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Abstract

Expanded graphite (EG) and boron nitride (BN) were used as fillers to impart thermal conductivity (K)
while maintaining electrical insulation of a homopolymerized cycloaliphatic epoxy matrix. Even though
EG leads to a higher increase of K than BN (550% of enhancement with only a 7.5 wt.% of EG), EG is
also electroconductive and consequently its ratio within the epoxy system must be lower than the
percolation threshold. Proportions between 2.5-7.5 wt.% of EG and a 40 wt.% of BN were polymerized in
an oven and epoxy composites with 70 wt.% of BN and 2.5/5.0 wt.% of EG were also prepared under 74
MPa pressure. Over 2 W/m-K was achieved in the best composites (i.e. more than 1,500% of
enhancement in reference to the neat epoxy). In the presence of BN, amounts of EG of 2.5 and 5 wt%
were found to keep the insulation character. In addition, mechanical and thermal characteristics of the

composites were also evaluated.
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1. Introduction

Recently, the preparation and study of new nanocomposite materials has become a very important issue in
different fields of science. Most of these composites are based on polymers.'-* Indeed, their low density

makes these materials the most promising candidates to replace metals or ceramics when weight is a
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restrictive parameter.>”’ Their good corrosion resistance, low production costs of industrial and easy
processing, also make them more attractive than metals.!*%° In the sector of energy (production and
storage systems such as solar cells, fuel cells, rechargeable batteries and supercapacitors), there is also a
great interest in thermally conductive materials.'® Thermal conducting composites are used in electric and
electronic industries as packaging and coating, heat dissipation structures of light emitting diodes and heat
sinks."%? Unfortunately, most polymers exhibit insulating characteristics, both electrical and thermal. To
tackle this lack of conductivity, usually thermally or electro conductive nanofillers are added to polymer
matrices. While the electrical conductivity of polymer composites can drastically increase at a given

electrical conductive particle concentration, in accordance with the percolation theory,”!!

the dependence
of thermal conductivity and filler loading are in most cases practically linear and does not exhibit large

changes until high filler loadings. '

Following the previous studies carried out by our group,'* !¢ the current work is focused on increasing the
thermal conductivity of an epoxy resin while maintaining its electrical insulation. The prepared materials
could be used as adhesives, coatings or packaging materials for electronic industry, usually called thermal
interface materials (TIMs),'? thermally conductive adhesive (TCA),'® or electrical insulating layers of
prepreg in a multilayer printed circuit boards (PCB). The selection of an epoxy resin as the matrix relies
on the versatility of such a system in terms of curing agent and curing conditions and its good adhesion
properties to a huge range of different surfaces, low shrinkage, good behaviour at elevated temperatures
and high modulus and strength. All these characteristics make epoxy resins ideal matrices in composite
material industries.!'® 2> However, it is well known that epoxy resins have low thermal conductivity and
brittleness, which limit their use but the addition of inorganic particles can help to reduce both
drawbacks.?! The introduction of particles in the epoxy matrix is still today the most economical and
simplest method from the point of view of the application to increase thermal conductivity?* than the

costly alignment of polymer structures.?*

In the present study, a thermal latent epoxy system, which goes through a cationically initiated
mechanism, was chosen to crosslink a cycloaliphatic epoxy resin (ECC). This system consists in a
benzylanilinium salt, which is the cationic initiator and triethanolamine (TEA) as inhibitor of low
temperature curing, which provides the latency. The system is distinguished for having a long pot life,
fast curing once initiated and glass transition temperatures (T,) of the cured material above 200 °C, which

is considerable high in epoxy themosets. !¢



The main goal of this work is the preparation of new hybrid nanocomposites, by combination of a
carbonaceous filler with an inorganic material, all of them dispersed in the epoxy matrix. By the
application of pressure, a higher filler loading could be added to the composite. The mechanical
properties and thermal conductivity of these materials have been evaluated together with the insulating
electrical characteristics. Small proportions of carbon-based material (below the percolation threshold)
were expected to improve some of these characteristics maintaining the electrical insulation. Considering

9,25-27

different studies already reported in the scientific literature, we selected expanded graphite (EG) and

boron nitride (BN) as the fillers, to determine potential synergic effects when added together to the
formulation. EG is one of the most studied fillers in thermal energy storage systems.?® Some authors?>?®
state that this filler enhances the thermal conductivity much better than other carbon-based materials such
as carbon nanotubes, carbon black or carbon fibres. Other fillers like graphene or graphene oxide result
much more expensive, thus limiting their use in technological applications. Corcione and Maffezzoli*
reported a good dispersion of the EG particles in the epoxy matrix and strong polar interactions of the
filler with the matrix, attributable to the partially oxidized surfaces of the expanded graphite. The
manufacturing process causes this partial oxidation since graphite, which is constituted by stacked layers
of graphene, is converted in expanded graphite through chemical oxidation.»? When graphite is exposed
to heat (thermal shock) it expands generating free space by evaporating the acid entrapped between the

graphite layers.?? This space could be filled with the epoxy resin, which could homopolymerize,

increasing in this way the filler-matrix interaction that is highly convenient to reach a good heat transfer.

Among all the inorganic particles commonly used to increase thermal conductivity, hexagonal boron
nitride (BN) provides the best combination of properties and therefore this material has been selected for
the present study. BN platelets present a high thermal conductivity, low dielectric constant, high electrical
resistivity, low coefficient of thermal expansion (CTE), low density, high mechanical strength and

chemical and thermal stabilities. '3

2. Experimental

2.1. Materials

As the epoxy resin, 3,4-epoxy cyclohexylmethyl 3,4-epoxy cyclohexane carboxylate (EEW = 126.15
g/eq, from Sigma Aldrich, ECC) has been used. N-(4-methoxybenzyl)-N,N-dimethylanilinium
hexafluoroantimonate, commercialized as CXC1612 from King Industries Inc., was mixed with 50 wt. %

of propylene carbonate until dissolution. Propylene carbonate and triethanolamine (TEA) were provided



by Sigma-Aldrich and purified by distillation before use. Platelets of hexagonal BN of 180 um of
average, PCTP30D, were supplied by Saint Gobain Ceramic Materials. The particles were sifted with a
sieve of 250 um due to the high difference in particle size (manufacturer specifications state that product
granulometry could include particle sizes of 1600 um). Expanded graphite particles, BNB90, with an
average of particle size of 85 pm and specific surface area (SSA) of 28.4 m?/g were provided by Songhan

Plastic Technology Co., Ltd.

2.2. Sample preparation

The epoxy neat formulation was prepared as described previously,'*!® by mixing 1 phr (parts of initiator
per hundred parts of resin) of CXC1612 and 0.1 phr of TEA. Proportions of 2.5, 5.0 and 7.5 wt. % of
expanded graphite were added to the epoxy system. Graphite particles were dispersed by sonication
(NextGen Inside 500 from Sinaptec Ultrasonic Technology), using 35% of amplitude during 20 s, divided
in batches of 5 s (leaving 10 s between each batch). After sonication, vacuum at room temperature were
applied to the mixtures during 1 h to remove bubbles formed. The epoxy-graphite mixtures were used to
prepare new formulations by mixing 60 wt. % of them and 40 wt. % of BN particles. In this case, manual
stirring until homogeneity was performed, then the samples were cured in a ventilated oven. Other
samples with a BN content of 70 wt % and 2.5 or 5 wt % of EG were also prepared and a pressure of

about 74 MPa to compact and shape them was applied prior curing in the oven.

The curing of samples was carried out onto teflonated metallic moulds and following a multi-step

temperature schedule at 100, 120, 150, 180 and 200 °C, leaving them 1 h at each temperature.

2.3. Characterization techniques

A modulated differential scanning calorimeter 2920 (MDSC) from TA Instruments was used to analyse
the epoxy reaction system. Samples of ca. 3-5 mg were tested in aluminium pans in a nitrogen
atmosphere. The dynamic studies were performed in the range of 30-250 °C with a heating rate of 10
K/min. Enthalpy (44) of samples was calculated integrating the calorimetric signal (dh/df) using a straight

baseline, with the help of TA Universal Analysis software.

Rheologic experiments were carried out to the epoxy-EG blends in parallel aluminium plates of 25 mm
diameter in oscillatory mode with an AR G2 rheometer from TA Instruments. The aim of the rheometric
measurements were to determine the percolation threshold of the EG in the epoxy system. Linear

viscoelastic range (LVR), a constant shear elastic modulus (G’), were determined at 1 Hz and 30 °C,



varying strain applied. Viscoelastic properties, G’ and shear viscous modulus (G’), were then determined

in the LVR in frequency sweep experiments at 30 °C.

Dynamic mechanical thermal analyses (DMTA) were performed with a TA Instruments DMA Q800
analyzer. The prismatic rectangular samples (20 x 4.5 x 2.2 mm?) were analyzed by 3-point bending
clamp at a heating rate of 3 K/min from 30 to 300 °C, using a frequency of 1 Hz and an oscillation of
0.1% of sample deformation. The Young modulus (£) was determined at 30 °C by means of a force ramp
at a constant rate, | N/min, never exceeding 0.25 % of deformation to be sure that only elasticity was
evaluated. E was calculated taken the slope between 0.1 and 0.2 % of deformation curve in accordance

with the equation:

L3m

E= 4bt3 (1)

where E is the elastic modulus of composite sample (MPa), L is the support span (mm), b and ¢ are the
width and the thickness of test sample (mm) and m is the gradient of the slope (N/mm). A minimum of 4

experiments were made for each sample.

Thermomechanical analyses (TMA) were carried out on a Mettler TMA40 thermomechanical analyzer.
Square cured samples (9 x 9 x 2.3 mm?®) were supported by the clamp and a silica disc to distribute the
force uniformly, and heated at 5 K/min from 35 to 100 °C. A minimum force of 0.01 N was applied to
avoid results distortion. The coefficients of thermal expansion (C7Es) in the glassy state of the material

were calculated as follows:

dL
1 dL 1
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where L is the thickness of sample, L the initial length, ¢ the time, 7 the temperature and d7/dt the heating

rate.

Thermal stability of the composites prepared were evaluated by a thermogravimetric analyser (TGA) Q50
from TA Instruments under N, atmosphere. Samples of ca. 6-9 mg were thermally decomposed on a
platinum pan within the device. Global N flow (100 mL/min) was divided between balance flow (40
mL/min) and sample flow (60 mL/min). A heating rate of 10 K/min was used between room temperature

and 600 °C.



Surface hardness was evaluated through Knoop microindentation analysis being consistent with ASTM
D1474-13. A minimum of 18 valid determinations were considered with a confidence level of 95% for

each material. Knoop microindentation hardness (KHN) was calculated as follows:

L L
KHN ===25 ()

where L is the load applied by the indenter (0.010 Kg), 4, is the area of indentation in mm? and C, the

indenter constant relating /> with A4,,.

Measurements of X-ray diffraction (XRD) were performed with a Siemens D5000 diffractometer (Bragg-
Brentano parafocusing geometry and vertical ©-O goniometer) fitted with a curved graphite diffracted-
beam monochromator, using incident and diffracted beam Soller slits, a 0.06° receiving slit and
scintillation counter as detector. The angular 20O diffraction range was between 5 and 70°. The data were
collected with an angular step of 0.05° at 3 seconds per step and sample rotation. Cuyg, radiation was

obtained from a copper X-ray tube operated at 40 kV and 30 mA.

Environmental scanning electron microscopy (ESEM) was used to examine the fillers and breaking
surfaces of the materials prepared. A Quanta 600 environmental scanning electron microscopy (FEI
Company) allows collect micrographs at 10-20 kV and low vacuum mode without the necessary to coat

the samples with poor electrical conductivity.

Electrical resistance of materials was tested using a multimeter 34410A 6% Digit from Agilent
Technologies at room temperature and based on ASTM D257-14. The samples with higher electrical
resistance (>10® Q-m) were evaluated with a Megohmmeter Resistomat 24508 at room temperature and
the same standard. Samples of 9 x 9 x 2.3 mm? were tested between two stainless steel electrodes with a
surface area of 19.635 mm?2. A voltage of 500 V during 5 min was applied to thermoset composites.

Electrical resistivity (p) was determined as follows:
A
p=RT (4

where R is the electrical resistance measured by the device, 4 the electrode area and / the sample

thickness.

Thermal conductivity was measured using the Transient Hot Bridge method by a THB 100 device from

Linseis Messgerite GmbH. A HTP G 9161 sensor was used with a 3 x 3 mm? of area calibrated with



poly(methyl methacrylate) (PMMA), borosilicate crown glass, marble, Ti-Al alloy and titanium. Two
equal polished rectangular samples (9 x 9 x 2.3 mm?®) were placed in each one of the faces of the sensor.
Due to the small size of sensor, side effects can be neglected. A measuring time of 100 s with a current of

10 mA was applied to each of the five measures done for the different formulations.

3. Results and discussion

3.1. Calorimetric analysis of the curing of the prepared formulations

In a previous study,'* the curing of the cycloaliphatic epoxy system (ECC) was performed. An optimal
combination of 1 phr of benzylanilinium hexafluoroantimoniate (CXC 1612) and 0.1 phr of
triethanolamine (TEA) as initiating system ensured a complete epoxy group conversion with thermal
latent characteristics. The benzylanilinium salt leads to a cationic homopolymerization of the epoxy
monomers with high reactivity. In fact, the real catalytic groups, which initiate the attack to the oxiranic
oxygen, are the benzyl cations released on heating the ammonium salt.?*-3! A high reactivity and an
elevated degree of crosslinking were obtained because of the low nucleophilicity of the
hexafluoroantimonate counter anion, which avoids the termination step in the epoxy homopolymerization.
TEA was added as the thermal latent additive, since it converts the system in non-reactive until
temperatures bordering 120 °C were achieved.?? The fact that the curing temperature is much higher than
room temperature allows the reactive mixture to be stored for long periods, which is highly desirable for

industrial applications.

Different proportions of EG were dispersed in the epoxy resin using a tip sonicator. Short sonication
times were applied to the mixtures to avoid mechanical damage to the graphitic particles and to maintain
the system unreacted, since the heat produced by the dispersion can lead to an undesired reaction if the
temperature is highly increased. This technique results more efficient than the use of ultrasonic bath. To
these mixtures a 40 wt % proportion of BN was added. Dynamic DSC scans of the different formulations
are represented in Figure 1. If there is a great interaction between particles and matrix, some variations in
the curing evolution must be expected. There are different facts that can affect this interaction: a) Both
EG and BN have a similar crystalline structure, the surfaces are not reactive but the reactive groups at the
particle edges could be bonded covalently with the resin and possibly participate in the curing process. b)
The low viscosity and small size of the cycloaliphatic epoxy compound could allow its penetration into

the EG interlayer spaces, which will lead to good interactions through partial oxidised surfaces. On the



other hand, the absence of aromatic moieties in the epoxy resin prevents in the present case m-1

interactions between particles and matrix.
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Figure 1. DSC analysis of the mixtures containing EG or EG and BN.
As it can be seen in the figure, neither the addition of EG nor the addition of BN affects the curing
process, and the exotherm appears at the same temperature range, in contrast to what was observed in
earlier studies with different fillers in ECC mixtures.'#!® Table 1 collects the most important data
extracted from the DSC experiments. It is clear that onset temperatures and the temperature of the
maximum of the peak do not change. Enthalpy per epoxy equivalent evolved during the polymerization
also remains similar, although the enthalpy released by gram is reduced on increasing the proportion of
filler, as expected. These results also confirm that sonication does not produce any effect on the curing of
the reactive mixture, confirming the stability of the formulation. The high crosslinking density of the

network formed did not allow detecting, in a second dynamic DSC scan, the 7, of the final composites.

Table 1. Most important data extracted from DSC experiments.

Sample Composition Tonset® Tpeak® AhP AhP
(ECC/EG/BN) ©C) ©C) /g (kJ/ee)
wt %

Neat epoxy 100/0/0 115 122 641 81
2.5% EG 97.5/2.5/0 115 122 615 80

5% EG 95/5/0 115 123 609 81

7.5% EG 92.5/7.5/0 115 122 600 82
2.5% EG + 40% BN 58.5/1.5/40 115 122 379 82
5% EG + 40% BN 57/3/40 115 122 370 82
7.5% EG + 40% BN 55.5/4.5/40 115 123 357 81

2Onset and peak temperature of reaction determined by TA Universal Analysis software.
b Enthalpy evolved by the reaction per gram of mixture or epoxy equivalent determined by the same
software using a straight base line.



3.2, Rheological behaviour of epoxy-EG mixtures

The use of electrical semiconductors as carbon-based fillers leads to lose the electrical insulation
character of the composites at a given filler loading. Moreover, to reach a high thermal conductivity,
percolation of the particles should be reached. For this reason, it is of great importance to know at which
proportion of filler the percolation occurs. Rheological percolation threshold is usually slightly lower than
electrical conduction percolation,?*3* because conductive particles must be closer to each other. However,
in some cases they could be similar or even identical.® In the present study, both EG and BN particles are
added to the formulation but only EG particles can affect negatively electrical isolation. It should be noted
that the 40% of the BN particles used in the present study have surely exceeded the percolation threshold,
since the amount of BN particles to reach percolation, determined in a previous study with particles of
average size of 6 um, was determined to occur at 14.4% of BN's load.!* Because the addition of BN does
not increase the electrical conductivity of the composite, we have selected a 40% of BN content that
allows us to easily prepare by hand mixing the formulation and obtain homogeneous samples without the
inclusion of bubbles. Therefore, only the rheological study of epoxy-EG mixtures was performed to
determine the concentration needed to reach rheological percolation of EG particles in the formulation to

know the maximum content of EG to keep electrical insulation.

To determine the viscoelastic properties of the formulation, the linear viscoelastic region (LVR) must be
considered. This means to determine the deformation to be applied where the mixture present a
Newtonian behaviour. One of the simplest method to determine this region is performing experiments
keeping a constant frequency (1 Hz) varying the sample strain applied. Figure 2 represents the elastic
modulus (G’) in front of strain, because of it is more sensitive than G . The less filled formulation
exhibits a practically constant modulus in all the range of strain tested, typical of dilute solutions with
Newtonian behaviour. When the concentration of EG is 5 wt %, its LVR shows a complex curve with a
decrease of modulus, because the structure of the mixture breaks down. An increase of G’ with a shoulder
shape when the amplitude achieved certain value can also be observed. This behaviour can be explained
as a particle structure reordering because of the deformation applied.?® As expected for this type of
mixtures, the LVR is shifted to lower strains when particle concentration increases, as it can be seen in

the sample with a 7.5% of EG.
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Figure 2. Elastic shear modulus (G”) against deformation applied (%) from strain sweep experiments.

Once selected the appropriate amplitude for each mixture, frequency sweep experiments were carried out.
In Figure 3 both elastic and viscous modulus are represented. Following the scientific literature, it is
usually accepted that percolation threshold of a filled mixture is achieved when G’ reached the same
value as G’ at low frequencies.'>*” On increasing the filler proportion in a formulation it can be seen
how the transition from liquid-like behaviour (G’ ">G") to solid-like (G’>G ") occurs. At low frequencies
this transition occurs between the formulations of 2.5 and 5 wt % of EG, which means that the electrical

percolation occurs at a filler loading of about 5% of EG.
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Figure 3. Elastic (G”) and viscous (G’”) modulus against frequency (o) of epoxy-EG mixtures.
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3.3. Thermal and mechanical behaviour

Once finished the study of the curing of the formulations, they were thermally cured in the oven in a
multistep temperature program, selected according to the results obtained by DSC and improved testing
the quality of the samples by DMA. The curing schedule that starts at 100 °C and ends at 200 °C has
different steps with small temperature increases to avoid the generation of internal stresses within the
materials. Although, because of the latency, the reaction is very fast, to reach the complete curing of the
material requires temperatures about 200 °C to avoid vitrification. s of the neat material and BN filled

composites were determined in a previous study and resulted to be over 200 °C.'

Figure 4 presents the storage modulus (E°), related with the elastic response of materials (A), and the loss

factor tan 6 (B), associated to the 7, obtained by DMA and the main data are collected in Table 2.
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Figure 4. Storage modulus (E’) (A) and tan delta peak curves (B) against temperature.

Figure 4A shows the increase of the stiffness and the mechanical response of the composites when the
proportion of filler increases. Once reached the mechanical percolation (at about 5% EG) the effect of
increasing the proportion of EG on the storage modulus evolution is not noticeable. Similarly, when a
40% BN is in the formulation, the increase of EG content does not influence the mechanical performance.
Moreover, the storage modulus is maintained up to 200 °C. These results demonstrated that the materials
can be used in a long range of temperature without loss on their mechanical response. It should be noted
the change in the slope of £’ in composites with 5 and 7.5 wt% of EG at about 250 °C, which differs from
the curve of the materials with lower EG content, in both series of materials with or without BN. This

mechanical difference could be related to the percolation phenomenon, sensitive to the particle
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interactions within the matrix. In Figure 4B the relaxation process of materials lengthens over a large
temperature range, but the experiments, which were stopped at about 300 °C to avoid degradation,
showed that the materials were not yet completely relaxed, accordingly to their high crosslinked
character. The most important difference observed between these materials is the increase of T, swhen
BN particles are in the composite. However, the addition of EG does not lead to changes in the
temperature of relaxation. As observed in previous studies'*!® the tan J peak is broad and low, indicating
a slow relaxation process and low homogeneity of the polymer network, as a result of the
homopolymerization by ring-opening mechanism in the curing process, which is inherently

inhomogeneous.3*

By DMA, in static controlled force test at 30°C, the Young’s moduli of the composites were determined.
As can be seen from the values in the table, fillers play a reinforcing role into the matrix. There are
clearly two sets of moduli, the first one in samples with only EG as filler, where about a 40%. of
enhancement is reached. In this case, once percolation is overpassed the EG particles seem not to increase
rigidity. The second set is formed by the composites with both EG and BN. In these materials, rigidity
more than doubles the value of pure material. (from 2.4 GPa till 5.1 GPa) and the addition of EG seems
not to enhance much the Young modulus. The maximum value achieved is below the previously reported
with the 40 wt % of BN (6.5 GPa).!* This lower value is due to the change of BN particles used, larger in
the present study. As seen before, bigger filler particles worse the rigidity of the composites.'> Anyway,

the rigidity is increased, and materials can be useful in some structural applications.

Table 2. Data obtained from DMA, TGA, TMA and microindentation tests.

a Young ¢ . e d
Ttan s b Ts9% Char yleld CTEglass

Sample ©C) M(o((;i;:‘l;s ©0) (%) 105K KHN®
Neat epoxy 229 2.4+0.02 296 1.9 115 12.3 +0.67
2.5% EG 231 3.1+0.02 306 4.9 110 17.6 £0.81
5% EG 230 3.4+0.06 342 7.8 78 20.2+1.12
7.5% EG 231 3.4+0.09 339 11.0 77 20.2 +1.39
2.5% EG + 40% BN 240 4.7+0.15 350 46.0 64 16.7+0.78
5% EG + 40% BN 239 4.9+0.23 356 46.5 64 16.5+£0.62
7.5% EG + 40% BN 239 5.1 +0.35 355 46.9 64 17.3£0.75

2 Temperature of tan 6 peak determined at 1 Hz in an oscillatory experiment by DMA.

b Rigidity of samples determined at 30 °C in DMA apparatus with a controlled force experiment.

¢ Temperature of 5 wt % loss and final residue in TGA test at 10 °C/min in nitrogen atmosphere.

4 Coefficient of thermal expansion in the vitreous state determined by TMA, between 50 and 70 °C.
¢ Microindentation Knoop hardness.

The thermal stability of the composites was analysed by TGA experiments under inert atmosphere.

Figure 5 shows the degradation curves and the main data extracted are collected in Table 2. The
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degradation seems to occur in an only process, independently of the composition of the formulation and
the main differences are observed in the char residue, due to the different proportion of filler added. There
is a pronounced increase in the thermal stability of epoxy-EG when percolation threshold is surpassed of
about 30°C, a sign of a good particle interaction. All the char residues correlate with the proportion of
filler added except for the samples including 40 wt % of BN, where the residue is practically constant,
because of the low relative variation of filler content among the samples. The increase of the initial

temperature of decomposition is related with the decrease of the resin content that can be decomposed.
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Figure 5. Decomposition curves performed by TGA experiments.
The dimensional stability of materials on changing the temperature is an important characteristic when
they are used in devices where the temperature can change and are assembled with metals, such as occurs
in electronic devices. To evaluate the effect of the incorporation of fillers to the matrix on the coefficient
of thermal expansion (CTE), TMA analysis was performed. Generally, CTEs of polymers are larger than
metals, and higher than ceramics. As it can be seen in Table 2, the inorganic fillers incorporated to the
matrix, as expected, reduce the CTEs of composites approaching them to substrates they can coat. There
is a sharp reduction of CTE on reaching EG percolation threshold, but a further addition of this filler does
not produce any improvement. There is a reduction of CTEs in samples with 40% of BN, but the further

addition of EG does not produce any change, since the percolation has been reached by the BN particles.

From the mechanical characteristics, the hardness of materials was evaluated since it is an important
property for coatings, since it confers them durability. In addition, this property is used to correlate with

ultimate tensile strength (or breaking strength). In Table 2 the Knoop values are collected. Also, in this
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parameter, the addition of EG particles shows a high dependence on the filler loading until the percolation
threshold is exceeded, and the addition of 7.5% of EG does not produce any improvement. The addition
of BN particles led to a reduction of the surface hardness in comparison with materials filled with only
EG. This result might be due to the decrease of cohesion of the material with such amount of filler, which
is translated in an increase in the capacity to be deformed against penetration and a lower interaction

epoxy-BN than epoxy-EG.

3.4. XRD characterization and microscopy inspection

X-Ray diffraction is a very powerful technique to characterize crystalline or semi-crystalline materials
and to determine unit cell dimensions and sample purities. The fillers used in this work and two different
composites were analysed by this technique and the registered diffractograms are represented in Figure 7.
Figure 7A presents the diffractogram of the BN used with the characteristic peaks of hexagonal structure
pattern of the BN in the ICDD database (card number 01-073-2095) in red colour. All the peaks fit well
with the pattern as it was expected. However, it can also be observed small signals, the more visible ones
in the range of 28-40° of 20, related to the presence of calcium borate (Caz(B20Os)). The pattern of this
impurity (card number 01-089-6630) fits well with these signals and a rough semiquantitative analysis

(Reference Intensity Ratio method) determine a ~6% of concentration.

The X-Ray diffractogram of EG (figure 7B) is represented together with the graphite pattern (03-065-
6212), in blue colour, because both have the same crystalline structure. Nevertheless, some differences
are shown. Peaks at approximately 42° (crystallographic plane 100) and especially 44.5° (101) are
broader than the others are. Such broadening could be related with the structure distortion due to the
expanded graphite used. In addition, the peak at 54.6° (004) has a lower intensity than the one of the

graphite pattern. No impurities were detected in this diffractogram.

Figures 7C and 7D correspond to the composites with 7.5% of EG and 7.5% + 40% of BN respectively.
In both cases, they presented a broad peak at about 17°, representative of amorphous structure of the
matrix. The peaks of the fillers are kept at the same diffraction angles, but partially covered by the epoxy
resin, confirming that dispersion procedure did not affect filler crystal lattice. It should be noted, that the
characteristic peaks of the two fillers appear at similar diffraction angles, since the two types of particles
have the same crystalline structure, only differentiated by the cell size due to the different atoms in the
structure. However, the peaks corresponding to expanded graphite have low intensity, because of its low

proportion in the composites but BN peaks can be easily distinguished. The first and most intense peak at
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about 26°, corresponding to the 002 plane of BN is partially overlapped by 002 plane of graphite. Despite

this, in the figure 7E, it can be observed how the peak has a shoulder at low angles because the BN and

graphite peaks do not have the same position because the obvious differences in cell sizes.
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Figure 7. XRD diffractograms of the two fillers and two composite samples.

ESEM inspection can be used to determine the filler dispersion and the type of fracture by examining the

surfaces of the fractured samples of the composites. We firstly examined the fillers used. Figure 8
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presents a general view of the particles and a single particle (at higher magnifications) of BN and EG. BN
particles exhibit a large dispersion of sizes, which might be appropriate to better fill the spaces within the
matrix. In the micrograph of the single particles we can observe the laminar shape of BN. EG particles

present an amorphous shape as consequence of the thermal shock after chemical oxidation.

5 e 30 pm

Figure 8. ESEM micrograph of fillers used in the study. BN in row above and EG in row below.

In Figure 9 fracture surfaces of different composites are presented. The figures above correspond to the
composites filled with EG at the three different proportions. In the first one (2.5 wt % of EG), it can be
seen how most of the EG particles are isolated within the matrix whilst in the figure in the middle of the
row (5 wt % of EG) the particles are closer to each other leading to the appearance of interconnected
ways, which confirm that the percolation has been reached. A similar image is observed in the
micrograph of the right, corresponding to the composite with the highest proportion of EG (7.5 wt %) that
presents more interconnected EG particles and few parts of pure matrix. The particles in all the samples
appear homogeneously distributed. From the left to the right it can be seen that the fracture roughness
increases, indicating that the addition of EG enhances the toughness of the materials. In the line below,
the first micrograph belongs to the neat epoxy breaking surface. It must be noted how cracks are straight
meaning a fragile rupture typical of fragile thermosetting polymers. In the other samples containing
BN+EG fillers, the fracture lines are more tortuous, changing their direction on finding a particle, which
produces a great increase of the energy absorbed by the impact, increasing their toughness. The higher

magnifications of the micrograph in the right below allow distinguishing some EG particles in the matrix.
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Figure 9. Fracture surfaces of the different compostes at different magnifications (100 and 800).

3.5. Thermal conductivity and electrical resistivity

Since keeping electrical insulation of this type of composites is crucial for their use in electronic devices,
we firstly determined the electrical resistivity of the composites to know the highest proportion of the
semiconducting EG filler able to keep the insulating characteristics. It should be commented that although
40 wt % of BN is the proportion studied until now, samples with a proportion of 70% of BN have also
been prepared, including proportions of 2.5 and 5 wt % of EG to maintain good electrical insulation
character, in order to increase even further the thermal conductivity. When adding a 70 % of BN to the
formulation the viscosity is highly increased and pressure molding is needed to prepare homogeneous
samples without bubbles. These samples could not be characterized by rheometry or DSC, because of
their low content in resin. As a comparison mode, a sample with 40 wt % of BN without EG was also

prepared. Electrical resistivity and thermal conductivity are represented together in Figure 10.

Although by rheological measurements, the percolation threshold is found between the proportion of 2.5
and 5 wt % of EG, the measurement of electrical resistivity indicates a progressive reduction of this value
on increasing the EG content till 7.5 wt %. However, the value of 4.5 x 10> Q-m for the composite with a
5 wt % of EG is too low to be considered as electrical insulator, which means that the electrical
percolation has been overpassed.?® The addition of a higher proportion of filler, up to 7.5 wt % lead to a
further reduction in resistivity, with a value of 2.2 x 10! Q-m. Thus, the proportion of EG in the epoxy
matrix is limited to 2.5 wt% to keep electrical insulation. As in a previous study,'* the addition of BN
particles to the epoxy formulation keep the electrical resistivity in the same value range of the neat epoxy

(7.9 x 10° Q'm for 40 wt.% of BN and 1.6 x 10'° Q-m for the neat material). When 40% of BN is added
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to epoxy/EG samples, electrical resistivity increases in reference to the samples containing only EG as
filler. Since BN particles are electrical insulators, they act as walls that hinder the EG particle to interact
each other, avoiding tunnelling effect and increasing the distance between electrical conductive particles.
In case of materials with both BN and EG, only the sample with a 7.5 wt % (2.2 x 10! Q'm) can be
considered as conductive and therefore a 5 wt % of EG can be added without loss of insulating
characteristics. On increasing the proportion of BN in the composite the resistivity is enhanced and the
sample with a 70 wt % of BN and 5 wt% of EG has a resistivity of 2.4 x 10° Q-m, which are typical

values for insulating adhesives for electronic applications.

Thermal conductivities (TC) were determined at room temperature by the transient hot method. The
results are also represented in Figure 10. It can be noticed the great impact on TC with the addition of low

1:25.28,40 \yith a much higher relative increase

proportions of EG particles as reported by previous authors,
than in case of adding BN as the filler.!* The conductivity is almost tripled with the addition of 2.5% of
EG (from 0.128 to 0.36 W/m-K) and almost doubled with the other two higher proportions (from 0.36 to
0.61 with a 5 wt % and 0.84 W/m-K with a 7.5 wt %). These values are higher than other reported using
graphite nanoflakes'® (0.43 W/m-K at 8% of GN), probably due to aggregation phenomena of

nanoparticles and the increased number of interfaces that results by the smaller size of the particles on

comparison with ours.

The values of TC in BN filled formulations revealed that a higher proportion of filler is required to equal
EG composites, since in a previous study'* a content of BN between 30 and 40 wt % was needed to reach
conductivities comparable to composites with a 7.5 wt% of EG. In composites with a 40 wt % of BN, the
increase of EG proportion lead to an increase in TC, although the enhancement in conductivity is less
pronounced and no synergic effect can be observed. This is due to the fact that the particles of EG, with a
higher conductivity, are isolated each other by the presence of BN platelets, less conductive, acting as
walls, similarly to what happens in the electrical conductivity behaviour. The two samples with 70 wt %
of BN, prepared under pressure, achieved TC over 2 W/m-K (2.08 with 2.5% of EG and 2.22 with 5% of
EG). These good results, with enhancements over 1600 % in reference to the neat epoxy, seem to confirm
that not only the amount of BN and EG but the pressure applied plays a main role on increasing the

thermal conductivity, avoiding the appearance of bubbles inside the material.
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Figure 10. Thermal conductivities measured at room temperature by transient hot method and bulk

electrical resistance (log scale) of samples prepared.

Taking into account electrical resistivity and thermal conductivity values we can state that the composite
with a 70 % of BN and 2.5 % of EG is the best one to keep the electrical insulation of the neat epoxide
with a high thermal conductivity. However, the material with 70 % of BN and 5% of EG, with an even

higher TC, it still retains high insulating characteristics.

4. Conclusions

In the search for materials combining lightness, mechanical resistance, thermo-conductivity and electro-
insulation for energy, electronic or aeronautic applications, epoxy resins modified with nanofillers appear
as a promising approach. In this work, the potential of joint addition of BN and EG to impart thermal

conductivity and maintain the electrical insulation of epoxy systems was studied.

It appears that the addition of BN and EG to the epoxy formulations does not affect the evolution of the
curing progress. The thermomechanical performance of the prepared composites is well preserved up to
temperatures as high as 200 °C, thanks to their high 7,s and the thermal stability of the network formed.
Thermal expansion coefficients are highly reduced and the microindentation hardness enhanced on
increasing the proportion of fillers. ESEM images of fractured samples confirmed the good dispersion of

the particle fillers in the epoxy matrix and the enhancement in toughness. The addition of EG results

19



proportionally much more effective to enhance the thermal conductivity than the addition of BN. For
large filler loadings, the use of pressure is highly recommended to further increase the thermal

conductivity in composites.

In EG composites, the proportion of EG in the epoxy matrix is limited to 2.5 wt% to keep electrical
insulation. However, when 40% of BN is added to epoxy/EG samples, electrical resistivity increases in
reference to the samples containing only EG as filler and a 5 wt % of EG can be added without loss of

electrical insulating characteristics.

The best compromise of properties was achieved for the composites containing 70 % of BN and 2.5 % of
EG and 70 % of BN and 5 % of EG. More precisely, the composite obtained from the formulation with 70
% of BN and 2.5 % of EG shows the highest electrical resistivity, similar to the neat epoxy thermoset
(about 10' Q-m), with a high thermal conductivity (increase of 1500% in reference to the neat epoxy)
whereas the material with 70 % of BN and 5% of EG, exhibits the highest thermal conductivity (1640 %)

keeping good insulating characteristics (about 10° Q-m).
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