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Background
Bonding to silica-based ceramics requires micro mechanical (hydrofluoric-acid, HF-
etching) and chemical (silane) coupling [1–5]. The HF-etching provides dissolution of 

Abstract 

Statement of problem:  The hydrofluoric acid (HF) is able to promote selective 
dissolution of the glassy phase in silica-based ceramic. However, the etching leaves 
insoluble silica-fluoride salts in the surface that affects negatively the bond, affirming 
the need of a post-etching cleaning.

Purpose:  Evaluate the shear bond strength (SBS) of composite resin to CAD/CAM 
lithium-disilicate ceramics after different post-etching cleaning and silane treatments.

Methods:  Twenty-four 2 mm-thick slices of IPS e.max CAD (Ivoclar Vivadent, AG, 
Schann, Liechtenstein) were crystallized, embedded in acrylic resin, polished and 
cleaned in an ultrasonic bath. Each specimen was etched with 5% HF for 20 s, rinsed 
for 60 s, and treatment was completed using surface cleaning and silanization. The 
cleaning methods were: AW—air/water spray; UB—ultrasonic bath; PA—37% phos-
phoric acid; and ST—steam cleaning. The cleaned surface received: E—no silane 
treatment; E/S—silane application for 20 s, air drying for 20 s and hot drying (60 °C) for 
20 s; E/S+—silane application for 60 s, air drying for 20 s, hot air drying (60 °C) for 20 s, 
rinsing with boiling water for 15 s and hot air drying for 20 s. Cylinders of composite 
resin (n = 12) (Z100, 3M-ESPE, Saint Paul, MN, USA) were bonded using an adhesive 
resin (Optibond FL adhesive, Kerr Corp, Orange, CA, USA). SBS testing was carried out 
after 24 h of storage in water. Samples for each post-etching cleaning regimen were 
analyzed by SEM.

Results:  According to two-way ANOVA (Bonferroni-corrected post hoc tests, p < 0.05), 
the SBS was significantly influenced by the post-etching cleaning, with UB yielding the 
highest SBS (21 MPa for E/S); other post-etching cleaning regimens showed lower SBS 
values (12–17 MPa). The type of silane application was not significantly different. The 
SEM analysis showed a cleaner ceramic surface for UB when compared to the other 
groups.

Conclusions:  Etching lithium disilicate ceramics following by ultrasonic bath cleaning 
and regular application of a silane is recommended.
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the glassy and/or crystalline phase [6], forming tetrafluorosilane, which further reacts 
with HF to form a soluble hydrofluorosilicic acid that dissolves the glassy matrix. As a 
consequence, a micro-retentive and high energy surface is obtained [7–9]. On the other 
hand, the coupling molecule, γ-methacryloxypropyl trimethoxysilane, an organofunc-
tional silane, works like a bridge with two different reactive functional groups. The silane 
molecule can chemically bond to the hydrolyzed silicon dioxide at the ceramic surface (–
Si–O–Si– siloxane bond) and the methacrylate group can copolymerize with the adhe-
sive resin [5, 10]. Silane coupling agents allow improved resin wettability of the etched 
ceramic surface and provide a covalent bond with the methacrylate groups in the resin 
and the ceramic surface [4, 5]. The stability and effectiveness of this adhesion can be 
enhanced by heat treatment [4, 11–14] or optimized silane application [15, 16]. Optimal 
silane application implies the elimination of water, alcohol and other solvents, allowing 
for the complete condensation reaction to form the siloxane bond (heat treatment) and 
eliminate excess silane oligomers to obtain a monolayer of silane (hot water rinsing) [4, 
15–17].

HF-etching is known to leave residual salts of silica fluoride that precipitate [18–
20] and can be identified as a white deposit on the etched ceramic surface. Leaving 
this debris could negatively influence the resin bond strength [21, 22]. Several clean-
ing methods have been suggested to remove those debris, including ultrasonic clean-
ing in distilled water, 95% alcohol or acetone [19, 21, 22]. Some authors have described 
the association between brushing the surface with phosphoric acid and immersion in 
an ultrasonic bath to remove the crystalline debris from the etched surface [21]. It is 
agreed that the resistance of the resin-ceramic adhesion zone is controlled primarily by 
the microstructure and surface treatment of the ceramic [6, 22, 23]. Each new material 
or product must therefore be studied individually to define the optimal bonding proto-
col. Lithium-disilicate ceramics are among those new materials that have been marketed 
with great success and deserve special attention for increasing the limited knowledge 
database regarding optimal resin bonding techniques.

The purpose of this study was to evaluate the influence of different post-etching clean-
ing and silane application techniques on the resin shear bond strength (SBS) to CAD/
CAM ceramics (IPS e.max CAD). The first null-hypothesis tested was that there would 
be no difference between the post-etching cleaning techniques investigated. The second 
null-hypothesis was that the silane treatment would have no significant influence on the 
bond strength of composite resin to lithium disilicate CAD/CAM ceramics.

Methods
Twenty-four slices (14 ×  16 ×  2 mm) of IPS e.max CAD LT A2/C14 (EMAX; Ivoclar 
Vivadent, AG, Batch R28294) were obtained by sectioning CAD/CAM blocks using a 
slow-speed diamond water-cooled saw (Isomet, Buehler). The slices were crystallized in 
a ceramic furnace (Austromat 624; DEKEMA Dental-Keramiköfen GmbH) following the 
manufacturer’s instructions. The slices were embedded in an acrylic resin positioning 
base (Palapress; Heraeus Kulzer, GmbH) and polished manually with 400- and 600-grit 
silicon carbide paper under water cooling. The surface of all specimens was then cleaned 
in an ultrasonic bath with distilled water for 5 min. All specimens were HF-etched (IPS 
Ceramic Etching Gel, Ivoclar Vivadent— < 5%) for 20 s, rinsed for 60 s with air/water 
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spray (40 psi/2,76BAR) followed by post-etching cleaning and silanization. Four different 
post-etching cleaning methods were compared: AW—air/water spray, no post-etching 
cleaning; UB—immersion in ultrasonic bath with distilled water for 2 min; PA—appli-
cation of phosphoric acid (37%) for 30 s, followed by rinsing with water; or ST—steam 
cleaning (AX-SCA dental steam cleaner) for 10 s at 4–5 bars and a 10 cm distance. For 
each post-etching cleaning method, two silane application methods were used: E—no 
silane treatment; E/S—silane (Silane, Ultradent) applied for 20 s and air dried for 20 s, 
hot dried at 60 °C for 20 s; or E/S+—silane applied for 60 s, air dried for 20 s and hot 
air dried 60 °C for another 20 s (with hair dryer at 10 cm-distance), rinsed with boiling 
water for 15 s and hot air dried for 20 s.

The conditioned ceramic slices were placed in a positioning device and a Teflon mold 
(Ultradent Jig) containing a 0.04448 cm2 bonding area was used to build composite resin 
cylinders. First, an adhesive resin (Optibond FL Adhesive, Kerr Corp.) was applied to the 
ceramic, then the restorative composite resin, Z100 (3M ESPE), was inserted into the 
mold in two increments of approximately 1.8 mm each using a small condensing spatula. 
Each increment was light polymerized for 20 s (Valo, Ultradent) at 1000 mW/cm2. Six 
resin cylinders (diameter: 2.4 mm) were built onto each ceramic slice (length: 15 mm, 
width: 4  mm, thickness: 2  mm), 3.5  mm apart, resulting in 12 specimens per group. 
After 24 h storage in distilled water, the samples were submitted to SBS testing (Shear 
Bond Tester; Bisco Inc.) using a ramp load of 43.8-kg-force per minute. The failure mode 
was assessed by macrophotography (Nikon D60 and Sigma Lens 105 mm).

An additional etched ceramic slice was produced for each post-etching cleaning regi-
men and analyzed by SEM.

Statistical analysis

The Shapiro–Wilk test was applied to each group (post-etching cleaning and silane) and 
between the experimental groups to verify the normality (p = 0.200). Homogeneity of 
the variance of Levene (α =  0.05) was achieved (p =  0.387). The mean bond strength 
and standard deviation were calculated for all groups. Statistical analysis was performed 
using a two-way analysis of variance (ANOVA), in which post-etching cleaning and 
silane application methods served as independent factors. The Bonferroni post hoc test 
was used for equal variances to test the average values of all groups. The significance 
level adopted in all analyses was ≤ 0.05 (p < 0.05) (MedCalc Software for Windows ver-
sion 12.3.0).

Results
According to two-way ANOVA and Bonferroni post hoc (p < 0.05) (Table 1), the SBS 
was influenced significantly by the type of post-etching cleaning, with UB yielding the 
highest SBS (E/S = 21 MPa when combined with silane) (p < 0.001). Other post-etching 
cleaning methods (AW, PA, and ST) showed lower SBS values (12–17 MPa, independent 
of the silane technique) (p < 0.001). The type of silane application was not significantly 
different. The factorial interaction was significant, showing that the effectiveness of the 
cleaning method was influenced by the silane application technique (Table 2). The fail-
ure mode was always adhesive, leaving a clean ceramic surface (Fig. 1).
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The SEM analysis of etched ceramic slices showed a cleaner surface when UB was used 
as a post-etching cleaning. The other groups, AW, PA and ST, showed residues deposited 
on the ceramic surface (Figs. 2, 3, 4 and 5).

Discussion
The results of this study lead to the rejection of the first null-hypothesis, since post-etch-
ing cleaning methods had an influence on the SBS of lithium disilicate ceramics. The 
second null hypothesis was accepted, as the SBS values were not influenced by the vari-
ous silane application techniques.

The bonding strength between the resin luting agents and the ceramic can be meas-
ured in vitro using several methods (shear, micro-shear, tensile and microtensile). The 
principle of those tests is to apply a load that creates stress at the adhesive interface until 
failure is observed. However, none of these tests are accepted as a universal method and 

Table 1  Two-way ANOVA for experimental groups

* p <0.05 indicates statistically significant differences

Source DF Sum of square Mean square F p*

Groups 2 318.5 4.18 0.37 0.689

Post-etching cleaning 3 8.3 106.19 9.46 < 0.001

Group x Post-etching cleaning 6 83.58 11.21 7.45 < 0.001

Table 2  Mean SBS value in MPa (SD)

Water spray Ultrason bath Phosphoric acid Steam

Group E 16.92 (3.55) b 15.15 (3.82) cb 14.00 (2.49) cb 14.70 (3.01) cb

Group E/S 14.22 (3.21) cb 21.06 (4.06) a 11.90 (2.49) c 12.49 (3.63) cb

Group E/S+ 12.05 (2.37) c 15.93 (2.53) cb 14.18 (3.44) cb 16.25 (4.42) cb

Fig. 1  Adhesive failure
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each of them have their own advantages and limitations. In this regard, the microtensile 
bond strength (MTBS) test is usually preferred because it generates uniform stress dis-
tribution across the adhesive interface [24], limiting the possibility of cohesive failure 
of the substrate [25]. Despite those advantages, MTBS is a technique-sensitive method, 
it can present a high frequency of premature failures [26], it can be affected by cutting 
speed [27], shape of the sample [28] and the brittleness of the substrate [27, 28]. On 
the other hand, the SBS test is considered the most common and practical bond test, 
as it avoids the steps of specimen sectioning and trimming, which can introduce early 
micro-cracking of brittle substrates [27–29]. As a result, some authors have concluded 
that a shear approach was more appropriate when compared to a microtensile approach 
[30, 31]. In this present study, the SBS testing method was selected since the substrate 
was strong enough to prevent cohesive failures. Strengthened ceramic substrates, such 

Fig. 2  UB sample

Fig. 3  ST sample
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as zirconia and lithium-disilicate, can be deemed appropriate for testing resin bond 
strength using SBS tests.

It is accepted that conditioning of lithium disilicate by HF-etching requires a shorter 
etching time and HF concentration (20 s, 5% HF) possibly because of the reduced crystal 
size; the less glass in the ceramic to be removed and also since excessive etching might 
cause a weakening of the ceramic substrate [23]. Dissolution of the vitreous phase cre-
ates 5–20  µm-deep micro-retentions [22, 24, 32, 33] that can be resin-infiltrated [22]. 
Micromechanical retention generated by HF-etching seems to be the main mechanism 
for bonding to lithium disilicate ceramics [4]. Additional use of silane did not seem to 
bring any benefit, unless ultrasonic post-etching cleaning was used. Maybe the usage 
of the silane didn’t show statistical difference due to the presence of insoluble salts in 

Fig. 4  AW sample

Fig. 5  PA sample
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the surface. Insoluble salts may interfere in the interaction between the silane and the 
silica, leading to lower bond strength values, not because the silane does not need to be 
used. So it will require an adequate cleaning of the surface before the use of the silane. 
The side effect of HF-etching is the formation of insoluble residual salts that precipitate 
and obliterate microretentions [18–20, 22], which may significantly influence the bond 
strength values [18, 22], confirming the need for post-etching cleaning [21, 22]. Most 
authors support the post-etching protocol used in this current study (ultrasonic distilled 
water bath for 2  min) to provide effective residue elimination [19, 21, 34]. One study 
failed to demonstrate the effectiveness of post-etching ultrasonic cleaning [35], although 
this can be explained by the fact that specimens were placed in the ultrasonic bath for 
20  min, which may have caused weakening or disaggregation of the etched porcelain. 
In another study, post-etch cleaning led to a 100% increase in MTBS (24 MPa without 
cleaning vs. 50 MPa with cleaning). In the present study, the maximum gain from post-
etching cleaning was only 30% (from 14 MPa up to 21 MPa). This could be explained by 
the small amount of residue observed on the etched surface of lithium disilicate ceram-
ics [22], possibly due to the reduced vitreous content [6, 36] and the reduced time for 
etching. The other post-etching cleaning techniques used in this present study (air/water 
spray, phosphoric acid or steam) performed similarly and did not improve or reduce 
bond strength, which is in agreement with Swift, Walls and McCabe [37].

The use of a silane coupling agent induces encapsulation of the etched protruding 
crystals [24] and allows for continuity between the organic and inorganic phases [5, 
10]. According to Hooshmand et al. [15]. and Queiroz et al. [16], application of a silane 
induces the formation of a complex interphase with several distinctive layers. The layer 
closest to the substrate is a monolayer of coupling silane, the only layer necessary for 
optimal bonding. It is usually covered by two consecutive layers of oligomers, a first layer 
which can be hydrolyzed only by hot water and a second layer of loosely bound oligom-
ers that can be removed by water at room temperature. Those two outer layers appear 
to weaken the interphase because of their sensitivity to hydrothermal attacks. The mon-
olayer appears to be chemically reacted (siloxan covalent bond) and can resist hydrother-
mal attacks. Heat-drying the silane appears to consolidate the three regions by facilitating 
and stabilizing the siloxane bond. Combining heat drying and hot water rinsing has been 
advocated by Hooshmand [38] and presented as the optimal silane application technique. 
The present study did not confirm those results because the optimal silane application 
was used (E/S+) and did not yield improved bond strength. One possible explanation is 
the fact that the silane was applied for only 20 s in group E/S (as compared to 60 s in other 
studies), which may have been too short for the development of the weak outer oligomer 
layers. The systematic use of heat drying may also have resulted in the consolidation of 
the silane layers, which could have masked the effect of hot water rinsing.

Even though there seemed to be have been a synergetic effect of post-etching clean-
ing and the simplified silane application (E/S group), further studies should determine 
the optimal silane application time that would provide a sufficient number of molecules 
to saturate the surface of the ceramic (allowing all exposed silica from the substrate to 
form a siloxane bond) while simultaneously preventing the formation of excess loosely 
bound silane layers. The application time varies excessively in the informations of most 
popular products: 5  s for Ceramic Primer (3M), 30  s for Bis-silane (BISCO), and 60  s 
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for Monobond S (Ivoclar-Vivadent) and Silane (Ultradent). The temperature for drying 
also demonstrates extreme variability both in time and range, 15 s to 2 min., from room 
temperature to over 100 °C. This calls for guidelines to standardize and define the best 
practical approach (hair dryer, toaster oven, etc.).

One limitation of this present study was that only one CAD/CAM ceramic was tested 
and it was not do any aging process. Further research should be carried out to include 
pressable and stackable porcelain, as well as other CAD/CAM ceramics.

Conclusions
Within the limitation of this study, it was possible to conclude that etching lithium disili-
cate CAD/CAM ceramics, following by ultrasonic cleaning in distilled water and appli-
cation of a silane, is important to enhance the adhesion resistance.
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