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Dental bonding materials are widely used in dentistry and there are several available kinds.
However, in recent years, there has been no further research into dental bondingmaterials,
with most dentists focusing on dental implants and orthodontics. In this paper, we
systematically review the technology of tooth bonding in recent years and summarize
the existing literature for potential innovation and direction of future research. First, the
theoretical research on dental assembly materials and bonding mechanism was reviewed.
Then, we reviewed the bonding of teeth, the bonding of metal alloy prosthesis, and the
measurement of bond strength. Finally, the future development of dental bonding
technology was evaluated. It is hoped that more dentists will be able to treat patients
and update research on bondingmaterials in the field of teeth bonding to bring a new era to
the restoration of teeth in the future.
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INTRODUCTION

As we all know, when our teeth are broken by force or because of dental caries, we need to use
bonding materials or filling materials. Over the years, a lot of changes have taken place in the dental
materials. We aim to tell you how these materials have improved and restored teeth through such a
review.

Adhesion is defined as the sticking of two surfaces to one another. Dental adhesion depends on the
properties of components: assembly materials such as cement and adhesive, the tooth, and
prosthesis. The mode of adhesion can be divided into two main categories: mechanical and
chemical. Mechanical adhesion relies on mechanical interlocking which provides retention and a
durable form of bonding. Chemical adhesion involves the modification of the surface etch, and two
dissimilar surfaces are connected by an active monomer. This article will have a global review of
dental assembly materials, mechanism of adhesion, adhesive bonding to teeth, and prosthesis.

DENTAL ASSEMBLY MATERIALS

Cement
The definition of cement or adhesive is mainly defined by its curing methods. Cement includes acid
base reaction curing materials. The most common forms are acidic liquids and alkaline powders. The
liquid is composed of an aqueous solution of polyacrylic acidor a copolymer of acrylic acid and other
unsaturated carboxylic acids. The powder is fluoroaluminosilicate glass. Their properties depend on
the nature of liquid and powder.

Table 1 shows the classification of dental cements. Silicate cement is discarded due to its low
mechanical properties, high cytotoxicity, and high solubility. Zinc polycarboxylate has the worst
cohesion. Because of their poor mechanical properties, they are used less. The compressive strength
of zinc orthophosphate is slightly lower than that of glass ionomer cement (Sofan et al., 2017).
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In dental application, both glass ionomer cement (GIC) and
zinc polycarboxylate cement provide direct adhesion to tooth and
can provide fluoride release, but the latter is more radiopaque and
biocompatible than GIC (Wetzel et al., 2020).

Polycarboxylate cement also sets according to an acid–base
reaction. The powder is composed of mainly zinc oxide (ZnO),
magnesium oxide (MgO), bismuth (Bi2O3) and aluminum oxide
(Al2O3). It may also contain stannous fluoride (SnF2) where
disappearance of fluoride improves the shear bond strength
(SBS) of the orthodontic bracket (Khargekar et al., 2019).

Zinc oxide (ZnO) particles have been used for temporal or
permanent luting cement because of their excellent mechanical
strength and biocompatibility. ZnO nanoparticles have distinct
optical and antibacterial properties and a high surface-to-volume
ratio (Nguyen et al., 2019).

Typically, GICs are reacted by fluoride-containing silicate
glass and polyalkenoic acids. Figure 1 shows the
manufacturing method of GIC. Fluoride is one of ionic
constituents that are released from the glass during the setting
reaction. Polyacid-modified resin composites (compomers) claim
to combine the mechanical and aesthetic properties of composites
with the fluoride-releasing advantages of conventional GICs so
the resultant material is a low-fluoride-releasing resin composite
that contains vinyl groups that can be polymerized by visible
light-activated initiators. Polyacrylic acid pretreatment
significantly increases the micro-SBS (μSBS) of all cements
(Paing et al., 2020). All these cements have relatively low
cohesion and are relatively fragile. Although these weak
properties limit the marking of conventional cement, they
indicate that one of the main characteristics of cement is the
ease of removal of excess cement (Shahid et al., 2010).

Adhesives
The adhesive is composed of powder and liquid and is mostly an
organic polymer that comprises methacrylate matrix, wherein the
matrix does or does contain mineral filler (Table 2).

The resin matrix is made of two methacrylic acid monomers.
The most common ones are bis-GMA, UDMA, or methyl
methacrylate (MMA). Ethylene glycol (TEGDMA) derivatives
are usually added to reduce the high viscosity provided by bis-
GMA. The filler includes colloidal particles of glass silicon such
as SiO2, B2O3, Na2O3, Al2O3, which is obviously sub-micron
size (particle size: 10–40 nm). They account for 30–65% of the
adhesive volume. The volume ratio of filler to matrix has a
major effect on adhesive properties. Therefore, the increase of
this ratio will reduce the removal of polymerization and
increase viscosity. To form a cohesive structure, a strong
chemical bond must be formed between the matrix and the

filler. Otherwise, each interface will be the preferred location for
the initiation of cracks.

After the redox reaction, the polymerization initiator activates
the curing phenomenon. The initiation always takes place after
the redox reaction. The reaction produces free radicals that attack
the double bond of the methacrylic group, which leads to
polymerization. When the adhesive is chelating, it is usually
triggered by a pair of amine peroxide. Figure 2 shows the
progress of initiation of amine peroxide.

The adhesive is then packaged into two pastes, each paste
containing one element and in contact with each other
when mixed.

MECHANISM OF ADHESION

To choose the proper adhesive, it is important to understand the
mechanism of adhesion and the surface energies of all the
substrates, and how well the adhesive will wet out. Surface
energy is a physical property of the surface of a material that
determines whether an adhesive will make intimate contact and
provide a bond. The adhesive interactions between an adhesive
and a substrate not only concern the actual area of contact
(adhesion zone) of the adhesive and substrate but also concern
the state of the adhesive in the vicinity of the surface of the
substrate (transition zone). Figure 3 shows the structure of the
adhesive joint and effect of surface energy.

The Concept of Surface State, Surface,
Surface Energy, and Adsorption
To better understand the mechanism of adhesion, it is necessary
to redefine some concepts of surface state that include all the
interactions that help to connect two main bodies. A good
distinction must be made between the notion of cohesion,
which includes all interactions that help to bind the two
bodies, and adhesion, which corresponds to the force or
energy of separation of an assembly.

The components (atoms, ions, molecules) between the surface
and the internal do not have the same number. This result in an
imbalance: the distance between atoms is greater than that of

TABLE 1 | Classification of dental cements.

Conventional dental cement Zinc phosphate cement Zn3 (PO4)2
Zinc oxide eugenol cement (ZnO)
Polycarboxylate cement (ZnCO3)
Glass ionomer cement (GIC)

Resin base cement Resin cement
Resin-modified ionomer cement

FIGURE 1 | Manufacturing method of glass ionomer cement (GIC).
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equilibrium; different levels of electronics; and an energetic state
higher than that inside the body.

These characteristics explain the particular reactivity of the
surface to its environment. Therefore, the surface energy must be
defined, which is equivalent to the work required (W) to form a
new area unit of the material (A).

dW � cdA

where c is represented by J/m2.
At the liquid/gas interface, the surface energy corresponds to

surface tension. In accordance with the law of thermodynamics, the
surface will naturally seek to reduce its energy levels. The components
that make up the solid surface do not have the same freedom of
movement as the liquid surface. These interface connections are
matched with adsorption and reduce the energy of the surface by
exchanging connections with the external environment.

In this case, physical adsorption includes weak bonds
(2–42 kJ/mol) such as van der Waals or hydrogen bond;
whereas, chemisorption includes strong bond by electronic
transfers at the interfaces such as ionic and covalent bonds
(100–1,000 kJ/mol).

All the chemical, structural, and topographic properties of the
material surface are combined into the surface state. In practice,
the surface is always full of defects and heterogeneity.

(1) Chemical heterogeneity is linked not only to the nature of
different species that constitute the structure or material but
also to the existence of adsorbed hetero atoms.

(2) Structural heterogeneity with some amorphous or crystalline
characteristics and sequences of related defects.

(3) Morphological and topographical heterogeneity of substrates
that have never been ideally smoothed can have a porous and
absorbent appearance.

Adhesion and Wetting
When a material is deposited in the liquid phase on a substrate, it
is spread and linked to the two materials to form bonds. Physical
adhesion is only possible when the intermolecular distance
is ≤7 Ǻ.

The spreading of liquid corresponds to wetting and depends
on three interfacial energies:

(1) The surface energy of the substrate (cS)
(2) The surface energy in saturation of liquid vapor (cL)
(3) The solid-liquid interfacial energy which corresponds to the

bonds (cSL)

Wetting for the liquid and wettability for the substrate are
inversely proportional to cL and cS, respectively.

The adhesion, linked to cL and cS, is given by Dupré’s law
(Figure 4):

WA � cL + cS − cSL

By setting the equation of the quality of the forces at equilibrium,
we find Young’s law:

cS � cL.cos θ + cSL

where θ is the contact angle

WA � cL + cS − cSL
WA � cL + (cL.cos θ + cSL) − cSL
WA � cL(1 + cos θ)

TABLE 2 | Composition of dental adhesives.

Composition

Powder Liquid

Resin matrix (Diacrylate monomer, Bis-GMA,
UDMA, TEGDMA)

Methyl
methacrylate

Inorganic fillers Tertiary amine
Coupling agent (organosilane) 4-META, MDP
Chemical or photo initiator or activator
Camphorquinone, tertiary amine, benzoyl peroxide
Catalyst: Tributylborane (TBB)

FIGURE 2 | Progression of initiation of amine peroxide.

Frontiers in Materials | www.frontiersin.org January 2021 | Volume 7 | Article 6152253

Zhao et al. Tooth

https://www.frontiersin.org/journals/materials
www.frontiersin.org
https://www.frontiersin.org/journals/materials#articles#articles


The contact angle must be defined at equilibrium. This will be
recorded by the contact angle according to time. The curve is
hyperbolic and its limit gives us the value of θ.

Contrary to expectation, viscosity does not affect the
wettability but only the spreading kinetics.

v � cL/2η

where v is the spreading speed, cL is the surface tension of the
liquid, and η is the viscosity.

Liquid Surface Tension and/or Viscosity
It is obvious that a liquid adhesive will moisten the surface faster
than a high-viscosity adhesive. The importance of this extension
kinetics is relative, because the flow rate of most adhesive resins
on an etched enamel is several centimeters per second. Therefore,
the viscosity only affects a very fast kinetics.

Therefore, for two liquids of the same nature but different
viscosity applied on the same surface and when t→ 0, the contact
angle of the most viscous contact angle is greater than that of the
other, but when t → ∞, the angle is the same.

The roughness has a positive influence on interlocking when
contact angle (θ) is <90° and has a negative influence when θ > 90°

(Figure 5).
However, since all the real surfaces are not ideal, the Wenzel

model was developed to describe the contact angles on the real
surface where the new angle provides a roughness index (ρ) which
corresponds to the real contact provided by the rough
topography—Wenzel equation:

ρ � cos θ′/cos θ

Where θ′ is the apparent contact angle and θ is the equilibrium
contact angle on an ideal solid without roughness.

The capillary rise represents a special case of adhesive
spreading, which is affected by capillary pressure.

Pc � 2cLcos θ/r

where cL is the surface tension of the adhesive and r is the
capillary radius.

This characteristic is largely responsible for the quality of the
resin/etched enamel interface, particularly for a transverse section
of prisms.

Adhesion Theory
There is no single theory to explain adhesion, but it is commonly
divided into mechanical interlocking, physical bonding, and
chemical bonding (Figure 6).

Mechanical Interlocking
Mechanical interlocking happens when two dissimilar phases
attach to one another by mechanical force only. This typically
requires a rough surface where the other material can penetrate.

Physical Bonding
Physical adhesion means a very small interaction distance. The
liquid expansion on the substrate becomes a basic component.
This theory is associated with the micro or macro bond of
mechanical anchors through low link (hydrophilic or
hydrophobic) physical adsorption. When the liquid is wetted,

FIGURE 4 | Dupré’s law.

FIGURE 5 | Correlation between contact angle (θ) and roughness.

FIGURE 3 | Structure of adhesive joint and effect of surface energy.
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the interaction may be considered a response to the theory of
physical adhesion.

Biomaterial surface properties including chemical,
topographic, and wettability regulate the cell response. Control
of inflammation will inform the design of surface modification
procedures to direct the immune response and enhance the
success of implanted materials (Hotchkiss et al., 2016; Qiu
et al., 2020; Sang et al., 2020).

Intern-Diffusion Theory
The model is illustrated by polymer-polymer adhesion. The
diffusion of one polymer into another polymer increased the
degree of adhesion. Brown emphasized this interaction, which is
considered to be the “Velcro” of molecules. There are two basic
criteria for this diffusion:

(1) Thermodynamic criteria: molecules must be compatible in
terms of hydrophobicity and hydrophobicity (van der Spoel
et al., 2006).

(2) Dynamic criteria: macromolecules must have sufficient
mobility. In addition, the molecule diameter and the
distance of intermolecular space must be compatible with
internal diffusion. Even if the thermodynamic criteria are
valid, a 200 Ǻ polymer will not diffuse the membrane protein
with intermolecular spaces of 150 Ǻ (Ando and Skolnick,
2010).

Therefore, the importance of diffusion medium and solvent
and the viscosity of the material are also discussed.

This is the theory of the principle of dental hybrid layer.

Chemical Bonding
Chemical bonding which is much stronger than physical bonding
includes covalent, ionic, and metallic bonding. Chemical bonding
is responsible for cohesive forces inside the material itself.

Electrostatic Theory and Acid-Base Theory
The basis of the electrostatic theory of adhesion is the difference
in electronegativity of adhering materials. The surface has its
structural defects and heterogeneity in electronic community
generating a low range (1–2 nm) but very strong field
(>108 Vm−1). Adhesive force is attributed to the transfer of
electrons across the interface creating positive and negative
charges that attract one another. The electrostatic forces at the
interface account for resistance to separation of the adhesive and
the substrate.

The surface of a substrate has plurality of polar sites, which
have the acidity of the electron donor and/or the alkalinity of the
electron acceptor. These sites can be linked to the reverse polarity
activity of adhesives. Therefore, the polar connection will result
from the load transfer between the base donor position and the
adhesive acceptor position, and vice versa.

ADHESION TO TEETH

Paradoxically, the vast majority of adhesives do not have adhesive
ability to the surfaces. Only a few adhesives have adhesive ability
because of active monomers such as 4-methacryl ethyl triacrylate
(4-META) or 10-methacryl decyl phenyl phosphate (10-MDP).

Therefore, a coupling agent is used to adhere to the dental
surface. The coupling agent involves a reactive polar group, which
can be connected with dental tissue on one hand and an adhesive
material on the other hand (HEMA).

Adhesion to Enamel
The conventional resins that are highly hydrophobic have no
adhesive ability to dental surface.

The solution for bonding these surfaces is by creating
favorable surface topography for anchorage, finding a coupling
agent to bind to the dental tissues and the adhesive.

Phosphoric acid etching can clean the enamel surface, improve
the surface energy of the substrate, and improve the wettability of
the adhesive. On the other hand, acid etching produces a
roughness (up to 50 microns) where resin can penetrate. In
fact, this highly mineralized tissue has a composite structure
which leads to selective etching of certain hydroxyapatite phases
(Sato et al., 2018).

The depth and quality of etching will depend on some
parameters as listed below:

(1) Acid properties

Phosphoric acid treatment seems to be the best for enamel
etching. However, if we want to bond to enamel and dentin, the
choice of acid is affected by dentin treatment, and the dentin
must also be etched. Compared with the enamel, the complexity
of the dentin adhesion has led to the development of other
adhesives based on other acids, minerals (2.5% nitric acid), or
organic compounds (10% maleic acid and 10% citric acid). It is
used to etch enamel and dentin at the same time (total etch).
However, the effectiveness of these acids does not seem equal to
that of phosphoric acid (Benetti et al., 2019; Markovic et al.,
2019).

(2) Concentration

Generally, 10–60% of the phosphoric acid solution seems to
have similar adhesiveness. However, the acid concentration
affects the depth of relief. In addition, the white appearance
after etching is only obtained from a concentration of 20% (Ajaj
et al., 2020). The concentration of 35% appears to be optimal.

FIGURE 6 | Schematic of three kinds of adhesion theory.
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(3) Consistency

A study showed that gels are as effective as liquid solutions.
Therefore, we prefer colored gels that allow precise operation and
good visual control (Cardenas et al., 2018).

(4) Application time

It seems the same bonding value between 5 and 37%
phosphoric acid etching in the range of 15 s to 1 min. It
proves good tolerance of enamel etching with different
prosthesis (Cardenas et al., 2018; Sai et al., 2018).

It should be noted that contamination of the etched substrate
with salivary or blood proteins can affect the quality of the
bonding. Because the molecules are adsorbed on the surface, a
simple rinsing is insufficient to eliminate these molecules.
Therefore, it seems reasonable to have a new etching.
Clinically, this has proved the importance of using the oral
rubber dam to avoid the contamination.

Therefore, adhesion to enamel responds to two mechanisms:
the first is physicochemical by increasing the wettability and
surface area, and the second is the micromechanical, where the
adhesive has penetrated and hardened the roughness produced by
the acid.

Dentin Adhesion
Because the structure of dentin is complex, there are many
problems regarding bonding with dentin.

(1) Dentin are hydrophilic and saturated oxygen.
(2) Dentin continues to form throughout life.
(3) Mineral phase (70%), organic phase (20%).
(4) Its complex structure varies from the depth of the tubule. In

fact, near the dentinoenamel junction, only 1% dentinal tube
is present on the dental surface and 22% dentinal tube is near
the pulp.

(5) Dentin is covered by dentin mud. It should be noted that
the removal of dentin by milling creates a deposit
smear layer.

Therefore, these obstacles make it difficult to develop reliable
dental adhesive systems.

General Principles
To implement the hybridization protocol, three basic
components are needed:

(1) A conditioner

The application of the conditioner corresponds to acid
etching. This reaction is acid-based with hydroxyapatite and
smear layer, resulting in dissolution. It allows to eliminate the
dentin mud and contaminants, open the tubules, demineralize the
peri- and inter-tubular dentins over a thickness (1–5 µm) and
form a dense collagen network. Many types of acids have been
proposed to etch dentin, such as Maleic acid
(C4H4O4HOOCCH�CHCOOH), Oxalic acid (C2H2O4 HOOC-

COOH), Tartaric acid (HOOC-CHOH-CHOH-COOHC4H6O6),
or Ethylenediaminetetraacetic acid (EDTA).

Glutaraldehyde (C5H8O2) is known for its ability to
interconnect with collagen and is sometimes incorporated into
the conditioner.

Hybridization involves infiltration of the collagen network
with adhesive resin. The problem is to find a way to infiltrate this
hydrophobic resin into this highly hydrophilic network.

(2) A primer or coupling agent.

The primer permits the opening of the inter-fibrillar space
because of the hydrophilic monomers dissolved in a specific
solvent which fix the collagen in a humid environment. These
monomers have a methacrylate group at one end and a reactive
group at the other end. The reactive group can interact with the
polar molecules of the dentin, such as the hydroxyapatite of the
apatite or the amine of collagen. The most commonly used is
HEMA which has a positive effect on dentin adhesion. It is
necessary to infiltrate the primer because the drying dentin
surface would cause collage collapse.

The solvent can be alcohol or acetone, which can help the
active monomer penetrate into the network and also eliminate the
water.

(3) An adhesive resin

The last step is to apply the adhesive resin, which must
penetrate into the tubules and infiltrate into intercellular
protein networks.

Application of Bonding System
Paradoxically, the vast majority of adhesives do not have adhesive
ability to the surfaces. Only a few adhesives have this ability
because of the active monomers, such as 4-methacryl ethyl
triacrylate (4-META) or 10-methacryl decyl phenyl phosphate
(10-MDP).

Therefore, a coupling agent is used to adhere to the dental
surface. The coupling agent involves a reactive polar group, which
can be connected with dental tissue on one end and with adhesive
material on the other end (HEMA).

Since the vast majority of adhesives do not have adhesive
ability, the bonding is done by forming amixing layer between the
teeth or the porcelain and the adhesive (HEMA).

Nevertheless, there exist active monomers such as (4-META,
10-MDP, and 11-methacrylic oxygen-1, 1-eleven alkane two
carboxylic acid (MAC 10) with adhesive ability.

On using 4-META, the dentin was treated by 10% citric acid
and 3% ferric chloride. Citric acid allows opening of the dentinal
tubules and collagen network. Ferric chloride can help form polar
sites and enhance affinity to 4-META. It is forbidden to use
H3PO4 on dentin because it creates low bonding value with
4 META-MMA resin, changes collagen nature, and prevents
the penetration of monomers. Polymerization is initiated by
three-N-butyl borane (TBB). This initiation mode is unique,
because unlike the peroxide amine, dibromobenzene
tribromide is not inhibited by oxygen and water, rather activated.
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PMMA provides good viscoelastic properties and provides
stress relaxation ability through reversible deformation.
Therefore, the interfacial stress is reduced.

ADHESION TO METAL ALLOY
PROSTHESIS

In order to fix a dental prosthesis to teeth, it is necessary to obtain
a strong and durable adhesion on both sides. Adhesives based on
hydrophobic monomers such as bis-GMA and UDMA do not
have durable adhesion to alloy and to ceramic. Adhesives with
reactive monomers such as 4-META or 10-MDP have the ability
to spontaneously adhere to metal surfaces, especially to non-
precious alloys. However, the adhesion value seems to be sensitive
to long-term degradation, especially hydrolysis. Therefore, we
show different technologies on metal and ceramic, both for
conventional and reactive adhesives.

Surface Mechanical Reconstruction
Micro Mechanical Maintenance
Rochette suggested in 1973 that metal splint should be bonded on
etched enamel. Themetal splint was punched so that the resin can
be mechanically fixed and maintained. However, the
disadvantage of this technology was that on the one hand, the
surface of the exposed adhesives increased, resulting in wear and
penetration, while on the other hand, the metal surface greatly
reduced. Therefore, with the improvement of adhesive quality
and development of metal surface preparation, the signs of
macromechanical technology gradually disappeared.

Micro Mechanical Retention
The principle is to change the topography of the metal surface
without changing its chemical composition.

Alumina sandblasting (Al2O3, 50–250 micron) is a simple
treatment method, which on the one hand can purify the
surface contaminants of the possible adsorbents, thereby
enhancing the surface tension. On the other hand, it can
create a kind of roughness i.e., favorable for micromechanical
retention.

A study showed that alumina sandblasting achieves bonding
performance for non-precious metal alloy. For those adhesives
without adhesive ability, the sandblasting cannot provide enough
retention.

Electrolytic or Acid Etching
This technology was developed in the early 1980s, providing substrate
compatible with conventional adhesives. It only applies to non-noble
alloys (Ni-Cr, Cr-Co) with eutectic microstructure, allowing one part
of the two phases to dissolved to produce high roughness surfaces.
Therefore, owing to the micromechanical bonding provided by the
surface, the method obtained high strength resin adhesion. However,
it has been pointed out that the efficiency of Cr-Co alloy is lower than
that of Ni-Cr alloy. In addition, some studies also showed that the
results of Ni-Cr were poor.

Because electrolysis etching requires special equipment and
high skill, acid etching has become a popular method. This

method simply includes the application of high concentration
hydrogen fluoride hydrogel (HF).

Because of the lack of effective electrolytic etching, a fine
salt crystal layer is deposited on the metal surface before
making the resin model. Once the resin is polymerized, the
salt crystals were dissolved away from the resin, leaving a
reproductible cap.

Chemical Changement for Noble Alloy
The poor bonding quality between the noble alloy and the
adhesive is related to the low surface reactivity. We can
modify the surface by chemical method and make it suitable
for bonding.

Tin Deposit
The principle is to depose tin microcrystals onto the alloy surface,
giving it a gray appearance. Tin is chemically linked to the surface
to create micromechanical retention and forms polar bonds with
the reactive groups of the adhesive.

However, the coupling between tin deposition
(electronegativity) and the noble alloy substrate
(electropositivity) may lead to corrosion and degradation of
the joint.

Silica Deposit
The following two methods have been worked out:

(1) Thermochemical deposition

The Silicoater MD (Heraeus Kulzer) system consists of
siloxane application: tetramethoxy silane, thermal dissolving in
propane air flame or in an oven to deposit 0.5-micron siloxane.

(2) Tribochemical deposit

The surface is sanded with special powder containing alumina
covered with colloidal silica under high pressure. The energy
generated by the impact of pressurized silica particles on the
metal surface leads to the binding of silica. These systems include
the ROCATEC the COJET 3M ESPE system.

After silica deposition, the surface is treated with silane. It can
be connected to the free hydroxyl (-OH) group and play an
intermediate role between the silica layer and the adhesive resin.
Regardless of the alloy and adhesive used, this method improves
both the bonding value and the resistance to degradation.

Chemical Improvement
The poor bonding quality between the noble alloy and the self-
etching adhesive is related to the low surface reactivity. We can
chemically alter the surface andmake it more suitable for bonding
adhesives.

After silicon deposition, the surface is treated with silane. It
can be connected to the free hydroxyl group (-OH) and play an
intermediate role between the silica layer and the resin.

As explained earlier, regardless of the alloy and adhesive used,
these methods improve both the bonding value and provide
better resistance to degradation.
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Metal Primers
Active monomers, such as those listed in Table 2, have the ability
to react with the surface oxide of non-noble alloys such as Ni-Cr,
Cr-Co, or steel, thereby providing strong and stable adhesion
(Ikemura et al., 2011; Al Bakkar et al., 2016). The MDP seemed to
be the most effective monomer. For example, for Superbond,
metal primer is a liquid (MMA monomer +5% 4-META)
activated by TBB, with a significantly improved bonding value.

Because noble alloy surfaces have little or no oxide, the primer
based on acid monomers will be ineffective. Similarly, adhesives
based on 4-META, 10-MDP have poor adhesion to precious
alloys. The adhesion can be improved by applying specific
primers.

These are based on a coupling agent using bifunctional
monomers. The bifunctional monomer has methacrylic groups
at one end and thiol groups (-SH) at the other end. On the sanded
metal surface, the sulfide group (S2−) reacts with the noble alloy to
form a strong chemical combination.

It is worth noting that these preparations are developed for
specific types of adhesives and are not always able to withstand
penetration. The metal primer 6- (4-vinylbenzyl-n-propyl)
amino-1,3,5-triazine-2,4-dithione (VBATDT) is suitable for 4-
META resin, but not for conventional methyl-based low-
temperature adhesives. On the contrary, the AMPS monomer
(C7H13NO4S) designed for conventional resin is very poor in
bonding with 4-META resin.

Ultraviolet irradiation (UVI) processing efficiently increases
the bond strength between porcelain and the Ti surface
(Kumasaka et al., 2018). Because of the high strength of noble
alloy surface, the acid monomer will not be effective. It can be
concluded that alloy primer containing both the vinyl-thione
monomer (VBATDT) and hydrophobic phosphate monomer
(MDP) is effective for bonding the Ag-Zn-Sn-In alloy and
pure Ag, Zn, and Sn (Imamura et al., 2018).

For highly translucent zirconia, chemical pre-treatment with
an MDP-containing primer improved bonding efficacy of 4-
META/MMA-TBB resin (Shimizu et al., 2018).

The polymerization kinetics of composites is material
dependent which affects their contraction stress and clinical
performance (Wang et al., 2019).

Ceramic Bonding
Traditional resins have no natural affinity to ceramics because
ceramics are hydrophilic like resins, especially due to surface
hydroxyl groups. By combining the technology with the
application of coupling agents, the film surface can be adhered
with ceramics.

However, improving the mechanical and optical quality of
adhesives and ceramics is very important to improve the
reliability of ceramic bonding.

Therefore, the adhesion of ceramics is controlled by
combining the acid retaining micro-computer retention agent
and the chemical retention agent through the coupling agent
(Blatz et al., 2018). For computer-aided design (CAD)/computer-
aided manufacturing (CAM)-fabricated, high-strength ceramics,
proper pretreatment of the bonding surfaces and application of
primers or composite resins that contain special adhesive

monomers are necessary (Yoshihara et al., 2016; Dapieve
et al., 2020).

Ceramic surface treatment by primer containing monobond
can promote micromechanical interlocking and chemical bonds
for lithium disilicate (Li2O5Si2) (vitroceramique) restorations.

The application of fluorofluoric acid for ceramic will greatly
increase the roughness. In fact, in an enhanced Feldspathic
ceramic with highly heterogeneous structure, the acid will
preferably attack the crystalline phase. Hydrofluoric acid
etching changes the pore pattern, crystal structure, roughness,
and wettability of silica-based glass ceramics (Figure 7)
(Ramakrishnaiah et al., 2016; El-Damanhoury and
Gaintantzopoulou, 2018). Another study proved that the
ceramic primer promoted the fatigue performance of lithium
silicate ceramic (Dapieve et al., 2020; Fonzar et al., 2020).
Phosphoric acid is completely ineffective for ceramic etching,
but it can be used as a cleaning agent.

Some defects of hydrogen fluoride should be noted:

(1) This is a very toxic substance and needs to be handled with
great care.

(2) If the residue is not completely neutralized before bonding,
the residue can spread after the event and cause tissue
damage.

(3) Even in gel form, it tends to burn because it may not bite the
edges, which may have an adverse effect on the sealing of
the edges.

(4) On the other hand, the bite mark beyond the boundary is a
marginal factor of plate maintenance and inflammation.

When the two materials are chemically incompatible, the
cured solution is a coupling agent that has intermediate
properties between the two substrates-silane (SiH4). As a
result, condensation reaction occurs between the silane and
the hydroxyl groups of the substrate on the surface of the
ceramic surface, and the water molecules are released.
Therefore, silane molecules are linked to the ceramic surface
by covalent bonding.

Theoretically, the aim is to provide a monolayer of silane, but
there is actually a gap composed of several silane and oligomer
layers, which are basically connected with ceramic or resin that
may damage the hydrolytic stability of the adhesive bonding. This
method has greatly improved the hydrolytic stability of seals.
Before applying silane, the prosthetic components must be
carefully cleaned with alcohol, acetone, or phosphoric acid.
Some silanes are packed in methyl form, which need acid
activation, and then mixed in two liquids shortly before
application.

MEASUREMENT OF BOND STRENGTH

Among the various methods used to test the bond strength of a
joint, the shear and tensile tests are common. Regardless of the
test used, many variable parameters influence the bond strength,
including the interface geometry (Thoppul et al., 2009), force
loading (Souza et al., 2015), and speed of the test (Abreu et al.,
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2011). This variability, which makes comparison among studies
virtually impossible, may be due to sensitivity to the geometry of
the interface (Thoppul et al., 2009), the loading of the force
(Souza et al., 2015), and the solicitation speed of the test (Abreu
et al., 2011). Additionally, the clinical and laboratory
performances of dental adhesives rarely coincide, because
dental adhesion tests are incapable of separating the effects of
adhesive composition, substrate properties, joint geometry, and
loading type on the measured bond strength (Jancar, 2011).
Therefore, to evaluate the inherent material properties of an
adhesive joint, tests measuring the adherence energy have been
proposed. The concept behind these tests is to initiate and
propagate a crack through the bonded interface in a stable
manner (Bechtle et al., 2010).

The double cantilever beam (DCB) test and the notchless
triangular prism (NTP) are two approaches that may be used to
evaluate the adherence energy of a bonded joint. Theoretically,
the data obtained by these tests are independent of the specimen
geometry and provide a real, characteristic value of the bonding
joints. The mechanics and principles of the DCB test have been
described in detail in a previous study (Blaysat et al., 2015). The
DCB test is a cleavage test that measures the value of Gc, which is
an energy value that reflects the durability of the metal/resin
interface. The DCB method provides valuable insights into how
the microstructure enhances the toughness of the dental
composite (De Souza et al., 2011). The DCB test was recently

successfully applied to evaluate the mode I fracture energy of
hydrated and thermally dehydrated cortical bone tissues of the
young bovine femur, which has a composition similar to that of
human dentine (Kageyama et al., 1987). Moreover, results from
the DCB test have shown a good correlation with clinical findings
(Dastjerdi et al., 2013).

In 1965, Irwin (1958) reported that the stress field around a
sharp crack in a linear-elastic material could be uniquely defined
by the stress intensity factor K, and that fracture occurs when
the value of K exceeds some critical value of the fracture
toughness, Kc. Thus, K is a stress field parameter
i.e., material-independent, whereas KC reflects an inherent
material property. K1C is the critical stress intensity fracture
value for crack growth in the material during mode I. The NTP
was derived from the chevron-notched short rod (CNSR, ASTM
E1304-89) to develop a new method for evaluating the fracture
property of materials. Bubsey detailed the mechanics of the NTP
test in 1982 (Bubsey et al., 1982), and the test was first applied to
dental biomaterials by Ruse in 1996 (Ruse and Feduik, 1996).
The NTP test measures the toughness of the interface in bond
joints (K1C). According to finite element analysis, the K1C
values of poly (methyl methacrylate) obtained by the NTP
correlate well with values obtained by the CNSR (Bubsey
et al., 1982). These results suggest that the NTP test may be
used to determine the fracture mechanics of bulk materials and
adhesive interfaces.

FIGURE 7 | Micrographs of the materials tested after no treatment (NT), hydrofluoric acid etching/Monobond Plus (HFMP) or self-etching ceramic primer
Monobond Etch and Prime (MEP) pretreatment.
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CONCLUSION AND FUTURE PROSPECTS

Though dental bonding system are becoming simplified and more
efficacy, dentists still must followmanufacturer’s direction, adhere to
the correct sequence of steps and observe the proper application
times of each step. Though fewer bottles are needed, dentists should
understand that not all structure is the same and not allmaterial, be it
composite, porcelain, zirconia or metal, can be treated similarly.

It is hoped that more dentists will be able to preserve natural
teeth and update research on bonding materials in the field of
dental bonding in the future. Perhaps the innovative technology
of dental bonding materials will bring great impetus to the field of
dental bonding research.
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