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ARTICLE INFO ABSTRACT

A remarkable enhancement in the mechanical and fracture properties of elastomers, imparted by flat pre-
dominantly 2-dimensional nanoparticles, is reported. Elastomers of hydrogenated nitrile butadiene rubber
(HNBR), incorporating surface-functionalized montmorillonite clay, nanographite, carbon fiber, or carbon black,
were thermally crosslinked in the presence of a bismaleimide coagent using a peroxide free-radical generator.
Clay platelets, side-functionalized with octadecyl amine and edge-functionalized with reactive amino groups,
were used to achieve good dispersion in the elastomer matrix. The clay-filled elastomer exhibited multiple glass
transitions in their dynamic mechanical analysis (DMA) and approx. 6 times higher tear resistance, 4 X higher
rubbery plateau modulus, 2 x higher modulus of toughness, and 2 x higher crack initiation resistance than an
elastomer containing equivalent carbon black concentration. Nanographite also resulted in property enhance-
ment, albeit to a lower extent than nanoclay. Flat fillers are evidently able to arrest crack growth better than
fillers with spherical or elongated shapes. DMA loss tangent data, and dissipated energy fraction calculated from
the cyclic tensile test data, show that the flat fillers are better able to release strain energy in the form of viscous
dissipation, rather than use it for increasing the crack surface area. SEM images of fractured surfaces are reported
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and discussed.

1. Introduction

Fracture strength is an essential requirement for the use of elasto-
mers in the chemical industry, and transportation and aerospace ap-
plications. Consequently, there is renewed interest in improving the
fracture toughness of elastomers using particulate fillers [1-7], based
on a concept dating back to the time when carbon black was being
studied for mechanical reinforcement of elastomers [8].

The influence of filler aspect ratio (defined as the ensemble average
of the ratio of the largest to the smallest dimension of a particle) on
mechanical properties of polymer nanocomposites is well-recognized
[6]. However, there are contradictory reports in the literature on the
benefits of the use of non-spherical filler particles over carbon black or
silica, and studies on elucidating filler shape and size effects are of
continued importance [9-14]. Scotti et al. [14] investigated composites
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of styrene-butadiene rubber (SBR) consisting of spherical and aniso-
tropic silica nanoparticles and found that the rod-like particles (with
higher aspect ratio) provided stronger mechanical reinforcement.
Zhong et al. [10], who studied SBR nanocomposites with spherical si-
lica particles, elongated halloysite nanotubes, and flat montmorillonite
(Mt), reported better reinforcing effect with the spherical particles.
Dong et al. [11] compared nanocomposites of natural rubber with
carbon black (CB, spherical), graphene oxide (planar), and carbon na-
notubes (CNTs, high aspect ratio) and reported that it was the spherical
CB that resulted in the best quasi-static fracture resistance and dynamic
crack growth resistance. Nadiv et al. [9] compared fracture toughness
of an epoxy resin reinforced with 1-D carbon nanotubes, 2-D graphite
nanoplatelets, and 3-D graphite particles, and concluded that CNTs
exhibited the highest reinforcement efficiency (defined as the ratio of %
enhancement and wt % of filler in the composite). They also reported a
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non-monotonic dependence of fracture toughness on nanoparticle
concentration, with rather low concentrations at which the fracture
toughness peaked.

There are few reports on the use of nanoparticles with reactive
surfaces for enhancing fracture toughness of elastomer nanocomposites.
In the study reported herein, a dramatic improvement in several me-
chanical and fracture properties of partially hydrogenated poly(acry-
lonitrile-co-butadiene) rubber (HNBR) was observed when surface-
functionalized clay nanoparticles, which contained not only the alkyl
groups commonly used to make surfaces of clay platelets nonpolar (and
therefore miscible with nonpolar polymers) but also amino groups that
were reactive toward a bismaleimide coagent, were incorporated as
fillers. A comparison of the properties of the clay-filled elastomer with
those filled with conventional carbon black and graphite particles,
which did not contain reactive surface amino groups, enabled some
direct inferences on the effects of filler shape and interfacial chemistry
on elastomer properties.

Several studies have been conducted to understand the effects of
filler shape and surface chemistry on the tensile, thermal, and dynamic
mechanical properties of elastomers [1-7,9-11,14]. However, in-
vestigations focusing on filler interfacial aspects in tandem with the
fracture properties of elastomer nanocomposites are limited. How the
shape, connectivity, and surface chemistry of the filler particles affect
crack initiation and crack propagation in rubbery materials is an im-
portant question that requires further analysis. Similarly, how various
filler interfaces increase or lower hysteresis in the stress —strain beha-
viors of elastomer nanocomposites requires additional empirical and
theoretical understanding. Some of these questions were addressed in
the present study by quantitative characterization of crack initiation
and crack propagation of elastomers incorporating four different filler
particles. An adaptation of the concept of strain energy release rate that
applies to non-glassy materials, in which elastic crack-tip deformation
complicates fracture analysis compared with a glassy polymer, was
used [15]. The effects of cyclic loading and unloading (in tension) on
hysteresis damping of the elastomer nanocomposites were also mea-
sured and analyzed in terms of the fraction of strain energy dissipated
by viscous losses. A relationship was observed between the measured
fracture properties and dissipated energy fractions.

2. Experimental section
2.1. Materials

Hydrogenated nitrile butadiene rubber (HNBR, CAS No. 9003-18-3,
Zetpol 2020, Zeon Chemicals), having an acrylonitrile content of
36.25 wt %, iodine value of 28 g per 100 g, and a Mooney viscosity, ML
(1 + 4), of 78 at 100 °C was used as the elastomer. Carbon black (N550,
Continental Carbon Company, Houston, Texas, oil absorption number
92 cm® mg~!, iodine number 12.1g per 100g), nanographite (NG,
Nano24, Asbury Carbons, New Jersey, 350 m? g~! surface area), and
carbon fiber (CF, AGM-94, Asbury Carbons, Asbury, New Jersey) were
the three different carbon fillers investigated. Nanomer 1.31 PS surface-
functionalized clay nanoparticles (nanoclay, NC) were received from
Nanocor, Inc. (Hoffman Estates, Illinois). a,a’-Bis(tert-butylperoxy)-m/
p-diisopropylbenzene (BBIPB, VUL-CUP 40KE, Arkema Inc,
Philadelphia, Pennsylvania) was used as the peroxide vulcanization
agent. The peroxide was a mixture of meta and para isomers (approx.
3.6:1 ratio), with a melting point in the range of 35-45 °C. For ease of
handling, it was supplied in powder form, supported on organosilane-
treated calcined kaolin clay (Burgess KE). The BBIPB concentration in
the clay mixture was 40 wt %. N,N’-m-phenylene bismaleimide (m-
PBM, CAS No. 3006-93-7, HVA-2) was used as the coagent in the rubber
formulations. 4,4’-Bis(a,a-dimethlybenzyl)diphenylamine (CAS No.
10081-67-1, Naugard 445) was used as the antioxidant. Zinc oxide and
stearic acid were purchased from Akrochem Corporation (Akron, Ohio).
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2.2. Methods

HNBR composites were compounded using a 1.6-L mixing volume
laboratory internal rotor mixer (Kobelco Stewart Balling Inc.) equipped
with a 30-HP variable speed motor. A two-step process, wherein the
polymer, filler, and other ingredients listed in Table 1, except the VUL-
CUP 40 KE vulcanization agent, were mixed in the first pass. The first
pass mixing was at a rotor speed in the range of 90-100 rpm and a
maximum temperature of approx. 105 °C. After dropping and cooling
the blend on a two-roll mill, the peroxide vulcanization agent was
mixed in the second pass, at a rotor speed of 65-75rpm and a drop
temperature of approx. 85°C. The resulting blend was pressed into
sheets using the two-roll mill and finally vulcanized for 20 min at 160 °C
in a compression press to obtain sheets that were 150 mm X 150 mm in
area and approx. 2 mm in thickness.

Scanning electron microscopy (SEM) was used to analyze filler
particles and cross-sections of the filled elastomers. Fractured surfaces
of the elastomer specimens from the tensile testing experiments were
cut and mounted on metal stubs by using conductive carbon tape. The
samples were sputter-coated with a thin Au/Pd layer and imaged using
a JEOL JSM 6300 field-emission scanning electron microscope. An ac-
celerating voltage of 5kV was used.

A Bruker D8 FOCUS diffractometer, equipped with a Ni foil filtered
0.154 nm Cu Ka line source (2.2 kW Cu anode), a Bragg-Brentano theta-
2theta geometry, and a scintillation counter detector, was used to
generate the X-ray diffraction (XRD) patterns of the fillers and the
elastomer composites. Powder samples were used for the fillers, and
bulk samples (2 2 mm thick discs of the elastomers) were used for the
analysis of the composites. For data acquisition, the step width and
dwell time were 0.1° and 8s, respectively. The characterization was
done at room temperature. A piecewise cubic Hermite interpolating
polynomial was used for baseline subtraction in the reported patterns.

Dynamic mechanical analysis (DMA) was performed using a TA
Instrument Q800 DMA instrument and an 8-mm dual cantilever clamp
according to previously reported procedures [15]. Rectangular bar
specimens of dimensions 20 X 13 x 2 mm?® were punched out of the
compression molded sheets. These specimens were annealed in a va-
cuum oven at 100 °C for 12 h before analysis. The frequency-sweep (f-
sweep) DMA experiments were performed using an oscillatory strain of
0.1% strain amplitude, with the oscillation frequency increased loga-
rithmically from 0.01 Hz to 10 Hz. The measurement temperature was
about 30 °C. A Poisson's ratio of 0.44, a shear factor of 1.2 (accounting
for the variation of shear strain across the bar cross-section), and the
manufacturer-specified clamping factor were used for converting
measured strain-amplitude and stiffness to strain and elastic modulus,
respectively. The temperature-sweep (T-sweep) studies were carried out
over a temperature range of — 150 °C to 200 °C at a constant heating
rate of 3 °C min~! with a strain amplitude of 0.1% and a frequency of
1 Hz.

Flat dumbbell-shaped tensile testing specimens with a gauge length
of 20 mm and width of 2 mm were punched out of the elastomer sheets,
and annealed at 100°C for 12h under vacuum. The tests were

Table 1
Elastomer composition.
phr wt %
HNBR 100 61.2
Filler 45 27.5
Peroxide vulcanizing agent (VUL-CUP 40 KE) 13.20 8.05"
N,N’-m-phenylene bismaleimide 0.90 0.55
4,4’-Bis(a,a-dimethylbenzyl)diphenylamine 2.60 1.60
Stearic acid 0.90 0.55
Zinc oxide 0.90 0.55

@ 3.22 wt % active peroxide + 4.83 wt % clay.
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conducted using a Universal Testing Machine (Instron 5900 R) with a
30KkN load cell controlled by a Bluehill 3 Testing Software (Instron).
The crosshead movement was used for recording specimen elongation
or displacement, A. Simple uniaxial tension tests were conducted under
displacement control at an extension rate of 500 mm min~!. Data re-
ported herein are based on three replicate experiments for each mate-
rial.

The dumbbell specimens were also subjected to cyclic tensile tests
using a triangular strain waveform, consisting of loading and unloading
of the specimen at a constant displacement rate of 50 mm min~'. The
amplitude of the engineering strain, in each set of 5 load-unload cycles,
was increased in steps of 25% until the specimen fractured.

Fracture testing was performed using single edge notch tension
(SENT) specimens, as discussed in Torabizadeh et al. [15]. Rectangular
bar specimens of 100 mm length (50 mm length between grip ends),
15 mm width, and 2 2 mm thickness were punched from the elastomer
sheets using a sharpened steel punch. They were annealed at 100 °C for
12 h under vacuum. A 2-mm edge notch was cut on one side, at the mid-
point of the length of the specimen, using a sharp steel blade (nominal
thickness of 0.23 mm). The crack length was then measured using a
Nikon Eclipse L200 N microscope with a precision of 0.01 mm. Tita-
nium dioxide was applied to the pre-cut notch surfaces to make the
crack growth visible during the test. The elastomer filled with carbon
fiber was cut parallel to the sheet rolling direction, so that the fibers
were oriented, on an average, along the tensile axis of the specimen.
The fracture tests were conducted using a Universal Testing Machine
(Instron 5900R) at room temperature. The extension rate was
5mm min~!. An AmScope MU300 digital camera was employed to
capture images of the open notch and crack tip from a lateral view, at
short time intervals during the test. Up to 50 images collected over a
displacement range of 5-20 mm were analyzed to obtain the crack-tip-
opening displacement (CTOD) vs. displacement, A, data. Experimental
details on the calculation of CTOD are discussed in Torabizadeh et al.
[15]. Strain energy, U, was obtained by integrating load, P, vs. dis-
placement data, and used to calculate the strain energy release rate,
Jsh = U/B(W — ay).. The material resistance to crack extension was
characterized in terms of the resistance curve or R-curve, obtained by
plotting J ! vs. CTOD. The superscript “sh” denotes the fact that this
formula for the strain energy release rate is based on a pure-shear tear
specimen, for which the geometry factor is unity. Crack initiation re-
sistance, Ji., and tear resistance, Ty, were obtained from the value of J s
at crack initiation (CTOD = 0.1 mm) and the slope of the R-curve at
CTOD = 0.2mm, respectively, after applying a geometry factor cor-
rection pre-determined for SENT specimens [15].

3. Results and discussion
3.1. Elastomer composition

Elastomer compositions consisting of flat surface-functionalized
clay nanoparticles (Nanomer 1.31 PS) were compared with those in-
corporating agglomerates of conventional spherical carbon black na-
noparticle (N550). Elastomers filled with flat graphite nanoparticles
(Nano24) and elongated carbon fibers (AGM-94) were also included for
comparison. Although not nanoscale in dimensions, the milled carbon
fiber particles were used in the study to represent high aspect ratio
fillers that are commonly used in polymer composites. The rubber
compounds were prepared by mixing the filler with HNBR and other
additives in an internal mixer and a two-roll mill. The molar compo-
sitions of butadiene, hydrogenated butadiene, and acrylonitrile units in
HNBR were approx. 6.0 mol %, 56.5mol %, and 37.5 mol %, respec-
tively. Thus, the degree of unsaturation was relatively low, making
hydrogen abstraction the primary mechanism for crosslinking. a,a’-Bis
(tert-butylperoxy)-m/p-diisopropylbenzene (BBIPB), which produces
high energy tert-butoxy and diisopropoxy radicals (capable of H ab-
straction) upon heating, was used for crosslinking the elastomer. BBIPB
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is relatively stable at temperatures below 100 °C, but exhibits a high
radical production rate at the crosslinking temperature of 160 °C chosen
in this study. At this temperature, the half-life of the first-order de-
composition reaction in a non-reactive solvent, given by
Inty/, = 18607. 7/T — 41. 05 (where 4/, is the half-life in minutes and T
is the absolute temperature) [16,17], is approx. 6.7 min. The half-life
has been reported to be affected by the polymer in which the peroxide
decomposes, and is generally higher in a solid polymer matrix than in a
liquid solution obtained using an inert solvent. For example, the half-
life of BBIPB in nitrile rubber is approx. 8.7 minat 160 °C [17].

A bifunctional monomeric coagent, N,N’-m-phenylene bismaleimide
(m-PBM), was added to increase the degree of unsaturation (overall
concentration of C=C bonds) in the elastomer formulation and obtain
higher crosslinking. m-PBM is capable of grafting on the polymer
backbone by a free-radical mechanism [18]. More importantly, it can
react with nucleophilic functional groups present on the surface of the
filler particles, for example, the —NH, groups of the surface-functio-
nalized clay, by the aza-Michael addition reaction [19-21]. The aza-
Michael reaction involves the addition of an amine to a conjugated
unsaturated compound, for instance, an acrylate or a maleimide, to
result in C-N bond formation [22]. Such a reaction, of an — NH, group
on the clay particle surface with one of the maleimide groups of a m-
PBM molecule, and a free radical grafting reaction of the other mal-
eimide group of the same m-PBM molecule with HNBR, would lead to
covalent attachment of the polymer chain to clay. Two amine-functio-
nalized clay platelets can also be covalently linked by aza-Michael re-
actions with a given m-PBM molecule. The resulting formation of a
crosslinked co-network of the elastomer and filler particles, as sche-
matically depicted in Fig. 1, is expected to lead to an enhancement in
the mechanical and fracture properties of the elastomers.

Table 1 gives the chemical composition of the crosslinked elastomer
composites reported herein. A baseline elastomer prepared using the
recipe given in Table 1 but without any of the four fillers of interest,
was used for comparison. The focus of this article is on filled elastomers
containing 45 parts of filler per hundred parts of polymer (denoted by
45 phr), a concentration that is significantly higher than the percolation
threshold concentration of the particles [23]. To fully explore the
property enhancement achieved by the surface-functionalized Mt clay,
fracture properties are reported for elastomers containing two other
concentrations of this clay (20 and 30 phr). A detailed correlation of
mechanical properties to essential considerations such as filler volume
fraction and surface area will be discussed in a separate report.

BBIPB was commercially available as a 40 wt % mixture with clay
particles. Thus, all elastomers of the present study, including the
baseline elastomer, contained about 8 phr (4.8 wt %) of organosilane-
functionalized kaolin clay particles from the peroxide curing agent (see

Fig. 1. Schematic of crosslinking of HNBR and amino-functionalized clay par-
ticles mediated by a peroxide and N,N’-m-phenylene bismaleimide coagent.
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Fig. 2. SEM images of: (a) carbon black
1 (CB); (b) nanographite (NG); and (c)
carbon fiber (CF) particles. (d) Powder
XRD patterns of NG, CF, CB, and surface-
functionalized nanoclay (NC) particles.
(e) XRD patterns of bulk specimens of
NC45, NG45, CF45, CB45, and BASE; and
powder XRD pattern of BBIPB peroxide
curing agent loaded on organosilane-
modified kaolin (Burgess KE) clay parti-
cles (VUL-CUP).
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Table 1), in addition to the studied fillers. The elastomers incorporating
particles of surface-functionalized nanoclay, nanographite, carbon
black, and carbon fiber are denoted by NC45, NG45, CB45, and CF45,
respectively. The baseline elastomer is denoted by BASE. Clay-filled
elastomers with 20 and 30 phr concentrations of nanoclay are denoted
by NC20 and NC30, respectively.

Fig. 2(a-c) shows SEM images of the as-received carbon black,
graphite, and carbon fiber particles, along with their powder X-ray
diffraction (XRD) patterns. The mechanically labile agglomerates of
spherical carbon nanoparticles are seen in the SEM image of CB in
Fig. 2(a). Fig. 2(b) shows a flat nanographite particle composed of
layers of graphene sheets. The carbon fiber particles were much larger
than either CB or NG. The milled polyacrylonitrile-based fiber particles
had a carbon content of at least 94%, an average length of 150 um, a
fiber diameter of 7-9 um [see Fig. 2(c)], and tensile strength in the
range of 2.0-3.8 GPa (specified by the vendor).

The X-ray diffractogram of Nano24 graphite particles [Fig. 2(d)]
showed a distinct (002) reflection that is characteristic of the interlayer
spacing in graphite (which is 0.3354 nm in well-crystallized hexagonal
graphite) [24,25]. A relatively broad diffraction profile that was diffi-
cult to resolve into separate sharp peaks was also observed over the 26
range of 41°-45°, in the region where (10), (100) and (101) reflections
are expected. The average number of graphene layers per graphite
particle was estimated to be about 7.5, using the BET surface area of the
nanographite particles and the theoretical surface area of graphene
(2630 m? g~1). Compared with the Nano24 graphite particles, the carbon
fiber and carbon black particles exhibited significantly broader asym-
metric (002) and (10) peaks [see Fig. 2(d)], indicating the presence of
turbostratic carbon in these fillers.

Fig. 2(d) also shows the XRD pattern of the Nanomer 1.31 PS na-
noclay, which is a Mt clay, modified by inner-gallery ion exchange with
octadecyl ammonium cations [26-28] and edge-functionalized with y-
aminopropyltriethoxysilane (y-APTES) [29]. The total concentration of
these organic groups, determined by thermogravimetry, was about
30 wt % (see Fig. S1 in Supplementary Data).

Mt clay particles are made of Al,(Si,O5),(OH), platelets, approx. 1-
nm thick, containing an octahedral sheet of aluminate sandwiched
between two tetrahedral sheets of silicate [5]. The exchange of some of
the AI®* atoms with Mg?* atoms imparts a negative charge to the
platelets. Electroneutrality is obtained by the incorporation of cations
such as Na* in the interlayer spaces (called the galleries) within the
clay particle. In Nanomer 1.31PS, the adsorbed Na™ cations were
substituted by an ammonium cation with an extended organophilic
group, which rendered the platelet surface less polar and more com-
patible with HNBR polymer.

2‘0 3‘0
20 [Cu Ko (°)

10 40

Additionally, the hydroxyl groups present at the edges of the clay
particles were reacted with the -SiOCH,CH3 segments of y-APTES, re-
sulting in pendant reactive amino groups [29]. Based on the informa-
tion from the supplier, Nanomer 1.31 PS contained up to 5wt % of such
particle-bound y-APTES. The X-ray diffraction pattern in Fig. 2(d)
shows a distinct (001) peak at 26 equal to (3.7 = 0.1)°, corresponding
to a d-spacing of 2.4 * 0.1 nm, attributed to reflections from the basal
plane of the platelets. A second peak at (7.2 = 0.1)° is also seen. This
peak could correspond to the second-order reflection of the (001)
planes (expected at 26 =~ 7.4 + 0.2°) with the same d-spacing of 2.4 nm
[301, or could also be a result of an interlayer spacing collapse dis-
cussed by other researchers [31]. A contraction of the d-spacing to a
value of 1.2nm could be because of side reactions between interlayer
silane molecules leading to bridging and interlocking of the platelets, as
hypothesized by Asgari et al. [29]. The intensity of the secondary peak
was, however, relatively low (< 10% of the intensity of the peak at
3.7°) to warrant further detailed investigation in the present study.
Other diffraction, peaks observed in the wide angle range of 20-40° are
characteristic of Mt and quartz, as reported by Ahmed et al. [31].

The organophilic Mt and other clay minerals used in polymer na-
nocomposites are generally prepared either by the cation exchange
reaction with a quaternary ammonium salt [26-28] or by silylation
reaction with an organically modified alkoxysilane [29]. However, in
the Nanomer 1.31 PS particles of the present study, both ion exchange
and silylation reactions were used to obtain surface-functionalized clay
nanoparticles with dual functionality. The reactive hydroxyl groups
required for the silylation reaction are located at the broken edges of
the clay platelets [32], and the structural defects of the interlayer and
external surfaces [33]. The edge hydroxyl groups are more accessible
for the silylation reaction and are preferentially functionalized by y-
APTES [29,32].

Fig. 2(e) shows the XRD patterns of the baseline elastomer and the
elastomer filled with carbon black, graphite, carbon fiber, and surface-
functionalized clay. Compared with the diffraction patterns of the neat
fillers, the diffraction intensities of the elastomer composites were
weak. The XRD patterns in the case of BASE, CB45, and CF45 were
dominated by diffraction peaks associated with kaolinite present in the
VUL-CUP 40 KE initiator. However, all of the carbon-filled elastomers
also showed the graphitic peak near 27° (indicated by an asterisk in the
figure), which is expectedly quite prominent in the diffraction pattern
of NG45.

The clay-filled elastomer showed multiple diffraction peaks, at ap-
prox. 3.1°, 5.5°, and 7.6°, corresponding to d-spacing of 2.8 nm, 1.6 nm,
and 1.2 nm, respectively. If each of these diffraction peaks is assumed to
originate from three different interlayer spacings, then a slight
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of Asgarliet al. .[29'] can !Je 1nferr.ed.. . . E' (MPa) B (MPa) tans
The diffraction intensity was significantly lower in the case of NC45
than the clay powder. The lower diffraction intensity is obviously be- NC45 78.9 7.7 0.098
cause of a lower concentration of the crystalline phase (the clay parti- NG45 25.4 2.4 0.095
cles) in the bulk rubber specimen than in the neat filler. Only about SE:?_P ARL 13; (1)'29 g'g;’
27.5 wt % of the elastomer composite is the surface-functionalized clay CF45-PERP 11.0 0.92 0.084
(see Table 1). The lower intensity could also be because of complete BASE 4.4 0.27 0.062

exfoliation of some of the clay particles into individual platelets during
mixing with the elastomer in the internal mixer, followed by further
shearing in the two-roll mill. In general, the XRD results show that a
nanocomposite with well-dispersed filler particles, and molecular scale
polymerfiller interactions, resulted from the compounding procedure.

3.2. Dynamic mechanical properties

3.2.1. Frequency sweep

Fig. 3(a—c) shows the storage and loss modulus, E’ and E”, re-
spectively, and loss tangent, tand = E''/E’, obtained from f-sweep DMA
measurements on the elastomer specimens at different frequencies, at
30°C. Table 2 gives these values at 1 Hz frequency. All of the filled
elastomers exhibited higher modulus than BASE, as expected. Fur-
thermore, E’ of the elastomers containing the flat fillers, clay and gra-
phite, were 4.0 x and 1.3 x higher, respectively, than CB45. The loss
modulus was also higher for the flat fillers. The E’ values of NC45 and
NG45 were 5.1 x and 1.6 X higher than CB45. Fig. 3(c) shows that tand
was higher for NC45 and NG45, especially at the lower measurement
frequencies, than CB45 or BASE. The carbon fiber filled elastomer,
CF45, had a lower modulus [in both parallel and perpendicular or-
ientations (vide infra)] than CB45. Its tand values were comparable to
CB45.

@ Measurements at 30 °C in dual-cantilever mode at 1 Hz frequency and 0.1%
strain amplitude.

CF45 exhibited anisotropy in mechanical properties, depending on
whether the rectangular bar specimen was punched out from the
pressed sheets, with length parallel to the direction of shear force in the
two-roll mill (CF45-PARL) or perpendicular to this direction (CF45-
PERP). The CF45-PARL specimen was stiffer than the CF45-PERP spe-
cimen, evidently because of the preferential alignment of the fibers
along the direction of shear force in the roll mill. The differences be-
tween the CF45-PARL and CF45-PERP specimens were more pro-
nounced in the tensile testing experiments discussed in section 3.3.

3.2.2. Temperature sweep

Fig. 3(d) and (e) show the T-sweep DMA results for the filled and
baseline elastomer specimens. All specimens exhibited a primary glass
transition over a temperature range of —26 °C to — 3 °C, attributed to
a-relaxation of the HNBR segments of the crosslinked elastomer. NC45
showed additional transitions at higher temperatures, indicating strong
(covalent or physical) polymer—filler and filler—filler interactions.
Three thermal transitions, with onset temperatures at 25 °C, 53 °C, and
119 °C, respectively, are seen in the logE’ vs. T plot for NC45
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Table 3
Glass transition temperatures and activation energy from DMA measurements.”
Ty (C) log EG; — log Ef area (K) Q (kJ mol™
E’ onset E’ inflection E" peak tan § peak
NC45 -25.1(7) -17.7(3) -13.3 -12.5 0.649(5) © 0.0768(2) 254(1)
NG45 -22(1) -14.5(6) -16.4 -12.1 1.54(4) 0.190(1) 243(4)
CB45 -20.5(1) -12.6(6) -16.1 -11.8 1.62(3) 0.201(1) 242(3)
CF45-PARL -20.5(8) -14.0(4) -17.2 -12.5 1.90(2) 0.260(1) 219(3)
CF45-PERP -19.9(2) -14.1(3) -17.0 -12.5 1.743(4) 0.266(1) 197(1)
BASE -22.4(5) -14.4(4) -14.9 -11.8 2.12(3) 0.294(1) 216(3)

@ 3 °C/min heating rate, 0.1% strain amplitude, 1 Hz frequency

b the uncertainty in the least significant digit is given in parentheses; 0.649(5) means 0.649 = 0.005

[Fig. 3(d)]. The transition at 53 °C is close to the order-disorder tran-
sition of octadecyl ammonium surfactant present in the clay [28,34,35],
and perhaps related to the melting of inner-gallery smectic bilayers of
the surfactant molecules. The transition at 119 °C can be attributed to
polymer layers of reduced mobility surrounding the clay particles as
hypothesized by other researchers [23,34]. In fact, Fukahori's theory of
stress softening of filled elastomers (cf. section 3.3.2) is based on
buckling of stretch-oriented molecular bundles connecting these glassy
layers [36]. However, similar multiple transitions were absent in the
DMA thermograms of CB45, CF45, and even NG45 containing flat
graphite particles. Thus, the glass transition at 119 °C is more likely due
to microdomains formed by covalent linking of clay particles with the
polymer matrix, as depicted in Fig. 1.

Table 3 gives the characteristics of the primary transition, in terms
of the temperatures corresponding to the onset and inflection points in
the logE’ vs. T plot, and the E”’ and tand maxima. The primary glass
transition temperature (7;) was not strongly affected by the presence of
the filler. The clay particles, however, showed a weak plasticization
effect in that the E’ onset and inflection temperatures were about 3 °C
lower than the baseline elastomer.

Sadhu and Bhowmick found that the tand peak height decreased
and the position of the tand peak changed marginally (by 1 or 2°C)
with the addition of a small amount (4 phr) of octadecyl amine mod-
ified and unmodified montmorillonite clays to SBR and nitrile buta-
diene rubber (NBR) [37]. The results shown in Fig. 3 and Table 3, for
the elastomer composites of the present study, are consistent with their
report. The peak height (or area) is related to the activation energy of
glass transition, as discussed in the following section.

3.2.3. The activation energy of glass transition

In the dynamic mechanical analysis of a Maxwell material with
single relaxation time, 7, the loss modulus, E", is related to frequency,
w, by:

_ (Ex — Ep)wr

I
1 + w?r? (€9)

If the time constant, 7, shows an Arrhenius dependence on tem-
perature, T = 7, exp(Q/RT) where Q is the activation energy that is in-
dependent of temperature, Read and Williams [38] have shown that

(Ex — Ep)TR
2/(;00 E”d( 1/T) )

where E,, and E, are the high and low frequency modulus, respectively,
R is the gas constant, and T is the absolute temperature. Eq. (2) has
been shown valid for materials with a distribution of relaxation times,
described by empirical equations such as Fuoss-Kirkwood, Cole-Cole,
and Cole-Davidson, or even a completely general distribution of re-
laxation times for which the average activation energy is (1/Q);} [38].
The activation energy is proportional to the strength of the transition,
given by the modulus difference, E, — E, and inversely proportional to
the area under the E”’ vs. 1/T curve. Using Eq. (2) as the basis, Sperling

Q=

and co-workers [39] proposed the following equations for estimating Q
from the area under the loss tangent curve:

0= —(nE; — InEg)wR
2 j;zR tand d( 1/T) (3a)

N (InEg — In ER)TRT;

2 T(T;R tand dT (3b)

In Eq. (3), the strength of the transition is given by the difference in
the logarithms of the storage modulus values in the glassy and rubbery
states, and T; and Ty are glassy and rubbery temperatures, just below
and just above the glass transition temperature, respectively.

Table 3 gives the values of the activation energy for the pre-
dominant tan § peaks observed in Fig. 3(d) and (e). The area under tan
vs. 1/T was used to calculate Q using Eq. (3a). Illustrative calculations
are shown for CB45 and NC45 in Supplementary Data (Figs. S2 and S3).
It is seen that the activation energy is significantly higher for NC45,
NG45, and CB45 compared with the baseline elastomer. It is the highest
for NC45. The higher activation energy is an evidence for polymerfiller
interfacial interactions at the molecular level. Note that these interac-
tions do not reflect in an increase in T,. The observed T, of NC45, cor-
responding to this transition, is in fact lower than that of the baseline
elastomer. The activation energy of CF45-PERP is unexpectedly low,
but is consistent with the relatively low elongation at break, crack in-
itiation resistance, tear resistance, and other properties discussed in
sections 3.3 and 3.4.

3.3. Tensile testing

3.3.1. Linear extension until fracture

Fig. 4 shows representative stress vs. strain curves of the elastomers
in the present study. All the filled elastomers exhibited higher initial
elastic modulus (slope of stress vs. strain) compared with BASE (see
Table 4). The clay-filled elastomer stands out as having not only a
higher stiffness than CB45 or NG45, but also higher ductility (elonga-
tion at break) and modulus of toughness (area under stress — strain plot
until fracture).

In the case of CF45-PARL, the particles of carbon fiber are pre-
ferentially oriented along the stretch direction. Fig. 4(a) clearly shows
that this elastomer is significantly stiffer than CF45-PERP in which the
fibers are oriented perpendicular to the stretch direction (consistent
with the observations of Mortazavian and Fatemi [40], who studied
tensile properties of short fiber reinforced composites consisting of glass
fibers and thermoplastic polymers). Of the different elastomers com-
pared in Table 4, NC45 and NG45 that contained flat filler particles
were found to have a higher elongation at break and a higher modulus
of toughness than CB45. NC45 was about two times tougher than CB45.

The tensile properties of HNBR elastomers incorporating Mt clay
particles of the present study, modified with both octadecyl ammonium
and aminopropyl groups, are observed to be better than elastomers
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Fig. 4. (a) Stress vs. strain results at room temperature acquired at 500 mm min~! extension rate. (b) Strain vs. time and stress vs. time plots for NC45 and CB45
during cyclic testing at a displacement rate of 50 mm min~!. (c) Stress vs. strain plots for NC45 and CB45 during cyclic testing. (d) Dissipated energy fraction vs. cycle
number for NC45 and CB45. (e) Dissipated energy fraction at 100% strain (cycle # 16) for all elastomer composites. CF45-PARL is not shown because sample

fractured before 100% strain. All data were acquired at room temperature.

Table 4
Tensile properties of un-notched dumbbell specimens.”
Initial elastic Ultimate Elongation at Modulus of
modulus tensile break (%) toughness
(MPa) strength (MPa) (MPa)
NC45 16(2) 24(2) 330(20) 53(8)
NG45 11(1) 28(2) 250(10) 35(4)
CB45 7.6(4) 28(5) 205(20) 25(7)
CF45-PARL  22.5(2) 9.9(5) 63(1) 3.9(2)
CF45-PERP  3.6(5) 8.1(5) 255(8) 12(1)
BASE 1.7(4) 3.9(6) 235(30) 5(1)

" The uncertainty in the least significant digit is given in parentheses; it is
estimated from standard deviation of three measurements.

containing clay particles modified with octadecyl ammonium groups
alone. The tensile strength and elongation at break reported by Zhang
et al. [41] for an optimal composition of the latter system (identified to
be 10 phr of octadecyl ammonium functionalized Mt clay) are 9.61 MPa
and 268%, respectively. In contrast, the corresponding values for NC45
are significantly higher (24 MPa and 330%, respectively), attributed to
the reactivity of the aminated clay particles with m-PBM.

3.3.2. Cyclic tensile testing and strain energy dissipation

Fig. 4(b-d) show results from cyclic tensile testing conducted to
characterize stress softening, hysteresis, and strain energy dissipation in
the elastomers of the present study. The results shown are for CB45 and
NC45, but measurements were conducted for all the elastomers, with
two replicates for each material. The results for NG45, CF45-PARL,
CF45-PERP, and BASE are given in Supplementary Data (Fig. S4 —S7).

The experiments were conducted in the displacement-control mode,
wherein the stress response to an applied strain variation is measured.

Fig. 4(b) shows the cyclic strain profile used. The values reported are of
the engineering strain. The specimen was subjected to each strain level
for five cycles, and the strain level was increased in increments of 25%
until the specimen fractured. The lower bound of the strain profile,
indicated by a dashed curve in Fig. 4(b) (in the panel for NC45) is
because of the creep phenomenon, as elaborated below.

The stress response, calculated from the force values recorded by
the load cell and the original cross-sectional area of the gauge section of
the specimen, is also shown in Fig. 4(b) (bottom panels). It is evident
that, at each strain level, the stress required to attain the strain de-
creased from one cycle to the next. This effect, reported as early as 1903
[42], and comprehensively reviewed by Mullins [43], is referred to as
stress softening, or the Mullins effect. Although general agreement on
the physical origin of the Mullins effect has not been reached [44], it
likely has contributions from the rupture of filler agglomerates [45,46],
release of trapped entanglements [47,48], buckling of stretch-oriented
molecular bundles connecting the surfaces of filler particles [36], and
dissipative friction due to internal sliding of the polymer chains and
sliding of the chains at the surface of the reinforcing filler particles
[49]. The stress vs. strain plot in Fig. 4(c) shows the mechanical hys-
teresis that results because of the stress-softening effect. In each
loading-unloading cycle, the stress required during loading, to achieve
the stipulated strain vs. time profile, is higher than the stress required
when the specimen is unloaded (that is, allowed to recover to the ori-
ginal unstressed state). The upper envelope of the experimentally
measured hysteresis loops, such as the dashed stress vs. strain curve in
Fig. 4(c), was generally found to be in good agreement with the stress
vs. strain curve obtained in a linear (non-cyclic) extension of a pristine
specimen at the same displacement rate.

The area below the stress vs. strain curve during loading is the en-
ergy expended per unit volume of the specimen during extension, and
the area below the stress vs. strain curve during unloading is the
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recovered energy. The recovered energy is lower than the expended
energy, and the difference is attributed to viscous dissipation within the
material.

Fig. 4(d) shows the dissipated energy fraction, ¥, also called the
plasticity index, (see Sreeram et al. [50] for a schematic of its calcu-
lation using the dissipated and recovered energies), for each of the
loading-unloading measurements conducted on NC45 and CB45. The
clay-filled elastomer could be extended to a strain of 250% (50 cycles),
in contrast with CB45 that fractured at 175% strain (31 cycles). It is
seen that ¥ is the highest during the first of the five cycles of a given
strain range. The ¥ values of NC45 are significantly higher than that of
CB45, and they show a somewhat weaker cycle-to-cycle variation. For
NC45, ¥ decreased in the range of 0.64 to 0.55 over 46 cycles, whereas,
for CB45, ¥ increased from 0.13 to 0.33 over 26 cycles.

Fig. 4(e) gives a comparison of the values of ¥ for the different
elastomers. A strain range of 0-100% (cycle # 16) was used for this
comparison. ¥ values for all cycles are given in Fig. S8 of Supplemen-
tary Data. The baseline elastomer showed the lowest ¥, which is con-
sistent with the fact that the polymer —filler interfacial forces are the
weakest in BASE because of minimal filler concentration in this mate-
rial (coming exclusively from the VUL-CUP 40 KE vulcanizing agent).
Correspondingly, the highest value of ¥ observed in the case of NC45
leads to the inference that polymer —filler interfacial interactions are
the strongest in the clay-filled elastomer. Furthermore, for a given filler
volume, flat filler particles would have a higher surface area than
spherical nanoparticles, which explains the higher ¥ of NG45 compared
with CB45. The observed variation of ¥ with filler type agrees well with
the variation in fracture properties presented in section 3.4.

The clay-filled elastomer exhibited significant creep during cyclic
tensile testing. As seen in Fig. 4(b), a permanent deformation (exten-
sion) was observed at the end of each cycle. Because of this permanent
deformation, the strain did not recover to a value of 0 when the stret-
ched specimen was unloaded to the unstressed state (applied
stress = 0). The dashed curve in Fig. 4(b), in the strain vs. time plot for
NC45 (top left panel), corresponds to the increase in the length of the
specimen with time because of permanent deformation under tensile
load. Because of an increase in the gauge length of the specimen,
compressive stress was necessary to force the crosshead displacement to
its initial value of O (that is to make the engineering strain equal to 0).
These negative stress values, which are not related to the strain energy
of the material (but only cause buckling of the elongated specimen),
were accordingly excluded during the determination of all values of ¥
reported herein.

3.4. Fracture properties

3.4.1. Crack initiation and propagation resistance

The results of uniaxial quasi-static fracture tests on single edge
notch tensile (SENT) specimens [15], with approx. 2 mm edge notch,
are shown in Fig. 5 and Table 5. A discussion of the theoretical basis for
fracture analysis can be found in Ref. [15]. In Fig. 5(a), the tensile
stress, based on the surface area of the initial uncracked ligament
[=B(W — ay)], is plotted against displacement. P is the applied load, B
is the specimen thickness (=2 mm), W is the specimen width (215 mm),
and a, is the initial crack length (=2 mm). Fig. 5(b) shows the crack
resistance curves, or R-curves [15], of the elastomers. The strain en-
ergy, U, was calculated by integrating the P vs. A curve, up to the
displacement, A, corresponding to a given experimentally measured
CTOD. A qualitative comparison of the R-curves indicates that the
strongest enhancement of fracture resistance is provided by the flat
fillers, clay and graphite. Both NC45 and NG45 exhibited significantly
higher strain energy than CB45 [Fig. 5(b)], and not surprisingly, the
baseline elastomer. The CF45-PARL specimen that showed high stiff-
ness in tensile testing of the un-notched specimen exhibited very poor
fracture properties. Its R-curve was below that of even CF45-PERP.
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Table 5 gives the values of the critical J-integral for mode I loading,
Jie, which is a measure of the resistance of a material to crack initiation.
Jic was obtained from the R-curve [Fig. 5(b)] using ordinate values
corresponding to CTOD = 0.1 mm and applying the geometry factor
correction (1 = 0.6) [15]. The tear resistance, Tz, was similarly obtained
from the product of the geometry factor and the slope of the R-curve at
CTOD = 0.2mm.

The crack initiation resistance of the clay-filled NC45 elastomer was
about two times that of the elastomer filled with carbon black (CB45),
and approximately five times that of the baseline elastomer. The gra-
phite-filled NG45 has approximately the same crack initiation re-
sistance as CB45, but a significantly higher tear resistance (more than
2 X that of CB45). The tear resistance of NC45 is 6 X that of CB45,
which is disproportionately higher compared with the approx. 2 X en-
hancement in toughness (cf. section 3.3.1).

The improvement in fracture properties is attributed to the better
ability of a clay or graphite particle to arrest crack growth at the mi-
croscale, because of a stiff physical barrier generated by their 2-D
surface, when the surface is aligned orthogonal to the direction of
crack-tip propagation. They are also able to dissipate strain energy in
the form of viscous dissipation better (as shown in section 3.3.2), in-
stead of directing the strain energy toward an increase in crack surface
energy and surface area.

The significantly higher fracture resistance of the elastomer filled
with surface-functionalized clay compared with CB45, and even NG45
containing flat filler particles, is attributed to the m-PBM mediated re-
action of the filler particles with the polymer matrix (see Fig. 1). The
filler concentration in NC45 is sufficiently high so that the particles are
in close vicinity of each other and interparticle covalent bonding is also
possible. Indeed, lower filler concentrations of 2-D fillers, such as those
in the 4-phr (1.6vol %) graphene-oxide/natural-rubber nanocompo-
sites evaluated by Dong et al. [11] do not show fracture resistance
enhancement. Carbon-based filler particles may also contain reactive
surface functional groups such as hydroxyl [51], but their concentration
and reactivity with m-PBM would be significantly lower than those of
the specifically aminated clay particles used herein.

The surface-functionalized clay particles of the present study are
highly effective in that elastomer composites incorporating these had
significantly higher tear resistance than CB45 even at a lower clay
concentration of 30 or 20 phr (see data for NC30 and NC20 in Table 5).
Contrary to the observations of Nadiv et al. [9], a monotonic increase in
fracture properties was observed in the filler concentration range of
20-45 phr, for the nanocomposite compositions reported herein.

The incorporation of carbon fiber improved the crack initiation
resistance compared with the baseline elastomer, but J;. of CF45 was
lower than that of CB45, in both parallel and perpendicular orienta-
tions. Interestingly, the carbon fibers result in a relatively high value of
tear resistance if the fibers are oriented perpendicular to the stretch
direction. Ty of CF45-PERP was about 1.5 x that of CB45.

3.4.2. Analysis of fractured surfaces

The differences in the fracture behaviors of the elastomers con-
taining the different types of fillers are evident from the SEM images of
the fractured surfaces shown in Fig. 5(c-h). The rough fractured sur-
faces of NC45 and NG45, with a higher interfacial area, point to the
higher energy expended in creating these surfaces, and consequently,
higher resistance to crack propagation. In contrast, the fractured sur-
face of CB45 [Fig. 5(g)] was smoother, which indicates weaker cohesive
forces within the material.

Fig. 5(e) and (f) show the fractured surfaces of CF45-PARL and
CF45-PERP, respectively. Higher magnification of the CF45-PARL sur-
face is shown in Fig. 5(h). An adhesive failure, due to the weak poly-
mer —filler bonding in the CF45 elastomer and the resulting fiber pull-
off is quite evident. From these images, the polymer —filler interface
may seem more vulnerable to crack propagation.
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Fig. 5. (a) Load, P, (normalized by the initial area of the uncracked ligament) vs. displacement, A, measured during fracture testing of single edge notch tension
(SENT) rubber specimens of thickness, B, width, W, and initial crack length, a,. (b) R-curves: strain energy (normalized by area of the uncracked ligament) vs. crack-
tip-opening displacement (CTOD). SEM images of fractured surfaces of: (c) NC45; (d) NG45; (e, h) CF45-PARL; (f) CF45-PERP; and (g) CB45. Scale bars correspond to

10 um in all images except (e) and (f) where they represent 100 um.

Table 5
Critical J-integral and tearing modulus at room temperature.”
Jie (kI m™2) Tr (MPa)

NC45 7.5(9) 49(2)
NC30 6(1) 29(3)
NC20 3.5(5) 10.5(6)
NG45 5.6(4) 22(1)
CB45 4.2(4) 8(3)
CF45-PARL 2.7(4) 8(3)
CF45-PERP 2.9(4) 13(3)
BASE 1.5(2) 4(1)

? The uncertainty in the least significant digit is given in parentheses; it is
estimated from the standard deviation of up to three measurements.

However, as discussed in section 3.4.1, the crack propagation re-
sistance of CF45 was higher when the fibers were oriented along the
direction of crack propagation, as seen in Fig. 5(f). The fibers in this
SEM image of the fractured surface of CF45-PERP are seen lying parallel
to the fractured surface. (Contrast this with the fractured surface of
CF45-PARL shown in Fig. 5(e), in which the fibers are seen pointing out
of the fractured surface.)

A crack propagating in CF45-PERP has to encounter a thicker high-
stiffness barrier (namely, the carbon fiber), whose dimension scales
with the length of the fiber. Crack advancement would require
breakage of polymer —fiber interfacial forces throughout the length of
the fiber. In contrast, a crack that is advancing in CF45-PARL en-
counters a thinner barrier, whose maximum thickness scales with the
fiber radius (=2xradius), which is significantly smaller than the fiber
length, because of the high aspect ratio of the fiber particles. The in-
terfacial forces that have to be overcome for crack propagation are
corresponding smaller (corresponding to an interface length of
n X fiber radius). Hence, crack propagation in CF45-PARL would re-
quire less energy, consistent with the R-curves shown in Fig. 5(b).

4. Conclusion

Remarkable enhancement in the mechanical and fracture properties
of HNBR elastomer nanocomposites was observed due to the in-
corporation of flat filler particles (aspect ratio > 1) compared with
spherical carbon black particles (aspect ratio = 1) or elongated carbon
fiber particles (high aspect ratio > 1). Nanoclay and nanographite fil-
lers resulted in significant improvements in stiffness, ductility, and
toughness of the elastomer. Compared with carbon black, about 100%
enhancement in stiffness and toughness was obtained because of the
clay nanoparticles, and up to 45% increase in the corresponding
properties was observed in the case of graphite. The clay particles also
imparted more than 500% improvement in tear resistance compared
with carbon black. The graphite particles produced a 100% increase, in
comparison.

Such unexpectedly high improvements, especially in the fracture
properties, resulting from the incorporation of a clay filler is attributed
to the synergistic effect of: (1) the physical barrier imposed by the flat
(predominantly 2-D) filler particles to an advancing crack tip; and (2)
the improved ability to release strain energy in the form of non-da-
maging viscous dissipation. The dissipated energy fraction was the
highest for the clay-filled elastomer because of higher interfacial area
per unit volume (related to the particle's flat aspect ratio) and strong
polymer —filler and filler —filler interactions (because of interfacial
bonding).

Surface functionalization of the Mt clay nanoparticles is critical in
improving interfacial interactions of clay platelets that are intrinsically
polar and poorly miscible with the polymer matrix. The lateral surfaces
and edges of the Mt clay particles were functionalized with octadecyl
groups and propyl amine groups, respectively. The nonpolar octadecyl
groups promoted miscibility and dispersion of the clay platelets with
the nonpolar polybutadiene domains of the polymer matrix. The re-
active amino groups allowed covalent interlinking of the poly-
mer —filler and filler—filler surfaces, utilizing the N,N’-m-phenylene
bismaleimide coagent. The clay-filled elastomer exhibited multiple
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glass transition in dynamic mechanical analysis, indicative of micro-
domains comprising of these polymer—filler and filler —filler bonds,
with different relaxation times. Some of the unusual and generally in-
compatible properties found for the clay-filled elastomer of this
study—such as lower T, but higher storage and loss moduli, higher
ductility but higher stiffness, and higher elastic storage modulus but
also higher viscous dissipation (tand and ¥)-can be associated with the
formation of a polymer —filler co-network. It is expected that the novel
materials reported here, with highly promising mechanical and fracture
properties, will be useful in various applications where tougher and
stronger elastomers are required.

Data availability

The data required to reproduce these findings are available to
download from the Mendeley Data repository (https://doi.org/10.
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TEAR RESISTANCE

The incorporation of flat (2-dimensional) clay nanoparticles in HNBR elastomer resulted in a several-
fold improvement in tear resistance compared with spherical carbon black. The surface-functionalized
clay nanoparticles, capable of forming particle—particle and particle-polymer interfacial bonds, also
imparted other desirable properties such as high stiffness, ductility, toughness, and crack initiation

resistance.

https://doi.org/10.1016/j.polymertesting.2019.105932



Thermogravimetric analysis of surface-functionalized clay particles

Fig. S1 shows the thermogravimetric and differential thermogravimetric (DTG) results for the surface-
functionalized nanoclay, Nanomer [.31 PS, acquired using a Perkin Elmer Pyris 100 thermogravimetric
analyzer. A total mass loss of approximately 30 wt % was observed at a temperature of 900 °C. Three
different steps of mass loss could be discerned, consistent with the observations of Asgari et al. [1] for
other organofunctionalized clays. Curve fitting of the DTG results indicated that up to about 37 % of
the organic groups were relatively weakly bound to the clay particles and could be released over a
temperature range of 200 to 500 °C. The remaining organic content of the clay was strongly bound,
either because of intercalation or chemical grafting.

Calculation of activation energy of glass transition
The activation energy of glass transition, @, was determined using Eq. (S1).

_ _2.303(10g10 E& - loglo EIIQ)T[R

- Tr 1

2 fTG tan&d (T)

log,o E; and log, ER, corresponding to temperatures T and Tg, were determined from the plot of the
logarithm of storage modulus, E’, vs. T. The integral of tan § with respect to 1/T was determined after
subtracting a linear baseline from the tan § vs. T plot. Consistent with the observation of Fey et al. [2],

the activation energy calculated using Eq. (S1) is sensitive to the choice of the baseline and the limits
of integration. A range of T; — 50 to Ty + 50 was chosen.

(SD)

Fig. S2(a) shows a plot of log,y E’ vs. T, wherein the temperatures corresponding to the onset and
conclusion of glass transition, T; and Ty, are marked along with the corresponding storage modulus
values, log,, E; and log;, Eg, respectively. Fig. S2(b) shows a plot of tan § vs. T along with the linear
baseline, used for finding the peak area. Fig. S2(c) shows the tand vs. T data after baseline
subtraction. Fig. S2(d) shows a plot of tan§ vs. 1/T, the area under which was determined for the
calculation of Q. Fig. S3 shows a similar set of plots for the clay-filled NC45 elastomer.

Cyclic tensile testing

Fig. S4 shows the results of cyclic tensile testing of the graphite-filled NG45 elastomer. The plots for
CF45-PARL, CF45-PERP, and BASE elastomers are shown in Figs. S5, S6, and S7, respectively. Fig.
S8 shows the dissipated energy fraction for all the elastomers of the present study.

https://doi.org/10.1016/j.polymertesting.2019.105932 2



7
—~ @)
X 80 S
E IS
% 60 \i/
g %
= £
Z 40 2
wn -+
o £
20 )
A

PR TR P T, L M|

— 0
100 200 300 400 500 600 700 800 900

Temperature (°C)

Fig. S1. Thermogravimetry and differential thermogravimetry results for surface-functionalized clay filler
particles; sample heated up to 900 °C at a rate of 10 °C min~* under 20 cm® min~! argon purge, after holding
at 50 °C for 5 min at the start of the experiment.
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Fig. S2. Determination of activation energy of glass transition for the CB45 elastomer.
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Fig. S3. Determination of activation energy of glass transition for the NC45 elastomer.

https://doi.org/10.1016/j.polymertesting.2019.105932



200 T T T T T T T T
- (a) __15F(b) -
— L ] = |
xo 150 - | %
~— 10 - -]
= 100 S
o= 0
on 90T 1 =
il 1@
(O i 1 . 1 \ 1 . (1= ! ; / ] LA
0 10 20 30 40 0 10 20 30 40
Time (min) Time (min)
0.5 T T T T T T T
| - (d)
0.4} o 9 ©° -
[0} : : :
- Q 3 H :
S003F. i L L o i -
o B : ; Q €0
| ':"e@ooooo oo % ]
02} & .
T e . 0.1 1 1 1 1 1 ] ]
0 50 100 150 0 5 10 15 20 25 30
Strain (%) Cycle number, N

Fig. S4. Cyclic tensile testing results for NG45 at room temperature: (a) engineering strain vs. time; (b)
engineering stress vs. time; (c) stress vs. strain; and (d) dissipated energy fraction vs. cycle number.
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Fig. S5. Cyclic tensile testing results for CF45-PARL at room temperature: (a) engineering strain vs. time; (b)
engineering stress vs. time; (c) stress vs. strain; and (d) dissipated energy fraction vs. cycle number.
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Fig. S6. Cyclic tensile testing results for CF45-PERP at room temperature: (a) engineering strain vs. time; (b)
engineering stress vs. time; (c) stress vs. strain; and (d) dissipated energy fraction vs. cycle number.
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Fig. S7. Cyclic tensile testing results for the unfilled elastomer at room temperature: (a) engineering strain vs.
time; (b) engineering stress vs. time; (c) stress vs. strain; and (d) dissipated energy fraction vs. cycle number.
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