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Abstract: This work studies the effects of graphene nanoplatelets (GNPs) and hexagonal boron nitride
(hBN) on the thermal and mechanical properties of polydimethylsiloxane (PDMS) matrix for use as
thermal interface materials (TIMs). Solution mixing of 10 wt% GNPs and 40 wt% hBN with PDMS
produced TIMs with through-plane thermal conductivity (TC) of 1.24 W m−1 K−1 showing a 519%
increase relative to the neat matrix. A synergistic effect between GNPs and hBN was particularly
demonstrated when in samples with 48 wt% total filler content, 8 wt% hBN was replaced by GNPs,
and the TC was increased by 33%. The elongation at break of the hBN (40 wt%)/GNP (8 wt%) samples
reached 151%, representing a 160% increase when compared to samples with only 40 wt% hBN.
Moreover, the shore hardness of samples containing 40 wt% hBN was 68 A, and the introduction of 8
wt% GNPs caused a decrease to 38 A. DSC measurements on samples filled with hBN and GNPs
showed a reduction up to 65% in Ultimate Heat of Curing, which was attributed to the presence of
graphene flakes interfering with the curing of the matrix. Graphene was found to be an efficient filler
in tuning the thermal and mechanical properties of TIMs.

Keywords: graphene; hexagonal boron nitride; PDMS; thermal interface materials; mechanical
properties; curing inhibition; elastomers

1. Introduction

The current demand for miniaturised electrical devices, the ever-increasing computing
speeds and the broader use of energy-consuming electronics render adequate heat dissipa-
tion and thermally efficient packaging of electronic devices a necessity [1,2]. For example,
if the operating temperature of a central processing unit (CPU) increases by 10–15 ◦C, its
life can be reduced to half [3]. Improved thermal interface materials (TIMs) can play a
key role in overcoming such issues and advancing the applications of high-power elec-
tronic and optoelectronic devices [4]. TIMs provide the medium to dissipate heat from
high-power-density devices such as LEDs, electric vehicle batteries (>1000 W/cm2 [5]) and
other electronics to heat sinks and the environment [3].

Figure 1 shows an exaggerated example of the contact interface between two mating
solid surfaces, which is characterised by surface roughness (peaks and valleys), regardless
of the surface finish. For moderately compacted interfaces, the actual contact area can be as
low as 1–2% of the total area in contact [6], while voids are filled with air which has a low
thermal conductivity (TC) of 0.023 W m−1 K−1 [7]. As a result, the efficiency of the heat
spreader is highly diminished because only a fraction of its actual surface area is employed
to convey heat. The ability of TIMs to conform to the substrate allows the filling of voids
between such inconsistently mating surfaces, which provides more efficient heat transfer.
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Figure 1. Working principle of a TIM: (a) the heat source/heat sink interface without TIM; (b) the
same interface with a TIM filling the voids within the bond line thickness (BLT) region; (c) TIM
application in a CPU.

TIM formulation is based on constructing thermally conductive pathways of filler
within the polymer matrix [8–10]. The matrix is selected according to the intended applica-
tion and can be, among others, an epoxy resin [11–14], polyethylene [15–17], poly(methyl
methacrylate) (PMMA) [18–21] or silicone such as polydimethylsiloxane (PDMS) [22–26].
For TIMs applications, a low modulus matrix will theoretically exhibit better compli-
ance to uneven surfaces and to materials with different coefficients of thermal expan-
sion that undergo heat cycling. Fillers with exceptionally high TC, such as graphene
(~2000 W m−1 K−1) [27] and related 2D materials, are strong candidates in the develop-
ment of a new generation of TIMs. For the formation of the thermally conductive networks,
usually large (up to 84 wt% [28]) amounts of filler are used to achieve the desired properties
of the composite; these amounts depend on the type of approach for TIM formulation. In
electronics applications, TIMs need to be electrically insulating to prevent short circuits
and hardware damage [29].

Hexagonal boron nitride (hBN) is often used as the filler of choice due to its high
TC of ~ 220–420 W m−1 K−1 [30–32] and exceptional electrical insulation with 5.2 eV
band gap and 35 V/µm breakdown strength [33]. Shen et al. [34] used ice templating to
orient the filler particles into scaffold-like pathways resulting in a TC of 1.4 W m−1 K−1

at 20 wt% hBN loading in PDMS. Bashir et al. [35] functionalised the hBN micro-filler
with different amine (R-NH2) isomers to improve dispersibility and interaction with a
thermoplastic polyurethane (TPU) matrix. The highest TC of 2.06 W m−1 K−1 was achieved
using the ortho-isomer at 45 wt% hBN loading. Li et al. [36] demonstrated the superi-
ority of boron nitride nanosheets (BNNSs) against spherical, micro-sized boron nitride
and obtained PDMS-based TIMs with TC of 1.16 W m−1 K−1 at 35 wt% filler loading.
Zhang et al. [26] compared three different sizes (3–5 nm × 1–3 µm, 10–300 nm × 2–3 µm,
300–500 nm × 3–5 µm) of BNNSs dispersed in PDMS and found that the smaller flake sizes
produced TIMs with the highest TC of 0.72 W m−1 K−1 at 23.1 wt% loading. The enhanced
TC obtained by using the smaller fillers was attributed to the fillers’ higher aspect ratio
and larger specific surface area. Self-healing TIMs were produced by Shang et al. [37],
who added BNNSs in PDMS via in situ polymerisation. Similarly to the work reported in
Ref. [35], amine isomers were used in the functionalisation of the hBN surface to improve
its dispersibility in the matrix. The TC of the nanocomposite with 30 wt% filler loading was
1.34 W m−1 K−1; this result could also be attributed to the hot-pressing method by which
the samples were cured.

Different approaches have been selected to achieve high TC, such as taking advantage
of the synergistic effect (Figure 2) that a combination of fillers of different sizes and shapes
can exhibit [38–40] or introducing 3D filler structures, such as aerogels [41–45] within the
matrix. Other tactics include filler alignment via different methods, such as freezing [46,47];
the use of electric [48–50] or magnetic field [51–53]; and mechanical means [54], such as
extrusion [55–57] or spatial confinement forced network assembly (SCFNA) [58–60].

Kargar et al. synthesised few-layer-graphene-filled epoxy TIMs with electromagnetic
shielding capabilities (shielding efficiency ~46 dB at 1 mm) and TC of 8 W m−1 K−1 for
55 wt% filler loading [61]. They showed that the slightly thicker flakes (~0.35–12 nm)
contributed more to the TC when compared to the thinner flakes (~0.35–3 nm). Both
flake types had 8–10 µm lateral dimensions. Barani et al. [62] surpassed that TC value by
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achieving 11.2 W m−1 K−1, using graphene with an even higher aspect ratio and lateral
dimensions of 15–25 µm.
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Figure 2. Thermally conductive pathway formation due to filler alignment and synergistic effect
between platelet (red) and spherical (green) shaped particles. The TC increases from (a) to (d):
(a) Single filler (spherical or platelet-shape) system with relatively low TC, (b) Synergistic effect of a
combination of platelet and spherical-shape fillers with higher TC, (c) Aligned, platelet-shape fillers
with higher TC, (d) Combination of synergistic effect of the different shape fillers and alignment of
platelets in a system with very high TC.

For the high concentrations of fillers that are required to achieve TIMs, the effect of
the fillers on the composite can be multifaceted, influencing not only the thermal but also
the rheological and mechanical properties. The mechanical properties of TIMs are of high
importance, as these properties influence the resistance to pump-out for bulk thermal paste,
while for thermal pads and battery or electronics encapsulants, these properties are crucial
for the structural integrity of the TIMs during manufacturing and application. Mechanical
characterisation of graphene was reported by Poot and Zant [63] and by Lee et al. [64]
in 2008. The former research measured few-layer graphene flakes, while in the latter,
monolayer graphene was suspended over circular holes of 1.5 µm and 1 µm diameter.
Lee et al. found graphene to have Young’s modulus (E) of ~1 TPa and intrinsic strength of
~130 GPa. These characteristics mean that graphene is a promising reinforcing agent.

Huang et al. added various quantities of graphene oxide nanoribbons in PDMS and
found that for filler loadings of up to 0.5 wt%, the TS and E of the nanocomposites increased
steadily to 1.93 MPa and 0.902 MPa, respectively, and started to decrease for larger amounts
of filler [65]. This behaviour was attributed to poorly dispersed filler and the resulting
clusters formed. Song et al. achieved a 153% increase in TS with a concentration of 8 wt%
graphene nanoplatelets (GNPs) in a Methyl–Vinyl–Silicone matrix [66].

Zhang et al. prepared a polybutadiene elastomer with 2 wt% octadecylamine modified
graphene oxide (OMGO), which exhibited an increase in toughness and elongation at the
break by 332% and 191%, respectively [67], with a slight decrease in E. These changes were
attributed to the wrinkled morphology of the OMGO flakes, which can have a low bending
modulus. It was also argued that the filler might inhibit the cross-linking of the polymer,
thus contributing to the softening of the nanocomposite.
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Sheshkar et al. performed tensile and compression tests on TIMs based on PDMS
filled with 20 µm graphite. They showed a TC of 0.437 W m−1 K−1 at 20 wt% filler
loading and a steady increase in the mechanical properties for filler content up to 15%
with a compressive stress of 42.55 MPa and 37.8% increase compared to the neat PDMS
matrix. When the filler content was increased to 20%, the compressive stress dropped to
34.74 MPa [68]. Ketikis et al. [69] synthesised nanocomposites with a PDMS matrix filled
with GNPs and reported a 73% increase in TS with no change in E for filler content of 3 phr.
TIMs based on graphene nano paper impregnated with PDMS (with through-plane TC
3.1 W m−1 K−1 at 31.4 wt% filler loading) were produced by Battegazzore and Fina [70].
Part of the fabrication process was to compress some of the TIMs down to almost 25% of
their original thickness during the cross-linking stage. The samples that had undergone
compression exhibited very high E at 148 MPa, which is higher than what was achieved
by the uncompressed samples (52 MPa), while the TS (1.34 MPa) also almost tripled in
comparison to uncompressed samples (0.45 MPa).

In TIMs specifically, the contribution of graphene to the overall properties of the system
can be considered two-fold, as graphene can influence both the thermal and mechanical
properties of the matrix. It is evident from the aforementioned literature data that graphene
and other carbon-based 2D materials can be used in small amounts to benefit the host
matrix, especially in the cases of epoxy-based nanocomposites. However, and to the best
of our knowledge, little research exists on the mechanical properties of TIMs made with a
combination of fillers within a PDMS matrix.

In this paper, the synergistic effect and superiority of graphene are demonstrated by a
series of TC measurements, while selected TIM formulations are tested to investigate the
effect of graphene on the mechanical properties of the nanocomposites and to show that
graphene can be used to produce soft TIMs with high filler content. A comparison of the
thermal and mechanical properties between different PDMS-based TIMs discussed in the
literature and in the present work is included in Table S1.

2. Materials and Methods
2.1. Materials

Sylgard 184 silicone elastomer was obtained from Dow. This is a two-part PDMS
prepolymer system, consisting of mainly a base vinyl-terminated PDMS prepolymer or
oligomer, containing a platinum catalyst (Part A) (CAS No. 68083-19-2) and a cross-linking
agent, a methylhydrosiloxane-co-dimethylsiloxane trimethylsiloxy terminated oligomer
(Part B) (CAS No. 68988-89-6). According to the manufacturer, the two parts are mixed in a
ratio of 10:1 wt/wt. This mixture has a viscosity of 3.5 Pa.s (Brookfield LVF, spindle #4 at
60 rpm).

The cured material has a density of 1.03 g/cm3 with TC ~0.27 W m−1 K−1 and volume
resistivity 2.9 × 1014 Ω cm. The TS and shore hardness of the cured matrix (100 ◦C) are
6.7 MPa and 43A. hBN platelets supplied by Versarien Plc, Cheltenham, UK were used as
micro-filler. The hBN mean particle size is 45 µm with a distribution of D10/D90—20/80 µm
and a specific surface area of 0.6 m2/g. GNPs (Nanene-002 grade, Versarien PLC, UK) with
lateral size D50(x)/D50(y)~2.16/1.78 µm and thickness D50~14.5 layers were used as nano-
filler. The characteristics of the fillers are presented in Table 1. Poly(vinyl acetate) (PVA)
used as releasing agent was purchased from East Coast Fiberglass, South Shields, UK.

2.2. Preparation of hBN/PDMS Composites, GNP/PDMS Nanocomposites and hBN/GNP/PDMS
Nanocomposites

PDMS part A and part B were weighed in two separate containers in a ratio of 10:1.
The different fillers were weighed on a precision balance (Mettler Toledo) and stored in
nylon containers. Samples containing single fillers (hBN or GNPs) were named “SF”, and
those containing binary fillers (hBN and GNPs) were named “BF”.
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Table 1. Lateral size, thickness, specific surface area (SSA), and apparent density of the fillers used.

Material Flake Lateral Size (µm) Thickness (nm)/
Number of Layers

SSA
(m2/g)

Density
(Untapped)

(g/cm3)

Thermal
Conductivity
(W m−1 K−1)

hBN 45 µm, D10/D90 = 20/80 NA 0.6 0.7 ~300

GNPs
(Nanene-002)

D10(x) ~0.97
D50(x) ~2.16
D90(x) ~4.01

/
D10(y) ~0.89
D50(y) ~1.78
D90(y) ~3.06

D10 ~1.3
D50 ~4.9
D90 ~20

/
D10 ~4

D50 ~14.5
D90 ~60

25 <0.25 ~2000

For the preparation of SF nanocomposites, hBN or GNPs were first added into a wide
borosilicate glass beaker with ethanol. The resulting slurry was sonicated for 20 min at 37 Hz
at room temperature (RT) using an Elmasonic P ultrasonicator (Elma Schmidbauer GmbH,
Singen, Germany) to break any agglomerates. For the preparation of BF nanocomposites,
hBN was added to the SF slurry, and the mixture was sonicated under the same conditions
for a further 5 min. Following this, the PDMS prepolymer (part A) was added, and the
mixture was manually stirred again under sonication for 5 min. The beaker was placed
in an oven at 100 ◦C for 3 h with 5 min manual stirring intervals every 20 min to remove
the solvent completely [71]. When constant weight was achieved, the beaker was removed
from the oven and allowed to reach RT (~20 ◦C). The curing agent was then added, and the
mixture was stirred for 15 min at 50 rpm to ensure uniform dispersion and to minimise the
introduction of air. The dispersions were degassed for 90 min at vacuum and were then
cast onto different moulds, which were treated with a thin coating of PVA release agent [72].
The samples were cured at 150 ◦C for 1 h, and after demoulding, they were washed with
deionised (DI) water to remove any PVA residue and then left to dry at RT.

Large sample batches (>200 gr) were produced to ensure that all tests were run on sam-
ples with the same compositions in order to maintain consistency across experiments. The
samples were labelled according to their filler type and content as “hBN(α)” or “GNP(β)”
for SF samples and “hBN(α)/GNP(β)” for BF samples, where α and β represent the wt%
content of hBN and GNPs, respectively.

2.3. Thermal Characterisation of hBN/GNP Nanocomposites
2.3.1. Thermal Conductivity Measurements

The disc-shaped samples intended for TC measurements were produced by casting the
uncured slurry on 60 mm diameter circular moulds, which were coated with a PVA release
agent. TC measurements were performed according to ASTM C518 [73] by using a FOX50
heat flow meter (TA Instruments, New Castle, DE, USA) over a range of temperatures, as
listed in Table 2.

Table 2. The temperature range for thermal conductivity characterisation.

Setpoint Top Plate Temperature
(◦C)

Bottom Plate
Temperature

(◦C)

Mean Temperature
(◦C)

1 60 50 55

2 70 60 65

3 80 70 75

2.3.2. Curing Study by Differential Scanning Calorimetry (DSC)

The DSC curing study of the uncured neat and filled PDMS was carried out using a
DSC Q10 from TA Instruments. Samples of 10–15 mg were weighed and hermetically sealed
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into aluminium DSC pans. The sample pans were then put in the DSC cell, previously
maintained at RT. All DSC runs were carried out under an N2 atmosphere. The scans were
run at a heating rate of 10 ◦C from RT up to 200 ◦C.

2.3.3. Thermal Stability Study by Thermogravimetry (TGA)

TGA tests of neat PDMS and nanocomposites were run on a TA Discovery 55 TGA
(TA, New Castle, DE, USA) in an N2 atmosphere. Cured samples (1 h at 150 ◦C) of ~10 mg
were placed on a high-temperature pan and heated to 850 ◦C at a rate of 10 ◦C/min.

2.4. Mechanical Characterisation of Neat PDMS, hBN/PDMS, GNP/PDMS and
hBN/GNP/PDMS Nanocomposites
2.4.1. Tensile Testing

Samples were prepared and tested according to ASTM D412-C [74]. An aluminium [75]
tray was devised to contain the nanocomposite in its uncured state and coated with a thin
layer of PVA release agent. A stainless-steel die, actuated by a lever-piston arrangement,
was used according to the ASTM standard to cut the samples into dumbbell-shaped
specimens with a single stroke (Figure 3). The specimens were left to relax for 30 min before
being tested.
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Figure 3. Post-test dumbbell samples: (a) neat PDMS; (b) hBN (40%)/PDMS; (c) GNP (8%)/PDMS;
(d) hBN (40%)/GNP (10%)/PDMS.

A ZwickRoell Z010 tensile test machine (ZwickRoell GmbH, Ulm, Germany) was
used for the tensile tests, which were run at RT and at 500 mm/min retraction speed. The
machine was fitted with grips able to tighten automatically and exert uniform pressure
across the sample surfaces. This arrangement allows for the pressure to increase as the
tension increases to prevent slippage and failure on the paddle section of the samples [74].

2.4.2. Shore Hardness

The shore hardness of the cured nanocomposites was measured at least 24 h after
curing and according to ASTM D2240 [76]. Measurements were taken using a ZwickRoell
hand-held recorder at RT and averaged between 5 locations to ensure uniform and repre-
sentative results. The device used instantly registers the hardness value to avoid distorted
results, which could be caused due to relaxation of the location under test.

2.4.3. Rheology

A characteristic that can influence the processability and application of different TIM
formulations is viscosity, which can be empirically observed to increase with the addition
of large (>10 wt%) amounts of filler to the PDMS matrix. The effects of filler type and
wt% content on the viscosity of PDMS-based formulations were studied on a TA HR10
rheometer. Tests were performed on uncured samples containing different quantities of
hBN, and GNPs ran at 25 ◦C and 1 s−1 shear rate using a ø40 mm parallel plate geometry.
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2.5. Scanning Electron Microscopy (SEM)

For the preparation of samples for SEM, each specimen was submerged in liquid
nitrogen for approximately 10 s and subsequently fractured to obtain freshly exposed
surfaces. Shards were sputter coated (~8 nm) using a gold/palladium cathode on an Agar
Scientific AGB7340 manual sputter coater (Agar Scientific Ltd., Essex, UK) and viewed in a
Hitachi S3000-N (Hitachi, Tookyo, Japan) scanning electron microscope.

3. Results and Discussion
3.1. Thermal Measurements
3.1.1. Thermal Conductivity Tests

Figure 4 shows the measured TC values of neat PDMS and of samples containing
hBN or hBN/GNP fillers in PDMS. The neat PDMS showed a TC of 0.2 W m−1 K−1. The
addition of 40 wt% hBN to the PDMS matrix resulted in a TC of 0.76 W m−1 K−1. From
that point onwards, a further increase in TC was observed for both types of samples (SF
and BF). By the addition of only 0.5 wt% hBN, the SF nanocomposites showed an abrupt
increase in TC, which jumped to 0.82 W m−1 K−1. In the case of the BF nanocomposites,
the addition of 0.5 wt% GNPs to the 40 wt% hBN system caused the TC to drop slightly to
0.75 W m−1 K−1. The drop in TC was probably due to the insufficient amount of GNP flakes
interrupting the thermally conductive network of hBN by producing multiple locations
with high interfacial resistance. When the total amount of filler reached 48 wt%, the TC
of the hBN/PDMS composite decreased to 0.84 W m−1 K−1, while the TC of the hBN
(40%)/GNP (8%) nanocomposite increased to 1.12 W m−1 K−1.
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On the other hand, the hBN/GNP samples exhibited an increase in TC even at higher
loadings, reaching 1.23 W m−1 K−1 at hBN (40%)/GNP (10%) loading. However, when
the total filler content was increased to 52 wt%, the TC of BF samples began to decrease
at 1.17 W m−1 K−1. The drop of the BF sample’s TC at the 52 wt% filler content can be
attributed to the high viscosity (>500 Pa·s) of the uncured nanocomposite, as discussed in
the rheology section. This resulted in poor processability, leading to inadequate degassing
and agglomerations [35].
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The above results demonstrate that the presence of GNPs in the BF nanocomposites
facilitates the fabrication of TIMs, which are superior to their SF counterparts. This is
because, for the same filler content, better-performing TIMs were produced when GNPs
replaced some amount of hBN; moreover, the maximum loading that was achieved in SF
TIMs was surpassed in BF TIMs.

3.1.2. DSC Tests

The effect of GNPs and hBN on the curing of PDMS was investigated by performing
DSC scans on neat PDMS, SF nanocomposites containing 8 or 15 wt% GNPs or 40 wt% hBN,
as well as BF nanocomposites containing 40 wt% hBN and 8 wt% GNPs. The scans were
run at a heating rate of 10 ◦C/min from RT to 200 ◦C (Figure 5). Typically, a linear PDMS
prepolymer containing two vinyl end groups reacts with a cross-linking agent, leading to
a three-dimensional cross-linked network. It is well known that for this system, the most
probable reaction is the β-addition of silicon hydrogen of cross-linker to the vinyl bond
of the PDMS prepolymer. The mechanism of this hydrosilylation reaction is known and
reported in the literature [77–79].

R-Si-H + CH2 = CH-Si-R1 —> R-Si-CH2-CH2-Si-R1 (1)
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Figure 5. DSC scans with 10 ◦C/min heating rate for neat PDMS and nanocomposites containing
different fillers and amounts of GNPs or/and hBN.

The DSC curves shown in Figure 5 are expressed per 1 g PDMS and demonstrate
that the introduction of GNPs in PDMS and samples containing hBN creates a tendency
of the curing onset (Ti), peak cure (Tp) and final cure (Tf) temperatures to shift to higher
values. More specifically, while Tp for neat PDMS is observed at 100 ◦C, for GNP (8%) and
hBN (40%)/GNP (8%) samples, Tp was observed at 133 ◦C and 117 ◦C, respectively. As
the nano-size and high surface area GNP flakes interrupt cross-linking, a higher curing
temperature compensates by increasing the polymer chain mobility and therefore facilitates
curing. On the other hand, samples filled only with 40 wt% hBN showed a similar Tp to
that of neat PDMS at 101 ◦C. hBN, due to its large size and low surface area, disrupts the
polymer cross-linked network to a smaller extent.

As shown in Table 3, the addition of 8 wt% GNPs caused the Ultimate Heat of Curing
(∆Hult) to drop from 28.29 J/g for neat PDMS to 22.37 J/g, representing a 20.92% decrease.
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Samples containing only 40 wt% hBN exhibited a smaller reduction (9.68%) in ∆Hult, which
is reported at 25.55 J/g. When the aforementioned amounts of GNPs and hBN were
combined, the TIMs showed up to a 64.86% decrease in ∆Hult when compared to neat
PDMS. A trend can therefore be observed that when GNPs are added to PDMS, and as the
GNP/PDMS ratio increases, ∆Hult values decrease. On the other hand, hBN has a smaller
effect on the curing behaviour of the samples, and this is in accordance with Ref. [80],
who reported minimal change in DSC curves apart from a small shift to a lower Tp and
concluded that BN content does not affect silicone curing.

Table 3. DSC scan results for neat PDMS and PDMS-based nanocomposites containing different
amounts of GNPs and hBN at 10 ◦C/min heating rate.

Filler Type and Content
(wt%)

Ti
(◦C)

Tp
(◦C)

Tf
(◦C)

∆Hult
(J/g) *

Neat PDMS 58 100 135 28.29

GNP (8) 94 133 193 22.37

hBN (40) 68 101 130 25.55

hBN (40) + GNP (8) 82 117 140 9.94
* ∆Hult (J/g) refers to 1 gr PDMS.

3.1.3. TGA Tests

Thermal cycling of a TIM can cause degradation of the material and result in a change
in its mechanical and thermal properties [81,82]. The effect of the addition of different
fillers to PDMS on the thermal stability of nanocomposites was investigated by testing neat
polymer, hBN/PDMS, GNP/PDMS and hBN/GNP/PDMS samples (Figure 6). As can
be seen in Figure 6, PDMS-based TIMs containing 40 wt% hBN show increased thermal
stability compared to neat PDMS samples, with 5 wt% loss occurring at 414.1 ◦C for
hBN containing composites against 388.3 ◦C for neat PDMS. The uniform dispersion of
particles can inhibit the movement of molecular chain segments, and this can delay the
decomposition of the TIM [22]. Moreover, hBN as a ceramic has very high thermal stability
(we measured zero weight loss up to 850 ◦C). Hence the addition of hBN to the matrix
results in composites with improved thermal stability, compared to the neat matrix. The
high (78.7 wt%) residue at 800 ◦C of the SF composites is due to the large ceramic filler
content that is unable to decompose at this temperature. The addition of 5 wt% GNPs in
PDMS does not affect the 5 wt% loss property, which occurs at 388.7 ◦C. However, when
the amount of graphene is increased to 8 wt%, a small reduction in thermal stability can be
observed, with 5 wt% loss occurring at 368.8 ◦C. In BF nanocomposites containing both
hBN and GNPs, the thermal stability can be considered to be the same as neat PDMS,
with 5 wt% loss occurring at 395.1 ◦C and 387.9 ◦C for hBN (40%)/GNP (5%) and hBN
(40%)/GNP (8%) samples, respectively. The addition of the nano-filler causes the residue
at 800 ◦C to drop, as can be seen in both Figure 6 and Table 4. More precisely, while neat
PDMS decomposes with 54 wt% residues, the addition of 5 wt% and 8 wt% GNPs makes
this value drop to 29.2 wt% and 31 wt%, respectively. In BF samples containing both hBN
and GNPs, the residue at 800 ◦C is 55.8 wt% and 56.2 wt% for hBN (40%)/GNP (5%) and
hBN (40%)/GNP (8%) samples, respectively, and it closely matches that of neat PDMS.

3.2. Mechanical Measurements

When TIMs are rigid, during their application, there will still be air gaps between the
TIM and substrate surfaces, which cause high interface thermal resistance. This, in turn,
inhibits efficient heat transport. It is, therefore, important that the TIM surface can deform
under small pressure in order to be able to comply with the substrate [34]. In addition, for
multifunctional TIMs used for vibration damping, the ability to tailor the TIM’s mechanical
properties can be beneficial.
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Figure 6. TGA curves for samples heated at 10 ◦C/min to 850 ◦C.

Table 4. Results of TGA tests run at 10 ◦C/min heating rate on neat PDMS samples and PDMS-based
samples containing different amounts of hBN and GNPs.

Filler Type
and Content

(wt%)

5 wt% Loss
(◦C)

50 wt%
Loss
(◦C)

End of
Degradation

(◦C)

Max. Rate of
Decomposition

(◦C)

Residue at
800 ◦C
(wt%)

Neat PDMS 388.3 NA 586 543 54

GNP (5) 388.7 498 537 489 29.2

GNP (8) 368.8 483 541 467 31

hBN (40) 414.1 NA 648 495 78.7

hBN (40) +
GNP (5) 395.1 NA 530 460 55.8

hBN (40) +
GNP (8) 387.9 NA 489 435 56.2

3.2.1. Tensile Tests

In Figure 7a,b, it can be seen that samples made from neat PDMS experienced maxi-
mum stress (σm) values of 7.73 MPa at 111.9% maximum strain (εm). The addition of hBN in
PDMS caused σm and εm to drop progressively with increasing amounts of filler (Figure 7a),
and composites containing 40 wt% hBN exhibited σm = 1.84 Mpa at εm = 58.11%. These val-
ues represent a 76.19% and a 48.06% decrease in σm and εm, respectively, when compared to
neat PDMS samples. E at 10% strain (ε) of the samples filled with hBN showed an opposite
behaviour (Figure 7d), with E gradually increasing from 2.78 MPa for neat PDMS to reach
8.07 MPa for samples filled with 40 wt% hBN. As the amount of hBN increased, the compos-
ites became stiffer due to the close packing of the filler. The introduction of GNPs to PDMS
(Figure 7b) also caused the σm values to drop increasingly down to 0.93 MPa for samples
containing 8 wt% GNPs. However, the GNPs have reverse effects on the stretchability of the
nanocomposites, with GNP (8%) samples reaching εm = 243.16%, which represents a 117.3%
increase in stretchability compared with neat PDMS samples. In addition, the samples
containing 8 wt% GNPs exhibited very low E at 0.37 MPa (Figure 7e). This softening effect
of GNPs on PDMS was exploited to alleviate the stiffening caused by the high hBN content
and produce softer TIMs. More specifically, different amounts of GNPs were added to
slurries containing 40 wt% hBN, and the resulting cured nanocomposites exhibited low
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σm and increasing values of εm for increasing amounts of graphene (Figure 7c). The hBN
(40%)/GNP (8%) samples reached σm = 0.75 MPa at εm = 151.45%, which represents 35.34%
and 160.63% increase in εm when compared to neat PDMS and samples filled with 40 wt%
hBN, respectively. As expected, E for samples containing 40 wt% hBN and 8 wt% GNPs
also remained low at 2.57 MPa (Figure 7f).
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nanocomposites. Plots of the elastic modulus at 10% strain of PDMS-based nanocomposites containing
(d) hBN, (e) GNPs, (f) hBN and GNPs.

3.2.2. Shore Hardness

The averaged SH measurements demonstrated a trend in which the introduction of
hBN in the PDMS matrix caused the SH value to increase from 57 A for the neat PDMS to
65 A for samples containing 20 wt% hBN (Figure 8a). Thereinafter, there was a relatively
minor increase in SH, namely 66 A and 68 A, for respective samples containing 30 wt% and
40 wt% hBN. The addition of graphene in PDMS (Figure 8b) had a reverse effect, where
GNP (0.5%), GNP (5%) and GNP (8%) samples showed SH values of 51 A, 41 A and 15 A,
respectively. When graphene was included in samples already containing 40 wt% hBN
(Figure 8c), the nanocomposites became softer, as was expected. The addition of only 0.5
wt% GNPs caused SH to drop from 68 A to 65 A. Further increase in nanofiller content
caused a gradual drop in SH, with hBN (40%)/GNP (8%) samples exhibiting an average
SH of 38 A.
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3.2.3. Rheology of Uncured PDMS/hBN, PDMS/GNP and PDMS/hBN/GNP Samples

The addition of low amounts of hBN or GNPs produced composites with viscosity
ranging from 3.2 Pa·s and 3.3 Pa·s for 5 wt% samples filled with hBN or GNPs, respectively,
to 3.5 Pa·s for samples filled with 8 wt% hBN and 3.9 Pa·s for samples filled with 8 wt%
GNPs (Figure 9). At higher filler content, samples filled with 20 wt% hBN were measured at
7.1 Pa·s viscosity, while the composites containing GNPs exhibited a viscosity of 21.9 Pa·s.
The 102% difference can be attributed to the high surface area GNP flakes interacting with
PDMS. When hBN was replaced with GNPs, the produced samples surpassed in viscosity
the samples filled with only hBN, with hBN (48%) and hBN (40%)/GNP (8%) samples
measured at 338.2 Pa·s and 361.6 Pa·s, respectively. During sample preparation, it was
observed that samples with a viscosity higher than ~300 Pa·s became increasingly difficult
to process, and the hBN (40%)/GNP (8%) samples had the highest filler concentration
where degassing was achievable. The measured viscosity values are reported in Table 5.
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Figure 9. Viscosity values for different PDMS-based samples with hBN and GNP fillers measured at
RT and at 1 s−1.

Table 5. Viscosity values for PDMS-based samples with different GNP and hBN content, measured at
1 s−1 shear rate.

Filler Type and Content
(wt%)

Viscosity
(Pa·s)

Neat PDMS 2.7

hBN (5) 3.2

hBN (8) 3.5

hBN 20 7.1

GNP (5) 3.3

GNP (8) 3.9

GNP (20) 21.9

hBN (48) 338.2

hBN (40) + GNP (8) 361.6

hBN (40) + GNP (10) 418.1

hBN (40) + GNP (12) 505.3
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3.3. SEM

The development of different formulations was visualised through SEM. In Figure 10a)
the neat PDMS matrix can be viewed as a smooth continuum with some wrinkle topology.
Figure 10b represents 50 wt% loading of randomly dispersed hBN, and this is followed by
Figure 10c, showing a sample containing 8 wt% GNPs where the even distribution of the
flakes can be confirmed. Figure 10d depicts a sample with 40 wt% hBN and 8 wt% GNPs,
where the hBN flakes are randomly distributed within the GNP/PDMS matrix. GNP flakes
show good adhesion to PDMS, with the fractured surface only developing smooth bumps
created by GNP flakes coated by a layer of PDMS (Figure 10c). In contrast, Figure 10b,d
demonstrate the poor interaction of hBN with PDMS, as pristine hBN flakes are exposed
after fracture, with cavities and gaps at their interface with the host matrix.
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4. Conclusions

It has been shown that the addition of 5 wt% graphene in PDMS filled with 40 wt% hBN
develops a synergistic effect between the fillers, achieving higher TC at 0.99 W m−1 K−1

when compared to the TC of samples containing only hBN (0.92 W m−1 K−1) at the
same total filler content. Moreover, adding a further 5 wt% of graphene allowed for the
production of nanocomposites with easier processability at increased filler content, up to
50 wt%, with a TC of 1.23 W m−1 K−1. It has also been shown that the introduction of
graphene in PDMS matrix inhibits curing with hBN (40%)/GNP (8%) nanocomposites
showing an 81% decrease in ∆Hult, and thus produces soft (38 A) nanocomposites with
a low elastic modulus at 2.75 MPa and high elongation of 151%. Another effect of GNPs
on the thermal properties of PDMS and PDMS-based TIMs containing hBN is that while
hBN increases the thermal stability by 25.8 ◦C, the addition of 5 wt% GNPs reduces the
thermal stability of the nanocomposites to closely match that of neat PDMS. In general,
it has been demonstrated that deteriorations in mechanical properties, such as stiffness
caused by the high ceramic filler loading required to achieve TIMs, can be counteracted
by adding relatively small quantities of graphene, which also increases the TC. Graphene
and related layered materials are promising nanofillers for the development of efficient
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TIMs, and the results presented in this paper can be utilised in tailoring the mechanical
and thermal characteristics of TIMs according to the needs of the intended application.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/en16062522/s1, Table S1: Comparison of the filler type & content,
TC, and mechanical properties of the PDMS-based composites described in literature and present
work.
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