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Abstract: Epoxy composites containing boron nitride (BN) or aluminum nitride (AIN or Al N,) particles
have been studied with a view to obtaining increased thermal conductivity. The effect of these fillers
on the cure reaction has been investigated by differential scanning calorimetry (DSC) for two systems,
epoxy-diamine and epoxy-thiol, and for volume fractions up to about 35 % of these filler particles. For
the epoxy-diamine system, the glass transition temperature of the fully cured system, the heat of reac-
tion, and the temperature at which the peak heat flow occurs were all independent of the cure condi-
tions, filler type and content. In contrast, the epoxy-thiol system shows a systematic effect of filler on
the peak temperature for both fillers: there is an initial acceleration of the reaction, which diminishes
with increasing content, and the reaction is even significantly retarded at high contents for BN. This is
interpreted in terms of an improved interface between epoxy matrix and particles, with a consequent
enhancement of the thermal conductivity of the epoxy-thiol composites.

Keywords: epoxy composites, boron nitride, aluminum nitride, thermal conductivity, differential scan-
ning calorimetry.

Kompozyty epoksydowe napelnione azotkiem boru lub azotkiem
aluminium o ulepszonej przewodnosci cieplnej

Streszczenie: Otrzymywano kompozyty epoksydowe napelnione czastkami azotku boru (BN) lub
azotku aluminium (AL N,, AIN) o polepszonej przewodnosci cieplnej. Metoda réznicowej kalorymetrii
skaningowej (DSC) oceniano wplyw dodatku (do 35 % obj.) napelniacza na przebieg reakcji sieciowania
za pomoca systemu zawierajacego epoksy-diamine lub epoksy-tiol. W wypadku sieciowania systemem
z udzialem epoksy-diaminy temperatura zeszklenia w pelni utwardzonego uktadu, ciepto reakcji i tem-
peratura odpowiadajaca maksimum przeptywu ciepta byly niezalezne od warunkéw utwardzania,
rodzaju i zawartosci napetniacza. W wypadku uzycia systemu z udzialem epoksy-tiolu zaobserwowano
systematyczny wpltyw dodatku obu rodzajow napelniacza na temperature maksimum przeptywu
ciepla. Poczatkowo nastepowalo przyspieszenie reakcji sieciowania, ktdrej szybkos¢ zmniejszala sie
wraz ze wzrostem zawartosci napelniacza, a w wypadku duzego udziatu czastek BN reakcja spektaku-
larnie spowalniata. Zjawisko to mozna interpretowac¢ zmniejszong odleglo$cia (poprawa oddziatywan)
miedzy czastkami matrycy epoksydowej i napelniacza, a w konsekwencji polepszona przewodnoscia
cieplna kompozytéw epoksy-tiolowych.

Stowa kluczowe: kompozyty epoksydowe, azotek boru, azotek aluminium, przewodno$¢ cieplna,
roznicowa kalorymetria skaningowa.

Microelectronic devices are nowadays becoming in-
creasingly integrated and used at higher powers and fre-
quencies, for example in light emitting diodes (LEDs), in
highly integrated memory chips and for power conver-
sion applications. Under these conditions, the amount of
heat generated is becoming increasingly difficult to dis-
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sipate 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 ev-
ery 10 °C increase [1] or that every increase in operating
temperature of 10 % reduces the service life by 50 % [2],
but the message is clear: the heat must be removed from
these devices. One solution to this problem is to use insu-
lated metal substrates (IMS), in which the printed circuit
layer is bonded to a metal substrate by means of a dielec-
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tric 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 processabil-
ity, affordable cost and substrate compatibility.

The prime candidate material is an epoxy composite
with a high content of filler or nanofiller, the high loading
being required in order to provide pathways for phonon
propagation. The connectivity of these pathways depends
on many factors: the shape and size of the filler particles
is important, bimodal distributions or similar hybrids ap-
pearing to be advantageous in this respect [3-8], and the
interface between filler and matrix is crucial, often im-
plying the need for some surface modification, such as
the use of silane coupling agents [3, 4, 9-11]. Boron nitride
(BN) and aluminum nitride (AIN or AL)N,) are the most
widely used fillers and, in comparison with convention-
al printed circuit boards with a thermal conductivity of
about 0.2 W/(m - K), commercial epoxy-based compos-
ites with these fillers (e.g, Tlam, Denka, Bergquist, AIT)
can reach values of 3 to 4 W/(m - K). Nevertheless, much
higher values have been reported in the literature {for ex-
ample, 8 W/(m - K) [7], 11 W/@m - K) [3], 19 W/m - K) [5],
30 W/(m - K) [12]}, but these often require procedures, such
as sonication, the use of solvent dispersion, and surface
treatment of the particles, which do not represent ease of
processability.

We present here an approach which appears promis-
ing, in which the epoxy is cured with a thiol. The proce-
dure used in this work for curing of the epoxy, in which
a thermal latent initiator is used, falls within the realm
of so-called click chemistry, involving efficient, versatile
and selective reactions [13]. The epoxy-thiol system is es-
pecially interesting due to the formation of hydroxyl and
thioether groups in a single step, which can be further
transformed into other polymeric structures [14, 15]. This
system is the basis of a broader research project investi-
gating the use of dual-cure procedures, which we believe
could be of benefit in enhancing the thermal conductiv-
ity by permitting the modification of the particle distribu-
tion and particle-matrix interactions in a partially cured
first stage, with the full cure being effected subsequently
in a second stage of the cure. Furthermore, the Lewis acid-
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Fig. 1. SEM micrographs of the filler particles: a) BN, b) ALLN
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-base coordination with the BN or AIN/ALN; particles is
expected to provide an improved matrix-filler interface,
and hence to enhance the thermal conductivity. The du-
al-cure process will be investigated in later work; for the
present, the effect of the filler particles in a single cure step
is investigated here with respect to both the curing reac-
tion kinetics and the final thermal properties of the cured
composite.

EXPERIMENTAL PART
Materials

The epoxy resin was diglycidyl ether of bisphenol-A,
DGEBA (Araldite GY 240, Huntsman Advanced Materi-
als, equivalent weight 182 g/eq., density 1.17 g/cm?), with
either a thiol, pentaerythritol tetrakis(3-mercaptopropio-
nate) (Sigma-Aldrich, 488.66 g/mol, density 1.28 g/cm®), or a
polyoxypropylenediamine (Jeffamine D-230, Huntsman),
as the cross-linking agent. For cross-linking with the thiol,
a latent initiator was used, encapsulated imidazole LC-80
(Technicure). The BN filler, in the form of hexagonal plate-
-like particles with a thickness of the order of 100 nm, and
the ALLN,, with a more spherical shape, were provided by
Benmayor S.A. as white powders with an average particle
size of 6 um, and were used as received, without any sur-
face treatment. The AIN particles, with an average size of
1.4 pm (obtained from Goodfellow) were also used with-
out any surface treatment. Scanning electron microscopy
(SEM, Jeol 5610) pictures of the as-received particles of BN
and ALN;, are shown in Fig. 1.

Preparation procedure

The preparation procedure for the composite materials
was as follows. The fillers were first added to the epoxy
resin, in the proportion x required; this ranged from 30 %
to 70 %, as a percentage of the total mass of filler plus res-
in. For the epoxy-thiol system, the thiol was then added in
a stoichiometric ratio (approximately 60 : 40 epoxy : thiol
by mass), and the initiator was added in a proportion of
2.0 phr. For the epoxy-amine system, the diamine was add-
ed in a stoichiometric ratio (approximately 75.2 : 24.8 ep-

at 5000x magnification; scale baris 5 um
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oxy : diamine by mass). For both preparations, the whole
system was manually mixed for 10 minutes and then de-
gassed under vacuum to less than 26.66 hPa at room tem-
perature for a further 8 minutes. The absence of voids,
due to air bubbles, in the cured samples was verified by
subsequently examining the fracture surfaces by SEM. As
an illustration, an example of a typical fracture surface is
shown in Fig. 2 for a sample with 34.2 vol % BN (sample
ETLBNG60, defined immediately below).

y (L0 pum,
Fig.2. SEM micrograph of the fracture surface of ETLBN60, with
34.2 vol % BN, at 1500x magnification; scale bar is 10 pm
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The content in wt % and vol % of filler in the differ-
ent epoxy composites is summarized in Table 1, where
the following nomenclature is used: ETLBNx — epoxy-
-thiol-LC80-BN; EJBNx — epoxy-Jeffamine-BN; ETLAINx
— epoxy-thiol-LC80-AIN; EJAINx — epoxy-Jeffamine-AIN;
x — represents the proportion filler : epoxy + filler.

Methods of testing

Small samples of about 10 mg were taken from this
mixture and weighed into aluminum capsules for the

Table 1. Weight and volume percentages of fillers in the va-
rious samples

Sample wt % vol %
ETLBN30 20.5 129
ETLBN50 375 25.7
ETLBN60 474 34.2
ETLBN70 58.3 44.7
EJBN30 244 14.5
EJBN50 429 28.4
EJBN60 53.0 37.3
ETLAIN30 20.5 8.7
ETLAIN50 37.5 18.2
ETLAIN60 474 25.1
ETLAIN70 58.3 34.2
EJAIN30 244 99
EJAIN50 429 20.3
EJAIN60 53.0 27.7
EJAIN70 63.7 37.3

calorimetric experiments, while larger quantities were
used to fill molds, 10 mm x 40 mm x 4 mm, for curing
the samples for the measurement of the thermal conduc-
tivity. The differential scanning calorimetry (DSC) ex-
periments were carried out using a conventional DSC
(DSC821e, Mettler-Toledo) with a flow of dry nitrogen
gas at 50 cm®/min. Isothermal cure with the LC-80 initia-
tor was made at 60, 70 and 80 °C, and at 50, 60 and 70 °C
for the system with Jeffamine, while non-isothermal cure
was made at rates of 2, 5 and 10 °C/min for both systems.
The thermal conductivity samples for the system with the
LC-80 initiator were cured for 1 hour isothermally in an
air-circulating oven at 70 °C, whereas those for the sys-
tem with Jeffamine were first cured isothermally at 70 °C
for 6.5 hours and then post-cured at 120 °C for 2 hours.

The measurements of the thermal conductivity were
made using the Transient Hot-Bridge method (Linseis
GmbH, THB-100) and a Kapton Hot Point sensor cali-
brated with poly(methyl methacrylate) (PMMA), boro-
silicate crown glass, marble, a Ti-Al alloy, and titanium.
For each preparation, at least two molded samples were
made. The surfaces of the molded samples were pol-
ished manually using emery paper (120, 400 and 600 grit
size, sequentially), and the sensor was clamped between
two flat surfaces of samples from the same preparation.
The average of five measurements was taken for each
sample.

RESULTS AND DISCUSSION
Cure reaction kinetics

Typical non-isothermal cure curves are shown in
Fig. 3 for samples containing BN particles with x = 30,
50, 60 and 70 scanned at 10 °C/min. It is clear that the
higher BN contents result in a significant shift of the exo-
thermic peak temperature, T, to higher values. There is
also a small decrease in T for sample ETLBN30, which
implies that the reaction is first accelerated and then re-
tarded as the BN content increases; this is more clearly
shown in Fig. 4 where, for each filler content, the peak
temperature, T v relative to that for zero filler content, T ,
is plotted as a function of the vol % filler for three differ-
ent heating rates.

The cure kinetics are therefore influenced, and in a seem-
ingly complex but systematic way, by the presence of the
BN filler. On the other hand, though, the heat of reaction
(converted to epoxy equivalent, ee) AH =129 + 1 kJ/ee, and
the glass transition temperature of the fully cured samples,
T .=53+1°C, obtained by a second scan at 10 °C/min, are
independent of the BN content. Furthermore, this behav-
ior is observed at all the heating rates used, as shown in
Fig. 4, while the heat of reaction AH and T,_are also inde-
pendent of the heating rate. Thus the reaction kinetics are
influenced by the filler content, but the final network struc-
ture is not. We conclude that this must be a physical rather
than a chemical effect.
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Fig. 3. Non-isothermal DSC scans of samples ETLBNx at
10 °C/min; highest peak is for sample ETL without any filler, follo-
wed in decreasing height order by samples with 12.9, 25.7,34.2 and
44.7 vol % BN; exothermic direction is upwards, the heat flow scale
is relative, and the curves have been shifted vertically for clarity

A very similar behavior is observed also in the com-
posites containing aluminum nitride, as shown in Fig. 5,
where it can be seen that for these AIN composites the
initial acceleration of the reaction at low filler contents is
more pronounced than in the BN composites.

This acceleration and subsequent retardation of the re-
action kinetics is also seen in the isothermal cure of these
epoxy composites with both BN and AIN fillers. For exam-
ple, Fig. 6 shows the time, ¢ , to reach the peak exothermic
heat flow for the ETLBNx system, for which, particularly
at the lowest isothermal cure temperature T of 60 °C, there
is an initial reduction in ¢, followed by a gradual increase
with increasing BN content. Very similar behavior occurs
for the ETLAINx system, the initial reduction again being
more pronounced than that for the ETLBNx system.

There remains the question of whether these system-
atic effects of the filler content on the cure kinetics are
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Fig. 5. Exothermic peak temperature, relative to that for zero fil-
ler content, during non-isothermal cure of ETLAINx samples at
the rates indicated; the curves are drawn to guide the eye

==10 °C/min
— 5 °C/min 4

2 °C/min

Content of BN, vol %

Fig. 4. Exothermic peak temperature, relative to that for zero fil-
ler content, during non-isothermal cure of ETLBNx samples at
the rates indicated; the curves are drawn to guide the eye

peculiar to the epoxy-thiol system or whether they would
be observed if the epoxy is cross-linked in a different
way, for example with a diamine. Accordingly, non-iso-
thermal cure experiments for the epoxy-diamine system
with BN (EJBNx) and with AIN (EJAINXx) were conducted,
and the resulting dependence on vol % filler of the peak
exotherm temperature relative to that for zero filler con-
tent is shown in Fig. 7.

It can be seen that, in striking contrast to the results for
the epoxy system cured with thiol, there is no systemat-
ic dependence of the peak exotherm temperature on the
filler content for either BN or AIN; for each filler in the
epoxy system cured with Jeffamine, the cure kinetics are
essentially independent of the filler content. There must
therefore be some physical interaction between the fil-
lers and the thiol in the matrix that influences the kinet-
ics in this system, and we believe that it is an effect of the

70
50 1 —.T.=60°C

o T.=70°C

T,=80°C

Time to peak, min

0 10 20 30 40
Content of BN, vol %
Fig. 6. Time to peak exothermic heat flow during isothermal cure

of ETLBNx samples at the temperatures indicated; the curves are
drawn to guide the eye
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Fig. 7. Exothermic peak temperature, relative to that for zero filler content, during non-isothermal cure of: a) EJBNx samples at the

rates indicated, b) EJAINx samples at the rates indicated

enhanced thermal conductivity resulting from a Lewis
acid-base interaction between the thiol and the filler par-
ticles, which improves the interface. The argument goes
as follows. When the sample is placed into the DSC to
monitor the cure kinetics, in an isothermal experiment
for example, the sample is initially at a lower tempera-
ture (ambient) than the DSC furnace (cure temperature),
and requires a certain time to reach the cure temperature.
This time is shorter the higher is the thermal conductivity
of the sample, so that samples with a certain filler con-
tent will reach the cure temperature more quickly than a
sample with no filler, and hence will experience an accel-
eration of the cure with respect to the unfilled sample. On
the other hand, when the exothermic cure reaction be-
gins, the heat of reaction must be dissipated in order that
the sample should remain at the isothermal cure tem-
perature. This will more readily be achieved the higher
is the thermal conductivity of the sample, and hence the
unfilled samples, with a lower thermal conductivity, will
effectively cure at a higher temperature than the filled
samples, and the latter will appear to have a delayed cure
kinetics. It is these two opposing effects which give rise
to the dependence of the cure kinetics on the filler con-
tent in epoxy-thiol samples in Figs. 3 to 6. According to
this argument, therefore, we would expect that the ep-
oxy-thiol samples should have a higher thermal conduc-
tivity than the epoxy-diamine samples.

Thermal conductivity measurements

The thermal conductivity of many of these samples has
been measured by the Transient Hot-Bridge method [16],
and the results for the BN-filled samples are shown in Fig. 8.

First, it can be seen that, as anticipated, the thermal
conductivities of the epoxy-thiol system are superior to
those of the epoxy cured with Jeffamine. This confirms
the conclusion, interpreted from the analysis of the cure
kinetics by DSC, that there is a better interface between
the epoxy matrix and the filler particles in the epoxy-thiol

system. Second, the thermal conductivity increases rath-
er rapidly as the BN content increases. The limiting BN
content in this study was determined by the workabil-
ity of the epoxy-filler mixture, which was already a stiff
paste at the highest filler contents used here, but extrapo-
lation of the present results suggests that contents higher
than 40 vol % would give a significant increase in the
thermal conductivity.

In fact, comparing the present results with other values
found in the literature for a variety of epoxy-BN compos-
ite systems, and included in Fig. 8, it can be seen that the
epoxy-thiol system has great potential, comparing favor-
ably with many others. It is noticeable, though, that ther-
mal conductivities achieved by Gaska et al. [23] are higher
than those obtained here for the same filler content. This
may be related to the larger particle sizes used by Gaska
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Fig. 8. Thermal conductivity of epoxy composites as a function
of vol % BN filler; filled symbols correspond to different sys-
tems used in this work: diamonds — LC-80, circles — Jeffamine;
the curves are drawn to guide the eye, other symbols from lite-
rature: long dash [17], short dash [10], open diamond [18], open
squares [19], plus signs [9], open triangles [20], cross [21], aste-
risks [7], filled triangle [22], open circles [23]
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et al, namely 13 pm and 25 um, the latter being in the
form of spherical agglomerates. On the other hand, it is
likely that a further improvement in the thermal conduc-
tivity could be achieved by appropriate surface treatment
of the particles, such as that used by Hong et al. [19] to
obtain the results indicated by the open squares in Fig. 8.
The effects of particle agglomeration and surface treat-
ment are both currently being investigated by ourselves.

For the system filled with aluminum nitride, thermal
conductivity results are available only for the samples
prepared with the LC-80 initiator, and are shown in Fig. 9.

For comparison, a number of values are included from
the literature, for which several different sample prepara-
tions are given. For example, Choi and Kim [8] prepared
hybrids of AIN and Al,O, particles of different sizes and
in different proportions; we include here their maximum
values, found for a 7 : 3 volume ratio of large : small par-
ticles, with either 10 um AIN and 0.5 um ALQO, (squares)
or 0.1 um AIN and 10 um ALQ, (triangles). On the oth-
er hand, Xu et al. [3] used a range of AIN particle sizes
in their work: 1.5 um (asterisks), 2 um (plus sign), 4 pm
(short dash), 7 um (circles), 56 pm (long dash) and 115 um
(diamond). There was no systematic dependence of the
thermal conductivity on the particle size, the systems
with 7 and 115 um displaying the highest conductivities.
The results for the present work, indicated in Fig. 9 by red
diamonds and with a trend shown by the dashed curve,
are very similar to those for the BN-filled composites in
Fig. 8 in respect of the effect of the volume percentage of
filler; the filler content is low, but the trend suggests that
the system cured with LC-80 would present high thermal
conductivities at higher volume fractions of filler, and in
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Fig. 9. Thermal conductivity of epoxy composites as a function
of vol % AIN filler; symbols with dashed curve, drawn to gu-
ide the eye, correspond to ETLAINx system used in this work,
other symbols from literature: filled squares, triangles [8], cros-
ses [24], asterisks, circles, plus sign, short dash, long dash, dia-
mond [3], open square [25], open triangles [26]

this respect the use of the epoxy-thiol system appears to
be advantageous.

The preparation of samples with higher volume frac-
tions of filler than those used here, which were up to a
maximum of about 40 vol %, presents some difficulties in
respect of the workability of the mixtures. The possibility
of a dual-cure procedure with these epoxy-thiol systems,
however, as indicated in the earlier text, could provide
the means for overcoming these difficulties by allowing
the mechanical manipulation of the partially cured sam-
ple before curing it completely in a second stage. This is
currently work in progress, and will be reported later.

CONCLUSIONS

Epoxy composites with boron nitride and alumi-
num nitride fillers for improved thermal conductivity
have been investigated. Two different epoxy systems
have been studied: epoxy-thiol with an initiator, and
epoxy-diamine. The effect of the fillers on the cure kinet-
ics is observed to be very different for these two systems.
In particular, for the epoxy-thiol system the cross-linking
reaction is first advanced and then retarded as the filler
content increases, whereas there is no noticeable effect of
the filler content on the cross-linking reaction kinetics in
the epoxy-diamine system. The same behavior is found
for both boron nitride and aluminum nitride fillers. Fur-
thermore, the different reaction kinetics for the various
filler contents does not have any effect on the cured ep-
oxy network structure, as identified by constant values
for the heat of reaction and the glass transition tempera-
ture of the fully cured system. This difference in the re-
action kinetics is accordingly attributed to the enhanced
thermal conductivity in the epoxy-thiol system, which is
considered to result from an improved interface between
filler particles and matrix as a consequence of a Lewis
acid-base interaction. This interpretation is confirmed
by measurements of the thermal conductivity, which in-
creases with increasing boron nitride filler content, the
increase being significantly greater for the epoxy-thiol
system in comparison with the epoxy-diamine system. In
fact, the epoxy-thiol system with the boron nitride filler
shows great potential for enhanced thermal conductivity
when compared with many other results in the literature.
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