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Abstract
Background  This study aims to evaluate the effect of surface treatment and resin cement on the shear bond 
strength (SBS) and mode of failure of polyetheretherketone (PEEK) to lithium disilicate ceramic (LDC). This is 
suggested to study alternative veneering of PEEK frameworks with a ceramic material.

Methods  eighty discs were prepared from PEEK blank and from lithium disilicate ceramic. Samples were divided into 
four groups according to surface treatment: Group (A) air abraded with 110 μm Al2O3, Group (AP) air abrasion and 
primer application, Group (S) 98% sulfuric acid etching for 60 s, Group (SP) Sulfuric acid and primer. Each group was 
subdivided into two subgroups based on resin cement type used for bonding LDC:1) subgroup (L) self- adhesive resin 
cement and 2) subgroup (B) conventional resin cement (n = 10). Thermocycling was done for all samples. The bond 
strength was assessed using the shear bond strength test (SBS). Failure mode analysis was done at 50X magnification 
with a stereomicroscope. Samples were chosen from each group for scanning electron microscope (SEM). The three-
way nested ANOVA followed by Tukey’s post hoc test were used for statistical analysis of results. Comparisons of 
effects were done utilizing one way ANOVA and (p < 0.05).

Results  The highest mean of shear bond strength values was demonstrated in Group of air abrasion with primer 
application using conventional resin cement (APB) (12.21 ± 2.14 MPa). Sulfuric acid groups showed lower shear 
bond strength values and the majority failed in thermocycling especially when no primer was applied. The failure 
mode analysis showed that the predominant failure type was adhesive failure between cement and PEEK, while the 
remaining was mixed failure between cement and PEEK.

Conclusion  The air abrasion followed by primer application and conventional resin cement used for bonding 
Lithium Disilicate to PEEK achieved the best bond strength. Primer application did not have an effect when self-
adhesive resin cement was used in air-abraded groups. Priming step is mandatory whenever sulfuric acid etching 
surface treatment is utilized for PEEK.
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Introduction
Currently, there is increased interest in metal-free mate-
rials such as ceramics, composite resins, and polymers. 
Ceramics have been widely used due to their inert nature 
and remarkable esthetics. However, their inherent brittle 
behavior is still a concern. Consequently, more focus is 
now directed toward polymeric materials. Polyether-
ether ketone (PEEK) has attracted increasing interest 
because it has desirable properties for dental applications 
[1].

PEEK is a member of the poly aryl ether ketone 
(PAEK) family of high-performance polymers that com-
prises aromatic benzene molecules linked by ether and 
ketone groups. PEEK is amenable to changes that allow 
for an increase in the number of characteristics suitable 
for its application. Sulfonation, nitration, and amina-
tion are examples of chemical alterations. Fillers such as 
ceramic particles, glass beads, or carbon fibers can also 
be added [2]. PEEK enhanced with 0.3–0.5 µm ceramic 
fillers improves the material’s mechanical, biological, and 
physical characteristics, making it particularly effective 
for dental applications. It has been utilized in implants, 
temporary abutments for implant-supported prosthe-
ses, healing abutments, implant -supported bars, clamp 
material, and frames of removable and fixed partial den-
tures. When replacing distal extension cases, it is thought 
to be an excellent alternative material for abutments with 
low periodontal support. The material has a low elastic 
modulus, allowing it to function as a stress breaker and 
decrease the forces imparted to the repairs [3, 4].

PEEK veneering is essential for improving the aesthetic 
results of restorations. The grayish white and opaque 
appearance of PEEK precludes its application as a mono-
lithic repair material. To achieve acceptable aesthetic out-
comes, PEEK substructures have typically been veneered 
with methyl methacrylate (MMA)- or di-methacrylate 
(DMA)-based materials and ceramic-based restoratives 
[5, 6].

The inert nature of PEEK is a particularly important 
trait in terms of biological behavior; nonetheless, it cre-
ates a significant barrier in regard to bonding to the 
material. To obtain the bonding potential of the PEEK 
surface, several surface modifications tend to be required 
[7]. Surface treatment is the practice of adjusting the 
surface features of materials to improve their biologi-
cal and mechanical capabilities without changing their 
overall properties. Increasing the bond strength between 
resin cement and prosthetic material necessitates both 
micromechanical locking and chemical bonding [8, 9]. 
There are two methods to achieve an enhanced bonding 
performance of PEEK: the alteration of surface topogra-
phy and conditioning with an adhesive system to enable 
chemical interactions. Multiple studies have examined 
the bond strength between resin and PEEK materials 

using different pretreatment methods, such as air abra-
sion, silica coating [9–11], sulfuric acid etching [10, 12], 
piranha etching [13], laser treatment [14], different types 
of plasma [15] or photodynamic therapy (PDT) [16]. Air 
abrasion and sulfuric acid etching surface treatment are 
among the most commonly used surface treatment meth-
ods for enhancing PEEK bonding to resin-based materi-
als [17–19]. The application of chemical conditioners for 
inert polymeric materials before veneering and cementa-
tion protocols is desirable [4, 11, 17, 20]. Previous studies 
have linked the use of bonding agents with DMA, MMA, 
or pentaerythritol triacrylate (PETIA) in their chemical 
makeup to higher bond strength [11, 21]. However, there 
is still conflict of data regarding the suitable surface treat-
ment of PEEK polymers for achieving better bonding 
with different classes of resin cement.

Lithium disilicate ceramic materials have proven suc-
cessful and outstanding results in their dental application 
as prosthetic materials. It offers superior mechanical and 
optical properties. After surface treatment via hydroflu-
oric acid etching and silane application, the material has 
been investigated in detail, and it has been shown to have 
optimal bonding potential with resin-based materials [6, 
22]. Therefore, this material is suggested as an alternative 
to the conventional veneering of PEEK. Ceramic materi-
als have proven successful in overcoming the drawbacks 
of composite resin materials in terms of durability, color 
stability and wear resistance [23, 24]. There is limited 
research on the veneering of PEEK with ceramic materi-
als. As a result, the purpose of this study was to inves-
tigate the feasibility of employing a ceramic material to 
veneer the PEEK polymer as an alternative to standard 
composite veneering after different surface treatments of 
PEEK and using diverse types of resin cement. The null 
hypothesis states that the various surface treatments and 
resin cements will not have a significant influence on 
the shear bond strength between PEEK and the ceramic 
material.

Materials and methods
The materials used in this study, lot numbers, manufac-
turing methods and compositions are listed in Table 1.

A power analysis was designed to have adequate power 
to apply a statistical test of the null hypothesis that no 
difference would be found between different tested 
groups regarding shear bond strength. By adopting an 
alpha level of (0.05), a beta of (0.2) (i.e., power = 80%) and 
an effect size (f ) of (0.503) calculated based on the results 
of a previous study [14], the predicted sample size (n) was 
10 samples per subgroup. The sample size was calculated 
using G*Power version 3.1.9.7 [25].
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1-Sample grouping
 The samples were first divided according to the type 
of surface treatment and conditioning with the PEEK 
primer into four groups: group (A) air abraded with 
110 μm Al2O3; group (AP) air abrasion and primer appli-
cation; group (S) 98% sulfuric acid etching for 60 s; and 
group (SP), which included sulfuric acid and primer. 
Each group was subdivided into two subgroups based 
on the resin cement type used for bonding LDC: (1) sub-
group (L) was self-adhesive resin cement, and (2) sub-
group (B) was conventional resin cement (n = 10).

2- PEEK sample fabrication and surface treatments
Cylinders with a diameter of 10 mm were designed with 
3D builder software (Microsoft Corp, USA) and milled 
out of the bre-Cam BioHPP blank (Bredent GmbH & 
Co KG) by means of a VHFS5 5-axis milling machine 
(Ammerbuch, Germany) (Fig.  1a). Each cylinder was 
then cut into 2  mm thick discs of PEEK by means of a 
low-speed diamond saw under a water coolant (IsoMet™ 
5000 Buehler, USA). 80 PEEK discs (10 mm diameter and 
2  mm thickness) of breCAM. BioHPP (Bredent GmbH 
& Co KG) were sectioned. The samples were embed-
ded in an autopolymerizing acrylic resin (Acronstone, 
Egypt) mold. The bonding surfaces were polished with 
600- and 800-grit silicon carbide paper under running 
water in circular motion for 30 s for standardization pur-
poses. Polished samples were then ultrasonically cleaned 
(Durasonix 3.2  L Ultrasonic Cleaner, China) in a dis-
tilled water bath for 10 min. The samples were randomly 
divided into 4 groups (n = 20) according to the PEEK 

surface treatment (Fig.  1b and c). The detailed surface 
treatments for the distinct groups are listed in Table 2.

3- Ceramic sample fabrication
Lithium disilicate ceramic (LDC) discs 3 mm in diameter 
and 3 mm in height were obtained using pressing tech-
nology with IPS e-max press ingots (Ivoclar Vivadent, 
Schaan, Liechtenstein) (Fig.  1d). Dimensions were con-
firmed using a digital caliber (Mitutoyo Digimatic caliper, 
USA). LDC samples were surface treated according to 
the manufacturer’s recommendation. The samples were 
etched with 9.5% hydrofluoric acid (Bisco, USA) for 20 s, 
rinsed, and air-dried. Ceramic primer (silane) (Bisco, 
USA) was applied by a brush for 10–12 s, and the sam-
ples were gently air-dried.

4- Bonding procedure
Two types of resin cement were used to bond LDC to 
the PEEK surface: self-adhesive and conventional resin 
(Fig.  1e and f ). For bonding using conventional resin 
cement, a bonding agent (Bisco, USA) was applied sep-
arately, and the sample was cured with LED curing unit 
(Woodpecker Led-F, China) at a minimal intensity of 
1200 mw/cm2 for 20 s prior to applying the conventional 
resin cement. Resin cement was dispensed on the PEEK 
disc, and then the ceramic disc was fixed in place with 
finger pressure. Ramp curing of the resin cement was 
performed for 5 s, and the excess material was removed. 
Light curing was completed by means of LED curing for 
20  s circumferentially using LED curing unit (Wood-
pecker Led-F, China) at a minimal intensity of 1200 

Table 1  The materials, lot number, manufacturer, and composition
Material Lot number Manufacturer Composition
breCAM. BioHPP
(PEEK)

482,047 Bredent GmbH&Co
Germany

Polyetheretherketone 80%, Fillers: Aluminum oxide & zirconium 
Oxide (0.3–0.5 μm) 20%, Pigments (Ti, Ni, Sb) O2 ≤ 1%.

Visio. Link (Light-curing primer) 214,511 Bredent GmbH&Co
Germany

MMA (Methyl methacrylate), PETIA
(pentaerythritol—Tri acrylate), photo initiator

IPS Emax Press. Lithium disili-
cate glass- ceramic

Z02GJ8 Ivoclar Vivadent,
Schaan, Liechtenstein

SiO2 57.0–80.0%, Li2O 11.0–19.0%, K2O 0.0–13.0%, P2O5 0.0–
11.0%, ZrO2 0.0–8.0%, ZnO 0.0–8.0%, other and coloring oxides
0.0–12.0%

Sulfuric acid 123022S98 Alfa chemical Group
ACG-Egypt

98% sulfuric acid

Bisco Porcelain
Etchant

2,000,007,009 Bisco
Schaumburg, USA.

Inc.
IL,

9.5% buffered Hydrofluoric acid gel

Bisco porcelain Primer Silane
coupling agent

2,000,006,994 Bisco
Schaumburg, USA.

Inc.
IL,

Pre hydrolyzed silane with methacrylate 1–
10%’ Ethanol, 30–70; acetone, 30–70

Duo-Link Universal Adhesive 
resin
Cement

2,300,001,015 Bisco
Schaumburg, USA.

Inc.
IL,

Bis-GMA (Bisphenol A diglycidylmethacrylate), TEGDMA
(Triethylenglycol Dimethacrylat, Glass filler.

All-bond Universal 2,200,000,398 Bisco
Schaumburg, USA.

Inc.
IL,

10-MDP (methacryloyloxydecyl dihydrogenphosphate), 2-HEMA
(Hydroxyethyl Methacrylate), BisGMA,
ethanol, water, photoinitiator

Bis Cem
Self- adhesive resin cement

2,200,000,549 Bisco
Schaumburg,
USA

Inc.
IL,

BisGMA, UDMA, TEGDMA, HEMA, 4META resins, silane-treated 
barium borosilicate glasses, silica with initiators, stabilizers, and 
UV absorber, organic and/or inorganic pigments, opacifiers



Page 4 of 10Adeeb Gabra et al. BMC Oral Health          (2024) 24:513 

Table 2  Surface treatments for PEEK discs
Surface treatment Procedures
Air Abrasion The sandblasting procedure was applied with 110 Al2O3 particles (Cobra Aluminum. Renfert) at 2.5 bar pres-

sure,10 mm distance perpendicular to polymer specimens, for 10 s
Air Abrasion followed by primer 
application

Samples were air abraded as mentioned then Visio. Link PEEK primer was applied by means of a micro 
brush. A single application was done followed by light curing in bre. lux power unit 2 (Bredent, Germany) for 
90 s. Obtaining a semimatt surface finish indicated optimal primer thickness as indicated by manufacturer.

Sulfuric acid The surface of the PEEK sample was etched by immersion in 98% sulfuric acid solution (Sprea Misr, Egypt) 
for 60 s, rinsed with distilled water for 60 s, and air-dried with oil- free air.

Sulfuric acid followed by primer 
application

Samples were etched as mentioned then Visio. Link PEEK primer was applied in the same way of air abraded 
group.

Fig. 1  Flowchart for the specimen preparation, aging, and testing protocol; a: PEEK sample fabrication, b: air abrasion surface treatment, c: sulfuric acid 
surface treatment, d: IPS e-max sample fabrication, e: bonding with conventional resin cement, f: bonding with self-adhesive resin cement, g: thermocy-
cling aging, h: shear bond strength
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mW/cm2. For bonding with self-adhesive resin cement, 
the same steps were performed without the application 
of a bonding agent.

5- Aging with thermocycling
Then, the samples were stored in distilled water at 37 °C 
and subjected to a thermocycling aging process for 5000 
thermocycles in a thermal cycling simulation machine 
(Thermocycler-THE1100, SD Mechatronics, Feldkirchen-
Westerham, Germany) between 5 °C and 55 °C in water 
with a 30 s dwell time (immersion time in each bath) and 
a 10 s transfer time between baths (Fig. 1g).

6- Shear bond strength test (SBS test)
SBS tests were performed using a universal testing 
machine (Model 2719 − 113; Instron Corp., Norwood, 
MA). A chisel-shaped blade was directed at the bond-
ing interface at a 1 mm/min crosshead speed. The tested 
samples were positioned parallel to the loading direction 
of the jig of the testing machine (Fig. 1h). The maximum 
force (Newton) was recorded, and the following formula 
was used to calculate the SBS data: fracture load/bonding 
surface area (pi*R(radius)2) = N/mm2 = MPa, as described 
in the ISO 10477 standards [26].

The samples that did not survive the thermocycling 
process were observed and considered to have a shear 
bond strength of zero. Failure mode analysis was per-
formed at 50X magnification with a stereomicroscope 
(Zeiss Discovery V20; Zeiss) and described as adhesive 
(between the PEEK and resin material), cohesive, or 
mixed (both adhesive and cohesive failures occurred). 
Samples were chosen from each group for scanning elec-
tron microscopy (SEM) (Thermo Scientific™ Quattro 
ESEM) observation.

Numerical data are presented as the mean and stan-
dard deviation (SD). The data were checked for normality 
by observing the data distribution and using the Shap-
iro‒Wilk test. The data were considered to be normally 
distributed, and three-way nested ANOVA followed by 
Tukey’s post hoc test were used for analysis. Compari-
sons of simple effects were performed utilizing one-way 
ANOVA and the pooled error term of the three-way 
model. P values were adjusted for multiple comparisons 
utilizing Bonferroni correction. The significance level 
was set at p < 0.05. Statistical analysis was performed with 
R statistical analysis software version 4.3.0 for Windows 
(R Core Team (2023)). R: A language and environment 
for statistical computing. R Foundation for Statistical 
Computing, Vienna, Austria).

Results
Failure of bond during the thermocycling process com-
prised 100% of the SB & SL group and 20% of the SPL 
group, so shear bond strength values for the SB and SL 

groups were excluded and considered not applicable 
(NA) for statistical comparisons. Three-way ANOVA 
showed that surface treatment and resin cement type had 
significant effects on the shear bond strength. The inter-
actions between the independent variables, surface treat-
ment, resin cement and PEEK primer placement, had a 
significant effect on the shear bond strength (Table  3). 
The mean and standard deviation (SD) values of the shear 
bond strength (MPa) for different surface treatments 
and for different resin cements within other variables are 
presented in Table 4and Table 5. One-way ANOVA fol-
lowed by Tukey’s post hoc test showed that air-abraded 
samples with the PEEK primer had a significantly greater 
effect than acid-etched samples with the PEEK primer in 
both types of resin cement. samples (p < 0.00) (Table  4). 
In addition, in the air abrasion group with primer 
applied, the Adhesive resin cement (12.21 ± 2.14) was sig-
nificantly greater than that of self-adhesive resin cement 
(7.92 ± 0.66) (p < 0.001) (Table 5).

Table 3  Effect of different variables and their interactions on the 
shear bond strength (MPa)
Variable Sum of 

Squares
df Mean 

Square
f 
value

p value

Surface treatment 335.36 1 335.36 73.72 < 0.001*
Resin cement 72.64 1 72.64 15.97 < 0.001*
Surface treatment * 
Resin cement

0.00 1 0.00 0.00 0.975ns

Surface treatment * 
resin cement*PEEK 
primer

31.00 2 15.50 3.41 0.043*

df = degree of freedom*; significant (p ≤ 0.05); ns, nonsignificant (p > 0.05)

Table 4  Mean and standard deviation (SD) values of the shear 
bond strength (MPa) for different surface treatments within other 
variables
Resin cement PEEK 

primer
Shear bond strength (MPa) 
(mean ± SD)

p value

Air abrasion Acid 
etching

Adhesive With 12.21 ± 2.14 5.29 ± 3.25 < 0.001*
Without 9.62 ± 2.23 NA NA

Self-adhesive With 7.92 ± 0.66 2.85 ± 1.92 < 0.001*
Without 8.96 ± 1.75 NA NA

NA: Not Applicable, *; significant (p ≤ 0.05) ns; nonsignificant (p > 0.05)

Table 5  Mean and standard deviation (SD) values of shear bond 
strength (MPa) for different resin cements within other variables
Surface 
treatment

PEEK 
primer

Shear bond strength (MPa) 
(mean ± SD)

p value

Adhesive Self-adhesive
Air abrasion With 12.21 ± 2.14 7.92 ± 0.66 < 0.001*

Without 9.62 ± 2.23 8.96 ± 1.75 0.520ns
Acid etching With 5.29 ± 3.25 2.85 ± 1.92 0.089ns

Without NA NA NA
NA: Not Applicable, *; significant (p ≤ 0.05) ns; nonsignificant (p > 0.05)
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The failure mode analysis of all the experimental groups 
is shown in Table 6. There was no complete cohesive fail-
ure in either the ceramic or resin cement (0%). The pre-
dominant failure type was adhesive failure between the 
cement and PEEK, while the remaining failure type was 
mixed failure between the cement and PEEK (Fig. 2).

The SEM-representative.
SEM images of the different surface treatments applied 

are shown in Fig. 3. Air abrasion resulted in surface pit-
ting following alumina air abrasion of the PEEK surface 
(Fig. 3a). Primer application following air abrasion of the 
PEEK surface resulted in wetting of the surface, and an 
evident uniform bubbly pattern was observed (Fig.  3b). 
The application of the bonding agent to the air-abraded 
PEEK surface in the AB group revealed an absurd sur-
face and irregular wetting of the surface by the resin-
based bonding agent (Fig. 3C). The combined application 
of primer and bonding agent in APB resulted in better 

wetting of the PEEK surface and complete coverage of 
the surface with an evident resin layer (Fig.  3d). Sulfu-
ric acid etching resulted in evident groove formation on 
the PEEK surface (Fig. 3e). The application of primers to 
the acid-etched PEEK surface resulted in wetting of the 

Table 6  Number from each group for each type of failure mode
Failure mode
Groups

Adhesive Mixed Cohesive Total

APL 5 5 0 10
APB 5 5 0 10
AL 9 1 0 10
AB 8 2 0 10
SPL 10 0 0 10
SPB 9 1 0 10
SL 10 0 0 10
SB 10 0 0 10
Total 66 14 0 80

Fig. 3  Representative SEM images of PEEK after different surface treatments; a: air abrasion, b: air abrasion and primer, c: air abrasion and bonding agent, 
d: air abrasion and primer and bonding agent, e: sulfuric etching, f: sulfuric etching and primer, g: sulfuric etching and bonding agent, h: sulfuric etching 
and primer and bonding agent

 

Fig. 2  Failure mode; a: mixed failure, b: adhesive failure
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surface, and an evident bubbly pattern was observed. 
However, the pattern is different from that of an air-
abraded surface, with a smaller bubble form and a less 
continuous appearance (Fig. 3f ). While the application of 
a bonding agent to the acid-etched PEEK surface in the 
SB group resulted in areas of resin covering the surface. 
However, poor resin penetration on the surface grooves 
was evident (Fig. 3g). The combined application of primer 
and bonding agent in the SPB group resulted in an evi-
dent surface of the resin covering the surface, but it had 
multiple cracks and defects, decreasing the uniformity of 
the surface coverage compared to that of the same appli-
cations on the air-abraded group (Fig. 3h).

Discussion
The null hypothesis was rejected, as statistically signifi-
cant differences were found among the different tested 
surface treatments and resin cements used (P < 0.05). 
The SBS values of most test groups (5.29–12.12  MPa) 
were greater than the lower limit (5  MPa) according to 
the ISO 10477 standard, and air abrasion combined with 
primer resulted in a value within the clinically acceptable 
range (10 MPa), depending on related research [12, 17]. 
However, the results are still considerably low for clini-
cal application. We reported failure of bonding in sulfu-
ric acid-etched samples when no primer was applied at 
a percentage of 100% with both conventional and self-
adhesive resin cements after thermocycling aging.

Numerous studies have investigated PEEK surface 
modification methods to enable better bonding to resin-
based materials. In this study, two methods for surface 
modification (air abrasion and sulfuric acid etching) were 
selected based on the best results obtained from previous 
research [18, 19].

This in vitro study used ceramic-modified PEEK 
material in combination with lithium disilicate since 
the material offers better support for lithium disili-
cate. This partially crystalline PEEK combines elastic-
ity (approximately 4.200–4.800  MPa), stiffness (flexural 
strength 180–185  MPa), weight, and breaking strength 
(from 700  N to 1600  N). The filler strengthening led to 
improvements in strength and abrasion properties and 
allowed the material to be veneered [27]. Nevertheless, 
differences in the flexural strength of the investigated 
materials should be considered since the flexural strength 
of lithium disilicate is approximately 340–350 MPa [28]. . 
Moreover, the cementation of two different elastic mate-
rials influences the behavior of the final restoration due 
to differences in deflection during functional stresses, 
which can lead to deformation that can negatively affect 
the bond strength [29].

The bonding between the PEEK surface and lithium 
disilicate used in this in vitro study depended on the use 
of two types of resin cement. This was done because there 

was insufficient data comparing different classes of resin 
cements combined with different surface treatments of 
PEEK in cases where lithium disilicate was used [6, 30].

The chosen air abrasion protocol was 110-µm Al2O3 
particles for 15 s at a pressure of 2 bar and a 10 mm dis-
tance. It was found that a 110  μm alumina particle size 
resulted in better surface roughness and enhanced wet-
tability [31, 32]. A concentration of 98% sulfuric acid for 
the etching of the PEEK surface was selected because this 
concentration resulted in optimal etching of the PEEK 
surface with subsequent enhancement of the shear bond 
values [33].

The use of primer (Visio Link) was targeted in this study 
to investigate its effect on bonding due to its interaction 
with the resin cement used. pentaerythritol Tri acrylate, 
methyl methacrylate, and di methacrylate monomers are 
all present. It is suggested that pentaerythritol Tri acry-
late dissolves the PEEK surface, and subsequently, methyl 
methacrylate monomers cause swelling of the dissolved 
surface; eventually, Di methacrylate monomers result in 
the bonding of the composite resin to the two methyl 
groups [34, 35].

Thermocycling has proven to be an appropriate method 
for the simulation of thermal alterations that occur in the 
oral environment because of eating, drinking, and respi-
ration. It was crucial to subject our samples to such an 
aging procedure to represent the in vivo conditions that 
would have a direct influence on the results of the pres-
ent in vitro study. The selection of thermocycling for five 
thousand cycles (5 °C/55°C; dwell time, 20 s) corresponds 
to approximately 4 to 5 years of clinical service. In this 
way, all tested samples were subjected to standardized 
and reproducible thermal stress [15, 36, 37].

Compared with the sulfuric acid etching, the air abra-
sion surface treatment resulted in higher SBS values. 
This result was in accordance with previous research 
performed by Lee et al. [5]. However, these findings con-
tradict those of previous studies [15] and [32], where sul-
furic acid etching yielded better results. SEM revealed 
significant differences that might explain the results 
obtained in the present study. The air-abraded PEEK sur-
face evidently had increased surface roughness and more 
uniform pitting of the surface. This was evident in the 
study by Ourahamoune [38], who found that mechanical 
air abrasion creates some sort of beneficial surface rough-
ness for bonding, allowing mechanical locking and pen-
etration of the priming agent along the indentations into 
the polymer. In addition, the investigations showed that 
air abrasion readily influenced the hydrophobic behavior 
of PEEK polymers via modification of the surface mor-
phology and allowed better wetting of the surface. On the 
other hand, SEM images of the sulfuric acid-etched group 
showed deep groove formation, which was difficult for 
the resin to penetrate and hence led to lower SBS values. 
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These results are in accordance with those of Zhou et al. 
[8], who revealed that acid etching caused dense nanon-
eedle cracks penetrating the basal material. In another 
study by Ates et al. [17], SEM images of the air-abraded 
group showed an irregular fissure pattern with larger 
grooves. It was suggested that these surface modifica-
tions would increase the contact area for the material to 
bond with and be more suitable for the flow resin-based 
materials (i.e., the primer and the resin cement) signifi-
cantly better, especially when combined with the use of 
the PEEK primer. This was in line with a study by Sto-
larczyk et al. [11], where the bond strength of PEEK 
samples bonded to veneering resin was evaluated after 
various surface treatments and primer application. The 
highest bond values were found within the air abrasion 
groups and samples adhesively bonded with Visio. Link 
chemical primer. Additionally, mixed failure types were 
found more frequently in the airborne-particle abra-
sion group when combined with the priming step. It was 
concluded that the adhesion of the tested PEEK samples 
was acceptable after treatment with airborne-particle 
abrasion and when additional adhesive systems such as 
Visio. Link were used. This was in accordance with pre-
vious work by Kern et al. [20], where it was found that 
only multifunctional methacrylate-containing adhesives 
on air-abraded PEEK surfaces showed a promising dura-
ble bonding to PEEK. In addition, a study by Hallman et 
al. [39]. noted that conditioning the PEEK surface with 
methyl methacrylate (MMA)-based adhesives follow-
ing air abrasion enhanced the SBS values. Several studies 
have noted that the PEEK primer Visio. Link represented 
the positive control group because of enhanced bond-
ing after the use of Visio. Link as conditioner on various 
surface-treated PEEK samples reported, and air abrasion 
was considered one of the best initial surface treatment 
options for PEEK [40, 41].

The lower shear bond strength values in the sulfuric 
acid-etched groups came in accordance with a previous 
study by Chaijareenont et al. [33]. It was suggested that 
the high porosities and rough surfaces on PEEK result-
ing from 98% sulfuric acid etching may negatively affect 
the penetration of resin-based adhesives and result in 
weak points at bond interfaces. Another explanation for 
the lower bond strength values after sulfuric acid etching 
might be due to differences in the etched substrate. Our 
study used modified PEEK material with 20% inorganic 
filler, while previous studies utilized unfilled PEEK mate-
rial, which might be more prone to sulfuric acid etching, 
resulting in greater bonding. In addition, the 98% con-
centration of sulfuric acid might have been too strong to 
be used with the type of PEEK material used in this study. 
Thus, more studies with lower concentrations or shorter 
etching times might be needed to confirm the validity of 
this surface treatment modality.

The chemical primer contains MMA and PETIA pen-
etrate the resin matrix of the polymeric material and 
create entanglements that function as mechanical con-
nections. This is even valid in polymeric restoration 
materials with a high conversion rate due to industrial 
curing; many unreacted double bonds are still preva-
lent. MMA and PETIA allow for covalent bonding to 
methacrylate in polymers. PETIA specifically leads to an 
increased crosslinking density at the interface and within 
the layer of the primer. This can be expected from the 
high crosslinking density of Visio. link contributes to the 
good mechanical properties of the interface after curing 
as well. Another aspect to explain the superior perfor-
mance of Visio-link might be the good wetting behavior 
of other polymers, which is a prerequisite for chemical 
interactions at the interface and for good mechanical 
interlocking in the micropores of the surfaces [15].

In our study, PEEK primers were most effective when 
adhesive or conventional resin cement. This may be 
attributed to the fact that the MDP-containing bond-
ing agent has a hydrophobic methacrylate terminal end 
copolymerizing with MMA monomers present in the 
PEEK primer. However, the actual bond strength val-
ues were lower in the current study compared to previ-
ous studies. This may be attributed to differences in the 
bonding substrate. In our study, resin cements were used 
to bond lithium disilicate to the PEEK surface, while pre-
vious studies used a veneering resin composite applied 
directly to the PEEK surface. In addition, it is well estab-
lished that resin cement is more technique sensitive and 
more prone to degradation, especially when aging by 
thermocycling is utilized [42].

Concerning the type of resin cement used, conventional 
resin cement resulted in higher shear bond strength val-
ues in all the groups. However, the results were only 
significant when the PEEK primer was used, and air abra-
sion surface treatment was applied. Sproesser et al. [43] 
reported similar data regarding the effect of resin cement 
type. It was found that the bond strength of conventional 
resin cement yielded higher bond values compared to the 
self-adhesive cement. This might be because the use of a 
highly reactive bonding agent allowed for better wetting 
of the PEEK-treated surface. In our study, the application 
of a bonding agent significantly led to higher values when 
the PEEK primer was used, as a true chemical bond could 
be easily established between the two resin-based materi-
als and hence had a synergistic effect on the bond values.

The limitations of this study include that only two sur-
face treatments were selected for PEEK bonding to LDC. 
No comparisons were made between different air abra-
sion parameters or different concentrations and times for 
sulfuric acid etching. In addition, no cyclic fatigue has 
been investigated to study the effect of functional loading 
of the resulting bond.
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Conclusions
The following conclusions can be drawn according to the 
obtained results:

1.	 The combination of air abrasion followed by primer 
application and conventional resin cement used for 
bonding lithium disilicate to PEEK achieved the 
best bond strength. However, the reported value is 
clinically not as high as desired.

2.	 Primer application did not have an effect when self-
adhesive resin cement was used in the air-abraded 
groups.

3.	 The priming step is mandatory whenever a surface 
treatment involving sulfuric acid etching is utilized 
for PEEK.

Recommendations for future studies
Further studies are needed to determine whether sulfu-
ric acid can improve bonding, and it is advisable to apply 
it to the PEEK surface at a variable concentration and 
for different periods. Future PEEK surface treatment or 
cementation methods should aim for higher values of 
bond strength to improve clinical applications.
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