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Abstract

strength; Electronics; Engineering; Medicine

In recent years, the adhesive industry has been improving the properties of its products for the better mechanical, functional, electrical
properties, among others. This is really important to expand its applications market to increasingly specialized fields such as medical, electronics
and engineering. Nanoparticles have become a highly functional additive that greatly improves the parameters mentioned above. The knowledge
of its physicochemical properties as well as its interaction with polymer matrices is of great importance in reinforcing the adhesives with these
particles. Specifically, silicon has been widely used for the synthesis of silicon oxide and silicon carbide nanoparticles, which have had a wide
range of adhesive applications lately. The objective of this review is to lay the foundations of the chemistry of the main types of adhesives, the use
of silicon nanoparticles, as well as their synthesis methods and their advantages in the reinforcement of adhesives and to expose some of the most
significant advances of the improvement of adhesives with silicon in various industrial applications.
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Introduction

Today, there are hundreds of commercial structural
adhesives throughout the world that often differ only in name
or in the formulation of certain additives for their improvement.
The adhesives may be defined as a material which, when applied
to certain surfaces, may adhere and resist separation. This
binding should be capable of producing a high modulus, high
strength, binding bonds and be able to transmit structural stress
but without loss of structural integrity within the design limits.
The set of physic-chemical interactions generated between
the adhesive and the adherent surface is called adhesion [1,2].
However, chemical bonds are not required, if not more Van der
Waals forces and hydrogen bonds since the long chains of the
polymers that form the adhesive have multiple points of contact
with the surfaces to which they are attached. Adhesives have
a small volume compared to glass, metals, wood, paper and
plastics [3,4].

There are many types of classification for adhesives,
being perhaps the most important the physical and chemical
classification. Physically, adhesives can be classified as liquid
adhesives, film adhesives and two-part liquid adhesives.
Chemically, they are classified by the type of polymeric material

used for their manufacture. The five basic chemical compositions
for the synthesis of adhesives are polyurethane, acrylic (reactive,
anaerobic or toughened), cyanoacrylate, epoxy and silicone [1].
In recent years, the use of additives in adhesives of different
types has been studied to improve its mechanical properties and
functionality. The use of nanotechnology has demonstrated the
incorporation of metal nanoparticles as nanofillers to adhesives
such as silicon, aluminum, titanium and zinc oxides, carbide
compounds, boron nitride particles, silicon carbide particles and
mixtures of compounds such as epoxies with silicone. It has been
found that the organic characteristics of the base polymers give
the adhesives characteristics of flexibility and process ability,
but that adding inorganic components improves the properties
of thermo resistance and mechanical strength [5-7].

Also, the use of nanoparticles has advantages over the use
of the classic micro-reinforcements, as they allow thin-layer
bonding lines and therefore reduce the risk of embrittlement
within the body of the adhesive material, improving the adhesive
tensile strength. In the case of silica (Si02) this is the most
abundant compound on earth and there are various types of
artificial silica on the market that differ in their synthetic methods
[5]. Examples are precipitated and pyrogenic silica. With the
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latter, it has been found that by adding them to polyurethane
adhesives the adhesion properties are improved. The pyrogenic
silica present siloxane groups, responsible for the highly inert
character of the silica and silanol groups on its surface, which give
it hydrophilic properties. The pyrogenic silica as an additive of
an adhesive acts as a rheological agent, controlling the viscosity,
thixotropic, and acting as emulsifying agent and sedimentation
control. An example of this is the addition of silica in percentages
less than 2% In rubber-bonded polyurethane adhesives, where
the viscosity increases, which also increases the resistance to
thermal aging [8-10].
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Figure 1: Schematic representation of the interactions between
silica and the soft segments of a polyurethane. As the hydrogen
bonds between the silanol groups of the nanoparticles and the
soft segments are weaker than the interactions between the NH
groups of the hard segments and ester-carbonyl groups, the
phase separation between the two segments and the mobility
of the chains of the PU increases. Image taken from Hassanajili

L et al. [16]. )

Vega et al. [10] used hydrophilic nanosilica treated with
silanes to decrease its silanol group content and treated
polyurethane adhesives containing 10 wt% fumed silica with
different degree of silanization to verify that addition of silica
increases the degree of phase separation between the hard and
soft segments of the PU. As can be seen in Figure 1, this was
due the interaction of the hydrogen groups between the silanol
groups on the silica surface and the soft segments of the polymer,
because the interactions between silanol and carbonyl groups
are weaker than those between NH and ester-carbonyl groups,
increasing the mobility of the chains and improving molecular
ordering. With this, the thermal stability of the polymer was
improved and the decomposition kinetics was decreased. Other
studies have also found that by adding fillers of fumed pyrogenic
nanosilicate (Non-porous synthetic silica obtained by hydrolysis
of SiCl, in a flame of oxygen and hydrogen) of varying degrees
of hydrophilicity to solvent-based polyurethane adhesives, phase
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segregation increases with the degree of hydrophilicity of the
silica through the formation of the hydrogen bonds described
above.

In addition, silica favours phase separation by increasing the
specific surface area of the silica and hence the content of silanol
groups, thus improving the tensile strength, immediate adhesion
to PVC, thermal, rheological, mechanical and adhesion properties
ofthe polyurethanes, at the same time that the elongation atbreak
of the polyurethane decreased by increasing the silanol content
of the nanosilica [9,11-15]. Recent studies have also tested the
effectiveness of silica nanoparticles on the surface of epoxy
composite adhesives, where filler has been able to significantly
increase elastic modulus, fatigue yield, longitudinal compression
strength and longitudinal and transversal tensile strengths [16-
18]. In the present work, we intend to present a review of the
last ten years in the use of silicon nanoparticles as reinforcement
of the main types of adhesives such as polyurethanes, epoxies
and acrylics, as well as their most recent applications in
different industries as in the industry of construction, batteries,
conductive adhesives and biomedical applications.

Polyurethane, epoxy and acrylic Adhesives chemistry

Although there are many chemical forms of adhesive bases,
without considering the additives, the most used are epoxy,
polyurethanes and acrylics. Being the first ones that have a
larger scope of current applications. Each of these types are
characterized by having different components,
synthesis, curing, and physical properties. Also, hybrids of
these types of adhesives, such as epoxy / acrylic or epoxy /
polyurethane, have been used to obtain or improve mainly
mechanical, thermal and optical properties [19,20].

methods of

Polyurethanes
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Figure 2: General reaction of the synthesis of a polyurethane.

Image taken from Wang L [21].
\ J

They are polymers which include a significant number of
urethane groups independently of the composition of the rest of
the molecule. These urethanes in turn are formed by the reaction
of an isocyanate with an active hydrogen compound bound to a
nitrogen atom. In addition to these urethane groups, they may
contain in their chains, aromatic and aliphatic hydrocarbons,
esters, ethers, amides and urea groups. The most important
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reaction of the isocyanates to form adhesives is with alcohols,
wherein the isocyanates react with di- or polyfunctional hydroxyl
compounds. Generally, they are usually polyesters (more
rigid) or polyether’s (more flexible) with terminal hydroxyls.
This reaction occurs at room temperature without the need
for catalysts and the reactivity is higher for primary alcohols,
followed by secondary, tertiary and aromatic alcohols. Figure 2
shows a schematic reaction of the synthesis of polyurethanes.

One thing thatis not desirable in the preparation of adhesives
is the reaction of isocyanates with water, since it forms carbamic
acid, an unstable compound. The isocyanates for the synthesis
of adhesives may be aliphatic or aromatic and some of the most
common are toluene diisocyanate (TDI), 4, 4-diphenylmethane
diisocyanate (MDI), and polymeric MDI. In the case of polyols,
polyether polyols based upon polyoxypropylene polyols are
often the polyols of choice for polyurethane sealants, and
polyesters produced from polyalkylene phthalate or adipates
are preferred because they produce high strength and modulus.
Polyurethanes can be bonded to almost all materials including
glass, plastic, metals and stones. In addition, they have very good
impact resistance and the best resistance to low temperatures of
all the adhesives [9,19-22].

Epoxy’s
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Figure 3: General reaction between an oxirane compound with
an aminated compound to form an epoxy resin. Image taken
from lovu H, et al. [24].
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Are the most common adhesive, formed by the addition
of two dissolutions? The fist dissolution is made of a polymer
containing an oxidant group that forms a cross linking (curing)
between chains when is treated with a nucleophile (resin), and
the other dissolution is formed of a poli aminated compound that
starts the reaction because of it nucleophilic behaviour (hardener
or curative).The hardener can also be an acid, phenol, alcohol or
thiol [23]. This reaction is shown in Figure 3. They have a great
versatility in their formulation due to the great variety of resins
and hardeners available. They can be found from little viscous
liquids to films or pastes. They have the best chemical resistance,
produce few volatiles during curing and have small shrinkage
values. These adhesives can be especially well bonded to metals,
ceramics and most polymers including many thermoplastics
[19]. Both epoxy and polyurethanes can have either single-
part or two-part formulations. The difference lies in the curing
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conditions of the adhesive. The single component adhesives have
a curing process at a fixed temperature condition, whereas in the
two component adhesives the curing is carried out in two stages
with different ambient conditions [19].
Acrylic’s

Acrylic adhesives have several classifications including
anaerobic acrylics, cyanoacrylates and reactive acrylics. The
acrylic structural adhesives are based on acrylate monomers
or more commonly methacrylate to prevent acrylate malodors.
They usually consist of two components. The first is a peroxide
compound which acts as an oxidizing agent, while the second
is an amine or a salt of a metal which acts as a reducing agent.
It reacts with the peroxide compound upon mixing to initiate
the free radical polymerization of the methacrylate monomers.
Benzoyl peroxide and tertiary aromatic amines were the first
compounds used and the most common ones. However, in recent
years many variations have been proposed in the composition of
acrylicadhesives such as the use of chlorosulfonated polyethylene
in a mixture with methacrylate monomers and the use of amine
aldehyde (butyraldehyde-aniline) as activator to start the curing
process. Some of the most important variations in structural
acrylic adhesives include elastomer-based modified methyl
methacrylate adhesives, non-methyl methacrylate adhesives,
and polymer blends as modifiers in methyl methacrylate based
adhesives [19,24-26].

Silicon Nanoparticles

Nanoparticles are microscopic objects with at least one
dimension less than 100 nm and with a large surface area that
offers distinctive size-dependent properties. Due to its broad
scope of applications, publications on the use of nanoparticles
have increased from approximately 50 per year for 2004 to
almost 300 per year by 2012 [27]. Silicon nanoparticles have
been well studied for their easy preparation, well-defined
dimensions and geometries and their functional properties. For
this reason, they present a great variety of applications including
catalysts support, pigments,
(CMP), adhesives and coatings, hybrid composite materials,
humidity sensors, electronic and thermal insulators, polymer
reinforcement, memory devices and biomedical diagnosis [28-
30].

chemo-mechanical polishing

Silicon nanoparticles can exhibit different geometries and
this can greatly influence the interaction with the polymer
because of its different physicochemical properties. For this
reason, the shape of the particles is an extremely important
aspect to consider according to each application. Among the
most important geometries are the spherical nano particles,
short and long nanorods, nanofibers or whiskers, nanosheets
and nanowires. These can vary in size, with particles ranging
from just over 10 nm to some 1000 nm in their wide range of
applications. According to their porosity, they can be classified
into non-porous and mesoporous nanoparticles [31-34]. The
most used in polyurethanes adhesives reinforced with silicon
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nanoparticles is the fumed silica which is usually spherical
and manufactured by high-temperature hydrolysis of silicon
tetrachloride in a flame to produce silanol and siloxane groups
on the silica surface.

The silanol groups are dominant on the hydrophilic fumed
silica surface and may be chemically modified by reaction with
silanes to produce the hydrophobic fumed silica, which has a
similar particle size but a reduced specific surface area and a
reduced silanol group density, compared to the hydrophilic fumed
silica. The improvement in the properties is due to the creation
of hydrogen bonds between the silanol groups on the nano silica
surface and the urethane and/or ester carbonyl groups of the
soft segments in the polyurethane, resulting in phase separation
[35]. On the other hand, for epoxies and acrylics, perhaps the
most widely used method of synthesis of silicon nanoparticles
for applications in adhesives is the sol-gel process or in situ
process, where colloidal precursors are generally used, generally
alkoxides giving rise to a diphasic (gel) consisting of a solid
and a liquid phase, resulting from small particles to continuous
polymer networks.

The remaining liquid is then removed by different methods
such as drying and centrifugation [36]. The most common
precursor in the synthesis of silicon oxide nanoparticles
orthosilicate (TEOS) [37,38].
are also other methods among like solvothermal synthesis,
plasma synthesis, chemical precipitation, chemical vapour
deposition, microemulsion and carbonation under pressure
[27,39]. Nowadays you can find in the industry different types of
nanoparticles with different geometric and size characteristics.
The nanoparticles manufacturing industry is expanding and
some nanoparticles are available in large (tonne) quantities.
While prices are often high, they have come in dread and vary
greatly with the type of nanoparticles as well as with the purity
of the material. For example, in the case of silicon nanoparticles,
they are supplied dispersed to a master batch in epoxy at a price
of $20 per kilogram [40].

istetraethyl However, there

Reinforced adhesives with NPS

For the reinforcement of adhesives, nanoparticles of silicon
oxide (Si0,) or nanoparticles of silicon carbide (SiC) are usually
used [41]. The interfacial interactions between nanoparticles and
polymer-matrix are very importantin the local stress transfer and
determining the quality and properties of the nanocomposites.
Also, particle shape is important in determining the properties
of the nanoparticles-modified materials like stiffness, flow
characteristics, tensile strength and others. The challenge in the
composite fabrication is to provide a sufficiently high tensile
strength. The aggregation and dispersion of the particles are also
important and may also affect the properties [40,42].

Methods of Incorporation

To incorporate the nanoparticles into the adhesives, four
methods are mainly used: dispersion, mixing, sonication and
alignment. The biggest problem that exists at the time of
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modifying the adhesives with nanoparticles is the agglomeration
of these, reducing their performance. The agglomerates are
almost impossible to eliminate once formed. The dispersion
of nanoparticles is also difficult due to its large surface area
and its incompatibility with the polymer matrix, and it is often
necessary to treat the surface prior to dispersion. Because of
these problems, it is common to use combinations of methods
to create these reinforced adhesives. For example, sonication-
mixing or dispersion-sonication. Thus, agglomerates are
avoided, but it is important to note that the combination of these
techniques could also damage the particles if the appropriate
parameters are not applied [40].

What Properties Improve Silicon Nanoparticles on
Adhesives?

Basically, there are six parameters that can be improved or
modified with the addition of nanoparticles to polymer matrices.
Firstand perhaps the most important: the mechanical properties
of the new material. By adding some rigid material of any size,
such as silicon nanoparticles, the polymer module increases,
and the increase being proportional to the size of the particles.
Another parameter is the functional properties, especially the
increase of the glass transition temperature. Studies conclude
that this increase is due to the interaction between the particles
and the polymer, which locally changes the properties of the
polymer network. An example is the research by Bugnicourt et
al. [43]. They reported that Tg increased from 160 °C up to 180 °C
for an amine-cured epoxy modified by silica nanoparticles. They
also noted that the poorer the dispersion, the lower the impact of
the addition of silica on the magnitude of the Tg [40,43].

The electrical properties are the third important parameter
that nanoparticles vary in the adhesives. These tend to increase
conductivity and many layered silicates in epoxy resin improves
the surface discharge endurance of the polymer considerably,
increasing the time before electrical breakdown occurs [44].
The resistance to the fracture is also benefited with the addition
of nanoparticles, being this greater among the smaller the
particles. In the case of silicon nanoparticles, studies have
reported a double or higher increase in fracture toughness (Kc)
and fracture energy (Gc) of epoxy resins with silica percentages
of 10%. Fatigue performance is also enhanced by the addition of
nanoparticles. Finally, the peel and lap shear performance is also
influenced by nanoparticles. It has been seen that with additions
of 50% silica the peel force is increased by 40% [45-47].

Figure 4 shows an example of silicon nano-reinforced
polyurethanes taken from a study by Vega et al. [12]. This figure
4 shows some of the results discussed above as the variation in
Tg, the storage and loss modulus, the tensile strength, elongation
at break and peel strength for adhesives with four different
percentages of nanosilica. Also, studies have revealed that by
adding nano silicon particles to polyurethanes with the same NCO
/ OH ratio, the glass transition temperature, the crystallization
temperature and the melting temperature are decreased, while
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the crystallization notch is significantly increased. These results
are given because when there is no addition of silica, the phase
separation increases with increasing NCO / OH ratio due to
repulsion between the polar hard segments and the nonpolar

polyol chains. However, with the addition of hydrophilic silica,
the degree of separation is further enhanced by the interaction
between the silanol groups and the polymer by hydrogen bridges
[48].
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Applications of Silicon Reinforced Adhesives

Adhesive technology has been of great importance in the
construction industry, paints, electronics, footwear and textiles,
automobiles, food, among others. The improvement of adhesives
with silicon loads has allowed improving many products in the
last 10 years. Some of the most recent applications are discussed
below.

Conductive Materials and Electronic Field

Conductive adhesives are widely used in electronic packaging,
one of the most important parts of the modern electronics
industry. It has been wanted to replace the alloys welds with
heat-sealable adhesives because of their good electrical
conductivity, low cost and advantages for the environment.
A group of researchers from the Institute of Nuclear and New
Energy Technology in Beijing used nanoparticles of 50 nm silicon
oxide as an additive to a silane-modified copper conductive
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adhesive consisting of an epoxy matrix with DDM and MPDA as
curing agents. Although copper conductive adhesives have good
electrical conductivity and high adhesion strength, copper tends
to form a non-conducting oxide surface layer.

These researchers modified the copper powder with silanol
to avoid this oxidation and improve the conductivity. As can
be seen in Figure 5, with the addition of silane to the copper
powder the agglomeration in the epoxy matrix was decreased
and there was a better dispersion thanks to the bonds between
the hydrolysable groups of the silanol and the polar groups of
the copper. Also, the R groups of the silanol can form strong
bonds with the epoxy matrix. Addition of silicon nanoparticles
strengthened the samples to a pressure of 25 MPa with a Si0,/
epoxy ratio of 3: 100, as can be seen in Figure 6. However, with
a higher content of nanoparticles the strength of the material
began to decrease. It was concluded that the adhesion strength
of the conductive adhesive could be increased by 30% and it was
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verified that when the material is impacted, the nanoparticles
can disperse the stress and prevent the crack diffusion [49].

Figure 5: SEM micrograph of copper powder, (a) raw copper
powder and (b) modified copper poder. Image taken from Zhao,

H et al. [24].
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Figure 6: Thermal analysis curve of conductive adhesive for
SiO2 nanoparticles content on the adhesive strength. Image
taken from Zhao H et al [49].

. J
e N
| L]
' 3 w- BN
ALl e Sic|
5 30’4
B oy
5 21x10”
7 ]
g i
2 L1074
] - it |
10sio® == Bl ST e - L)
i 1 2 3 4 5

wis of nanoparticle

Figure 7: Electrical resistivity vs. the contents of SiC or BN
nanoparticles in ICAs with a total silver loading of 75wt% by

weight. Image taken from Lai H et al [50].
\ J

Other more recent research has used boron nitride and
silicon carbide nanoparticles to compare their effectiveness
in the electrical resistivity and thermal conductivity of
isotropic conductive adhesives (ICAs) also composed of an
epoxy matrix and silver flakes as the conductive filler. In this
case, the nanoparticles were 100 nm and added at different
concentrations. The results showed that the content of boron
nitride nanoparticles had no effect on electrical resistivity but
silicon carbide nanoparticles did increase this parameter in
concentrations between 3 and 5%, as can be seen in Figure 7.
In addition, it was verified that the thermal conductivity of the
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adhesives with nanoparticles of SiC is greater than that of the
nanoparticles of BN and that this increases with the increase of
the concentration of nanoparticles, if it is below a concentration
of 3% [50].

Engineering Field and Construction

Another wide application of the adhesives relies on the
engineering area as adhesion joints to replace the seals and
mechanical seals, reducing prices, reducing stress, low weight,
less processing and greater environmental resistance and fatigue.
The main problem presented by the adhesive adhesives are their
poor mechanical properties since they are generally weaker than
the pieces that must be joined, which invade hard and resistant
materials because of their industrial application [51,52]. For
example, the resistance of hybrid acrylic/silicon adhesives with
substrates such as wood, aluminum and propylene glycol has
been analyzed and it was concluded that the shear strength
of the joints was improved with the nanoparticles, which was
attributed to the change in the failure mode of a failure at the
interfaces in the acrylic adhesive only to a slip failure in the
hybrid adhesive [47].

Another study by Chavooshian et al. [41] used silicon carbide
nanoparticles of 20 to 30 nm diameter in two-part structural
acrylic adhesives to improve the adhesion strength of steel-glass
/ epoxy composite joints. They observed that in a range of 0 -1.5
wt% they were incremental in 22 and 26% the shear strength
and the tensile strength, respectively. This is due to the efficient
stress transfer between nanoparticles and polymer matrix,
where the local stress can be more easily transferred onto the
joined particles, which leads to a larger local plastic deformation
of the matrix. The result is a higher joint strength when the
particles are in intimate contact with the polymer matrix. At
concentrations, greater than 1.5 wt% the shear and tensile
strength started to decrease because the nano silicon carbide
particles fully fill the gaps and porosities and all the contact
points are established, further addition of nanoparticles cannot
interact effectively within the acrylic adhesive and consequently
Poor matrix infiltration occurs. Also with high amounts of
nanoparticles, the adhesive viscosity increases enough to cause
a non-uniform distribution of the particles within the adhesive
matrix [41].

The other important result was the decrease of the peel
strength with the addition of nanoparticles caused by a reduction
in the mobility of the polymer chains and an increase in the Tg.
The increase of Tg is due to a strong interfacial bonding between
the organic polymer matrix and silicon carbide nanoparticles.
The silicon carbide nanoparticles that strongly interact with
the polymeric network can restrict the segmental motion of the
polymeric chains effectively. Figure 8 shows de principals results
of this study. Also, experiments have been conducted with the
addition of silicon nanoparticles to epoxy adhesives to be used
in titanium bonding for aerospace applications. A group of
researchers of Netherlands and Canada developed an adhesive

How to cite this article: Natalia C C, Jose RV B, Yendry C U. Basis and Applications of Silicon Reinforced Adhesives. Organic & Medicinal Chem I1J. 2018;


http://dx.doi.org/10.19080/omcij.2018.05.555654

Organic and Medicinal Chemistry International Journal

based on 10 per cent silicate nanoparticles dispersed in an ultra-
high temperature-resistant epoxy. Titanium joints made with

this adhesive were subjected to cryogenic (-196°C) and elevated
temperatures (+300°C) for 100h.
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taken from Chavooshian et al [41].
\ J

Despite exposure to these extreme conditions, the joint
retained 95 per cent of its ambient temperature strength. A
significant increase in the shear strength of the joints was
observed. Titanium is widely used in aerospace applications
such as solid rocket booster cases, guidance control pressure
vessels and a wide variety of applications requiring lightweight
and reliability. This is desired due to the exceptional strength
and high resistance to elevated temperatures and corrosion
[53,54]. Likewise, silicon nanoparticles have been used as filler
in acrylic adhesives to improve the adhesion of steel with a glass
/ epoxy composite. The results showed a remarkable increase in
the shear and tensile strength of the composite joints. With the
increase of silica content from 0 to 1.5%, the shear and butt-joint
tensile strength increased from 22.6 to 29.2 MPa (29%) and 27
to 35 MPa (30%), respectively.

By increasing the silica content, the glass transition
temperature (Tg) values of the nanocomposites also increased
noticeably due to the strong interfacial interactions between
the organic polymer matrix and silica nanoparticles. Also,
the addition of silica nanoparticles effectively improves the
interfacial wettability and chemical compatibility of acrylic
adhesive with steel and glass / epoxy substrates, increasing
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shear and tensile strength of joints [52]. Another application that
has been optimized with the use of silicon nanoparticles are the
protective varnishes since the adhesion strength and the heat
tolerance of the varnish depends on the adhesive properties.
Epoxy adhesives were used with nanocomposites of epoxy/
montmorillonite and mixed with 1200 mesh silicon carbide
nanoparticles by different weight-nanoparticle ratios and the
nanoparticles were found to be evenly dispersed in the adhesive
and no agglomeration was seen.

The conductive activity of the varnish was thanks to the
nanoparticles. In addition, because of its small size and large
surface area and dispersion, the bond strength to the matrix
increases significantly by improving stress transfer and improves
the macroscopic properties of the material [55]. Polyurethanes
have also been modified with silicon and alumina nanoparticles
to improve abrasion, scratch, UV and solvent resistance, thermal
stability, and other mechanical properties in protective varnishes
of wood products based on UV cured nanocomposites [56]. UV-
waterborne technology presents a faster polymerization process
without VOCs emission. Also, the use of water as unique solvent
reduces the viscosity of coating formulations and allows it use
and spray applications in more ecological and safe conditions.
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Likewise, UV-cured coatings have very good chemical and
heat resistance and waterborne coatings give better adhesion
particularly on wood.

However, two of the disadvantages are the need for pre-
drying to eliminate water and poor wetting. It has been seen
that for complete UV curing strict temperature control and high
humidity are required [57,58].

In this regard, Sow et al. [59] reinforced UV cured
polyurethane-acrylate composites with silicon nanoparticles
of 12nm modified with methacryloxypropryltrimethoxysilane
(MEMO) groups [59]. It was observed that, although TEM
demonstrated that nanoparticles dispersion in UV-cured coatings
was not efficient, as aggregates larger than nanometre size was
present, there was a clear improvement of scratch resistance and
aggregates did not affect the adhesion between UV-waterborne
coatings and Sugar maple samples. Also, the efficiency of
the modification of the surface of the nanoparticles was
demonstrated. With this the amount and size of the aggregates
were decreased and the reactive groups of the acrylates were
increased. It was generally observed that the implementation of
silica improves mechanical, optical and thermal properties to a
greater extent than reinforcement with alumina [59].

Medical Field

In medical industrial adhesives are also widely used. In
dentistry, different percentages of Si0,-BaO fillers were used
which were silanized with silica from organosilane-methacry
loxypropyltrimethoxysilane as coupling agent. The grains had
a size of d50 / d99 = 180/500 nm and irregular shape. The
results showed that the incorporation of nanoparticles fillers in
a particular self-etching monomer mixture has the potential to
promote the strengthening of the adhesive resin and the adhesive
interface, with improvements to the degree of conversion and
polymerization efficacy. As drawbacks, fillers may substantially
increase the viscosity of the resin and expedite water sorption
into the adhesive layer and the elution of solubilized components.
This is important in dental industry because these methacrylic
adhesives are exposed to very high stresses and to the absorption
of fluids. So far, these adhesives fail is a short or medium term.

Therefore, the addition of silicon fillers can help to prolong
their useful life by improving their mechanical properties and
thus their healing properties [60]. Also in the medical field, one
of the most promising advances in recent years is the study of
the addition of silicon nano particles to hydrogels to join them.
Generally, the union of polymers with polymers is difficult and
requires of chemical methods, heating, and changes of pH,
ultraviolet radiation or electric fields. Many medical applications
and emerging technologies such as the area of surgery, tissue
engineering and micro fluidics would benefit greatly from
this innovation [61]. In this regard used solutions of silicon
nanoparticles of different sizes that adhered to poly (dimethyl
acrylamide) (PDMA) hydrogels.
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Itwas observed thatthelarger the particle size in solution, the
greater the adhesion force. The particles are ashier to the surface
of the hydrogel, whereby the surface of the particles must exhibit
affinity for the polymer chains. Thus, in the adhesive layer, the
particles act as connectors between the gel pieces, while the gel
chains act as bridges between the particles. Nanoparticles retard
failure and ensure good adhesion because the energy dissipated
by the desorption effort is much greater than the energy gain that
is obtained from the absorption of the monomers to the surface
of the nanoparticles. In addition, when a piece of the modified
hydrogel was immersed in water, it was subjected to a fivefold
volume increase without failure. This is extremely useful since
in medicine it is worked in fluids, so that with these modified
adhesives biological and synthetic hydrogels and biological
tissues can be joined without significantly affecting the rigidity
or permeability of the whole. In the case of biological tissues, a
calfliver test was also performed, where one piece was dispersed
on the 60uL surface of the nanoparticles solution and pressed for
a few seconds against another untreated piece.

It was observed that both pieces adhered strongly and
could be manipulated with ease [61]. The basis of this method
can be seen schematically in Figure 9, where network chains
are adsorbed on nanoparticles and anchor particles to gel
pieces. Particles act as connectors between gel surfaces and
adsorbed chains also form bridges between particles. Also,
Particle adsorption is irreversible and, in equilibrium, strands
can be replaced by a monomer belonging to the same or a
different network strand, allowing for large deformations and
energy dissipation under stress. One type of adhesive that has
application in the medical, electronic, automotive, construction,
among others, are pressure sensitive adhesives (PSAs), generally
acrylic because of their resistance to oxidation and transparency
when exposed to the sun. These are semi-solid materials with
viscoelastic properties and adhesion on solid substrates after a

small pressure is applied for a very short period.
e N

Figure 9: Gluing gels by nanoparticle solutions. (a) Schematic
illustration. The nanoparticle diameter is comparable with the gel
network mesh size. (b) Particle adsorption is irreversible. black
arrows) indicates equilibrium or under tension. Strands can be
replaced by a monomer belonging to the same or a different
network strand. Image taken from Rose S et al [61].
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As these adhesives generally have no cross linking, but
their polymer chains are connected by reversible hydrogen
bonds, which interact with the carboxyl groups, have a low
thermal stability. Pang et al. [62] Modified the surface of fumed
silica powder of a size of approximately 5 to 15 nm withy-
Methacryloxypropyl trimethoxysilane (MPS) so that they had
vinyl groups on their surface and thus, with the presence of
double carbon bonds, UV curing with acrylic copolymers were
possible. Also, Glycidyl methacrylate (GMA) with a reactive
vinyl group was employed to modify the acrylic copolymer to
have UV curable sites. The results showed that the modified
nanoparticles were much better dispersed in the polymer matrix
than the unmodified ones.

In addition, the thermal stability, both in terms of degradation
temperature and residue weight, gradually improved with the
increase in the modified silica content due to the greater bond
strength between the particles and the PSA matrix. Also, the glass
transition temperature and the storage modulus were increased
due to the strong and extensive interfacial bonds between the
organic polymer matrix and the nanoparticles. Something that
decreased was the peeling strength of the composite with the
increase of the amount of silica and the UV dose due to the
great restriction in the mobility of the polymer chains due to the
cross-linking [62]. Because of the characteristics of this modified
material, the authors propose that it would be of great use in
future applications of thin wafer manufacture [62].
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Figure 10: TGA curves of acrylic copolymer/modified silica
composite PSAs crosslinked with UV dose of 2000 mJ/cm2: (a)
under heating at 10 <C/min from 25 to 500 -C and (b) keeping at
250 <C for 120 min. Image taken from Pang et al [62].
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In Figure 10 the TGA curves of acrylic copolymer / silica
composite PSAs cross linked can be observed. Also, Figure 11
shows the peel strength of acrylic copolymer / silica composite
PSAs with variation of silica content and UV dose. Likewise, in
Figure 12 the DMA thermo grams of various UV-cured acrylic
copolymer / silica composite PSAs can be observed. The glass-
transition temperature (Tg) region is generally identified as a
strong decrease in G *.
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Figure 11: Variations in peel strength of acrylic copolymer/silica
composite PSAs as a function of content of modified silica and

UV dose. Image taken from Pang et al [62].
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Improvement of Natural Adhesives

The case for the improvement of natural adhesives with
silicon nanoparticles is not out of the question. Natural sources
of adhesives have been studied in recent years, including starch.
It is cheap and renewable from many plants. Applications that
have been used include binders, sizing materials, glues and
pastes. As has generally been found to lack the ability to glue
wood, Wang et al. Used 20 nm diameter silicon nanoparticles into
vinyl acetate (VAc) grafted waxy corn starch to produce SiO,/
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starch-based wood adhesive. They examined the bond strength
and water resistance of the adhesive and observed a improved
bonding strength and water resistance of the adhesive. The shear
strength of adhesives in both dry and wet state increased with
increasing silica nanoparticles content. The starch-based wood
adhesive with 10% silica nanoparticles (w / w) was found to
have the best shear strengths of 5.12 MPa in the dry state and
2.98 MPa in the wet state [62].

Future Perspectives and Conclusion

The adhesive industry is increasing day by day, penetrating
new fields more functionalized. With this, there is a requirement
in the improvement of many of the properties of these materials.
Nano particles have become highly useful fillers in this type of
material by not only improving their mechanical properties
and the modulus of the polymer, but also providing improved
electrical and functional properties, toughness, peel strength and
rupture, among others. One of the main advantages of silicon,
besides being extremely abundant in the earth, is the great
number of methods of synthesis of nanoparticles, with many
geometrical and functional possibilities and with the capacity of
modifying its surface to adapt to the conditions of the polymer
to be reinforced. One application that is gaining a lot of boom is
the replacement of synthetic polymers by natural polymers that
serve as adhesives like starch or even compounds present in the
geckos’ legs.

Although there is not much research on these new materials
functionalized with silicon nanoparticles, it is a very promising
improvement to improve the properties of these compounds
with great potential of biomaterials. Also, combining silicon
nanoparticles with other nanoparticles to form synergies would
be an excellent option to reduce volumetric fractions. Likewise,
the use of nanoparticles in composites is promising as these are
small enough to flow between the fibres. Increased application
of nanoparticles in
increased availability and reduced costs are a great opportunity
to continue research in this branch of nanotechnology to solve
many of the problems that even Remain in the performance of
many adhesives. These investigations and the application of
new methods and improvement of new properties would help to
prolong the useful life and efficiency of these products, as well as
the penetration in new areas of the industry.

structural adhesive reinforcements,
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