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Abstract. Boron nitride (BN) and silicon nitride (Si3N4) are very promising particulate fillers for production of photocurable
composites dedicated to thermally conductive and electrically insulating protective coatings. Composites containing
crosslinked methacrylate-based matrices filled with BN or Si3N4 (in amounts up to 5 wt%) were prepared in a fast in situ
photocuring process with high conversion (>90%). The monomers were polyethylene glycol dimethacrylate and monomethacrylate (50/50 by weight mixture). Investigations included determination of properties of the monomer/filler compositions, photocuring kinetics and thermal, conductive and mechanical properties of the resulting composites. It was found
that addition of the fillers improves polymerization kinetics and mechanical properties compared to the pure polymer matrix.
Despite the very low loading level a substantial improvement in thermal conductivity was obtained: a 4-fold increase after
addition of only 2 wt% of Si3N4 and 2.5-fold increase after addition of 0.5 wt% of BN. SEM and AFM imaging (with
nanoscopic Young’s modulus determination) revealed good matrix-filler adhesion for the both types of fillers, tendency of
the particles to be preferentially located in the bulk rather than at the interface and formation of thermally conducting paths
(for the Si3N4 filler).
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1. Introduction

have been conducted to improve thermal conductivity of polymers, especially epoxy system [4–6]. One
interesting possibility was to introduce inorganic ceramics as conductive fillers. In applications, that require both thermally conductive and electrically insulating materials, fillers like boron nitride (BN)
[6–9], aluminium nitride (AlN) [10, 11], silicon nitride (Si3N4) [12–14] or silicon carbide (SiC) [2, 15,
16] can be used in composite manufacturing [2, 17].
For the applications where the electrical insulation is
not required, thermally conductive additives, like
graphite [16], graphene [18, 19], metal particles, and
carbon nanotubes [17, 18] can be used.

Thermally conductive and electrically insulating materials are of a great importance from the scientific
point of view, as well as for many applications in industry, and engineering. High thermal conductivity
and electrical insulation are rarely found in one material, especially in polymers [1–3]. The intrinsic thermal conductivity of polymers is very low (typically
0.1–0.5 W/(m·K)), therefore it is necessary to enhance these properties for material used in special applications, e.g. protective coatings in the coating industry, 3D printing or electronic packaging.
In recent years much attention has been devoted to
modification of coatings by fillers, several studies
*
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cubic BN forms, the bulk Young’s moduli typically
are of the order of 35 and 400 GPa, respectively [33].
BN particles have been used in the preparation of
thermally conductive composites as they form conductive pathways in the polymer matrix [23], and as
fillers in various polymer matrices, such as linear lowdensity polyethylene [34], polypropylene [35], poly
(butylene terephthalate) [9], epoxy resin [23, 36, 37]
silicone rubber [38], polyimide [31], polysilazane
[39] or poly(methyl methacrylate) [8].
Nanosized Si3N4 particles are also used for various
applications because of their high mechanical strength,
high fracture toughness, low dielectric constant, and
high thermal conductivity [13, 40]. For instance, Si3N4
particles have been used/proposed for the improvement of mechanical properties, wear resistance and
thermal-shock resistance of the matrix polymers [13,
14]. Recently, it has been shown that Si3N4 can be
as effective as BN in the heat transfer due to several
modifications that can be applied, for example, the
enhancement of the β/α ratio of the Si3N4 phases
[12]. Some experimental and theoretical studies reported that the upper limit of the thermal conductivity for β-Si3N4 is around 400 W/(m·K). This value
drops to around 100 W/(m·K) for α-Si3N4 [41, 42].
The bulk Young’s modulus is a weak function of the
α and β Si3N4 phases, and its typical value is within
the range of 220–280 GPa [43]. Boron nitride and silicon nitride particles, thus represent extremely promising polymer fillers, and have the potential to significantly improve the overall properties of ‘micro’
and ‘nano’ composites, especially their ability to
transfer heat.
Polymer composites can be prepared by mixing the
polymer with the filler or by in situ methods [44]. The
in situ preparation consists of dispersing an inorganic
filler in a monomer followed by polymerization. When
thermoplastic matrices are used, the composites are
usually prepared by traditional methods (melt or solvent blending, etc.) [23, 38, 45]. The in situ curing
(which can effectively improve the uniform dispersion of inorganic fillers in polymeric matrix) has
been applied mainly for thermosets, like epoxy, polybenzoxazine, polyimide, etc. For example, in the case
of epoxy-based materials highly filled (up to 60%)
with BN (often surface-modified) the conductivity
increased even several times compared to the matrix,
depending on the filler content and its modification
[23, 32, 37]. On the other hand, there are only few
reports where chain polymerization was applied; the

Ceramic fillers have lack of free electrons and the heat
transfer is predominantly through phonons [20]. Effective phonic conduction requires strong bonds
among the polymer matrix and the fillers. The phonon
conduction is influenced by several processes, such
as the number of phonon active modes, the boundary
surface scattering or the length of the free path for
the phonons.
The effective thermal conductivity of a composite
containing inorganic particles is a function of the thermal conductivity of the components, particle loading
level, interface, impurities, size effects, shape (geometric parameters of the contact area between particles), thermo-mechanical properties of matrix and
thermal interfacial resistance [2]. The thermal contact resistance between filler particles depends on the
properties of the components and the geometric parameters of the contact area between the fillers [21,
22]. Ineffective dispersion of the fillers in polymer
matrix and agglomerates can lead to high thermal interfacial resistance and reduced thermal conductivity
[20, 23].
Boron nitride (BN) and silicon nitride (Si3N4) possess excellent properties, such as high thermal stability, electrical insulation and chemical resistance,
and additionally have relatively high thermal conductivity coefficient values [14, 23–28]. Boron nitride is a structural analogue of carbon and has layered (hexagonal) or cubic structures [29]. The hexagonal BN is analogous to graphite due to layers consisting of rings of six alternating and covalently
bound boron and nitrogen atoms [30]. The layers
form stacks as a result of van der Waals interactions.
Crystal growth rates are, as a result, anisotropic, i.e.
faster in planar direction, yielding boron nitride particles with high aspect ratios. Related to structural
anisotropy, crystal lattice dependent properties, such
as thermal conductivity, also become anisotropic. Values of thermal conductivity range between 200–
300 W/(m·K) along the plane of stacks, and up to several of W/(m·K) perpendicular to the plane of stacks
[31]. Thus, the orientation of particles is of particular
importance in obtaining materials with high thermal
conductivity, for instance, in polymer composites.
Therefore, the reported values of the thermal conductivity vary strongly depending on the literature
source [27, 32]. Also mechanical properties of boron
nitride, for instance, Young’s modulus, vary significantly, depending not only on the polymorphic form,
but also on the testing direction. For hexagonal and
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process was induced by thermal initiators (it needs
elevated temperatures and long reaction times) [46].
Prepared in this way poly(methyl methacrylate)
(PMMA) filled with about 10% of Si3N4 showed an
increase in thermal conductivity by about 28% [46].
Thermal conductivity of PMMA filled with 16% of
BN was 1.8 times higher than that of pure PMMA [8].
An especially interesting in situ method is photopolymerization, which can proceed rapidly at ambient temperature. The use of light enables one to control the reaction rate with high precision, as start and
end points are well defined by lighting on/off. In addition, reactions take place only in irradiated areas,
which enables spatial control [47]. These advantages
of photopolymerization make it an attractive method
for the design and development of new materials
with improved thermal properties. Until now photoinitiation has been applied only for the cationic
curing of an epoxy resin filled with BN nanotubes
[3] (an increase in thermal conductivity at 1.5% of
loading reached about 45%) and very recently, in
preparation of composites from thermosetting acrylic
monomers (not defined) filled with surface modified
BN [48].
In this work we present the results of investigations
of the methacrylate-based composites with enhanced
thermal conductivity, prepared by the in situ photopolymerization method. Our investigations were
addressed mainly to production of photo-curable
protective coatings combining enhanced thermal conductivity with improved mechanical properties as well
as to other applications of photocurable compositions. Generally, polymer coatings have very low thermal conductivity and can be damaged by high temperatures (e.g. heat shock) [49]. Thermally conductive coating offers excellent heat transfer throughout
the entire coated surface, while providing exceptionally high electrical insulation. Thermal conductivity
benefits also adhesion to the substrate. However, the
amount of filler in photo-curable formulation must
be kept low due to light scattering that reduces the
depth of cure (important is refractive index ratio between the filler and the organic matrix) and to prevent too high viscosity increase in viscosity, which
is disadvantageous in the production of coatings.
The improvement of thermal conductivity in the present work was achieved by the use of two types of nitride fillers: a micro-sized flake-shaped hexagonal
BN and nano-sized Si3N4 with spherical particles. It

should be stressed that there are no reports about
Si3N4-containing acrylate-based composites prepared
in an in situ process as well as those presenting deeper insight into the influence of the both nitrides on
the photocuring kinetics. Therefore, our investigations included characterization of the monomer/filler
composition, study of the kinetics of the photocuring process, determination of thermal, conductive
and mechanical properties of the resulting composites and observation of the morphology of the composites (with nanoscopic Young’s modulus determination).
The model matrix was based on a 50/50 by weight
mixture of polyethylene glycol dimethacrylate
(PEGDM) and polyethylene glycol monomethacrylate (PEGMM); such a composition enables to perform detailed kinetic measurements of the curing
process and ensures good mechanical properties of
the final polymer [50].

2. Experimental
2.1. Materials
The monomers, polyethylene glycol dimethacrylate
with Mn = 550 g/mol (PEGDM) and polyethylene
glycol monomethacrylate with Mn = 360 g/mol
(PEGMM) were purchased from Aldrich and were
purified by column chromatography before use. The
boron nitride is the HeBoFill® 641 product from
HENZE Nitride Products (Germany); it has hexagonal particles (12 µm median particle size) with a
specific surface area 7 m2/g. Silicon nitride supplied
by Sigma Aldrich (product no. 634581) is an amorphous powder consisting of spherical particles with
the following characteristics: average particle diameter <50 nm, specific surface area: 103–123 m2/g.
The fillers were dried at 110 °C for 2 h before use.
2,2-dimethoxy-2-phenylacetophenone (Irgacure 651)
was used (purchased from Aldrich) as the photoinitiator.
2.2. Sample preparation
The 50/50 by weight monomer mixture was prepared and the fillers were added: 0.2–5 wt% of boron
nitride or silicon nitride; the photoinitiator concentration was 0.2 wt% (based on the monomer content). The formulations were homogenized by ultrasonication through 2–20 hours to reach good levels of
dispersion (no sedimentation). All monomer/filler
formulations with varying percentages of BN and
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GmbH, Germany). 10 mg samples were heated in
Al2O3 crucibles from 40 to 600 °C at a scan rate of
10 °C/min under nitrogen atmosphere (purge of
10 mL/min of N2 protection gas and 20 mL/min of
N2 sample gas).

Si3N4 appeared to be optically opaque, but they
formed stable dispersions. The stability of the dispersions was about one week.

2.3. Viscosity
Viscosities of photocurable systems were measured
with a DV-II + PRO Brookfield Digital Viscometer
(25 °C, 0–600 1/s, cone-and-plate geometry).

2.7. Mechanical properties
The samples for mechanical tests were cured in a
two-part stainless steel mold (type 1A tensile test bar
according to ISO 3167). The photocurable formulations were placed, covered with poly(ethylene terephthalate) foil and irradiated with the whole spectrum
of the Dymax UV 5000 Flood lamp for 300 seconds.
The mechanical properties were investigated at
25 °C. The tensile properties were measured according to PN-EN ISO 527-2:1998 (crosshead speed of
5 mm/min) with a Zwick/Roell universal testing machine model Z020 (Zwick GmbH & Co. KG, Germany). Shore D hardness values were measured according to DIN 53 505.

2.4. FTIR spectra
The surface chemistry of the raw fillers (powder)
and cured composites containing BN and Si3N4 particles was characterized using a Fourier Transform
Infrared Spectrometer (ATR-FTIR, Nexus Nicolet
model 5700 spectrometer Thermo Fisher Scientific,
USA) equipped with a ZnSe crystal ATR accessory.
Spectra were acquired at 4 1/cm resolution as an average 64 scans. The spectrum in the 4000 to
600 1/cm range was recorded.
2.5. Photopolymerization kinetics
Reaction rate profiles (enabling determination of the
reaction rates Rp and conversion degrees p) were
measured by DSC under isothermal conditions at
25.00±0.01 °C in a high-purity argon atmosphere
(<0.0005% of O2) using a Pyris 6 instrument (PerkinElmer) equipped with a lid specially designed for
photochemical measurements. The 2 mg samples were
polymerized in open aluminium pans. The polymerizations were initiated using light from a LED
Hamamatsu LC-L1 lamp (λmax = 365 nm, light intensity at the sample pan position 2.75 mW/cm2). All
photopolymerization experiments were conducted at
least in triplicate. The reproducibility of the kinetic
results was about ±3%.

2.8. Thermal diffusivity and conductivity
measurements
Thermal diffusivity was determined according to the
modified Angstrom method. The operating principles of the device as well as the method of determination of the thermal diffusivity of composites has
been described in ref. [51]. This technique involves
heating the sample with a microheater supplied with
a sinusoidal variable voltage (changing voltage in the
range 0–30 V). The temperature along the sample is
registered with temperature sensors (Pt 1000-RTD).
The value of the thermal diffusivity (Df) can be calculated using Equation (1):
Df =

2.6. Thermal properties
Glass transition temperatures Tg of the investigated
systems were determined using differential scanning
calorimetry (DSC1 Mettler Toledo instrument). Measurements were conducted under nitrogen atmosphere
at heating rates of 10 °C/min. Tg values were evaluated from the second run of DSC measurements over
a temperature range of –80 to 40 °C as the midpoint
of the step-transition found for each sample. The specimens for the DSC test were prepared in the same
way as the samples for mechanical characterization.
Thermogravimetric analysis (TGA) (the thermal resistance) was investigated with TG 209 F3 Tarsus
thermogravimetric analyser (NETZSCH-Geratebau

2

r$l
DT
2 $ Rt2 - t1 W $ ln DS1

(1)

2

where Df is thermal diffusivity [m2/s], l is distance
between the RTD sensors, t1 and t2 are time periods
when the maximum temperature in individual sensors is achieved, ΔT1, ΔT2 are differences between
the maximum temperature and ambient temperature.
On the basis of the obtained diffusivity results, thermal conductivity (λf) was estimated based on Equation (2):
m f = Df $ Cpf $ t f

(2)

where Df is thermal diffusivity ([m2/s], calculated
from Equation (1)), Cpf is specific heat [J/(K·kg)],
and ρf is density [kg/m3].
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2.8 N/m) were used with a nominal tip-end radius of
8 nm. The AFM piezo was oscillated at 1 kHz and
force-distance curves were captured each time the
AFM tip tapped on the sample surface, i.e. at each
pixel. The resolution 512×512 or 256×256 pixels
was typically obtained, also representing the number
of collected force-distance curves. Cantilever sensitivity was determined following a standard force
spectroscopy recipe on a Piranha-cleaned <100> silicon wafers; a slope of the approach part of forcedistance curves was measured. The value of the cantilever spring constant was determined by the thermal tune method [54, 55]. The spring constant of the
cantilevers used in this study ranged within 1.91–
2.08 N/m. The cantilever deflection sensitivity was
later adjusted again, taking into account the sine
wave modulation of the cantilever in the PeakForce
QNM mode.
The values of Young’s moduli were determined with
reference to a material of a known Derjaguin-MullerToporov (DMT) elastic modulus by using so-called
‘relative method’ based on a simplified DMT formalism [56, 57]. In the ‘relative method’ mechanical
properties of a sample under investigation are compared to a known, well-defined reference sample. As
reference sample we used polystyrene films with
Young’s modulus of 2.7 GPa (provided by Bruker,
USA) [53].
The free surface of all samples were measured in air,
at a stable humidity (40%) and temperature (21.0 °C).
The indentation depth (sample deformation) was
controlled – depending on the sample – to be typically
between 3 and 8 nm [56]. The image processing and
the data evaluation were performed with the NanoScope 8.15 and the NanoScope Analysis 1.80 software, respectively. The ScanAsyst panel of the NanoScope 8.15 software was set to ‘individual’ to minimize the influence of software auto-optimization on
the collected data.

Specific heat of the polymer matrix was determined
by DSC (DSC1 Mettler Toledo instrument). Specific
heats of boron nitrate and silicon nitrate were taken
from literature: 600 (http://www.ioffe.ru/SVA/NSM/
Semicond/BN/index.html) and 650 J/(K·kg) (http://
www.syalons.com/advanced-ceramic-materials/silicon-nitride-and-sialon-ceramics/syalon-101/), respectively. The theoretical values of specific heat
(Cpf) of the composites were calculated according to
the rule of mixture (Equation (3)) [31]:
Cpf = Cp m $ z wt + Cpfil $ R1 - z wt W

(3)

where Cpm and Cpfil are specific heats of the polymer
matrix and the filler, respectively [J/(K·kg)], ϕwt is
the mass fraction of the polymer matrix in the composite.
Additionally, for composites containing 5 wt% of the
fillers, direct measurements of thermal conductivity
were carried out using a home-made setup containing a commercial (thin film) heat flux HFS-4 sensor
retrofitted with DPi-32 digital process indicator
(Omega Engineering Inc.) and dual input digital
temperature meters (Fluke 52 II) [52] (calculations
were based on the steady state Fourier’s law).

2.9. SEM
A 5 kV voltage scanning electron microscopy (SEM)
(LEO 1530 Gemini, Zeiss, Germany) was used to
obtain micrographs of BN and Si3N4 particles, the
neat matrix, as well as their respective composites.
The applied working distance was 2–4 mm. Polymer-based specimens were fractured under liquid nitrogen and imaged close to the center of the crackedge, i.e. on a top (free surface) section and on the
side (indicating the morphology of the bulk).
2.10. AFM
Topology and Young’s modulus maps were obtained
in the PeakForce Quantitative Nanomechanical Mapping (QNM) mode by the Multimode 8 AFM retrofitted with the NanoScope V controller (Bruker,
USA). In the PeakForce QNM mode the information
about the tip-sample interactions can be obtained and
evaluated in real-time by collecting force-distance
curves and processing them simultaneously to yield
estimates, for example, for elastic modulus, adhesion
and deformation [53].
A FESPA-V2 (Bruker, USA) silicon cantilevers (nominal resonance frequency 75 kHz and spring constant

3. Results and discussion
Investigations were performed for a series of compositions containing 0, 0.2, 0.5, 1, 1.5, 2 and 5 wt%
of the fillers. This level of the filler content is low
compared to that used in thermally conductive composites produced by processing from thermoplastic
materials or by some in situ methods; in such cases
the filling level reaches often tens of percent, e.g.
in refs. [9, 25, 31, 37]. The low filler concentration
in our work resulted from two facts: (i) mentioned
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dispersions as a function of the shear rate and the
filler content.
The measurements were made at 25 °C, which was
also the temperature of kinetic studies and composite preparation. The viscosity of the neat monomer
mixture exhibits Newtonian behavior; such a behavior is observed also for BN-containing formulations
except the one with the highest loading value
(5 wt%). In the case of Si3N4-containing formulations the non-Newtonian behavior begins to appear
already at about 1 wt% filler content; moreover, the
increase in viscosity with the filler content is much
stronger, as can be seen in Figure 1c. The rise of viscosity mainly stems from the interfacial friction (for
filler/filler and filler/dispersing medium contacts).
The excellent lubrication properties of BN ensure
low increase in viscosity which can be also one of
the reasons of lower viscosities of BN-containing
formulations. Other possible reason is smaller size
of Si3N4 particles. At a given loading the number of
Si3N4 particles in a formulation is higher compared
to BN particles. This results in more particle-particle
interactions and an increased resistance to flow.

earlier significant light scattering at higher filler
contents which worsen the reaction kinetics and
(ii) reduced mechanical properties. However, as will
be shown later, even so low filler content enables
significant increase in thermal conductivity of the resulting composites.
The fillers used in this work were not surface-modified. The lack of modification can be economically
advantageous if positive results are obtained.
The photocurable compositions were characterized
before the curing process (by viscosity measurements), during the polymerization (curing kinetics)
and after the curing (by glass transition, spectral characteristics, mechanical properties, thermal diffusivity
and conductivity as well as morphology of the composites).

3.1. Viscosity
Measurements of viscosity of the two-component
mixtures as a function of their composition is an important characteristics for applications as coatings
and for investigation of the polymerization kinetics.
Figure 1 presents the viscosity of the monomer/filler

Figure 1. Viscosity of formulation as a function of the shear rate and the filler content at 25 °C; (a) BN, (b) Si3N4, (c) viscosity
at the shear rate ~375 1/s. Numbers indicate filler content in wt%. The lines are guides for the eye.
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On the other hand, in the spectra of the composites
containing the nanosized Si3N4 (much larger surface
contact with the matrix) a red-shift by about 10 1/cm
of the position of the absorption band of the –OH
group derived from the polymer matrix is observed
(Figure 2). This points to interactions between the
matrix and the filler.

Stronger interactions between Si3N4 particles cause
also that in the non-Newtonian ranges (for loadings
>1 wt%) the zero shear viscosity increases dramatically. Higher viscosities of Si3N4-containing formulation can result also from filler/monomer interactions.

3.2. FTIR-ATR spectra
Comparison of FTIR-ATR spectra of the raw BN
filler, the matrix and the polymer composites showed
that there are no shifts of the positions of the absorption peaks. This could suggest that possible interactions of BN with the polymer matrix are rather low.
However, it should be taken into account that BN
particles are macrosized which causes that the contact surface area between the filler (at its low content)
and the matrix is not large. Therefore, the number of
interacting groups will not be high and interactions
may not be reflected in the spectrum.

3.3. Photopolymerization kinetics
The photopolymerization kinetics were followed for
systems containing varying amounts of the fillers.
The reactions rates Rp as functions of the double
bond conversion p are shown in Figure 3. The time
needed to reach the final conversion pf was 360 sec
under the polymerization conditions used.
Photopolymerization kinetics of the 50/50 mixture
of the dimethacrylate and monomethacrylate monomer is analogous to the behaviour of the multifunctional monomers. The shape of the kinetic curves is
characteristic for a crosslinking polymerization with
immediate onset of autoacceleration, occurrence of
the maximum polymerization rate Rpmax and incomplete final conversion of double bonds pf [58]. The
maximum polymerization rate Rpmax appears at ~45%
of double bond conversion. At this reaction stage a
change in the dominant termination mechanism takes
place: from termination controlled by translational
diffusion to termination controlled by reaction diffusion [58].
Addition of BN or Si3N4 influences the polymerization kinetics causing changes in Rp and pf and in the
conversion at which Rpmax appears, pRm (Figure 4).
Rpmax at first increases with the filler content and then
reaches the highest value for formulations containing
1.5 to 2 wt% of the both fillers; further increase in

Figure 2. The position of the maximum of the OH absorption band of the polymer matrix as a function of
the Si3N4 content in the composite.

Figure 3. The dependence of the polymerization rate Rp on double bond conversion p (at 25 °C) for: (a) monomer/BN,
(b) monomer/Si3N4 formulations. The numbers indicate the filler content (in wt%).
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the filler loading reduces the values of Rpmax. In the
classical approach both the increase and the decrease
of the Rpmax value can be related to the viscosity of
the system. The acceleration of the polymerization
is often associated with enhanced diffusional limitations of macroradicals which suppress the termination process; this increases both Rp as well as Rpmax.
This is related to classical kinetics as the termination
rate coefficient ktb is inversely proportional to the
viscosity (ktb ~1/η), and the polymerization rate Rp
is related to the termination rate coefficient as Rp
~1/(ktb)0.5 [59]. On the other hand, high values of viscosity lead to earlier appearance of the reaction diffusion controlled termination (decrease of pRm value)
and shift of the onset of the diffusion-limited propagation to lower conversion (reduction of Rpmax).
However, in our systems the measured viscosity is a
macroscopic factor and the kinetics cannot be related
directly to it. The amounts of the fillers added are
low; therefore, the reaction has to occur mainly in
the pure monomer phase. The fact that the fillers affect the polymerization kinetics seems to suggest the
influence of the filler/monomer interphase. Interaction of polymer macroradicals with the filler surface

can lead both to suppression of termination and to
acceleration of propagation [60]. Therefore, the increase in the Rpmax in the presence of the fillers we
can ascribe at least in part to suppression of termination caused by immobilization of macroradicals in
the interphase zone; this needs, however, a good surface/polymer adhesion. Therefore, the decrease of
Rpmax could be associated with a decrease of the
interphase volume at higher filler content, when
greater aggregates are formed. These phenomena are
reflected in the dependence of the final bond conversion pf on the filler content. Up to about 1% of its
concentration pf increases, but above this threshold
value the further growth of pf slows down. However,
the fact that the pf still slightly increases may suggest
that system mobility (which determines pf value)
also increases slightly. In both cases the final double
bond conversion was high, on the order of 95%.
Another factor that can affect the polymerization rate
is refractive index ratio between the filler and the organic matrix. Ceramic particles limit UV penetration
by scattering to a degree dependent on the refractive
index contrast [61]. When the light is scattered, the
effective intensity of the light absorbed is lower which

Figure 4. Maximum polymerization rate Rpmax (a) double bond conversion at Rpmax, pRm (b) and final conversion pf (c) as
functions of BN and Si3N4 content (at 25 °C). The lines are guides for the eye.
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taken as 5 % weight loss (T5) and the residual mass
R are given in Table 1.
Decomposition of the pure matrix occurs in two
main stages; the main chain scission is probably the
major degradation path. Interestingly, the presence
of the modifiers leads to a slight enhancement of the
first decomposition stage, but the main degradation
reaction undergoes retardation as can be concluded
from the shift of the second decomposition peak to
higher temperatures.
The onset of thermal decomposition in the presence
of the fillers (T5 values) remains practically unchanged (Table 1). The residual mass of the pure
matrix increases to the amount corresponding to the
theoretical filler loading suggesting that the fillers
do not hinder diffusion of gaseous decomposition
products.

leads to a decrease of the overall polymerization rate.
BN (n = 1.65, Semiconductors properties database:
http://www.ioffe.ru/SVA/) and Si3N4 (n ~ 2.01, Refractive index database: https://refractiveindex.info/)
have some refractive index contrast with the
monomers (n = 1.467, data from producer) which explains the opacity of the formulations. However, refractive index contrast in the case of BN/monomer
mixture is lower than in the case of Si3N4/monomer
mixture and this can be the reason of slightly faster
polymerization of the former system.

3.4. Glass transition
The pure matrix is an elastomer with the glass transition temperature of –36 °C. The introduction of the
fillers has practically no effect on this parameter - its
changes are negligible within (2 °C) indicating that
filler particles do not significantly affect the movement of polymer chains.

3.6. Mechanical behavior
Investigation of mechanical properties included determination of Young’s modulus (E), tensile strength
(σM), elongation at break (εM) and hardness (Figure 6).
Despite the differences in the interactions of BN and
Si3N4 with the matrix, the mechanical behavior of
their composites is similar. All the parameters, i.e.
Young’s modulus, tensile strength and hardness (except of elongation at break) increase monotonically
with the filler content in the whole range studied.
Addition of 5 wt% of BN or Si3N4 increases E and
σM by ~41 and ~50%, respectively, demonstrating potential applications of Si3N4 and BN for mechanical
reinforcement. It is worth emphasizing that introduction of the fillers does not affect negatively the material ductility (no change in the elongation at break)
despite increased Young’s modulus. The increase of

3.5. Thermal stability
The influence of filler addition on the thermal stability of the polymer matrix was examined by TGA for
samples containing 5 wt% of the fillers. Figure 5
shows TG and DTG curves of the pure matrix and the
composites. The initial decomposition temperatures
Table 1. The results of thermal decomposition of the polymer matrix and composite materials.
Filler

T5a
[°C]

Rb
[%]

No

270

1.27

Si3N4

272

6.81

BN

268

6.31

aTemperature
bResidual

at the mass loss 5 wt%.
mass at 600 °C.

Figure 5. TG (a) and DTG (b) curves of the pure matrix and composites containing 5 wt% of the fillers.
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Figure 6. Young’s modulus (a), tensile strength (b), elongation at break (c) and hardness (d) as a function of the filler content.
The lines are guides to the eye.

hardness (by ~2.5%) results from the presence of
hard boron and silica nitride particles. Somewhat
better improvement of mechanical properties is observed in the case of Si3N4, especially for Young’s
modulus and hardness.

and Si3N4 content. The behavior of the two types of
composites is qualitatively similar: their thermal diffusivity/conductivity at first increases with the filler
loading, reaches a maximum and then decreases.
However, the heat diffusivity and conductivity values of Si3N4-containing composites are about twice
as high as these of BN-containing composites. The
maximum values of the discussed thermal parameters are reached at about 2 wt% of the filler content
in the case of Si3N4 and only at about 0.5 wt% for BN

3.7. Thermal diffusivity and conductivity of
the composites
Figure 7 shows thermal diffusivity and conductivity
of the investigated composites as functions of BN

Figure 7. Thermal diffusivity (a) and thermal conductivity (b) of BN- and Si3N4-containing composites as functions of the
filler content.
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Si3N4 particles are nanosized and spherical. It was
indicated that composites with small filler particles
have large interfacial area, causing phonon scattering
and hindering its transport, which leads to a lower
thermal conductivity [20]. Consequently, composites
filled with larger particles have lesser filler/polymer
interface and thus lower thermal interfacial resistance
allowing for the improved heat conduction [65].
On the other hand, the nanoparticles may have different properties and different surface chemistry, which
enables better dispersion in the composites. The influence of these parameters can dominate the reduced
thermal interfacial resistance in microcomposites,
which may result in higher thermal conductivity of
composites filled with smaller particles [20]. This
may explain the better thermal conductivity of our
Si3N4-filled composites.
An important parameter is also the thermal conductivity of the polymer matrix, especially, when the filler
content is low, below the threshold level. Under such
conditions the thermally conductive fillers are separated by the polymer matrix, which acts as a thermal
barrier (the phonons are damped and scattered by the
matrix reducing the inherent thermal conductivity of
BN [62]) and becomes rate-limiting in the thermal
conduction pathway. As will be shown below, in our
composites the conducting paths have developed only
partially and from a certain loading level (≤2 wt%);
further development was not continued (in the case
of Si3N4) or the conductive paths even worsened in
the case of BN. This may suggest that at higher contents of the fillers their aggregates became larger
which increased distances between the partly formed
conducting paths.
Worse effective conductivity of the BN-filled composites can also results from interfacial thermal resistance between the matrix and the filler which hinders the transfer of phonon due to the phonon mismatch at the interface as a result of limited compatibility [62].
Another factor, which should be taken into account is
the aspect ratio. Polymer composites loaded with
fillers having low aspect ratio usually exhibit a lower
thermal conductivity, whereas high-aspect-ratio fillers
enable to reach the percolation threshold at lower
concentrations [66]. BN belongs to fillers with high
aspect ratio values (it will be also shown later on) but
in the case of our composites this property seems to
give no practical effect. In addition, with the increase
of the BN contents, the relative disordered structure

composites (a similar behavior was observed for an
epoxy resin filled with graphene oxide [63]). The relative increase of the both parameters (as compared
to the matrix) is quite high, about 4 times for Si3N4
and about 2.5 times for BN indicating essential improvement of thermal properties.
The obtained results were verified in a separate set of
measurements, using a different experimental method,
for composites containing 5 wt% of the fillers. The
values of thermal conductivity, 0.274 W/(m·K) for
BN-containing and 0.392 W/(m·K) for Si3N4-containing composites are in good agreement with the
results presented in Figure 7.
While we were studying the photocurable nitridefilled formulations, the above-mentioned article describing photocured acrylate–based composites filled
with surface modified BN appeared [48]. To obtain
high conversion degree (95%) the authors used a
special initiating system. A significant enhancement
of thermal conductivity was indicated (at 5% loading
the increase reached about 50%). It is worth to mention that in our work, using untreated fillers, we obtained at lower loadings much higher improvements
(200–400%), which in work [48] was reached at 35%
content of the modified BN. In addition, under our
conditions the double conversion about 95% was
reached using only a classical photoinitiator. This indicates that appropriate selection of the reaction conditions has a huge impact on the obtained conductivity
results. Therefore, further investigation is needed, in
which practical coating formulations will be used.
It is also worth to mention that similar increases in
thermal conductivity as in our work, up to about
0.8 W/(m·K), were reached also in other works (for
various matrices, independently on BN modification
or its state, e.g. exfoliation), but usually at much higher fillers contents, up to about 40% [48, 62, 64].
The observed behavior (dependence on filler content)
and difference in conductivity of the two types of investigated composites may result from various factors, e.g. (i) differences in thermal conductivities of
the fillers, (ii) differences in the particle size and
shape, (iii) differences in the morphology of the composites.
Discussion of the first point is difficult because our
suppliers do not specify thermal conductivities of the
delivered nitrides. Considering the size and shape of
the filler particles, it should be taken into account that
the BN used by us is in the form of microparticles with
platelet shape crystals forming aggregates, whereas
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of fillers may decrease the efficiency of heat transmission along the in-plate direction, thus resulting
in smaller increase in thermal conductivity [7].

3.8. Morphology of the composites
SEM images present a hexagonal BN with its flakelike morphology, i.e. laminated structure in which a
large number of layers is organized in stacks (not
shown). The size distribution ‘in-plane’ varies from
180 nm up to ~13 µm, however, most to the sizes in
the distribution are located approximately between
1.5 and 4 µm. The thickness is within the range of 16
and 280 nm, and strongly depends on the ‘in plane’
size. We estimated the aspect ratio (the longest dimension divided by the shortest dimension, which is
a thickness in this case) of BN particles to be between 11 and 46. Such high aspect ratio indeed indicates a strong size anisotropy for BN particles. SEM
micrographs of Si3N4 particles show regular spherical shape (not shown). The diameter distribution
varies from 33 up to 69 nm, with an average value
of 51±9 nm.
The low magnification SEM images show homogenously distributed BN particles in the matrix for all
the filler contents; examples are shown in Figure 8.
The polymer matrix represents smooth and featureless surface with terraces-like morphology that indicates the crack propagation plane of fractured samples (fractured at liquid nitrogen temperature). The
dispersed particles, to a large extent, induce or terminate the crack propagation lines. The dispersion of
Si3N4 particles in the matrix was found to be good
as well, however, locally aggregates were observed
with sizes usually smaller than approximately 1–
2 µm. An aggregate representation is shown in the
inset in Figure 9d.
High resolution SEM as well as AFM (height) imaging (Figure 9a and 9e) show smooth and flat free
surface of the matrix (an averaged roughness, measured for a 10×10 µm2 AFM surface area is 5.5 nm).
The random copolymer structure is reflected by a
single-phase morphology observed in both SEM and
AFM images, and also in homogeneous Young’s
modulus maps (i.e., no color contrast in the image)
in Figure 9i. An average surface Young’s modulus
of the matrix was calculated to be 27.9±0.8 MPa,
based on collected force distance curves. This value
seems to be overestimated by a ~60% as compared
to standard macro tensile testing (Figure 6a). One
should, however, take into account that, despite the
801

Figure 8. SEM micrographs of fractured composites containing boron nitride particles. The filler content is
(a) 1, (b) 2 and (c) 5 wt%.

uncertainty of the methods itself, some disagreement
actually should appear in the moduli values due to
differences in (i) the scale of the measurements (macro
vs. nano), (ii) type of deformation (elongation vs. indentation) and (iii) models used (ISO standard vs.
DMT model) reflecting different material property
averaging [56, 67].
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Figure 9. Graphical table containing free surface imaging by means of SEM and AFM (height and Young’s modulus) for
neat polymer matrix (a, e, i), matrix + 5 wt% BN (b, f, j), matrix + 1 wt% Si3N4 (c, g, k), and matrix + 5 wt%
Si3N4 (d, h, l). The height- and modulus-profiles were taken along the white lines shown in the images and represent
an overall topology and elasticity of the samples. An inset in (d) shows a typical representation of Si3N4 particle
aggregates.

Partly embedded BN particles (several flakes forming a small aggregate) in the polymer matrix are
shown in the SEM image in Figure 9b. An AFM
height representation on the BN filler ‘immersed’ in
the copolymer matrix is shown in Figure 9f. The
analysis of SEM images, also for other BN filler content, indicate that in the BN-containing composites a
significant wetting effect (large wetted length) was
taking place at the Ar-matrix-particle interface (better
visible in Figure 10). We believe that it was reflected
by a capillary rise up the vertical sides of BN particles. This observation particularly demonstrate strong
initial interactions between the particles and the polymer matrix (which are also manifested by the viscosity data in Figure 1a), that in turn resulted in a good

Figure 10. SEM picture showing the matrix morphology in
the presence of the filler in the BN-containing
composites. The morphology is consistent with
strong adhesion.
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4. Conclusions

matrix-particle adhesion in the final composites. Additionally, comparing the distribution of BN particles
in the bulk (fractured samples, Figure 8) and at the
surface (free surface, Figure 9b), one can find a higher ratio of the particle-per-area in the bulk than at the
free surface. This observation again indicates good
matrix-particle interactions; particles rather ‘like’ to
be in the bulk than at the sample-air interface. We
attribute the observed matrix-particle interactions as
a main contributing factor to the heat sample transfer
(poor adhesion would lead to scattering of the heat
transfer). Favorable BN particles-matrix adhesion is
also observed by AFM, namely via quantitative elasticity imaging (Figure 9j). We observed a coverage of
the polymer matrix around of BN particles, forming
a thin polymeric film. This feature was reflected by
a low (below 0.9 GPa) Young’s modulus value across
the surface of BN particles (Figure 9j). Despite the
fact of a good BN particle-matrix adhesion, a thermally conductive path of BN particles cannot be identified in any of our SEM or AFM images, even at
5 wt% of the filler content.
Free surface SEM (Figure 9c and 9d) and AFM height
(Figure 9g and 9h) images show typical Si3N4 particle distribution at the sample interface for composites with 1 and 5 wt% of the filler. As found also for
bulk samples (fractured specimens), the morphology
unveils moderate aggregation tendencies between
the Si3N4 particles in the matrix; typically not larger
than ~2 µm (see also inset in Figure 9d). Analysis of
the distribution of Si3N4 particles leads to a conclusion that they also tend to preferentially be located in
the bulk, rather than at the interface; this indicates
good Si3N4 particles-matrix interactions (adhesion).
The value of Young’s modulus confirms this observation; it varies only up to maximum of about
200 MPa across the particles (Figure 9k and 9l) indicating polymeric interphase around the particles.
Inspection on Figure 9k and 9l allows one to observe
initiation of the formation of conductive paths – long
and narrow aggregates/agglomerates of Si3N4 particles. They are likely responsible for the improved
thermal conductivity/diffusivity of the composites.
However, these conductive paths are still separated
by polymer matrix, which limits improvement of the
conductivity. Much better results would be obtained
if a continuous filler network was formed (above the
percolation threshold). However, under the conditions used in our work, this was not achieved. To this
end, further research is in progress.

Methacrylate-based composites with improved thermal conductivity were prepared by photocuring of
monomer/(thermally conductive filler) compositions.
Two types of filler were used: micro-sized flakeshaped hexagonal BN or nano-sized Si3N4 with spherical particles.
The kinetic studies showed that the fillers used affected the curing process increasing the polymerization rate when the filler content increased up to about
1–2 wt%; it can be ascribed to suppression of termination caused by immobilization of macroradicals in
the interphase zone. At higher loadings the polymerization rate decreased, which is probably associated
with a decrease of the interphase volume when
greater aggregates are formed. The mechanical properties of the composites were improved compared to
pure polymer matrix.
Despite the very low loading level (up to 5 wt%) the
composites containing Si3N4 or BN particles showed
significantly improved thermal diffusivity and conductivity compared to the pure matrix. The relative
increase of the both parameters was about 4 times
for Si3N4 and about 2.5 times for BN. The maximum
values of the discussed thermal parameters were
reached at about 2 wt% of the filler content in the
case of Si3N4 and only at about 0.5 wt% for BN composites. Such a result (together with AFM data) suggests that the conducting paths have developed only
partially and above these loading levels their further
development was not continued. This can be associated with the formation of larger filler aggregates
and increased distances between the partly formed
conducting paths. Therefore, to further improve the
conductivity, it is necessary to build longer conducting paths, preferably until reaching the percolation
threshold, e.g. by changing the experimental conditions and/or by modification of the fillers.
SEM and AFM imaging showed good matrix-filler
adhesion for the both types of fillers and the tendency of the particles to be preferentially located in the
bulk rather than at the interface.
The results presented in this work are important from
the point of view of industrial applications because
this type of composites can be particularly suitable
for production of protective coatings with improved
thermal conductivity by widely used photopolymerization technique.
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