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Abstract: When an amorphous polymer is cooled under pressure from above its glass transition
temperature to room temperature, and then the pressure is released, this results in a densified state
of the glass. This procedure applied to an epoxy composite system filled with boron nitride (BN)
particles has been shown to increase the density of the composite, reduce its enthalpy, and, most
importantly, significantly enhance its thermal conductivity. An epoxy-BN composite with 58 wt% BN
platelets of average size 30 µm has been densified by curing under pressures of up to 2.0 MPa and
then cooling the cured sample to room temperature before releasing the pressure. It is found that
the thermal conductivity is increased from approximately 3 W/mK for a sample cured at ambient
pressure to approximately 7 W/mK; in parallel, the density increases from 1.55 to 1.72 ± 0.01 g/cm3.
This densification process is much more effective in enhancing the thermal conductivity than is either
simply applying pressure to consolidate the epoxy composite mixture before curing or applying
pressure during cure but then removing the pressure before cooling to room temperature; this last
procedure results in a thermal conductivity of approximately 5 W/mK. Furthermore, it has been
shown that the densification and corresponding effect on the thermal conductivity is reversible; it
can be removed by heating above the glass transition temperature and then cooling without pressure
and can be reinstated by again heating above the glass transition temperature and then cooling under
pressure. This implies that a densified state and an enhanced thermal conductivity can be induced
even in a composite prepared without the use of pressure.

Keywords: thermal conductivity; epoxy composites; boron nitride; densification; glass transition;
differential scanning calorimetry (DSC)

1. Introduction

The enhancement of the thermal conductivity of electrically insulating materials
used for heat management in many modern electrical and electronic devices has been the
objective of a large research effort in recent years. The use of higher frequencies and more
compact structures leads to ever increasing service temperatures in such devices, and in
order to maintain a satisfactory performance, including a high degree of stability and an
acceptable lifetime of operation, it is essential to remove and dissipate the heat generated,
usually by conduction through the dielectric layer to a metallic substrate. The dielectric
layer must satisfy a number of practical requirements, including good adhesion, ease of
processing and low cost, in addition to the physical attributes of electrical insulation and
high thermal conductivity. The importance of achieving these objectives can be gauged
from the large number of publications devoted to this topic, which have conveniently been
collected in several recent comprehensive reviews [1–8].

The requirement for good adhesion leads to epoxy resins being adopted widely as
the matrix material, and the present paper is restricted to epoxy composites filled with
a suitable inorganic filler. It is well known that the thermal conductivity increases with
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filler content, but there are numerous other parameters which can influence the thermal
conductivity: filler size, shape and type, and surface functionalization to improve the
matrix-filler interface are some of the most widely studied aspects, while three-dimensional
structuring and other orientation techniques give significant increases in thermal conduc-
tivity in preferred directions, though usually at the expense of fabrication complexity. On
the other hand, one approach that has not received much attention to date is the application
of pressure during cure of the epoxy matrix. In fact, the rather few studies which make
use of pressure for the purpose of enhancing the thermal conductivity appear somewhat
unsystematic, so that it is difficult to identify what the advantages are of the use of pressure.
For example, some workers simply apply pressure to the uncured mixture to improve
its compactness before curing at ambient pressure [9–11], others only partially cure the
sample under pressure followed by a post-cure at higher temperature and only at ambient
pressure [12,13], while there are several reports of composites cured under pressure but
without the magnitude of the pressure being specified [14–18].

In addition, while there are several reports of samples being fully cured under pres-
sure [19–29], no direct comparison is made with a sample prepared without pressure, and
in some cases the preparation method is designed specifically to introduce orientation
of the filler particles [25,28,29]. More importantly in the present context, though, these
studies do not indicate whether or not the samples were cooled from the cure temperature
whilst maintaining the applied pressure. This aspect is important because it determines
whether or not the final composite is in a densified state. The purpose of the present paper
is to demonstrate the efficacy of densification, and for this it is appropriate to explain the
process by which a densified state is achieved.

When a glassy polymer such as an epoxy, or indeed any glass-forming system, is
cooled at ambient pressure from above to below its glass transition temperature, the
resulting glassy state is one of non-equilibrium. This is illustrated schematically in the
volume-temperature (V-T) or enthalpy-temperature (H-T) diagram in Figure 1: the initial
state is equilibrium at A, the final state is the glassy state B at a temperature which is
taken here to be room temperature (RT), and the transition at C from the equilibrium
liquid-like region (AC) to the glassy region (CB) defines the glass transition temperature,
Tg, for the cooling rate used. If the sample is allowed to remain at RT, it will display
physical aging [30], whereby both the volume and the enthalpy decrease and approach the
equilibrium state at that temperature, indicated in Figure 1 by the dashed line extrapolation
of the equilibrium liquid-like region. As is well known, this physical aging resulting from
the structural (volume, enthalpy) changes in the glass is manifest as a change in many
mechanical and physical properties of the material.
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If an epoxy composite system is cured at ambient pressure and at a temperature
corresponding to point A in Figure 1, which is above the glass transition temperature of
the fully cured system, Tg∞, then on cooling to RT it will transform to a glass and reach
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state B. If, on the other hand, the epoxy composite system is cured under pressure and at
the same temperature as before, its initial state after cure will be at D in Figure 1, which
we assume here to be above Tg∞ for the cured system under pressure, state F in Figure 1;
note that the increase in Tg with pressure is much less than 1 ◦C per MPa [31], and often
almost an order of magnitude smaller, which means that the difference between the glass
transition temperatures represented by C and F in Figure 1 will be very small under
most circumstances.

Once the epoxy composite system has been fully cured under pressure, if it is cooled
while maintaining the pressure then it will transform into a glass at point F in Figure 1 and
reach state E at RT. If the pressure is now released, the sample will recover to state G, the
important aspect being that this state is at a volume (and enthalpy) lower than that at state
B for the same epoxy system cooled from above Tg at ambient pressure. In other words,
the sample is “densified”, and this has important consequences for many properties, and
in particular for the thermal conductivity, as will be demonstrated in this paper.

Several years ago, Senapati et al. [32] investigated the effect of pressure on one such
property, the fast ionic conductivity of some silver iodomolybdate glasses, and reported
that the ionic conductivity increased with the application of pressure. The application of
pressure during use of these glasses in order to profit from the enhanced ionic conductivity
would not be feasible in practice, but densification would offer a practical alternative: the
densified glasses would retain the enhanced ionic conductivity induced by the high pres-
sure even after the removal of this pressure. Unfortunately, it was later demonstrated [33]
that densifying the silver iodomolybdate glasses in fact resulted in lower ionic conductivi-
ties, as a consequence of the ionic conductivity actually decreasing on the application of
pressure. In fact, this seems more reasonable; the effect of pressure would be to inhibit the
pathways for ion transport.

Nevertheless, the procedure of densification remains valid; indeed, one might antici-
pate the opposite effect to that observed for ionic conductivity when thermal conductivity
is considered. In the epoxy composites considered here, the heat transfer occurs prefer-
entially between the highly conducting filler particles, and the effect of pressure might
be envisaged as two-fold: both the reduction of the inter-particle distance and the im-
provement of the particle-matrix interface. The present work investigates just this effect of
densification and demonstrates that it presents a highly effective means of enhancing the
thermal conductivity of epoxy composites.

2. Materials and Methods
2.1. Materials

The epoxy resin was a commercial diglycidyl ether of bisphenol-A, DGEBA (Araldite
GY240, Huntsman Advanced Materials, Salt Lake City, UT, USA), with a nominal molecular
weight per epoxy equivalent (eq) of 182 g/eq, a viscosity of 7000 to 9000 mPa.s at 25 ◦C, and
a density of 1.17 g/cm3. A thiol, pentaerythritol tetrakis (3-mercaptopropionate) (Sigma-
Aldrich, Saint Louis, MO, USA), with a molecular weight of 488.66 g/mol, a viscosity
of 500 mPa.s at 23 ◦C, and a density of 1.28 g/cm3, was used as the cross-linking agent.
The cross-linking reaction of the epoxy with the thiol was initiated by a latent initiator,
encapsulated imidazole (LC-80, Technicure, A&C Catalysts, Linden, NJ, USA), in the form
of powder.

The filler was boron nitride in the form of platelet particles (Saint-Gobain Boron
Nitride, Amherst, NY, USA), with a mean size of 30 µm (code PCTP30). According to
the manufacturer’s literature [34], these particles have a maximum size of 100 µm, a tap
density of 0.6 g/cm3, and a specific surface area of 1 m2/g. The filler particles were used as
received, without any surface treatment.
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2.2. Methods
2.2.1. Sample Preparation

The epoxy and thiol were mixed by hand in a stoichiometric proportion (approximately
60:40 by weight), and the latent initiator was added in the proportion of 2 parts per
hundred resin. While a wide range of filler contents has been used in earlier work on these
epoxy composite systems [35,36], for the investigation of the effect of densification in this
work only a single filler content was used, namely 70% by weight of boron nitride (BN)
with respect to the combined weight of epoxy and BN. The weight percentages of each
component in the mixture for this sample, denoted ETLBN30-70, are: epoxy, 24.9%; thiol,
16.6%; BN, 58.0%; LC-80, 0.5%. Making an approximate calculation based on the densities
of the constituent components, this corresponds to 44.7 volume% of BN.

In order to obtain compressed samples, the required amount of epoxy-thiol-BN mix-
ture was introduced into a Teflon cylinder of internal diameter 15 mm, outside diameter
60 mm, and height 52 mm. A spring, with a constant of 5.95 kN/m acting on a piston, was
used to compress the sample by a measured distance and then locked in place, thus main-
taining a constant force. The force on the piston was calibrated by measuring the distance
by which the spring was compressed; the maximum pressure that could be achieved in this
way was 3.0 MPa. The whole assembly was placed in an air-circulating oven at 70 ◦C for
3 h to effect the cure under the applied pressure. After cure, the pressure was maintained
during cooling, and the cured sample was removed at RT. The cured samples, in the form
of solid cylinders 15 mm diameter and between 25 and 35 mm in length, were cut in half
using a diamond wafering saw to give two smooth and flat surfaces for the measurement
of the thermal conductivity.

2.2.2. Thermal Conductivity

The thermal conductivity was measured using the Transient Hot Bridge method
(Linseis THB-100, Selb, Germany). A heat pulse is applied to a sensor placed between
two surfaces of the sample material, and the thermal conductivity is determined from the
temperature change ∆T as a function of time [37]. The instrument was calibrated with
5 different standards covering the range from 0.2 to 10 W/mK.

2.2.3. Differential Scanning Calorimetry (DSC)

The DSC instrument (Mettler-Toledo DCS821e, Greifensee, Switzerland) was equipped
with a robot sample handler and intracooler (Haake EK90/MT, Vreden, Germany), and
was calibrated for both heat flow and temperature using indium. For all experiments, a
flow of dry nitrogen at 50 mL/min was used, and the data analysis was made using the
STARe software of the instrument.

Powder samples were obtained from the cured composite cylinders by chipping a
small amount from the centre of the faces opposite to those used for the measurement of
thermal conductivity. Heating scans were made by inserting the encapsulated and weighed
samples into the DSC at RT, cooling at −20 K/min to 0 ◦C and then scanning at 10 K/min
to 100 ◦C, well above the Tg of these composites, which is around 52 ◦C. A second scan,
also at 10 K/min, was performed immediately after cooling to 0 ◦C at −20 K/min when
the first scan had been completed.

2.2.4. Density Measurement

The density of the cured samples was measured by Archimedes method. The samples
were first weighed in air at room temperature, and then when immersed fully in ethanol,
suspended by a fine thread.

3. Results and Discussion
3.1. Effect of Pressure on Thermal Conductivity

The thermal conductivities of samples of composition ETLBN30-70 cured under
pressures of 1.4 and 2.0 MPa, and then cooled to RT whilst maintaining the pressure, are
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given in Table 1, and the effect of pressure on the thermal conductivity is shown in Figure 2.
Two samples were prepared at the pressure of 2.0 MPa to check the reproducibility of the
results. In addition, data for samples cured at ambient pressure and at 175 kPa, taken
from work published elsewhere [38], are also included for comparison. For the pressure of
175 kPa, the pressure was obtained simply by placing a weight on the piston rather than
using the compression spring.

Table 1. Thermal conductivity and density of ETLBN30-70 samples.

Sample Pressure (MPa) Thermal Conductivity (W/mK) Density (g/cm3)

S1 ambient 3.34 1.55
S2 0.175 4.77 1.56
S3 1.4 6.47 1.63
S4 2.0 7.67 1.71
S5 2.0 6.86 1.73
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It is evident that the thermal conductivity increases with pressure applied during cure.
In fact, the increase in thermal conductivity for the sample cured at 2.0 MPa is remarkable.
This increase in thermal conductivity is accompanied by an increase in the density, as
can be seen from the values listed in Table 1. With reference to Figure 1, the final states
at RT of all the samples (S3, S4, S5) cured under high pressure, state G, are confirmed to
have higher densities than that of sample S1 cured at ambient pressure, state B. We should
point out, however, that although there is some correlation between density and thermal
conductivity [38], the latter cannot simply be related directly to the former.

It is interesting to speculate about the mechanism for the enhancement of the thermal
conductivity by densification. Figure 3 shows Scanning Electron Microscopy micrographs
of the fracture surfaces of two samples: sample S1 cured at ambient pressure, and sample
S4 which was densified at a pressure of 2.0 MPa. There can be seen to be a certain
amount of consolidation of the composite in the densified state, with a closer connection
between matrix and filler particles, implying an improved interface. The closer approach
of the individual platelets in the densified sample will also contribute to the enhanced
thermal conductivity.
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Figure 3. Scanning Electron Microscopy micrographs of two samples of composition ETLBN30-70:
left-hand photo for sample cured at ambient pressure, right-hand photo for sample densified at
2.0 MPa. Magnification ×100, scale bar 100 µm.

3.2. Effect of Densification on Enthalpy

In a similar way, a sample in state G would be expected to have a lower enthalpy,
which should be manifest in a DSC scan. The DSC scan for sample S5, cured under 2.0 MPa
pressure, is shown in Figure 4 together with the second scan. It can be seen that there is
indeed an enthalpy difference between the two scans; the greater area under the first scan,
by 0.50 J/g with respect to the second scan, represents the enthalpy difference between
states B and G in Figure 1, the lower enthalpy of state G being recovered on heating to
above the glass transition region.
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A further demonstration of the effect of densification can be seen in the aging behavior
of the densified sample S4. This sample, after curing and then cooling to RT under the
pressure of 2.0 MPa, and then releasing the pressure, was left for two weeks at RT before
scanning in the DSC. This meant that the densified sample had aged for two weeks at
a temperature about 25 ◦C below its Tg, and the effect of this aging will be manifest
as an enthalpy recovery peak in a DSC scan. Such a scan, together with a second scan
immediately afterwards, is shown in Figure 5, where it can be seen that there is an area
difference between these two scans, the magnitude being 1.23 J/g, with the endothermic
peak of the first scan occurring at 52.5 ◦C. This area difference corresponds to the enthalpy
recovered on heating as a consequence of the combined effects of both densification and
aging. The same sample S4, after the recovery of both the densification and aging effects,
was again subjected to an aging period of two weeks at RT, in order to compare the
effects of aging of the densified and “undensified” samples. The DSC scan for this aged
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“undensified” sample is also shown in Figure 5, together with another second scan, which
superposes almost exactly on the earlier second scan.
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It can be seen that the enthalpy recovery of the aged densified and “undensified” sam-
ples is quite different: the latter exhibits a much sharper peak, with a maximum at 55.1 ◦C,
significantly higher than that of the densified sample, and the area difference between
first and second scans for the “undensified” sample represents an enthalpy recovery of
1.19 J/g. Given that a part of the enthalpy recovered in the densified and aged sample
is that corresponding to the densification, which is 0.50 J/g according to the result for
sample S5, the effect of aging in the densified sample is evidently much less than that in
the “undensified” sample. The reason for this can be understood by reference to Figure 1.
The densified sample, immediately after cure and release of the pressure at RT, is in state
G, at a lower enthalpy than that of the “undensified” sample in state B. Since state G is
closer to equilibrium at RT, indicated by the dashed line in Figure 1, the rate of aging of the
densified sample will be slower than that of the “undensified” sample.

3.3. Reversibility of Densification

An important aspect of the densification is that it is reversible. Consider the densified
sample in state G (Figure 1). If it is heated to above its glass transition temperature, and
then cooled again to RT, it will arrive at state B. This has been demonstrated above by
DSC, whereby the second scans are the same, indicating that they always begin from
the same state B. The same effect can be seen in the thermal conductivity. The densified
sample S5, which had a thermal conductivity of 6.86 W/mK, was reheated to above its
glass transition temperature and then cooled again to RT, and the thermal conductivity
was again measured. It was found now to be 5.44 W/mK, much lower than that of the
densified sample, though still larger than that of the “undensified” sample, S1, which was
3.44 W/mK. This implies that the effect of curing under pressure, which results in a more
compact epoxy matrix and hence a better matrix-particle interface, but much of which
would be recovered on removal of the pressure at the cure temperature, is just one part of
the enhancement; the other part results from the “permanent” densification resulting from
cooling to RT while maintaining the applied pressure. In the present case, for example, the
increase in thermal conductivity from 3.44 to 5.44 W/mK would be attributed to the effect
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of curing under pressure, while the further increase from 5.44 to 6.86 W/mK would be a
consequence of the “permanent” densification.

The term “permanent” is written in this way, in inverted commas, because the densifi-
cation is only “permanent” until the sample is heated above its glass transition temperature,
whereupon the densification effect is removed, while the effect on the thermal conductivity
of curing under pressure still remains. Likewise, a densified state can be induced in a
sample already cured without the application of pressure. With reference to Figure 1, a
sample cured without pressure would be in state B when at RT. If pressure is applied and
the sample is heated above Tg, it will reach a state between A and D; it will not reach
state D because there will be no effect of curing under pressure. Subsequent cooling to RT
under pressure will lead to a state between G and E, and releasing the pressure will result
in a final state between B and G, for which one would anticipate a thermal conductivity
between that of the sample cured at ambient pressure and that cured under pressure.

This can be illustrated by the results obtained for sample S5, which had previously
been densified (6.86 W/mK) and then for which the densification had been removed by
heating above the glass transition region (5.44 W/mK). This sample was then returned to
the compression cell, a pressure of 2.0 MPa was applied, and the sample was heated above
the glass transition region, allowed to equilibrate for several minutes, and then cooled back
to RT while maintaining the pressure. After releasing the pressure, the thermal conductivity
was then measured and found to be 6.76 W/mK. This demonstrates that the densification
is reversible and, importantly, that an enhancement of the thermal conductivity can be
achieved, retroactively, in a sample already cured without pressure.

3.4. Comparison with Literature Values

In Figure 2, the effect of pressure and densification on the thermal conductivity of
epoxy-BN composites was demonstrated for a single composition, denoted as ETLBN30-70.
The effect of pressure on the thermal conductivity of various epoxy-BN composites has
been reported on a number of occasions, but the concept of densification has never been
considered in this respect. Furthermore, the use of pressure can be made in many different
ways, and in many cases it is not possible to identify clearly the experimental procedure. In
order to compare our results presented here, for a single composite composition, with other
literature values for a wide range of composite compositions, it is necessary to consider
also the effect of BN content on the thermal conductivity. A convenient way in which to do
this is to make use of the trend curves in a plot of thermal conductivity as a function of BN
content, taken from reference 6 and included in Figure 6.

In the compilation of this figure, the values of the maximum thermal conductivity,
together with the corresponding BN content, were taken from more than one hundred ref-
erences for epoxy-BN composites [6]. In order to simplify and display the overall tendency
for the dependence of thermal conductivity on BN content, three trend curves were drawn:
an upper trend curve, below which more than 95% of the values fell, including values for
both isotropic and anisotropic samples; an intermediate trend curve, which represented an
approximation to the upper limit of the isotropic thermal conductivities, thus excluding all
those samples for which orientation had been deliberately introduced; and a lower trend
curve, below which fewer than 5% of all the values of thermal conductivity fell. These
trend curves permit the comparison of our present results with the majority of results
reported in the literature.

In the simplest case, pressure can be applied to the uncured mixture at RT simply
to consolidate it, to remove voids, or to induce some orientation of the BN particles, the
pressure being removed before heating the sample in order to cure it [9–11]. On the other
hand, there are several reports of samples prepared by curing under controlled pressure-
temperature schedules [13,19–29], though some authors do not specify the magnitude
of the pressure applied [14–18]. Unfortunately, in no case is there any specific indica-
tion of whether or not the cured samples were then cooled under pressure, and hence
whether or not they are densified. In contrast, in some cases it is possible to infer that
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there is no densification, because the samples are post-cured without the application of
pressure [12–14,16,25]. The maximum values of thermal conductivity taken from these
references are plotted as a function of the wt% BN in Figure 6, where they are compared
with the upper, intermediate, and lower trend curves discussed above.
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Figure 6. Thermal conductivity as a function of boron nitride (BN) content (wt%) for epoxy-BN
samples prepared under pressure. Dashed lines represent upper, intermediate, and lower trend
curves [6]. Squares represent oriented samples.

There are several results that are worthy of some comment. First, there is only
one value, that of He et al. [14], which falls above the upper trend curve. With only
10 wt% of functionalized BN nanoparticles, these authors achieve a thermal conductivity
of 1.6 W/mK, in comparison with a value of only 0.5 W/mK when the BN particles are not
surface treated. This result is particularly remarkable as pressure (though an unspecified
value) is applied during cure at 100 ◦C, and then the sample is post-cured without pressure
at 150 ◦C, implying that the final composite is not densified.

Second, many of the values which fall in the region between the intermediate and
upper trend curves are a consequence of orientation, the values included in Figure 6 being
those in the preferentially oriented direction [9,13,25,28]. Of the remaining values lying in
this same region, the results of Jang et al. [15], the present work, and Xu and Chung [19]
all follow approximately the same dependence of thermal conductivity on BN content. In
the work of Jang et al. [15] and Xu and Chung [19], the BN particles were surface treated,
which often leads to improved thermal conductivity, whereas in the present work, the
particles were untreated. It is possible, therefore, that the disadvantage of using untreated
particles in the present work is compensated by the effects of densification.

The data presented in Figure 6 are for epoxy-BN composites, but for comparison we
have also included the data of Tang et al. [27] and Zhang et al. [29], for both of which the
composite was a hybrid in which the epoxy matrix was filled with both glass fibres (or
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cloth) and BN particles. The thermal conductivity enhancement of the epoxy matrix is
therefore due to both the glass and the BN, while the manufacturing procedure introduced
significant orientation. Tang et al. [27] report that the addition of 20 wt% BN increases
the thermal conductivity of the epoxy/glass/BN hybrid by factors of 5.4 and 3.0 in the
in-plane and through-plane directions, respectively. To compare this result with our own
values, we have applied an average factor of 4.2 to the unfilled epoxy (0.23 W/mK) to
obtain the value of 0.97 W/mK plotted in Figure 6, which falls just on the intermediate
trend curve. Likewise, Zhang et al. [29] report an increase in the thermal conductivity by
a factor of 2.5, in both the in-plane and through-plane directions, for epoxy/glass/BN
hybrids filled with 15 wt% BN. Applying the same factor to the unfilled epoxy (0.2 W/mK)
gives a value of 0.50 W/mK for the thermal conductivity of an epoxy/BN composite for
comparison with our own results. This is plotted in Figure 6, where it can be seen to fall
close to the intermediate trend curve. The application of pressure during cure, 5 MPa in
both these cases [27,29], appears therefore to raise the thermal conductivity to the level of
the intermediate trend curve, but these values still fall below that which can be obtained
by densification.

Finally, the very high value of 10.5 W/mK at 58 wt% BN reported by Moradi et al. [38]
corresponds to BN in the form of agglomerates, densified at 2.0 MPa pressure. The effect
of pressure on agglomerates has been suggested to be different from that on platelets;
whereas pressure brings the matrix and platelets closer and hence improves the interface,
the agglomerates are deformed by the pressure such that the surface area of contact between
matrix and filler, and between one filler particle and another, is considerably increased,
with a resulting dramatic increase in the thermal conductivity [38].

4. Conclusions

It has been demonstrated that the application of pressure during the cure of composites
of epoxy and boron nitride has two separate effects: curing under pressure results in a
more compact matrix and a better matrix-filler interface, whereas subsequently cooling
from the cure temperature to room temperature while maintaining the pressure results in
densification. Both effects contribute to an enhancement of the thermal conductivity of
the composite. The densification is reversible: heating the densified sample, at ambient
pressure, to above its glass transition temperature removes the densification, and the
thermal conductivity is consequently reduced. Likewise, though, the densified state can
be reintroduced by heating the sample again to above its glass transition temperature,
applying pressure, and then cooling to room temperature before releasing the pressure,
whereupon the thermal conductivity returns to its original densified value. Comparison
is made between these results and others reported in the literature for samples prepared
under pressure.

Author Contributions: Conceptualization, J.M.H. and S.M.; methodology, J.M.H. and S.M.; investi-
gation, S.M.; resources, Y.C. and F.R.; data curation, S.M. and F.R.; writing—original draft preparation,
J.M.H.; writing—review and editing, S.M., F.R., and Y.C.; supervision, J.M.H. and Y.C.; project admin-
istration, Y.C.; funding acquisition, Y.C. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by a grant from the Spanish Ministerio de Economia y Com-
petitividad, grant number MAT2017-82849-C2-2-R. The APC was funded by the research group’s
contract research funds.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.



Polymers 2021, 13, 286 11 of 12

References
1. Vadivelu, M.A.; Kumar, C.R.; Joshi, G.M. Polymer composites for thermal management: A review. Compos. Interfaces 2016,

23, 847–872. [CrossRef]
2. Xiao, M.; Du, B.X. Review of high thermal conductivity polymer dielectrics for electrical insulation. High Volt. 2016, 1, 34–42. [CrossRef]
3. Burger, N.; Laachachi, A.; Ferriol, M.; Lutz, M.; Toniazzo, V.; Ruch, D. Review of thermal conductivity in composites: Mechanisms,

parameters and theory. Prog. Polym. Sci. 2016, 61, 1–28. [CrossRef]
4. Kim, H.S.; Jang, J.U.; Lee, H.; Kim, S.Y.; Kim, S.H.; Kim, J.; Jung, Y.C.; Yang, B.J. Thermal management in polymer composites:

A review of physical and structural parameters. Adv. Eng. Mater. 2018, 20, 1800204. [CrossRef]
5. Adnan, M.M.; Tveten, E.G.; Glaum, J.; Ese, M.H.G.; Hvidsten, S.; Glomm, W.; Einarsrud, M.A. Epoxy-Based nanocomposites for

high-voltage insulation: A review. Adv. Electr. Mater. 2019, 5, 1800505. [CrossRef]
6. Hutchinson, J.M.; Moradi, S. Thermal conductivity of epoxy-BN composites: A review. Materials 2020, 13, 3634. [CrossRef]
7. Ma, H.Q.; Gao, B.; Wang, M.Y.; Yuan, Z.Y.; Shen, J.B.; Zhao, J.Q.; Feng, Y.K. Strategies for enhancing thermal conductivity of

polymer-based thermal interface materials: A review. J. Mater. Sci. 2020, 56, 1064–1086. [CrossRef]
8. Bahru, R.; Zamri, M.F.M.A.; Shamsuddin, A.; Shaari, N.; Mohamed, M.A. A review of thermal interface material fabrication

method toward enhancing heat dissipation. Int. J. Energy Res. 2020. [CrossRef]
9. Zhu, Z.; Wang, P.; Lv, P.; Xu, T.; Zheng, J.; Ma, C.; Yu, K.; Feng, W.; Wei, W.; Chen, L. Densely packed polymer/boron nitride

composite for superior anisotropic thermal conductivity. Polym. Compos. 2018, 39, E1653–E1658. [CrossRef]
10. Lewis, J.S.; Barani, Z.; Sanchez Magana, A.; Kargar, F.; Balandin, A.A. Thermal and electrical conductivity control in hybrid

composites with graphene and boron nitride fillers. Mater. Res. Express 2019, 6, 085325. [CrossRef]
11. Isarn, I.; Ferrando, F.; Serra, A.; Urbina, C. Novel BN-epoxy/anhydride composites with enhanced thermal conductivity. Polym.

Adv. Technol. 2020. [CrossRef]
12. Chung, S.; Lin, J. Thermal conductivity of epoxy resin composites filled with combustion synthesized h-BN particles. Molecules

2016, 21, 670. [CrossRef] [PubMed]
13. Zhang, T.; Sun, J.; Ren, L.; Yao, Y.; Wang, M.; Zeng, X.; Sun, R.; Xua, J.; Wong, C. Nacre-inspired polymer composites with high

thermal conductivity and enhanced mechanical strength. Compos. Part A 2019, 121, 92–99. [CrossRef]
14. He, Y.; Wang, Q.; Liu, W.; Liu, Y. Functionalization of boron nitride nanoparticles and their utilization in epoxy composites with

enhanced thermal conductivity. Phys. Stat. Sol. 2013, 211, 677–684. [CrossRef]
15. Jang, I.; Shin, K.; Yang, I.; Kim, H.; Kim, J.; Kim, W.; Jeon, S.; Kim, J. Enhancement of thermal conductivity of BN/epoxy composite

through surface modification with silane coupling agents. Colloids Surf. A Physicochem. Eng. Asp. 2017, 518, 64–72. [CrossRef]
16. Sun, J.; Wang, D.; Yao, Y.; Zeng, X.; Pan, G.; Huang, Y.; Hu, J.; Sun, R.; Xu, J.; Wong, C. Boron nitride microsphere/epoxy

composites with enhanced thermal conductivity. High Volt. 2017, 2, 147–153. [CrossRef]
17. Mun, S.Y.; Lim, H.M.; Lee, S. Thermal and electrical properties of epoxy composite with expanded graphite-ceramic core-shell

hybrids. Mater. Res. Bull. 2018, 97, 19–23. [CrossRef]
18. Wu, Y.; Zhang, X.; Negi, A.; He, J.; Hu, G.; Tian, S.; Liu, J. Synergistic effects of boron nitride (BN) nanosheets and silver (Ag)

nanoparticles on thermal conductivity and electrical properties of epoxy nanocomposites. Polymers 2020, 12, 426. [CrossRef]
19. Xu, Y.; Chung, D.D.L. Increasing the thermal conductivity of boron nitride and aluminum nitride particle epoxy-matrix composites

by particle surface treatments. Compos. Interfaces 2000, 7, 243–256. [CrossRef]
20. Hong, J.; Yoon, S.; Hwang, T.; Lee, Y.; Won, S.; Nam, J. Interphase control of boron nitride/epoxy composites for high thermal

conductivity. Korea-Aust. Rheol. J. 2010, 22, 259–264.
21. Wattanakul, K.; Manuspiya, H.; Yanumet, N. The adsorption of cationic surfactants on BN surface: Its effects on the thermal conductivity

and mechanical properties of BN-epoxy composite. Colloids Surf. A Physicochem. Eng. Asp. 2010, 369, 203–210. [CrossRef]
22. Wattanakul, K.; Manuspiya, H.; Yanumet, N. Effective surface treatments for enhancing the thermal conductivity of BN-filled

epoxy composite. J. Appl. Polym. Sci. 2011, 119, 3234–3243. [CrossRef]
23. Hong, J.; Yoon, S.; Hwang, T.; Oh, J.; Hong, S.; Lee, Y.; Nam, J. High thermal conductivity epoxy composites with bimodal

distribution of aluminum nitride and boron nitride fillers. Thermochim. Acta 2012, 537, 70–75. [CrossRef]
24. Xia, C.; Garcia, A.C.; Shi, S.Q.; Qiu, Y.; Warner, N.; Wu, Y.; Cai, L.; Rizvi, H.R.; D’Souza, N.A.; Nie, X. Hybrid boron nitride-natural

fiber composites for enhanced thermal conductivity. Sci. Rep. 2016, 6, 34726. [CrossRef] [PubMed]
25. Hu, J.; Huang, Y.; Zeng, X.; Li, Q.; Ren, L.; Sun, R.; Xu, J.; Wong, C. Polymer composite with enhanced thermal conductivity and

mechanical strength through orientation manipulating of BN. Compos. Sci. Technol. 2018, 160, 127–137. [CrossRef]
26. Yang, X.; Guo, Y.; Luo, X.; Zheng, N.; Ma, T.; Tan, J.; Li, C.; Zhang, Q.; Gu, J. Self-healing, recoverable epoxy elastomers and their

composites with desirable thermal conductivities by incorporating BN fillers via in-situ polymerization. Compos. Sci. Technol.
2018, 164, 59–64. [CrossRef]

27. Tang, L.; He, M.; Na, X.; Guan, X.; Zhang, R.; Zhang, J.; Gu, J. Functionalized glass fibers cloth/spherical BN fillers/epoxy laminated
composites with excellent thermal conductivities and electrical insulation properties. Compos. Commun. 2019, 16, 5–10. [CrossRef]

28. Liu, Z.; Li, J.; Liu, X. Novel functionalized BN nanosheets/epoxy composites with advanced thermal conductivity and mechanical
properties. ACS Appl. Mater. Interfaces 2020, 12, 6503–6515. [CrossRef]

29. Zhang, R.-H.; Shi, X.-T.; Tang, L.; Liu, Z.; Zhang, J.-L.; Guo, Y.-Q.; Gu, J.-W. Thermally conductive and insulating epoxy composites by
synchronously incorporating Si-sol functionalized glass fibers and boron nitride fillers. Chin. J. Polym. Sci. 2020, 38, 730–739. [CrossRef]

30. Hutchinson, J.M. Physical aging of polymers. Prog. Polym. Sci. 1995, 20, 703–760. [CrossRef]

http://doi.org/10.1080/09276440.2016.1176853
http://doi.org/10.1049/hve.2016.0008
http://doi.org/10.1016/j.progpolymsci.2016.05.001
http://doi.org/10.1002/adem.201800204
http://doi.org/10.1002/aelm.201800505
http://doi.org/10.3390/ma13163634
http://doi.org/10.1007/s10853-020-05279-x
http://doi.org/10.1002/er.6078
http://doi.org/10.1002/pc.24615
http://doi.org/10.1088/2053-1591/ab2215
http://doi.org/10.1002/pat.5184
http://doi.org/10.3390/molecules21050670
http://www.ncbi.nlm.nih.gov/pubmed/27213325
http://doi.org/10.1016/j.compositesa.2019.03.017
http://doi.org/10.1002/pssa.201330305
http://doi.org/10.1016/j.colsurfa.2017.01.011
http://doi.org/10.1049/hve.2017.0040
http://doi.org/10.1016/j.materresbull.2017.06.046
http://doi.org/10.3390/polym12020426
http://doi.org/10.1163/156855400750244969
http://doi.org/10.1016/j.colsurfa.2010.08.021
http://doi.org/10.1002/app.32889
http://doi.org/10.1016/j.tca.2012.03.002
http://doi.org/10.1038/srep34726
http://www.ncbi.nlm.nih.gov/pubmed/27703226
http://doi.org/10.1016/j.compscitech.2018.01.045
http://doi.org/10.1016/j.compscitech.2018.05.038
http://doi.org/10.1016/j.coco.2019.08.007
http://doi.org/10.1021/acsami.9b21467
http://doi.org/10.1007/s10118-020-2391-0
http://doi.org/10.1016/0079-6700(94)00001-I


Polymers 2021, 13, 286 12 of 12

31. Hutchinson, J.M. Relaxation processes and physical aging. In The Physics of Glassy Polymers, 2nd ed.; Haward, R.N., Young, R.J.,
Eds.; Chapman & Hall: London, UK, 1997.

32. Senapati, H.; Parthasarathy, G.; Lakshmikumar, S.T.; Rao, K.J. Effect of pressure on the fast-ion conduction in AgI-Ag2O-AgMoO3
glasses. Phil. Mag. B 1983, 47, 291–297. [CrossRef]

33. Hutchinson, J.M.; Ingram, M.D.; Robertson, A.H.J. The effects of pressure and densification on ionic conductivities in silver
iodomolybdate glasses. Phil. Mag. B 1992, 66, 449–461. [CrossRef]

34. Carbotherm BN Thermal Fillers. Available online: https://www.bn.saint-gobain.com/sites/imdf.bn.com/files/carbotherm-bn-
thermal-fillers-ds_0.pdf (accessed on 10 December 2020).

35. Moradi, S.; Calventus, Y.; Román, F.; Hutchinson, J.M. Achieving high thermal conductivity in epoxy composites: Effect of boron
nitride particle size and matrix-filler interface. Polymers 2019, 11, 1156. [CrossRef] [PubMed]

36. Moradi, S.; Calventus, Y.; Román, F.; Ruiz, P.; Hutchinson, J.M. Epoxy composites filled with boron nitride: Cure kinetics and the
effect of particle shape on the thermal conductivity. J. Therm. Anal. Calorim. 2020, 142, 595–605. [CrossRef]

37. Hammerschmidt, U.; Meier, V. New Transient Hot-Bridge sensor to measure thermal conductivity, thermal diffusivity, and
volumetric specific heat. Int. J. Thermophys. 2006, 27, 840–865. [CrossRef]

38. Moradi, S.; Román, F.; Calventus, Y.; Hutchinson, J.M. Remarkable thermal conductivity of epoxy composites filled with boron
nitride and cured under pressure. J. Appl. Polym. Sci. 2021. submitted.

http://doi.org/10.1080/13642812.1983.9728311
http://doi.org/10.1080/13642819208220114
https://www.bn.saint-gobain.com/sites/imdf.bn.com/files/carbotherm-bn-thermal-fillers-ds_0.pdf
https://www.bn.saint-gobain.com/sites/imdf.bn.com/files/carbotherm-bn-thermal-fillers-ds_0.pdf
http://doi.org/10.3390/polym11071156
http://www.ncbi.nlm.nih.gov/pubmed/31284564
http://doi.org/10.1007/s10973-020-09743-3
http://doi.org/10.1007/s10765-006-0061-2

	Introduction 
	Materials and Methods 
	Materials 
	Methods 
	Sample Preparation 
	Thermal Conductivity 
	Differential Scanning Calorimetry (DSC) 
	Density Measurement 


	Results and Discussion 
	Effect of Pressure on Thermal Conductivity 
	Effect of Densification on Enthalpy 
	Reversibility of Densification 
	Comparison with Literature Values 

	Conclusions 
	References

