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Abstract: This study aimed to compare the impact of different laser scanning with that of conventional
methods on zirconia surface treatment through evaluation of shear bond strength (SBS) values.
One hundred and thirty-two sintered zirconia cubic-samples were prepared and randomly divided into
six study groups: milling control (without surface treatment); grinding; sandblasting; and three-times,
four-times, and five-times laser scanning groups. The treatment process for the first three groups was
performed before the zirconia coating, while the last three groups were treated after zirconia coating
with veneer slurry through a spraying technique. In the current study, the surface roughness Ra,
contact angle measurement, phase transformation, topography and interfaces, SBS in unaged and aged
conditions, and fracture mode patterns of zirconia cores were investigated. The results were analyzed
using laser confocal scanning microscopy, drop analyzer, X-ray diffractometry (XRD), scanning electron
microscope (SEM) equipped with energy dispersive spectroscopy (EDS), universal testing machine
and stereomicroscope. The results indicated that three-times laser scanned specimens presented
higher Ra values than the other studied groups. The minimum contact angle value was detected in
the mentioned group, while the control group presented the highest value. The XRD showed phase
transformation from tetragonal to monoclinic t–m following grinding and sandblasting. However,
the laser scanned specimens and the control group preserved the structural integrity of the zirconia
core, presenting the tetragonal phase only. The highest SBS values were recorded in specimens treated
with three-times laser scanning in the unaged and aged conditions. A mixed fracture was a common
fracture pattern among the studied groups. The results confirmed that SBS could be optimized
through three-times laser scanning and it provided better adhesion between zirconia and the veneer
ceramic material. Multiple scanning processes of more than three times are not recommended for
zirconia surface treatment.

Keywords: shear bond strength SBS; surface treatment; veneer ceramic; laser scanning; laser
confocal microscopy

1. Introduction

The development of dental ceramics from their inception to modern ceramic compositions,
along with different technologies, dates back to the 1770s [1]. Ceramics have become increasingly
popular as restorative materials due to their inertness, aesthetics, and biocompatibility [1].
Ceramic materials have developed rapidly in the field of dentistry and have enabled the production of
metal-free restorations, i.e., using all-ceramic materials [2].
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Recently, the yttria-stabilized tetragonal zirconia polycrystal (Y-TZP) has become popular for the
fabrication of all-ceramic crowns [3]. However, chipping is still a concern due to the relatively high
failure rate among all-ceramic compared to metal–porcelain restorations [3].

Technological development in the dental industry, particularly in the field of ceramic materials,
has enabled the production of all-ceramic materials due to a variety of highly sophisticated
approaches [2]. Improvements in all-ceramic materials provide many advantages over the
metal-porcelain system in terms of mechanical and physical properties [2].

Among ceramic materials, zirconia is one of the stable crystalline materials, with the crystalline
content being zirconium oxide [4]. It provides satisfactory success rates, in comparison to the system of
silica-based ceramics, in the load-bearing areas [5]. The color is similar to that of natural teeth and the
mechanical properties are similar to those of metals [6]. The material is available in different forms such as
tetragonal (t), cubic (c) and monoclinic (m) depending on the arrangement of the crystalline structure [7].

Certain variables play an essential role after surface treatment and improve the bond strength
values between veneer/core materials [8]. Such variables include zirconia surface conditioning,
internal stress resulting from the difference in the coefficient of thermal expansion, wetting property,
and veneer ceramic shrinkage potential, which may influence the bonding strength of the veneer/core
material [8].

Studies have investigated different techniques for treating zirconia core to optimize bond strength;
these methods include grinding, sandblasting, laser scanning, airbrush spraying, and fine-brush
painting approaches [9–12]. A five-year follow up survival rate of more than 90% was recorded
by an in vitro study after surface modification following the sandblast technique [13]. However,
some researchers have reported that grinding and sandblasting may lead to phase transformation from
t–m resulting from shrinkage potential [14].

Conversely, it has been reported that combining ZrO2 with Y2O3 preserves the material’s
mechanical behavior [15]. In the clinical oral environment, optimizing shear bond strength between
the veneer/core material is an essential parameter to enable the longevity of all-ceramic fixed dental
crowns FDCs when subjected to diverse occlusal and incisal forces [16].

A study has reported that enhancing the bond strength between the veneer/core is mandatory to
yield the maximum fusion property between the two materials and secure a high success rate in fixed
dental crowns [17]. There is no doubt that the potential problem that faces single or multi-unit FDCs is
delamination or chipping of the veneer ceramic from its core. This may be due to the inadequate bond
strength between the two materials [17].

Studies have reported delamination or chipping issues following surface treatment with zirconia as
a common potential difficulty [18]. Five-year incidence rates of delamination issues in veneer ceramics
were reported as 2.9% for metal-ceramic, while for zirconia the incidence rate was 2.8% [18]. However,
another study has reported higher failure rates for zirconia crowns between 24–60 months follow-up [19].

The use of lasers in the dental field traces back to several decades ago when the impact of laser
power on ceramic surfaces was investigated [20,21]. Currently, researchers are focusing on laser
technology as a contemporary approach to optimize the surface properties of ceramic materials [22].
The most common types of laser that have been applied in the field include; Er:YAG, Nd:YAG, and CO2

laser [22]. Previous literature has reported that ceramic materials have the ability to absorb wavelengths
sufficiently to permit laser treatment; therefore, the CO2 laser is recommended as an acceptable method
for such surface treatment [23].

However, the application of laser scanning for zirconia coating has not been studied sufficiently.
In this study, different laser scanning processes (L3, L4, and L5) were proposed for coating the zirconia
core with a veneer ceramic (Noritake Cerabien ZR) material. These were compared to conventional
methods, namely; grinding, sandblasting, and milling as a control group. Herein, different repeated
laser scanning methods were undertaken to optimize the overall bonding strength of the veneer/core
materials. The purposes of this study, therefore, were to evaluate the impact of different laser
scanning processes on zirconia shear bond strength to veneering ceramic material and to compare
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the effectiveness of the formerly mentioned scanning approaches with that of conventional methods.
The hypothesis tested was that the shear bond strength between the veneer/core materials would not
be superior in the laser scanning groups in comparison to that of the other conventional techniques.

2. Materials and Methods

2.1. Material Composition

The main components of veneer/core materials are summarized in Table 1.

Table 1. The ceramic materials used in the current study.

Materials Type of Materials Chemical Composition Manufacturer Name

Zenostar®T
Y-TZP; Translucent, Yttria

tetragonal zirconia polycrystal,
the ceramic core material

ZrO2, HfO2, Y2O3,Y2O2,
Aluminum oxide,
and other oxides

Wieland Dental + Technik
GmbH & Co. KG,

Pforzheim, Germany

Noritake Cerabien ZR Feldspar
veneer ceramic

SiO2, Al2O3, Na2O, CaO, K2O,
MgO, LiO2, B2O3,

and pigments

Noritake Dental Supply Co.,
Osaka, Japan

2.2. Preparation of Zirconia Specimens

One hundred and thirty-two Zenostar®T Y-TZP (Wieland Dental + Technik GmbH & Co.
KG, Pforzheim, Germany) cubic specimens were prepared by milling through computer aided
design/computer aided manufacturing (CAD/CAM) machine (imes-icore GmbH, Eiterfeld, Germany).
The specimens were sintered using a furnace machine (Austromat®, GmbH, Freilassing, Germany);
the sintering protocol for a single crown is presented in Table 2.

Table 2. The sintering protocol for Zenostar®Translucent, applicable for a single crown prosthesis.

Condition Temp1 [◦C]* Temp2 [◦C]* Heating Rate [◦C/h] Holding Time [h]

Heating 20 1520 1500 –
Constant temperature 1520 1520 – 0.5

Cooling 1520 300 800 –

* Temp1 and Temp2 stand for starting the heat process with a low temperature and ending with a high
temperature, respectively.

To achieve adequate dimensions of 10 mm × 10 mm for each zirconia core, a blue wax was
sprayed, scanned, and designed to mill the required size of specimens. During the design of the
cubic shape, the CAD/CAM software (SUM3D software v.7.1) automatically enlarged the specimens’
dimensions to 11.2379 mm × 11.2379 mm (1.2379 mm added to the original required dimension) prior
to performing the milling process. The achieved final dimensions were 10 mm × 10 mm after the
sintering process. The amount of linear shrinkage was 11.02%. The surface of specimens was polished
using the Zenostar®T polishing set. Specimens were cleaned ultrasonically in an ethanol solution used
a digital ultrasonic cleaner for 10 min, then dried in a heat blast oven for 5 min at 90 ◦C before coating
the specimens. Specimens were divided into the corresponding groups, as summarized in Table 3.
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Table 3. Classification and description of experimental groups.

Groups N Description of Experimental Groups

Milling ‘M’ 22 The surface of specimens was not subjected to surface treatment, it was left as
milled.

Grinding ‘G’ 22 The surface of the specimens was subjected to grinding.

Sandblasting ‘S’ 22 The surface of the specimens was subjected to sandblasting.

Three times, X3, laser scanning ‘L3’ 22
The surface of specimens was subjected to laser scanning for three times, after
each scanning process the specimen was rotated 90◦, then a new process was

performed.

Four times, X4, laser scanning ‘L4’ 22
The surface of specimens was subjected to laser scanning for four times, after
each scanning process the specimen was rotated 90◦, then a new process was

performed.

Five times, X5, laser scanning ‘L5’ 22
The surface of specimens was subjected to laser scanning for five times, after each

scanning process the specimen was rotated 90◦, then a new process was
performed.

The density of zirconia specimens of the current study was measured following Archimedes’ Principle:

ρ =
m1

m2 −m3
(1)

where ρ, m1, m2 and m3 represent density, dry weight, wet weight, and floating weight, respectively.
The density (ρ) of zirconia after calculation was 6.016 g/cm3. The theoretical (ρth), and relative densities
(ρrl) of zirconia core were also calculated according to the following equations:

ρth =
mtotal

m1
ρ1

+ m2
ρ2

(2)

where mtotal, m1, ρ1, m2, and ρ2 refer to total mass; weight percent of the first phase, density of the first
phase, weight percent of the second phase; and density of the second phase, respectively. From the
XRD data, the weight percent and densities of the tetragonal and monoclinic phases were achieved and
calculated. From the second equation, the theoretical density of zirconia was 6.024 g/cm3. The following
equation was followed to calculate the relative density ρrl:

ρrl = ρ/ρth × 100. (3)

From the first two Equations (1) and (2), the values of density and theoretical density of the core
material were achieved. The substitution of the recorded values in the third equation yielded the
relative density ρrl (final density of zirconia); 99%.

2.3. Surface Treatment of Specimens Based on Assigned Groups

The surface treatment of the specimens (n = 132) was followed using the techniques described
in the present study. For the first control group (milling), the specimens (n = 22) which were milled
did not receive any surface treatment and were considered as a control group ‘milling’. For group G,
the specimens (n = 22) were ground under wet conditions. A dental laboratory micromotor engine
with a rotation of 35,000 rpm and a medium grit ceramic bur was used. A gentle motion from right
to left was applied for 60 s on the targeted zirconia surface during the grinding process to minimize
heat generation.

For the sandblasting, the specimens were subjected to 3.5 pressure bar for 10 s at a working
distance of 15 mm used 125 µm alumina particles (Refo, Qianshan, China). The direction of the air
abrasion process was perpendicular to the specimen surface.

For the laser scanning groups, the core specimens were subjected to different scanning in terms of
the number of times the scanning process was repeated. For the L3 group, the specimens were scanned
three times. After the first scanning process, the specimens were rotated 90◦ and a second and then
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third scanning process was carried out. The time interval between each rotation and starting a new
scanning process was 5 s. For the L4 and L5 groups, a similar procedure was followed as described for
the L3 group. For the laser scanning process, a CO2 laser (JL-K6040, Julong Co.,Ltd, Shandong, China)
was utilized. The laser parameters and properties are presented in Table 4.

Table 4. Laser (CO2 laser) scanning parameters and properties.

Laser Parameters Value Laser Properties Value

Scanning speed 30 mm·s−1 Wavelength 10.6 µm
Output power 25 W Frequency 50 Hz

Distance between laser nozzle and zirconia 20 mm Laser tube diameter 8 mm
Space between scanned lines 0.25 mm Spot size 0.2 mm

Scanning duration 70 s Intensity 0–1.6 × 106 W/cm2

– – Pulse length 10–50 µs
– – Pulse energy 150 W
– – Feed speed 0–300 mm·s−1

For the first three groups, milling, grinding, and sandblasting (M, G, and S, respectively),
the specimens’ surface, based on their assigned groups, was coated with Noritake Cerabien ZR (n = 22,
each group) veneer cerami c v–c materials (Noritake Dental Supply Co., Ltd, Nagoya, Japan) through
airbrush spraying. Prior to performing the scanning process, the specimens’ surface was coated with
a thin film of v–c using the spraying method, followed by laser scanning. The experimental route is
presented in Figure 1.

Coatings 2018, 8, x FOR PEER REVIEW  5 of 18 

 

airbrush spraying. Prior to performing the scanning process, the specimens’ surface was coated with 
a thin film of v–c using the spraying method, followed by laser scanning. The experimental route is 
presented in Figure 1.  

 
Figure 1. Flow chart summarizing the main experimental route. 

2.4. Airbrush Spraying Technique 

To standardize the coating process, specimens were subjected to airbrush spraying to achieve a 
uniform film coating layer of v–c on the zirconia. The cubic zirconia specimen surface 10 mm × 10 
mm was coated with Noritake Cerabien ZR (Noritake Dental Supply Co., Ltd, Nagoya, Japan). A 
digitalize analytical balance was utilized to weigh the veneer ceramic powder (Sartorius, Göttingen, 
Germany), and the powder was then mixed with distilled water. To achieve a uniform mixture of v–
c slurry, a mini magnetic stirrer was used at normal room temperature. To enable a uniform spraying 
process, specimens were positioned on a flat surface, and the distance between the zirconia and the 
laser nozzle tip was standardized at a fixed perpendicular distance of 15 cm. The coating protocol 
parameters, and airbrush spraying are summarized in Table 5. 

Table 5. Coating parameters for airbrush spraying technique. 

Coating Parameters Values 
Mixing of v-c powder with distilled water 1:1.5 ratio 

Mixing speed and duration  300 *rpm/min for 10 min 
Distance between zirconia and airbrush nozzle tip 15 cm 

Nozzle diameter  0.2 mm 
Working pressure 3.5 bar 

Spray time 10 s 
Dryness  4 min 

*rpm: rotations per minute 

To conduct laser scanning, specimens were transferred to the X-Y laser table and subjected to 
laser scanning of the air-sprayed surface area and complete coating with v–c material. After 
completing the process, specimens were left to cool down slowly at normal room temperature.  

Figure 1. Flow chart summarizing the main experimental route.

2.4. Airbrush Spraying Technique

To standardize the coating process, specimens were subjected to airbrush spraying to achieve
a uniform film coating layer of v–c on the zirconia. The cubic zirconia specimen surface 10 mm × 10 mm
was coated with Noritake Cerabien ZR (Noritake Dental Supply Co., Ltd, Nagoya, Japan). A digitalize
analytical balance was utilized to weigh the veneer ceramic powder (Sartorius, Göttingen, Germany),



Coatings 2019, 9, 422 6 of 19

and the powder was then mixed with distilled water. To achieve a uniform mixture of v–c slurry,
a mini magnetic stirrer was used at normal room temperature. To enable a uniform spraying process,
specimens were positioned on a flat surface, and the distance between the zirconia and the laser nozzle
tip was standardized at a fixed perpendicular distance of 15 cm. The coating protocol parameters,
and airbrush spraying are summarized in Table 5.

Table 5. Coating parameters for airbrush spraying technique.

Coating Parameters Values

Mixing of v-c powder with distilled water 1:1.5 ratio
Mixing speed and duration 300 *rpm/min for 10 min

Distance between zirconia and airbrush nozzle tip 15 cm
Nozzle diameter 0.2 mm
Working pressure 3.5 bar

Spray time 10 s
Dryness 4 min

*rpm: rotations per minute.

To conduct laser scanning, specimens were transferred to the X-Y laser table and subjected to laser
scanning of the air-sprayed surface area and complete coating with v–c material. After completing the
process, specimens were left to cool down slowly at normal room temperature.

2.5. Analysis of Surface Roughness

Specimens were observed with a Confocal Laser Microscopy (CLM, LEXT 3D measuring laser
microscope OLS40-SU, Olympus, Tokyo, Japan), followed by image processing through computer
OLS4000 software (v.2.2.4) to achieve topographic images taken at different levels increasing in
depth. The CLM image analysis of surface roughness was observed with the low-pass filter to assess
color-graded fluorescence intensity. The images of the assigned core material specimens’ surface were
achieved by drawing three different line readings on the top surface of each specimen, and the mean
values were calculated. The roughness values were performed for half of the specimens in each group
based on the random selection of specimens.

2.6. Contact Angle Measurement

Contact angle values of specimens (n = 10 in each group) were recorded. The sessile drop method
(DataPhysics Instruments GmbH, Regensburg, Germany) software v.5.0.17 build 5017 was utilized to
measure the contact angles. The solid–liquid angle was measured to assess the hydrophilic properties
of the specimen surface. A time frame of 20 s was used to record the angle. The right and left angles
were recorded for each droplet. Contact angles were achieved in a normal laboratory environment,
and surface photographs were taken after droplets impacted on the core material in a stable and
measurable state. The dosing volume of drop water was 3 µL, and the dosing rate was 0.50 µL/s.
The procedure was repeated by the same trained operator.

2.7. X-Ray Diffractometry Examination

Phase transformation was detected through a SmartLab X-ray diffractometer (Rigaku, Tokyo,
Japan) with Cu Kα radiation (λ) of 1.5406 Å, at 200 mA and 40 kV. Diffraction data were collected
within the 2θ range 20◦–90◦ at a step size of 0.02◦ and a step time of 8 min. The peaks were read using
the MDI Jade v6.0 software program to detect phases. The pattern of peaks was drawn using the
OriginLab 2016 software (v.93E) program. The line positions at 2θ (◦) were plotted against intensity
(arbitrary units).
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2.8. Scanning Electron Microscopy and Energy Dispersive Spectroscopy Examination

The zirconia specimens were randomly selected in each group (n = 1 interface, n = 1 top surface)
and studied through SEM (ZEISS, Baden-Württemberg, Germany) equipped with EDS. The specimens
were investigated for topography and interface. Specimens were sliced from the mid-part top to
bottom to perform interface examination; the process was carried out used a slow speed diamond
saw machine (Sherline, Vista, CA, USA) under water coolant. After the process, the interface was
polished with SiC grit sizes #600 and #800 on a flat surface under running water. The gold-sputtering
was conducted for specimens using a sputter coater machine. Specimens were investigated under
different magnifications. Spot and line EDS spectra were also recorded and interpreted.

2.9. Veneering Procedure

Specimens (n = 20; 10 specimens for unaged and 10 specimens for aged condition) for each group
were ultrasonically cleaned with ethanol solution for 10 min and then dried in an oven. A silicon
mold was used as a standard guide for preparing the veneer ceramic cylindrical shape Figure 2a.
A recommended powder:liquid ratio was mixed to achieve a slurry mixture following manufacturer
directions. The v–c slurry mixture was poured into the silicon mold (5 mm in diameter, 3 mm in height)
through a hole to fabricate a cylindrically shaped v–c on zirconia core. The adhesion between the
custom-made silicon mold and the veneer ceramic slurry was overcome through the application of
a lubricating agent around a pre-made hole on the silicon mold.

Excess water from the slurry was controlled using tissue paper. The sintering procedure was
conducted using a furnace machine Programat300 (Ivoclar Vivadent, Schaan, Liechtenstein, Germany)
as presented in Table 6. To compensate the shrinkage potential of the v–c cylinder after the first firing
cycle, a second layer was added, then fired.

Table 6. Sintering schedule of veneer ceramic material.

Veneer Ceramic
Pre-Drying Firing

Temperature
(◦C)

Holding Time
(min)Temperature

(◦C) Time (min) Heating Rate
(◦C/min)

Noritake Cerabien ZR 600 5 45 930 1

2.10. Shear Bond Strength Test Procedure

Specimens (n = 20) were divided into unaged (n = 10) and aged (n = 10) conditions based on
assigned groups, and the specimens in the latter group were preserved in distilled water. For conducting
the shear bond strength test, specimens were positioned under the jig of a universal testing machine
(MTS, Shenzhen, China) using a metal holder. The load was applied close to the interface between
the veneer ceramic and the zirconia at a crosshead speed of 1 mm/min until failure of specimens was
recorded (Figure 2b–d). The measured forces were recorded in MPa.
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2.11. Fracture Mode Examination

To examine the type of fracture mode patterns, specimens were examined visually and through
a stereomicroscope (RZ Series Zoom Stereo Microscope, MEIJI Techno, Saitama, Japan). The fracture
mode patterns were classified as adhesive, cohesive, and “combination; mixed” types, respectively.
The terms for each fracture category stand for separation of the veneer/core material from each
other, separation through the veneer ceramic material, and a combination of the two previous modes
“adhesive” and “cohesive” types, respectively. The fracture mode patterns were recorded for each
assigned group.

2.12. Statistical Analysis

The results were statistically analyzed using SPSS software (v.20.0). The Kolmogorov–Smirnov
normality test was applied for checking the distribution of surface roughness, contact angle, and shear
bond strength values. The Levene statistic test was used to test the equality of the variances of the
investigated groups. One-way ANOVA was used to compare means between groups for roughness,
contact angle, and bond strength values. The ANOVA post hoc Tukey HSD test was performed for
multiple comparisons of the mentioned groups.

To analyze the correlation (r) between roughness and shear bond strength values, the Pearson
correlation coefficient test was performed. The Pearson chi-square test was conducted for comparison
of fracture mode patterns between studied groups. The univariate test was used to examine the impact
of techniques, aging condition, and detect the impact of treatment on aging condition through tests
of between-subjects effects while the shear bond strength was considered as a dependent variable.
GraphPad Prism® Software (v.7.00) was used to create the graphs. The level of significance was set at
α = 0.05.

3. Results

The results for surface roughness, contact angle, and shear bond strength values are presented
in Table 7. A statistically significant difference was observed between the studied groups in terms of
surface roughness values for the M, S, and L3 groups (p < 0.05). The L3 group provided the highest
Ra value, 1.1 ± 0.23 µm, followed by the S group, 1.02 ± 0.17 µm. However, the control group, M,
provided the lowest Ra value of 0.72 ± 0.2 µm in comparison to the other groups. The results were
not statistically significant between groups M, G, L4 and L5 (p > 0.05). Among the studied groups,
a statistically significant difference was detected.

Table 7. Summarized results of surface roughness Ra, contact angle θ measurement, and shear bond
strength (SBS) values of studied groups.

Groups Ra Mean ± SD
µm

θ Mean ± SD
(deg.)

Unaged SBS Mean ± SD
MPa

Aged SBS Mean ± SD
MPa

Milling 0.72 ± 0.20 a 50.20 ± 2.09 a 27.60 ± 3.06 a,c,d 26.35 ± 3.23 a,b

Grinding 0.97 ± 0.25 a,b 48.70 ± 2.21 a 27.44 ± 4.04 a,b,c,d 26.19 ± 3.39 a,b

Sandblasting 1.02 ± 0.20 b 41.30 ± 1.05 b 29.40 ± 3.13 a,b,d 28.15 ± 2.40 a

L3 1.10 ± 0.23 b 37.30 ± 1.33 d 31.70 ± 2.90 a 29.80 ± 2.97 a

L4 0.97 ± 0.17 a,b 42.50 ± 1.43 b,c 25.80 ± 3.67 c,d 23.90 ± 3.47 b

L5 0.95 ± 0.21 a,b 44.40 ± 1.95 c 24.40 ± 4.27 c 22.50 ± 3.06 b

Values marked with superscript letters indicate statistically significant results between investigated groups (p < 0.05).

Also, a statistically significant difference was observed for contact angle values among the studied
groups (p < 0.05). The highest value of the contact angle was recorded in group M, 50.20◦ ± 2.09◦,
while the lowest value was found in group L3, 37.30◦ ± 1.33◦. A significant negative correlation was
found between θ and SBS values using the Pearson test (r = −0.5328, R2 = 0.2839, p < 0.05) as shown in
Figure 3.
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Specimens that showed low θ yielded high shear bond strength (SBS) values. The measured
contact angle for each group is demonstrated in (Figure 4a–f).
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The phase transformation was interpreted through XRD analyses, and phase transformations were
not demonstrated following laser scanning processes or within the “control” milling group. Conversely,
the grinding and sandblasting groups presented phase transformation from t–m (Figure 5a–e).
The prominent peak of the tetragonal (t) phase was observed at 2θ: 30.170◦; corresponded to the
crystallographic plane of XRD standard PDF#48-0224. The other (t) peaks were also found at 2θ:
34.692◦; 35.115◦; 50.191◦; 50.503◦; 59.405◦; 59.967◦; 62.727◦; 73.202◦; 74.230◦; 81.662◦ and 82.151◦,
respectively. The main monoclinic peak was found at 2θ: 28.193◦; corresponding to the crystallographic
plane of XRD standard PDF#86-1449. The other monoclinic phases could also be found at 24.062◦,
and 24.460◦, respectively.
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shows different peaks following milling, grinding, sandblasting, laser scanning and zirconia without
surface treatment.
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The topography of specimens that were treated with laser scanning demonstrated obvious
irregularities and displayed minimum micro-holes within the deposited v–c layer (Figure 6a–f).
The “control” milling, grinding, and sandblasting techniques also presented irregularities,
although fewer than in the laser treatment methods.
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Figure 6. SEM (X500 magnifications) images show the topography of the core material following
different techniques: milling (a); grinding (b); sandblasting (c); L3 (d); L4 (e) and L5 (f). The first three
techniques were used to treat the core material before coating with v–c (a–c), the last three groups were
subjected to a spraying technique in which zirconia was coated with v–c and laser scanned (d–f).

The laser scanning microscopy also confirmed topographical changes in 3D images after treatment
of zirconia cores following conventional and laser mentioned techniques as shown in Figure 7a–f.
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Figure 7. Laser confocal microscopy images demonstrating the topography of the treated core material
following different techniques: milling (a); grinding (b); sandblasting (c); L3 (d); L4 (e) and L5 (f).
The first three techniques were carried out prior to coating zirconia with v–c; the last three groups were
coated with v–c using a spraying technique, and then the scanning process was performed.
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Studied groups showed different interfaces following the various treatment techniques,
as presented in Figure 8a–f. The interface areas between the veneer/core demonstrated certain
irregularities, such as a few micro-gaps and tiny cracks following different treatment methods. A higher
number of tiny cracks could be observed in the five-times laser scanning group than in the other groups.
The interlocking property was detected between v–c and zirconia, in particular in the three- and
four-times laser scanning specimens, where irregularities existed. However, conventional approaches
including milling, grinding and sandblasting showed minimum interface irregularities in comparison
to the laser processes.
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Figure 8. SEM (X500 magnifications) images illustrating different interfaces after coating zirconia with
v–c material. The core material was treated by: milling (a); grinding (b); sandblasting (c); L3 (d); L4 (e)
and L5 (f). The white arrows show adhesion between the veneer/core material; the yellow arrows show
micro-cracks following different surface treatments; the red arrows show holes formed within the v–c
layer which was deposited on the zirconia.

Results of the line EDS analyses are presented in Figure 9a–f. The results show that the test
detected Si, Al, and Zr as the predominant components. Si and Al were found in the areas that were
covered by the veneer ceramic material since these elements are the main component of the material,
while Zr was observed in areas which were delaminated from the v–c material.

The results of SBS values following the mentioned techniques are presented in Table 7. The SBS
values of specimens subjected to loading force in unaged condition showed a statistically significant
difference between studied groups (p < 0.05). The results showed that the highest mean of shear
bond strength value was achieved in group L3; 31.7 ± 2.91 MPa, while the lowest was in group L5;
24.4 ± 4.27 MPa, followed by group L4; 25.8 ± 3.68 MPa. The SBS values of specimens subjected to
loading force in the aged condition showed a statistically significant difference between investigated
groups (p < 0.05). The results indicated that L5 group presented the lowest SBS value, 22.5 ± 3.06 MPa;
however, the highest was in L3 group; 29.8 ± 2.97 MPa, followed by S group; 28.15 ± 2.4 MPa.
The Pearson test demonstrated a positive correlation between shear bond strength and roughness
values (r = 0.7855, R2 = 0.617, p < 0.05) as shown in Figure 10.



Coatings 2019, 9, 422 12 of 19

Coatings 2018, 8, x FOR PEER REVIEW  11 of 18 

 

  

  

  

  

  

  

Figure 9. Line EDS analyses showing the elemental composition at the interfaces following different 
techniques: milling (a); grinding (b); sandblasting (c); L3 (d); L4 (e); and L5 (f), respectively. 

a 

b 

c 

d 

e 

f

Figure 9. Line EDS analyses showing the elemental composition at the interfaces following different
techniques: milling (a); grinding (b); sandblasting (c); L3 (d); L4 (e); and L5 (f), respectively.
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Figure 10. Dot plot illustrating significant correlation (r) between SBS and Ra values (r = +0.7855, p < 0.05).

Sufficient bond strength values in specimens may have resulted from the existence of higher Ra

values. The fracture mode patterns for the specimens in unaged and aged conditions are presented in
Table 8.

Table 8. Summary of fracture mode patterns.

*Treatment Groups
Mode of Fracture (count)

Adhesive Cohesive Mixed

Milling 5 1 14
Grinding 2 1 17

Sandblasting 4 4 12
L3 2 6 12
L4 6 2 12
L5 6 2 12

*The Pearson Chi-Square tests did not show a statistically significant difference in fracture mode patterns among
investigated groups (p > 0.05).

The highest number of the adhesive fracture mode were recorded in the M, L4, and L5 groups,
respectively. However, the minimum value was observed in L3 group. The highest number of
the cohesive fracture mode was detected among specimens in L3 group followed by the S group;
the cohesive fracture mode was not detected in groups M and G, while this type of fracture pattern
was the lowest in the L4 and L5 groups, respectively. The Pearson Chi-Square test did not show
a statistically significant difference in fracture modes between the studied groups (p > 0.05). The mixed
fracture type is presented as a typical representation for fracture mode patterns that were observed for
each of the investigated groups, as shown in Figure 11a–′f.Coatings 2018, 8, x FOR PEER REVIEW  13 of 18 
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load-bearing areas [24]. Based on the results of the current study, the hypothesis of the experimental 
work which stated that the SBS between v–c and zirconia would not be superior via laser scanning 
compared to other techniques, was partially accepted. This is due to the fact that the L3 group 
provided better results than other groups; however, the L4 and L5 groups did not show superior 
results in comparison with the other techniques. In addition, the latter two techniques resulted in 
apparent color change, i.e., after exposing the core specimens to laser scanning process more than 
three times. 

The current study found that the Ra was enhanced through repeating laser scanning, in 
particular L3, resulting in satisfactory SBS between the veneer/core material. A positive correlation 
was found between surface roughness and shear bond strength values, such that the rougher the 
surface, the higher were the SBS values. A study reported that different laser power might cause 
noticeable changes in the core material [25]. Previous literature has demonstrated that low output 
power has led to low surface damage compared with high power [25]. It is worth noting that low 
output power might not provide satisfactory roughness either [25]. Also, the variation in laser output 
power, in particular high power laser energy, enhanced the apparent bonding property [26]. The 
current study is consistent with the previous investigation in that the high laser output power yielded 
adequate Ra and resulted in sufficient SBS values [25]. 

Figure 11. Fracture mode patterns shown under a stereomicroscope. The mixed fracture type was the
common fracture among the studied groups in unaged and aged conditions: milling (a,′a), grinding
(b,′b) sandblasting (c,′c), L3 (d,′d), L4 (e,′e), and L5 (f,′f) groups. The letters (a–f) and (′a–′f) refer
to unaged and aged conditions, respectively. The specimens in the “aged condition” were stored in
distilled water for six weeks at 37 ◦C. The yellow circles show the border of the cylindrical veneer
ceramics. The grey lines show the fracture lines.
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The univariate general linear model was used the impact of techniques and aging condition,
also to observe the effect of treatment on aging condition via tests of between-subjects effects. The SBS
was considered as a dependent variable, as shown in Table 9. The results demonstrated that treatment
and aging condition presented statistically significant results (p < 0.05), while the effect of tretament on
aging condition was not shown the similar result (p > 0.05).

Table 9. Tests of between-subject effects to show the influence of treatment techniques, aging condition,
and the impact of tretment-aging; dependent variable is shear bond strength values.

Source Type III Sum of Squares df Mean Square F Sig.

Corrected Model 766.553 a 11 69.687 6.245 0.000
Intercept 87064.694 1 87064.694 7801.865 0.000

Treatment 688.965 5 137.793 12.348 0.000
Aging 74.419 1 74.419 6.669 0.011

Treatment × aging 3.169 5 0.634 0.057 0.998
Error 1205.223 108 11.159 – –
Total 89036.470 120 – – –

Corrected Total 1971.776 119 – – –
a R-squared = 0.389 (Adjusted R-squared = 0.327), Sig.: significant level.

4. Discussion

Understanding the bonding strength between ceramics and corresponding veneer materials
is an important area and needs to be studied sufficiently. The current study investigated different
techniques for zirconia surface treatment to confirm which method could provide satisfactory results.
Alternative zirconia surface treatments may optimize the mechanical properties between v–c and
zirconia, including SBS, which plays an important role in extending the lifetime of fixed crowns in
load-bearing areas [24]. Based on the results of the current study, the hypothesis of the experimental
work which stated that the SBS between v–c and zirconia would not be superior via laser scanning
compared to other techniques, was partially accepted. This is due to the fact that the L3 group provided
better results than other groups; however, the L4 and L5 groups did not show superior results in
comparison with the other techniques. In addition, the latter two techniques resulted in apparent color
change, i.e., after exposing the core specimens to laser scanning process more than three times.

The current study found that the Ra was enhanced through repeating laser scanning, in particular
L3, resulting in satisfactory SBS between the veneer/core material. A positive correlation was found
between surface roughness and shear bond strength values, such that the rougher the surface, the higher
were the SBS values. A study reported that different laser power might cause noticeable changes in
the core material [25]. Previous literature has demonstrated that low output power has led to low
surface damage compared with high power [25]. It is worth noting that low output power might not
provide satisfactory roughness either [25]. Also, the variation in laser output power, in particular high
power laser energy, enhanced the apparent bonding property [26]. The current study is consistent with
the previous investigation in that the high laser output power yielded adequate Ra and resulted in
sufficient SBS values [25].

The current study followed the sessile drop test to record contact angle θ values between the liquid
and solid surface [27]. High SBS values were correlated with the recorded low θ due to the presence of
different surface morphology in terms of roughness pattern; in particular, this was confirmed among
L3 specimens which showed the minimum contact angle compared to the other groups. This finding is
a suitable indicator to improve the surface wettability of zirconia when following the three-times laser
scanning (L3), but this was not the case for other techniques. The result for L3 contradicted, but results
for L4 and L5 agreed with, the previous investigation which claimed the minimum impact of CO2

laser scanning on the contact angle [28]. It was apparent that the wetting property through L3 could
be optimized.



Coatings 2019, 9, 422 15 of 19

XRD analysis showed that grinding and sandblasting led to a crystallographic change in zirconia
from t–m, which is in agreement with previous studies [29,30]. However, the specimens that were
treated by laser scanning, i.e., L3, L4 and L5, did not show phase transformation. The stability of
zirconia following the laser scanning process, without presenting the monoclinic phase, is a positive
indicator to preserve the structural integrity of zirconia.

Studies have reported different results following grinding and sandblasting techniques in terms
of achieving optimum SBS values [24,31,32]. The current results show that the specimens that were
treated with the laser scanning process, in particular L3, could better optimize bond strength than the
other techniques without phase transformation. This may be attributed to the different methods which
were used to treat core surfaces in the current study and in previous investigations.

The issue of flaw formation following the sandblast technique might lead to phase
transformation [32], resulting from unequal stress distribution on the treated core surface and
presenting an inferior mechanical property in the veneer/core material, resulting in delamination
potential [33]. This may also adversely impact on the survival rate of fixed partial denture crowns in
single and multiunit bridges [34]. The current study is consistent with previous studies in terms of the
phase transformation from tetragonal to monoclinic [32].

Regarding the grinding technique, more inferior results than those for the sandblasting and L3
groups were observed. This may be due to the fact that the high heat generation during grinding
of the core surface may lead to an adverse impact on the zirconia by causing phase transformation.
The shear test recorded lower values than for the sandblast and L3 groups. Therefore, the property of
bond strength might be detrimentally affected, and the grinding group specimens did not provide
satisfactory results compared to the sandblast and L3 groups. This result is in agreement with
previous studies [29,32,35].

It was observed that the top surface of the core material followed grinding and sandblasting
showed different roughness properties [32,35]. The study also observed that the laser beam could
result in certain micro-holes within the coated veneer ceramic material following the scanning process.
These holes could play a role in micromechanical retention which improves the SBS between the
veneer/core materials. The high output power which originated during laser scanning process may
enhance such results. After conducting the SBS test, the surface of the core materials was subjected
to certain internal pressure which led to the existence of micro-cracks at the interface. The repeated
firing cycle may also play a pivotal role in the mentioned issue. After the SBS test, the surface of the
core materials was subjected to certain internal pressure, which led to the existence of micro-cracks
at the interface. The current results are consistent with the previously reported investigation [36].
In addition, the difference in irregularities between zirconia and veneer ceramic materials may be
due to the methodology used in the current study. The laser scanning process created prominent
irregularities in comparison to other methods; these results may be due to the laser power adsorption
and repeated laser scannings.

It has been argued that mechanical and chemical bonding could play a significant role in the
interface by providing sufficient adhesion property between the veneer/core materials [37]. EDS analyses
detected different elemental compositions following coating of the core with the v–c. There was no
significant elemental change after performing sintering or laser scanning. Also, the final density of the
ceramic core presented the standard required value according to ISO 13356 [38].

Previous literature has found that on smooth core surfaces, the bond strength mostly depends on
elements such as silica and oxygen and may act as a function of the surface chemistry and composition
of zirconia, and not its surface texture [39]. The current study is in agreement with this literature
since silica and oxygen were the predominant peaks on the flat zirconia core, which was covered
by v–c material. Nevertheless, the specimens that presented a mixed type of fracture demonstrated
zirconia in the delaminated area, while showing silica and oxygen as prominent peaks in the v–c areas.
This might be attributed to the difference in the elemental compositions and microstructure of the v–c
and zirconia core. The interlocking mechanism could also be increased through chemical bonding
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and micromechanical interaction of the treated core material. The presence of high amounts of silica
establishes the basis of chemical integration.

The fracture mode analysis presented different fracture patterns in the studied groups. In this
study, the specimens in the L3 group showed the highest occurrence of the cohesive fracture type
in comparison to other groups; the lowest value was recorded in the milling and grinding groups.
The most predominant fracture type among specimens in the grinding group was the mixed fracture
pattern. The highest numbers for the adhesive fracture type were observed in the L4 and L5 groups,
respectively. In contrast, the grinding and L3 groups recorded the minimum number of the adhesive
fracture type. It is believed that the cohesive fracture type might reflect acceptable SBS values between
the veneer ceramic material and zirconia [40]. The existence of the cohesive fracture type as the
highest number in the L3 group may be attributed to physical change, such as fusion between v–c and
zirconia. The existence of the adhesive fracture mode among the milling, sandblasting, L4, and L5
groups might be due to inadequacy of the bond strength between v–c and zirconia. It was reported
that the bond strength could be increased when the surface becomes rougher [41]. The Pearson test
confirmed a positive correlation between surface roughness and the shear bond strength values. Thus,
adequate treatment techniques and materials are critical to assist in achieving acceptable and durable
veneer/core bonding.

The finding may be also due to mismatch of coefficient of thermal expansion (CTE) between
the v–c and zirconia. A study has reported that a thermal mismatch of less than 1 × 10−6 K−1 was
considered acceptable since it did not lead to crack formation [42]. The materials used in this study
have CTE values of 9.1 × 10−6 K−1 and (10.5 ± 0.5) × 10−6 K−1 for the veneer ceramic and the zirconia,
respectively, based on the manufacturer’s data. Further, the tests of between-subject effects when the
shear bond strength was considered as a dependable variable, found that both treatment techniques
and the aging condition should be taken into consideration during core surface treatment, since the
results for both variables were significant (p < 0.05). Therefore, accurate techniques should be applied
to achieve satisfactory shear bond strength after surface treatment. In contrast, the impact of treatment
on the aging condition was not statistically significant (p > 0.05).

The L3 technique could be applied as a more recent approach than other techniques to treat
the zirconia surface to protect it from chipping potential. The L3 scanning, which was simple to
conduct, permitted the v–c material to be successfully deposited on the core material, provided enough
roughness on the core material, and yielded satisfactory bond strength between veneer/core materials.
This study demonstrated the reliability of the L3 technique and the suitability of the materials for
implementation in a wide range of practical applications, in particular, fabricating fixed partial denture
crowns including one or multiunit fixed bridges.

Regarding limitations of the current study, the present experimental work did not perform the
following tests for the investigated groups: flexural strength test, 2-axis flexural strength, fatigue
and fracture strength tests of the core material, CTE of the tested materials, and thermo-cycling
testing. The impacts of scanning processes on the mechanical properties of ceramics, in particular,
fatigue tolerance, three- and four-point flexural strength tests, and chemical composition changes could
be further studied.

5. Conclusions

Within the limitations of the current study, the following conclusions can be drawn:
The three-times laser scanning proved to be the most reliable surface treatment method among

the groups. Based on the current results, the study does not recommend multiple laser scanning for
zirconia core material since repeating scanning processes four or five times was not more successful
in providing better surface roughness and shear bond strength than other methods. Multiple laser
scanning (i.e., four or five times) resulted in lowered shear bond strength and apparent color change
on the core surface.
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Grinding and sandblasting provided more satisfactory SBS values than the “milled” control
group, and the four- and five-times laser scanning groups. The former two techniques showed phase
transformation from t–m. The laser technique, in particular scanning three times, is a promising
method to treat ceramic surface treatment without deterioration of structural integrity since it preserved
elemental compositions and did not show phase transformation. The contact angle was proportionally
related to the Ra and SBS values. The mixed fracture mode following laser scanning could be the most
frequent fracture pattern. The laser scanning process provides better adhesion between, and a minimum
gap between, the veneer/core materials at the interface, and limits hole formation within the v–c
material. The incidence of micro-crack formation would be increased following multiple laser scanning.
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