Do all ceramic and composite CAD-CAM materials exhibit equal bonding properties to
implant Ti-base materials?
An Interfacial Fracture Toughness study
Abstract
Objectives
To compare the interfacial fracture toughness (IFT) with or without aging, of four different
classes of CAD-CAM ceramic and composite materials bonded with self-adhesive resin cement

to titanium alloy characteristic of implant abutments.

Methods

High translucent zirconia (Katana; KAT), lithium disilicate-based glass-ceramic (IPS.
emax.CAD; EMX), polymer-infiltrated ceramic network material (PICN) (Vita Enamic; ENA),
and dispersed filler composite (Cerasmart 270; CER) were cut into equilateral triangular prisms
and bonded to titanium prisms with identical dimensions using Panavia SA cement. The
surfaces were pretreated following the manufacturers’ recommendations and developed
interfacial area ratio (Sdr) of the pretreated surfaces was measured. IFT was determined using
the Notchless Triangular Prism test in a water bath at 36°C before and after thermocycling
(10,000 cycles) (n=40 samples/material).

Results

IFT of the materials ranged from 0.80 + 0.25 to 1.10 + 0.21 MPa.m'? before thermocycling
and from 0.71 + 0.24 to 1.02 + 0.25 MPa.m'? after thermocycling. There was a statistical
difference between IFT of CER and the two top performers in each scenario: KAT and EMX
before aging, and KAT and ENA after aging. Thermocycling significantly decreased IFT of
EMX. The Weibull modulus of IFT was similar for all materials and remained so after
thermocycling. Sdr measurements revealed that ENA (7.60)>Ti (4.97)>CER (2.85)>KAT

(1.09)=EMX (0.96).



Significance

Dispersed filler CAD-CAM composite showed lower performance than the other materials.
Aging only affected IFT of Li-Si glass-ceramic, whereas zirconia and PICN performed equally
well, probably due to their chemical bonding potential and surface roughness respectively.
Keywords: dental materials, prosthetic dentistry, fracture mechanics, hybrid ceramics,

adhesion, cementation, implant prostheses.



Introduction

The manufacture of implant-supported dental prostheses has evolved towards a fully digital
workflow using CAD-CAM technology, and a wide range of ceramic and composite materials
developed to produce monolithic restorations, which are fabricated at the dental lab or chairside
[1-4].

Among ceramics, glass-ceramics, such as lithium disilicates (LiSi), provide excellent esthetics
and have shown high strength values and life expectancies [5,6]. Likewise, the market for
zirconia is growing exponentially, especially with the evolution of monolithic high-translucent
zirconia, which has made it possible to restore anterior teeth [7,8]. Yet, the newest member in
the CAD-CAM family includes composites. Despite their lower mechanical properties
compared to zirconia and LiSi, CAD-CAM composites possess other advantages, such as better
machinability, faster milling rate, longer bur lifetime, and the absence of an additional firing
process [9—11]. Moreover, it is possible to mill them to extremely low thickness, and if needed,
they can be easily repaired by adding direct composite [12,13].

CAD-CAM composites can be further subdivided according to microstructure into dispersed
fillers (DF) composites and polymer-infiltrated ceramic network materials (PICN or “hybrid
ceramics”) [14]. The former is composed of randomly dispersed fillers in an organic matrix
polymerized at high temperature (>100°C), while the latter consists of a pre-sintered ceramic
scaffold infiltrated with monomers and polymerized at high temperature and pressure (180°C—
300 MPa) [15]. Since the process is patented, the only PICN on the market is Vita Enamic
(ENA) (Vita Zahnfabrik, Bad Séackingen, Germany).

For implant-supported prostheses, a titanium abutment (Ti-base) is used to connect the ceramic
or composite CAD-CAM material to the implant, in which the restoration is either bonded,

screwed or friction-fixed. Recommended bonding systems include self-adhesive resin cements,



that provide ease of use since surface pretreatment procedures are limited. However, a
commonly reported problem is debonding of the restoration from the Ti-base, which is found
to be one of the most common complications for monolithic ceramic implant-borne single
crowns and fixed partial dentures [16—18]. This problem has been reported in different clinical
studies with various types of crowns and titanium abutment materials; in many of those studies,
the debonding would arise as early as during the initial 1-2 years of clinical aging [19-21]. In
some cases, the bonding procedure can be repeated, in some others the restoration moved on
the Ti-base but could not be removed from it without being damaged and, indeed, replacement
constitutes a major failure and an economical issue for the practitioner and the patient.
Oftentimes, patients do not feel the occurrence of a debonding, and the prolonged presence of
micromovements and microleakage can be detrimental for the implant and the surrounding
tissues stability [22]. Different hypotheses have been formulated to explain observed
debonding failures, such as the elastic modulus mismatch between the crown and the abutment
material, which particularly occurs with CAD-CAM composites that exhibit a low modulus as
compared to titanium [23].

Conventionally, primers are applied to improve bonding of resin cements to CAD/CAM
materials. Primers increase surface wettability and chemical bonding, resulting in a stronger
bond [24]. Silane is particularly effective for glass phase materials [25], while MDP is suitable
for zirconia and metals such as titanium that form an oxide film on their surface [26]. However,
the trend in clinical practice is to simplify bonding procedures by using self-adhesive resin
cements that are claimed to bond effectively to all materials, including metals, glass-ceramics,
composites and zirconia, without the need for a primer [27]. In fact, newer self-adhesive resin
cements contain both silane and MDP. However, as MDP is acidic, it accelerates the hydrolysis
and self-condensation of silane during storage. This makes the combination of silane and MDP

in one bottle less effective [28,29]. In newer products, these components are stored separately



and then mixed in a self-mixing syringe prior to bonding. Many recent self-adhesive cements
are also called "universal", meaning that they can be used in both self-adhesive and etch-and-
rinse modes [27]. Self-adhesive resin cements are easy for the dental technician to use when
bonding a CAD-CAM material to a Ti-base. However, clinical evidence about recent universal
products is limited [27]. Furthermore, the available in vitro studies do not provide conclusive
interpretations. For example, the study by Yoshihara et al [30] shows that Panavia Self
Adhesive Cement Universal (PSU) (Kuraray Noritake, Tokyo, Japan) performs comparably to
the standard approach (application of a silane primer) with leucite-reinforced glass-ceramic.
However, when bonding lithium disilicate glass-ceramics, the use of a silane primer appears to
give significantly better results than when used alone [31]. For zirconia, a previous study
showed that the use of a self-adhesive resin cement containing MDP (Panavia SA Cement Plus,
Kuraray Noritake) with translucent zirconia (Katana Zirconia, Kuraray Noritake) gave better
results than the use of a resin cement without MDP but with a separate MDP primer (Panavia

V5, Kuraray Noritake) [32].

Various in vitro studies have been performed on the bonding properties to Ti-base with zirconia
restorations [33—39]. To a lesser extent, other materials such as lithium disilicate glass-ceramic
and PICN have been investigated [22,40-42]. Several in vitro studies on bonding to Ti-base
adopt a crown-abutment configuration with a pull-out technique. However, this configuration
does not allow for the evaluation of the bonding interface alone, since results are influenced by
the crown-abutment design [43—45]. Some other studies evaluated the shear bond strength of
titanium with zirconia or lithium-based glass-ceramic in function of pretreatment [46—48].
However, the shear test approach has been questioned in the literature [49,50]. On the other
hand, fracture mechanics is reputed as one of the most reliable methods to evaluate adhesive
interfaces [49-54]. The goal is to stably initiate and propagate a crack through the bonded

interface and to measure the resistance to crack-propagation or peeling from the substrate [49].



IFT is advantageous because it evaluates the interface properties rather than the mechanical
strength of the entire assembly [54]. The Chevron Notch (CN) method is widely recognized as
one of the most widely used techniques for determining the fracture toughness of materials and
interfaces. In the CN test, a V-shaped cross section is formed by the intersection of two notches.
This design concentrates stress at the apex of the V, where a natural crack initiates and grows
stably. One of the key advantages of CN is that it allows the Kic to be determined without the
need to accurately measure a pre-crack. However, dental researchers often struggle with the
use of the CN configuration because it is not possible to create a chevron notch with diamond
disks [55]. Ruse et al. [56] suggest the use of a notchless triangular prism (NTP) specimen as
a simplified derivative of CN. Indeed, when a triangular prism is placed in the designed holder,
it replicates the setup of the standard test. The fracture toughness measured using this approach
is also highly consistent with that obtained using CN [56]. The simple sample preparation
procedure of NTP may help to reduce the risk of material failure during sample preparation.

The NTP method has also been used previously to evaluate IFT [32,52,57,58].

To the best of the authors’ knowledge, IFT of CAD-CAM materials with titanium alloy remains
unexplored. Additionally, because the clinical failure of resin cement in clinics takes
significantly longer time than a quasi-static test, it is useful to age the interface prior to IFT
testing. Degradation can be conducted in a variety of ways, such as extended exposure to water,
thermocycling, or a combination of these methods. Thermal cycling accelerates the aging of
dental materials by increasing interface hydrolysis (in warm bath, which is typically 55°C). It
also promotes crack propagation due to stress generated from different levels of contraction
and expansion during temperature changes, caused by differences in thermal expansion

between materials [59].



Therefore, the objective of this study is to evaluate IFT, at mouth temperature, of Ti-base
material bonded to four different classes of ceramic and composite CAD-CAM materials. The
null hypothesis is that there is no difference in IFT of the different classes bonded to Ti-base.

The second hypothesis is that thermocycling does not influence IFT of each tested material.

Materials and methods

2.1. Preparation of samples and study design
All the materials used in this study and their compositions are listed in Table 1 and the study

design in Figure 1.

2.1.1. Prism manufacturing

Titanium alloy characteristic of implant Ti-base was supplied as a disk (Scheftner Dental
Alloys, Mainz, Germany), which was cut into prisms with a high-speed saw (Isomet; Buehler,
Lake Bluff, IL, USA) under continuous water irrigation to produce the prism-shaped samples.
Samples were wet-ground into the desired 6.0+0.1 mm long triangular prisms, 6.3+0.2 mm on
a side with 220 grit silicon carbide (SiC) paper, at 300 rpm (Struers, Ballerup, Denmark) using
a custom-built specimen holder to manufacture titanium prisms. A schematic representation of
the prism preparation is provided in Figure 1.

CAD-CAM composite and ceramic blocks were cut using a low-speed saw (Isomet; Buehler,
Lake Bluff, IL, USA) under continuous water irrigation at an angle of 60° to produce 4 samples
per block. The samples were then ground into the prism-shaped samples with the same
dimensions following the same procedure described before. All prisms of the restorative CAD-
CAM materials were prepared to fit with £0.1 mm precision to their titanium counterparts.
EMX prisms were prepared in the crystalline intermediary stage and then fired in a dedicated

furnace (Programat, Ivoclar Vivadent, Schaan, Liechtenstein) at 820 °C for 10 s (90 °C/min),



followed by 840 °C for 7 min (30 °C/min), according to manufacturer’s recommendations.
Sintering of KAT was done by heating at a rate of 10°C/min to 1550°C, then holding the
temperature for 2 h, and cooling down to room temperature at the same rate (Zyrcomat furnace,
Vita Zahnfabrik, BadSickingen, Germany), according to manufacturer’s recommendations.
2.1.2. Surface pretreatment

All bonding surfaces were polished with 1000-grit SiC paper under water cooling using a
custom-made metallic device to provide parallelism for the opposing bonded surfaces. Samples
were cleaned before surface pretreatments in ethanol (90%) for 3 min in an ultrasonic bath
(Vita Sonic II; Vita Zahnfabrik, Bad Sédckingen, Germany), followed by drying with oil-free
air for 10 s. The surface pretreatments were then performed according to the manufacturer’s
recommendations for each material. For Ti-base and KAT, sandblasting was applied with 50
pm Al,Os particles (Danville, Ziirich, Switzerland) at 2.5 bar for 5 s in a perpendicular direction
at 1 cm from the sample (Basic Professional 2942; Renfert, Hilzingen, Germany). CER was
sandblasted at 2 bar following the same procedure. ENA was pretreated with 5% hydrofluoric
acid (Vita ceramics etch, Vita Zahnfabrik, Bad Sickingen, Germany) for 60 s, while EMX was
pretreated for 20 s with 5% hydrofluoric acid (IPS Ceramic, Ivoclar Vivadent, Schaan,
Liechtenstein), then washed under running water for another 60 s and air dried. Following the
procedures of etching and sandblasting, all the prisms were additionally cleaned ultrasonically
in ethanol for 3 min and air dried for 10 s. As recommended by the manufacturer, no silane or
ceramic primer was applied since it is integrated in the composition of the self-adhesive resin
cement used in this study.

2.1.3. Bonding procedure

Half-prisms of Ti-base were fixed with a custom-made alignment apparatus and the other
respective half-prism of the restorative CAD-CAM material was fixed on the opposite side of

the alignment apparatus. The metallic fixation system for bonding is supported on a computer-



controlled (SMC 100, Newport Corporation, California, USA) motorized alignment system
(Newport Motion Controller), which controls the space between samples during bonding,
therefore controlling the cement thickness at a precision of 0.1 um. The composite cement,
Panavia Self Adhesive Cement Universal (PSU) (Kuraray Noritake, Tokyo, Japan) was applied
to the pretreated surfaces using a plastic spatula, and the prisms were placed in contact with
each other, at 50 pum thickness. The cement was then light-cured at high-power (1200
mW/cm2) on the three sides of the prisms in close proximity for 20 s (Bluephase 20i; Ivoclar
Vivadent, Schaan, Liechtenstein). An additional 40 s of curing at a distance of 2 mm for each

side was performed after removal from the alignment apparatus to ensure optimal curing.

2.1.4. Aging

After bonding, samples (n = 40 per material) were left in water for 24 h at 36°C. The excess
cement was removed after 24 h using 1000-grit SiC. These 24-hour-stored samples were
divided into two groups. The first group did not receive any further action; the second group
was thermocycled at 5-55°C for 10,000 cycles, with a dwelling time of 30 seconds in each
temperature stage [60].

2.2. Interfacial fracture toughness testing

IFT testing was performed using NTP test, following the procedure described by Ruse et al.
[56]. NTP configuration is shown schematically in Figure 2. Prisms were fixed into one half of
a specimen holder, then, using a sharp scalpel, a crack initiation point (~0.1 mm) was made at
the bonded interface under a binocular microscope (Light Highlight 3001, Olympus, Tokyo,
Japan) at a magnification of x20. Testing was performed at a cross-head speed of 0.05 mm/min
after mounting the samples on a computer-controlled (Bluehill, Instron Canada, Burlington,
ON) universal testing machine (Instron model 5565) in a 36°C water bath. The load values at
failure were recorded, and IFT was calculated by the formula Kic = Y min Pmax/DW'2, where

Prax 1s the maximum load at failure, D is the NTP specimen diameter (12.0 mm), W is the NTP
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specimen length (10.8 mm) and Y ‘min is the dimensionless stress intensity factor coefficient
minimum (28). Broadly, the geometrical function (Y ‘min) in the CN method is influenced by
the notch parameters (e.g., ao-to-a; ratio), and the specimen geometry (e.g., width-to-diameter
ratios) [61]. ao represents the distance from the load application line to the chevron tip, while
a1 denotes the distance from the load application line to the bottom of the notch. Ruse et al.
[56] calculated that in the NTP configuration, with an ag-to-a; ratio of 0.5 and a width-to-
diameter ratio of 0.88, Y*min corresponds to a value of 28. He validated this calculation by
comparing the measured Kic of a referenced material under these conditions with standard CN
configurations.

All samples were examined immediately after testing under a digital microscope (VHX-7000,
Keyence, Chicago, IL, USA) to identify the failure mode as adhesive, mixed, or cohesive, as
described by Scherrer et al. (see Figure 3, modified from ref. [62]). Indeed, cohesive failures
in the CAD-CAM material or Ti must be excluded from the data analysis.

2.3. Developed Interfacial Area Ratio (Sdr)

A prism of each of the CAD-CAM restorative materials, as well as the Ti-base, was prepared
by cutting and then polishing with 1000-grit SiC paper. The samples were cleaned
ultrasonically in ethanol for 3 min, air-dried then each sample was pre-treated with etching or
sandblasting replicating the same procedure for bonding. Laser confocal microscopy (VK-
X3050 series, Keyence) was used to determine the developed interfacial area ratio (Sdr), which
is expressed as the percentage of additional surface area contributed by the texture compared
to an ideal plane the size of the measurement region. The Sdr is obtained by calculating the
topographical area with respect to this ideal plane and gives the surface enlargement induced
by the different pretreatments in order to promote the micromechanical bond. Measurements
were conducted using a x50 objective lens, with only tilt correction applied during data

processing. The achieved resolution was 5 nm in the Z direction, with a pitch size of 0.13 um
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in the X-Y direction; the scanning area dimensions for each measurement were 277 um x 208
um. Sdr values were determined by averaging five measurements for each sample.

2.4. Statistical analysis

Power size analysis was calculated at 80% power and a significance level of 0.05, and the total
number of samples per group was found to be 13 samples; therefore, the number of samples
for each group was decided to be 20 samples (n=20/group).

After assumption checks for distribution normality and homogeneity of variances, statistical
differences between IFT were analyzed using 1-way ANOVA followed by Tukey’s multiple

comparison test (a=0.05) using JASP software (Version 0.18.3, https://jasp-stats.org/).

Statistical differences between Sdr of different materials were analyzed with 1-way ANOVA,
followed by Tukey’s multiple comparison test (a=0.05). Differences were considered to be
statistically significant when p value was < 0.05. The effect of thermocycling on each material
was evaluated using an independent student t-test between 24 h stored and thermocycled group
(0=0.05). Finally, the reliability of CAD/CAM composites was studied by performing the
Weibull analysis. The confidence interval was calculated based on Biitikofer et al.'s

recommendations [63].

Results

One EMX sample experienced debonding before IFT testing and was excluded from the
analysis (considered an outlier according to the modified Z-test score). Analysis of the
specimens after the IFT test by digital microscopy did not reveal any cohesive failure of the
CAD-CAM materials or Ti (Table 2). Consequently, all IFT data were included in the analysis.

Typical images of the different failure modes observed are shown in Figure 4.
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IFT results and Weibull modulus for each material before and after undergoing thermocycling
are shown in Table 3 and Figure 5. IFT of materials ranged from 0.80 + 0.25 to 1.10 = 0.21
MPa.m'? before thermocycling and from 0.71 £ 0.24 to 1.02 + 0.25 MPa.m'? after
thermocycling. Statistical differences were only found between IFT of CER and the two top
performers in each scenario (KAT and EMX before aging; KAT and ENA after aging). Indeed,
prior to aging, CER was statistically inferior to EMX and KAT (-17%, p<0.01). After aging,
CER demonstrated significantly lower IFT compared to KAT (-36%, p=0.002) and ENA (-
18%, p=0.013). Thermocycling only significantly decreased IFT of EMX (-16%, p=0.033).
Before thermocycling, there was no statistical difference in the Weibull modulus of IFT of the
different groups and, therefore, the influence of thermocycling on the Weibull modulus was
insignificant.

Table 4 presents the results and statistical analysis of Sdr. ENA had the highest Sdr,
significantly (p<0.05), followed by the Ti-base and CER respectively. KAT and EMX had the
lowest Sdr compared to other materials. Figure 6 presents representative images from the

confocal microscope.

Discussion

The results of this study show that there is a difference in IFT of the different classes of ceramic
and composite CAD-CAM materials bonded to Ti, and that aging influences EMX’s IFT (Table
3 and Figure 5). Therefore, both null hypotheses are rejected.

The abovementioned differences, despite using the same cement, can be attributed to the fact
that CAD-CAM material surface properties dictate the extent of mechanical and chemical
bonding to cement. Regarding micromechanical retention, in EMX and ENA, it relies on

roughening the surface through selective etching of the glass phase with HF. For KAT and
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CER that are less etchable, sandblasting is commonly used to enhance mechanical interlocking
[64—67]. According to Table 4, ENA exhibits the highest Sdr, which can be associated with the
honeycomb microstructure formed after HF etching, resulting in a high level of mechanical
interlocking [68]. In contrast, mechanical interlocking appears to be a less significant
contributor to the adhesion of the cement to EMX and KAT, as indicated by the substantially
lower Sdr values compared to the other materials. Ti and CER take a middle ground in terms
of the level of the mechanical interlocking.

In terms of chemical bonding, two reactive molecules, MDP and silane, facilitate adhesion
between the cement and the substrates. MDP forms P-O-Ti or P-O-Zr bonds with Ti and ZrO,,
and co-polymerizes with the composite cement through its vinyl terminal group [26,69,70].
Meanwhile, silane silanol bonds with the glass phase in EMX and ENA, co-polymerizing with
the adhesive’s organic phase via methacrylate functional groups [71,72]. Unlike ENA, which
has an accessible glass skeleton to react with silane, the fillers of DF composites are covered
by highly polymerized polymers, thus, reducing the possibility of reaction with silane
molecules [72]. As a result, chemical bonding is unlikely to play a significant role in cement
adhesion to CER. This point was already highlighted in previous studies, which showed that
PICN materials exhibit a significantly higher IFT with etch and rinse resin cement (Variolink
Esthetic Cement, Ivoclar-Vivadent, Schaan, Liechtenstein) than DF, a correlation being
established with Sdr, and that silane application significantly influences IFT of PICN but not
DF [67,68]. Another hypothesis is that CER, with its higher polymer content, exhibits a greater
coefficient of thermal expansion, which can lead to increased stress during thermocycling,
causing more pronounced degradation of IFT.

Although both KAT and EMX rely on chemical bonding, thermocycling only reduces EMX’s
IFT (Table 3). This could potentially be due to the hydrolysis of the silane coupling agent. This

hypothesis aligns with past research indicating the limited durability of the bond between PSU
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and LiSi under thermocycling, tested for up to 5000 cycles [73,74]. The P-O-Zr bond is also at
risk of hydrolytic degradation [75]. However, in contrast to EMX, within the timeframe of this
study, it has been concluded that achieving a stable ZrO»-Ti adhesion using self-adhesive resin
cement with MDP (PSU) is possible (Table 3). Results of previous studies analyzing the
stability of this interface (when using PSU) are contradictory and are related to various aging
protocols, which differ from the present study [76,77]. However, their aging protocols
significantly differ from the present study.

Abovementioned discussions indicate the surface properties of CAD-CAM materials can
greatly impact the behavior of their interface with titanium alloys. However, there are several
other factors that affect the durability of the interface such as cement viscosity [78], chemistry
of cement constituents (i.e., interaction of polar monomers with silane) [79], relative
concentration of silane and MDP [80], and glass chemical composition. In fact, IFT values
obtained in the present study with ENA and EMX are lower than those obtained in previous
studies using the same pretreatment protocol and the same aging process but using an etch and
rinse resin cement with separate silane application and bonding to the same material [68].
Therefore, other types of cements should be studied, particularly for EMX. The presence of the
titanium alloy as a counterpart also clearly influences the results, as the IFT of KAT bonded to
KAT counterpart with Panavia SA Cement plus (previous generation of PSU) was shown to be
higher than that of KAT bonded to titanium (1.65 vs. 1.02 MPa.m'?) (same surface
sandblasting and sample aging procedures) [32].

In this study, IFT was measured using NTP test. This method was successfully used to evaluate
adhesive interfaces, and the alignment system for half-prism bonding is computer-controlled
to adjust the cement thickness at 50 pm to be close to clinical situations [81,82]. The samples
were tested in a water bath set at 36°C to provide a close approximation of the in-mouth

conditions and to eliminate any bias resulting from temperature differences [52]. Regarding
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failure mode analysis (Table 2), cohesive failure within the CAD-CAM material or Ti, or
debonding from Ti can be easily detected. However, the limited contrast between the CAD-
CAM material and the cement made it difficult to differentiate between debonding at the CAD-
CAM material interface or within the resin cement, particularly where the remnant cement on
the Ti surface was thick. Therefore, further interpretation of these data was not possible.
However, the objective of the failure mode analysis with the digital microscope was only to
exclude cohesive fractures from the IFT data analysis.

Future perspectives include fatigue testing of the interface to evaluate long-term performance

and behavior, addressing phenomena such as subcritical crack growth.

Conclusion

CAD-CAM materials do not exhibit the same bonding properties to Ti-base materials, which
could be explained by their specific surface roughness after pretreatment and their chemical
affinity with the resin cement. CER had the lowest IFT both before and after thermocycling.
IFT of EMX was affected by aging and the weak link could be the chemical bond, indicating
that the self-adhesive resin cement used in the present study may not be indicated for this type
of material, whereas KAT and ENA can rely on a more effective chemical and
micromechanical bond, respectively. In any case, despite the significant roughness created on
the titanium by the pre-treatment, the IFT with KAT is lower than the previously measured IFT
of KAT bonded to KAT with self-adhesive resin cement, highlighting the lower bonding

properties of titanium.
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Legends of Figures

Figure 1. Study summary (A) Sample preparation; (B) Study design: sample groups; (C) Study
design: experimentations.

Figure 2. Schema that shows the NTP apparatus in motion with a prism fixed inside. The
arrows pointing in opposite directions show that a tensile force is being applied to the bonded
interface, which causes cracks to start at the tip of the prism and propagate until bond failures.
Figure 3. (A-B) Cohesive failure within one material, either the substrate or resin cement; (C-
D) Adhesive failure refers to the complete detachment of a resin cement from the interface of
Ti-base and CAD-CAM materials respectively; (E) Adhesive failure refers to the partial
separation of the resin cement from one (or both) substrate interfaces (the crack propagates
along either the red or green dashed line). (F) Mixed mode, in which crack propagation happens
through both the CAD-CAM material and resin cement, resulting in a fractured surface that
has residual CAD-CAM material (modified from [62]).

Figure 4. Digital microscopy (x30 magnification) of the Ti prism after the IFT test to identify
the failure mode (A, B, C: crack initiation on the right). (A) Crack propagation through the
resin cement (cohesive failure in the resin cement) (EMX). (B) At the resin-cement-Ti interface
(adhesive failure) (ENA). (C) Partial separation at the resin-cement-Ti interface (adhesive
failure) (CER). (D) Mixed mode failure with CAD-CAM composite remaining at the Ti

interface (ENA).

Figure 5. Raincloud plots of IFT for the 4 different groups of materials. The subscript 24
implies after 24 h of storage; the subscript 10000 means after 10000 cycles thermocycling.
Significant statistical differences are present on the left (1-way ANOVA except between aging

and without aging which is an independent t-test), n=20 per group.

28



Figure 6. Confocal laser microscopy images of materials following specific pretreatment, with
areas exhibiting negative values depicted in blue and positive values in red. Images show (A)

CER; (B) EMX; (C) ENA; (D) KAT; and (E) Ti.

Legends of Tables

Table 1. Materials used in the study and their compositions.

Table 2. Failure pattern of the interfaces (frequency)

Table 3. Descriptive and Weibull analysis of IFT for the 4 different groups of materials.

Table 4. Representative means + standard deviations of Sdr of each material.
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Table 1

Material

Composition (weight %)

Manufacturer

Titanium-base
(Ti-base)
Katana Zirconia
blocks (KAT)
IPS. emax CAD
(EMX)

Vita Enamic
(ENA)
Cerasmart 270
(CER)

Panavia SA
Cement
Universal

(PSU)

Ti (89.4%), Al (6.2%), V (4%), N, C, H, Fe,
0 (<0.4%)
ZrOa, (10wt%; Smol%) Y203

SiO, (57-80 %), Li,O (11-19 %), other
oxides

Glass-ceramic sintered network (86%),
UDMA, TEGDMA

Inorganic fillers: Barium glass (300 nm),
silica (20 nm) (71wt%)

Organic matrix: Bis-MEPP, UDMA, DMA
Paste A: 10-MDP, Bis-GMA, TEGDMA, 2-
HEMA, hydrophobic aromatic
dimethacrylate, , silanated barium glass filler,
silanated colloidal silica, dl
Camphorquinone, peroxide, catalysts,
pigments

Paste B: hydrophobic aromatic
dimethacrylate, hydrophobic aliphatic
dimethacrylate, silanated barium glass filler,
surface treated sodium fluoride, accelerators,

pigments, silane coupling agent

Scheftner Dental Alloys
(Mainz, Germany)
Kuraray Noritake
(Tokyo, Japan)

Ivoclar Vivadent
(Schaan, Liechtenstein)
Vita Zahnfabrik (Bad
Sackingen, Germany)
GC corporation
(Tokyo, Japan)

Kuraray Noritake
(Tokyo, Japan)

10-MDP : 10- methacryloyloxydecyl dihydrogen phosphate; BisGMA: Bisphenol glycidyl dimethacrylate;

TEGDMA: Triethylene glycol dimethacrylate; 2-HEMA: 2-Hydroxyethyl methacrylate; UDMA: Urethane
dimethacrylate; Bis-MEPP: 2,2-Bis(4-methacryloxypolyethoxyphenyl) propane; SiO- Silicon oxide; Al,Os:

Aluminium oxide; Li,O: Lithium oxide

35


https://www.sciencedirect.com/topics/medicine-and-dentistry/methacrylic-acid
https://www.sciencedirect.com/topics/medicine-and-dentistry/triethylene-glycol-dimethacrylate

Table 2

Materials Cohesive  Cohesive  Adhesive Adhesive Adhesive Mixed Undetermined
(CAD- cement (Th) (CAD- (mixed) mode
CAM) CAM)
CERy4 0 0 1 0 9 4 6
EMX>4 0 4 1 0 3 0 12
ENA24 0 4 1 0 11 2 2
KAT24 0 2 1 0 3 0 14
CERioo00 O 7 1 0 7 3 2
EMXi0000 0 11 1 0 5 0 3
ENAioooo 0 2 4 0 10 3 1
KATi0000 0O 5 0 0 4 0 11

Cohesive (CAD-CAM): Failure within CAD-CAM material; Cohesive cement: Failure within cement; Adhesive
(Ti): Complete adhesive failure from Ti-base interface; Adhesive (CAD-CAM): Complete adhesive failure from
CAD-CAM interface; Adhesive (mixed): Partial adhesive separation at substrate interfaces; Mixed mode: Crack
propagation through both CAD-CAM and adhesive; Undetermined: Falls under Adhesive (Ti), Adhesive (CAD-
CAM), Adhesive (mixed), or Mixed mode but cannot be conclusively identified. The subscript 24 implies after

24 hours of storage; the subscript 10000 means after 10000 cycles thermocycling.
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Table 3

Materials  IFTo4 IFT10000 P value Weibull modulusys Weibull modulusioooo
(95%CTI) (95%CT)
CER 0.80+ 025" 0.71+024% 0.24 3.44 (2.17-5.44) 3.05(1.93-4.83)

EMX 1.10£0.24*  0.92+026% 0.03"  4.84 (3.06- 7.66) 3.64 (2.28-5.84)
ENA 0.97+0.21** 0.98+0.32% 091 4.40 (2.78-6.97)  3.28 (2.07-5.02)
KAT 1.10£0.21*  1.02+0.25* 0.29 5.73 (3.61-9.07) 4.16 (2.63-6.58)

Different superscript letters indicate statistical differences inside the respective column. The subscript
24 implies after 24 hours of storage; the subscript 10000 means after 10000 cycles of thermocycling.

For the Weibull modulus, the overlap of the confidence interval is considered to be no statistical

difference.

Table 4
Material Sdr (%)
Ti-base 496.9+28.5°
ENA 759.6+53.8%
CER 285.2421.0°
EMX 95.6+15.5¢
KAT 109.2+30.9¢

The same superscript letters indicate statistically same material (1-way analysis of variance followed

by Tukey’s test, o = 0.05).
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