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Abstract
Epoxy composites containing boron nitride (BN) particles of different sizes, different
combinations and different quantities have been studied with a view to obtaining an
increased thermal conductivity. To investigation consists of two aspects: the analysis of the
cure kinetics and the measurement of the thermal conductivity of the cured composites. The
cure kinetics of the different samples has been studied using differential scanning
calorimetry (DSC) for all different systems. It has been used up to a 70% of weight of boron
nitride as a filler with more of this quantity made the mixture hardly manipulable. For these
systems, it has been noticed that the effect of filler on peak temperature measured by DSC
in general it increases as the system contains more boron nitride. Later results showed that
a strong relationship between the peak temperature and the thermal conductivity of the
cured sample existed. On the other hand, hybrid composites showed a decrease on the
thermal conductivity when it was expected an improvement, that only came through adding
more boron nitride to the sample and not for the combination itself. The dual cure process
showed promising results that are going to lead for further development in this line as it is
seen that first stage cured sample provide ease of processability.
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Introduction
Microelectronic devices are nowadays becoming increasingly integrated and used at higher
powers and frequencies, for example in light emitting diodes (LEDs) in highly integrated
memory chips and for power conversion applications. Under these conditions, the amount
of heat generated is becoming increasingly difficult to dissipate in conventional systems
based upon printed circuit board technology, and the resulting temperature increase can
induce thermal fatigue and chemical reactions which substantially reduce the service life of
the device. There are various rules of thumb to estimate the effect of such an increase in
operating temperature, for example that the failure rate of an electronic device doubles with
every 10ºC increase or that every increase in operating temperature of 10% reduces the
service life by 50%, but the message is clear: the heat must be removed from these devices.
One solution to this problem is to use Insulated Metal Substrates (IMS), in which the printed
circuit layer is bonded to a metal substrate by means of a dielectric layer, this last being the
key to IMS performance. The most important properties required of the material used for this
layer are electrical insulation and high thermal conductivity, which must be combined with
processability, affordable cost and substrate compatibility.
To solve this problem epoxy composite with a considerable amount of filler or nanofiller has
been used in previous studies, when the amount of filler is higher the pathways that phonons
has to propagate increase and therefore the final objective of this method, that is the
increase of the thermal conductivity is achieved. The conductivity of this ways to propagate
the heat depends on the shape and size of the particles (1) (2) (3) (4) (5) (6) and the interface
between filler and matrix mainly (1) (2) (7) (8) (9). Boron nitride (BN) is one of the most used fillers
and, in comparison with conventional printed circuit boards with a thermal conductivity of 0.2
W/m·K, epoxy composites with these fillers reach values of 3 to 4 W/m·K. However, higher
values have been reported in the literature (5) (1) (3) (10) but these increases of the thermal
conductivity often require other procedures that are not easily reproducible.
In this TFG a combination of experiments based on epoxy cured with a thiol is presented.
The Lewis acid-base coordination with the BN particles is expected to provide an excellent
matrix-filler interface, and hence to enhance the thermal conductivity. The effect of the filler
8

particles is investigated with respect to both the curing reaction kinetics and the final thermal
properties of the cured composite.
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Justification
This TFG forms part of a research project funded by the Ministerio de Economía y
Competitividad, entitled: “Nuevos termostables multifuncionales obtenidos mediante curado
dual”. This is a coordinated research project involving the group DUALCURE at the
ESEIAAT and two other groups, one at the ETSEIB and the other in the Departament of
Organic Chemistry at the Universitat Rovira I Virgili, Tarragona. The thermoset system is
based on diglycidyl ether of bisphenol-A (DGEBA) epoxy resin cured with a thiol, and the
dual cure can be effected in a number of ways, such as thermal curing using different
initiators or UV curing. The present project will make use only of thermal curing.
One of the tasks of the DUALCURE group is to investigate how the thermal conductivity of
the cured epoxy can be enhanced by the incorporation of particles, such as boron nitride
and aluminium nitride, within the epoxy resin matrix, to form a composite material. The
preparation procedure for this composite is to mix the epoxy resin, cross-linking agent and
filler particles in the appropriate proportions, and then to cure the mixture using an
appropriate cure schedule. The cure kinetics can be monitored by Differential Scanning
Calorimetry (DSC) using small samples (~10 mg) in aluminium crucibles, while macroscopic
samples for thermal conductivity measurements can be prepared by curing in a mould.
Besides the two different types of particles, there are many other parameters which could
have an important influence on the thermal conductivity of the cured composite: particle
loading (volume %); particle sizes; hybrids; surface treatment of the particles to improve the
interface between particles and matrix; mechanical modification of particle distributions.
Thermally conducting but electrically insulating materials are needed for die attachments,
encapsulations, dielectrics and substrates used in electronic packaging. Polymers have
low processing temperatures, which allow them to be easily made into polymer-matrix
composites in bulk or coating forms. By using a filler which is thermally conducting but
electrically insulating, a polymer-matrix composite can become thermally conducting while
electrically insulating. In this TFG an attempt is made to increase the thermal conductivity
in a practical way that would be suitable for industrial applications.
10

Aim
The principal objective of this TFG is to investigate the enhancement of the thermal
conductivity of an epoxy-thiol system by the incorporation of boron nitride (BN) particles in
the epoxy matrix. Two approaches will be used: (i) the use of two different types of BN
particles, namely platelets with average particle size 2 and 6 microns, and aggregates with
average size 80 microns; and (ii) the use of dual cure procedures, the first stage cure taking
place in an off-stoichiometric system and the second stage cure occurring by
homopolymerisation. If time permits, a further objective would be to investigate the effect of
mechanical modification of the particle distribution after the first stage of the cure.

Requirements
For the correct evaluation of the work some previous considerations should be considered.
The mixtures of the different experiments must be homogenous, this way the distribution of
boron nitride particles is uniform and therefore the thermal conductivity of the sample is
constant for each section.
The samples that are studied in the different equipment that is going to be presented later
must have its weight carefully determined as larger or smaller quantities can bias the results
that the sensors are obtaining.

Scope
•

Differential Scanning Calorimetry (DSC) study of the non-isothermal cure kinetics of
stoichiometric epoxy-thiol-BN systems as a function of the heating rate and of the BN
type and loading (volume %).

•

Measurement of the thermal conductivity (Transient Hot Bridge method) of fully cured
stoichiometric epoxy-thiol-BN composites as a function of the BN type and loading.
Consideration of relationship between cure kinetics, thermal conductivity and
microstructure, as revealed by Scanning Electron Microscopy (SEM).

•

DSC study of the dual cure process in off-stoichiometric epoxy-thiol-BN systems as
a function of BN type and loading. Investigation of effect of off-stoichiometric ratio on
degree of cure at end of first stage, and on overall cure kinetics.
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•

Measurement of thermal conductivity of fully cured samples after dual cure
procedure, as a function of BN type and loading. Comparison with microstructure as
revealed by SEM.

•

Modification of particle distribution (e.g. by using 2-roll mill) after first stage of cure,
and then full cure after second stage. Determination of effect on thermal condutivity.

Objectives
A list of the main tasks that are to be undertaken during this TFG is as follows:
•

Pre 1. Familiarisation with laboratory equipment and safety (1 week)

•

Pre 2. Literature study (2 weeks)

•

WP 1. DGEBA + thiol + initiator + BN (80μm) (3 weeks)
◦ WP 1.1. Preparation of samples with a range of BN loadings
◦ WP 1.2. Cure reaction kinetics of each sample by non-isothermal and
isothermal DSC
◦ WP 1.3. Thermal conductivity of each sample by Transient Hot Bridge
(THB) method

•

WP 2. DGEBA + thiol + initiator + BN(hybrids) (4 weeks)
◦ WP 2.1. Preparation of a range of hybrid samples.
◦ WP 2.2. Cure reaction kinetics of each sample by non-isothermal and
isothermal DSC
◦ WP 2.3. Thermal conductivity of each sample by Transient Hot Bridge
(THB) method

•

WP 3. DGEBA + thiol + initiator (off-stoichiometric) + BN (80μm, 2μm, 6μm) (3
weeks)
◦ WP 3.1. Preparation of off-stoichiometic ratio for first stage cure by DSC
◦ WP 3.2. Cure kinetics of second stage cure by DSC
◦ WP 3.3. Thermal conductivity of each sample by Transient Hot Bridge
(THB) method
◦ WP 3.4. Modification of particle distribution

•

SEM. Scanning Electron Microscopy (SEM) and density of samples (1 week)
12

•

Elaboration of the final report (4 weeks)

•

Presentation elaboration (3 weeks)

As seen in the breakdown of the tasks, each individual set of tasks depends basically on the
previous tasks. Work Packages are independent but to be able to define the next steps
inside this investigation the previous results are needed.
On the other hand SEM can be done at any time, but to optimise the time it has been decided
to concentrate this in a whole week to have better comparisons.
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Methodology
In this chapter, the methods used to the correct evaluation of the set of experiments that has
been developed under this TFG are going to be explained in more detail. However, first the
different techniques used during for the evaluation of the different set of samples are going
to be explained in detail.
Epoxy is a viscous resin that presents high ease of processability, it presents a widely range
of applications due to the ability of mixing it with fillers or nanofillers to enhance some of its
properties that otherwise are not remarkable.
In this case, the use of boron nitride particles as a filler, has been chosen as for its high
thermal conductivity and for being an electrical insulator.
To increase the interface between the particles and the epoxy a thiol has been added to the
mixture and an initiator is present as well in the sample to accelerate the reaction.
The sample has been mix by hand to achieve a homogenous distribution of the boron nitride
particles is it worth pointing that if the amount of boron nitride particles in the mixture is high
this can lead to difficulties when mixing it as it becomes unmanageable. The result of this
mixture has been put in mould and small samples has been extracted to study the cure
kinetics of the mixture.
The mixture in the moulds has then been put to cure and the result, which is a solid bar, has
been used to study the heat conductivity of the mixture.
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Differential Scanning Calorimetry (DSC)
The differential scanning calorimetry (11) measures the heat flow that occurs in a sample
when it is heated, cooled, or held isothermally at constant temperature. This technique
allows the detection of both endothermic and exothermic effects such as melting, glass
transitions, as well as the curing reactions of epoxies, which is exothermic; measure peak
areas, determine temperatures that characterize the peaks or other effects, and determine
the specific heat capacity.
Also physical transitions can be quantitatively determined. Some properties and processes
that can be measures are the melting point and enthalpy of fusion, crystallization behaviour
and supercooling, solid-solid transitions and polymorphism, the glass transitions of
amorphous materials, chemical reactions such as thermal decomposition or polymerization,
reactions enthalpies, the investigation of reactions kinetics and predictions about the course
of reaction. These are just some examples of all the properties and processes that can be
investigated using DSC technique.
To make use of the DSC technique the METTLER TOLEDO DSC 821 has been used, which
has the following features:
•

Small furnace made of silver with electrical flat heater.

•

Pt100 temperature sensor with long-term stability.

•

Exchangeable FRS5 and HSS7 DSC sensors with a star-shaped arrangement of
thermocouples underneath the crucible positions that measures the difference
between the two heat flows. Connection of the thermocouples in series results in high
calorimetric sensitivity.

•

Cooling options.

In Figure 1 it can be seen the actual DSC 821 that has been used for all the experiments in
this TFG. Also, a detailed sketch of the cross-section of the DSC measuring cell and an
expanded section of the sample side of the cross-section figure can be seen in Figure 2 and
Figure 3 respectively.
15

Figure 1. METTLER TOLEDO DSC 821
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Figure 2. Schematic cross-section of DSC 821

Figure 3. Extended schematic cross-section of DSC 821

To avoid any disruption in the different physical or chemical reactions, DSC 821 has the
capability of setting up different types of purge gas to keep the atmosphere inert. In this case
the purge gas used was N2.
To put some more perspective to how DSC 821 works it is going to be explained how
different measurements are done in order to explain the different results that are going to be
obtained.
17

The heat flow, F, flows radially through the thermal resistance, Rth, of the FRS5 and HSS7
sensors that can be seen on Figure 4. The thermal resistance is in the form of a ring under
each of the two crucible positions. As already mentioned, the temperature difference across
this thermal resistance is measured by the radially arranged thermocouples.

Figure 4. FRS 5 and HSS7 sensors

From Ohm’s law it follows that the heat flow on the left side is given by:

F! =

𝑇% − 𝑇'
𝑅)*

1

F! =

𝑇, − 𝑇'
𝑅)*

2

and similarly, on the right side:

The difference between both sides is that the left one contains the sample to be studied and
the right one has the reference crucible.
18

The DSC signal, F, the heat flow to the sample, corresponds to the difference between the
two heat flows:

F = F! − F, =

𝑇% − 𝑇' 𝑇, − 𝑇'
−
𝑅)*
𝑅)*

3

The thermal resistances on the left and right sides are identical due to the symmetrical
arrangement. The same is true for Tc. The equation for the determination of the DSC signal
can therefore be simplified to

F =

𝑇% − 𝑇,
𝑅)*

4

Since the temperature differences are measured by thermocouples, we still need the
equation that defines the sensitivity of a thermocouple, S = V/DT, where V is the
thermoelectric voltage. From this, it follows that

F =

𝑉
𝑉
=
𝑅)* · 𝑆
𝐸

5

where V is the sensor signal. The product Rth·S is called the calorimetric sensitivity E of the
sensor. Rth and S are temperature dependent. The temperature dependence of E is
described by means of a mathematical model.
In DSC curves, a peak area, for example, is the integral of the heat flow over time and
corresponds to the change in enthalpy, DH, of the sample.
Figure X shows that the furnace temperature, Tc, is measured using a Pt100 sensor.
Basically, the Pt100 sensor is a resistance made of platinum wire that has n electrical
resistances of 100 ohms at 0ºC. The relationship between resistance and temperature T is
described by a polynomial:
19

𝑅 = 𝐴 + 𝐵𝑇 + 𝐶𝑇 9

6

In a DSC measurement, the heating rate selected refers to the reference temperature
because the sample can undergo first order phase transitions during which the heating rate
cannot be controlled.
A temperature difference, DT, that depends on the thermal resistance is necessary for heat
to flow from the furnace to the reference crucible. In METTLER TOLEDO instruments, this
is achieved by increasing the furnace temperature by the same value of DT. Independent of
the heating rate, the time difference between Tc and Tr is equal to the time constant, tlag.
The heating rate, b, is equal to the slope of the triangle shown in the expanded scale inset
in Figure 1. It follows that

b =

D𝑇
t;<=

𝑜𝑟

D𝑇 = t;<= · b

7

During the dynamic segment, the calculated temperature increase, DT, is added to the set
value of the furnace temperature so that the reference temperature exactly follows the
temperature program.
The furnace temperature is increased by DT at the beginning of the dynamic segment.
As shown in Figure 7.5, there is a difference between Ts and Tr, especially during thermal a
effect. It corresponds to the sensor signal in the following equation, which can be solved for
Ts:

𝑇% = 𝑇, + F · 𝑅)* = 𝑇, + F ·

𝐸
𝑆

8

This is how the software calculates the sample temperature.
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With all the environment set up to properly measure the different effects that occur in the
sample at different temperatures, the effects that have been found in the DSC curves are
explained below.
Chemical reactions can generally only be measured in the first heating run. On cooling to
the start temperature, the reaction products remain chemically stable, so that on heating a
second time no further reaction occurs. In some cases, the reaction is incomplete after the
first heating run and a weak reaction is observed in the second run.
Ideally, DSC curves obtained from a chemical reaction show just one single smooth peak.
In practice, the shape of the peak is often distorted by overlapping reactions, such as the
melting of additives, secondary reactions, or decomposition reactions.
These chemical reactions can be evaluated in the DSC curve as they display the heat flow
that flows to the sample. The integral with respect to time corresponds to the enthalpy of
conversion. DSC curves plotted against temperature are also always integrated with respect
to time. The area integrated is that between the DSC curve and a baseline.
9

∆𝐻 =
F

𝑑𝐻
𝑑𝑡
𝑑𝑡

9

For the experiments that has been done during this TFG, as epoxy has been used as the
base of the experiments, the glass transition temperature (Tg) has been also determined, as
this is one of the most important properties that exists on any epoxy because this is the
region where the polymer experiments physical changes that goes from hard, glassy
material to a kind of rubbery material.
These effects are easily noticed in the DSC curves as the base line of the curve slopes in
the endothermic direction before the transition but is almost horizontal afterwards. This
change of the curve is due to the change of specific heat capacity (cp) of the sample.
21

Effects of both glass transition and chemical reactions in the evaluations of the sample
curves in DSC can be seen in Figure 5.

Figure 5. Example of DSC evaluation curves

From these evaluations, it can be concluded that the effect of glass transition is noticed as
a change in the baseline of the study of the sample at a given temperature. Chemical
reactions that occurred in the studies are represented as an exothermic peak which can be
seen in Figure 5. The area below the peak is the enthalpy of the reaction.
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ThermoGravimetric analysis (TGA)
Thermogravimetric analysis (11) (TGA) is an experimental technique in which the mass of a
sample is measured as a function of sample temperature or as a function of time in
isothermal experiments. The instrument used to perform such measurements is called a
thermogravimetric analyser.
The results of a TGA measurement are usually displayed as a TGA curve in which mass is
plotted against temperature or time. Another useful and complementary presentation is to
use the first derivative of the TGA curve with respect to temperature or time. This shows the
rate at which the mass changes and is known as the differential thermogravimetric or DTG
curve.
Mass changes occur when the sample loses material in one of several different ways or
reacts with the surrounding atmosphere. This produces steps in the TGA curve or peaks in
the DTG curve. Several different effects can cause a sample to lose, or even gain, mass
and so produce steps in the TGA curve. For the cases studied during this TFG, the one that
can be observed in the multiple TGA curves is caused by thermal decomposition in an inert
atmosphere with the formation of gaseous products.
To do TGA and DTG curves a METTLER TOLEDO TGA/DSC1 equipment has been used
for all the experiments. This specific piece of equipment has the horizontal arrangement as
is schematically shown in Figure 6.

Figure 6. Arrangement types in TGA
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In the horizontal arrangement, simple moving coil systems have the disadvantage that
samples that move horizontally during heating generate an apparent change in mass. The
equipment that was used uses a parallel-guided system that overcomes this potential
problem.
Another aspect to take into consideration is that due to the change in density of a gas as the
temperature changes, buoyancy corrections must be made in TGA measurements. Without
corrections, every sample will appear to show an increase in mass during a heating
experiment. TGA measurements are usually corrected for the effect of buoyancy by
performing a blank measurement. A blank measurement uses the same temperature
program and crucible used for the sample but without any sample. The resulting blank curve
is then subtracted from the sample measurement curve. Buoyancy correction is essential
for tests such as ash content where the residue at the end of the tests needs to be
determined accurately, and where very small mass losses are expected.
The METTLER TOLEDO TGA/DSC1 can be seen in Figure 7.
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Figure 7. METTLER TOLEDO TGA/DSC1

The final purpose of the TGA analysis is to know at which temperature the samples prepared
started to degradate and this limited the range of temperatures that could be scanned in the
DSC experiments, both isothermal and non-isothermal, as degradation is irreversible.
In order to know when samples started degradation TGA technique was the most useful one
as it could determine the % of remaining content at a given temperature, this is the easiest
way to know when a sample starts degradation. In this case, the percentage content, G, can
be calculated from the mass loss, DM, and the initial sample mass, m0, as follows:

𝐺 % =

∆𝑚
· 100%
𝑚K

10

An example of both a TGA curve and a DTG curve can be seen in Figure 8.
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Figure 8. Example of TGA and DTG evaluation curves

In this example a TGA and a DTG curve are presented in vertical arrangement. In the TGA
the % of remaining mass of the sample is represented with respect to the temperature,
with this information all the parameters needed are extracted. When the sample has lost a
3% of its content the temperature at which this happens is considered the temperature of
degradation. Other parameters as the remaining % of the sample and the temperature of
onset are also extracted from the TGA.

From the DTG a peak is observed when the slope of the TGA is maximum, this peak is
widely used to estimate the kinetics parameters of the reaction.
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Specific heat capacity (cp)
The specific heat capacity (12) at constant pressure, cp, is the amount of heat (dQ) necessary
to raise the temperature of 1 g of a compound by 1 Kelvin.

𝑐N =

𝑑𝑄 1
·
𝑑𝑇 𝑚

11

It is expressed in units of Joule per gram per Kelvin.
Since this amount of heat supplied causes a corresponding increase in the enthalpy, H, of
the sample, we can write the analogous equation:

𝑐N =

𝑑𝐻 1
·
𝑑𝑇 𝑚

12

the heat capacity is thus the slope of the enthalpy-temperature function.
It is worth pointing out that both definitions only apply in the absence of physical transitions
and chemical reactions.
Measurements of cp of the different samples has been also done with the DSC evaluation
method, however this was not done using only the DSC software. For this purpose a
comparative measurement has been used, which involved measuring a reference material
under the same conditions of the sample. In this case, the reference material was sapphire,
a single crystal alumina (a-Al2O3) . A simple calculation then allows the unknown specific
heat capacity of the sample to be obtained from the known specific heat capacity of the
sapphire.

𝑐N =

Φ 𝑚%
·
· 𝑐N%
Φ% 𝑚

13
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The same basic principles apply to the sapphire method as for the direct determination
method, which also consist on the determination of the specific heat capacity by using the
heat flow and the mass as variables of the equation. Choose three crucibles that weigh the
same, or enter the crucible masses in the software before the experiment.
The method, which is the blueprint that determines how much time an isothermal experiment
lasts, or from which range of temperatures a dynamic scan is made or the velocity of the
latter, should begin and end with an isothermal segment of 5 min so that any isothermal drift
can be compensated. In order to follow the standards of the evaluation of the cp using the
sapphire method a new method for DSC was created, this method is the one shown in Figure
9.

Figure 9. Specific heat capacity method used by DSC 821

As shown, it has the range of temperatures according to the described method and also the
5 min isothermal segment at the end.
To determine the specific heat capacity of the samples first a blank and a sapphire crucible
should be studied to obtain the reference curves, by this the results can be used to determine
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the cp of the sample.
To avoid errors in the measurements, a larger amount of sample has to be studied, reaching
values up to 25 mg.
These blank curves have been used to substract it from both the sapphire curve and the
sample curve. With these substracted curves, the enthalpy at different temperatures has
been used to apply the formula above.
An example of the substracted curves can be seen in Figure 10.

Figure 10. Subtracted curves and non-subtracted curves for cp calculations

The only remaining variable that is obtained through literature is the cp of the sapphire
sample. This is extracted from (13).
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With all this data the cp of each sample has been calculated from temperatures going from
10ºC to 40ºC with a 5ºC step.
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Density
To calculate the density of every different sample that was made, a comparison of the weight
of the sample has been used, and the weight of the same sample but this time immersed in
ethanol. This was done by applying Archimedes principle in the comparison of the sample
suspended in ethanol and when suspended in air.
The following theoretical development was done in order to arrive at a final relationship in
which with the values of density of ethanol and both the mass of the sample and the mass
of the sample suspended in ethanol the density of that sample can be determined.
The samples already cured are used to determinate the density. The following relationship
has been used.
𝑚<Q, = 𝑚%<RN;S + 𝑚)*,S<T

14

𝑚S)*<UV; = 𝑚%<RN;S + 𝑚)*,S<T − 𝐵𝑢𝑜𝑦𝑎𝑛𝑐𝑦

15

then from the buoyancy and applying the Archimedes principle the following relationship is
obtained
𝑚S)*<U

;

= 𝑚%<RN;S + 𝑚)*,S<T − 𝜌S)*<UV; · 𝑉%<RN;S

16

if the Vsample is isolated and combined with (14) it is found that
𝑚S)*<UV; – 𝑚<Q,
= 𝑉%<RN;S
𝜌S)*<UV;

17

𝑚%<RN;S = 𝑚<Q, − 𝑚)*,S<T

18

from (14) it can be seen that

and therefore
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𝜌%<RN;S =

𝑚%<RN;S
𝑚<Q, – 𝑚)*,S<T
=
· 𝜌S)*<UV;
𝑉%<RN;S
𝑚<Q, – 𝑚S)*<UV;

19

𝜌%<RN;S =

𝑚%<RN;S
𝑚%<RN;S
=
· 𝜌S)*<UV;
𝑉%<RN;S
𝑚<Q, – 𝑚S)*<UV;
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it is clear then that

To determine all this with the sample immersed in ethanol the balance that has been used
can be seen in Figure 3. The thread and the weights used can also be seen in this Figure
11.

Figure 11. Balance used for density measurement

To measure the density of the sample, the specimens that were used were similar to the
one showed in Figure 12.
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Figure 12. Sample used for density study
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Thermal conductivity
In order to measure the thermal conductivity of the samples the Transient Hot Bridge

(14)

method (Linseis GmbH, THB-100) and a Hot Point Sensor (HPS) has been used, that is
used to measure small or anisotropic samples. The sensor used was the Kapton Hot Point
Sensor that can be seen in Figure 13.

Figure 13. Hot Point Sensor used for thermal conducitivy evaluation

The Hot Point Sensor (15) (HPS) is heated up by a current and the heat is dissipated into the
sample. The greater the thermal conductivity of the sample, the more the heat is conducted
away, and the temperature rise is smaller. The temperature increase versus time is
measured. The heating power of the sensor can be calculated from the used heating current
and the electrical resistance of the heating wire according to the following equation.
Φ = 𝑃 = 𝑢𝑖 = 𝑅9 · 𝑖
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The HPS sensor acts as a punctual heating source which leads to the following function of
the temperature increase.

∆T r, t =

Φ
𝑒𝑟𝑓𝑐
4𝜋𝑟𝜆

𝑟
4𝑎𝑡
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The solution of this equation delivers:
34

∆T r, t =

Φ
Φ
⇔𝜆 ≈
4𝜋𝑟𝜆
4𝜋𝑟∆𝑇%
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A transformation of the working equation:

∆T r, t =

Φ
𝑒𝑟𝑓𝑐
4𝜋𝑟𝜆

𝑟

24

4𝑎𝑡

Into a Maclaurin-row yields:

∆T r, t =

Φ
2
1−
·
4𝜋𝑟𝜆
𝜋

𝑟
4𝑎𝑡

+O

𝑟
4𝑎𝑡

9

≈ 𝑛 − 𝑚𝑡 j
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With a slope m and intercept n. n and m are given by

𝑛=

Φ
4𝜋𝑟𝜆

26

By solving these equations, the thermal conductivity lambda can be calculated:

𝑚=

Φ 2
Φ
=
k
4𝜋𝑟𝑎 𝜋
2𝜋 9 𝑟𝑎
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Where r is an effective radius of the heat source. r can be eliminated by a calibration factor
in the software.
From the slope and intercept in the plotted measurement data DT as a function of 1/ 𝑡, the
thermal conductivity can be easily calculated as shown in Figure 7.
The calibration of this Hot Point Sensor was made with polymethyl methacrylate (PMMA),
borosilicate crown glass, marble, a Ti-Al alloy, and titanium.
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Figure 14. Theoretical curve of evaluation in THB. Extracted from

(14)

In the software, the measurement data are automatically calculated. However it was
recommended to check the data that the sensor was picking as it had to fit a similar
relationship of the graph that is shown in Figure 14.
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Sample Preparation
It is worth considering that all samples that has been prepared to use in all these devices
had different some considerations that should be taken into account. In the case of DSC
and TGA sample preparation is of utmost importance for achieving optimum measurement
quality. Besides the right crucible, attention must be given to ensure a good thermal contact
between the sample and crucible so that thermal effects are not smeared. Also the
prevention of contamination of the outer surfaces of the crucible either by the sample or by
its decomposition products and lastly the influence of the atmosphere surrounding the
sample, which in case of being an oxidant atmosphere can disrupt the purity of the sample.
The most alarming of these effects is the thermal contact, as poor thermal contact results in
large temperature gradients in the sample. Effects that are sharp become smeared. Small
temperature gradients give sharp effects. This increases the repeatability of results and
improves the separation of neighbouring peaks.
Small temperature gradients in the sample crucible are obtained by using samples of low
mass and through good thermal contact between the sample and crucible, for this reason
the base of the sample and crucible must be flat, not indented or bow-shaped and this leads
to lower heat transfer and therefore to biased results.
The samples that were used to evaluate the thermal conductivity had to had to be
prepared carefully in order to obtain smooth and flat surfaces, as the heat transfer from the
sensor to the sample is of crucial importance. The surfaces of the moulded samples had to
be polished manually using emery paper (120, 400 and 600 grit size, sequentially), and the
Kapton Hot Point Sensor was clamped between two flat surfaces of samples from the
same preparation. These two flat surfaces can be seen in Figure 15.
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Figure 15. Pressure plates

Also, an image showing the type of samples used for this evaluations is seen in Figure 16.

Figure 16. Samples used to evaluate thermal conductivity
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Description of the experiments
In the following chapter a brief description of the multiple sets of experiments that has
been done during this TFG will be presented.

The epoxy resin that was used was diglycidyl ether of bisphenol-A (16), DGEBA (Araldite
GY 240, Huntsman Advanced Materials, 182 g/eq., density 1.17 g/cm3), with a thiol,
pentaerythritol tetrakis (3-mercaptopropionate) (Sigma-Aldrich, 488.66 g/mol, density 1.28
g/cm3) as the cross-linking agent. In order to initiate the cross-linking reaction of the epoxy
with the thiol a latent initiator was used, encapsulated imidazole LC-80 (Technicure).
Different types of BN filler were used, in the form of hexagonal plate-like particles particles
with an average particle size of 6 μm and the 2 μm has been used, also particles with an
average particle size of 80 μm, but this had a more spherical shape, it can be noticed
though that the bigger particles were agglomerates of different plate-like particles. The 6
μm were provided by Benmayor S.A. and the 80 μm and 2 μm were provided by Saint
Gobain Boron Nitride (Amherst, NY, USA) as white powders and were used as received,
without any surface treatment.

To put all the explanation into perspective, the general equation of the curing process of
this expoxy-thiol-LC80 system will be presented.

𝐶9F 𝐻9l 𝑂l 𝐸𝑝𝑜𝑥𝑦 + 𝐻𝑆𝐶𝐻9 𝐶𝐻9 𝐶𝑂𝑂𝐶𝐻k 𝑇ℎ𝑖𝑜𝑙 + 𝐿𝐶80 𝐼𝑛𝑖𝑡𝑖𝑎𝑡𝑖𝑜𝑟 + 𝐵𝑁
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This TFG was divided into three main tasks, each one trying to make a difference with the
previous one by improving the techniques of the previous sample to maximise the thermal
conductivity of the mixture. In Table 1 we can see the different mixtures that were made
which are divided by tasks.
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Simple

Hybrid
Tasks

Dual cure

Samples
ETLNB80-30
ETLNB80-50
ETLNB80-60
ETLNB80/2-10
ETLNB80/2-30
ETLNB80/2-50
ETLNB80/2-60
ETLNB80/6-10
ETLNB80/6-30
ETLNB80/6-50
ETLNB80/6-60
ETLNB80/6-70
ETL(r=0.25)
ETL(r=0.25)NB6-30
ETL(r=0.25)NB6-50
ETL(r=0.25)NB6-60
ETL(r=0.5)
ETL(r=0.5)NB6-30
ETL(r=0.5)NB6-50
ETL(r=0.5)NB6-60

Table 1. Summary of experiments by nomeclature

As it can be noticed, every experiment has its own nomenclature but they all share the
same pattern. The generic notation is ETLNBx/y-z in which ETL implies Epoxy cured with
Thiol and initiated with LC-80 where x and y are the different average sizes of particles in
μm and z represents the proportion filler:epoxy+filler. In the third task, a r = 0.25 or 0.5 is
also seen, this is a parameter that shows the how far the sample is from stoichiometric
equilibrium.

With the whole picture of all the experiments performed, it is clear that it has been divided
into three main tasks:
•

Simple composite: This is the most standard of all the mixtures, in this case it has
been used a filler of Boron Nitride with an average size of particles of 80 μm.
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•

Hybrid: A range of hybrid samples was prepared, the idea behind this task was to
be able to reduce the number of gaps found between the particles of 80 μm to
increase the thermal conductivity.

•

Dual curing: A different set of samples was made, this time doing a first stage cure
as the sample was not prepared under stoichiometric conditions. The purpose of
this was to try to align all the particles in the same direction to increase the thermal
conductivity in at least on direction.
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Simple composite
Procedure
For the first set of experiments, the procedure to the correct preparation of the different
composite materials was as follows. The initiator, with a proportion of 2.0 phr, and the thiol,
in a stoichiometric ratio (the ratio of this stoichiometric measure was approximately 60:40
epoxy:thiol by mass), were put together. Then the epoxy resin was added, and finally the
fillers were added in the proportion required, this ranged from 10% to 60%. With all this set,
the different components were manually mixed until the whole mixture was homogenous,
when this was accomplished it was set in a vacuum pump to degas it at room temperature
for about 15 minutes, this vacuum pump can be seen in Figure 17.

Figure 17. Vacuum pump used to degas samples

A summary of the wt% and vol% of filler in the first set of experiments can be found in Table
2.
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Samples
ETLNB80-30
ETLNB80-50
ETLNB80-60

wt%
20.23%
37.17%
47.02%

vol%
12.77%
25.46%
33.87%

Table 2. Weight and volume percentages of fillers in the various samples.

With the systems prepared, small samples of around 10 mg were taken from this mixture
and weighed into aluminium capsules for calorimetric experiments, while larger quantities
were used to fill different types of moulds, 10 mm × 40 mm × 4 mm and 5 mm x 15 mm x 4
mm. The difference between the moulds was due to one taking care of the thermal
conductivity measurements, while the other had the purpose of evaluating the cp and the
density of the mixture. Then the differential scanning calorimetry (DSC) and the
thermogravimetric analysis (TGA) were carried out with a flow of dry nitrogen gas at 50
mL/min. Isothermal cure with the LC-80 initiator was made at 60, 70 and 80 °C, while nonisothermal cure was made at rates of 2, 5 and 10 °C/min for all systems, the TGA
degradation experiments were made at 2 and 10 ºC/min. The thermal conductivity samples
for the system were cured for 1 hour isothermally in an air-circulating oven at 70 °C.
The measurements of the thermal conductivity were made using the Transient Hot Bridge
method as described above. To use this method cured samples were removed from the
mould and polished as described in the previous chapters. The average of four
measurements was taken for each sample.
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Results
After the evaluation of the results of the DSC, which can be seen in Figure 18, different
parameters has been extracted from the graphs. One of the most significant were the Tg,
this is the glass transition temperature. A summary of the glass transition temperatures
found from the different set of samples of this first iteration of results is also found in Table
3.

Figure 18. Dynamic evaluations at 10ºC/min for ETLNB80-x system
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Samples

ETLNB80-30

ETLNB80-50

ETLNB80-60

Heating Rate
(ºC/min)

Tg0
(ºC)

Tg∞,10
(ºC)

2

-38.09

54.1

5
10
2
5
10
2
5
10

-36.88
-35.61
-38.37
-37.44
-36.69
-38.81
-37.71
-36.23

52.87
52.8
54.69
54.79
53.91
54.8
54.84
54.45

Table 3. Summary of glass transition temperature for ETLNB80-X system

As it can be seen, the glass transition temperature has been extracted for both the
isothermal and dynamic experiments from the DSC, and it does not present high fluctuation
between different samples with different content of NB loading.
The other significant parameter that has been extracted from these measurements was the
peak temperature, this one as it will be seen in the following results appears to have a strong
relationship with the thermal conductivity. A table with the peak temperatures for each
systems at different heating rates can be seen in Table 4.

Samples

ETLNB80-30

ETLNB80-50

ETLNB80-60

Heating Rate
(ºC/min)

Tp
(ºC)

2
5
10
2
5
10
2
5
10

81.47
94.26
105.56
86.74
100.28
110.99
92.28
105.92
117.14

Table 4. Summary of peak temperatures for ETLNB80-X system
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The representation of the peak temperature as a function of the vol% of BN in the sample
can be seen in Figure 19.

Peak Temperature vs vol%
120
115

Peak Temperature (ºC)

110
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2ºC/min

100
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10ºC/min

90
85
80
0,00

5,00

10,00

15,00
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vol% Boron Nitride
Figure 19. Evolution of peak temperature for ETLNB80-X system

It can be seen that if the content of BN increases, the peak temperature of the cure reaction
increases. However this peak temperatures are lower than a sample without any content as
shown in the graph, it is believed that this is due to physical effect as it steadily increases
after a drop of the peak temperature.
On the other hand, isothermal experiments were used in order to determine how much time
the sample needed to fully cure, the curves from all the sample revealed that at 70ºC and in
an hour a fully cured sample would be obtained. A table with the peak temperatures with
respect to time and the glass transition temperature for the isothermal experiments has been
summarised in Table 5.
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Samples
ETLNB80-30

ETLNB80-50

ETLNB80-60

Isothermal
(ºC)
60
70
80
60
70
80
60
70
80

tp
(min)
24.18
10.98
4.78
39.8
16.72
7.45
61.53
26.55
13.17

Tg∞,10
(ºC)
52.01
53.72
52.62
52.64
53.56
51.6
52.29
53.03
51.7

Table 5. Summary of isothermal experiments for ETLNB80-X system

The curves for the isothermal experiments done by using the DSC technique of all the
sample are also observed in Figure 20.
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Figure 20. Isothermal experiments at 70ºC for ETLNB80-X system

A summary of the TGA analysis done for each done is also attached, this analysis were
made in order to know at which temperature sample started to degradate, this way it is
prevented any type of damage by setting a scanning method with temperatures near or
above the degradation point. The summary of degradation temperature can be found in
Table 6.
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Samples
ETLNB80-30
ETLNB80-50
ETLNB80-60

Heating Rate
(ºC/min)

TD 2%
(ºC)

2
10
2
10
2
10

301.45
320.23
302.17
336.08
299.85
325

T ONSET
(ºC)
313.29
346.15
313.46
347.03
315.07
347.36

DTG PICO 1
(ºC)

Peso residual
(%)

335.46
366.15
336.06
369.19
334.19
368.69

34
23.56
43.84
42.82
52.69
49.48

Table 6. Summary of TGA results for ETLNB80-X system

The curves obtained through the DTG and the TGA method for all the samples in this set
of experiments has been unified in Figure 21.

Figure 21. TGA and DTG evaluations for a velocity of 10ºC/min for ETLNB80-X system

With the samples already cure and polished it has been applied the Transient Hot Bridge
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method, which allows to properly evaluate the thermal conductivity of each different mixture.
To show the results a graph has been made, similar to the evaluation of peak temperature
the graph plots the thermal conductivity against the content of BN filler. This can be seen in
Figure 22.

Results for different studies using a similar approach
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Kozako et al, 2011
Lee et al, 2006
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Yu et al, 2012
Gaska et al,2014
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Figure 22. Comparison of thermal conductivity of ETLNB80-X system against previous results

In this figure, the previous results obtained in both other studied or previously developed in
UPC, by the TERFIQ group in ESEIAAT-UPC, has been taken into consideration to properly
make a comparison between what it has been obtained in this TFG and in previous literature
(17) (8) (18) (19) (20) (21) (7) (5)

. As more results will be added, two different figures will be shown,

one containing every result and the other containing just results achieved through the course
of this TFG.
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For the results of the measurement of the density it has been as well represented the density
of the sample versus the % in volume of boron nitride in the sample, this relationship can be
seen in Figure 23.

Density of ETLNB80-X system
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Figure 23. Density evolution of ETLNB80-X system

The results observed here are compared with the theoretical value of the density for a
mixture of epoxy and boron nitride, these results do not fit with the theoretical line, this can
be due to errors in the experimental measurements or due to miscalculations in theoretical
values.
Also, it has been found that due to the stiffness of the sample at high volume of boron nitride
air bubbles are still present on the sample as revealed by SEM, this can be observed in
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Figure 24.

Figure 24. SEM photography of ETLNB80-30 system showing air bubbles

This fact could be minimised if these samples with high content of boron nitride were
degassed in a vacuum pump with the capability of changing the temperature, however this
could be dangerous as reactions could start to appear and the effect of the increase of
temperature to have more accurate results at density and thermal conductivity could be
ineffective.
The specific heat capacity of each sample has also been measure by using the sapphire
method, in Figure 25 a graph of the cp of each different mixture versus the vol% of boron
nitride present in the sample has been represented.
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Specific heat capacity of the ETLNB80-X system
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Figure 25. Specific heat capacity evolution for ETLNB80-X system

As it can be appreciated the specific heat capacity of the samples is lower as the amount of
boron nitride present in the mixture increases, also a linear relationship is observed between
the cp and the temperature.
Another extra system, this one being ETLNB80-10 was studied to determinate the kinetics
of the reaction both in DSC and TGA and for the thermal conductivity, but as the amount of
filler was too low and the sample was liquid, the boron nitride precipitates and therefore both
thermal conductivity and DSC experiments were biased and are not added here as results
despite being made.

53

Hybrid
Procedure
For the second set of experiments, the procedure of preparation of the samples was the
same as in the first set of experiments, however we introduced more filler as we tried to fill
the empty gaps found during the first experiments as revealed with SEM as revealed in
previous chapters.
To fill these gaps, it has been used both particles of average size of 6 μm and 2 μm. A
comparison of size between particles of 80 μm and 6 μm are shown as well by pictures
taken from SEM. It can be notice that whether the 80 μm particles are kind of rounded-shape
the 6 μm and 2 μm (not shown in these pictures) are more plate-shaped. This can be seen
in Figure 26.
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Figure 26. Boron nitride revealed by SEM with different particle sizes

To have an approximate relationship of how much of boron nitride with different particle
sizes some theoretical assumptions were made. First of all it has been considered that boron
nitride pack with a body centred form, this way it can be used the following relationship that
allows to determine the amount of empty space that is left in that kind of arrangement. The
approximation was made as follows.
From the disposal of the body centred arrangement of the particles it can be extracted the
following relationship.

𝑎 3 = 4𝑟

29

Where a is the distance of the cube and r the radius of the particle.
Then the volume occupied by the particles, this is done by approximating the volume of the
particles to the volume of a sphere, then it gives the following relationship.

𝑉𝑜𝑙. 𝑜𝑐𝑐𝑢𝑝𝑖𝑒𝑑 = 2 𝑥
k

4
𝜋 𝑟k
3

𝑇𝑜𝑡𝑎𝑙 𝑣𝑜𝑙𝑢𝑚𝑒 = 𝑎 =

64 𝑟 k
3 3

30
31
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With all this set up we can proceed to calculate the percentage of volume occupied by
particles with an average size of 80 μm

% 𝑜𝑐𝑐𝑢𝑝𝑖𝑒𝑑 =

8 𝜋3 3
𝜋 3
=
= 68 %
3 64 · 8
8
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With these calculations, we can see that there is a 32% of space that it is still unfilled by any
particles, and in this part the empty spaces will be filled by particles of different sizes.
If the previous results are taken into consideration the amount of spaces that it can be filled
theoretically by just adding one type of particles goes up to 89.8% of the total space.
The amount of space that the extra particles will occupy is 21.8% and therefore from this we
can extract the conclusion that the ratio of mass that should be added goes 3:1 being 3 the
80 μm particle sizes and the 1 the new filler particles
For the hybrid experiments a third part of the boron nitride with 80 μm particle size will be
added, but this time another sizes are going to be added.
With all the environment set up and with the conclusions extracted from the above
description of the theoretical hypothesis made to increase the contact surface between BN
particles and epoxy resin, a range of different sets of experiments were made, in this case
using 80 μm average particle sizes as the base and filling the gaps with either 6 μm or 2 μm,
and also ranging from 10% up to 60% of BN 80 μm filler, so when we calculate the amount
of vol% this time this is increased because of the addition of more NB but with another
average particle size in a ratio of 3:1.
A table showing the different nomenclature of all the different mixtures made in this part with
the corresponding wt% and vol% can be found in Table 7.
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Samples
ETLNB80/2-30
ETLNB80/2-50
ETLNB80/2-60
ETLNB80/6-30
ETLNB80/6-50
ETLNB80/6-60

wt%
25.27
44.10
54.20
25.27
44.10
54.20

vol%
16.33
31.29
40.58
16.33
31.29
40.58

Table 7. Weight and volume percentages for hybrids systems

The procedure of the preparation was the same of the previous task, all the elements of the
mixture were putted in place and then it was mixed manually until an homogenous mixture
was achieved, at this stage the sample has been put in a vacuum pump to degas it for about
15 minutes, at this stage small samples of around 10 mg were taken and weighed into
aluminium capsules for DSC and TGA experiments, the rest of the sample prepared was
used to fill two type of moulds, 10 mm x 40 mm x 4 mm and 5 mm x 15 mm x 4 mm. The
experiments done by DSC and TGA were the same than in previous task, isothermal at 60,
70 and 80 ºC and dynamic at 2,5 and 10 ºC/min while TGA experiments only had the 2 and
10 ºC/min option, all this with a flow of nitrogen at 50 mL/min. The samples were cured in
an air-circulating oven at 70ºC for one hour.
The measurements of the thermal conductivity were made using the Transient Hot Bridge
method. The surfaces of the moulded samples were polished manually using emery paper
and the sensor was clamped between two flat surfaces of samples from the same
preparation. The average of four measurements was taken for each sample.
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Results Hybrid 80/6
As with the previous systems, the first set of results that are going to be presented is the
temperature of the glass transition (Tg). The glass transition temperatures of the ETLNB80/6
system can be summarised in Table 8.

Samples

ETLNB80/6-30

ETLNB80/6-50

ETLNB80/6-60

Heating
Rate
(ºC/min)
2
5
10
2
5
10
2
5
10

Tg0
(ºC)
-37.38
-36.46
-35.59
-37.77
-36.97
-36.18
-38.57
-37.11
-36.24

Tg∞,10
(ºC)
54.65
53.81
53.56
54.52
53.57
53.81
54.21
53.52
54.3

Table 8. Summary of glass transition temperatures for ETLNB80/6-X system

The evaluations of the curves for the dynamic experiments at 10ºC/min for all the systems
studied with a combination of 80 micron and 6 micron boron nitride particles are shown in
Figure 27.
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Figure 27. Dynamic evaluations at 10ºC/min for ETLNB80/6-X system

The same procedure of extraction of the Tg has been followed, and as it can be seen both
dynamic and isothermal experiments were carried to extract the glass transition temperature
and the same patter applies to these results, it appears that the glass transition temperature
is independent of the content of boron nitride. A table with a summary of the peak
temperatures can be seen in Table 9.
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Samples

ETLNB80/6-30

ETLNB80/6-50

ETLNB80/6-60

Heating Rate
(ºC/min)

Tp
(ºC)

2
5
10
2
5
10
2
5
10

83.84
96.85
108.01
90.53
103.75
114.8
93.13
103.75
114.8

Table 9. Summary of peak temperatures for ETLNB80/6-X system

In this case, the peak temperature has been also represented following the same procedure,
a graph representing the temperature as a function of the vol% of boron nitride set in the
sample can be seen in Figure 28.
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Figure 28. Evolution of peak temperature against volume percentage of boron nitride for ETLNB80/6-X system

As found in the previous results the peak temperature increases as the % of boron nitride
found in the mixture is higher, however this temperature is lower than a sample with any
boron nitride as revealed in the experiments, to corroborate this an extra experiment was
made but only the DSC experiments were performed as with a lower quantity of boron nitride
it precipitates and thermal conductivity experiments were not possible to be made in ideal
conditions. In this case, we aimed for a 10% of weight of boron nitride. This new
representation with the extra point for each heating rate and taking as a reference the
mixture without any filler heated at 5ºC/min is attached in Figure 29.
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Figure 29. Evolution of peak temperature against the volume percentage of boron nitride for ETLNB80/6-X system

As we expected the peak temperature decreases heavily at the start of adding boron nitride
but it has a positive step as we increase the content of BN.
The isothermal experiments performed revealed something that we already expected, that
with a temperature of 70º C and 1 hour it was enough time to let the sample fully cured. A
summary of the results for the isothermal results can be seen in Table 10.
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Samples
ETLNB80/6-30

ETLNB80/6-50

ETLNB80/6-60

Isothermal
(ºC)
60
70
80
60
70
80
60
70
80

tp
(min)
28.27
11.92
5.65
50.07
21.97
9.97
63.42
29.32
13.92

Tg∞,10
(ºC)
52.55
52.92
51.47
52.45
53.12
50.9
52.68
53.43
51.13

Table 10. Summary of isothermal experiments for ETLNB80/6-X system

The information has been extracted from the isothermal curves of the DSC. These curves
are shown in Figure 30 for all the systems studied.

Figure 30. Isothermal experiemtns at 70ºC for ETLNB80/6-X system
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For the TGA, the degradation temperature of each sample has been summarised in Table
11. For degradation temperature, it is understood the temperature at which the sample has
lost a 3% of its initial mass.

Samples
ETLNB80/6-30
ETLNB80/6-50
ETLNB80/6-60

Heating
Rate
(ºC/min)
2
10
2
10
2
10

TD 2%
(ºC)
292.79
337.59
305.29
338.77
294.89
312.11

T ONSET
(ºC)
312.18
351.63
313.16
346.57
316.55
344.81

DTG PICO 1
(ºC)
331.64
369.25
335.03
369.43
334.98
367.12

Peso
residual
(%)
31.51
32.76
51.84
49.34
57.25
55

Table 11. Summary of the TGA evaluations for ETLNB80/6-X system

TGA and DTG curves are also added to a single evaluation in order to have a clear view of
the differences between all the samples. This evaluation is shown in Figure 31.
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Figure 31. TGA and DTG curves for ETLNB80/6-X system

As we can see the values that we get from the temperature of degradation are quite similar
as those that has been achieved in the first task, and as previously notices the more
thermally stable is the system with a higher content of boron nitride, as the % of remaining
sample is the highest one.
With all these results the samples were cured and polished to be able to use the Transient
Hot Bridge method to properly calculate the thermal conductivity of each sample. The same
graph that it has been shown in previous results has been made which represents the value
of thermal conductivity as a function of the vol% of boron nitride. This can be seen in Figure
32.
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Figure 32. Evolution of thermal conductivity of ETLNB80/6-X system against previous results

In this figure as well, it has been added the results achieved by previous work done before
this TFG and values that are claimed to be achieved by different authors in the literature.
To compare the improvement that this hybrid composition has acquired with respect to the
first iteration of samples, it has been put into perspective the other results in the same graph,
and the thermal conductivity has been plotted for the different vol% used in this and the
previous task. This can be seen in Figure 33.
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Figure 33. Comparison of thermal conductivity of ETLNB80/6-X system against previous results in this TFG

This Figure shows that despite having an increase of thermal conductivity, this is caused by
an increase of vol% of the boron nitride, and not due to the approximation that has been
used.
For the measurements of the density it has been obtained the following relationship, again
plotted against the vol% of boron nitride. This relationship can be seen in Figure 34.
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Figure 34. Density for ETLNB80/6-X system

The trend is stable across both experiments, this leads to think that it may not be due to
miscalculations on the experimental side but in the theoretical side. The densities were
obtained as general approaches as some of them were unknown and therefore this
theoretical line cannot be considered as precise.
Again, this could be prevented up to a certain point if the degassing would have been made
in a vacuum pump with thermal capabilities if the error is purely based on the air bubbles
present on the sample.
The specific heat capacity of each sample has also been measure by using the sapphire
method, in Figure 35 a graph of the cp of each different mixture versus the vol% of boron
nitride present in the sample has been represented. This can be also seen in Figure 35.
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Figure 35. Specific heat capacity of ETLNB80/6-X system

If the results are compared to those achieved in the previous experiments while maintaining
the same trend, the specific heat capacity of the system with higher amount of boron nitride
as a filler dropped below 0.2 J/g·ºC so it has been discarded as the results show a major
error. It is believed that this was caused due to the amount of sample set for this experiment
(near 60 mg) and therefore the calculations made are biased.
In this case also, a system with up to 70% of BN has been studied, however due to the
amount of boron nitride present in the initial mixture a small quantity of acetone has been
added to provide the mixture with more manageability.
The results obtained by this system where not the expected one, the intention of this was
that with more content of boron nitride present in the sample the thermal conductivity would
have risen but it only reached a value of 2 W/m·K
Another other thing that revealed the DSC was that the peak temperature was lower than
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the value obtained for the ETLNB80/6-60 and ETLNB80/6-50 samples, but the glass
transition temperature was still the same. From this it is concluded that the final structure of
the mixture was not variated but the acetone somehow influenced in the curing process
making the interface less strong between the epoxy and the filler.
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Results Hybrid 80/2
As with the previous systems, the temperature of the glass transition (Tg) is the first result
that is shown. The glass transition temperatures of the ETLNB80/2 system are summarised
in Table 12.

Samples

ETLNB80/2-30

ETLNB80/2-50

ETLNB80/2-60

Heating
Rate
(ºC/min)
2
5
10
2
5
10
2
5
10

Tg0
(ºC)
-38.68
-36.69
-35.76
-37.87
-36.79
-35.66
-37.91
-36.81
-35.46

Tg∞,10
(ºC)
54.62
54.21
53.97
54.99
54.28
53.55
55.31
54.81
54.36

Table 12. Summary of glass transition temperatures for ETLNB80/2-X system

The results of the dynamic evaluations at 10ºC/min for this system are also shown in Figure
36. Here it is also seen that the highest the boron nitride in the mixture, the peak moves to
the right side, in the direction where the temperature increases while the glass transition
occurs always in the same region.
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Figure 36. Dynamic experiments at 10ºC/min for ETLNB80/2-X system

The Tg has determined in both isothermal and dynamic systems, it appears that the glass
transition temperature is independent of the content of boron nitride as it happened with the
previous results.
The peak temperature has been also represented following the same schema, a graph
representing the temperature as a function of the vol% of boron nitride can be seen in Figure
37 and Table 13 summarises the peak temperatures for this subset of samples.
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Samples

Heating Rate
(ºC/min)

Tp
(ºC)

2
5
10
2
5
10
2
5
10

83.25
96.27
107.74
91.43
104.54
115.92
98.34
112.18
123.08

ETLNB80/2-30

ETLNB80/2-50

ETLNB80/2-60

Table 13. Summary of peak temperatures for ETLNB80/2-X system
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Figure 37. Peak temperature evolution against boron nitride for ETLNB80/2-X system
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As found in the previous result of the other hybrid system the peak temperature increases
as the % of boron nitride found in the mixture is higher, and also this peak temperature
despite being higher than the system without any filler this does not happen until the vol%
of boron nitride is high enough, again a new system with a 10% of boron nitride with this
particular arrangement of particle sizes has been made. This new representation with the
extra point following the same pattern as the previous results is attached in Figure 38.
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Figure 38. Peak temperature evolution against volume percentage of ETLNB80/2-X system

The correlation is the same that appears in other results the peak temperature decreases at
the beginning but it has a positive step as the content of BN increases.
The isothermal experiments performed revealed the same behaviour, that with a
74

temperature of 70º C and 1 hour it was enough time to let the sample fully cured. The results
for the isothermal experiments have been summarised in Table 14.

Samples

Isothermal
(ºC)

ETLNB80/2-30

ETLNB80/2-50

ETLNB80/2-60

60
70
80
60
70
80
60
70
80

tp
(min)
29
12.65
5.65
57.62
24.78
11.05
105.53
45.48
21.68

Tg∞,10
(ºC)
52.75
52.49
51.65
52.43
53.06
51.12
50.06
50.6
58.7

Table 14. Summary of isothermal experiments for ETLNB80/2-X system

Isothermal curves are also attached to have a clear picture of the evolution of the time to
peak temperature, lower temperatures make the peak to appear latter as the reaction is
slower. This can be seen in Figure 39.
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Figure 39. Isothermal experiments at 70ºC for ETLNB80/2-X system

For the TGA, the degradation temperature of each sample has been summarised in Table
15. The same relationship appears as of the other experiments.

Samples
ETLNB80/2-30
ETLNB80/2-50
ETLNB80/2-60

Heating
Rate
(ºC/min)
2
10
2
10
2
10

TD 2%
(ºC)
289.15
324.76
294
330.75
289.69
318.36

T ONSET
(ºC)
307.7
341.75
307.85
340.45
310.93
341.8

DTG PICO 1
(ºC)
335.97
362.72
330.18
362.9
333.06
366.47

Peso
residual
(%)
31.54
31.15
50.58
49.04
58.37
56.93

Table 15. Summary of TGA experiments for ETLNB80/2-X system

TGA and DTG evaluation for this system is shown in Figure 40. The same results that has
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been found previously are also equivalent in this case, the system with higher boron nitride
in the mixture is more thermally stable.

Figure 40. TGA and DTG curves for ETLNB80/2-X system

As we can see the values that we get from the temperature of degradation (this is the
temperature at which the sample has lost a 3% of its mass) are quite similar as those that
has been achieved in the previous experiments.
Samples were cured and polished to be able to use the Transient Hot Bridge method to
properly calculate the thermal conductivity. The same graph that it has been shown in
previous results has been made which represents the value of thermal conductivity as a
function of the vol% of boron nitride. This can be seen in Figure 41.
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Figure 41. Comparison of the thermal conductivity of ETLNB80/2-X system against previous results

In this figure as well, it has been added the results achieved by previous work done before
this TFG and values that are claimed to be achieved by different authors in the literature.
To compare the improvement that this hybrid composition has acquired with respect to the
previous samples, it has been put into perspective the other results in the same graph, and
the thermal conductivity has been plotted for the different vol% used in this and the previous
task. This can be seen in Figure 42.
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Figure 42. Comparison of thermal conductivity of ETLNB80/2-X system against previous results in this TFG

Summarising, we can see that hybrid experiments’ increase of thermal conductivity at larger
quantities of boron nitride is due to the increase of vol% of the filler and not due to the
approximation that has been looked at. At same vol% its thermal conductivity is lower, this
can be possible if the approximation that has been considered is not correct, and the
proportion should be corrected accordingly.
For the measurements of the density it has been obtained the following relationship, again
plotted against the vol% of boron nitride, that can be seen in Figure 43.
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Figure 43. Density evolution for ETLNB80/2-X system

The trend keep stable, both increase as expected with higher vol% of boron nitride and it is
higher than the theoretical value, therefore it can be concluded that some of the densities
that are being used theoretical are miscalculated or not the correct one, as for example, the
boron nitride density is not given by Saint Gobain.
The specific heat capacity of each sample has also been measure by using the sapphire
method, in Figure 44 a graph of the cp of each different mixture versus the vol% of boron
nitride present in the sample has been represented. This can be also seen in Figure 44.
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Figure 44. Specific heat capacity for ETLNB80/2-X system

The results goes as follows: the trend observed both in 80/6 and 80 systems is kept for
this experiment as well, however is it worth pointing that specific heat capacity for a given
temperature for the 50 system is lower than expected, as the cp of the boron nitride by
itself is close to 0.7 J/g·ºC, in this case also, the amount of sample in the crucible was up
to 35 mg and therefore calculations of the cp can be biased due to the amount of sample
present in the pan.
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Dual curing
Procedure
For this last task another approximation has been used in order to improve the thermal
conductivity of the samples, in this case it has been used a dual cure process by not using
the thiol in a stoichiometric relationship, it has been used different r factors where this is
defined as

𝑟=

𝑚𝑎𝑠𝑠 𝑜𝑓 𝑡ℎ𝑖𝑜𝑙
𝑠𝑡𝑜𝑖𝑐ℎ𝑖𝑜𝑚𝑒𝑡𝑟𝑖𝑐 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑡ℎ𝑖𝑜𝑙
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It has been used values of 0.25 and 0.5 for r.

The idea behind this procedure is the ability to process the mixture after the first curing to
to make the particles align in a certain way to increase the thermal conductivity at least in
a certain direction.

In order to have the mixture workable the gelification of the mixture has to be studied.
Some preliminary calculations based upon an ideal step-wise reaction model, for which
one can show that the critical ratio of numbers of thiol groups and epoxy groups is given
by:

𝑟𝑐 =

1
𝑓−1 𝑔−1
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where f and g are the functionalities of the thiol and epoxy monomers. For an amount of
thiol groups less than rc, the system will not gelify during the first stage, whereas it will of
the amount is greater. Bearing in mind that the functionality of the thiol is 4 and that of the
epoxy is 2, this theoretical value of rc is 0.33. This means that, for example, with an r =
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0.25 the system will not gelify during the first stage, however this should be studied during
this phase as this is only an ideal approximation.

For this set of experiments the nomenclature keeps as it was during the previous work and
the table of experiments done during this task can be seen in Table 16.

Samples
ETL(r=0.25)
ETL(r=0.25)NB6-30
ETL(r=0.25)NB6-50
ETL(r=0.25)NB6-60
ETL(r=0.5)
ETL(r=0.5)NB6-30
ETL(r=0.5)NB6-50
ETL(r=0.5)NB6-60

wt%
0.00%
32.49%
52.89%
62.75%
0.00%
32.49%
52.89%
62.75%

vol%
0.00%
21.36%
38.79%
48.74%
0.00%
21.36%
38.79%
48.74%

Table 16. Weight and volume percentages of boron nitride in the dual curing sampels

First, the systems with no BN filler has been studied in order to give an approximation of
where the peaks of first stage and the following reactions occur by studying this effect on
the DSC.

After this first study, samples where observer to determine whereas it was still gel or the
mixture cannot be manually treated, then the study of the effect of boron nitride inside this
non-stoichiometric reaction has been observed to see both important aspects, where peak
occurs and whereas the mixture is still a gel or more like a cement.

For this set of experiments we have used boron nitride of an average size of 6 μm as a
filler for the sample.
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The procedure of the preparation is the same of the previous task, all the elements of the
mixture were mixed in smaller proportion, bearing in mind that this time the thiol was not
constant as different ratios has been used, as first they had to be studied by DSC methods
and the quantity required is much lower than if the moulds had to be filled.
It would had been manually mixed until homogenous samples where acquired, at this stage
the sample has been put in a vacuum pump to degas it for about 15 minutes, as the sample
was already studied in the DSC it has been used the mould of 10 mm x 40 mm x 4 mm to
make the bars to measure the thermal conductivity. This samples where then cured at 70ºC
for an hour to proceed to the first stage curing process, then the desired modifications to the
sample should be made to increase the thermal conductivity, for example, it can be passed
through rollers to align the particles in a certain direction or another option could be to add
more boron nitride while trying to make it more liquid by adding acetone.
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Results
To present the first results some previous considerations should be exposed to present
some studies made before making any new samples as these new mixtures has to be
studied with precision as different peaks occur due to the dual curing process.

Thiol (488.66 g/mol) is tetrafunctional and epoxy (182 g/mol) is bifunctional. The
stoichiometric ratio implies a mass ratio epoxy:thiol of approximately 60:40. The epoxythiol reaction should give about 125 to 130 kJ per mol of epoxy that reacts and the epoxy
homopolymerisation reaction should give about 100 kJ/mol. So, for the stoichiometric
epoxy-thiol reaction, for which we obtain a heat of reaction of 416 J/g (total mass) at 10
K/min, this corresponds to

416

𝐽 100 𝑔 𝑡𝑜𝑡𝑎𝑙
𝐽
·
= 693.3 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑒𝑝𝑜𝑥𝑦
𝑔 60 𝑔 𝑒𝑝𝑜𝑥𝑦
𝑔

35

and hence

693.3

𝐽
𝑔
𝑘𝐽
𝑥 182
= 127
𝑔
𝑚𝑜𝑙
𝑚𝑜𝑙

36

for the heat of reaction.
For a system in which there is only 25% of the thiol necessary for a stoichiometric ratio of
reactive groups, the first peak in a cure reaction will correspond to the reaction of only 25%
of epoxy groups and the other peak or peaks will correspond to the other 75% of epoxy
groups. So, for ETL(r=0.25, suppose that there are 60 g of epoxy and 10 g of thiol, giving a
total of 70 g of sample.
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Then, if the first peak has a heat of reaction of 100 J/g (total mass) which would correspond
to

100

𝐽 70
𝐽
𝑥
= 116.7
𝑡𝑜𝑡𝑎𝑙 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑒𝑝𝑜𝑥𝑦, 𝑜𝑓 𝑤ℎ𝑖𝑐ℎ 𝑜𝑛𝑙𝑦 25% 𝑟𝑒𝑎𝑐𝑡𝑠
𝑔 60
𝑔
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or

4 𝑥 116.7

𝐽
𝐽
= 466.8
𝑚𝑎𝑠𝑠 𝑜𝑓 𝑒𝑝𝑜𝑥𝑦 𝑡ℎ𝑎𝑡 𝑟𝑒𝑎𝑐𝑡𝑠
𝑔
𝑔
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and this would correspond to

466.8

𝐽
𝑔
𝑘𝐽
𝑥 182
= 85
𝑔
𝑚𝑜𝑙
𝑚𝑜𝑙
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for the epoxy-thiol reaction.
This should be 127 kJ/mol (from the stoichiometric reaction), and so the heat of reaction of
the first peak for ETL(r=0.25) should be

100

𝐽 127
𝐽
𝑥
= 149.4
𝑔
85
𝑔

40

These calculations does not take into account the very small proportion of LC-80 in these
samples as the effect should be minimum.
In Table 17, it can be seen all the experiments done with the theoretical value calculated
and the value obtained from the DSC experiments.
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Samples

Theoretical heat
of first reaction peak
(J/g)

Heat of first
reaction peak (J/g)

ETL(r=0.25)
ETL(r=0.25)NB6-30
ETL(r=0.25)NB6-50
ETL(r=0.25)NB6-60
ETL(r=0.5)
ETL(r=0.5)NB6-30
ETL(r=0.5)NB6-50
ETL(r=0.5)NB6-60

149.5
109.4
80.5
65.4
261.7
198.0
149.5
123.1

112.54
89.01
70.8
51.4
266.3
202.2
153.5
127.3

Table 17. Theoretical heat of first peak reactions compared to experimental heat of first peak reactions

As seen the values are reasonably close to the theoretical result in case of the r=0.5, and
for the r=0.25 a consistent error of between the 15%-20% between the theoretical value and
the experimental value is observed, this is believed to happen due to how the reaction is
happening at this range of non-stoichiometric ratios.
The other subject of importance of these experiments was the analyzation of the sample
state after the first cure. For this small quantity of samples for every system with boron nitride
has been cured isothermally with a view to review the state of them. Samples with r=0.5
revealed to be difficult to manage, although not being fully cured, their current state made
difficult the manipulation even by hand and therefore they were discarded as candidates to
continue with the view of these experiments, the mechanical manipulation after the first cure.
On the other hand, samples with r=0.25 appeared to be much more manageable, they had
the consistence of a very viscous gel and therefore they were easily to manage. These
mixtures are going to be considered in immediate research after this TFG as they are
promising in terms of manageability.
Other further approximations that can be noticed here is increasing the value of r as the
theoretical limit is in r=0.33
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Economic aspects
For the development of this TFG the materials and the equipment are quantified in terms
of cost in Table 18.

Also, the amount of time spend by the equipment for the evaluation of all the results and
the people involved in the realization of the study are quantified.

Quantity
Equipment
Calibration patterns
Silicone moulds
Crucible DSC
Crucible TGA
Nitrogen bottles
Intracooler liquid
Epoxy
Thiol
Acetone
Ethanol
Paper
Protection Gloves
Watch glass
Beaker
Boron Nitride (2 microns)
Boron Nitride (80
microns)
Boron Nitride (6 microns)
SEM
LC-80
Personal
Equipment functioning
Total

1
3
4
400
20
3
0.5 L
500 g
500 mL
5L
5L
1
50
2
2
1 Kg
1 Kg

600 hours
230 hours

Price
€ 12,000.00
€ 50.00
€ 70.00
€ 883.20
€ 563.00
€ 455.46
€ 90.70
€ 52.00
€ 144.88
€ 48.53
€ 14.60
€ 23.52
€ 7.30
€ 8.10
€ 5.00
€ 135.00
€ 198.00
Donation
€ 100.00
Donation
€4,800.00
€13,800.00
€ 33,449.29

Table 18. Budget of this TFG

The total cost of this project can be estimated to 33449,29 €. The cost of the equipment
has been roughly estimated as, for example, the maintenance can not be fully determined.
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Environmental aspects
This TFG has got little impact in the ambient as the scale of the experiments is little, as the
number of grams used of toxic elements in this study is small. However, if these
procedures are used in high scale the impact will increase.
The residues created during the development of the TFG had to be correctly disposed in
special containers for the correct treatment of them. Acetone, boron nitride, epoxy and
thiol are not environmental friendly when considering the impact that they cause.
The impact that these residues could potentially have if they are not treated properly in big
scale is worrisome enough that leads to conclude that the environment aspect is one of
the things that has to be studied carefully if these approximation is used in the industry.

Safety aspects
For the manipulation of the samples and its elements some safety considerations were
considered as the materials used, like boron nitride, is irritant and the fumes that the
degradation of the samples produces are toxic if inhaled in large amounts.

To avoid any problem, all the experiments were done under an extractor that has its own
ventilation system, also gloves where used when the samples were manually manipulated.
In addition, to not inhale any noxious fume a mask was wear during all the process and
extractors were turned on while METTLER TOLEDO TGA was active.
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Task planification
Since experiments were added as results were extracted from the different evaluations that
had been performed during this TFG and the limitations of timetable that had occur due to
incompatibilities between university opening hours and working hours in a company, the
initial schedule of the TFG could not be completed and the mechanical manipulation of the
different dual curing experiments and the evaluation of the thermal conductivity of the final
curing could not be performed.
Initial estimations of the work package 2, that contained all the experiments regarding hybrid
models would take approximately 4 weeks to finish them, however this increased up to 6
weeks, reducing then the amount of time that could be spent in the dual curing process
(work package 3) to 2 weeks.
As the dual curing required some previous both theoretical work and approximation work,
that has been covered in this TFG , the amount of time left to produce some samples for the
thermal conductivity experiments was nearly none and therefore no conclusions regarding
this part could be extracted.
For the immediate continuation of the work done up to the date, a set of new tasks can be
defined both for completing this TFG and for further improvements on the thermal
conductivity.
•

Dual curing (4 weeks)

•

Reevaluation of the hybrid theories (2 weeks)

•

New hybrid composites (6 weeks)
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Conclusions and further steps
In this TFG different approaches has been studied to increase the thermal conductivity of a
composite material, an epoxy resin using boron nitride as a filler.
The thermal conductivity achieved in these experiments results in a greater value than most
of the others obtained in the different literature and on other previous works in university.
This means that while the vol% of boron nitride present in the sample is crucial, there are
other factors, as the interface of the epoxy and boron nitride that should be also set in the
equation to maximize the final objective, the thermal conductivity.
However, the most remarkable increase was the simple experiment, as the 80 micron
particle sizes combined epoxy gave higher values of the thermal conductivity. The results
for hybrid samples revealed a discouraging effect, these combinations lead to lower thermal
conductivity for the same vol% of filler and therefore the theoretical approximation of the
content required to fill the empty spaces is assumed to be wrong.
The dual curing by itself demonstrate as well great potential, as the results of the samples
with r=0.25 were easily manipulated and therefore the chances that mechanical
modifications with the view to obtain a higher thermal conductivity are successful is doable.
Due to the results presented in the conclusions, new approximations for the continuous
study of this subject can consider three scenarios.
1. Hybrids
In this TFG the presence of hybrid samples has been present during the major
development of this work and the results obtained are not promising at this stage, but
with further investigation is this field and knowing exactly how the particles are
distributed can give an insight on how to improve in this field.
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There is more work that could be done following this line, as it could be the addition
of other type of particle sizes in the sample, for example having a set of multiple
particles of boron nitride, not limited only to two types, all of them trying to fill the gaps
of the previous one, or even trying with different particles as the aluminium nitride.
2. Dual cure
As the results presented in this TFG are not by far any conclusion on how the dual
curing process can affect the thermal conductivity if the sample is manipulated after
the first cure. The line that make sense to try at this point is this mechanical
manipulation, as it could generate samples with less vol% of filler and find that the
thermal conductivity of the sample if bigger than with a sample in stoichiometric ratio.
3. Different sizes of BN
The last path that can be followed is trying to get different sizes of particles, and
ideally, bigger ones, as results obtained previously to this TFG in the research group
obtained lower values of thermal conductivity while the vol% of the sample was the
same. This is because the particles that were used previously where the 6 microns
ones.
Saint Gobain Ceramics (the provider of this particles) has other options of sizes that
are also treated in different ways that they claim the thermal conductivity of the
powder itself is higher so it is expected to give the sample higher performance.
These are the obvious pathways that can lead in no time to better results, however taking a
specific one should not discard the others, as the hybrid path with the addition of new particle
sizes should have some significant better results than the ones studied here.
Dual curing in the other hand is promising as the alignment of particles in a certain direction
can increase a lot the thermal conductivity in that direction, but this would only be valid for
applications that the heat is transferred only linearly and not in other directions.
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