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Abstract
Objectives The aim of this study was to assess the influence of surface treatment on the shear bond strength of two differ-
ent adhesive-coated orthodontic ceramic brackets to computer-aided design/computer-aided manufacturing (CAD/CAM)
nanohybrid composite.
Methods A total of 120 specimens (10mm×10mm×3mm) were prepared from each type of CAD/CAM block (Grandio
[GR], VOCO Cuxhaven, Germany; Lava Ultimate [LU], 3M ESPE, St. Paul, MN, USA). For each type of CAD/CAM
block, the plates were divided into four groups based on the applied surface treatment: hydrofluoric acid (HF), grinding
bur (GB), silica coating with CoJet system (CS), and titanium tetrafluoride (TiF4) 2wt/v%. Maxillary central incisors of
adhesive-coated ceramic orthodontic brackets (APC Flash-free Clarity Advanced Ceramic, 3M Unitek, Monrovia, CA,
USA) were bonded using Transbond XT Primer (3M Unitek, Monrovia, CA, USA). Shear bond strength was conducted,
and the modes of failure were assessed utilizing the adhesive remnant index. Surface roughness and topography of treated
CAD/CAM were evaluated. Data were statistically analyzed using two-way analysis of variance (ANOVA) and Tukey’s
test. The Weibull analysis was conducted on shear bond strength data.
Results Surface treatment with 2% TiF4 wt/v revealed significantly higher bond strength (GR, 14.51± 2.57MPa; LU,
11.19± 2.17MPa) than other groups for both types of CAD/CAM restorative materials (p< 0.05). Adhesive failures were
the predominant mode of failure. Surface treatment with CS revealed higher surface roughness than other groups (p< 0.05).
Conclusions Surface treatment with 2% TiF4 wt/v enhanced the adhesion between orthodontic ceramic brackets to GR
and LU CAD/CAM composite restorative materials. GR CAD/CAM nanohybrid composite had higher bond strength than
LU to ceramic orthodontic brackets.

Keywords Computer-aided design/computer-aided manufacturing · Orthodontic appliances, fixed · Shear bond strength ·
Surface roughness · Titanium tetrafluoride

Wirksamkeit der Oberflächenbehandlung auf die Haftfestigkeit von Keramikbrackets auf 2
CAD/CAM-gefertigten Nanohybridkomposit-Typen

Zusammenfassung
Zielsetzung Ziel dieser Studie war es, den Einfluss der Oberflächenbehandlung auf die Scherhaftfestigkeit von 2 ver-
schiedenen adhäsiv beschichteten kieferorthopädischen Keramikbrackets auf einem CAD/CAM-Nanohybridkomposit zu
untersuchen.
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Methoden Von jedem CAD/CAM-Block (Grandio [GR], VOCO Cuxhaven, Deutschland; Lava Ultimate [LU], 3M ESPE,
St. Paul/MN, USA) wurden insgesamt 120 Probekörper (10× 10× 3mm) hergestellt. Für jeden Typ von CAD/CAM-Block
wurden die Platten anhand der angewandten Oberflächenbehandlung in 4 Gruppen eingeteilt: Fluorwasserstoffsäure (HF),
Schleifkörper (GB), Siliziumdioxid-Beschichtung mit CoJet-System (CS) und Titantetrafluorid (TiF4) 2 Gew%. Oberkie-
ferschneidezähne von adhäsiv beschichteten keramischen kieferorthopädischen Brackets (APC Flash-free Clarity Advanced
Ceramic, 3M Unitek, Monrovia/CA, USA) wurden mit Transbond XT Primer (3M Unitek, Monrovia/CA, USA) verklebt.
Die Scherhaftfestigkeit wurde geprüft und die Art des Versagens anhand des ARI („adhesive remnant index“) bewertet.
Die Oberflächenrauhigkeit und -topographie der behandelten CAD/CAM wurden bewertet. Die Daten wurden mit Hilfe
der Zwei-Wege-Varianzanalyse (ANOVA) und dem Tukey-Test statistisch ausgewertet. Die Weibull-Analyse wurde für die
Daten zur Scherhaftfestigkeit durchgeführt.
Ergebnisse Die Oberflächenbehandlung mit 2% TiF4 wt/v ergab für beide Arten von CAD/CAM-Restaurationsmaterialien
eine signifikant höhere Haftfestigkeit (GR, 14,51± 2,57MPa; LU, 11,19± 2,17MPa) als die anderen Gruppen (p< 0,05).
Adhäsivversagen war die vorherrschende Versagensart. Die Oberflächenbehandlung mit CS ergab eine höhere Oberflä-
chenrauhigkeit als bei den anderen Gruppen (p< 0,05).
Schlussfolgerungen Die Oberflächenbehandlung mit 2% TiF4 wt/v verbesserte die Adhäsion zwischen kieferorthopädi-
schen Keramikbrackets und GR- sowie LU-CAD/CAM-Komposit-Restaurationsmaterialien. Das GR CAD/CAM-Nano-
hybridkomposit hatte eine höhere Haftfestigkeit als LU auf kieferorthopädischen Brackets.

Schlüsselwörter Computergestütztes Design/computergestützte Produktion · Festsitzende kieferorthopädische
Apparaturen · Scherhaftfestigkeit · Oberflächenrauhigkeit · Titantetrafluorid

Introduction

Orthodontists deal with challenges for adults seeking or-
thodontic treatment with restored teeth [1, 2]. Indirect
restorations are widely utilized for durability and natural
appearance of dental restorations [1, 2]. It was reported
that bonding orthodontic brackets to ceramic restorations
has lower bond strength as ceramics have an inert surface
[3–6]. Computer-aided design/computer-aided manufactur-
ing (CAD/CAM)-prepared composite restorative materials
are increasingly used due to enhanced properties [7–9]. The
improvements in CAD/CAM-prepared composite restora-
tive materials include superior physical properties with
enhanced edge stability that facilitate the milling process
with lower thickness, polishability, and the possibility of
intraoral repair due to resin content [10–15].

Various surface treatments have been applied to indi-
rect restorations to increase the bond strength of orthodon-
tic brackets [3, 16–18]. On the other hand, it is essential
to avoid damaging the surface of indirect esthetic restora-
tions when debonding brackets [1]. Consequently, a nonde-
structive and applicable technique for bonding orthodontic
brackets to indirect esthetic restoration would be desirable
for the clinic [17, 19, 20]. It is crucial that orthodontists
select the appropriate surface treatment for each restorative
material when bonding orthodontic brackets.

Different applications of titanium tetrafluoride (TiF4) in
dentistry have been assessed comprising a varnish to protect
enamel and dentin from erosion, for caries prevention, and
as an etching agent for ceramics and titanium with vari-
ous outcomes [21–25]. Recently, a nanohybrid CAD/CAM

restorative material (Grandio blocs [GR]; VOCO, Cux-
haven, Germany) was introduced to the dental market. The
GR blocs consist of 86wt% inorganic fillers embedded in
a polymer matrix [26]. Resin nanoceramic (Lava Ultimate
[LU]; 3M ESPE; St Paul, MN, USA) is another type of
machinable CAD/CAM polymer-based restorative mate-
rial [27, 28]. Given that the GR CAD/CAM restorative
material is rather new in the dental market, studies on its
performance in bonding properties are ongoing. For adult
patients having crown restorations and requiring orthodon-
tic treatment, the bonding performance of ceramic brackets
to these newly developed CAD/CAM restorations remains
ambiguous [29]. According to the authors’ knowledge, no
study has evaluated the bond strength of ceramic brackets
to the newly developed CAD/CAM nanohybrid compos-
ite. Consequently, the aim of this study was to assess the
influence of various surface treatments on the shear bond
strength of adhesive-coated ceramic brackets to CAD/CAM
nanohybrid composites. The null hypothesis was that the
surface treatment and type of CAD/CAM would not in-
fluence the adhesion between ceramic brackets and the
CAD/CAM restorative materials.

Materials andmethods

Power analysis to estimate the appropriate sample size was
based on the results of a previous study [17]. The effect
size was hypothesized to be 0.27. Accordingly, with the
constraints of α= 0.05, the required sample size needed was
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30 specimens per group (GPower v3.1.3 software; Univer-
sity of Düsseldorf; Düsseldorf, Germany) with power 0.95.

Two types of CAD/CAM restorative materials were used
in this study: GR (VOCO, Cuxhaven, Germany) and LU
(3M ESPE; St Paul, MN, USA). The specimens from each
type of CAD/CAM were produced (10× 10× 3mm) using
a low-speed cutting machine (Isomet, Buehler, Lake Bluff,
IL, USA). The bonding surface of the specimens was pol-
ished with silicon carbide paper (240, 400, 600, 800, and
1000 grit). The specimens were ultrasonically cleaned and
then placed in autopolymerizing acrylic resin blocks (Ver-
tex; Vertex-Dental B. V., Zeist, The Netherlands) with the
polished surface exposed for surface treatment and bonding
[16, 17].

Surface treatment

The exposed surface of each CAD/CAM restorative ma-
terial was divided into 4 sectors/groups according to the
surface treatment as follows:

� Hydrofluoric acid (HF): specimens were conditioned
with 9% HF (Ultradent Products, South Jordan, UT,
USA) for 1min, then rinsed and air-dried.

� Grinding bur (GB): specimens were roughened using
a diamond ceramic grinding bur (VOCO, Cuxhaven,
Germany) at 6000–10,000 rpm under water cooling.

� Silica coating with CoJet system (CS): specimens were
air-abraded with 30µm aluminum trioxide particles for
4s at 2.5bar pressure.

� Titanium tetrafluoride (2% TiF4 wt/v): specimens were
treated with 2% TiF4 wt/v (Aldrich Chemical Company;
Milwaukee, WI, USA) for 1min.

Shear bond strength

A total of 120 specimens from each type of CAD/CAM
restorative material were surface treated (n= 30/group) as
mentioned. A primer (Transbond XT Primer; 3M Unitek,
Monrovia, CA, USA) was applied to the treated CAD/CAM
surfaces. Then, flash-free adhesive-coated brackets (APC
Flash-free Clarity Advanced Ceramic, 3M Unitek, Mon-
rovia, CA, USA) for maxillary central incisors were bonded
to the treated CAD/CAM surface applying a standardized
force of 5N [30, 31]. The bonded specimens were cured
(Ortholux™ Luminous Curing Light; 3M Unitek, light out-
put 1600mW/cm2) according to the manufacturer’s instruc-
tions. The bonded specimens were stored in SAGF medium
artificial saliva for 1 week at 37°C [32]. After that, the spec-
imens were thermal cycled for 10,000 cycles between 5 and
55°C and a 30s dwell time [18].

The shear bond strength test was conducted using a uni-
versal testing machine (Model TT-B, Instron Corp., Canton,
MA, USA). The shearing blade was placed vertically at the
base of the bracket at a crosshead speed of 0.5mm/min and
the bond strength was calculated in megapascals (MPa) [1,
16, 17, 33].

Adhesive remnant index

After debonding, the fractured specimens were examined
using a stereomicroscope (Olympus, SZX9, Tokyo, Japan)
at 25× magnification to determine the adhesive remnant
index (ARI) as follows [17, 31, 34]:

� 0—no adhesive remained on the CAD/CAM surface,
� 1—less than half of the adhesive remained on the

CAD/CAM surface,
� 2—more than half of the adhesive remained on the

CAD/CAM surface, and
� 3—all adhesive remained on the CAD/CAM surface,

with a visible impression of the bracket mesh.

Scanning electronmicroscopy

The surface of the treated CAD/CAM specimens (n= 10/
group) was examined using a scanning electron microscopy
(SEM) at 500× (Evo LS10, Carl Zeiss, Oberkochen, Ger-
many) to determine the changes in the surface due to the
applied treatment. The specimens were sputter-coated with
gold (Hummer II, Anatech, Springfield, VA, USA).

Surface roughness

The surface roughness of the treated CAD/CAM spec-
imens (n= 30/group) was evaluated using a profilome-
ter (Perthometer M2; Mahr, Göttingen, Germany) with
0.25mm/s driving speed for a 1.25mm length. For each
specimen, five measurements were taken, and the average
(Ra, µm) was calculated.

Statistical analysis

The data of shear bond strength and surface roughness
were statistically analyzed (SPSS software; Version 17,
SPSS Inc., Chicago, IL, USA) using two-way analysis of
variance (ANOVA) considering two factors (type of surface
treatment and type of CAD/CAM material) and their in-
teractions at the 0.05 level of significance. The Chi-square
(χ2) test was performed to test the difference in frequency
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Table 1 Mean (standard deviation) of the shear bond strength (MPa), surface roughness (Ra, µm), and Weibull analysis for each group
Tab. 1 Mittelwert (Standardabweichung) der Scherhaftung (MPa), Oberflächenrauhigkeit (Ra, µm) und Weibull-Analyse für jede Gruppe

Surface
treat-
ment

Shear bond
strength (MPa)

Weibull analysis Surface
roughness
(Ra, µm)

GR LU

GR LU Weibull
modulus
(m)

Characteristic
bond strengths
(MPa)
(σ0)

Weibull
modulus
(m)

Characteristic
bond strengths
(MPa)
(σ0)

GR LU

HF 11.78 (1.98)B 8.89
(1.87)B

4.58 19.27 4.45 14.58 2.51 (0.21)F 2.31
(0.15)F

GB 8.87 (1.26)C 5.81
(0.78)C

4.06 14.19 3.68 9.82 2.85 (0.28)E 2.59
(0.32)E

CS 10.18 (1.97)B 7.81
(1.69)B

4.45 15.25 4.33 13.51 3.23 (0.35)D 2.89
(0.25)D

2%
TiF4

14.51 (2.57)A 11.19
(2.17)A

4.92 23.68 4.61 17.37 2.59 (0.18)F 2.36
(0.35)F

Mean values represented with different superscript uppercase letter (column) for shear bond strength and surface roughness tests are significantly
different according to Tukey’s test (P< 0.05)
CAD/CAM computer-aided design/computer-aided manufacturing, GR Grandio CAD/CAM prepared composite, LU Lava Ultimate CAD/CAM
prepared composites, HF hydrofluoric acid, GB grinding bur, CS silica coating with CoJet system, TiF4 titanium tetrafluoride 2wt/v%

distributions of the ARI values. Multiple comparisons
were performed using Tukey’s test. The Weibull analysis
(SuperSMITH software; Fulton Findings, Torrance, CA,
USA) was conducted on the shear bond strength data.

Results

The means of the shear bond strength values (MPa) and
standard deviations are shown in Table 1 and Fig. 1. Two-
way ANOVA showed that the bond strength was signif-
icantly influenced by the type of CAD/CAM restorative
material (F= 146.16, p< 0.001) and the type of treatment
(F= 94.05, p< 0.001). There was no significant interac-
tion between the type of CAD/CAM restorative material
and the type of treatment (p= 0.557). Surface treatment
with 2% TiF4 wt/v revealed significantly higher bond
strength (GR, 14.51± 2.57MPa; LU, 11.19± 2.17MPa)
than the other groups for both types of CAD/CAM restora-
tive material (p< 0.05). On the other hand, the specimens
treated with GB revealed significantly lower bond strength
(GR, 8.87± 1.26MPa; LU, 5.81± 0.78MPa; p< 0.05). Sur-
face treatments with CS (GR, 10.18± 1.97MPa; LU,
7.81± 1.69MPa) and HF (GR, 11.78± 1.98MPa; LU,
8.89± 1.87MPa) showed no significant difference in bond
strength (p> 0.05). The ranking for the bond strength values
was as follows: 2% TiF4 wt/v>HF> CS>GB.

Table 2 shows the ARI scores of the debonded spec-
imens. There was no significant difference in frequency
distributions of the ARI scores between the different types
of treatment (χ2= 6.562, p= 0.363). Similarly, the type of
CAD/CAM restorative material did not significantly dif-
fer in frequency distributions of the ARI scores (χ2= 3.173,

p= 0.205). The main modes of failure were observed to
happen with an ARI score 0.

The Weibull analysis showed that surface treatment of
GR and LU CAD/CAM with 2% TiF4 wt/v revealed the
highest characteristic bond strength (σ0, 23.68 and 17.37; re-
spectively) and Weibull modulus (m, 4.92 and 4.61; respec-
tively) compared with other surface treatments (Table 1;
Fig. 2). On the other hand, the GB surface treatment re-
sulted in the lowest σ0 (14.19 and 9.82; respectively). The
Weibull plot for GR and LU with different surface treat-
ments is shown in Fig. 2.

The mean of the surface roughness values (Ra, µm) and
standard deviations are shown in Table 1 and Fig. 3. Two-
way ANOVA showed that the surface roughness was sig-
nificantly influenced by the type of CAD/CAM restorative
material (F= 32.35, p< 0.001) and the type of treatment
(F= 52.18, p< 0.001). There was a significant interaction
between the type of CAD/CAM restorative material and the
type of treatment (p= 0.003). Surface treatment with CS re-
vealed higher surface roughness (GR, 3.23± 0.35μm; LU,
2.89± 0.25μm) compared with the other groups for both
types of CAD/CAM restorative material (p< 0.05). There
was no significant difference in the surface roughness be-
tween HF and 2% TiF4 wt/v treatment (p> 0.05).

The effect of surface treatment on the microstructures of
the CAD/CAM restorative materials is presented in Fig. 4.
Surface treatment with HF showed surface remarkable
irregularities for the GR CAD/CAM restorative material
(Fig. 4a), while treatment of LU revealed a smoother
surface with formation of pores (Fig. 4b). GB surface treat-
ment revealed deep grooves on the surfaces of the GR and
LU CAD/CAM restorative materials (Fig. 4c, d, respec-
tively). Roughening with CS showed prominent microsized
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Fig. 1 Shear bond strength (MPa) of ceramic brackets to Grandio (GR) and Lava Ultimate (LU) computer-aided design/computer-aided manufac-
turing (CAD/CAM) restorative materials with different surface treatments: hydrofluoric acid (HF), grinding bur (GB), silica coating with CoJet
system (CS), and titanium tetrafluoride (TiF4) 2wt/v%
Abb. 1 Scherhaftfestigkeit (MPa) von keramischen Brackets auf Grandio (GR) und Lava Ultimate (LU) CAD/CAM-Restaurationsmaterialien mit
unterschiedlichen Oberflächenbehandlungen: Fluorwasserstoffsäure (HF), Schleifkörper (GB), Siliziumdioxid-Beschichtung mit CoJet-System
(CS) und Titantetrafluorid (TiF4) 2 Gew%

Fig. 2 Weibull plot of shear bond strength (MPa) for the Grandio (GR) and Lava Ultimate (LU) computer-aided design/computer-aided manufac-
turing (CAD/CAM) materials with different surface treatments. The characteristic bond strength is represented by the dotted line. 2% TiF4 wt/v of
GR and LU CAD/CAM revealed higher characteristic bond strength than other treatments. GB surface treatment showed the lowest characteristic
bond strength. HF hydrofluoric acid, GB grinding bur, CS silica coating with CoJet system, TiF4 titanium tetrafluoride 2wt/v%
Abb. 2 Weibull-Plot der Scherhaftfestigkeit (MPa) für die CAD/CAM-Materialien Grandio (GR) und Lava Ultimate (LU) mit unterschiedli-
chen Oberflächenbehandlungen. Die charakteristische Haftfestigkeit ist durch die gepunktete Linie dargestellt. Die Behandlungen mit 2% TiF4wt/
Volumengewicht von GR und LU CAD/CAM zeigten eine höhere charakteristische Haftfestigkeit als andere. Die niedrigste charakteristische Haft-
festigkeit wurde bei der GB-Oberflächenbehandlung festgestellt. HF Fluorwasserstoffsäure, GB Schleifkörper, CS Siliziumdioxid-Beschichtung
mit CoJet-System, TiF4 Titantetrafluorid 2 wt/v%

areas with white spots on the surface, which represent
silica particles (Fig. 4e, f, respectively). The surfaces of
specimens treated with 2% TiF4 wt/v revealed a layer-
like structure formed on the surface of the CAD/CAM
restorative materials (Fig. 4g, h, respectively).

Discussion

The purpose of the current study was to assess the most ef-
ficient surface treatment for bonding ceramic brackets onto
newly developed CAD/CAM nanohybrid composite mate-
rial. The specimens were thermal cycled to simulate oral
conditions to determine the durability of the bonded sur-
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Table 2 Frequency distribution of adhesive remnant index (ARI) scores (occurrence and percentages)
Tab. 2 Häufigkeitsverteilung der ARI(„adhesive remnant index“)-Werte (Vorkommen und Prozentsätze)

Group ARI scores

0 1 2 3

GR/
bracket

HF 17 (56.7%) 10 (33.3%) 3 (10%) 0 (0.0%)

GB 23 (76.7%) 7 (23.3%) 0 (0.0%) 0 (0.0%)

CJ 19 (63.3%) 8 (26.7%) 3 (10%) 0 (0.0%)

2% TiF4 16 (53.3%) 9 (30%) 5 (16.7%) 0 (0.0%)
LU/
bracket

HF 15 (50%) 12 (40%) 3 (10%) 0 (0.0%)

GB 16 (53.3%) 11 (36.7%) 3 (10%) 0 (0.0%)

CJ 17 (56.7%) 7 (23.3%) 6 (20%) 0 (0.0%)

2% TiF4 15 (50%) 10 (33.3%) 5 (16.7%) 0 (0.0%)

ARI scores: 0 no adhesive remained on the computer-aided design/computer-aided manufacturing (CAD/CAM) surface, 1 less than half of the
adhesive remained on the CAD/CAM surface, 2 more than half of the adhesive remained on the CAD/CAM surface, and 3 all adhesive remained
on the CAD/CAM surface, with a visible impression of the bracket mesh
GR Grandio CAD/CAM prepared composites, LU Lava Ultimate CAD/CAM prepared composites, HF hydrofluoric acid, GB grinding bur, CS sil-
ica coating with CoJet system, TiF4 titanium tetrafluoride 2wt/v%

faces under changing thermal conditions [17]. The null hy-
pothesis that the surface treatments and type of CAD/CAM
would not influence the adhesion between ceramic brackets
and CAD/CAM restorative materials was rejected.

It is crucial to improve the adhesion between the ceramic
brackets and the CAD/CAM-prepared composite restora-
tive materials to avoid debonding during orthodontic treat-
ment. There are different techniques to enhance the adhe-
sion between orthodontic brackets and indirect restorative
materials, including HF, phosphoric acid, bonding agents,
grinding, and airborne-particle abrasion [16, 17].

Surface treatment with 2% TiF4 wt/v enhanced the adhe-
sion of the ceramic brackets on the GR and LU CAD/CAM

Fig. 3 Surface roughness (μm) of Grandio (GR) and Lava Ultimate (LU) computer-aided design/computer-aided manufacturing (CAD/CAM)
restorative materials with different surface treatments: hydrofluoric acid (HF), grinding bur (GB), silica coating with CoJet system (CS), and
titanium tetrafluoride (TiF4) 2wt/v%
Abb. 3 Oberflächenrauhigkeit (μm) von Grandio (GR) und Lava Ultimate (LU) CAD/CAM-Restaurationsmaterialien mit unterschiedlichen Ober-
flächenbehandlungen: Fluorwasserstoffsäure (HF), Schleifkörper (GB), Siliziumdioxid-Beschichtung mit CoJet-System (CS) und Titantetrafluorid
(TiF4) 2 wt/v%

materials the most compared with the other treatments. In
the present study, a 2% wt/v concentration of TiF4 was
chosen as it was reported that higher concentrations re-
duced the bond strength of composite cement with the GR
CAD/CAM restorative material [23]. The aqueous solution
of TiF4 improved the adhesion of luting agents to fiber posts,
ceramics, and titanium [25, 35, 36]. The TiF4 solution has
a high acidity [37] that modifies the surface of the GR
and LU CAD/CAM, which enhanced the mechanical reten-
tion with the adhesive-coated ceramic brackets. All groups
revealed higher bond strength values than the promoted op-
timal bracket bonding strength, ranging from 6–8MPa [38]
and accordingly could be considered sufficient for clinical
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Fig. 4 Representative SEM
images (500×) of Grandio
(GR; left) and Lava Ultimate
(LU; right) computer-aided de-
sign/computer-aided manufac-
turing (CAD/CAM) restorative
materials after various surface
treatments. a,b hydrofluoric acid
(HF), c,d grinding bur (GB),
e,f silica coating with CoJet
system (CS), and g,h titanium
tetrafluoride (TiF4) 2wt/v%
Abb. 4 Repräsentative REM-
Aufnahmen (500:1) von Gran-
dio (GR; links) und Lava Ulti-
mate (LU; rechts) CAD/CAM-
Restaurationsmaterialien nach
verschiedenen Oberflächenbe-
handlungen: a,b Fluorwasser-
stoffsäure (HF), c,d Schleifkör-
per (GB), e,f Siliziumdioxid-
Beschichtung mit CoJet-Sys-
tem (CS), g,h Titantetrafluorid
(TiF4) wt/Volumengewicht

applications [17]; only LU treated with GB showed lower
bond strength (5.81± 0.78MPa). Adequate bond strength of
orthodontic brackets with the restorative material is essen-
tial for minimizing accidentally debonding of brackets and
substrate fracture when removing the brackets [2, 39].

Both CS and HF surface treatments revealed comparable
bond strength. The CS surface treatment created microme-
chanical retention by alumina-particles coated with silica
on the surfaces of the GR and LU CAD/CAM materials
(Fig. 4e, f, respectively). The surfaces were then coated
with the primer that formed covalent bonds between the

alumina and silica particles and the adhesive-coated ce-
ramic brackets [40]. However, the CS surface treatment
may cause microcracks on the surface of the CAD/CAM
restorative materials, which may lower the bond strength
[28, 41]. Surface treatment using HF altered the surfaces
of the GR and LU restorative materials by forming surface
irregularities and pores (Fig. 4a, b) that might increase the
surface area and improve the adhesion with the ceramic
brackets. However, the potential detrimental effect of HF
as a conditioning method requires caution for the safety of
patients [42]. On the other hand, TiF4 solution has been
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used for orthopedic implant surface modification to induce
bioactivity [43]. It was considered less hazardous for in-
traoral ceramic etching, mainly for ceramic repair [25]. It
has been suggested that TiF4 solution might be used for
creating an etching effect without compromising the health
of the surrounding soft tissues [25].

Surface modification of the GR and LU CAD/CAM with
GB revealed lower bond strength than in the other groups.
The diamond bur creates deep grooves on the surface of
the specimens that might causes cracks that lower the bond
strength (Fig. 4c, d). Surface treatments with 2% TiF4 wt/v
and HF revealed lower surface roughness than CS and GB.
However, the former surface treatments enhanced the bond
strength with the ceramic brackets in comparison with CS
and GB treatments.

GR revealed greater bond strength with the ceramic
brackets than LU. It could be postulated that the microstruc-
ture of the GR CAD/CAM nanohybrid composite enhanced
the bond strength with the adhesive-coated ceramic brack-
ets. The GR blocs consisted of 86wt% inorganic fillers
embedded in a polymer matrix [23, 26], whereas the LU is
composed of 80wt% nanoceramic and 20wt% resin [23].
In addition, GR presented a higher surface roughness than
LU [23], which might enhance the micromechanical reten-
tion with the ceramic brackets. It has been shown that if the
bond strength between the adhesive resin and the ceramic
is greater than 13MPa, the ceramic is prone to fracture
[44]. In the present study, only GR specimens treated with
2% TiF4 wt/v showed bond strength values higher than
13MPa (14.51± 2.57MPa). According to the finding of the
ARI scores, the adhesive mode of failure (score 0) was the
predominant type. It should be emphasized that the adhe-
sive mode of failure between the CAD/CAM restorative
material and the adhesive interface is the most favorable
to avoid CAD/CAM fractures during the debonding of
ceramic brackets [17, 18]. The surface of the CAD/CAM
materials did not show any damage after debonding in any
group. It is essential to keep the surface of the CAD/CAM
restorative material free of any damage as this might affect
the durability and esthetic appearance of the restoration
[45].

The findings of the Weibull analysis supported the re-
sults of the bond strength measurements. The GR and LU
CAD/CAM materials treated with 2% TiF4 wt/v showed
a higher characteristic bond strength (σ0) and Weibull mod-
ulus (m) compared with the other surface treatments, which
indicates higher bonding effectiveness and more reliable
treatment [46]. On the other hand, the GB surface treat-
ment revealed the lowest σ0 (14.19 and 9.82; respectively).

Further clinical trials are required to evaluate the perfor-
mance of ceramic orthodontic brackets bonded to GR and
LU CAD/CAM restorative materials after 2% TiF4 wt/v
surface treatment. The oral environment and masticatory

movements during the orthodontic treatment might affect
possible bracket loss [1]. It has been reported that TiF4

could also be used as a prophylactic agent during orthodon-
tic treatment [47]. Thus, it is postulated that 2% TiF4 wt/v
surface treatment could be used as a possible standard tech-
nique for treating the CAD/CAM composite restorative ma-
terials in orthodontic practice if it was clinically verified to
be safe and effective for CAD/CAM composite restorations
during the debonding procedure.

Conclusion

Within the limitations of this study, the following conclu-
sions were drawn:

� Surface treatment with 2% TiF4 wt/v enhanced the ad-
hesion between flash-free adhesive-coated orthodontic
ceramic bracket to Grandio (GR) and Lava Ultimate
(LU) computer-aided design/computer-aided manufac-
turing (CAD/CAM) composite restorative materials.

� Surface treatment with CS (silica coating with CoJet
system) increased surface roughness compared with the
other treatments for both types of CAD/CAM restorative
materials.

� The GR CAD/CAM nanohybrid composite revealed
higher bond strength than LU to flash-free adhesive-
coated orthodontic ceramic brackets.
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