6 6250 

3 1347.9 5089.1 7320 

4 1369.0 5774.8 6920 

5 1511.5 5351.0 6610 

6 1538.8 5092.6 6850 

7 1323.4 5876.6 6330 

8 2300.4 5536.5 5770 
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Table 10. Results of the fracture resistance test of group ZrL 

 

 

ZrL 

specimens 

Start of linear 

deformation 

(μm) 

Load at 2 mm 

deformation 

(N) 

Structural 

failure (N) 

1 1574.6 - 2560 

2 1503.1 - 2440 

3 1602.9 - 3440 

4 1598.5 - 3320 

5 1551.6 - 2660 

6 1585.0 - 4100 

7 1223.7 - 2420 

8 1354.0 - 1670 

 

The structural failure occurred before 2 mm of linear deformation for all specimens.  
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Table 11. Results of the fracture resistance test of group ZrP 

 

ZrP 

 

specimens 

Start of linear 

deformation 

(μm) 

Load at 2 mm 

deformation 

(N) 

Structural 

failure (N) 

1 1809.5 4095.7 5010 

2 1686.9 3948.7 5290 

3 1861.8 4075.6 4960 

4 1652.5 3760.5 4457.8 

5 1355.0 3856.2 4300 

6 1456.3 3578.1 4027.5 

7 1036.8 4103.7 5960 

8 1749.6 4318.3 5110 
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Table 12. Results of the fracture resistance test of group LiL 

 

LiL 

Specimens 

Start of linear 

deformation 

(μm) 

Load at 2 mm 

deformation 

(N) 

Structural 

failure (N) 

1 1290.4 - 2700 

2 1259.0 - 3300 

3 1354.9 - 2640 

4 1536.9 - 3580 

5 1267.5 - 2650 

6 1250.1 - 2620 

7 1297.1 - 2700 

8 1154.4 - 2750 

 

The structural failure occurred before 2 mm of linear deformation for all specimens.  
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Table 13. Results of the fracture resistance test of group LiP 

 

LiP 

specimen 

Start of linear 

deformation 

(μm) 

Load at 2 mm 

deformation 

(N) 

Structural 

failure (N) 

Number of 

cycles – CS 

failure 

1 - - 0 42000 

2 1343.6 - 1840 - 

3 1313.8 - 2200 - 

4 - - 0 226000 

5 1415.8 - 2600 - 

6 - - 0 1200000 

7 1506.6 - 3250 - 

8 1519.8 - 2770 - 

 

The structural failure occurred before 2 mm of linear deformation for all specimens 

except 1,4 and, 6 that failed during artificial aging. 
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Table 14. Results of the fracture resistance test of group PeZ 

 

PeZ 

specimen 

Start of linear 

deformation 

(μm) 

Load at 2 mm 

deformation 

(N) 

Structural 

failure (N) 

1 1348.2 4112.5 6760 

2 1812.9 4390.3 5040 

3 1870.7 4197.3 4480 

4 1557.3 3756.8 4520 

5 1415.6 4023.9 - 

6 2021.4 3616.7 4250 

7 1619.0 3634.9 - 

8 1277.3 3249.1 - 

 

The structural failure occurred before 2 mm of linear deformation for specimens 5, 6, 

and 7 and after for 2 mm for the rest. 
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Table 15. Results of the fracture resistance test of group PeL 

 

PeL 

specimen 

Start of linear 

deformation 

(μm) 

Load at 2 mm 

deformation 

(N) 

Structural 

failure (N) 

Number of 

cycles – CS 

failure 

1 - - 0 1200000 

2 1215.8 - 1940 - 

3 1189.2 - 1950 - 

4 829.7 - 1820 - 

5 1110.5 - 1940 - 

6 1035.6 - 1900 - 

7 976.4 - 1780 - 

8 947.9 - 2030 - 

 

The structural failure occurred before 2 mm of linear deformation for all specimens 

except 1 that failed during artificial aging.  
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Table 16. Results of the fracture resistance test of group PeP 

 

PeP 

specimens 

Start of linear 

deformation 

(μm) 

Load at 2 mm 

deformation 

(N) 

Structural 

failure (N) 

Number of 

cycles – CS 

failure 

1 1337.2 3105.4 3590 - 

2 1588.1 3126.8 3420 - 

3 1697.2 3335.3 3730 - 

4 - - 0 1200000 

5 1236.3 3111.0 3460 - 

6 - - 0 1200000 

7 1314.4 3207.9 3680 - 

8 - - 0 1200000 

 

Specimens number 4, 6, and 8 failed during artificial aging. 
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10. Dedication 
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