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Abstract: Thermal conductivity is a key property in many applications from electronic to informatics.
The interaction of fillers with Sylgard 184 was studied; this study explores new composites and
the influence of metal particles (copper and nickel), carbon-based materials (carbon nanotubes and
carbon black), and ceramic nanoparticles (boron nitride) as fillers to enhance thermal properties
of silicon-based composites. The effect of the fillers on the final performances of the composite
materials was evaluated. The influence of filler volume, dimension, morphology, and chemical nature
is studied. Specifically, FT-IR analysis was used to evaluate curing of the polymer matrix. DSC was
used to confirm the data and to further characterize the composites. Thermo-mechanical properties
were studied by DMTA. The filler morphology was analyzed by SEM. Finally, thermal conductivity
was studied and compared, enlightening the correlation with the features of the fillers. The results
demonstrate a remarkable dependence among the type, size, and shape of the filler, and thermal
properties of the composite materials. Underlining a that the volume filler influenced the thermal
conductivity obtaining the best results with the highest added volume filler and higher positive
impact on the k of the composites is reached with large particles and with irregular shapes. In
contrast, the increase of filler amount affects the rigidity of the silicon-matrix, increasing the rigidity
of the silicon-based composites.

Keywords: thermal conductivity; metallic fillers; carbon filler; ceramic fillers; silicon composites

1. Introduction

Polymeric materials have been widely employed in electronic packaging, batteries,
cable terminations, and power devices. Thermal loading in these applications has become
a critical issue for the further development of electronic devices. Indeed, miniaturization,
functionalization of electronic devices, and thermal dissipation are challenging problems.
High thermal conductive composites need to be designed to dissipate and transfer the
generated heat, especially for thermal interface materials (TIM) [1,2]. PDMS are widely
used in TIM applications [1,3-7] due to their high flexibility and thermal stability. However,
they possess low thermal conductivity (k) which may limit their application in devices.
The value usually varies from 0.1 to 0.5 Wm~! K~! according to the different polymeric
matrix [8,9].

Low thermal conductivity of these materials is related to the presence of amorphous
domains which localize the vibrational modes, limiting heat transfer [10]. An accessible
route to improve k is to embed macro- micro- or nano-fillers in the polymeric matrix
and to enhance the thermal properties of the material [11]. In particular, carbon-based,
ceramic, and metal fillers have been added to polymeric matrices to improve their thermal
properties [9,10].
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Heat transmission is the result of two different contributions: free electrons and
phonon. Phonons are mainly responsible for thermal conduction in carbon and ceramic
materials, on the other hand, thermal conductivity of metals can be completely attributed
to free electrons motion, whereas phonons’ role is negligible. Both the mechanisms can
be used to enhance the k value of a PDMS based composite. The final value of k depends
on the loading, distribution, shape, and size of the conductive fillers, as well as on the
matrix-filler interface, composition, and nature of the components [10].

Carbon-based fillers include carbon black (CB) particles, carbon nanotubes (CNT),
graphene, and graphite. The variety of allotropes cover a remarkable range of thermal
properties with k varying from 0.01 W mK~! to above 3000 W mK~! [12-14].

Liu et al. [15] reached an increase of 65% of k value by adding CNT in a silicon ma-
trix. Sanada et al. [4] used multi-walled carbon nanotube (MWNT) in an epoxy matrix to
increase thermal conductivity. The study compared MWNT with alumina nanoparticles
and underlines the higher k value reached with MWNT due to high thermal conductivity
and high aspect ratio of carbon-based filler. The MWNTs form ideal thermal conducting
pathways leading to a marked increase of thermal conductivity of the composites. Thus,
the minimal addition of filler (0.4 wt.%) leads to an increase of k of about 80% compared
to the pristine polymer matrix [16]. Mu et al. [7] prepared silicon composite adding ex-
panded graphite (EG) by melt mixing and solution intercalation. The maximum thermal
conductivity value of silicon/EG was 0.32 Wm~! K~! reached at a content of 9 phr and
through solution intercalation, whereas 0.24 Wm ™! K~! was achieved by the standard
method of melt mixing. EG was also added into high-density polyethylene (HDPE) by
Che et al. [17] to improve the thermal conductivity. Ternary composites were produced
by combining CNT to the previous EG/HDPE composite to further increase the thermal
dissipation. CNT create an internal network producing a conductive path for the heat.
Zhao et al. [18] measured thermal conductivity of 1.08 Wm~! K~ of PDMS filled with
multilayer graphene flakes (MGFs) and graphene foam (GF).

Ceramic-based fillers, such as alumina, zinc oxide, boron nitride, have been also
used to develop high thermally conductive TIMs. Sim et al. [1] compared the effect of
alumina (AL;O3) and zinc oxide (ZnO) in a silicon matrix. The thermal pads filled with
ZnO reached higher k values compared to Al;O3, when added at the same amounts. The
10 wt% addition of Al,O3; nanoparticles enhanced heat conductivity in PDMS composite
up to 0.364 Wm~! K~ [19]. Boron nitride (BN) has been widely used as a ceramic filler for
thermal management. Hexagonal-BN nanoparticles showed unique thermal and electrical
properties, getting interesting for TIM applications [20-22].

Metal-based fillers can also be used to increase thermal conductivity of a polymer
matrix. Epoxy resin and PVC matrix were filled with metal powders and the variation of
k has been studied. Copper and nickel powders with different particle shapes, irregular
and spheroidal, respectively, were used as fillers showing the effect of shape and particle
distribution [3]. Fu et al. [23] used copper (Cu) powder, aluminum (Al), and silver (Ag) inan
epoxy resin (commercially available as E-51) reaching a maximum value of 1.1 Wm~! K~!
for Al powders. Both thermoset polymers and thermoplastic material, as polyamide [24] or
polypropylene [25] has been used for composites filled with Cu powders or fibers. Recent
studies showed great potential application in commercial electronics based on the result
achieved by metal nanowires and hybrid structures [2,26].

In this paper, the effect on thermal conductivity of three different types of fillers
(metals, ceramic, and carbon-based) dispersed into a silicon matrix (Sylgard 184) thermally
cured, was investigated. The novelty of the study was the comprehensive investigation
and evaluation of how the thermal-conductive filler parameters such as nature, shape,
dimension, and surface/volume ratio will influence the enhancement of k value. ATR-
FTIR analysis was employed to follow thermal curing. A complete study on kinetics was
performed by DSC. Thermo-mechanical properties were tested by DMTA and tensile tests.
SEM analyses were performed to elucidate distribution and polymer-filler interaction for
the different composites. Thermal conductivity was measured as well as thermal diffusivity.
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2. Materials and Methods
2.1. Materials

Sylgard 184 (Sylgard) (SYLGARD 184, Dow Corning Corporation), a polydimethyl-
siloxane was used as precursor of the polymeric matrix and mixed 10:1 with the curing
agent. Three different types of fillers were added to Sylgard matrix: metal fillers, ceramic
fillers, and carbon fillers. Concerning metal fillers, two copper (Cu) particles different in
shape and size (spheroidal powder, 10-25 pum, purity of 98%, Sigma-Aldrich; dendritic
powder, <45 pm, purity of 99.7%, Sigma Aldrich), and two nickel (Ni) particles differ-
ent in size (powder, 3-7 pm, purity of 99.8%, Sigma Aldrich; powder, <45 pm, purity of
99.8%, Sigma Aldrich). Boron nitride (BN) nanoparticles (size < 150 nm, purity of 99%,
Sigma Aldrich) was selected as ceramic filler. Carbon nanotubes (CNT) (NC7000, purity
of 90%, Nanocyl SA) and carbon black (CB) (carbon, mesoporous nanopowder, particle
size (DLS) < 500 nm, Sigma Aldrich) were selected as carbon filler. The fillers were used as
received.

2.2. Formualtion Preaparation and Thermal Curing

Curable formulations were prepared by dispersing fillers were into Sylgard 184 and
mixed by DLS Digital Overhead Stirrer (VELP SCIENTIFICA) for 5 min at 500 rpm. The
curing agent (Sylgard:hardener) was subsequently added at 10:1 ratio, and the formulations
stirred for 2 min. Table 1 summarizes the composition of the investigated formulations.

The composites were prepared by pouring the formulations in Teflon open molds and
then thermally cured in oven (150 °C, 60 min).

Table 1. Composition of the tested formulations, showing the different fillers and the volume
percentage used for the comparison; weight percentage of the filler is reported.

Sylgard Matrix + Filler  Filler
Entry Acronym  CURING Agent Type of Filler o o
o, (VOl /0) (Wt. /0)
(Vol %)
1 Sylgard 100.00 / 0.00 0.00
2 CuSb 95.00 Spheroidal copper powder 5.00 30.95
3 CuS10 90.00 Spheroidal copper powder 10.00 48.60
4 CuS15 85.00 Spheroidal copper powder 15.00 60.00
5 CuD5 95.00 Dendritic copper powder 5.00 30.95
6 CuD10 90.00 Dendritic copper powder 10.00 48.60
7 CuD15 85.00 Dendritic copper powder 15.00 60.00
8 Ni5 95.00 Nickel powder (37 um) 5.00 30.80
9 Nil0 90.00 Nickel powder (3-7 pum) 10.00 48.50
10 Nil5 85.00 Nickel powder (3-7 pum) 15.00 59.95
11 NiL5 95.00 Nickel powder (<45 pum) 5.00 30.80
12 NiL10 90.00 Nickel powder (<45 um) 10.00 48.50
13 NiL15 85.00 Nickel powder (<45 pum) 15.00 59.95
14 BN2.2 97.80 Boron nitride 2.20 4.70
nanoparticles
15 BN4.4 95.60 Boron nitride 440 9.12
nanoparticles
16 BNG6.6 93.40 Boron nitride 6.60 13.30
nanoparticles
17 CNTO0.06 99.94 Carbon nanotubes 0.06 0.10
18 CNTO0.3 99.70 Carbon nanotubes 0.30 0.50
19 CNTO0.6 99.40 Carbon nanotubes 0.60 1.00
20 CB2.2 97.80 Carbon black 2.20 3.90

21 CB4.4 95.60 Carbon black 4.40 7.65
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2.3. Characterization
2.3.1. Attenuated Total Reflection-Fourier Transform Infrared Spectroscopy (ART-FTIR)

The ART-FTIR spectra were collected by using a Perkin Elmer Spectrum 2000 FTIR
(Waltham, MA, USA) equipped with attenuated total reflectance (ATR) accessory. For each
sample 32 scans were recorded, the resolution was 4 cm~1 and the spectra were collected
between 4000 and 500 cm~!. Sylgard is cured via a hydrosilylation reaction between the
vinyl group in the prepolymer base and the silane group in the curing agent, in the presence
of a platinum catalyst [27,28]. Thus, the conversion ratio of the Si-H groups was monitored
by evaluating the profile of the peak centered at 2160 cm ™! responsible for the stretching of
the Si-H bond.

2.3.2. Differential Scanning Calorimetry (DSC)

Thermal curing of the composite was followed by DSC measurement. The DSC
analysis was performed on a Mettler Toledo DSC-1 equipped with Gas Controller GC100.
The curing of pristine Sylgard was investigated by two different methods: dynamic and
isothermal. The dynamic method followed these steps: a first heating ramp of 5 °C/min
from 25 °C to 200 °C followed by a cooling down to 25 °C and a second heating ramp until
200 °C. The isothermal curves were taken at different temperatures: 50 °C, 75 °C, 90 °C,
100 °C, 125 °C, and 150 °C. The composite with the maximum amount of filler was tested
in the isothermal condition at 150 °C mimicking the thermal curing of samples performed
in oven.

2.3.3. Dynamic Mechanical Thermal Analysis (DMTA)

The analyses were performed on samples with the average size of 20 x 5 x 0.5 mm
through a Triton Technology instrument (Keyworth, Nottingham, UK) equipped with a
liquid nitrogen pump. The tests were performed within —130 °C and 60 °C, with a heating
rump of 3 °C/min, and by applying a tensile stress with a frequency of 1 Hz.

3

2.3.4. Tensile Test

The test was performed with rectangular sample in line with the active standard for
tensile properties ASTM D882 [29], with length/width ratio of 10 (60 x 6 x 0.5 mm?),
using a tensile instrument (MTS QTestTM /10 Elite, MTS System Corporation) combined
with a measurement software (TestWorks® 4, MTS System Corporation). A 50 N load cell
was used to perform the test, which was carried out three times for every sample, and
the parameters for the measure were set as follows: test speed at 10 mm/min and data
acquisition rate at 50 Hz. Young’s modulus (evaluated as tangent of the stress/strain curve
until 10% strain), ultimate tensile strength (UTS) and elongation at break were measured.

2.3.5. Scanning Electron Microscopy (SEM)

SEM (JCM-6000PLUS, JEOL) was performed on the cryo-fractured surface of samples
to evaluate the distribution of the fillers in the polymeric matrix. The samples were covered
with a 5 nm layer of gold and observed with a microscope.

2.3.6. Thermal Analysis

Thermal conductivity (k) and thermal diffusivity (x) were measured through the
transient plane heat source method according to ISO 22007-2 [30]. To carry out the measure
the instrument (TPS2500S, Hot Disk AB, Walthman, MA, USA) was equipped with a
sensor (5465, Kapton sensor, Hot Disk AB, Walthman, MA, USA) with 3.189 mm of radius.
Two samples, for each formulation, were taken in contact with the sensor and they were
placed in a container with a temperature controller (Haake AC200, Thermo Scientific Inc.,
Walthman, MA, USA), which set the temperature at 23 & 0.01 °C. The measure time was
2 min, and it started after the impulse of 30 mW. The samples had parallelepiped shapes
with the following sizes: 20 x 20 x 4 mm? (length x width x thickness).
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Absorbance

The measures performed with Hot Disk were compared with analysis through a
thermal imaging camera (FLIR A315/A615, INPROTEC IRT, Milano, Italy) with thermal
sensibility < 0.05 °C with 10 Hz of frequency to record the temperature. The temperature
of a hot plate was set at 90 °C and the thermal imaging camera was placed in a way that
it could record temperature variation on the plate surface, then the samples (dimension
55 x 55 x 0.5 mm?) were positioned on it, ensuring a perfect contact between plate and
sample. To evaluate an average trend of temperature, four points for each sample were
considered and the measure was repeated three times.

3. Results and Discussion

The goal of this study is to evaluate how thermally conductive filler parameters such
as nature of the filler, shape, dimension, and surface/volume ratio (qualitative analysis)
will influence the enhancement of k value of silicon-based composites.

The highest load of filler was optimized considering the workability of the different
formulations. The highest concentration of metal particles was 15% in volume because this
is the maximum value for acceptable workability of the formulation with dendritic copper.
The best formulation in terms of workability for carbon black was 4.4% thus we selected
the same maximum content for boron nitride, nevertheless with this filler it was possible to
further increase the content up to 6.6 vol% still keeping a good viscosity of the formulation.
Formulations with CNT allowed addition of 0.6% in volume as maximum because of the
strong detrimental effect on workability of this type of filler.

3.1. Thermal Curing

ATR-FTIR analysis was performed to evaluate curing of the composite samples. The
spectrum of uncured Sylgard + curing agent showed a characteristic peak at 2160 cm ™!,
which is attributable to the stretching vibration of Si-H groups, related to the curing
agent [28,31]. Figure 1 shows the pristine Sylgard (Figure 1a) and the formulation CuS5
(Figure 1b) as an example of filled formulation, before and after the thermal treatment. In
all the cured formulations, the peak at 2160 cm~! completely disappeared after thermal
treatment, confirming that the proposed thermal curing process (150 °C, 60 min) fulfilled
the cross-linking of the elastomeric matrix despite the presence of fillers (all the ATR-FTIR

analysis are reported in the Supplementary Materials Figures S1-S5).

—— Prystine Sylgrad
Unreacted Sylgard

—— Unreacted Sylgard —
T Cuss

4 —CuS10
CuS15
@
Q
c
2300 2200 2100 2000 3 N 200 20 00 000
S
w
/ 2 /
I 0 - A
A
A
T T T T T T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500 4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm) Wavenumber (cm™)
(a) (b)

Figure 1. ART-FTIR spectra; (a) spectra of Sylgard pristine formulation (Entry 1; Table 1) before (orange curve) and after
(blue curve) thermal curing at 150 °C. zoom of the Si-H peak at 2160 cm ™! in the insert of the graph; (b) spectra filled
Sylgard formulation containing spheroidal Cu (Entry 2, 3, 4; Table 1), before (blue curve) and after (red curves) thermal
curing at 150 °C. Zoom of the Si-H peak at 2160 cm ™ in the insert of the graph.
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Curing reaction was also followed by DSC analysis. The thermogram in the scan mode
for pristine Sylgard (Figure 2a) exhibited a curing peak centered at 96 °C, meaning that the
curing rate is maximum around this temperature. From this thermogram in the scan mode,
the cure is complete in the first run since the second heating did not present any residual
peak. To mimic the curing condition of the composite in the oven, isothermal analyses
were performed at different temperatures as shown in Figure 2b. It is evident the increase
of reactivity by increasing the temperature. The addition of the filler did not influence
the curing kinetics since the position of the peak was almost unchanged for all tested
compositions as shown in Figure 3 and in Table 2. The DSC result is in agreement with
the ATR-FTIR analysis and both confirmed that the addition of fillers in the formulation
did not influence the curing process. A previous study on epoxy matrix [32], showed the
influence of the filler on the curing, this was not seen in our study since all the composite
cured properly in the selected temperature and timing. The influence of the filler and
matrix can explain the different behavior with respect to the previous study.

Table 2. Time-curing peak and TG values of silicone composites.

Time Curing Peak Tg
Entry Acronym ) €0
1 Sylgard 9 —121
2 CuS5 - —120
3 CuS10 - —119
4 CuS15 13 —116
5 CuD5 - —119
6 CuD10 - —118
7 CuD15 9 —116
8 Ni5 - —118
9 Nil0 - -117
10 Nil5 11 —116
11 NiL5 - —118
12 NiL10 - —115
13 NiL15 12 —114
14 BN2.2 - —120
15 BN4.4 - —119
16 BN6.6 10 —118
17 CNT0.06 - —118
18 CNTO0.3 - —118
19 CNTO.6 8 —118
20 CB2.2 - —120
21 CB4.4 8 -119
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First heating isothermal 50 °C
.......... Second heating isothermal 75 °C
isothermal 90 °C
isothermal 100 °C
isothermal 125 °C
isothermal 150 °C
o
=
o~
o
Time (5}
—e
\
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Temperature (°C) Time (s)
(a) (b)

Figure 2. DSC thermogram; (a) thermogram curve for the pristine Sylgard, first heating ramp with curing peak at 96 °C
(blue continuous curve) and second heating curve (blue dot curve); (b) thermogram in isothermal mode for Sylgard at

different temperatures.

160 ' 200 ' 300
Time (s)

o

Figure 3. DSC thermogram of isothermal curing at 150 °C for the tested formulations.

3.2. Morphology of the Composite

SEM analyses were performed on crosslinked composites to investigate the distribu-
tion of the fillers in the polymer matrix. The Figure 4 reports examples of the morphology
for the compositions with the highest amount of filler, and it is evident that the different
types of filler did not form aggregates, but they were homogeneously dispersed into the
matrix. The particles did not form a continuous path limiting the enhancement of k (see
paragraph 3.4). In the Figure 4i voids can be seen as marked with red arrows. This can
contribute to the limited enhancement of k, especially for the carbon-based filler. The
characteristic morphology of dendritic copper is well shown in Figure 4b. Moreover, all
the composite showed a good interaction between polymer matrix and filler. In fact, no
discontinuities at the interface were detected.
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(8)

(h) ()

Figure 4. SEM imagines for composite, the red arrows highlight the filler and in the picture I the voids; (a) pristine Sylgard,
100x; (b) CulbD, 400x; (c) Cul5S, 4000x; (d) Nil5, 400x; (e) NiL15, 100x; (f) BN6.6, 10,000 %; (g) CNTO0.6, 10,000 ; (h)
CB4.4, 400x; (i) CB4.4 100x.

3.3. Thermal-Mechanical Properties

The effect of the dispersed fillers on the thermo-mechanical properties of crosslinked
silicone composites was evaluated by DMTA. As reported in Table 2, the addition of the
filler did not significantly influence the Tg of the crosslinked polymer matrix. Indeed,
all the measured Tg lay within —125 °C and —115 °C. Figure 5 shows, as an example,
the tand curves for the Sylgard containing spheroidal copper (all results are reported in
Supplementary Materials Figures S6-511). The increased Tg can be explained by the
hindrance effect of the filler to the motion of PDSM chains. This result was in accordance
with some previous researches [5,6,18].

Tensile tests were carried out on carbon-based composites. The effect of the addition of
the filler is shown in Figure 6. The filler influenced the rigidity of the matrix increasing the
Young Modulus. The Young Modulus for pristine Sylgard was measured to be 1.16 MPa.
The dispersion of CB induced an enhancement of the value to 1.84 MPa and 2.72 MPa
respectively for the silicone composite containing 2.2 vol% and 4.4 vol%. When CNTs were
dispersed a Young modulus of 1.90 MPa was achieved in the presence of 0.06 vol% of CNT,
a value of 2.00 MPa for the composite containing 0.3 vol% and a value of 2.55 MPa for
the sample containing 0.6 vol% of the filler. The strain at break point was reduced for the
composites with respect to the pristine crosslinked Sylgard. Considering these results, it
can be assumed that the mechanical effect of the filler was the increasing of rigidity of the
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Stress (MPa)

PDMS matrix. Previous study showed similar effect of BN on PDMS-like matrix [6] and of
dendritic Cu on polyester resin [33].

—— Sylgard
CuD5

CuD10
CuD15

Tan Delta

130 125 -120 -115 -110 -105 -100 -95  -90
Temperature (°C)

Figure 5. Tand curve of DMTA analysis for the composite containing dendritic copper particles.

2.0
18] |—Sylgard 144 | sylgard
——CB2.2 ——CNTO0.06
——CB44 124 |——CNTO0.3
——CNTO0.6
T 1.0 4
S
< 084
(7]
(7]
S 06
n ]
0.4 -
0.2 -
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0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
Strain Strain
(a) (b)

Figure 6. Tensile test results; (a) stress-strain curves for Sylgard composites containing CB; (b) stress-strain curves for

Sylgard composites containing CNTs.

Thermal conductivity of pristine crosslinked Sylgard was measured, obtaining a value
of 0.19 W/mK. The addition of metal particles increased k values and the data are collected
in Figure 7. The dispersion of metal fillers induced an increase of k as a function of filler
volume content. Both spheroidal copper and dendritic copper powders led to a large
increase of thermal conductivity (Figure 8), it was possible to achieve an enhancement of
the k value of Sylgard by 105% when spheroidal copper was added (CuS15), and about
300%, when dendritic copper was dispersed in the silicon matrix (CuD15). While in the
case of spheroidal copper it was not possible to observe a linear increase of k as a function
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of filler content, this is evident in the case of dendritic copper, showing the important role
played by the shape of the particles, as it will be further discussed below. These results were
consistent with previous studies reported in literature [24,25], where it was observed that
spheroidal Cu particles had a lower impact compared to elongated forms of Cu particles
on increasing thermal conductivity of polymer composites. This study showed higher
% increment respect to the pristine matrix if compared with the previous data cited in
literature and report a new composite considering the PDMS as polymer matrix.

0.8

0.7 4

0.6

N
o
=z
[11]

Figure 7. k values of the different composite measured by Hot Disk.

CuS5
CusS10
CuS15

CuD5
CuD10

k!
<
=z
m

CuD15
Ni5
Ni10
Ni15
NiL5
NiL10
NiL15

Sylgard
BN6.6
CNTO0.06
CNTO0.3
CNTO.6
CB2.2
CB4.4

300+ —e—CuS
—&— CuD
Ni
250 4
e NiL

200 1

k increment (%)
&
o

-

o

o
1

(%]
o
1

01+ T
5 10 15

Filler volume (%)

Figure 8. Percentage of k increment related to pristine Sylgard of the different metal-based composites.
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Similarly, the Ni particles dispersion within the polymeric matrix showed an enhance-
ment of the k value, achieving higher values by using larger particles (see data collected
in Figures 7 and 8) at a content of 15 vol% with a successful enhancement of k of around
150%. These results are in agreement with the data reported in literature [4,10,33], where
larger particles are more likely to produce a heat-conductive path in the materials with a
higher enhance the thermal conductivity.

The dispersion of boron nitride particles did not show a significant increase of k,
compared to pristine silicon crosslinked matrix, especially at low volume percentage. A
clear variation of k can be noticed only for the formulation containing the highest tested
content of the filler (6.6% in volume), showing an increase of k of about 43%. The lower
thermal conductivity enhancement could be attributed to the lack of percolation threshold
because of particles shape. The effect of boron nitride filler at a low percentage is discussed
in many studies [6,20,34].

The samples containing CNTs showed lower enhancement of thermal conductivity;
however, it is important to mention that the maximum load of CNT was fixed at 0.6 vol%,
a much lower value compared to the maximum concentration achieved for metal particles
(15 vol%). This is due to the detrimental effect of the CNT filler on workability. The
composite with the lowest amount of CNT shows a k increase of 9% with respect to the
matrix, whereas by further increasing the CNT content up to 0.3 vol% or 0.6 vol% it
was not achieved any further significant increase. This could be attributed to the fact
that it was not reached the percolation threshold which could allow to have a good heat
conductivity within the polymeric matrix. Nevertheless, it is evident the higher thermal
conductivity enhancement with respect to BN at a much lower volume fraction. This could
be attributed both to the higher k value of CNT (CNT 2000-6000 W /mK) with respect to
BN (250-300 W /mK) [34], as well as to the higher surface area of the CNTs with respect
to the BN particles. In fact, the filler-matrix interface plays an important role in thermal
conductivity: fillers with a higher surface/volume ratio are more efficient in improving
thermal conductivity [34]. This was already demonstrated by comparing spheroidal and
dendritic copper filler at the same volume content and showing the higher efficiency of the
dendritic particles, which shows higher S/V ratio. The qualitative analysis considering
spheroidal shape (lower S/V ratio) and dendritic shape (higher S/V ratio) was confirmed
also in this study as the k value demonstrate. The best thermal behavior of composite
elastomers can be achieved by selecting the proper combination in terms of filler type,
shape, dimension, and surface/volume ratio.

The thermal diffusivity values (o) are directly connected to thermal conductivity (k),
and the data for all investigated composites are collected in Figure 9. It is evident a thermal
diffusivity enhancement for all the investigated fillers, and in agreement with the results of
thermal conductivity, the size and shape of the fillers can strongly influence heat dispersion
throughout the composite.

The thermal conductive properties evaluation of the composites, measured by means
of Hot Disk, were compared with the measurements through a thermal imaging camera,
where the variation of temperature as a function of time indicates the thermal diffusivity;
the collected data are in agreement with the Hot Disk results. All the measurements are
reported in the Supplementary Material (Figures S12-518).
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Figure 9. Thermal diffusivity («) of the different composite measured by Hot Disk.

4. Conclusions

The study demonstrated the influence of various fillers in thermal properties of silicon
polymer base composite through a simple and easily repeatable method used to create the
composites. Any tested formulation did not widely influence the Tg of the silicon, whereas
the fillers increased the rigidity of the PDMS matrix, affecting the characteristic properties
of the polymer itself. The nature of the filler affected the thermal conductivity. Among
the metals tested, dendritic Cu returned the highest increment (reaching an increment of
300% with respect to the pristine polymer matrix). The volume filler influenced the thermal
conductivity, obtaining the best results with the highest added volume filler. Moreover, the
shape affected the thermal conductivity and the dimension of the particle influenced the
result, in fact, considering the Ni case, larger particles showed a higher increase of thermal
conductivity (the k was 150% higher that the pristine matrix). The CNT had an interesting
result considering the introduced amount of filler with respect the other tested type.

By this comprehensive investigation we could clarify the filler parameters which affect
the thermal conductivity of the silicone composites. The best thermal behavior can be
achieved by selecting the proper combination in terms of filler type, shape, dimension, and
surface/volume ratio.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/app11125663/s1, Figure S1. ATR-FTIR for composite with spheroidal copper; Figure S2.
ATR-FTIR for composite with smallest Ni particles; Figure S3. ATR-FTIR for composite with biggest
Ni particles; Figure S4. ATR-FTIR for composite with BN; Figure S5. ATR-FTIR for composite with
CNT; Figure S6. DMTA for composite with spheroidal copper; Figure S7. DMTA for composite with
Ni particles; Figure S8. DMTA for composite with the largest Ni particles; Figure S9. DMTA for
composite with boron nitride nanoparticles; Figure S10. DMTA for composite with CNT; Figure
S11. DMTA for composite with carbon black nanoparticles; Figure S12. Thermocamera result for
the composite with carbon nanotubes; Figure S13. Thermocamera result for the composite with Ni
(large particles); Figure S14. Thermocamera result for the composite with Ni (small particles); Figure
S15. Thermocamera result for the composite with dendritic Cu particles; Figure S16. Thermocamera
curves for the composite with spheroidal Cu particles; Figure S17. Thermocamera result for the
composite with carbon black; Figure S18. All curves compared with Sylgard measured with the
thermocamera.
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