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In this article, we examine the effects of two different nanostructured carbons when they are incorpo-
rated in a rubber matrix in terms of mechanical and electrical properties as well as the icephobic
behaviour of the nanocomposites when swollen. Nitrile butadiene rubber composites reinforced with
thermally reduced graphene oxide or multiwalled carbon nanotubes or both of them were prepared and
characterized. At a particular hybrid filler loading, tensile and electrical tests showed a significant

improvement of the composite. From the swelling studies, after the immersion, the nanocomposites
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experienced a reduction of the cross-link density that promotes weakening of ice adhesion, being this
effect more evident for those samples prepared with hybrid fillers. In view of the composite formula-
tions, that utilize commercially available elastomers and fillers, these findings would be applicable to the
automotive and aviation sectors, where the demand for multifunctional rubbers is increasing.

© 2018 Elsevier Ltd. All rights reserved.

1. Introduction

Nanocarbons such as carbon nanotubes (CNTs) and graphene
nanoplatelets exhibit superior mechanical and electrical properties
compared to other nanofillers, making them ideal candidates as
fillers for polymer nanocomposites used in advanced applications
[1-5]. Thus, an important use of such nanomaterials is in rein-
forcing polymer matrices taking advantage of the ultra-high stiff-
ness and electrical conductivity exhibited by them. The nanotube
dispersion and deformation mechanisms in polymer composites
were addressed by Qian et al. [6] who studied a model composite
system in which carbon nanotubes were dispersed in a polystyrene
matrix. Xie et al. [7] predicted theoretically that graphene is more

* Corresponding author.
** Corresponding author.
E-mail addresses: luca.valentini@unipg.it (L. Valentini), Imanchado@ictp.csic.es
(M.A. Lopez-Manchado).

https://doi.org/10.1016/j.compscitech.2018.01.050
0266-3538/© 2018 Elsevier Ltd. All rights reserved.

effective for electrical conductivity than CNTs because of its large
specific surface area even if, in this regard, there are contradictory
studies stating that graphene is less effective than CNTs in forming
conductive percolated networks [8].

Some of the recent researches have combined CNTs with other
fillers. Prasad et al. [9] reported the synergy effect in the mechanical
properties of polymer matrix composites when reinforced with two
different nanocarbons. It was also found that graphene and CNTs
enhanced the mechanical properties of silicone rubber [10];
Bokobza et al. [11] reported the stress-strain improvement in
styrene—butadiene rubber when a blend of carbon black and CNTs
were used, while Valentini et al. [12] reported the synergistic effect
of graphene nanoplatelets and carbon black in EPDM nano-
composites. Other findings showed how hybrid carbon nanofillers
had synergistic effects in electrical conductivity, thermal conduc-
tivity and mechanical properties [13—15].

These graphitic compounds (CNTs, graphene), compared to
other conventional types of fillers, exhibit a significant ability to
enhance mechanical and other functional properties of a rubber-
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like matrix, especially in the case of fine dispersion in the host
medium, which acts in favour of the enhanced interfacial interac-
tion [16—18]. Nitrile butadiene rubber (NBR) is commonly consid-
ered the workhorse of the industrial and automotive rubber
products because of its good mechanical properties, its resistance
to lubricants and greases and its relatively low cost [19,20]. Efforts
also have to be done to find more suitable filler for NBR in order to
achieve high performance products with higher tensile strength
and electrical conductivity, being the mechanisms behind the
synergetic effects of hybrid fillers in this matrix not completely
understood [21—23]. There is a need to develop high performance
elastomeric materials in extreme environments; for example, there
is now, and will continue to be, a need to develop high performance
elastomeric sealing materials for oil and gas applications for pri-
mary use in the exploration and operational drilling applications, in
ever unexplored locations of the northern hemisphere; this makes
the icing issue challenging. In such extreme conditions, icing
problems will become more hazardous, limiting activities at oil and
gas extraction unless reliable solutions are found [24].

In the frame of the presented work, NBR composites were pre-
pared using thermally reduced graphene oxide (TRGO) or CNTs or
both of them (hybrid, i.e. TRGO + CNTs) as fillers. We were also
interested in investigating the physical properties and swelling of
neat NBR and respective TRGO/CNT composites and in under-
standing their surface adhesion properties with specific attention
to ice.

2. Experimental details

NBR under the trade name Krynac 2850 F (acrylonitrile content:
27.5 wt%, Mooney viscosity My (1 + 4) 100 °C 48 and a density of
0.97 g/cm®) was used as rubber matrix. TRGO was synthetized in
our laboratories following the procedures described elsewhere
[25]. CNTs were kindly supplied by Nanocyl S.A. under the trade
name Nanocyl NC7000.

Rubber compounds were prepared in an open two-roll mill at
room temperature. The rotors operated at a speed ratio of 1:1.4. The
vulcanization ingredients were sequentially added to the rubber
before to the incorporation of the filler and sulphur. The recipes of
the compounds are described in Table 1. Vulcanizing conditions
(temperature and time) were previously determined by a Mon-
santo Moving Die Rheometer MDR 2000E. Rubber compounds
were then vulcanized at 160 °C in a thermofluid heated press. The
vulcanization time of the samples corresponds to the optimum cure
time tgg derived from the curing curves of the MDR 2000E.

The filler volume fraction was calculated from the well-known
relationship:

f=(Wrtlpe)(Wi/pt + Wim/pm) (1)

Table 1
Recipes of the rubber compounds (indicated in phr: parts per hundred of rubber).

where Wt is the weight fraction of the filler and Wy, is the weight
fraction of the matrix, while prand pp, are the densities of the filler
(i.e.1.75 g/cm? for CNTs [26,27] and 2.2 g/cm? for TRGO [28]) and of
the matrix, respectively. For the case of the hybrid filler, the
equation was trivially extended in order to take into account the
presence of both fillers in the matrix volume.

Tensile stress-strain properties were measured according to ISO
37-1977 specifications, on an Instron dynamometer (Model 4301),
at 25°C at a crosshead speed of 500 mm min~ . At least five spec-
imens of each sample type were tested. The samples were then cut
into strips of ~100 mm x 20 mm x 0.13 mm, the electrical resis-
tance was measured using a computer controlled Keithley 4200
source. The electrical resistance measurements were performed by
biasing the sample between two strips of silver paint located at a
distance of 25 mm.

Trans-1,2-dichloroethylene was used as fluid for immersion. The
specimens have been immersed in the fluid for 70 h at the tem-
peratures of 25 °C. Test procedure was in accordance with ASTM D
471; at the end of the required immersion period, the specimens
were cooled down to room temperature for 30—60 min, then dip-
ped quickly in acetone at room temperature, and blot lightly with
filter paper. The swelling studies were performed on a known
volume and weight of vulcanized rubber in the form of a rectan-
gular sample that was taken for swelling measurements in im-
mersion liquids. After attaining equilibrium swelling (70 h), its
weight was recorded and the volume variation was estimated ac-
cording to ASTM D 471. The “ice adhesion strength” was measured
using a custom setup, where a force transducer was fixed to a
slipping table, as the maximal shear force needed to delaminate the
ice agglomerate divided by its contact area with the NBR (thus it is
just an indication of the mean value of the ultimate shear stress
under the testing conditions, Table 2). Prisms with the dimension of
10 mm x 10 mm x 6 mm were positioned on the sample surface
and then filled with water. They were then frozen 12 h at —20°C.
The shear force was applied at a distance of 1 mm about the prism-
elastomer interface. Testing was done at —10 °C.

3. Results and discussion

The mechanical properties of the samples filled with CNTs,
TRGO and hybrid fillers were evaluated by tensile testing
(Fig. 1a—b) and the results are summarized in Tables 2 and 3. The
addition of the TRGO and CNTs as a sole reinforcement as well as
the addition of both of them causes a sensible increase of the stress
at several elongations, tensile strength and fracture strength of the
NBR composites. The reinforcing effect of both nanoparticles is
more marked as the elongation is increased, reaching improve-
ments of the tensile strength of 150 and 315% for nanocomposites
containing 5 phr of TRGO or CNTs, respectively. In addition, this

Table 2
Filler volume fraction (f) and filler equivalent strengths of the prepared composites.

Sample (TRGO/CNTs) NBR ZnO Stearicacid MBT S TRGO CNT Sample (TRGO/CNTs) f Filler equivalent strength (MPa)
0/0 100 5 1.5 1.5 1.5 0.0 0.0 0/0 0 —

1/0 100 5 1.5 1.5 1.5 1.0 0.0 1/0 0.0044 388.48
3/0 100 5 1.5 1.5 1.5 3.0 0.0 3/0 0.014 190.38
5/0 100 5 1.5 1.5 1.5 5.0 0.0 5/0 0.023 127.77
0/1 100 5 1.5 1.5 1.5 00 1.0 0/1 0.0056 323.39
0/3 100 5 1.5 1.5 1.5 0.0 3.0 0/3 0.017 226.58
0/5 100 5 1.5 1.5 1.5 0.0 5.0 0/5 0.029 21211
0.5/0.5 100 5 1.5 1.5 1.5 05 0.5 0.5/0.5 0.005 255.96
1.5/1.5 100 5 1.5 15 1.5 15 15 1.5/1.5 0.015 218.32
2.5/2.5 100 5 1.5 1.5 1.5 25 2.5 2.5/2.5 0.026 180.65
1/5 100 5 1.5 1.5 1.5 1.0 5.0 1/5 0.034 169.94
5/1 100 5 1.5 15 1.5 5.0 1.0 5/1 0.029 150.51
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Fig. 1. (a) Stress-strain curves and (b) tensile strength of the NBR composites filled with different types of nanostructured carbon fillers. The hybrid filler composition (TRGO/CNTSs)
in phr (parts per hundred rubber) is also indicated. (c) Percentage synergy in strength, elongation at break and toughness for two different binary composites. (d) Plot of reduced
elastic modulus of the NBR composites filled with different types of carbon nanomaterials measured at low strain (i. e. 50%). The solid lines are the fitted curves evaluated according

to eq. (3).

Table 3

Mechanical properties of NBR compounds.
Sample (TRGO/CNTs) Stress 50% Stress 100% Stress 300% Stress 500% Max Elongation Toughness

elongation elongation elongation elongation Strength at break
(MPa) (MPa) (MPa) (MPa) (MPa) (%) (MPa)

0/0 0.62 +0.02 0.78 +0.02 1.23+0.03 1.89+0.04 1.96+0.11 508 +43 4.97 +0.10
1/0 0.73 £0.01 0.93 +0.01 1.51+0.01 2.26 +0.02 3.68+0.39 756 + 66 13.91+0.13
3/0 0.91+0.02 1.16+0.03 2.08 +0.05 3.03+0.07 4.53 +0.42 739 +43 16.73 +0.10
5/0 1.05+0.02 1.35+0.03 2.44+0.07 3.36+0.11 4.88+0.57 735+61 17.93+0.14
0/1 0.73 +0.01 0.99 +0.01 1.75 +0.02 2.63+0.04 3.76 +0.26 671+38 12.61+0.09
0/3 0.94 +0.02 1.41+0.05 2.90+0.10 430+0.21 5.81+0.32 647 +39 18.79 +0.08
0/5 1.08 +0.01 1.69+0.01 3.89+0.02 5.93 +0.04 8.09 +0.26 670 +41 26.37 +0.07
0.5/0.5 0.71+0.03 0.93 +0.06 1.54+0.11 2.30+0.16 3.23+047 652 +29 10.82+0.15
1.5/1.5 0.94 +0.02 1.33+0.04 2.50 +0.07 3.63+0.10 5.24 +0.63 693 +22 18.15+0.12
25/2.5 1.17 £ 0.04 1.76 +0.09 3.26+0.10 5.06 +0.22 6.64 +0.33 672 +33 22.31+0.07
1/5 1.32+0.06 2.10+0.12 443+0.16 6.53+0.18 7.70 £0.18 611+24 23.52+0.05
5/1 1.15+0.02 1.59+0.03 3.05+0.05 4.24+0.07 6.32 +0.60 733 +61 23.16+0.13

improvement does not imply a deterioration of the elastic prop- [9] by the following relation:

erties of the material: all nanocomposites exhibit a higher elon-

gation at break in relation to pristine rubber. It was found that the [Mp-(p + q)]*100/(p + q) (2)

two fillers usually do not act in synergy here with respect to
strength, see Table 2, where the equivalent strength of the filler is
estimated from a classical direct rule of mixture.

Note that the addition of 5 phr TRGO alone to NBR leads to an
enhancement in tensile strength of NBR by p as shown in Fig. 1b.
Likewise, q represents the enhancement in tensile strength of NBR
due to the addition of 1 phr CNTs alone in Fig. 1b. The synergistic
effect or percent synergy attained by adding both 5 phr TRGO and 1
phr CNTs to NBR can also be computed as suggested by Prasad et al.

where My, is the measured value for the related composite, Fig. 1c,
for strength, elongation at break and toughness. The positive value
of the synergy also for the strength for the hybrid 5/1 is due to the
different definition with respect to the previous approach based on
the filler equivalent strength, as reported in Table 2.

The most direct evaluation of the influence of filler particles on
the mechanical response of elastomers is to consider the small
strain modulus versus volume fraction fillers, as shown in Fig. 1 (d).
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The solid lines are the curves fitted to the Guth-Gold-Smallwood
model [29], that for filled elastomeric system predicts the
enhancement of the initial modulus according to the following
equation:

E/Eg =1 + 0.67fp+1.62f2¢> (3)

where, E and Ej are the moduli of filled and unfilled elastomers,
respectively, f is the filler volume fraction and ¢ is the shape effect
factor. The quadratic term takes into account the particle aggre-
gation (clustering) and also allows the application of the equation
to non-spherical fillers, particularly when the fillers are either
platelet like structure or rod like structure like in our case. The ¢
value (i.e. 22) for the hybrid composites was found higher than
those observed for the single phase composites (i.e. 15 for both
TRGO and 20 for CNTs) indicating a higher contribution to the
modulus due to the better dispersion of either CNTs by disentan-
glement of the bundle or delamination of the TRGO. This simple
analysis is interesting for the processing point of view; CNTs are, for
most polymers, more reinforcing than graphene, leading to better
mechanical properties and higher electrical conductivity values
[30,31]. On the other hand, the advantage of graphene relies on the
fact that it does not increase much the polymer viscosity; so, having
the proof of the concept that with the hybrid formulation we get a
better dispersion, it could be easier to process the polymers
allowing the incorporation of higher volume fractions.

The ratio of the volume fraction of the swollen rubber (Vy) and
swollen filled rubber (Vg), respectively, has a direct relationship
with the crosslink of the filler with the rubber matrix and thus
estimates the interaction of the filler and matrix. Fig. 2 shows the
plot of Vy/Vr against f/(1-f) according to Kraus equation [32]:

Vo/Vi=1-m fl(1-f) (4)

where fis the volume fraction of the filler in the vulcanized rubber,
m represents the polymer-filler interaction parameter, obtained
from the opposite (in sign) of the slope of the plot of (Vo/Vf-1)
against f/(1-f): the higher the m value, the better the polymer—filler
interaction [33]. This can also be seen in Fig. 2, where the Kraus plot
of single phase and hybrid composites are reported. According to
these results, the hybrid fillers have the slope similar to that of
single phase composites, indicating a similar rubber—filler inter-
action, even if the (5/1) solution appears as the best.

Fig. 3 shows the electrical conductivity dependence on filler
loading for the prepared nanocomposites. With a graphene loading
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Fig. 2. Kraus' plot for composites with various fillers.
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Fig. 3. Electrical conductivity of the nanocomposites as a function of filler volume
fraction.

of f=0.02, the electrical conductivity was about 4.3 x 1071 S/m. At
the CNT volume fraction of 0.017, the conductivity was 6 x 1076 S/
m, which already exceeds the common value for surpassing the
antistatic criterion, namely 10~®S/m. Interestingly, for the hybrid
composites we observed a rise of the conductivity to 1 x 1074 S/m
with a filler content of f = 0.034, which corresponds to the hybrid
formulation 1/5. The aspect ratio of the fillers is the most important
factor affecting the percolation threshold, that would decrease with
increasing aspect ratio. The effect of aspect ratio can be explained
by the excluded volume theory. The excluded volume is defined as
the volume around an object into which the center of another
similar object is not allowed to enter if interpenetration of the two
objects has to be avoided. Thus, a higher aspect ratio induces a
larger excluded volume, and thus lowers the percolation threshold.
The conductive percolation threshold (¢p) can be related to the
aspect ratio (Ar) by the following equation [34—37]:

A= 3‘Psphere/(2@p) (5)

where @sppere = 0.30 is a factor assuming the interaction of layered
structures with an excluded volume assimilated to 3D percolating
spheres [38]. Substituting in Eq. (5) the percolation volume fraction
reported in Fig. 3 we estimated an increase of the aspect ratio from
26 to 102 passing from the NBR/CNTs to NBR/TRGO composite,
respectively. This means that the excluded volume of a network of
TRGO is higher than that of a network of CNTs, suggesting a more
densely packed network for CNTs in the hybrid composition.

In the case of vulcanized rubbers, the polymer consists of a
network structure of cross-linked chains that limit the amount of
liquid that can be absorbed. Thus the greater the number of cross

Table 4

Nanocomposites reported in Table 1 and resulting swelling ratios, liquid volume
fraction (®pquip) before and after liquid immersion and molecular weight M. be-
tween cross-links. The properties are after the immersion in trans-1,2-
dichloroethylene.

TRGO/CNTs Swelling Dyiquip M (g/mol)
0/0 2.58 0.477 781
5/0 2.82 0.500 889
0/5 2.87 0.508 924
2.5/2.5 2.94 0.516 953
1/5 2.95 0.516 967
5/1 2.98 0.516 983
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Fig. 4. (a) Swell ratio (triangles) and cross-link density reduction (circles) of liquid-filled TRGO/CNTs nanocomposites as a function of the liquid volume fraction. (b) Comparison
with measured ice adhesion strength ratio (rhombs) for NBR nanocomposites obtained with different TRGO/CNTs combinations as a function of the liquid volume fraction.

bonds in the elastomer the less it will swell. The swelling is thus an
equilibrium state obtained when the dimensions of the elastomer
increase until the concentration of the liquid is uniform throughout
the component [39]. This relationship is quantitatively expressed
by the Flory-Rehner equation [40,41]:

peL = [IN(1-V)+ Vi VE[V(VIE-0.5V,)] (6)

where the pcy is the cross-linking density, V; is the volume fraction
of polymer in a swollen state, y is the Flory-Huggins interaction
parameter between the polymer and the solvent and V is the molar
volume of the solvent.

According to the Flory and Rehner theory [42], originally derived
for natural rubber vulcanized with carbon black assuming that rigid
fillers within the elastic network would not swell in the presence of
a solvent, we calculate the volume fraction of the liquid within the
swollen elastomers from the well-known relationship:

Oriquin=(Wwiquin/ priquin)/(Wuiquin/puuip + f + Wm/pm) (7)

where Wijquip is the weight fraction of the liquid calculated from
the relative difference of the weights of the sample in its dry and
swollen state, f is the volume fraction of the filler and Wy, is the
weight fraction of the matrix, while priquip and pn, are the densities
of the liquid and polymer matrix respectively. For large values of
swelling, S, (i.e. small values of v = 1/S), the molecular weight per
chain (M) can be expressed as [41]:

Mc-2pV/(v)*3 (8)

where p is the polymer density. Eq. (8) states that the molecular
weight between cross-links will increase with increasing the
swelling; applying this equation to the high swollen state of TRGO/
CNT composites in trans-1,2-dichloroethylene, the values of M
were calculated and reported in Table 4. In Fig. 4a, we show the
relationship between the swelling and the cross-link density; the
data indicate how a certain amount of liquid reduces the cross-link
density of the prepared composites.

Ice adhesion mechanisms at polymer interface can be at least
roughly understood if we idealize the elastomer as a ‘connector
molecules’ [42], that is, polymer chains are bound to the interface
by physisorbtion, and interact with the bulk polymer so that they
act to transmit stress across the interface. Assuming that during the
ice detachment a chain with n monomers of size a is partially
extracted, we could associate this with the pull-out energy pro-
posed by de Gennes et al. [43], where the free energy is a combi-
nation of the surface energy required to extract the chain and the
elastic energy associated with the stretching of the extracted
portion of the chain. Assuming the adhesion strength proportional

to the surface tension that rescales with the inverse of the n*a (i. e.
M) [31], we find a good matching between the cross-link density
and the results reported in Fig. 4b where we present the ice
adhesion data for the prepared nanocomposites after liquid im-
mersion, where 7'®j;quiq is the adhesion strength of liquid filled
sample while t1%, liquid is the adhesion strength of the unfilled
sample. In particular, we observed the reduction of the ice adhesion
strength ratio between the swollen and unswollen TRGO/CNTs/NBR
nanocomposite with the decrease (increase) of the cross-link
density (molecular weight per chain).

4. Conclusions

The mechanical strength and electrical conductivity of NBR
composites containing independent or hybrid fillers of TRGO and
CNTs were investigated. The results suggested that there are
optimal concentrations of nanofillers for achieving the maximum
strength and electrical conductivity of the composites. Materials
with the highest reduction of the cross-link density show a lowest
interfacial interaction. A hybrid TRGO/CNTs system decreases the
ice adhesion strength of the rubber material. We rationalized such
results calculating the molecular weight between cross-links, and
the adhesion strength according to the adhesion mechanisms at
soft polymer interfaces, that can be modelled in terms of relays of
dissipation mechanisms acting at different length scales, from
molecular to macroscopic. We foresee such rubber nanocomposites
having applications in several industrial areas where rubber based
components need to operate in extreme environments.
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