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Abstract: Objective: This study aimed to investigate and compare the effect of various surface
treatments on the micromorphology and the roughness of four CAD/CAM lithium silicate-based
glass-ceramics (LSGC). Method: Eighty specimens of four LDGC materials (IPS e. max® CAD (Ivoclar-
Vivadent, Liechtenstein, Schaan), Vita Suprinity® (Vita Zahnfabrik, Bad Säckingen, Germany), Celtra
Duo® (Dentsply, Hanau-Wolfgang, Germany) and n!ce (Straumann, Basel, Switzerland)) were used
for this study. All specimens were highly polished with 400, 600, 1200 grit silicon carbide paper and
then polished with 3 µm and 1 µm polycrystalline diamond suspension liquid with grinding devices.
Each group of ceramic was assigned to one of the following three surface treatments (1) sand-blasting
(SB) with 50 µm Al2O3 at 70 psi for 10s, (2) hydrofluoric acid etching (HF) with 5% hydrofluoric acid,
according to the manufacturer instructions, (3) and a combination of sand-blasting and hydrofluoric
acid (SB + HF). All specimens were cleaned with ethanol for 2 min and placed in an ultrasonic unit
with distilled water for 15 min. The microstructure was analyzed by scanning electron microscopy
(SEM). The surface roughness and topography were evaluated with atomic force microscopy in
tapping mode (AFM). Statistical analysis was done using two-way ANOVA and Tukey tests (α = 5%).
Results: All surface treatments had a significant effect on LDGC surface roughness compared to the
untreated surface (p < 0.05). The sand-blasting treatment had a significantly higher mean surface
roughness value for Vita Suprinity and Celtra Duo compared to other surface treatments (p < 0.05).
However, there was no significant difference for surface roughness between sand-blasting and sand-
blasting + etching for e.max CAD and n!ce. The hydrofluoric acid produced less surface roughness
compared to other surface treatments but was able to change the surface structure. (5) Conclusions:
The sand-blasting + etching treatment could be a sufficient method to produce surface roughness for
all LSGC types.
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1. Introduction

Glass-ceramics, polycrystalline ceramics, and resin-matrix ceramics are the most
frequently used materials for prosthodontic restorations [1]. Glass-ceramics are widely
used in dentistry as restorative materials for different applications such as crowns, inlays,
onlays, and veneers. The success of glass-ceramic dental restorations is in part due to
their excellent mechanical and biocompatibility properties [2–4]. One of the subcategories
of glass-ceramics is synthetic ceramics which include lithium silicate and its derivatives:
lithium disilicate, lithium alumina-silicate, and zirconia reinforced lithium silicates. The
first generation of LSGC introduced to the dental market was IPS Empress II (Ivoclar-
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Vivadent, Liechtenstein, Schaan, Liechtenstein) in 1998. The development of computer-
aided design and computer-aided manufacturing (CAD/CAM) technology led to the
introduction of another generation of CAD-CAM LSGC called IPS e.max CAD in 2006. IPS
e.max CAD is popular for use in both single- and multiple-unit indirect restorations due to
its high mechanical strength (~360 MPa), excellent esthetic properties, and good clinical
success [5]. In addition, CAD/CAM technology allows the dentist to prepare and deliver an
indirect restoration in one appointment [6]. Recently, two new CAD/CAM glass-ceramic
materials were introduced to the dental market: (1) zirconia reinforced lithium silicate
glass ceramics: Vita Suprinity®, and Celtra Duo® (from Vita Zahnfabrick, Bad Säckingen,
Germany and Dentsply DeTrey Hanau-Wolfgang, Germany respectively); and (2) lithium
alumina silicate reinforced with lithium disilicate: n!ce (from Strauman, Basel, Switzerland).
Both Vita Suprinity and Celtra Duo ceramics are enriched with zirconia (≈10% by weight).
They claim to be the first zirconia reinforced LSDC [3]. Like e.max CAD, Vita Suprinity
is supplied in a precrystalline stage suitable for milling procedures and is crystallized
following the milling procedure. Celtra Duo and n!ce are provided as fully sintered blocks.
Celtra Duo may be heat treated to improve its mechanical properties [7,8]. According to
the manufacturers, both Celtra Duo and n!ce can be immediately seated and cemented
after fabrication with a CAD/CAM system.

The quality of the ceramic–resin bonding is a key factor for clinical success. The
ceramic-resin interface is subjected to the moist oral environment and functional forces
present in the oral cavity. The adhesion at the ceramic–resin interface is the result of a
physicochemical interaction across the interface involving the adhesive and the ceramic
surface [9,10]. A durable bond between the resin cement and glass-ceramic restoration is
obtained by two mechanisms: micromechanical retention provided by different surface
treatments, such as acid etching or sand-blasting with Al2O3 or a combination of any two
of these methods [9,11]. The second mechanism is the chemical bonding provided by a
silane coupling agent [12].

The LSDG microstructure has two phases, a glassy matrix phase (silica) and a crys-
tals phase. The glassy matrix phase contributes to micromechanical bonding as certain
surface treatments can affect the glassy matrix. Specifically, hydrofluoric acid etching and
aluminum-oxide particle sand-blasting of the ceramic surface produces microporosities
that contribute to micromechanical bonding [11]. These microporosities increase the surface
area and expose and generate hydroxyl groups on the ceramic surface that are responsible
for chemical bonding via silane coupling agents [13]. The crystals phase (lithium disilicate
oxide, Li2Si2O5) is responsible for its mechanical properties and ceramic strength [14].

Scanning electron microscopy (SEM) is a valuable tool to investigate the morphology
and microstructural changes of glass-ceramic surfaces [15]. Atomic force microscopy
(AFM) is used in biomaterial science to provide a quantitative measurement of surface
roughness and it describes the topography of the biomaterial surface with less effort of
sample preparation [16,17]. Although surface treatments of lithium disilicate-based glass-
ceramic of the pressed technique have been studied previously, the CAD/CAM LSGC such
as IPS e.max CAD, Vita Suprinity®, Celtra Duo®, and n!ce have not been fully investigated.

An optimal glass-ceramic surface treatment has not been confirmed as yet. This study
aims to evaluate the effect of sand-blasting with aluminum oxide (Al2O3), etching with
5% hydrofluoric acid, and the use of a combination of sand-blasting and hydrofluoric acid
treatment on the surface roughness of IPS e. max® CAD, Vita Suprinity®, Celtra Duo®, and
n!ce. The null hypothesis is that different surface treatments would not affect the surface
roughness and micromorphology of four CAD/CAM lithium silicate glass-ceramics.
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2. Materials and Methods

Eighty specimens of four different types of lithium disilicate-based glass-ceramics (see
Table 1) were selected for this study, 20 specimens of each of the four materials (n = 5).

Table 1. The chemical composition, manufacturer information, and clinical information of the four
LDGC used in this study.

Chemical
Composition Manufacturer Description

IPS e. max® CAD

57–80% SiO2
11–19% Li2O
0–13% K2O
0–11% P2O5

0–8% ZrO2-ZnO
0–5% Al2O3

0–5% MgO-colouring
oxides

(Ivoclar-Vivadent,
Liechtenstein, Schaan

Lithium disilicate LS2
glass ceramic

Vita Suprinity®

56–64% SiO2
5–21% Li2O
1–4% K2O
3–8% P2O5

8–12% ZrO2
0–4% CeO2

0–6% pigments

(Vita Zahnfabrik, Bad
Säckingen, Germany)

Presintered lithium
silicate/phosphate (LSP)

glass-ceramic
Zirconia-reinforced (10%

by weight) lithium
silicate ceramic

Celtra Duo®

58% SiO2;
18.5% Li2O;

5% P2O5;
10.1% ZrO;
1.9% Al2O3;

2% CeO2;
1% Tb4O7

(Dentsply DeTrey
Hanau-Wolfgang,

Germany

Fully sintered Lithium
silicate/phosphate (LSP)

glass-ceramic
Zirconia-reinforced (10%

by weight) lithium
silicate ceramic

n!ce.

64–70% SiO2;
10.5–12.5% Li2O;

0–3% K2O;
0–0.5% P2O5;
10.1% ZrO;

10.5–11.5% Al2O3;
0–0.5% CaO;

0–9% pigments

Straumann
Basel Switzerland Fully-sintered

CAD/CAM ceramic blocks were sectioned into rectangular slices with a 2 mm height,
using a low-speed saw diamond (Isomet1000, Buehler Ltd., Lake Bluff, IL, USA). IPS—
e.max CAD and Vita Suprinity specimens were cleaned with ethanol for 2 min and then
ultrasonically cleaned in distilled water for 15 min. Thereafter it was sintered in a furnace
according to the firing program recommended by the manufacturer. Celtra Duo and n!ce
specimens are fabricated from fully crystallized lithium disilicate-based glass-ceramic
blocks and they do not need additional sinterization. To obtain a smooth flat surface, all
specimens were polished on wet 400, 600 and 1200 grit size silicon carbide paper (Buehler
Ltd., Lake Bluff, IL, USA) and then polished with a 3 µm and 1 µm polycrystalline diamond
suspension liquid (Buehler Ltd., Lake Bluff, IL, USA) on a grinding device. The samples
were then cleaned with ethanol for 2 min and placed in an ultrasonic machine (Branson
cleaning equipment company, Shelton, CT, USA) for 15 min. The ceramic specimens were
labeled on the treated surfaces and then randomly assigned to four treatment groups.

Group C. No treatment applied to the ceramic surfaces. This group served as a control.
Group SB. Sandblasted: labeled surfaces of ceramic specimens were sandblasted

(Al2O3; Perlablast® Micro; Bego, Bremen, Germany) with 50 µm Al2O3 at 70 psi for 10s.
Specimens were held at a distance of 20 mm between the surface of the specimen and the
blasting tip to ensure an equal distance for each specimen. Following sand-blasting, the
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specimens were rinsed under running water for the 20s and then dried for 20s with oil-free
compressed air.

Group HF. Hydrofluoric acid-etched: labeled surfaces of ceramic specimens etched
with 5% hydrofluoric acid for 20s (e.max CAD, Vita Suprinity, and n!ce) and 30s (Celtra
Duo) based on manufacturer recommendations for each type. The etching gel was removed
under running water for 20s then dried for 20s with oil-free compressed air.

Group S + E. Sandblasted and hydrofluoric acid-etched: in this group, the specimens
were first sandblasted with 50 um Al2O3 at 70 psi for 10s. After cleaning, the specimens
were etched with 5% hydrofluoric acid for 20s and then cleaned under running water for
20s followed by drying.

All specimens were then cleaned with ethanol and subjected to ultrasonic treatment
in distilled water to remove any surface residues and then dried with free compressed oil.

Topographic Analyses

Scanning electron microscopy: All ceramic specimens were coated with gold and
loaded in an SEM unit (ThermoFisher, OR, USA). All SEM images were captured at
10,000× magnification.

Atomic force microscopy: All ceramic specimens were evaluated under AFM Mul-
timode nanoscope IIIa, Digital Instruments (Veeco metrology group, Santa Barbara, CA,
USA). Images were taken in tapping mode at 50 µm × 50 µm scan size with a slow scan
rate (0.1 Hz). The average surface roughness (Ra) of the ceramic after different surface
treatments was recorded as a numeric value (in nanometer) using appropriate software
(Nanoscope v613R1).

Statistical Analysis: Data were analyzed using a two-way ANOVA with α = 0.05. The
means were analyzed for contrast using Tukey’s post hoc test.

3. Results

Figure 1 displays the SEM images of the effect of the surface treatments on the
four LDGC. SEM images for HF specimens had a honeycomb shape for Celta and n!ce
(Figure 1(3B,4B)), and a needle shape for e.max CAD (Figure 1(1B)) and Vita Suprin-
ity (Figure 1(2B)). Means and standard deviations for the roughness Ra (nm) of four
CAD/CAM LDGC were extrapolated from the AFM digital images and are displayed
in Table 2. Sand-blasting created significantly higher mean roughness values (p < 0.05)
compared to other surface treatments for Vita Suprinity and Celtra Duo (867.8 nm) and
(609.6 nm) respectively. However, sand-blasting and S + E had no significant difference for
e.max CAD and n!ce. Although hydrofluoric acid demonstrated less roughness than other
surface treatments, it changed the micromorphology and produces microporosities on the
surface of all four ceramic types. Figure 2 displays the AFM images of the surface at the
nanolevel. Our results showed that hydrofluoric acid reduced the surface roughness by
more than 50% when applied after sand-blasting (Figure 3). This was true for both Vita
Suprinity and Celtra Duo. However, there was a slight increase in the roughness after
sand-blasting for e.max CAD and n!ce.

Table 2. Mean (Ra) nm and (standard deviation) of lithium-silicate-based glass-ceramic roughness with different surface
treatments.

Surface Treatments IPS e. Max® CAD Vita Suprinity® Celtra Duo® n!ce®

Untreated Control 1.9 (±0.3) Aa 3 (±6.6) Aa 1.21 (±0.17) Aa 1.59 (±0.1) Aa

Hydrofluoric acid 32.9 (±2.6) Ba 34.1 (±3.4) Ba 46.3 (±7.7) Bb 43.5 (±8.1) Bab

Sand-blasting 228.8 (±79.7) Ca 867.8 (±139.8) Cb 609.6 (±93.3) Cc 227 (±63.9) Ca

Sand-blasting + etching 237.8 (±91.4) Ca 373 (±39.9) Db 216.8 (±21.5) Da 235.2 (±59.2) Ca

Standard deviation inside brackets. Uppercase letters compare treatments with the same LSGC and lowercase letters compare ceramics
within the same treatments.
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4. Discussion

A reliable bond between resin cement and glass-ceramic restorations contributes to
the longevity of glass-ceramic restorations and their overall clinical success [18]. Several
studies focused on cement selection and the use of silane coupling agents to improve
the bonding between resin cement and glass-ceramic [19–22]. However, there are many
LSGC used for the fabrication of indirect dental restorations and still lacking supportive
evidence for its functionality. The ideal clinical protocol for predictable bonding between
resin cement and lithium disilicate-based glass-ceramic restoration remains undetermined.
The surface treatment of glass-ceramic restorations before cementation is an essential
step to improve the clinical performance of LSGC restorations. Increasing the surface
roughness of the intaglio surface of restorations increases the bonding area and improves
mechanical retention. It also decreases the surface tension to create the desired interlocking
retention with resin cement. This laboratory study investigated the effect of different
surface treatments on the micromorphology and roughness of four CAM/CAM LSGC.
The null hypothesis of the present study was rejected, since, different surface treatments
significantly increased the roughness and changed the micromorphology.

The application of hydrofluoric acid increased roughness and changed the micromor-
phology of all four types of LSGC. This occurred due to the chemical interaction between
hydrofluoric acid and silica which represents the glass phase in lithium-disilicate-based
glass-ceramic materials formed of the hexafluorosilicates [23]. Following HF etching, these
silicates were removed under running water and resulted in small porosities creating
an irregular roughness on the surface [13,24]. SEM images of etched surfaces (Figure 1)
of Celtra Duo and n!ce appear like a honeycomb surface. However, e.max CAD and
Vita Suprinity were different and showed needlelike shapes. This could be related to the
amount of glass phase, crystal size, and shape exposed on the surface of each material.
Hydrofluoric acid in this study increased the roughness of all four types of LSGC. These
results are in agreement with Kara et al. and Ramakrishnaiah et al. who reported that
hydrofluoric acid increases the roughness and changes the surface structure as well as the
wettability [17,25]. In addition, hydrofluoric acid produced less roughness compared to
other surface treatments. Even though both Celtra Duo and Vita Suprinity are zirconia
reinforced with lithium silicate glass-ceramic, hydrofluoric acid produced higher roughness
on Celtra Duo than Vita Suprinity (Table 2). This could be attributed to its glass phase
content. According to other authors, surface treatment with hydrofluoric acid provides
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the best bond strength between resin cement and LSGC [18,26,27]. However, another
study reported that HF is not the best surface treatment choice to provide reliable bond
strength [28].

In this study, sand-blasting produced higher surface roughness compared to other sur-
face treatments for Vita Suprinity and Celtra Duo. These observations are in agreement with
some previous studies [17,29]. Most of the studies for e.max CAD report that sand-blasting
is an insufficient method to improve the bond strength with resin cement [18,28]. However,
Al-Thagafi et al. reported that zirconia-reinforced lithium silicate ceramic (Vita Suprinity)
and lithium disilicate glass-ceramic (IPS e-max CAD) had higher repair bond strength value
when treated by sand-blasting with Co Jet sand than treated with hydrofluoric acid [30].
In addition, another study on the effect of different surface treatments on bond strength
of lithium disilicate glass-ceramic (IPS e.max Press) in vitro found that sand-blasting with
Co-Jet-silica-coated Al2O3 powder provided the best shear bond strength compared to HF
and SB with aluminum oxide [28]. In this study sand-blasting with aluminum oxide did
not change the micromorphology of the surface, but it created small cracks around the
crystal phase which could cause propagation and restoration failure in the future.

This study showed that the roughness from the surface treatment is fully dependent
on the material composition. A recent study using X-ray photoelectron spectroscopy has
shown an increase in the concentration of lithium after HF etching, and also a decrease of
reinforced particles as ZrO2 (for Celtra Duo and Vita Suprinity) and alumina (for n!ce) [3].
These findings indicate that not only the glassy phase but also the fillers were removed by
the acid etching. The detachment of larger fillers can generate more roughness when the
surrounded glassy matrix is dissolved. Furthermore, the shape of the crystal can play an
important role in the roughness. LSGC like e.max CAD and n!ce display the same needlelike
crystal pattern [3] which could explain the similar results on roughness analyses. Zirconia-
reinforced LSGC showed a high roughness under sand-blasting treatment; however, several
studies have demonstrated that it produced a weak bond strength [18,29,31–33]. Among
the possible reasons for that is the fact that the high elastic modulus and consequently
low resilience of the ZnO2 fillers could generate microcracks decreasing the mechanical
properties of the LSGC [32–35].

The combination of SB and HF showed that the surface roughness created first by
sand-blasting could be decreased to more than a half with subsequent treatment with
hydrofluoric acid for Vita Suprinity and Celtra Duo. In contrast, the surface roughness
was minimally increased for e.max CAD and n!ce. A sand-blasting + hydrofluoric surface
treatment method could be an option to control the roughness value on ceramic and
avoid the hazard of increasing the HF concentration or application time to provide reliable
bond strengths. This study has the limitation of not assessing the bond strength of the
experimental conditions. However, the literature has already demonstrated the lack of
correlation between the surface roughness and good adhesion results [10,34,36]. There
are several areas at the material-science level to be explored before achieving the optimal
adhesive joint (ceramic/resin-cement system/tooth structure), which will improve the
clinical behavior of LSGC restorations.

5. Conclusions

Within the limitations of this in vitro study, the following conclusions are drawn.
Roughness is material-dependent. All surface treatments produced higher surface

roughness compared to the untreated surface of all ceramic products in this study. Sand-
blasting produced a higher surface roughness for Vita Suprinity and Celtra Duo. However,
there is no significant difference between sand-blasting and sand-blasting + etching treat-
ments for surface roughness for e.max CAD and n!ce. Hydrofluoric acid produced less
surface roughness compared to other surface treatments.
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