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UV-curable systems, Significance and use
Radiation curable coatings and materials solidify by reactions initiated by radiation rather than heat
initiated polymerization, solvent evaporation or oxidation. These systems can be stored indefinitely
stable and safe in the absence of radiation, and curing reactions occurs on exposure to radiation at
ambient temperature [1, 2].
Photopolymerization reactions are commonly characterized by low electrical power input and
energy requirements, low temperature operation and no volatile organic compounds release
(solvent-free systems) and so the photopolymerization reaction is presented as belonging to a
green technology [3]. Radiation cure technology is used in an increasing number of industrial
applications because of the remarkable advantages of the process such as ultrafast curing of
system and variety of ingredient in their formulations result in wide range of applications. This
technology has found its main markets in the graphic arts, microlithography [4-6] and surface
treatment of materials with protective coatings [7].
Radiation curable coatings and materials can be classified into two main categories base on the
type of radiation: (1) UV-curable materials and (2) EB (Electron beam) curable materials. In UVcurable systems the photon absorption of UV-visible electromagnetic radiation initiates the curing
reactions where in EB cure systems the high energy electrons play the role of excitation [3].
"UV-Curing" is based on the principle of photoamorced polymerizations, the conversion of a liquid
resin into an insoluble polymer material under the irradiation of a light source (in this case, the
ultra-violet radiation).
UV-curing is consisting of two classes of reactions: free radical polymerization and cationic-initiated
chain-growth polymerization.
Acrylate monomers are highly reactive and so are the most widely used in UV curing formulations
as well as acrylated oligomers.

Chain growth polymerization
Chain growth and step growth polymerization are proceeds by a distinctly different mechanism. In
chain growth polymerization, a reactive center produced, such as a radical, an anion or cation, adds
many monomer units in a chain reaction and grows rapidly to immediate formation of a highmolecular weight polymer [8].
The monomer concentration decreases as the reaction proceeds and the overall percent
conversion of monomer to polymer increases with time. At any time the reaction mixture contains
monomer, polymer and growing chains. During the polymerization the molecular weight of the
polymer remains relatively unchanged.
For a step growth polymerization the situation is different and any two molecular species present
can react, whereas only monomer and propagating chains can react with each other in chain
polymerization [8].
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Kinetics and chemistry of photopolymerization
Initiation reactions
Radically photoinitiated polymerization is usually applied to a chain process that is initiated by light
and both the initiating species and the growing chain ends are radicals (Scheme 1) [9].

SCHEME 1
Radically photoinitiated polymerization

Although it gives the name to the whole process, the role that light plays in photopolymerization is
restricted to the very first step, namely the absorption and generation of initiating species. A
photoinitiator or photoinitiator system is defined as a molecule or combinations of molecules that,
upon absorption of light, initiate the polymerization. Photoinitiators for radical polymerization are
classified as α-cleavage initiator (via photofragmentation process, type I) and H-abstraction type
(type II) initiators [2, 9].
From the point of view of elementary reaction steps, free radical cross-linking polymerization does
not differ from the linear polymerization of monovinyl compounds and involves initiation,
propagation, chain transfer and termination. The rate of photochemical initiation is given by [2, 8]
R = 2ϕI

1-1

Where I
is the intensity of absorbed light in moles (called Einsteins in photochemistry) of light
quanta per liter-second and ϕ is the number of propagating chains initiated per light photon
absorbed. ϕ is referred to as the quantum yield for initiation. The factor of 2 in Eq. 1-1 is used to
indicate that two radicals are produced per molecule undergoing photolysis. The factor of 2 is not
used for those initiating systems that yield only one radical instead of two. Thus the maximum
value of ϕ is 1 for all photoinitiating systems. ϕ is synonymous with f in that both describe the
efficiency of radicals in initiating polymerization. The classical equation for the polymerization rate
is [2, 8]
R
R = k [M]( )
2k

⁄

1-2
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Where [M] is the concentration of functional groups, R initiation rate and k and k are the
propagation and termination rate coefficients, respectively. An expression for the polymerization
rate is obtained by substitution of Eq 1-1 into Eq 1-2 [2, 8]
ϕI
R = k [M](
k

)

⁄

The absorbed light intensity I
form [8]
I = I −I e

[

]

1-3
is obtained from a consideration of the Beer–Lambert law in the

1-4

Where I is the incident light intensity at the outer surface of the reaction system and I is the
intensity of absorbed light on a layer at a distance D (cm) into the reaction system. [PI] is the molar
concentration of light-absorbing photoinitiator and α is the absorption coefficient of PI and varies
with wavelength and temperature [8].
Photocuring process is characterized by autoacceleration-autodeceleration behavior and the
determination of actual rate coefficients is very difficult duo to the very early onset of
autoacceleration. Although a number of researches estimated the polymerization rate coefficients,
the calculated values were not the actual rate coefficients and may be considered as composite
values for several processes contributing to propagation and termination. However these
measurements reflect the overall suppression of all rate processes during cross-linking of matrix.
The determination of rate coefficients for photo-crosslinking systems is depends mainly of the
kinetic model describing the polymerization behavior [2].
The main models describing the photopolymerization are partly integrated model, fully integrated
model and auto-catalytic model [2, 10].
The partly integrated model was first introduced by Tryson and Schultz [11] in 1979. This model
assumes that the only termination mechanism is the reaction between two macroradical, namely
bimolecular termination. The experimental procedure is based on dark polymerization so that the
polymerization initiates by irradiation following by cutting off the light at a known degree of
conversion, and monitoring the reaction in dark (post-effect) [2, 11]. Another model of dark
polymerization assumes that the only means of termination is radical trappings. This type of dark
polymerization model was introduced by Batch and Macosko [12] for describing the polymerization
of vinyl ester resin [2].
In the photopolymerization of acrylates, the usual interaction of polymer radicals (bimolecular
termination) and radical trapping (monomolecular termination) occur in parallel. Fully integrated
models provide three termination model describing polymerization in the dark. These models are
more accurate and require the knowledge of the degree of conversion in the dark as a function of
time. Fully integrated models were first introduced by Timpe and Strehmel in 1991 [2].
Photopolymerization reactions kinetically resemble an autocatalytic reaction. During cross-linking,
restricted diffusion of reactive species cause the increase in the polymerization rate. As a result, the
shape of reaction rate vs. conversion rate for photopolymerization process is the same as that for
autocatalytic reactions. Usually an autocatalytic effect is due to some intermediate species that can
accelerate the reaction. Reactions of these types are often described by the Kamal model. When
the initial rate of reaction is considerable, the expression becomes: [2, 13]
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UV-curable composites
Composite materials are emerged in the middle of the 20th century as a promising class of
engineering materials providing new prospects for modern technology. Generally speaking any
material consisting of two or more components with different properties and distinct boundaries
between the components can be referred to as a composite material. Moreover, the idea of
combining several components to produce a material with properties that are not attainable with
the individual components has been used by man for thousands of years. Such materials offer
advantages over conventional isotropic structural materials such as steel, aluminum or unfilled
polymers. These advantages include high strength, low weight, good fatigue, corrosion resistance
and also desirable optical properties and appearance. As it may obvious, composites are composed
of two phases: one phase is somewhat continues which is called matrix and fillers and fibers that
are dispersed through the matrix known as dispersed phase. The excellent properties of
composites are achieved by the favourable characteristics of the two major constituents namely
matrix and filler/fiber. [14]
We can classify existing composite materials (composites) into two main groups. The first group of
composite materials are called “reinforced materials”. The basic components of these materials
(sometimes referred to as “advanced composites”) are long and thin fibers possessing high
strength and stiffness. The fibers are bound with a matrix material whose volume fraction in a
composite is usually less than 50%. The main properties of advanced composites due to which
these materials find a wide application in engineering are governed by fibers. This group of
composites is not touched on in the book.
The second group comprises composites that are known as “filled materials”. The main feature of
these materials is the existence of some basic or matrix material whose properties are improved by
filling it with some particles. Usually the matrix volume fraction is more than 50% in such materials,
and material properties, being naturally modified by the fillers, are governed mainly by the matrix.
As a rule, filled materials can be treated as homogeneous and isotropic, i.e., traditional models of
Mechanics of Materials developed for metals and other conventional materials can be used to
describe their behavior. [15]
UV-Curable composites have the advantages of both UV-curable systems and composite materials
[16]. As a result, they have been considered extensively in industries of coatings, inks, adhesives
and printing. Most of the works done on radiation curing nanocomposites have been based on
nanosilica [17, 18] and nanoclay. Preparing coatings with high scratch and mar resistance are
examples of these materials [19]. Filled composites themselves can also be classified as
nanocomposites and microcomposites regarding the size of the fillers that are incorporated into
them. If the moieties blended on molecular extent –which is probable in nanocomposites- the
nanocomposite can be counted as hybrid material [20].
Assuming the preparation methods, filled composites can be divided into two categories: 1composites that the particles are directly incorporated into them. 2- Composites that instead of
incorporating particles directly into them, a precursor is incorporated and the particles are
produced in-situ. Assuming the preparation methods, filled composites can be divided into two
categories: 1-composites that the particles are directly incorporated into them. 2- Composites that
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instead of incorporating particles directly into them, a precursor is incorporated and the particles
are produced in-situ.

Preparation of UV-curable composites
Composites can be prepared by various methods including blending or in-situ polymerization. The
blending method can be done either by melting if the ingredients bear the blending temperature
that is above the melting temperature of the polymer or by solution, if an appropriate solvent is
available. Irrespective of preparation method, the good compatibility between ingredients is
necessary to make a homogenous polymer composite. In order to enhance the compatibility of the
system, appropriate blending condition can be used. Many researches have accomplished
preparation of composites by adjusting the temperature profile and mixing speed or by treatment
of disperse or continuous phase.
In-situ method
In this method, particles are introduced into the organic matrix or liquid monomer solution and the
formation of composite occur by polymerization of continuous phase which can be initiated by UV
irradiation. The in-situ formation of inorganic phase through the sol-gel process can also occur
simultaneously in the system. In this way, an inorganic constituent or precursor, along with solvent
and a calculated amount of water, are mixed into the organic phase. In the sol-gel process, silanol
groups are condensed to form a network, and ultimately an inorganic amorphous network is
created from the solution phase. During these reactions, a transition state from colloidal (liquid) to
an irreversible gel (solid) is expected. The in-situ polymerization is shown in Figure 6.1.

FIGURE 6.1
Block diagram of UV-curable composite preparation via in-situ method
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Solution blending method
Solution blending method is a suitable method for the polymer and monomers that are soluble.
First the inorganic phase is dispersed in a suitable solvent and when the solutions of organic and
inorganic phases are mixed, particles are well-dispersed in the system. Composite is prepared after
solvent evaporation and upon irradiation of UV. Typical UV-curable systems are normally low
viscosity and solvent free. In addition, the residual solvent in the system causes the final conversion
to decrease. Thus, using of solvent in the organic phase for the preparation of UV-curable
composites is not usual. Figure 6.2 shows the block diagram for the solvent blending method for
the preparation of UV-curable composites.

FIGURE 6.2
Block diagram of UV-curable composite preparation via solution blending method

Melt intercalation method
The melt intercalation technique is the most efficient method for some nanocomposites and is
quite compatible with the industrial instruments. In this method, polymer and modified filler
mixture are blended in the molten state under shear using extruders. UV-curable materials are
chemically reactive and should be protected from radiation, thermal shocks and mechanical
tension. In addition, this technique can be used only for thermoplastic polymer matrices and thus
could not be used for preparation of UV-curable composites.

Difficulties in composite preparation
Many researchers have focused on composites preparation of varies types for several application
and faced mainly lack of good dispersion and low mechanical properties in their works. The physical
dispersion methods generally included ultrasonication, ball milling grinding and high speed
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shearing. One of the primary reasons for adding inorganic fillers to polymers is to improve
mechanical performance. The main requirements for effective reinforcement are large aspect ratio
for maximum load transfer and uniform dispersion. The mechanical properties of composites can
also be affected by interface behavior. In other words, the major requirement for polymers
composites is to optimize the balance between the strength and the toughness as much as
possible. So, the interaction of fillers is crucial in optimizing the properties of the polymer
composite.
Weak interfacial bonding, bad dispersion and degradation of fillers may also cause low mechanical
properties of composites. To overcome the problem of insufficient dispersion, surface modification
of the filler can be used. Inorganic fillers are typically hydrophilic and do not disperse easily within
hydrophobic polymeric materials.
Surfactants are materials that when added to a liquid at low concentration change the surface or
interface properties. By using surfactants, the nature of the fillers can be changed and improved
dispersion can be achieved.
A variety of coupling agents including silanes, titanates and zirconates have been used to enhance
the bonding between fillers and polymer matrices. Precursors that are often used in radiation
curing systems are selected based on the type of oligomers used in formulation and typically
include Vinyltrimethoxysilane (VTMS) and 3-methacryloxypropyl trimethoxy silane (MPS) [21]. In
order to increase functionality of the sol-gel process and the fractalinity of the inorganic phase,
these inorganic precursors are usually mixed with tetraethoxysilane (TEOS) [17, 22]. In such cases,
TEOS is referred to as a network forming agent and MPS or VTMS is referred to as the networkmodifying agent.
Such modification, either physical or chemical, also prevents sedimentation and agglomeration as
well as impacting rheological properties.

Properties of UV-cured composites
There are many reasons for using composite materials rather than the simpler homogenous
polymers. Some of these reasons are:








Increased stiffness, strength and dimensional stability
Increased toughness and impact strength
Increased heat distortion temperature
Increased mechanical damping
Increased permeability to gasses and liquids
Enhanced electrical properties
Reduced cost

Not all of these desirable features are found in any single composite. The advantages that
composite materials have to offer must be balanced against their undesirable properties, which
include difficult fabrication techniques as well as a reduction in some physical and mechanical
properties. It must be noted that one of the undesirable effects which especially related to UV
curable composites is that the particles that refract, reflect or absorb UV radiation, highly affect the
curing. The particles and moieties that have high refraction index or absorption coefficient at the
curing wavelength of UV curable matrix prevent large part of the UV radiations to reach the photo-
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initiator. In this case, raising the curing time, reducing the load of dispersed phase, reducing
thickness of coating film and also using dual curing process (combining radiation curing and another
curing process such as redox) can be helpful. Generally, Properties of composite materials are
determined by the:





Properties of components
Shape and size of the dispersed phase
Morphology of the system
Nature of the interface between the phases [23]

The effect of component properties on the composite properties
As it was mentioned before, composite materials consist of two or more components with different
properties and distinct boundaries. The final properties of the composite is not obtainable with any
of the distinct components but is highly influenced by their components properties.
Mechanical properties. Generally, incorporating hard particles into a soft matrix, improves its
stiffness and strength. Usually in inorganic-organic composite materials, the organic component
accounts for flexibility of the composites whereas the inorganic component is responsible for
hardness and mechanical impact resistance. In an investigation it was shown that introducing hard
inorganic oxides such as Al2O3, SiO2, zirconia ZrO2 and even TiO2 with Mohs’s hardness
parameters of 9, 7, 7 and 6 respectively into an acrylate UV curable system, can significantly
improves Hardness and abrasion resistance of the coating [24]. Now a days, alumina and silica are
the main candidates to be used to enhance the hardness and abrasion resistance of UV-curable
coating systems on an industrial scale. This way hard nature of inorganic oxide particles improves
the hardness of composite. It can be done by in-situ formation of nano particles instead of
incorporating them directly into the coating. In an investigation, the hardness of acrylate UV
curable coating system was improved governing in-situ formed nanosilica particles [25]. In another
work, mechanical, rheological and tribological properties of UV curable urethane/acrylate systems
were improved using nano silica emulsion that was synthesised from tetraethylortosilicate (TEOS)
via sol-gel process. Three different UV curable resin systems have developed this way. In all of
them, tensile strength was improved by increasing the amount of silica emulsion in formulation,
until a certain amount at which, macrophase separation was occurred. It means that by increasing
the amount of nano silica particles in the composite systems, mechanical properties are improved
but it will be happened if the particle distribution in the matrix remains uniform. [26, 27]
Physical properties. Same approach can be made to enhance electrical properties of UV curable
composites. Conductive transparent UV curable coatings that can be used in wide range of
applications such as touch screens are produced by incorporating conductive particles into a UV
curable coating formulation [28]. One of the best candidates for this purpose is graphite and other
conductive allotropes of carbon. These particles are widely used to introduce conductivity to the
polymer matrix. However this must be taking into account that these particles have negative effect
on curing of UV curable matrix because these particles have significant screen effect. It means that
these particles highly absorb UV spectrum, especially in the frequency range that is absorbed by
photo-initiators [29].
Structures with special optical properties can be obtained by composites. For example, optical
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transparent materials with high refractive index attract great interest among researchers because
of their wide range of applications such as optical wave guides, lenses and antireflection films. To
obtain such an optically transparent material with high refractive index, it has been shown that the
introduction of colloidal particles (with particle size well below 100nm) with high refractive index
into a polymer matrix is so effective. While the density of these high refractive index nano particles
is much higher than the organic matrices, they tend to sediment; so rapid curing
photopolymerizable polymer matrices can be utilized to overcome this problem [30]. In an study,
thiophenol (PhSH)–4-thiomethyl styrene (TMSt)-capped ZnS nanoparticles have been synthesized
and introduced into UV-curable urethane-methacrylate macromers (UMM). It was found that
increasing the amount of ZnS nanoparticles in the nanocomposite systems, significantly raising the
refractive index from 1.645 for pristine polymer matrix up to 1.796 for ZnS containing samples [31].
In another investigation, surface modified nano ZrO/TiO2 have been incorporated into a
PU/methacrylate UV curable system to increase its refractive index [32].

The effect of shape and size of the dispersed phase on composite
properties
The shape and size of particles and phases that are present in composites have a great effect on
their properties. This factor is so important that composites are divided into two categories
according to the size of dispersed phase, namely micro composites and nano composites. In
nanocomposites, the scale of dispersion of one phase into another is in general below 100 nm.
Nanostructured composites very often exhibit unique properties that are directly attributed to the
presence of structural entities having dimensions in the nanometer range. It is due to size reduction
to the point where critical length scales of physical phenomena become comparable to or larger
than the size of the structure. Applications of such particles take advantage of high surface area
and confinement effects, leading to interesting nano-structures with different properties that
cannot be produced using conventional methods. Clearly, such changes offer an extraordinary
potential for developing new materials in the form of bulk, composites, and blends that can be
used for coatings, opto-electronic components, magnetic media, ceramics and special metals,
micro- or nano-manufacturing, and bioengineering. The idealized morphology of these systems is
characterized by the molecular level dispersion of the phases that leads to a considerable
enhancement in the mechanical properties, especially the modulus [33, 34]. Let’s give an example
to clarify this issue. In a research project, UV-curable acrylate coatings have been developed using
micro and organoclay. Mechanical properties of the composites can be evaluated by determining
their tensile strength and elongation at break. It was found that increasing the amount of micro
particles and nanoclay in the composite formulation, changes the mechanical properties in
opposite ways (Figure 6.3). While incorporation of micro particles reduces tensile strength and
elongation at break, nanoparticles improve it. [35]
Also in another job, montmorillonite (MMT) with different modifications and in various loading
percentages was incorporated into a UV-curable urethane acrylate resin. Evaluation of the
modified and un-modified particles with XRD and TEM revealed that the organically modified
MMTs, in contrary to the un-modified samples are effectively exfoliated in the UV curable matrix.
So nanocomposites were generated using the organically modified MMTs. DMA analysis of the
composites showed that mechanical properties of composites contained exfoliated nano particles
was much greater than the neat resin. On the other hand, composites contained un-modified
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MMTs had lower glass transition temperature (Tg) and elastic modulus in comparison to un-loaded
matrix. The results are shown in TA [36].

FIGURE 6.3
Influence of the mineral filler content on the tensile properties of a soft UV-cured polyurethane-acrylate
composite [35]
TABLE 6.1
Mechanical properties of polyurethane acrylate/MMT composites [36]

Neat resin
Composites contained
organically modified
MMTs
Composites contained
un-modified MMTs

MMT
loading
percentage (%)
0
1
3
5
1
3
5

Tg (°C)
74.5
74.8
78.8
78.8
73.6
78.7
78.7

Elastic modulus @
25°C (GPa)
1.32
1.62
1.77
1.56
1.09
1.45
1.54
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The particle size of the dispersed phase in composites can also affect the thermal stability of
composites. It can be attributed to the higher interface between the phases that can catalysis the
thermal degradation of organic phase which decline thermal stability of composite. On the other
hand, reducing the particle size of dispersed phase can improves thermal stability according to
labyrinth effect [37].
In addition to size, shape of dispersed phase has great effect on properties of UV curable
composites. Shape of dispersed phase is so important that the filled composites can be classified
considering this factor. In UV curable composites, the shape of dispersed phase is usually one of the
followings: sphere like, fiber shape and layered. In general, UV curable nanocomposites can be
distinguished as three types, accounting the shape of their particles [38]. If the three dimensions of
the dispersed phase are in the nanoscale range, the particle is isodimensional such as spherical
silica nanoparticles, produced by in situ sol-gel process [17, 19, 39, 40]. When two dimensions are
in nanoscale, the particle is an elongated structure such as carbon nanotubes and whiskers [41].
This kind of particles is widely studied as reinforcing fillers and successfully improved mechanical
properties of composites. The third type of the nanocomposites, contains dispersed particles that
only one dimension of them is in the nanometer range. Such particles are nanometer thick sheets
such as nano clay or graphene.
Mechanical properties.
Particulate: Silica nano particles can significantly improve mechanical properties of UV-curable
surface coatings. In a study the silica nano particles were surface functionalized by mercaptopropyl
trimethoxysilane via sol-gel method. The mechanical properties of composites were investigated by
DMTA and it was shown that, Tg and storage modulus of nanocomposites are increased –specially
at elevated temperatures – by incorporating higher amount of nanoparticles into them. In addition
to that, these particles increase the curing rate of composites because of their thiol end groups
[42].
Elongated particles: in general, these elongated particles can greatly reinforce matrix and affect the
mechanical properties of composites because of their high aspect ratio. As an instance, in a
research project, surface modified tetrapod zinc oxide whiskers (STZnO-W) were synthesized and
introduced into a UV curable Polyurethane acrylate resin [41]. It was found that both, elongation at
break and also tensile strength of composites are improved by incorporating the surface modified
whiskers. By incorporating whiskers into polymer matrix, the stress which is applied to the
composite will easily transfer to the elongated whiskers. This way, mechanical properties of the
composite is improved. However when the whiskers content in the composite exceeds a certain
value –in this case it was 1%– they can no longer disperse in the matrix uniformly, so the
mechanical properties will be reduced [41].
Sheet: a group of researchers produced UV curable nanocomposites using graphene oxide. It was
shown that the presence of graphene oxide nanosheets in the nanocomposite systems can
significantly enhance the mechanical properties of UV curable composites. The glass transition
temperature (Tg) of pristine cured coating was increased from 155°C to 167°C by incorporating only
0.5% of graphene oxide into the system. The Tg can raise up to 195°C by increasing the graphene
oxide content to 1.5%. Although the storage modulus of the coating at ambient temperature is not
enhanced by introducing graphene oxide sheets into it, but at elevated temperatures the effect of
graphene oxide is obvious. The storage modulus at high temperatures can be enhanced more than
33% by incorporating 1.5% graphene oxide into the polymer matrix. Graphene oxide was also
improved the surface hardness and surface modulus of the UV curable nanocomposite [43].
Physical properties.
Particulate: Researchers have developed hydrophobic UV curable coating, utilizing surface
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functionalized nanosilica particles. They have functionalized nanosilica particles using hydrophobic
perflouroalkylsilane and incorporated the surface treated particles into an acrylate coating.
According to the low surface tension of the treated particles, they were migrated to the compositeair interface. This way, the surface energy of the composite film was reduced and on the other
hand the surface roughness was increased. So the water contact angle of nanocomposite surface
which was 54° for the pristine cured resin was raised up to 90° for the samples contained 15%
surface treated nanosilica. Therefore the surface of the coating which had been hydrophilic was
changed in a way that it was not hydrophilic anymore [40].
Elongated particles: It was found that incorporating surface modified tetrapod zinc oxide whiskers
into a UV curable Polyurethane acrylate resin not only enhance its mechanical properties, but also
improves the thermal stability of composite. In addition to that, by improving the barrier effect of
composite, it also reduces water uptake and oxygen permeability that are so important for
packaging applications [41].

Morphology of UV-Curable composites and its effect on composite
properties
In general, the term morphology refers to the shape and organization on a scale above the atomic
level (e.g., the arrangement of polymer molecules into amorphous or crystalline regions) and the
manner in which they are organized into more complex units. On the other hand, morphology of a
polymer composite indicates the size, shape, and spatial distribution of the component phases with
respect to each other. Since It is well established that most of the properties — mechanical [44,
45], optical [46, 47], dielectric [48], and barrier [49, 50] properties — of polymer blends are strongly
influenced by the type and fineness of the phase structure, the study of the control of the
morphology of polymer composites is of great importance [34].
In general, the scale of dispersion of one moiety is of great importance. In nanocomposites, the size
of the dispersed phase is in general below 100 nm. Nanocomposites very often exhibit unique
properties that are directly attributed to the presence of structural entities having dimensions in
the nanometer scale. The idealized morphology of these systems is characterized by the molecular
level dispersion of the phases that leads to a considerable enhancement in the mechanical
properties, especially the modulus [34].
Polyurethane acrylates are UV curable resin systems that attract lots of interest according to their
special properties such as high tensile strength, abrasion resistance and toughness and also
excellent chemical and solvent resistance. Polyurethane acrylates are generally consist PU oligomer
tipped with acrylate or methacrylate functionality. These polymeric systems contain soft and hard
segments; the hard segments are formed by isocyanate and acrylate or methacrylate
functionalities, while the soft segments are usually consist of polyester polyol or polyethers. The
soft segments and hard segments are immiscible, so these systems are prone to phase separation.
The final morphology of the phase separated films is significantly affecting the properties of these
systems such as flexibility, hardness, toughness and abradability. In general the higher the
hydrogen bonds form between soft and hard segments, the higher the uniformity of the final
product. Also increasing the molecular weight of soft segment causes microphase separation [51].
Morphological aspects of UV curable composites have great effect on their properties. So, many
researchers around the world have been focusing on controlling the morphology of the UV curable
composites to fabricate nanostructured materials with special properties. As an instance,
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superhydrophobic surfaces produced by governing photopolymerization induced phase separation.
A facile approach have been used to produce specific surfaces having both micro and nano
surfaces. The underlying phenomenon, this strategy is based upon, is controlling the surface
morphology of a UV curing system by manipulating the photopolymerization induced phase
separation (PIPS). The process consisted of three steps: 1- coating the precursor mixture (consisted
of methacrylate monomer mixture and a solvent that dissolves monomer but phase separates
during photopolymerization) on a pretreated glass slide -2- UV curing the applied film -3- flushing
out the solvent. The process is represented in Scheme 2 [52].

Scheme 2
Schematic description of the process of fabricating superhydrophobic UV-curable coating governing PIPS. First
the solution mixture spins coats on a pretreated glass substrate. Then it undergoes PIPS during
photopolymerization. By flushing the ethanol out of the coating, a superhydrophobic, micro and nano textured
coating will be remained [52]

Controlling the morphology of the UV curable coatings can also be used for producing thin film
membranes. Manipulating the photopolymerization induced phase separation in these systems and
hence the morphology of the final products. So, it makes the possibility to produce membrane with
structures from very open structures (for microfiltration) to very dense (for gas separation or etc.)
ones [53].
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FIGURE 6.4
Morphological evolution of LC-polymer mixture during polymerization with respect to curing time [54]

Polymer dispersed liquid crystals (PDLCs) are composed of liquid crystal (LC) droplets, dispersed in
an isotropic polymer matrix. PDLCs are produced via phase separation of initially miscible LC and
polymer mixture which undergoes phase separation during photopolymerization. In PDLCs,
desirable mechanical properties of polymer matrix combines with unique electro-optical properties
of LCs. PDLCs have great advantages over other LC technologies such as low cost and facile
production process, quick electro-optical response and no leakage of material. In PDLCs, the initial
mixture is composed of UV curable monomers, photoinitiator and LCs. At first they are miscible and
form a uniform mixture. During photopolymerization and by increasing the molecular weight of
polymer they start to phase separation. As the curing reaction proceeds, the microphases start to
appear and the final morphology forms. An example of the morphology evolution of PDLC during
photopolymerization can be seen in Figure 6.4
F [54]. The phase separation and formation of micro and nano phases continue until the
solidification of the composite happens. So, the final morphology is determined by two competitive
processes, PIPS and polymer curing. Hence, any factor that affects the phase separation kinetics
and curing rate of the polymer matrix any, can change the final morphology of the composite.
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Factors such as curing reaction temperature [55], UV light intensity [56], photo initiator
concentration and performance [57], the interaction between the LC domains and polymer matrix
[58] and structure of UV curable polymer [59].

Nature of the interface between the phases and its effect on
composite properties
Matrix-dispersed phase interface is a major determinant of the final properties of any composites,
including UV-curables. The degree of compatibility between the matrix and the dispersed phase
can also affect other key factors such as morphology of the composite and also the particle size of
the dispersed phase. The more the phases compatible, the stronger the interconnection between
them.
Mechanical properties. UV curable polymeric systems are good options to be governed in furniture
coating systems. UV curable wood coatings should have high rub and abrasion resistance so the
surface hardness of these systems is of great importance. These coatings are widely being
reinforced by Silica and Alumina nanoparticles in order to improve their hardness and scratch
resistance. In an attempt, nano Alumina and nano silica were added to a waterborne UV curable
wood coating. In contrary to what was expected, the hardness of coating was decreased by
incorporating nano particles into the system. It was attributed to the aggregation of nanoparticles
in the system which was stemmed from the fact that the interaction between organic matrix and
inorganic particle was not sufficiently high. However, when the nanoparticles were surface treated
by Methacryloxypropyltrimethoxysilane, not only the particles dispersed in the matrix uniformly,
but also the scratch resistance and adhesion of coating systems were markedly improved even for
the coatings contained only 1% surface treated nano particles [60]. Also it was found that although
incorporating untreated nanosilica particles into acrylate UV-curable nanocomposites significantly
improve surface hardness, but surface treatment of the nanoparticles by mercaptopropyl
trimethoxysilane (MPTMS) as coupling agent improves surface properties of the final coating even
more. It was attributed to the better interaction between polymer matrix and the particle surface
and according to that improved dispersion of particles in the matrix [61].
Physical properties. The nature of the interface can also influence the physical properties such as
thermal stability. In an investigation, UV curable polyurethane acrylate matrix was reinforced using
graphene oxide nanosheets. The nano graphene oxide was introduced either with surface
functionalization or without further functionalization. The surface functionalization was performed
in a way that active acrylate functionality was formed on it. So they were capable to covalently
bond to the poly urethane/acrylate matrix during the curing process [62].
While the surface functionalized graphene oxide nanosheets connected to the polymer matrix with
strong covalent bonds instead of weak wander walls linkage, the stronger dispersed phase/matrix
interface was formed. Hence, the surface functionalized nanosheets dispersed better and more
uniformly in the matrix in comparison with nonfunctionalized graphene oxide nanosheets which
lead to improved mechanical properties (storage modulus and tensile strength) and higher thermal
resistance. While the initial thermal decomposition temperature of pristine poly urethane acrylate
coating was 299°C, it was raised up to 316°C for the sample contained 1%wt functionalized
graphene oxide. However the initial thermal decomposition temperature of the sample contained
non-functionalized graphene oxide was less than 299°C. [62]
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As it was mentioned before, one of the best strategies to produce materials with high refractive
index, is to introducing nanoparticles with high refractive index into the polymer matrix and it is so
important to disperse the particles in the matrix so well to ensure that the particle size remain
below one tenth of wave length of optical light to prevent Rayleigh scattering. So the surface
functionalization of particles and the surface interaction of polymer-particle are so important [31].

FIGURE 6.5
TEM micrographs of (a) nonfunctionalized graphene oxide/poly urethane acrylate 1%wt and (b)
nonfunctionalized graphene oxide/poly urethane acrylate 1%wt. The effect of surface functionalization on the
dispersion quality of nanosheets is obvious [62]

Conclusion
UV curable systems are greatly attract researcher’s interest in recent decades because of their
brilliant properties including low or no VOC, low energy consumption, fast and low temperature
curing process. UV curable nanocomposites combine the advantages of fast and low temperature
processing condition of UV curable systems with the outstanding properties of nanocomposites.
Therefore, they must be prepared in such a way that neither UV curing process nor the uniform
dispersion of the dispersed phase in nanometer scale are interrupted. One of the most challenging
issues in this field is preparation method of the nanocomposite that can be classified into two main
categories: 1- introduction of nanoparticles into the polymer matrix and 2- in-situ formation of
nano meter scale dispersed phase. Nanocomposites can be used in a wide variety of applications
such as wood coating, automotive coating, printing inks, dental materials, PDLCs and optical
devices because their final properties can flexibly be controlled by various factors. These factors
include polymer matrix and dispersed phase intrinsic properties, shape and particle size of
dispersed phase, system morphology as well as nature of particle/matrix interface. The effects of
these factors on final physical and mechanical properties of UV curable nanocomposites were
briefly discussed herein.

Nanofabrication using Nanomaterials

192

References
1.
2.
3.
4.

5.

6.

7.

8.
9.

10.

11.
12.

13.

14.

Z. W. Wicks, "Organic coatings : science and technology," 3rd ed. Hoboken, N.J.: WileyInterscience, 2007, pp. 574-584.
E. Andrzejewska, "Photopolymerization kinetics of multifunctional monomers," Progress
in Polymer Science, vol. 26, pp. 605-665, 2001.
st
J. V. Koleske, "Radiation curing of coatings," vol. 1, 1 ed. West Conshohocken, Penn.;
Bethesda, MD: ASTM ; Radtech International, North America, 2001, pp. 1-6.
M. L. Griffith and J. W. Halloran, "Freeform Fabrication of Ceramics via
Stereolithography," Journal of the American Ceramic Society, vol. 79, pp. 2601-2608,
1996.
A. Badev, Y. Abouliatim, T. Chartier, L. Lecamp, P. Lebaudy, C. Chaput, and C. Delage,
"Photopolymerization kinetics of a polyether acrylate in the presence of ceramic fillers
used in stereolithography," Journal of Photochemistry and Photobiology A: Chemistry,
vol. 222, pp. 117-122, 2011.
T. Chartier, A. Badev, Y. Abouliatim, P. Lebaudy, and L. Lecamp, "Stereolithography
process: Influence of the rheology of silica suspensions and of the medium on
polymerization kinetics – Cured depth and width," Journal of the European Ceramic
Society, vol. 32, pp. 1625-1634, 2012.
H. Ni, A. H. Johnson, M. D. Soucek, J. T. Grant, and A. J. Vreugdenhil,
"Polyurethane/Polysiloxane Ceramer Coatings: Evaluation of Corrosion Protection,"
Macromolecular Materials and Engineering, vol. 287, pp. 470-479, 2002.
G. G. Odian. (2004). Principles of polymerization. Available:
http://public.eblib.com/choice/publicfullrecord.aspx?p=469767
Y. Yagci, S. Jockusch, and N. J. Turro, "Photoinitiated Polymerization: Advances,
Challenges, and Opportunities," Macromolecules, vol. 43, pp. 6245-6260, 2010/08/10
2010.
S. Bastani and M. Mohseni, "Chapter 7 - UV-Curable Nanocomposite Coatings and
Materials," in Handbook of Nanoceramic and Nanocomposite Coatings and Materials, A.
S. H. Makhlouf and D. Scharnweber, Eds., ed: Butterworth-Heinemann, 2015, pp. 155182.
G. R. Tryson and A. R. Shultz, "A calorimetric study of acrylate photopolymerization,"
Journal of Polymer Science: Polymer Physics Edition, vol. 17, pp. 2059-2075, 1979.
G. L. Batch and C. W. Macosko, "Kinetic model for crosslinking free radical
polymerization including diffusion limitations," Journal of Applied Polymer Science, vol.
44, pp. 1711-1729, 1992.
A. Nebioglu and M. D. Soucek, "Reaction kinetics and network characterization of UVcuring polyester acrylate inorganic/organic hybrids," European Polymer Journal, vol. 43,
pp. 3325-3336, 2007.
L. P. Kollar and G. S. Springer. (2003). Mechanics of composite structures. Available:
http://public.eblib.com/choice/publicfullrecord.aspx?p=217667

Nanofabrication using Nanomaterials

15.
16.

17.

18.

19.

20.
21.

22.

23.
24.

25.

26.

27.

193

V. V. Vasiliev and E. V. Morozov, Mechanics and analysis of composite materials. New
York: Elsevier Science, 2001.
A. S. H. Makhlouf and D. Scharnweber. (2015). Handbook of nanoceramic and
nanocomposite coatings and materials. Available:
http://search.ebscohost.com/login.aspx?direct=true&scope=site&db=nlebk&db=nlabk&
AN=990506
M. Mohseni, S. Bastani, and A. Jannesari, "Influence of silane structure on curing
behavior and surface properties of sol–gel based UV-curable organic–inorganic hybrid
coatings," Progress in Organic Coatings, vol. 77, pp. 1191-1199, 2014.
M. Mohseni, S. Bastani, and A. Jannesari, "Effects of silane precursors on curing behavior
of UV-curable hybrid coatings," Journal of Thermal Analysis and Calorimetry, pp. 1-12,
2014/09/04 2014.
H. Yahyaei, M. Mohseni, and S. Bastani, "Using Taguchi experimental design to reveal the
impact of parameters affecting the abrasion resistance of sol–gel based UV curable
nanocomposite films on polycarbonate," Journal of Sol-Gel Science and Technology, vol.
59, pp. 95-105, 2011/07/01 2011.
G. Kickelbick, "Introduction to Hybrid Materials," in Hybrid Materials, ed: Wiley-VCH
Verlag GmbH & Co. KGaA, 2007, pp. 1-48.
Y. Z. Lahijani, M. Mohseni, and S. Bastani, "Utilizing Taguchi design of experiment to
study the surface treatment of a nanosilica with an acrylic silane coupling agent and
revealing the dispersibility of particles in a urethane acrylate resin," Journal of Coatings
Technology and Research, vol. 10, pp. 537-547, 2013/07/01 2013.
H. Yahyaei and M. Mohseni, "Mechanically controlled, morphologically determined sol–
gel derived UV curable hybrid nanocomposites: SAXS and DMTA studies," Journal of SolGel Science and Technology, pp. 1-6, 2013/02/14 2013.
L. E. Nielsen, Mechanical properties of polymers and composites. New York: M. Dekker,
1974.
F. Bauer, V. Sauerland, H.-J. Gläsel, H. Ernst, M. Findeisen, E. Hartmann, H. Langguth, B.
Marquardt, and R. Mehnert, "Preparation of Scratch and Abrasion Resistant Polymeric
Nanocomposites by Monomer Grafting onto Nanoparticles, 3. Effect of Filler Particles
and Grafting Agents," Macromolecular Materials and Engineering, vol. 287, pp. 546-552,
2002.
A. Nebioglu and M. Soucek, "Optimization of UV curable acrylated polyesterpolyurethane/polysiloxane ceramer coatings using a response surface methodology," JCT
Research, vol. 3, pp. 61-68, 2006/01/01 2006.
I.-S. Oh, N.-H. Park, and K.-D. Suh, "Mechanical and surface hardness properties of
ultraviolet-cured polyurethane acrylate anionomer/silica composite film," Journal of
Applied Polymer Science, vol. 75, pp. 968-975, 2000.
N.-H. Park and K.-D. Suh, "Organic–inorganic microhybrid materials via a novel emulsion
mixing method," Journal of Applied Polymer Science, vol. 71, pp. 1597-1605, 1999.

Nanofabrication using Nanomaterials

28.
29.

30.
31.

32.

33.

34.
35.

36.

37.
38.

39.

40.

41.

194

R. C. Krohn, "UV curable transparent conductive compositions," ed: Google Patents,
2004.
A. Salmi, S. Benfarhi, J. B. Donnet, and C. Decker, "Synthesis of carbon–polyacrylate
nanocomposite materials by crosslinking polymerization," European Polymer Journal, vol.
42, pp. 1966-1974, 2006.
C. Lu and B. Yang, "High refractive index organic-inorganic nanocomposites: design,
synthesis and application," Journal of Materials Chemistry, vol. 19, pp. 2884-2901, 2009.
C. Lu, Z. Cui, Y. Wang, Z. Li, C. Guan, B. Yang, and J. Shen, "Preparation and
characterization of ZnS-polymer nanocomposite films with high refractive index," Journal
of Materials Chemistry, vol. 13, pp. 2189-2195, 2003.
N. Nakayama and T. Hayashi, "Synthesis of novel UV-curable difunctional thiourethane
methacrylate and studies on organic–inorganic nanocomposite hard coatings for high
refractive index plastic lenses," Progress in Organic Coatings, vol. 62, pp. 274-284, 2008.
B. G. Sumpter, D. W. Noid, and M. D. Barnes, "Recent developments in the formation,
characterization, and simulation of micron and nano-scale droplets of amorphous
polymer blends and semi-crystalline polymers," Polymer, vol. 44, pp. 4389-4403, 2003.
C. Harrats, S. Thomas, and G. Groeninckx, Micro- and nanostructured multiphase polymer
blends systems : phase morphology and interfaces. Boca Raton: Taylor & Francis, 2006.
L. Keller, C. Decker, K. Zahouily, S. Benfarhi, J. M. Le Meins, and J. Miehe-Brendle,
"Synthesis of polymer nanocomposites by UV-curing of organoclay–acrylic resins,"
Polymer, vol. 45, pp. 7437-7447, 2004.
F. M. Uhl, S. P. Davuluri, S.-C. Wong, and D. C. Webster, "Organically modified
montmorillonites in UV curable urethane acrylate films," Polymer, vol. 45, pp. 61756187, 2004.
M. Zanetti, G. Camino, R. Thomann, and R. Mülhaupt, "Synthesis and thermal behaviour
of layered silicate–EVA nanocomposites," Polymer, vol. 42, pp. 4501-4507, 2001.
M. Alexandre and P. Dubois, "Polymer-layered silicate nanocomposites: preparation,
properties and uses of a new class of materials," Materials Science and Engineering: R:
Reports, vol. 28, pp. 1-63, 2000.
Y. Zamani Ketek Lahijania, M. Mohseni, and S. Bastani, "Characterization of mechanical
behavior of UV cured urethane acrylate nanocomposite films loaded with silane treated
nanosilica by the aid of nanoindentation and nanoscratch experiments," Tribology
International, vol. 69, pp. 10-18, 2014.
S. Soroushnia, S. Bastani, M. Mohseni Bozorgi, and M. Rostami, "Surface properties and
surface patterning of UV-curable coating using perfluorosilane-treated nanosilica,"
Progress in Organic Coatings, vol. 85, pp. 31-37, 2015.
D. Kim, M. Jang, J. Seo, K.-H. Nam, H. Han, and S. B. Khan, "UV-cured poly(urethane
acrylate) composite films containing surface-modified tetrapod ZnO whiskers,"
Composites Science and Technology, vol. 75, pp. 84-92, 2013.

Nanofabrication using Nanomaterials

42.

43.
44.

45.

46.

47.

48.

49.

50.

51.
52.

53.

54.

55.

195

C. Lv, L. Hu, Y. Yang, H. Li, C. Huang, and X. Liu, "Waterborne UV-curable polyurethane
acrylate/silica nanocomposites for thermochromic coatings," RSC Advances, vol. 5, pp.
25730-25737, 2015.
M. Martin-Gallego, R. Verdejo, M. A. Lopez-Manchado, and M. Sangermano, "EpoxyGraphene UV-cured nanocomposites," Polymer, vol. 52, pp. 4664-4669, 2011.
C. J. T. Landry, B. K. Coltrain, and B. K. Brady, "In situ polymerization of tetraethoxysilane
in poly(methyl methacrylate): morphology and dynamic mechanical properties,"
Polymer, vol. 33, pp. 1486-1495, 1992.
P. Fabbri, M. Messori, M. Toselli, P. Veronesi, J. Rocha, and F. Pilati, "Enhancing the
scratch resistance of polycarbonate with poly(ethylene oxide)–silica hybrid coatings,"
Advances in Polymer Technology, vol. 27, pp. 117-126, 2008.
J. Gilberts, A. H. A. Tinnemans, M. P. Hogerheide, and T. P. M. Koster, "UV Curable Hard
Transparent Hybrid Coating Materials on Polycarbonate Prepared by the Sol-Gel
Method," Journal of Sol-Gel Science and Technology, vol. 11, pp. 153-159, 1998/07/01
1998.
S. Kim, "Characterization of UV curable hybrid hard coating materials prepared by sol-gel
method," Korean Journal of Chemical Engineering, vol. 28, pp. 298-303, 2011/01/01
2011.
A. Chiolerio, L. Vescovo, and M. Sangermano, "Conductive UV-Cured Acrylic Inks for
Resistor Fabrication: Models for their Electrical Properties," Macromolecular Chemistry
and Physics, vol. 211, pp. 2008-2016, 2010.
F. Khelifa, M.-E. Druart, Y. Habibi, F. Bénard, P. Leclère, M. Olivier, and P. Dubois, "Sol–
gel incorporation of silica nanofillers for tuning the anti-corrosion protection of acrylatebased coatings," Progress in Organic Coatings, vol. 76, pp. 900-911, 2013.
S. Lee, K. Oh, S. Park, J.-S. Kim, and H. Kim, "Scratch resistance and oxygen barrier
properties of acrylate-based hybrid coatings on polycarbonate substrate," Korean
Journal of Chemical Engineering, vol. 26, pp. 1550-1555, 2009/11/01 2009.
F. Wang, J. Q. Hu, and W. P. Tu, "Study on microstructure of UV-curable polyurethane
acrylate films," Progress in Organic Coatings, vol. 62, pp. 245-250, 2008.
S. Kato and A. Sato, "Micro/nanotextured polymer coatings fabricated by UV curinginduced phase separation: creation of superhydrophobic surfaces," Journal of Materials
Chemistry, vol. 22, pp. 8613-8621, 2012.
I. Struzynska-Piron, J. Loccufier, L. Vanmaele, and I. F. J. Vankelecom, "Synthesis of
solvent stable polymeric membranes via UV depth-curing," Chemical Communications,
vol. 49, pp. 11494-11496, 2013.
R. R. Deshmukh and M. K. Malik, "Effect of dichroic dye on phase separation kinetics and
electro-optical characteristics of polymer dispersed liquid crystals," Journal of Physics
and Chemistry of Solids, vol. 74, pp. 215-224, 2013.
W. Qingbing, O. P. Jung, S. Mohan, Q. Liou, and K. Satyendra, "Control of Polymer
Structures in Phase-Separated Liquid Crystal-Polymer Composite Systems," Japanese
Journal of Applied Physics, vol. 44, p. 3115, 2005.

Nanofabrication using Nanomaterials

56.

57.

58.
59.
60.

61.

62.

196

S. A. Carter, J. D. LeGrange, W. White, J. Boo, and P. Wiltzius, "Dependence of the
morphology of polymer dispersed liquid crystals on the UV polymerization process,"
Journal of Applied Physics, vol. 81, pp. 5992-5999, 1997.
R. M. Henry, R. A. Ramsey, and S. C. Sharma, "Effects of crosslinking agent, cure
temperature, and UV flux on the electro-optical properties of polymer-dispersed liquid
crystal cells," Journal of Polymer Science Part B: Polymer Physics, vol. 42, pp. 404-410,
2004.
D. Coates, "Polymer-dispersed liquid crystals," Journal of Materials Chemistry, vol. 5, pp.
2063-2072, 1995.
B. K. Kim, Y. H. Cho, and J. S. Lee, "Effect of polymer structure on the morphology and
electro-optic properties of UV curable PNLCs," Polymer, vol. 41, pp. 1325-1335, 2000.
C. Sow, B. Riedl, and P. Blanchet, "UV-waterborne polyurethane-acrylate nanocomposite
coatings containing alumina and silica nanoparticles for wood: mechanical, optical, and
thermal properties assessment," Journal of Coatings Technology and Research, vol. 8, pp.
211-221, 2011/03/01 2011.
J. Wu, J. Xie, L. Ling, G. Ma, and B. Wang, "Surface modification of nanosilica with 3mercaptopropyl trimethoxysilane and investigation of its effect on the properties of UV
curable coatings," Journal of Coatings Technology and Research, vol. 10, pp. 849-857,
2013/11/01 2013.
B. Yu, X. Wang, W. Xing, H. Yang, L. Song, and Y. Hu, "UV-Curable Functionalized
Graphene Oxide/Polyurethane Acrylate Nanocomposite Coatings with Enhanced Thermal
Stability and Mechanical Properties," Industrial & Engineering Chemistry Research, vol.
51, pp. 14629-14636, 2012/11/14 2012.

