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Abstract
Thermally conducting and electrically insulating materials have been prepared by filling an epoxy–thiol system with boron 
nitride (BN) particles of different shapes (platelets and agglomerates) and sizes (from 2 to 180 μm), and hence with different 
specific surface areas. The cure kinetics has been studied by differential scanning calorimetry in both non-isothermal and 
isothermal modes, and it has been shown that there is a systematic dependence of the cure kinetics on the BN content, the 
cure reaction generally being retarded by the addition of the BN particles. For filler loadings greater than about 30 vol%, the 
retardation of the cure, in both isothermal and non-isothermal mode, appears also to decrease as the specific surface area 
decreases. For the smallest (2 μm) platelets, which have a significantly higher specific surface area (10 m2 g−1), the retar-
dation is particularly pronounced, and this aspect is rationalized in terms of the activation energy and frequency factor of 
the reaction. The thermal conductivity of the cured epoxy–thiol–BN composites has been measured using the transient hot 
bridge method and is found to increase in the usual way with increasing BN content for all the particle types and sizes. For 
the platelets, the thermal conductivity increases with increasing particle size, mirroring the effect of BN content on the cure 
kinetics. The agglomerates, though, give the highest values of thermal conductivity, contrary to what might be expected in 
the light of their specific surface areas. Scanning electron microscopy of the fracture surfaces of the cured composites has 
been used to show that the interface between epoxy matrix and filler particles is better for the agglomerates. This, together 
with the reduced interfacial area, explains their higher thermal conductivity.
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Introduction

With the rapid development of modern electronics towards 
miniaturization, multi-functionalization and high-perfor-
mance, overheating is a serious problem confronted by many 
electrical devices, because a significant increase in tempera-
ture will result in a deterioration in the performance of the 
device, and a reduction in its lifetime and reliability [1]. The 
efficient removal of the accumulated heat from these devices 
has become one of the key issues in the thermal management 
field [2]. Polymers have been used widely as the material 
for electronic packaging, due to their several merits, such 
as electrical insulation, lightweight, low cost and ease of 

processing [3]. However, the thermal conductivity of pure 
polymers is normally lower than 0.5 W m−1 K−1, which 
greatly limits their range of applications in respect of heat 
transfer. Enhancing the thermal conductivity of polymers is 
therefore in great demand.

One possibility is to enhance the intrinsic thermal con-
ductivity of the polymers by the alignment of the polymer 
chains [4–7], but the high cost and complicated process are 
two major barriers for the large-scale application of this 
method. Besides engineering the structure and morphology 
of the polymer itself, another effective approach to enhance 
the thermal conductivity of the material is to incorporate 
into the polymer matrix a proportion of thermally conduc-
tive fillers, such as metals [8–10], ceramics [11, 12], carbon-
based materials [13] and their hybrids [14, 15].

The selection of these filler materials is more limited 
if electrical insulation is to be maintained in addition to 
achieving high thermal conductivity. For such applications, 
one of the most widely used fillers in epoxy resin systems 
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is boron nitride (BN) [e.g. 16–20]. The results presented in 
the literature, however, show that there is a large variation in 
the effectiveness of this filler; to illustrate this, a quite exten-
sive compilation of the thermal conductivity of epoxy–BN 
systems can be found in reference [21]. The causes of this 
large variation are manifold, including the following, all of 
which would be expected to have an effect on the thermal 
conductivity: the use or otherwise of surface treatments of 
the filler particles or of coupling agents [22]; the fabrication 
of the epoxy–BN composites under high pressure [e.g. 14, 
16, 19, 20]; the use of solvents in the preparation proce-
dure [23]; and the use of BN filler particles of various sizes 
and in different forms, principally either as platelets or as 
agglomerates.

It is this last aspect that is of particular interest in the 
present work. The conduction of heat through the composite 
material depends on the transport of phonons, which encoun-
ter an interfacial thermal resistance (ITR) at the interfaces 
between the epoxy matrix and the BN filler particles. The 
ITR consists of two parts: thermal contact resistance result-
ing from poor mechanical or chemical bonding between the 
matrix and particles, and thermal boundary resistance, or 
Kapitza resistance, as a consequence of the different physical 
properties of the constituent materials. For the same load-
ing of a filler of a given geometry, for example spherical 
agglomerates, the smaller the filler particles the larger is the 
surface area, and hence one would anticipate greater ITR for 
the smaller particles and thus a reduced thermal conductiv-
ity. Likewise, the shape of the filler particles plays a similar 
role: for a given loading, platelets offer a larger surface area 
than do agglomerates, implying a lower thermal conductivity 
for the platelet particles. In practice, the situation is not quite 
as simple as this, and the filler particles are typified by their 
size and by their Brunauer–Emmett–Teller (BET) specific 
surface area (SSA), which is determined by the adsorption 
of a gas, typically nitrogen, onto the surface of the particles 
at cryogenic temperatures.

However, on account of the porosity of the particles, 
among other things, there is no direct correlation between 
the size, geometry and SSA of BN filler particles, as can be 
seen from a consideration of typical manufacturers’ litera-
ture [24]. It is not clear, therefore, to what extent the SSA is 
indicative of the suitability of any given type of BN particle 
for high thermal conductivity applications. Furthermore, 
reports in the literature of the effect on the thermal con-
ductivity of adding BN particles often do not specify their 
SSA, though there are some notable exceptions [14, 18, 19, 
25–28], and often they do not make specific reference to the 
shape of the particles. Consequently, in the present work, we 
investigate the effect of BN particle shape and SSA on the 
thermal conductivity of epoxy composites.

In addition, although the BN particles are inert and hence 
would not a priori be expected to influence the chemical cure 

reaction, we have observed earlier that, for this epoxy–thiol 
system, there are some systematic effects of BN content on 
the reaction kinetics [21, 29, 30]. These effects were corre-
lated to some extent with the thermal conductivity measure-
ments, suggesting that the matrix–filler interface, so crucial 
to the thermal conductivity and dependent on SSA and filler 
particle shape and/or size, plays an important role also in the 
cure kinetics. This would imply that an analysis of the cure 
kinetics could throw some light on the mechanisms of con-
ductivity enhancement in these epoxy–BN composites. We 
therefore include in the present work a calorimetric study of 
the effects of BN particle shape and SSA.

Materials and methods

Materials

The matrix material for these epoxy–BN composites was 
an epoxy–thiol system initiated by an imidazole. The 
epoxy resin used was diglycidyl ether of bisphenol-A, 
DGEBA (Araldite GY 240, Huntsman Advanced Materi-
als, 182 g eq−1, density 1.17 g cm−3), the thiol was pentae-
rythritol tetrakis (3-mercaptopropionate) (Sigma-Aldrich, 
488.66 g mol−1, density 1.28 g cm−3), and the initiator was 
encapsulated imidazole LC-80 (Technicure).

A number of different grades of hexagonal BN filler were 
used, either platelets or agglomerates of various sizes. All 
of these BN particles fall within the category of CarboTh-
erm™ Thermal Management Fillers and were obtained from 
Saint-Gobain Boron Nitride [24]. The denomination, aver-
age particle size and SSA for the selected platelets were as 
follows: PCTP2, 2 µm, 10 m2  g−1; PCTP30, 30 µm, 1 m2 
 g−1; and PCTP30D, 180 µm, 1 m2  g−1. The last of these 
platelets, with average size 180 µm, is engineered for high 
shear mixing processes, and has a very wide distribution 
of particle size, with a maximum particle size of 1600 µm. 
Two different agglomerates were used, each with an aver-
age size of 120 µm. The first, PCTL7MHF, has an SSA 
value of 3.0 m2 g−1, while the second, CTS7M, denoted 
as a “spherical powder”, has a slightly higher SSA value 
of 3.5 m2 g−1 and is designed for use with thermosetting 
polymers and low shear processing in order to give the best 
thermal performance [24]. An illustration of the different 
forms of the platelets and agglomerates can be seen in the 
scanning electron microscopy (SEM) micrographs in Fig. 1 
for the 30 µm platelets (PCTP30) and the 120 µm agglomer-
ates (PCTL7MHF). All these BN particles were in the form 
of white powders and were used as received, without any 
surface treatment.

The different epoxy–BN composite materials were pre-
pared as follows. The initiator, the smallest component and 
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in a proportion of 2.0 parts per hundred resin (phr), was first 
mixed with the thiol, in an amount calculated to maintain 
a stoichiometric ratio with the epoxy resin (approximately 
60:40 epoxy/thiol by mass), and then the epoxy resin was 
added and mixed thoroughly. To obtain the epoxy–BN com-
posite, an appropriate amount of the selected BN filler was 
added in a proportion which would give mass percentages 
of 10, 30, 50, 60 and occasionally 70, with respect to the 
combined mass of the BN and epoxy. The total mass of the 
mixture was typically up to 10 g maximum, which can con-
veniently and efficiently be mixed in a glass beaker with a 
stirring rod. All the measured components were mixed in 
this way by hand for about 10 min, until the appearance 
was homogeneous. This final mixture was degassed under 
vacuum at room temperature for approximately 15 min. The 
sample denominations and the proportions of all the com-
ponents in each sample are given in Table 1; the 120 µm 
spherical agglomerates are labelled 120s to distinguish them 
from the other 120 µm agglomerates.

The maximum filler content used, 70% by mass of 
BN with respect to the combined mass of BN and epoxy, 
is a consequence of the fact that the mixture becomes an 
increasingly stiff paste as the BN content increases. This 
is particularly so for the 2 µm platelets, which have a much 
higher specific surface area in comparison with the other 
platelets and, to a slightly lesser extent, in comparison with 
the agglomerates. In fact, it was not possible to fabricate 

70% composites using the 2 µm platelets, as the composites 
remained with a powdery texture without mechanical integ-
rity. This increased viscosity of the epoxy–BN mixture for 
the highest BN contents has some important consequences; 
in particular, the degassing procedure becomes ineffective 
and it is likely that the air bubbles entrained during the mix-
ing will remain in the sample, with a detrimental effect on 
the thermal conductivity.

It should be pointed out that, for the application of these 
epoxy–BN composites as the dielectric layer in insulated 
metal substrates [31], both the very high viscosity of the 
70% composites and the large size of the 180 µm platelets 
make these materials unrealistic from a practical point of 
view. Nevertheless, their inclusion in this work is justified 
on the basis that we are studying the effects of BN particle 
content, size and type on the cure kinetics and thermal con-
ductivity of these composite materials.

Methods

Differential scanning calorimetry

The cure reaction kinetics of the epoxy–BN composites 
was monitored, in both isothermal and non-isothermal 
(constant heating rate) modes, by differential scanning 
calorimetry (DSC). In each case, a small sample mass of 
about 10 mg of the uncured mixture was carefully placed 
in an aluminium capsule, crimped with a lid with a pierced 
hole for the release of gas. The DSC experiments were 
performed using a conventional DSC (DSC821e, Mettler 
Toledo). The aluminium capsules containing the samples 
were placed on a rotary sample holder from which a robot 
arm selected the required sample as programmed and placed 
it in the DSC furnace. A continuous flow of dry nitrogen 
gas at 50 mL min−1 was maintained throughout all experi-
ments, and controlled cooling rates and sub-ambient tem-
peratures were achieved by means of an intra-cooler. The 
data evaluation was performed with the STAR e software, and 
the DSC was calibrated for both heat flow and temperature 
using indium with a purity > 99.999%.

Fig. 1  SEM micrographs of 
30 µm platelets (left, scale bar 
10 µm) and 120 µm agglomer-
ates (right, scale bar 100 µm)

Table 1  Composition by mass of epoxy–thiol samples filled with BN 
particles with size x (= 2, 30 and 180 for platelets; 120 and 120s for 
agglomerates) µm

Sample Epoxy BN Thiol LC-80

ETL 100 0 67 2.0
ETLBNx-10 90 10 60.3 1.8
ETLBNx-30 70 30 47 1.4
ETLBNx-50 50 50 33.5 1.0
ETLBNx-60 40 60 27 0.8
ETLBNx-70 30 70 20 0.6



 S. Moradi et al.

1 3

For the isothermal cure measurements, the robot selected 
the encapsulated composite sample and placed it in the 
DSC furnace, which had previously been controlled at the 
required isothermal cure temperature, and the experiment 
was started immediately. The DSC measured the heat flow 
as a function of time for the duration of the programmed 
isothermal experiment, which varied depending on the cure 
temperature. For these epoxy–BN composites, for which 
the glass transition temperature of the fully cured system, 
Tg∞, is about 53 °C, cure temperatures, Tc, of 60 °C, 70 °C 
and 80 °C were used. Since Tc > Tg∞, no vitrification should 
occur during cure. In the isothermal experiment, the exo-
thermic heat flow passes through a maximum at a cure time 
denoted as tp, which is used to characterize the isothermal 
cure kinetics, and the exothermic heat of reaction is calcu-
lated from the area under the cure curve. In order to check 
that there was no residual heat of reaction, which would be 
observed if vitrification had occurred or if insufficient cure 
time had been programmed, a second scan was made in non-
isothermal mode at 10 °C min−1, from which Tg∞ was also 
determined.

For the non-isothermal cure experiments, the encapsu-
lated composite sample was introduced by the robot into 
the DSC furnace, previously controlled at 25 °C. It was then 
cooled at 20 °C min−1 to − 65 °C, before being scanned at 
the required rate of 2, 5 or 10 °C min−1 to 200 °C. The DSC 
measures the exothermic heat flow, which passes through 
a maximum at a temperature, Tp. This temperature is used 
to characterize the non-isothermal cure kinetics, while the 
exothermic heat of reaction is calculated from the area under 
the cure curve. Immediately after the non-isothermal cure 
experiment, the sample is cooled at 20 °C  min−1 to 25 °C 
and then reheated at 10 °C  min−1 to 120 °C in order to deter-
mine Tg∞.

Thermal conductivity

Samples in the form of parallelepipeds with dimensions 
10  mm × 40  mm × 4  mm were prepared by casting the 
epoxy–thiol–BN mixture into silicone moulds, degassing 
under vacuum and curing isothermally at 70 °C in an air-
circulating oven for 1 h. Three such samples were prepared 
for each composition, of which two are required for the 
measurement of thermal conductivity. The 10 mm × 40 mm 
surfaces of these samples were carefully polished by hand 
using emery paper (120, 400 and 600 grit size, in sequence), 
in order to provide the necessary thermal contact with the 
sensor.

The measurements of the thermal conductivity were taken 
using the transient hot bridge method (Linseis, THB-100) 
and a Kapton Hot Point sensor calibrated with polymethyl 
methacrylate, borosilicate crown glass, marble, a Ti–Al alloy 
and titanium, covering a range of thermal conductivities 

from 0.2  Wm−1 K−1 to above 10  Wm−1 K−1. The sensor is 
placed between the two polished surfaces of the samples, 
and pressure is applied manually by means of a press. When 
a controlled heating power, typically 50 mW, is applied to 
the sensor, the heat is dissipated into the sample, and the 
higher the thermal conductivity of the sample the more rap-
idly is the heat dissipated. TheTHB-100 instrument meas-
ures the temperature rise in the sample, ∆T, as a function of 
the time, t, for the duration of the heating, typically 100 s. 
A plot of ∆T as a function of 1/√t presents a linear region, 
and the extrapolation to 1/√t = 0 permits the evaluation of 
the thermal conductivity, λ [32]. For each sample, a series 
of four measurements was made, with an appropriate time 
interval between measurements for the sample to return to 
its initial state. The variation between these measurements 
was typically ± 0.05 W m−1 K−1.

Results and discussion

Differential scanning calorimetry

Typical non-isothermal DSC cure curves, at a heating rate of 
5 °C min−1, for the epoxy–thiol system without BN (ETL) 
and for the filled epoxy–thiol–BN composite systems are 
shown in Fig. 2. The filled systems included here are those 
with 2 µm and 30 µm platelets, and those with the 120 µm 
spherical agglomerates. The BN contents range from 3.7 
to 44.7 vol%, except for the 120 µm particles for which it 
was not possible to obtain a homogeneous mixture with 
44.7 vol% of BN. Similar results were obtained also for heat-
ing rates of 2 and 10 °C  min−1.

The decrease in the peak height and area as the BN con-
tent increases is a consequence of the decreasing proportion 
of epoxy resin, the heat flow being normalized with respect 
to the total sample mass. The exothermic heat of reaction, 
∆H, calculated per epoxy equivalent (ee), shows no signifi-
cant variation with the BN content or particle size, the aver-
age value being 128 ± 6.8 kJ  ee−1. Likewise, the glass tran-
sition temperature of the fully cured system, Tg∞, obtained 
from a subsequent second scan at 10 °C  min−1, is essentially 
independent of BN content and particle size, with values of 
54.0 ± 0.4, 53.7 ± 1.2, 53.2 ± 1.2 and 52.2 ± 1.3 °C for the 
2, 30, 120 and 180 µm BN particles, respectively. There 
appears to be a small decrease in Tg∞ as the particle size 
increases, but this is not considered to be important here, and 
we conclude that the epoxy–thiol network structure formed 
during cure is not significantly influenced by the presence 
of the filler.

On the other hand, the cure kinetics clearly is affected by 
the filler, the peak exotherm temperature being displaced 
to higher values as the BN content increases. This is illus-
trated in Fig. 3, where additionally the corresponding results 
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for composites filled with 180 µm platelets have also been 
included. Most noticeably, the shift is much greater for the 
smallest (2 µm) particles, with rather similar shifts for the 
other particles. This effect, which has been reported in ear-
lier work and occurs also for epoxy–thiol composites filled 
with aluminium nitride particles, appears to be peculiar to 
epoxy systems cross-linked with thiol [21, 29, 30].

Similar results are found for the isothermal cure of these 
epoxy–thiol–BN systems, for which the isothermal cure 
curves at 70 °C are shown in Fig. 4.

Once again, the exothermic heat of reaction, determined 
from the area under the cure curve and expressed in kJ  ee−1, 
is found to be essentially independent of the filler content, 
size and type. The same is true also for the glass transition 
temperature of the fully cured system, Tg∞, evaluated from 
a second scan made at 10 °C  min−1. This confirms our ear-
lier conclusion that the epoxy–thiol network structure is not 
influenced by the presence of the BN filler. On the other 
hand, the BN content does affect the cure kinetics, in this 
case quantified by the peak exotherm time, tp. To illustrate 
this, tp is plotted in Fig. 5 as a function of the BN content 
for the different BN particle sizes and types; again, as for 
Fig. 3, the results for composites with 180 µm platelets have 
also been included.

From Fig. 3, it appears that the cure reaction is retarded to 
greater extent not only as the BN content increases but also 
as the SSA increases (1 m2 g−1 for the 30 and 180 µm plate-
lets, 3.0 and 3.5 m2 g−1 for the 120 and 120 s µm agglom-
erates and 10 m2 g−1 for the 2 µm platelets). This trend, 
however, is not evident in Fig. 5, though at BN contents 
greater than 35 vol% an extrapolation of the agglomerates 
data may yield this result. It is worth remarking here that the 
SSA values for the agglomerates are much higher than one 
might anticipate from their shape, approximately spherical, 
alone. The reason for this is that the density of the agglom-
erate particles is significantly less than that of the plate-
lets, implying a degree of porosity in these agglomerates. 
This implies surface area within the agglomerates for the 
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adsorption of gas in the measurement of the SSA. Support 
for this interpretation comes from the data provided by the 
BN manufacturer, Saint-Gobain, where it can be seen [24] 
that their CarboTherm High Density Agglomerates have a 
lower SSA (2.5 m2 g−1) than do the Low Density Agglomer-
ates, such as the PCTL7MHF used here. On the other hand, 
it is difficult to see why this porosity of the agglomerates 
should influence the cure kinetics, as the epoxy matrix will 
only interact with these particles at the outer surface, if 
indeed there is any interaction. The smooth surfaces of the 
BN platelets have no available surface functional groups for 
chemical bonding, but at the edge planes there are hydroxyl 
and amino groups [33].

Nevertheless, the most striking observation from Figs. 3 
and 5 is that the composites with 2 µm platelets, for which 
there is an abundance of edge planes, show a very strong 
dependence of their cure kinetics on the BN content. It is 
interesting, therefore, to examine in more detail the cure 
kinetics of this system. The rate of reaction is a function of 
temperature, T, and of the degree of cure, α, according to 
the equation:

The rate constant k(T) follows an Arrhenius temperature 
dependence with an activation energy, Ea:

where A is the pre-exponential factor, or frequency factor, 
with units  s−1. In Eq. (1), f(α) is the mathematical expres-
sion of the kinetic model, here assumed to be an autocata-
lytic reaction described by the Sestak–Berggren equation 
[34, 35]:

where m and n are the kinetic exponents of the reaction.
From the non-isothermal cure curves at 2, 5 and  

10 °C  min−1, the Kissinger equation [34, 36] can be used 
to determine the activation energy, and the results for 
ETL and for the ETLBN2-x system up to x = 70 are given 
in Table 2. Alternatively, the iso-conversional method 
[34] can be used to find Ea as a function of the degree of 
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conversion. For ETL, Ea initially decreases as α increases, 
then remains rather constant for α between 0.2 and 0.6, 
before increasing again as the reaction goes to comple-
tion. For ETLBN2-30, the only BN content for which this 
analysis has been made thus far, Ea remains rather constant 
over the whole range of α. The results for these two sam-
ples using the iso-conversional analysis and for a degree 
of cure of 0.5 are included in Table 2.

The interesting result to note is that the Kissinger analy-
sis indicates that the addition of BN particles reduces the 
activation energy, although it increases again for the high-
est BN content. Likewise, the iso-conversional analysis 
also shows that Ea decreases on the addition of BN. This 
result is surprising, as the reaction rate is clearly retarded 
by the addition of BN, whereas a reduction in Ea would 
be expected to imply an increase in the rate constant k. 
The conclusion must be that the pre-exponential factor A 
decreases, and dramatically so when 2 µm BN platelets are 
added. This is an unusual observation; there are rather few 
reports on the cure kinetics of particulate filled epoxy sys-
tems, but two recent studies on epoxy systems filled with 
BN [37] and alumina [38] find that A remains essentially 
constant, while the peak exotherm temperature either is 
unchanged [37] or decreases [38] with increasing filler 
content. The dramatic decrease in A for the E

TLBN2 system, by more than two orders of magnitude, 
from  108.6 s−1 for ETL to  106.4 s−1 for ETLBN2-30, as 
determined by fitting the cure curves with Eqs. (1) to (3), 
can be explained on the basis of the entropy change, ΔS, 
of the cure reaction. According to Barghamadi [39], the 
pre-exponential factor can be written as:

where kB is Boltzmann’s constant, h is Planck’s constant, 
and R is the universal gas constant. Using the above values 
of A gives entropy changes of − 82 J mol−1 K−1 for ETL and 
− 124 J mol−1 K−1 for ETLBN2-30. The greater reduction 
in entropy for the filled system implies that the cured 2 µm 
composite must have fewer configurational states, which 

(4)A =
kBT

h
exp

(

ΔS

R

)

needs to be reconciled with Tg∞ being essentially inde-
pendent of filler content, size and shape. Furthermore, this 
reduction in entropy must be associated with the much larger 
interfacial surface area between matrix and filler for the 
composites filled with 2 µm platelets. A possible explana-
tion could be that a significant proportion of the epoxy resin 
adheres, to a greater or lesser extent, to the large surface 
area of these particles, and is effectively immobilized, thus 
reducing its configurational entropy, while the remaining 
fraction of epoxy participates in the glass transition. Thus, 
the value of Tg∞ would remain constant, but the change in 
specific heat capacity, Δcp, in units of J g−1 K−1 with respect 
to the total sample mass, would decrease. This is just what 
is observed, as shown by the results presented in Table 3.

The value of Δcp for ETL is 0.393 J g−1 K−1, and the 
table shows that this decreases in proportion with the mass 
fraction of epoxy matrix in the composites. For the com-
posites with 30 µm and 180 µm platelets, the values of Δcp 
follow approximately these scaled values for ETL. On the 
other hand, the values of Δcp for the 2 µm composites are 
significantly smaller than the corresponding ETL values. We 
interpret this to mean that for these 2 µm composites there is 
much less epoxy participating in the glass transition because 
a large proportion is immobilized by the large surface area 
of the filler particles.

In summary, the dependence of the cure kinetics on the 
BN filler content, in both isothermal and non-isothermal 
cure, can be related to interfacial surface effects, and there is 
a reasonable correlation with the SSA. Since, for a given BN 
content, the surface area of agglomerates is much smaller 
than that of similarly sized platelets, this implies also a 
difference in cure kinetics between composites filled with 
agglomerates and those filled with platelets, which might 
be expected to correspond to different behaviours in respect 
of the thermal conductivity.

Before presenting the results for the thermal conductivity, 
however, it is interesting to note that, at relatively low BN 
contents and most noticeably for isothermal cure, there is a 
slight acceleration of the cure manifest as a small reduction 
in the peak exotherm temperature in non-isothermal cure 
(Fig. 3) or, more noticeably, the peak time in isothermal 

Table 2  Activation energy, Ea, obtained by the Kissinger equation 
and by the iso-conversional method for ETL and ETLBN2-30

Sample Ea/kJ mol−1

Kissinger Iso-conversional

ETL 75.3 77.1
ETLBN2-10 65.3 –
ETLBN2-30 66.8 54.7
ETLBN2-50 68.0 –
ETLBN2-60 72.0 –

Table 3  Values of Δcp for ETL and for the ETLBN2-y, ETLBN30-y 
and ETLBN180-y systems for y = 10, 30, 50 and 60

BN content y Δcp/J g−1K−1

ETL ETLBN2-y ETLBN30-y ETLBN180-y

0 0.393 – – –
10 0.369 0.226 0.376 0.363
30 0.312 0.197 0.292 0.264
50 0.246 0.170 0.214 0.215
60 0.207 0.130 0.196 0.218
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cure (Fig. 5). This occurs to a certain extent for nearly all the 
samples, even, albeit to a very small extent, for epoxy–BN 
nanocomposites [see Ref. 40, Fig. 8c]; as was suggested in 
earlier work [21, 29], it could be a consequence of increased 
heat transfer in the samples filled with BN. For isothermal 
cure, in particular, the sample initially at room temperature 
is inserted into the DSC furnace at the cure temperature, 
and hence there is inevitably a certain time delay before the 
sample reaches the cure temperature. The higher the thermal 
conductivity of the sample, the more rapidly is the heat con-
ducted into the sample from the furnace, and hence the sam-
ples filled with BN, ETLBNx-y, which have a higher ther-
mal conductivity than the epoxy–thiol alone, will be slightly 
accelerated with respect to the ETL sample. This effect in 
combination with the retardation of the cure kinetics on the 
addition of BN particles, discussed further above, will give 
rise to the minimum seen in Fig. 5. On this basis, it would 
be expected that the samples filled with 120 µm spherical 
agglomerates, which present the most marked minimum in 
Fig. 5, would have the highest thermal conductivity. This 
will be examined when the effect of particle size and shape 
is considered in the next section.

Thermal conductivity

The thermal conductivity of the various epoxy–thiol–BN 
composite systems has been determined by the transient hot 
bridge method, and the results are presented in Fig. 6. Also 
included in this figure are the results obtained earlier for 
180 µm platelets [30]. These results show that, as the BN 
content increases, the thermal conductivity increases for all 

the composite systems, and that there is an upward curva-
ture to this dependence, as is commonly observed [21]. For 
the platelet-shaped BN particles, there is also a systematic 
increase in the thermal conductivity, for any given BN con-
tent, as the platelet size increases. This is consistent with 
our earlier observations [21] and with other reports in the 
literature [e.g. 14, 17, 19]. For the larger platelets, it was also 
possible to achieve filler contents of almost 45 vol%, which 
was not possible with the 2 µm platelets on account of their 
much higher specific surface area. In this way, the highest 
thermal conductivity of 4.22 W m−1 K−1 was achieved.

The comparison of the agglomerates with the platelets 
can now be made. First, both the 120 µm and the 120 µm 
spherical filler particles give the highest thermal conduc-
tivities for the same BN content and fall outside the system-
atic variation observed for the platelets, according to which 
one might have expected their thermal conductivities to lie 
between those for the 30 µm and the 180 µm platelets. It 
appears that, for the same BN content, the agglomerates give 
higher thermal conductivities than do platelets of the same 
size, indicating thus a clear effect of filler particle shape. 
This would be explained by the smaller surface area for 
agglomerates, and hence fewer interfaces for the phonons 
to cross. In contrast, the cure kinetics, for example as illus-
trated by the results in Fig. 3, correlate more closely with the 
specific surface area (SSA). We also note that, as anticipated 
in the previous section, the composites filled with 120 µm 
spherical agglomerates do indeed have the highest thermal 
conductivity for a given BN content, thus giving rise to the 
minimum observed in Fig. 5.

The effect of filler particle shape on the thermal conduc-
tivity has not specifically been addressed by other authors; 
although particles of different shapes have been studied 
before, often the particle size is also different, making it 
difficult to identify the effect of particle shape while, as men-
tioned earlier, the SSA is often not quoted. For example, 
Zhu et al. [41] compare micro-BN platelets, with an aver-
age size of 7 µm, and nano-BN polygonal particles, with an 
average size of 70 nm, and find that, for a given BN content, 
the micro-BN platelets have a higher thermal conductiv-
ity than do the nano-BN polygonal particles. This would 
appear to contradict our conclusion that agglomerates have 
the higher thermal conductivity, but this does not take into 
account the fact that the platelets are 100 times larger than 
the polygonal particles, and that larger particles have higher 
thermal conductivity. Likewise, Huang et al. [42] report that 
spherical BN particles, with a narrow size distribution of 
200 to 400 nm, have a lower thermal conductivity than do 
BN platelets (“flakes”) with a diameter in the range 3 to 
6 µm, but again the platelets are much larger than the spheri-
cal particles. On the other hand, Gaska et al. [18] compare 
platelet-like-shaped BN particles, with an average size of 
13 μm, with spherical BN agglomerates of diameter 30 μm 
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and find that the larger agglomerates have a slightly higher 
thermal conductivity, which could be an effect either of size 
or of shape.

Scanning electron microscopy

From the discussion of the results presented above for both 
the cure kinetics and the thermal conductivity, it is evident 
that the interfacial surface between matrix and filler particles 
plays an important role. The quality of this interface can 
often be improved by, for example, the use of silane cou-
pling agents. However, the surface treatment of BN particles 
is not easy, and a brief discussion of its effect, not always 
either positive or significant, on the thermal conductivity of 
epoxy–BN composites is given elsewhere [21, 22]. In the 
present work, we did not use any surface treatment of the 
particles or any coupling agent, and the matrix–filler inter-
face has been investigated by scanning electron microscopy 
of the fracture surfaces of the cured composites, as illus-
trated in Fig. 7.

It can be seen that, for the platelets, there is generally a 
gap between the filler particles and the matrix, or between 
the individual platelets, resulting from poor bonding 
between filler and matrix. This gap represents a resistance 
to heat flow, interrupts the pathways for phonon transport, 
and hence leads to a reduction in the thermal conductivity 
of the composite. It should be borne in mind that these are 
fracture surfaces illustrated in Fig. 7, and that the fracture 
will follow the path of least resistance, where there is poor 
adhesion between filler and matrix. Nevertheless, we have 
shown earlier that this interface between matrix and filler is 

better in these epoxy systems cross-linked with thiol than 
when the cross-linking agent is a diamine [30], as a conse-
quence of a Lewis acid–base interaction between the thiol 
and the BN. This interaction is reflected in the cure kinetics, 
whereby the peak exotherm during cure of the epoxy–thiol 
systems depends significantly on the BN filler content, as 
seen in Figs. 3 and 5, whereas no such effect is observed for 
the corresponding cure of epoxy–diamine systems.

In contrast, for the composite filled with the 120 µm 
agglomerates, shown at the bottom right of Fig. 7, there is 
much greater continuity between particles and matrix, and 
between individual particles. The agglomerates are touch-
ing, and the particle–particle contact zone is embedded in a 
continuous coating of the epoxy matrix, which together cre-
ate a continuous pathway for phonon transport. This results 
in a greater thermal conductivity for the agglomerates in 
comparison with the platelets.

The microstructure is, nevertheless, not ideal, as in this 
same figure it can be seen that there are significant voids 
between the agglomerates. These voids have the effect of 
reducing the thermal conductivity, and their existence is con-
firmed by the measurements of the density of the compos-
ites. For example, for the ETLBNx-60 system, the density 
of a composite fabricated with 47.4% by mass of BN in the 
form of 120 µm agglomerates is 1.30 g mL−1 whereas that 
for a composite fabricated with the same mass% of either 2, 
30 or 180 µm platelets is 1.55 g mL−1. In order to achieve 
even higher thermal conductivities in epoxy–BN composites 
fabricated with agglomerates, it is necessary to eliminate, or 
at least reduce, this void content. One way to do this is by the 

Fig. 7  SEM micrographs of 
fracture surfaces of epoxy–
thiol–BN composites. Top left: 
ETLBN2-60, ×5000, scale bar 
5 µm. Top right: ETLBN30-60, 
×1500, scale bar 10 µm. Bottom 
left: ETLBN180-60, ×1500, 
scale bar 10 µm. Bottom right: 
ETLBN120-60, ×500, scale bar 
50 µm
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use of pressure during cure, and this approach is currently 
being investigated.

Conclusions

Epoxy–thiol composites filled with boron nitride (BN) are 
excellent materials for the combination of electrical insula-
tion and efficient heat transfer. The curing reaction of the 
epoxy composite systems has been studied by differential 
scanning calorimetry (DSC), and it is found that, for all of 
the composites prepared, the heat of reaction and the glass 
transition temperature of the fully cured materials are essen-
tially constant. It is concluded that the BN filler particles 
do not influence the final network structure of the epoxy 
matrix. In contrast, the kinetics of the cure does depend on 
the BN content, the cure becoming increasingly retarded as 
the BN content increases. For non-isothermal cure in par-
ticular, the degree of retardation increases as the specific 
surface area (SSA) of the particles increases. The most dra-
matic effect occurs for the 2 μm platelets, for which a kinetic 
analysis shows that the activation energy decreases on the 
addition of BN particles. For the cure kinetics to be retarded 
in this system on the addition of BN particles, therefore, it 
is concluded that the pre-exponential factor must decrease 
dramatically, which is attributed to a large increase in the 
absolute value of the entropy change of the reaction. This 
is associated with the immobilization of a significant pro-
portion of the epoxy resin matrix in contact with the large 
interfacial surface area of these platelets. It is noted also 
that there is a certain acceleration effect in the cure reac-
tion at low BN contents, most noticeable in the composites 
filled with 120 µm agglomerates, which is attributed to heat 
transfer effects.

The thermal conductivity increases with BN content for 
all particle sizes and types. For a given BN content, the 
larger is the platelet the higher is the thermal conductiv-
ity, with the largest value of almost 4.5 W m−1 K−1 being 
achieved for composites with approximately 45 mass% of 
the 180 μm platelets. This dependence on BN platelet size 
mirrors the DSC results in that the greatest retardation of 
the cure kinetics correlates with the lowest values of thermal 
conductivity. The composites filled with 120 μm agglomer-
ates, though, follow a different pattern, and have the highest 
thermal conductivities, even higher than for the larger 180 
μm platelets, indicating that the size and shape of the BN 
particles have separate effects on the thermal conductivity. 
The reason why composites filled with agglomerates give 
higher thermal conductivity is primarily associated with the 
reduced interfacial area in comparison with that for com-
posites filled with platelets of the same size. In addition, 
from scanning electron microscopy of the fracture surfaces, 
it can be seen that there is a poor interface between the BN 

platelets and the epoxy matrix, which reduces the thermal 
conductivity, whereas for the agglomerates there is greater 
continuity between matrix and filler, and between the parti-
cles themselves. For both platelets and agglomerates, for the 
same BN content, the interfacial area increases as the parti-
cle size decreases, and hence higher thermal conductivities 
are obtained the larger is each type of particle.
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