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Abstract:

The aim of this study is to visualize and characterize by ultra-high-speed imaging (UHSI) the failure phenomena
at the resin—ceramic bonding interface of lithium disilicate (LiSi2) samples bonded with gold-standard protocol
(Monobond Plus [MB]) and the nontoxic one (Monobond Etch & Prime [MEP]) subjected to mechanical
loading. Unprecedented frame rate, image resolution, and recording time were reached by using the most
advanced UHSI camera. The finite element analysis (FEA) of the proposed mechanical test confirmed that the
specific design of our samples enables a combined shear and compression stress state, prone to test the bonding
interface while being close to physiological stresses. Ten LiSi2 samples were pretreated by gold standard (MB, n
=5) and self-etching primer (MEP, n = 5). Axial compression loading gradually increased until catastrophic
failure was performed. As shown by the FEA, the angle between the bonding interface and load direction leads
to shear—compression stresses at the resin—ceramic bonding interface. Failure was recorded by UHSI at 300,000
fps. All recorded images were analyzed to segregate events and isolate the origin of fracture. For the first time,
thanks to the image recording setup, it was observed that debonding is the first event before breakage,
highlighting that sample fracture occurs by interfacial rupture followed by slippage and cohesive failure of

materials. Failure mode could be described as mixed. MEP and MB showed similar results and behavior.

Keywords: imaging, biomaterials, adhesives, silanes, biomechanics, Finite Element Analysis (FEA)

1 Introduction:

Ceramic adhesive restorations (CARs) are widely used for aesthetic treatment. Their good optical properties,

translucency, biocompatibility, and high mechanical properties have expanded the range of their indications
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(Guimaraes et al. 2018). CARs are indicated for veneers as well as endodontically treated teeth, notably on
severely damaged posterior teeth (Fages and Bennasar 2013; Decerle et al. 2014; Fages, Raynal, et al. 2017). The
success of CARs on posterior teeth has already been demonstrated (Magne et al. 1999; Fages, Raynal, et al.
2017). Nevertheless, the bonding interface, involving ceramic and resin cement, seems to be the main trigger
causing the majority of encountered failures (Magne and Douglas 1999; Breschi et al. 2008; Yu and Wang 2008;
Lafuente 2012; Fages, Corn, et al. 2017; Yao et al. 2019). The literature is rich about ceramic fracture and
ceramic debonding under mechanical stress (Burke 1999; Pineda-Vaésquez et al. 2019; Venturini et al. 2019). In
most of these studies, crack initiation is not detected with sufficient accuracy. Shear—compression test appears to
be close to the clinical situation where shear may occur at interfaces angled from the loading direction. Detecting
the cause of crack initiation may help to better understand the failure phenomena of CARs.

Ultra-high-speed imaging (UHSI) appears as the best solution to segregate events and isolate the first one
happening. Resin—dentin interface failure under different mechanical stresses had been observed with UHSI but
without providing those answers (Sidhu et al. 1999; Griffiths et al. 2000).

The latest improvements of UHSI for both higher frame rate (320,000 fps) and image quality (resolution and
dynamic range) will allow isolating and characterizing the first event and those following until catastrophic
failure.

For the second interrogation, shear and tensile bond strength tests (macro- or micro-test; SBS, TBS, pSBS,
HTBS) are usually static tests. They generate a more or less homogeneously distributed stress field that could
deliver an indicative interfacial adhesion load. According to Guggenbiil et al. (2021), “pSBT could be more
suitable for testing the adhesion of resin-based materials to ceramics.” Shear stresses are believed to be major
stresses involved in in vivo bonding failures in CARs (Guggenbiihl et al. 2021). In this sense, we demonstrated
by a preliminary finite element analysis presented in this study the interest of our original lithium disilicate
(LiSi2)

bonded sample and the benefit of a 45° resin bonding interface. The resulting shear—compression stress field
induced to the resin bonding interface is closer to clinical reality than other interfacial mechanical tests (TBS,
BTBS, SBS, pSBS tests) (Burke 1999; Blatz et al. 2003; Chi et al. 2017; Pineda-Vasquez et al. 2019; Venturini et
al. 2019; Guggenbiihl et al. 2021).

Concomitantly, with clinical consideration, we decided to compare 2 ceramic pretreatments. Classically, the
ceramic intaglio is conditioned with hydrofluoric acid (HF), allowing a selective elimination of the vitreous
matrix causing a roughness of the ceramic and more surface energy (Siqueira et al. 2019). Then, a primer
containing organo-silane is applied to promote bifunctional and durable adhesion (Blatz et al. 2003; Dejak and
Mlotkowski 2008; Lise et al. 2015). However, HF is toxic for the human body and the environment, and its use
has been prohibited in several countries (Ozcan et al. 2012; Kalavacharla et al. 2015; Maier et al. 2019; Dapieve
et al. 2020). A recent nontoxic self-etching glass-ceramic primer, Monobond Etch & Prime (MEP; Ivoclar-
Vivadent), was proposed to secure and simplify the bonding protocol. Ammonium polyfluoride contained in
MEP is milder than HF and generates a less rough surface (El-Damanhoury and Gaintantzopoulou 2018).
However, this single-component product allows etching and silanizing in 1 step, with the same application time

regardless of the glass ceramic (Maier et al. 2019).
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The purpose of the present study was to visualize and characterize by UHSI the failure phenomena at the resin
bonding interface by shear—compression test of LiSi2 samples bonded with gold-standard protocol and the new

nontoxic alternative.

2 Material and method
2.1 Samples

Ten discs (diameter 18.5 mm, thickness 4 mm) of LiSi2 (IPS E.max press; Ivoclar-Vivadent) were diametrically
cut in half with a laboratory saw (Isomet 2000; Buehler). Samples were divided in 2 groups. Intaglio
pretreatment and bonding protocol were achieved according to the manufacturer recommendations. For the first
group (n = 5), surfaces were etched for 20 s using 5% HF (IPS Ceramic Etching Gel; Ivoclar-Vivadent), rinsed
off, and thoroughly dried. Then a thin coat of silane agent (Monobond Plus [MB]; Ivoclar-Vivadent) was applied
using a microbrush. The silane was allowed to react for 60 s, and then a strong stream of air was used to disperse
any remaining excess. The second group (n = 5) received the MEP (Ivoclar-Vivadent) 1-step ceramic primer. The
MEP was applied on the adhesive surface using a microbrush and agitated into the surface for 20 s. It was left to
react for another 40 s. Then the MEP was thoroughly rinsed off with water and the restoration was dried with a
strong jet of water- and oil-free air for 10 s. Bonding protocol was the same for each sample, regardless of the
conditioning treatment. Samples parts were bonded (Variolink Esthetic DC Neutral; Ivoclar Vivadent), and resin
was light cured 1 min with a 1,200-W light-polymerizing unit (Bluephase Style 20i; Ivoclar-Vivadent) on each
face. Ceramic resin bonding interface thickness was measured as 600 pm. Then, bonded discs were cut to obtain
2 parallel surfaces at the top and bottom of each sample and a 45° inclined bonding resin interface according to

the finite element analysis (FEA) presented hereafter (Fig. 1).

2.2 Mechanical test

As illustrated in Figure 1, samples were submitted to a compression loading performed at a crosshead speed of 1
mm/min on a Zwick ZHO010 testing machine (ZwickRoell GmbH) equipped with a 10-kN load cell. This test
allows the bonded layer to be submitted to a shear—compression stress state. A 20-N preload was applied to the
sample before the test. During the test, force and displacement were continuously recorded up to failure. The

stiffness of samples in kN/mm is also evaluated between 0.3 and 0.5 mm of displacement.



Additional light source, Veritas Constellation 120 .
80,000 lux Axial load
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Figure 1. Scheme of the mechanical and optical setup.

2.3 Ultra-High-Speed Imaging

The fracture phenomena were recorded with a UHS Phantom TMX7510 camera (Phantom TMX7510; Vision
Research). This camera has 76 Gpix/s throughput, offering 1,280 x 800 back-side illuminated (BSI; 18.5 pm)
CMOS pixels at 76 kfps, which was equipped with a 105-mm magnification macro lens (Nikon) and using image
resolution of 640 by 320 pixels, a frame interval of 3.33 ps, at a maximum rate of 300,000 fps at this resolution
mode thanks to 2 x 2-pixel binning. This mode ensures sensitivity and leads to shorter exposure time. Binning
also reduces resolution in order to deal with ultra-high-speed imaging frame rates. The BSI CMOS of the TMX
7510 with 512-GB onboard memory can then tackle frame rates and resolution of in situ image storage (ISIS)
cameras but with huge image storage in a rolling memory buffer. Additional light source (Veritas Constellation
120; IDT Europe) delivered 80,000 lux of cold light at 1 m to obtain the best-recorded image by allowing a 2-j1s
exposure time to freeze the object displacement (Fig. 1). During the test, the camera was continuously recording
images in onboard 512-GB memory. When memory gets “full,” recording continues by cycling back to the
beginning, constantly overwriting itself (FIFO rolling buffer mode until the camera is triggered). For these tests,
the trigger stopped the record and enabled saving all required frames present in the rolling memory buffer before
and after the trigger event (e.g., a sudden decrease of the force at break or a crack sound). All the captured
images were examined thanks to the dedicated software (Phantom Camera Control [PCC]; Vision Research) to

chronologically identify different events until catastrophic failure.

2.4 Finite Element Analysis (FEA)

A numerical model was developed using Comsol Multiphysics Finite Element software, in order to calculate and
analyze the stress state inside a sample subjected to the proposed mechanical test, with a particular interest at the

resin—ceramic bonding interface. The modeled geometry corresponds to a ceramic disk (diameter 18.5 mm,



thickness 4 mm) diametrically split in 2 halves separated by a 600-pm resin joint and cropped to a 15-mm total
height. The mechanical behaviors of both ceramic and resin were assumed linear and elastic before failure.
Displacement continuity at the interfaces was considered in the model, which corresponds to perfectly adhesive
interfaces. According to average values of the literature, the Young’s modulus of the ceramic (respectively, the
resin) was set to 80 GPa (respectively, 8 GPa) and the Poisson’s ratio to 0.2 (respectively, 0.3). As illustrated in
Figure 2A, upper and bottom flat surfaces are subjected to a 10-kN evenly distributed axial compression load
(bottom surface being fixed for stability). The joint angle (a) was defined as a variable design parameter in the
finite element (FE) model in order to assess its influence on the stress state inside the sample. According to the
plane stress hypothesis, a 2-dimensional FE mesh has been produced. A mesh convergence study has been
carried out, leading to 7,914 elements (6,314 triangles, 1,600 quadrangles), with a denser mesh near the resin—
ceramic interfaces, as displayed in Figure 2B (for a = 45°). The FE parametric resolutions confirmed that the
gradual variation of the joint angle from 0 to 45 degrees enables increasing the amount of shear stress inside the
resin (from zero up to a value higher than compression stress), as plotted in Figure 2A. Thus, because higher
shear stresses are prone to trial the bonding interface (for a given axial load value), the joint angle was
subsequently set at 45° for the samples designed in that study. A FE plot of the shear strain distribution in the
sample for a = 45° (Fig. 2C) corroborates that the shear strain is discontinuous at the bonding interface and is

higher in the resin than in the ceramic.
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Figure 2. FE Analysis (A) Compressive stress (in MPa) at resin central point versus joint angle (a, in degrees)
for a 10-kN compression load. Green triangles (respectively, blue squares) correspond to direction along
(respectively, across) the joint. Red circles correspond to the shear component of stress. (B) Finite element (FE)
mesh (displayed for a = 45°). (C) FE plot of the shear strain in the sample (displayed for a = 45°), highlighting

the highest shear strain inside the resin.
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3 Results
3.1 Mechanical tests

Load/displacement curves for the 2 groups of samples are shown in Figure 3. Fracture and stiffness results are
available in the Appendix. Stiffness is obtained by a linear regression performed on the initial slope (<0.2 mm)
of each curve while strength is the maximum force. The shape of curves is similar for both MEP and MB
samples, while load at break differs much more. The average strength for MB (respectively, MEP) is 7,850 N
(respectively, 8,690 N) with a standard deviation of 1,420 N (respectively, 860 N). The average stiffness for MB
(respectively, MEP) is 16.1 kN.mm -1 (respectively, 15.9 kN.mm -1 ) with a standard deviation of 0.3 kN.mm -1
(respectively, 0.4 kN.mm -1 ).

For all tested samples, visual observations revealed an adhesive failure where 1 face is covered by bonding resin

while the opposite side is raw ceramic.
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Figure 3. Load/displacement curves of each Monobond Plus (MB) and Monobond Etch & Prime (MEP) sample

submitted to compression/shear test.

3.2 UHSI

Debonding, fracture initiation, and propagation were observed thanks to extreme frame rate and sensitivity of the
UHSI camera. All results are presented in Figures 4 and 5 and multimedia components. The first picture of the
illustration is the one before the first event observable in the sample. Each picture following corresponds to the

frame interval 3.33 ps later, and various foci were done to highlight phenomena.
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Figure 4. Sequence of successive images recorded by ultra-high-speed imaging (delay between each image is 3.3
ps) for Monobond Etch & Prime sample until failure (failure load: 7,560 N). Focus on the failure mechanism:
(A) first visible event: bleaching at resin bonding interface, (B) crack initiation highlighted by Edge Laplacian
filtering, (C) slippage of the ceramic, (D) crack propagation and resin bonding bleaching, (E) following
slippage, and (F) crack propagation highlighted by Edge Laplacian filtering.

The first event observed for MEP6 was a sudden bleaching that occurred in the resin bonding interface near the
center of the sample (labeled t3.3 ps in Fig. 4). The previous frame was defined as the reference time (t0). Then,
in the upper right corner, the resin bonding interface bleached and a first crack appeared in ceramic (t6.6 ps). At
t9.9 ps, the identified bleached zone increased and a relative displacement (slippage) of the 2 ceramic parts and
resin occurred in the lower left corner. For t13.2 ps, the displacement stepped up and the resin bonding interface
bleached in the same area. The following images rom 16,5 s to 46,2 ps (in Fig. 4) show the catastrophic failure
resulting from the initial rupture.

The time code was defined similarly for all samples. For the MB6 sample (Figure 5), the first event observed
occurred in the lower left corner. A slight slippage was visualized (labeled t3.3 ps in Fig. 5), becoming larger at
t6.6 s, when a ceramic crack appeared near the center of the sample. From t9.9 pis to t13.2 ps, resin bonding
interface bleached in the upper right corner and slippage still extended. The following images from 16,5 ps to

46,2 ps show the catastrophic failure resulting from the initial rupture.
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Figure 5. Sequence of successive images recorded by ultra-high-speed imaging (delay between each image is 3.3
ps) for Monobond Plus sample until failure (failure load: 7,435 N). Focus on the failure mechanism: (A) initial
situation, (B) first visible event: slippage of the ceramic, (C) crack initiation highlighted by Edge Laplacian
filtering, (D) following slippage, (E) bleaching at resin bonding interface, (F) following slippage, (G) following
displacement and bleaching at resin bonding interface, and (H) crack propagation highlighted by Edge

Laplacian filtering.

4 Discussion

The observation in Figure 3 reveals that the sample preparation protocol has a negligible impact on the overall
shape of the force-displacement curves. The stiffness in each sample (Fig. 3), for both MB and MEDP, is around
16 kN/mm with a low standard deviation. Such a result was expected as the bonding procedure has no influence
on the macro-homogeneous response of the material. Despite the mechanical test being able to assess the impact
of the bonding protocol on the shear—compression strength, results evidenced no significant differences between
MB and MEP samples for both strength and stiffness as expressed by the high P values (0.34; respectively, 0.49)
calculated with a 2-tailed Student’s test (the level of significant difference being set at 0.05). The meticulous
analysis of UHSI images by high digital zoom and slow motion scrutiny makes it possible to characterize and
decompose the failure mechanism. As shown in Figures 4 and 5, it is already possible to observe that the first
occurring event is a modification inside the resin bonding interface followed by catastrophic failure.

Then, the succession of images shows that, even if secondary cracks can occur in the ceramic or in the bonded
layer, the principal crack, leading to the catastrophic failure of the whole sample, propagates at the interface

between ceramic and the bonded layer (see Figures 4 and 5 and multimedia components). Thanks to the extreme



frame rate, the speed failure was calculated. The slippage speed was about 10 m/s while the crack propagation
can reach about 150 m/s for the crack, appearing up to 1,000 m/s when the crack develops. The FEA put forward
the combined shear and compressive stress at the interface (Fig. 2). The shear stress led to the slippage of the
materials at rupture while the compressive stress prevented their separation, resulting in a micro-displacement of
the upper half-disk downward (Figs. 4 and 5). Secondary cracks appeared subsequently by strength transfer
initiated by debonding in the resin bonding interface. For all tested samples, cracks started at the interface toward
press jaws.

Such events have never been clearly and entirely recorded and described. UHSI studies on dental material
behavior are unusual. Griffith et al. (2000) first used UHSI coupled to a mechanical test. Composite restoration
bonded on dentin was submitted to SBS without drawing any conclusion on the bonding interface failure
mechanism. Forquin and Ando (2017) used UHSI to analyze the quantification of fragmentation in ceramics
after impact loading. Hosaka et al. (2019) observed with USHI the bonding interface of dentin and restorative
composite in pTBS. They concluded, “UHS videography with even higher frame rate and resolution can help in
understanding the mechanism of fracture dynamics.”

In this study, the used camera had a much higher frame rate and resolution than those used by Hosaka. Moreover,
a shear compression test was operated to get closer to physiologic and pathologic (bruxism) stresses. With this
objective, shear and compression cannot be dissociated due to the mastication functionality to reduce the
alimentary bolus.

Results for MB and MEP (Fig. 3 and Appendix Table) suggest that the MEP treatment slightly improves the
bonding strength of the specimens while reducing dispersion of the results. Clinicians seek materials with the
easiest protocol leading to repeatable results in order to ensure a serene daily activity. In this study, the intaglio
pretreatment did not seem to have any significant impact on the macro-homogeneous mechanical response; the
mean shear—compression strength was 7,850 N (SD = 1,420 N) for MB and 8,690 N (SD = 860 N) for MEP (Fig.
3 and Appendix Table). These results seem consistent with the literature (Roman-Rodriguez et al. 2017; Wille et
al. 2017; Dénmez et al. 2018; Lyann et al. 2018; Prado et al. 2018; Lopes et al. 2019; Vichi et al. 2021). Using
SBS tests, Roman-Rodriguez et al. (2017) obtained higher data for MB with greater homogeneity than MEP
without a statistically significant difference. Alrahlah et al. (2017), also with SBS tests, combined with universal
adhesive, obtained higher values for MEP than MB without a statistically significant difference. Slight
differences between MEP and MB bond strength tests are reported in the literature but without statistically
significant differences. Vichi et al. (2021) obtained similar results for pSBS with LiSi2 conditioned by HF and
HF + Silane and questioned the usefulness of applying silane after HF etching in clinical situations. Furthermore,
for these authors, MEP and MB performed comparable bond strength values, and the choice should “be based on

other factors.”

5 Conclusion

Thanks to UHSI technological evolutions, this study shows that failure of bonded LiSi2 submitted to
compression—shear strength is first due to debonding followed by catastrophic failure. Higher frame rate

associated with sufficient camera resolution allowed us to visualize for the first time the failure mechanism. This
9



work highlights the usefulness of UHSI in dental research and begins to provide concrete answers to a major
clinical prosthodontic problem. FEA indicated the interest of our original 45° resin bonding LiSi2 sample. The
resulting shear—compression stress induced to the resin bonding interface draws closer from the clinical situation
than other mechanical tests. Moreover, within the limits of this study, the nontoxic alternative pretreatment
(MEP) shows a similar mechanical behavior to the gold standard (MB). Catastrophic failure results with no
significant difference indicate MEP as an alternative to the gold standard in clinical practice. Thus, UHSI appears
as a first-rate investigation protocol for a study of dental material mechanical behavior. It paves the way to

new research possibilities in dental mechanics and biomechanics. New investigations are in progress with dental

sample—bonded CARs.
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