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Incorporation of fillers to modify the mechanical performance of
inverse vulcanised polymers
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Sulfur is a by-product of the refinement of crude oil and natural gas, produced at millions of tonnes per annum, resulting in
DOI: 10.1039/x0xx00000x large overground storage of elemental sulfur. “Inverse vulcanisation” allows for the use of high proportions of sulfur to
synthesise inverse vulcanised polymers. However, inverse vulcanised polymers need to be further improved in their
mechanical performance to widen their applications. Like with many conventional polymers, fillers can also be used to tailor
the mechanical properties of inverse vulcanised polymers, for example, by increasing their tensile strength. The use of the
polymer, sulfur-1,3-diispropenylbenzene (S-DIB), as a model system for the addition of fillers (carbon black, cellulose
microfibres, and nanoclay) at 2-10 wt.% (weight percentage) and their effect on the mechanical properties of the resultant
composite is reported herein. Following optimisation with S-DIB, the technique was shown to be transferable to related

polymer systems.
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Inverse vulcanised polymers, also known as sulfur polymers,
allow for the utilization of >50 wt.% (weight percentage)
elemental sulfur, using the process “inverse vulcanisation” as b
coined by Pyun et al.! Sulfur is a by-product of the refinement
of crude oil and natural gas, produced at over 70 million tonnes
per annum.2 3 Some of the current applications of sulfur include
vulcanisation of rubber,* fertilisers,> and the production of
sulfuric acid;® however, there remains a large sulfur surplus.?

Generally, the synthesis of inverse vulcanised polymers first
involves the melting of elemental sulfur above its floor
temperature of 159 °C to initiate ring opening polymerisation
(ROP). This produces diradical polysulfide chains which are
unstable and can return to the cyclic Sg structure of elemental
sulfur. To prevent this, inverse vulcanisation is carried out by
employing vinyl crosslinkers (Scheme 1a). The C=C double
bonds present in crosslinkers react with the terminal sulfur
radicals to stabilise the polysulfide chains. This ability to
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Scheme 1 (a) Reaction scheme of inverse vulcanisation. (b) Structure of
monomers used in this study.

crosslink and stabilise polysulfide chains allows for the high
sulfur content observed in inverse vulcanised polymers.t 7

The applications of inverse vulcanised polymers include
heavy metal capture,® ® Li-S batteries,0 oil-water separation,!!
IR transparent lenses,’2 self-healing materials,’3 and
construction materials.1% 15 The low cost of sulfur, and many of
the crosslinkers used, as well as the simplicity of the synthesis
which is often solvent-less and one pot, gives inverse

a-Department of Chemistry, University of Liverpool, Crown Street, Liverpool, L69
72D, UK

t Footnotes relating to the title and/or authors should appear here.

Electronic Supplementary Information (ESI) available: [details of any supplementary

information available should be included here]. See DOI: 10.1039/x0xx00000x

vulcanisation the potential to produce materials economically
at scale.16 Inverse vulcanised polymers have also been reported
to be recyclable owing to the reversibility of the S-S bond,
classifying them as vitrimers.3. 17. 18 This ability to be re-
processed opens doors to further physical
enhancements post-synthesis.1?

Although inverse vulcanised polymers currently have these
useful applications, many of them do not possess suitable
mechanical properties to be put to practical use. Currently, the
benchmark in tensile strength for inverse vulcanised polymers
is 60.44 MPa for a polymer with allyl glycidyl ether (AGE),
reported by Char et al.2° However, many inverse vulcanised
polymers attain tensile strengths lower than conventional

property
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polymers, such as polyurethane (24 MPa), polypropylene (26
MPa), and polystyrene (34 MPa).21 The softer inverse vulcanised
polymers tend to be weak, such as S-canola oil, while stiffer,
stronger inverse vulcanised polymers such as S-
dicyclopentadiene (S-DCPD) tend to be highly brittle.22 Stronger
inverse vulcanised polymers are usually not ductile, limiting
their toughness, which is determined by the area under the
curve (AUC) in stress-strain graphs.22 Currently a lot of research
has been focused on tailoring the properties of inverse
vulcanised polymers by changing the crosslinker and wt.% of
sulfur,?2-24 or including secondary crosslinking functionalities.1?.
20, 5 An alternative method to modify inverse vulcanised
polymers is by the addition of fillers.

Fillers are most often solid particulate additives that can be
added to enhance the properties or to lower the cost of the
polymer.26  Many conventional polymers use fillers for
enhancement, such as polypropylene using calcium carbonate
for increased toughness.2? Elastomers such as rubber are often
filled with carbon black (CB) and silica; car tires greatly benefit
from the abrasion resistance and decreased heat build-up
provided by silica, improving their durability.22 Another
example is glass-fibre-reinforced polyester, used in a wide range
of applications in cars, ships and aircrafts, whereas, the
brittleness and low strength of unfilled polyester has more
limited applications.?® It can be established that without fillers,
some polymers would fail to meet the specifications required
for their current applications.# Therefore, investigating the use
of fillers to apply to different inverse vulcanised polymers allows
for a further increase in the versatility of the properties that can
be achieved.

a(i) 1D a(ii)

b(i)

2D

i) 3D

Fig. 1 (a) Representation of 1D filler geometry and micrograph of CMF on the
riﬁht for comparison. (b) Representation of 2D filler geometry and micrograph
of NC on the right. (c) Representation of 3D filler geometry and micrograph of
CB on the right.
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For conventional polymers, it is generally understood that the
properties obtained are predominantly determined by the size
and geometry of the filler particle. Filler particle geometry is
classed as 1D for fibres, 2D for flat, layered structures, and 3D
for spherical and ellipsoidal particles (Fig. 1).26 Studies have
shown that fillers of increasing aspect ratio stiffen the polymer.
Therefore, it was expected that fillers with a fibre geometry
would result in the greatest increase in the stiffness of the
polymer.39 However, particle size also has a large effect, where
smaller particles provide a larger surface area; therefore,
greater interfacial area for adhesion between filler and
polymer.3t

Unlike conventional carbon-based polymers, there have not
been many studies on the modification of inverse vulcanised
polymers using fillers. Zhang et al. reported the use of liquid
metals: gallium, gallium-zinc eutectic alloy, and gallium-indium
eutectic alloy in sulfur-1,3-diispropenylbenzene (S-DIB). The
addition of these liquid fillers provided an increase in tensile
strength and conductivity in the polymers. The addition of liquid
metals at 20.95 wt.% resulted in an increase in tensile strength
from 0.25 MPa to 0.59 MPa.’® Chalker et al. studied the
reinforcing properties of wool that was stretched and aligned in
different orientations.32 Ryu et al. used ZnS to increase the
refractive index and improve the thermomechanical properties
of inverse vulcanised polymers for applications such as optical
lenses.33 Liu et al. used several solid fillers to investigate their
ability to adjust polymer density.34 Many other reported uses of
fillers in inverse vulcanised polymers have been for Li-S battery
applications, for example, the addition of molybdenum disulfide
(MoS,) to S-DIB at loadings of 10-50 wt.% by Pyun et al.35 36
Most literature have not reported the effect of the fillers on the
mechanical properties of the inverse vulcanised polymers. Only
Chalker et al. and Zhang et al. have reported effects on
mechanical properties such as tensile strength. However,
composites containing wool cannot be reprocessed without
affecting the alignment of the wool fibres.32 Also, liquid metals
are more unconventional fillers, resulting in a gap in the
research on more common solid fillers and their effect on the
mechanical properties of inverse vulcanised polymers.18 26
Here, we report the first study on how the addition of solid
particulate fillers modify physical properties, such as tensile
strength, of inverse vulcanised polymers.

Experimental

Materials

Sulfur (Ss, 325 mesh, 299.5%, Brenntag UK & Ireland), 1,3-
diisopropenylbenzene (DIB, Tokyo Chemical industry),
dicyclopentadiene (DCPD, Tokyo Chemical industry), 4,4’-
methylenebis(phenyl isocyanate) (MDI, 98%, Sigma-Aldrich),
Span 80 (Span, Sigma-Aldrich), linseed oil (LO, Sigma-Aldrich),
carbon black (CB, acetylene, 50% compressed, 99.9+%, Sigma-
Aldrich), nanoclay hydrophilic bentonite (NC, Sigma-Aldrich),
and microfibres filler powder (CMF, MBFibreglass). All
chemicals were used without further purification.

Characterisation
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Tensile tests were carried out using Shimadzu EZ Test at a
crosshead speed of 5 mm/min at 25 °C.

Differential scanning calorimetry (DSC) thermograms were
obtained using TA DSC25, where heat-cool-heat cycles were
carried out with temperature ranges of -50 — 150 °C, and -50 —
60 °C under nitrogen. The heating rate was 10 °C/min and the
cooling rate was 5 °C/min.

Fourier Transform Infrared Spectroscopy (FT-IR) was
performed with a Bruker Vertex V70 FT-IR spectrometer, with a
germanium ATR crystal. Polymers and polymer composites
were analysed as thin films with a thickness of ~0.1 mm.

Scanning electron microscopy (SEM) imaging of the
polymer and composite materials morphology was achieved
using a Hitachi S-4800 cold Field Emission Scanning Electron
Microscope (FE-SEM) operating in both scanning and
transmission modes. The dry samples were prepared by
adhering the polymer monoliths to a SEM stub with silver paint.
Samples were coated with chromium by a Quorum sputter
coater. Neat fillers were dispersed in methanol, then a drop of
filler dispersion was placed on a plasma cleaned silica wafer to
adhere to the surface. Only NC was sonicated in methanol for
15 min to allow for some exfoliation. Imaging was conducted at
a working distance of ~8 mm of 5 kV. Images were taken using
a combination of both upper and lower detector signals.

Thermogravimetric analysis (TGA) was carried out using TA
Instruments Discovery TGA550 with wire wound (Pt/Rh)
furnace at a ramp rate of 10 °C/min to 600 °C under nitrogen
purge gas.

Notation

The wt.% of sulfur precedes the polymer name, and the wt.% of
the filler precedes their abbreviation. For example, for a 65
wt.% S containing polymer, crosslinked with DIB, that has then
been filled with carbon black to make up 2 wt.% of the total
composition, the notation would be: 655-DIB-2CB. The 65 wt.%
sulfur, 35 wt.% DIB designation therefore refers to the
composition of the pure copolymer, before addition of filler.

Synthesis of S-DIB

Sulfur (6.5 g, 0.20 mol) and DIB (3.5 g 0.022 mol) were added to
a 40 mL reaction vial, sealed with a septum, and heated at
155 °Cin a heating block on a hot plate with stirring at 900 rpm.
The mixture changed from yellow to a dark red viscous mixture
after 30 min and was poured out into a silicone mould. The
polymer was placed into the oven to cure at 140 °C for 30 min.

Synthesis of S-DCPD-LO

Sulfur (5 g, 0.16 mol), and linseed oil (LO) (2.5 g, 0.0089 mol)
were added to 40 mL reaction vial and heated to 160 °C in a
heating block on a hot plate with stirring at 900 rpm. After 1 h,
pre-heated DCPD (2.5 g, 0.019 mol) was added to the viscous
brown mixture. After 5-10 min, the polymer turned black and
was poured into a silicone mould then cured in the oven at 140
°Cfor 3 h.

Synthesis of S-Span-MDI

This journal is © The Royal Society of Chemistry 20xx
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Sulfur (5 g, 0.16 mol), Span 80 (5 g, 0.0117 mol), and Zinc
diethyldithiocarbamate (100 mg) were added to a 40 mL
reaction vial and heated to 160 °C in a heating block on a hot
plate with stirring at 900 rpm for ~1 h. MDI (1.46g,
0.00585 mol) was added to the light brown mixture and stirred
for 3-5 min until viscosity increased. The mixture was poured
into a silicone mould then placed in the oven to cure at 140 °C
for ~24 h.

Synthesis of polymer composites

65S-DIB was frozen with liquid nitrogen and ground into a fine
powder with a pestle and mortar. The chosen filler was added
to the 65S-DIB polymer powder and mixed in using the aid of
acetone. The powder polymer-filler mixture was hot-pressed at
120 °C for 10 min into a film with a thickness of ~0.5 mm. The
same process was carried out for S-DCPD-LO and S-Span-MDI,
however, the polymer composite was cured for a further 2 h
before hot-pressing a second time to make dog bones.

Results and Discussion

The fillers used in this study were CB, cellulose microfibres
(CMF), and nanoclay (NC). Firstly, a flexible form of S-DIB was
synthesised and characterised by FTIR, DSC, and TGA (available
in the ESI), then each filler was tested at loadings of 2-10 wt.%.
The reinforcing properties of the fillers being investigated were
solely of interest, therefore there was more freedom with
choosing the polymer system for the testing of the fillers. This
meant that the strength of the polymer was insignificant, as
long as the polymer matrix was flexible enough to undergo
tensile testing with ease. Only the difference in strength
between the chosen polymer for this study and the resultant
polymer composite was of significance. There was no intention
in achieving a polymer composite stronger than other reported
inverse vulcanised polymers. S-DIB was chosen as the model
system as it was tailored to be highly flexible; therefore, it
simplified the process of cutting and tensile testing of dog bone
samples by preventing breakage. When synthesised as reported
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Fig. 2 (a) S-DIB after curing in silicone mould (7.5 cm x 5.5 cm); (b) S-DIB in

powder form; (c) S-DIB film; (d) dog bone samples of S-DIB (75 mm x 4 mm,
with a gauge length of 25 mm).
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Fig. 3 (a) Micrograph of the cross-section of unfilled S-DIB and EDS maps of S (cyan), C (yellow), and O (orange). (b) Micrograph of the cross-section of S-DIB-
10CB and EDS maps of S, C, and O. (c) Micrograph of the cross-section of S-DIB-10CMF and EDS maps of S, C, and O. (d) Micrograph of the cross-section of S-

DIB-10NC and EDS maps of S, C, O, Al, and Si.

in literature, S-DIB is usually brittle with a T; above room
temperature (43.5-49.2 °C).23 S-DIB could be tailored by
shortening the curing time to afford a more flexible polymer
with a Tg of -1.1 °C (Table S1). A reaction temperature of 155 °C,
close to the floor temperature of sulfur, slowed down the
reaction to allow for more control.

Sulfur polymer composites were prepared using a solid-
grinding method post-synthesis of S-DIB using liquid nitrogen to
make the polymer brittle and to prevent the polymer powder
(Fig. 2b) from sticking together. Acetone was used to aid the
mixing of the polymer powder by preventing electrostatic
interactions. Using this method resulted in aggregation and
agglomeration of fillers, as shown in Fig. 3. Addition of filler
during polymer synthesis was unsuccessful, resulting in a
significant increase in viscosity, while potentially interfering
with the inverse vulcanisation reaction. Therefore, this method
further limits the filler loading compared to the solid-grinding
method. Higher loadings prevented stirring of the mixture or
even reached saturation, resulting in solidification of the
polymer mixture. Interference with the reaction itself put the
polymer at a greater risk of depolymerisation, especially as it
had a low curing time of 30 min.

Aggregate formation of neat CB, and NC fillers are shown in Fig.
1cii and Fig. S12b, respectively. In Fig. 3di, the morphology of
NC particles in S-DIB-10NC is consistent with the micrograph of
neat NC filler. EDS mapping confirms the presence of NC
aggregates, with areas of very low sulfur concentration in Fig.
3d. The large aggregates formed by NC are likely due to its
smaller particle size, strengthening filler-filler interactions
significantly, preventing its even dispersion within the polymer
matrix.3’Additionally, inverse vulcanised polymers are often
found to be hydrophobic, whereas, NC is a hydrophilic filler.1°
38This further increases the difficulty in dispersing the NC
particles.

4| J. Name., 2012, 00, 1-3

The rough surface texture as seen in Fig. 3ci, as well as the
increased C atom concentration (Fig. 3civ), indicates areas of
higher concentration of CB. Whereas S-DIB morphology is
mostly smooth with only the presence of sulfur crystals and
stress lines from fracture. Although CB primary particles are
spherical, with the lowest aspect ratio, the primary particles do
not exist on their own, but instead are present within a
branched aggregate structure (Fig. 1cii).4Fig. 3c indicates more
of an agglomerate structure of the smaller aggregates of CB as
there appears to be interactions with the polymer matrix within
the agglomerate of CB. This is supported by EDS, showing the
presence of sulfur atoms in the areas of the CB agglomerates,
unlike the absence of S atoms at NC aggregate sites. If the whole
structure was an aggregate made up of strongly interacting CB
particles, interactions with the polymer matrix would likely be
limited to only the surface of the aggregate. Instead, what can
be observed in Fig. 3cis likely to be multiple small CB aggregates
loosely bound together by Van der Waals forces to make a
larger agglomerate structure, hence, the successful stress
transfer from polymer to filler achieved with CB in S-DIB.38 Also,
CB is highly hydrophobic with good compatibility with most
conventional polymers making it considered as a “universal
filler”.31 This meant that stronger interfacial adhesion between
CB and S-DIB was likely, indicating that CB was expected to be a
more suitable filler than NC, with greater compatibility with S-
DIB, which is also hydrophobic.1?

CMF have a larger particle size than NC and CB, as a fibre is
shown with a width of approximately 10-17 um and length of
approximately 75 um in Fig. 1aii. However, its fibrous structure
means that CMF tend to entangle, with high susceptibility to
aggregation due to its hydrophilic nature.3? Although this is the

This journal is © The Royal Society of Chemistry 20xx
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FiF. 4 Graphs demonstrating the effect of loading S-DIB with different wt.% of
filler on (a) tensile stress; (b) strain; (c) toughness; (d) Young's Modulus.

case, their high aspect ratio is highly effective at reinforcing the
polymer, often resulting in an increase in tensile strength.

As the fillers were not treated with coupling agents, strong
covalent bonds between polymer and filler were not expected.
To demonstrate this, DSC was carried out to reveal any
significant changes in T; with addition of fillers to indicate the
type of polymer-filler interactions present. For most S-DIB
composites, a decrease in T; is observed, however for S-DIB-
2NC, and S-DIB-10NC, an increase in Ty has occurred. As a
significant increase in Ty has not been observed for most S-DIB
composites, physical interactions (Van der Waals) are likely to
be the polymer-filler interactions present in the S-DIB
composite samples.

Fillers, CB, CMF, and NC were tensile tested at loadings of
2 wt.% - 10 wt.%. Each filler provided the greatest increase in
tensile strength at 10 wt.% loading, shown in Fig. 4, with CB
providing the greatest increase in tensile strength overall
(0.87+0.0056 MPa), followed by CMF (0.82+0.0092 MPa), then
NC (0.55+0.015 MPa). S-DIB-CB composite tensile strength
increased with filler loading, whilst strain more gradually
decreased. As a result of the maintained moderate ductility of
S-DIB-CB composites at higher loadings, the toughness also
increased.

As CMF loading increases, the tensile strength steeply
increases, along with the Young's modulus, indicating an
increase in stiffness. Although providing the second greatest
increase in tensile strength at 10 wt.% loading, CMF has caused
ageneral decrease in toughness. As the high aspect ratio of CMF
stiffens the polymer greatly, as confirmed by the Young’s
modulus, this becomes detrimental to the ductility of the
polymer. The steep decrease in strain with increased CMF
loading results in a strain of 42.16 + 4.01% at 10 wt.% - less than
50% of the strain attained by the pure polymer. The increase in
aspect ratio increases anisotropy which results in the
magnitude of tensile stress experienced being highly dependent
on the orientation of the fibre. A fibre oriented parallel to the
direction of the uniaxial tensile force attains a greater tensile
strength than a fibre oriented perpendicular to the direction of

This journal is © The Royal Society of Chemistry 20xx

the force. Although this is the case, the random orientations of
the fibres likely eliminated the expected disparity between
samples.

In contrast, as NC loading increases, the tensile strength of
S-DIB more gradually increases. Loadings below 10 wt.% did not
increase tensile strength greatly, with some attaining lower
tensile strengths than pure S-DIB. As NC is a mineral filler of
higher density, a higher wt.% is likely required to bring about a
similar increase in tensile strength to lower density fillers such
as CB and CMF. Although this was the case, S-DIB-NC polymer
composites maintained the strain close to that of the pure
polymer even at higher loadings. As the S-DIB-NC polymer
composites remained ductile, only a small increase in tensile
strength was required to increase the toughness. Hence, a
loading of 10 wt.% NC allowed for a significant increase in
toughness although the tensile strength had not increased
greatly compared to the other fillers.

As the highest increase in tensile strength was seen at
10 wt.% for each filler, tests were repeated at this loading on
other polymer systems. The polymer systems chosen were S-
dicyclopentadiene-linseed oil (5-DCPD-LO) and S-Span 80-4,4'-
methylenebis(phenyl isocyanate) (S-Span-MDI). 50S-DCPD-LO,
contains an equal ratio of LO to DCPD to exploit the flexibility
provided by the long-chain triglyceride structure in LO to
counteract the brittleness usually provided by crosslinking with
DCPD.22 Like LO, Span provides flexibility to 50S-Span-MDI. Span
first reacts with sulfur to form a linear pre-polymer consisting of
long sulfur-based chains, followed by crosslinking of the
hydroxide groups on Span with MDI to form urethane bonds.1?
The mole ratio of Span to MDI used was chosen based on which
polymer would be considerably stronger than S-DCPD-LO whilst
also providing enough flexibility, ideal for tensile testing. As
both are terpolymers, they are more complex polymer systems
compared to S-DIB. Further optimisation of the synthesis was

required for S-DCPD-LO and S-Span-MDI to properly
a i
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Fig. 6 Bar charts demonstrating the effect of loading S-DCPD-LO and S-Span-
MDI with different wt.% of filler on (a) tensile stress; (b) strain); (c)
toughness; (d) Young's Modulus.
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Fig. 5 (a) Micrographs of the cross-section of S-DCPD-LO-10CB sample that

was both hot-pressed and re-cured. (b) Micrographs of the cross-section of S-
DCPD-LO-10CB sample that was only hot-pressed.

incorporate the filler, ensuring strong enough polymer-filler
interactions for stress transfer to be feasible. After hot-pressing
the S-DCPD-LO-filler mixture, the sample was placed into the
oven to cure for a further 2 h, followed by hot-pressing and
cutting into dog bones. This additional re-curing step was
necessary for the filler to be able to reinforce these polymers
through stress-transfer. Without re-curing, the polymer
composites were achieving very similar tensile strengths to the
pure polymer, but with a lower strain, decreasing the toughness
of the polymers (Fig. S7b).

Fig. 5 shows the effect of re-curing on S-DCPD-LO-10CB.
Although the re-cured sample also contains large agglomerates,
the concentration of CB particles within the agglomerate
appears to be significantly reduced. This could indicate a greater
interaction between CB and the polymer matrix. Fig. 5aii of the
micrograph of re-cured S-DCPD-LO-10CB sample appears to
contain fewer pores, hence fewer defects within the sample
that can have a significant impact on the tensile test.

The 30 min curing time meant that S-DIB was only partially
crosslinked, making it easier to process. This meant S-DIB did
not require the additional recuring step for sufficient polymer-
filler interactions, making it more ideal as the model system. As
the hot-pressing conditions were capable of curing S-DIB,
confirmed by an increase in T (Table S1), the curing process
might be responsible for the formation of polymer-filler
interactions, hence the change in conditions was necessary to
provide curing conditions for S-DCPD-LO and S-Span-MDI to
incorporate the filler particles more effectively. As S-DCPD-LO
and S-Span-MDI were both cured for a longer time than S-DIB
any further changes in the structure through re-curing could be
slower compared to S-DIB. This could be due to both S-DCPD-LO
and S-Span-MDI possessing higher crosslinking densities than S-
DIB, hence requiring a greater length of time for chain
movement upon heating within a more restrictive polymer
matrix.

Mostly similar observations were made for all fillers in S-
DCPD-LO and S-Span-MDI polymers. CB and CMF remained
closely matched in their effect on tensile strength, providing a
similar percentage increase of ~78% in S-Span-MDI (Fig. 6).
Unlike S-DIB and S-DCPD-LO, S-Span-MDI toughness decreased
with the addition of fillers at 10 wt.% loading. The addition of
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CB to S-DCPD-LO and S-Span-MDI attained the greatest increase
in Young’s Modulus. This explains the decrease in toughness
when 10 wt.% CB is added to S-Span-MDI as S-Span-10CB
achieved the lowest strain. These results confirm that the fillers
in this study have the potential to be applied to a variety of
inverse vulcanised polymers.

As the maximum filler loading was limited to 10 wt.%,
limitations to the extent of mechanical modifications on the
polymer systems therefore resulted. As indicated by the trend
in increasing tensile strength with filler loading, higher loadings
than 10 wt.% have the potential to further increase the tensile
strength of inverse vulcanised polymers, provided they are
homogeneously mixed to prevent formation of any large
aggregates.

Conclusions

The fillers investigated have demonstrated that a variety of
property modifications can be achieved when added to inverse
vulcanised polymers. All fillers provided the greatest increase in
tensile stress at 10 wt.% loading, also resulting in an increase in
toughness of S-DIB when filled with CB or NC. Only a 10 wt.%
loading of fillers in S-DIB was required to achieve a 129%
increase in tensile strength (CB), 93% increase in toughness
(NC), and 634% increase in Young’s modulus (CMF). Similar
trends in results have been observed for NC and CMF in S-DIB,
S-DCPD-LO, and S-Span-MDI, with the exception of CB
increasing Young’s modulus more greatly than CMF in S-DCPD-
LO than in S-DIB.

Deviations in the properties provided by the fillers from
what was expected by their particle geometry owes to particle
aggregation. This phenomenon is more apparent in smaller
particle sized fillers, CB, and NC. Usage of filler loadings greater
than 10 wt.% were not carried out as processing difficulties can
potentially arise, as well as the increased difficulty of cutting
dog bone samples containing higher filler loadings. Low density
fillers, such as CB, also appeared to be very close to, or reached
saturation point at 10 wt.%, with a small excess of CB that had
not been hot-pressed into the polymer. This limited the
mechanical property enhancements that could be achieved.
Higher density fillers would have the ability to easily be added
at higher loadings, such as MoS,, reported at loadings of up to
50 wt.%.36

Attaining strong enough polymer-filler interactions for
stress-transfer can be more difficult in some inverse vulcanised
polymers compared to others depending on ease of processing.
This was demonstrated with S-DCPD-LO and S-Span-MDI, both
requiring an extra re-curing step after incorporation of the
fillers.

As the dispersion of fillers were not optimal and the loading
was low, more advanced processing techniques, such as screw
extrusion, and/or compatibilising agents may allow for more
homogeneous mixing, higher levels of filler loading, and
therefore even greater enhancements of properties. These
results therefore show excellent potential for future work.

This journal is © The Royal Society of Chemistry 20xx
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