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Abstract

In the processing of nanocomposites, high shear stresses at elevated tempera-

tures orient two-dimensional nanoparticles like graphene. This orientation

leads to anisotropic mechanical, thermal or barrier properties of the nanocom-

posite. This anisotropy is addressed in this study by comparing graphene (few-

layer graphene, FLG) with a nanoscaled carbon black (nCB) at a filler content

of 3 phr, by varying the vulcanization, and by comparing different FLG con-

tents. Transmission electron microscopy gives insight into the qualitative ori-

entation in the nanocomposite with FLG or nCB. The storage moduli parallel

and normal to the orientation reveal the direction dependency of reinforce-

ment through dynamic mechanical analysis (DMA). Dimensional swelling

measurements show a restriction of the expansion parallel to the FLG orienta-

tion, and an increased expansion normal to the orientation. The vulcanization

system and crosslinking determine the respective level of property values, and

higher crosslinking densities increase the anisotropy in DMA resulting in

values of up to 2.9 for the quantified anisotropy factor. With increasing FLG

content, the anisotropy increases. A comparison of the results reveals swelling

measurements as the most suitable method for the determination of anisot-

ropy. Compared to recent literature, the presented processing induces higher

anisotropy, leading to higher reinforcing effects in the direction of orientation.
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1 | INTRODUCTION

Incorporating nanoparticles that is, solid particles with at
least one dimension smaller than 100 nm,1 in elastomers
is a success story.2–7 The reinforcing effect of the nano-
particles in the elastomer matrix is dependent on the type
of nanoparticle, the matrix, the concentration and

dispersion of nanoparticles in the matrix, and the interac-
tion between the nanoparticles and the matrix polymer.
Depending on the desired nanocomposite behavior, the
nanoparticles used are electrically or thermally conduc-
tive, stiff, strong, flame retarding, stabilizing, or induce
other improvements.2,3,8–23 Besides their exceptionally
high surface-to-volume ratio, the aspect ratio of the
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nanoparticles plays an important role in their reinforcing
ability. For two-dimensional (2D) nanoparticles like gra-
phene (sp2-hybridized carbon in hexagonal arrangement,
forming sheets of one atom thick layers), the aspect ratio
is defined as the lateral-diameter-to-thickness ratio.24 In
polymer processing it is widely known that at sufficiently
low viscosities at elevated temperatures, shear forces and
pressure orient the polymer chains in the material. In the
same manner, 2D particles also tend to orient under
these conditions when producing polymer nanocom-
posites.25–30 Consequently, the orientation of 2D nano-
particles affects the mechanical properties of the
nanocomposites, as reported in the literature. Li et al.
determined the spatial orientation of graphene by Raman
spectroscopy and calculated the resulting effect on the
mechanical properties: compared to randomly oriented
nanocomposites, fully aligned graphene yields a Young's
modulus increased by a factor of about two for poly(vinyl
alcohol) with graphene oxide concentrations of 1–5 wt
%.31,32 Such an alignment of graphene enables a targeted
tailoring of new materials, as the anisotropy within a
material may allow the combination of contradictory
properties in one material, depending on its direction or
orientation.32–37

In elastomers, which are usually rather soft materials,
one direction (in-plane, parallel to the orientation of 2D
particles) is reinforced, as the nanoparticles produce
higher strength; normal to that (cross-plane, normal to
the orientation of 2D particles), the material's behavior is
dominated by the elastomeric matrix and is therefore soft
and damping. The electrical conductivity of graphene
results in a conductive elastomer in one direction, and an
insulating material in the other direction.23,27,38–40 Potts
et al. compared the mechanical, thermal and electrical
properties of elastomeric nanocomposites prepared via
milling (oriented reduced graphene oxide, rGO) or a
solution-treated process (weblike network of rGO): The
thermal and electrical conductivities were higher in the
solution-treated samples, as the direction of electrical or
heat “flow” in the measurement setup were normal to
the aligned rGO, as determined via transmission electron
microscopy.41 The typical processing steps for elastomeric
compounds, roll milling as well as vulcanization and
molding in a hot press, are already prone to induce a
preferential orientation of the chain molecules constitut-
ing the polymeric matrix and of the incorporated (nano-)
filler particles. On the other hand, polymeric materials
that is, thermoplasts and elastomers, show counteracting
relaxation behavior, which also would affect the orienta-
tion of individual filler particles. For vulcanized elasto-
mers, the final processing in a hot-press must be taken
into account. It is a simultaneous combination of the

shaping process in the compression mold, and therefore
the alignment of polymer chains and nanoparticles, with
the crosslinking that takes place at the elevated tempera-
ture. The simultaneously formed crosslinks might be able
to freeze and lock the orientation of both polymer chains
and nanoparticles, as the relaxational processes are
strongly restricted in vulcanized rubber; see analogous
works of Finkelmann et al. on fixing the orientation of
elastomeric liquid crystals by crosslinking.42–44 Therefore,
an influence of the vulcanization system, the obtained
crosslinking density, and of the elastomeric matrix is
possible.

Our previous studies were focused on the improve-
ments of technical properties,8,17,19 potential replace-
ments of conventional fillers by small amounts of
graphene14,16,18,20 as well as the influence of graphene on
the crosslinking kinetics and crosslinking density45 in
elastomers. In this study, different natural rubber
(NR) nanocomposites are evaluated regarding their
anisotropic behavior. The influence of the nanoparticle's
aspect ratio is addressed using a FLG and a nanoscaled
carbon black (nCB) of about the same specific surface
area, incorporated into NR and compared to an unfilled
reference. Four different vulcanization systems and
degrees of crosslinking give insight into the impact of
crosslinks on the remaining orientation in the nanocom-
posites containing FLG. The influence of the 2D nanopar-
ticle content on the anisotropic behavior is evaluated by
comparing NR nanocomposites with different FLG
concentrations.

The orientation and anisotropic behavior of the rub-
ber nanocomposites are investigated by several methods.
First, transmission electron microscopy (TEM) shows
FLG and nCB in their dispersed state and arrangement in
the nanocomposites. Dynamic mechanical analysis
(DMA) in shear mode addresses mechanical properties of
small quadrangular rod specimens in two directions.
Finally, swelling by immersion of disc-shaped specimens
in isooctane as solvent allows the determination of the
mass uptake, the overall volume expansion and dimen-
sional swelling in both directions.

The two methods DMA and dimensional swelling
allow the calculation of anisotropy factors and a compari-
son with respect to the reinforcing effect of the nanofil-
lers and the respective anisotropy. These calculations
enable the quantification and comparison of the
direction-depending property improvements and anisot-
ropy. The presented study aims to investigate important
influencing parameters that induce or prevent orienta-
tion and anisotropy in elastomeric nanocomposites, and
to demonstrate the sensitivities of the methods for their
characterization.
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2 | EXPERIMENTAL

2.1 | Materials and sample preparation

The comparison with respect to anisotropic reinforce-
ment in this study addresses three aspects: (1) the aspect
ratio of the nanofillers, (2) the impact of different cross-
linking systems and (3) the influence of concentration of
the 2D graphene-related nanofiller. Details and complete
recipes for all samples are given in Tables S1 and S2.

As commercially available nanofillers, FLG (available
as EXG T 98300 by Graphit Kropfmühl GmbH,
Germany) with a BET specific surface area of 326 m2 g�1

and nCB (available as Printex® L6 BDS from Orion Engi-
neered Carbons S.A., Luxembourg) with a BET specific
surface area of 266 m2 g�1 were used. They were incorpo-
rated in natural rubber (NR) via NR latex masterbatch
premixing followed by two-roll milling and vulcanization
in a hot-press.

For the first comparison (1), two natural rubber com-
posites containing a fixed amount (3 phr) of nanoparti-
cles (denoted NR-FLG and NR-nCB) with different
aspect ratios and an unfilled material (NR) were investi-
gated with respect to their effect on swelling and shear
modulus in DMA. The nanocomposites containing FLG
(NR-FLG) and nCB (NR-nCB) were produced via a mas-
terbatch route using a high-dispersion premixing step for
the latex-based solid masterbatch: A 10 g L�1 aqueous
surfactant solution (cetyltrimethylammonium bromide,
CTAB, purchased from AppliChem GmbH, Germany)
was prepared in a 5 L beaker and 10 g L�1 FLG or nCB
were added under stirring. The mixture was dispersed at
room temperature (RT) for 1 h using an ultrasonic lance
(UPS 400 S ultrasonicator equipped with Horn H22,
Hielscher Ultrasonics GmbH, Germany). To maintain the
temperature at RT level, the beaker was immersed in a
bath of ice water. Diluted NR latex (high ammonia, solid
content of 60%, supplied by Weber & Schaer GmbH &
Co. KG, Germany) was added in a calculated amount for
a final solid NR-to-nanoparticle ratio of 7:1 in the master-
batch. The dispersion underwent another 3 h of ultraso-
nication in the described setup. It has to be noted that
this mixture containing latex can only be ultrasonicated
to disperse the graphene nanofiller when the CTAB sur-
factant is added. Otherwise, the NR latex would coagu-
late immediately. To obtain the solid masterbatch, the
dispersion was poured into large Petri dishes and left to
solidify for 16 h in a ventilating oven at 50�C. Afterwards,
the sheets of 1 mm thickness were removed from the
Petri dishes, turned upside down and dried for another
48 h at 50�C in the oven. The main processing was con-
ducted on a two-roll mill (Lab Walzwerk MT 600 � 1300,
Rubicon Gummitechnik und Maschinenbau GmbH,

Germany) at a temperature set to 50 �C, a roll speed of
19 rpm and a friction ratio of 1.1:1 to produce 1 kg of
nanocomposite. First, solid matrix NR (TSR-L from Dai
Tieng Rubber Corporation, Vietnam) was mixed with the
activators zinc oxide (Zinoxyd aktiv from Lanxess
Deutschland GmbH, Germany) and stearic acid
(BEAROCID SP-1 A from Baerlocher GmbH, Germany),
the antioxidant N-isopropyl-N0-phenyl-p-phenylened-
iamine (IPPD, Vulkanox® 4010 NA/LG from Lanxess
Deutschland GmbH, Germany), and carbon black
(Corax® N 660 from Orion Engineered Carbons GmbH,
Germany) until a uniform batch was obtained. For NR-
FLG and NR-nCB, in a second step the masterbatch was
added in an amount to produce nanocomposites with a
nanoparticle content of 3 phr and further compounded.
Finally, for NR, NR-FLG and NR-nCB, the curatives sul-
fur (S8, with an oil content of 5%, purchased from CS
Additive GmbH, Germany) and accelerator
di(benzothiazole-2-yl) disulfide (MBTS, Vulkacit® DM/C-
MG from Lanxess Deutschland GmbH, Germany) were
incorporated and compounded until mixing was com-
pleted (after 30 min in total). Sheets of 2 and 3 mm were
pressed and cured at 150�C and 300 bar in a compression
mold for 20–24 min, depending on the thickness.

The nanocomposites for the comparison of vulcaniza-
tion systems (2) and different FLG contents (3) for each
of those systems comprise a total of 20 samples. The
quantities per sample were reduced for efficiency and
mixing was performed in a micro compounder instead of
the two-roll mill. The masterbatch was produced in a pro-
cedure similar to the previous one, but, as the alkalinity
of CTAB greatly affected the vulcanization kinetics, with-
out the surfactant CTAB. The omission of CTAB permits
different crosslinkers to be investigated, but necessitated
changes in the manufacturing process of the latex-based
masterbatch: The aqueous dispersion of 10 g L�1 FLG
was ultrasonicated for 1 h and diluted NR latex was intro-
duced, part of which coagulated spontaneously. With the
addition of 5% formic acid, the remaining NR was coagu-
lated and the final solid masterbatch with a NR:FLG ratio
of 2:1 was obtained (50 phr FLG), washed with deionized
water until pH neutrality, and dried for 48 h at 50�C to
remove excessive water. The main processing, the addi-
tion of curatives and the masterbatch in the matrix NR,
was conducted in a micro-compounder (MC 15; Xplore
Instruments BV, Netherlands) at a temperature of 100�C
and a rotational speed of 75 rpm. Four different vulcan-
ziation systems were used: two sulfur-based systems with
a higher S8-to-accelerator system ratio (conventional, Sul-
Con) and a lower S8-to-accelerator system ratio (effective,
SulEV), and two peroxide-based systems with two differ-
ent peroxide contents (1 phr peroxide, 1Perox, and 3 phr
peroxide, 3Perox). For SulCon and SulEV, the same
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activators, zinc oxide, stearic acid, and sulfur were used
as described for NR-FLG, NR-nCB and NR. The accelera-
tor system consisted of the two accelerators n-cyclohexyl-
2-benzothiazolesulfenamide (CZ, available as Vulkacit
CZ/EG-C, purchased from Lanxess Deutschland GmbH,
Germany) and tetramethylthiuram disulfide (TMTD,
available as Dimacit TMTD-PDR-D, purchased from
Taminco N.V., Belgium). The peroxide used for 1Perox
and 3Perox was a dicumyl peroxide (Perkadox BC-FF)
from Akzo Nobel Functional Chemicals B.V,
Netherlands. For all nanocomposites SulCon, SulEV,
1Perox and 3Perox, the carbon black used was Corax® N
330, obtained from Orion Engineered Carbons GmbH,
Germany. For the comparison of the different weight
fractions of FLG in the NR nanocomposites, the added
amount of masterbatch varied to obtain NR nanocompo-
sites with 0, 1, 3, 5, and 10 phr FLG content in the final,
cured samples. For the vulcanization a mold was intro-
duced into the hot-press to form four disc-shaped speci-
mens with a diameter of 36.6 mm and a thickness of
2 mm at a pressure of 300 bar. For the samples with
sulfur-based crosslinking the temperature was set to
150�C, for the peroxide-based crosslinked samples to
170�C; the times varied widely depending on the vulcani-
zation systems and the FLG content.

2.2 | Characterization techniques

2.2.1 | Transmission electron microscopy

Transmission electron microscopy (TEM) on cryo micro-
tome sections was conducted with an acceleration voltage
of 200 kV using a JEM-2200FS equipped with an in-
column Omega-type energy filter from JEOL Ltd., Japan.
Zero-loss conventional bright field TEM was implemen-
ted with an energy width of 35 eV. The nominally 70 nm
thick cryo microtome sections were cut from the samples
at �100�C with an Ultracut UCT of Leica, Wetzlar,
Germany.

2.2.2 | Dynamic mechanical analysis

Dynamic mechanical analysis (DMA) in sandwich shear
mode was conducted on two specimens per measurement,
respectively, using a DMA/SDTA861e, Mettler Toledo,
Switzerland. For the temperature program, a frequency of
1 Hz and a strain of 0.01% were set, and the temperature
varied from �80 to 40�C at a heating rate of 1 K min�1.
The strain-sweep was measured at 25�C and 1 Hz with
strain increasing logarithmically from 0.2 to 1000 μm

(0.01%–50%). Each specimen was a quadrangular shaped
rod; specimens of NR-FLG, NR-nCB and NR had dimen-
sions of 6 mm � 3 mm � 3 mm, all other nanocomposites
of SulCon, SulEV, 1Perox and 3Perox of
10 mm � 2 mm � 2 mm. The assumed alignment direc-
tion of the FLG particles is displayed in Figure 1a, with
their corresponding surface normal (indicating the plane
of the graphene sheets) marked with pink arrows in direc-
tion 3. The directions of the microtome cut, of the TEM
view and of the force of the hot press applied during pro-
cessing of the material are also indicated in this scheme.

The directions of the shear load exerted during the
DMA measurements are schematically displayed in
Figure 1b. Also in this coordinate system, the pressure in
the hot-press was applied in direction 3 and the FLG par-
ticles would most likely orient in the 1-2-plane. The shear
directions of the conducted DMA measurements were
parallel to the surface of the pressed plates (γ31, marked
with a blue arrow in Figure 1b) and perpendicular to that
(γ21, marked with a green arrow in Figure 1b), respec-
tively. Note that the indices of the shear strain γ refer to
the surface normal and the direction of strain, respec-
tively. The measurements were conducted on the same
specimens, first in parallel and, after a relaxation time of
15 min, in the perpendicular load direction by turning
the specimen by 90�. To avoid slippage, the samples had
to be compressed by 20% in the sample holder
(Figure 1c). This compression load might have an addi-
tional influence on the orientation of the FLG; however,
there was no other way to measure these elastomeric
samples. For comparison the values of the storage modu-
lus G' were taken from the measured G' at 25�C, 1 Hz
and 0.1% strain, for all samples and load directions. For
an evaluation of the typical error, the samples of 3Perox
were measured a second time after 1 week of relaxation.
The relative deviation was calculated, and the highest
calculated absolute deviation was taken as the error esti-
mate for all DMA results and given in the first line of
Table 1.

2.2.3 | Volume and dimensional swelling

Swelling measurements were conducted by immersing
three disc-shaped specimens per nanocomposite or refer-
ence of a nominal thickness of h = 2 mm and diameter
d = 36.6 mm into isooctane (2,2,4-trimethylpentane, ana-
lytical grade, Chemsolute, Th. Geyer GmbH & Co. KG,
Germany) at room temperature. Before immersion the
specimen discs were weighed (m0) on an analytical bal-
ance with a readability of 0.1 mg, and thickness h0 and
diameter d0 were determined with readabilities of 0.001

4 of 15 STROMMER ET AL.
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and 0.5 mm, respectively. After reaching the equilibrium
sorption after 49 h, the specimens were removed from
the solvent bath, swabbed, and weighed rapidly in a

weighing bottle. Subsequently, diameter d and thickness
h of the swollen samples were measured. All measure-
ments were performed at 23�C and 50% rel. humidity.

FIGURE 1 Schematic illustration of the shear mode in dynamic mechanical analysis (DMA) measurements in relation to the

orientation of the produced nanocomposite sheets (a), the specimen preparation and orientations of applied shear load (b), and in the setup

of the DMA in sandwich shear mode (c). [Color figure can be viewed at wileyonlinelibrary.com]

TABLE 1 Results from dynamic mechanical analysis (DMA) measurements from strain-sweep at 0.1% strain, 25�C and 1 Hz and from

swelling measurements in isooctane at 23�C.

FLG
content (phr)

G'(γ21)
(MPa ± 0.03)

G'(γ31)
(MPa ± 0.02)

G'(γ21)/G'(γ31)
(±0.1)

h/h0
(±0.01)

d/d0
(±0.09)

(h/h0 � 1)/(d/d0 � 1)
(±0.10)

NR 0 0.43 0.35 1.2 1.5 1.5 1.1

NR-
FLG

3 1.2 0.57 2.2 1.5 1.3 1.6

NR-
nCB

– 0.65 0.48 1.4 1.5 1.4 1.0

SulCon 0 0.76 0.49 1.6 1.5 1.4 1.1

1 0.76 0.51 1.5 1.5 1.4 1.3

3 0.90 0.51 1.8 1.5 1.3 1.4

5 1.2 0.62 2.0 1.5 1.3 1.6

10 1.8 0.98 1.9 1.7 1.3 2.2

SulEV 0 0.84 0.38 2.2 1.5 1.4 1.1

1 0.68 0.37 1.8 1.5 1.4 1.2

3 1.1 0.56 1.9 1.5 1.4 1.4

5 1.5 0.66 2.2 1.6 1.4 1.6

10 2.7 0.96 2.9 1.6 1.3 2.1

1Perox 0 0.32 0.28 1.1 1.6 1.5 1.1

1 0.36 0.27 1.3 1.6 1.5 1.2

3 0.43 0.35 1.2 1.6 1.5 1.3

5 0.51 0.36 1.4 1.6 1.4 1.5

10 0.70 0.45 1.6 1.6 1.4 1.5

3Perox 0 0.59 0.49 1.2 1.4 1.4 1.1

1 0.56 0.45 1.3 1.4 1.4 1.2

3 0.83 0.52 1.6 1.5 1.3 1.4

5 0.97 0.59 1.6 1.5 1.3 1.5

10 2.1 1.0 2.0 1.5 1.3 1.8
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3 | RESULTS AND DISCUSSION

3.1 | Transmission electron microscopy

Transmission electron microscopy (TEM) is a useful tool
for the characterization of nanocomposites, especially with
respect to dispersion, the presence of aggregates or agglom-
erates, and the spatial distribution of the nanoscale filler
particles. High magnifications (600,000X and more) allow
the evaluation of the state of dispersion in the surrounding
matrix as well as the characterization of the nanoparticles
themselves that is, the stack thickness or aspect ratio of
FLG. At lower magnifications of 8000� or 20,000� a larger
area of the sample can be inspected in order to reveal possi-
ble arrangements or a preferential orientation of the nano-
particles in the matrix. Figures 2a–e show TEM
micrographs of NR-FLG, representative for all nanocompo-
sites containing FLG in this study. The microtome sections
used for TEM were obtained by cutting the specimens par-
allel to direction 3 (as defined in Figure 1); the surface nor-
mal of the cutting plane was in the direction of coordinate
1 or 2. For better visualization, the direction of the TEM
beam is marked in Figure 1. The stacked graphene layers
of the FLG particles were therefore nicely visible, as they
were oriented parallel to the 1–2 plane, and could be char-
acterized by their thickness (i.e., the typical number of
layers). The aspect ratio of FLG, defined as the ratio
between the thickness and lateral size of the stacks, was

determined to have a value between 37 and 148; the stack
thickness was about 12 atomic layers. Each micrograph
indicates the FLG's preferential direction of orientation. As
the examined microtome sections of elastomers are not sin-
gle, uniform films, but several small pieces on one sample
carrier, the absolute directions over all micrographs are
diverse. The oriented graphene stacks in the different
micrographs are not perfectly parallel, but nevertheless
show an obvious preferred direction. In the left bottom cor-
ner of Figure 2d, marked with an orange ellipse, a counter-
directed particle can be seen, but is clearly an exception.
Even though there were only few such contrariwise ori-
ented or non-directed particles, they might contribute to
the performance of the nanocomposite by connecting the
oriented FLG with one another in the direction of
thickness.

Figure 2e,f show micrographs of NR-nCB to reveal
the structure and shape of nCB. The spherical particles
had an aspect ratio of approx. 1 and were arranged in
agglomerates without the formation of a continuous net-
work. A formation of such a network was not possible at
the low filler content of 3 phr.

3.2 | Dynamic mechanical analysis

Applying an oscillating mechanical load is the principle
of dynamic mechanical analysis (DMA). In this study,

FIGURE 2 Exemplary transmission electron microscopy micrographs of NR-FLG with oriented FLG in (a–d), and of NR-nCB with

agglomerated nCB in (e,f). [Color figure can be viewed at wileyonlinelibrary.com]

6 of 15 STROMMER ET AL.
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sandwich shear mode was used to determine the mate-
rials' response to an applied mechanical shear force
(at varying temperature or strain), yielding the storage
modulus G' and the damping factor tan δ (ratio of loss-to-
storage modulus G"/G'). The sandwich setup consists of
two identical specimens in symmetrical arrangement
fixed between two stationary clamps, with one moving
element in the middle; see Figure 1c.

The results of the DMA measurements comparing the
different filler types of NR-FLG, NR-nCB and NR are
visualized in Figure 3, and those of the samples repre-
senting the different crosslinking systems of SulCon,
SulEV, 1Perox and 3Perox in Figure 4. Both address the
anisotropic behavior of the materials by measuring two
orientations, respectively, as described in Section 2.2.2.

In Figure 3a the large drop in G' over several orders
of magnitude at about �50�C indicates the glass transi-
tion temperature (Tg). The increase of G' below the glass
transition temperature range (marked with a red arrow)

resulted from the compression applied to the samples to
avoid slippage and the resulting stress due to thermal
expansion with increasing temperature. The value of Tg

differed slightly between the studied samples and orienta-
tions, but no clear trend was observed. The damping fac-
tor tan δ over temperature is shown in Figure 3b,
representing the ratio between loss modulus G" and stor-
age modulus G'. tan δ describes how much of the energy
applied to the material by the measuring device is dissi-
pated. The peak maximum corresponds to the glass tran-
sition, whereas the level of tan δ is an indication for the
damping behavior of the material. In normal load direc-
tion γ21, the maximum values of tan δ were in the same
range for NR and NR-nCB compared to parallel load
direction γ31, whereas FLG in γ21 reduced tan δ by 25%
compared to γ31 for NR-FLG.

Figure 3 shows a comparison of FLG and nCB as rein-
forcing nanoparticles at 3 phr in NR, representing differ-
ent aspect ratios: the storage modulus G' (Figure 3a) and
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FIGURE 3 Results of dynamic mechanical analysis measurements of NR, NR-FLG and NR-nCB: storage modulus G' over temperature
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damping factor tan δ (Figure 3b) over temperature and G'
over strain in Figure 3c. The two load directions result in
different absolute values and curve progressions for all
three studied samples. This difference indicates aniso-
tropic behavior of all samples, even of the unfilled NR

material. However, this effect is more pronounced for the
two nanocomposite systems and becomes dominant for
the 2D graphene nanofiller. The anisotropic behavior of
the unfilled NR sample indicated an orientation of the
molecular polymeric structure. Interestingly, the
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[Color figure can be viewed at wileyonlinelibrary.com]
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spherical nCB as filler also led to a more distinct differ-
ence in G' between the two load directions, although
these nanoscaled filler particles are assumed to induce an
isotropic reinforcing effect. This difference in G' for
NR-nCB was related to the process-induced anisotropy,
as observed for the unfilled NR. The more pronounced
effect in NR-nCB may be related to altered viscosity and
relaxation behavior with respect to the process-induced
anisotropy. For FLG a strong reinforcing effect was
obtained in both load directions, as reflected by signifi-
cantly higher G' values (Figure 3c). Due to the shape of
FLG as a 2D platelet nanoparticle and its orientation and
alignment, the difference between normal and parallel
load direction was greater than in NR-nCB and NR. The
values of G'(γ21) and G'(γ31) obtained from the normal
and parallel load directions in strain-sweep mode at 0.1%
strain, and the derived anisotropy factors as ratios
between G'(γ21)/G'(γ31) are listed in Table 1. The curve of
G'(γ21) of NR-FLG over strain in Figure 3c showed a
decrease in modulus at strains above 1%. This drop in
modulus was a result of the breakdown of the filler-filler
interaction, according to Payne.46

The two DMA methods, temperature-sweep and
amplitude-sweep, led to the same values of storage mod-
uli under the same conditions: G' at 25�C and 0.1% strain
was the same for both consecutive measurements in the
three samples NR, NR-nCB and NR-FLG (linear visco-
elastic area). Therefore, the low temperatures or small
strains applied in preceding DMA measurements did not
change the material behavior. For the following nano-
composites of SulCon, SulEV, 1Perox and 3Perox, the
influence of crosslinking was addressed only by conduct-
ing and discussing strain-sweep measurements. The
respective results of the storage moduli are listed in
Table 1, along with the ratio of G' measured in both load
directions. The anisotropy factor, calculated by division
of G'(γ21)/G'(γ31) resulted in a value of 2.2 for the 2D
nanoparticle containing NR-FLG, compared to a value of
1.2 for the unfilled NR. To visualize the effect of the 2D
nanoparticles FLG, Figure 4a–d show the G' curves over
the logarithmic strain for the unfilled NR (0 phr FLG)
and 5 phr FLG for SulCon, SulEV, 1Perox and 3Perox,
respectively, and in both load directions, normal γ21
(filled symbols) and parallel γ31 (open symbols) to the
expected plane of orientation.

The samples SulEV and 3Perox clearly show the
strongest reinforcement of the four vulcanization sys-
tems, namely the highest shear modulus G' perpendicular
to the plane of the graphene platelets, compared to their
unfilled samples with 0 phr; see Table 1 and Figure 4e.
For SulEV a first decrease in G' was detected (from 0 to
1 phr FLG), which corresponds to a reported prevention
of crosslinking with the presence of FLG.45 The values

for 1Perox were lower overall than for the other three
vulcanization systems.

The resulting ratio of G'(γ21)/G'(γ31) (anisotropy fac-
tor) at 0.1% strain enables a quantification of the
direction-dependency of the mechanical properties and is
plotted over the FLG content in Figure 4f. Similar to the
general levels of G', the anisotropy factors also differ sig-
nificantly depending on the vulcanization systems. The
samples with sulfur-based crosslinker had a distinctively
higher anisotropic factor even in the unfilled samples.
Upon incorporating FLG, the SulEV system reaches the
highest values for reinforcement (represented by G') as
well as for the corresponding anisotropy, followed by the
SulCon system for crosslinking. The two peroxide cross-
linkers yield significantly less reinforcement at similar
nanofiller loadings, in combination with less distinct
anisotropy as well. Nevertheless, for all nanocomposites
containing FLG a more or less pronounced increase in
the anisotropy factor was observed with increasing FLG
content. When only the two peroxide-based systems and
their nanocomposites with different FLG content were
compared, 3Perox exhibited higher anisotropy factors
than 1Perox. The higher peroxide content in 3Perox is
clearly related to a higher crosslinking density in the final
elastomer material. Apparently, the higher density of
crosslinks enables a stronger fixation of process-induced
orientation in the hot-press, whereas a looser network
might allow a partial relaxation in the orientation of both
the FLG and the polymer chains.

A perfectly isotropic material shows the same
mechanical values in all directions and therefore results
in an anisotropy factor of 1. All the studied samples had
anisotropy factors above 1, which proves that the elasto-
meric chain themselves are oriented during processing in
the first place. Therefore, it is evident that nanoparticle
orientation originates from the same cause of deforma-
tion and high pressure at elevated temperatures.

3.3 | Swelling

A swelling measurement determines the ability of a
material to take-up a solvent. A volume expansion goes
hand in hand with the mass increase linked to the sol-
vent uptake. The network structure of the elastomer hin-
ders this process: a rather loose network of covalent
crosslinks allows swelling up to a certain degree. A
denser network further limits the capacity for volume
expansion and therefore also limits the mass uptake of
solvents. Consequently, the measurement of the volume
increase enables the calculation of a density of crosslinks,
according to Flory and Rehner.47 Reinforcing fillers in
composites act as physical crosslinks forming a network

STROMMER ET AL. 9 of 15
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structure, in addition to the covalently chemical cross-
linking network of a vulcanizate. Kraus described the
influence on the swelling behavior of such filled elasto-
mers and pointed out the similarity of both
networks.48–50 To give an overview of the influence of the
nanoparticles, the mass sorption over time for NR,
NR-FLG and NR-nCB is displayed in Figure S1a; the
equilibrium sorption values in mass and volume are
given there in Table S3. For an estimation of the sorption
kinetics, Figure S1b shows the normalized sorption (nor-
malized to the respective equilibrium sorption level) over
the square root of time for NR, NR-FLG and NR-nCB,
which reveals only a slight deviation from Fickian behav-
ior and only minor changes in mass uptake rates for all
samples. Fickian diffusion kinetics is characterized by a
linear increase of the normalized sorption when plotted
vs. square root of time. Deviations from this ideal behav-
ior would indicate changes of the local diffusivity due to
a significantly altered host matrix caused by the mass
uptake of the solvent. An influence on the sorption kinet-
ics of the presence of the nanoparticles or their aspect
ratio was therefore not detected. The respective curves of
mass uptake over time and kinetics for the vulcanization
systems and FLG contents are part of a previous study.45

When the polymer chains are oriented or the reinfor-
cing effect of the fillers is more pronounced in one direc-
tion than the other, the swelling becomes anisotropic.
Furthermore, these two effects may be mutually ampli-
fied. As sketched in Figure 5, the different dimensional
changes in diameter d and thickness h were used to
determine a possible preferential orientation, and the
resulting reinforcing effect in these directions in terms of
limited expansion. In the disc-shaped specimens the
diameter d direction represents the in-plane directions

1 and 2 (see Figure 5) in which 2D nanoparticles are
likely to be oriented, and normal to that, the thickness
h in direction 3.

For the two different nanofillers and the unfilled NR,
Figure 6a shows the increased linear dimensions d and h,
and the overall volume V in percent compared to dimen-
sions and volume before immersion in the solvent, d0, h0,
and V0, respectively. Table 1 gives the relative dimen-
sional swellings d/d0 and h/h0, as well as the calculated
anisotropic swelling (anisotropy factor).

The aspect ratio of the nanoparticles in a nanocompo-
site affects the anisotropic swelling distinctly, as can be
seen in Figure 6a. The incorporation of nCB slightly
reduced both d/d0 (red bars) and h/h0, (green bars) com-
pared to unfilled NR. This almost isotropic change
reflects the increase of physical crosslinks due to interac-
tion between the polymer matrix and rigid filler particles.
In contrast, FLG even led to an increased h/h0 in combi-
nation with a significantly decreased d/d0, showing the
limited swelling in the graphene plane direction. The
quantified swelling anisotropy in form of the anisotropic
factor results in 1.61 for NR-FLG, compared to 1.08 for
the unfilled NR. This anisotropy in the swelling is similar
to the reinforcing effect indicated by G'(γ21) in the DMA
measurements. This direction-dependency underlines the
detected preferential orientation of the 2D platelets of
FLG. The overall reduction in volume expansion as well
as in mass uptake is much more pronounced for FLG
than for nCB.

Figures 6b–e show the dimensional and volume
increase after swelling as a function of FLG content for
NR nanocomposites crosslinked with SulCon, SulEV,
1Perox and 3Perox, respectively. Even though the general
level of swelling in both dimensions and the volume were
mainly determined by the vulcanization system, clear
trends were observed: with increasing FLG content, the
increase in diameter d/d0 (red data points) was reduced,
whereas the thickness increase h/h0 actually rose (green
data points). The ratio between (d/d0 � 1) and (h/
h0 � 1), defined as anisotropic swelling to quantify the
anisotropy by Liu et al., over FLG content is shown in
Figure 6f for all vulcanization systems and shows similar
trends.28 Interestingly, both sulfur-based crosslinkers
result in linear behavior for all FLG contents up to
10 phr, resulting in anisotropy factors above 2, whereas
the two peroxide systems show negative deviations at the
highest FLG concentrations.

The volume expansions clearly decreased with
increasing FLG content up to 3 phr FLG for all studied
nanocomposites. With a further increase in FLG content
in 5 and 10 phr FLG, the V/V0 of the sulfur-based nano-
composites increased again. This increase in volume
expansion results from a simultaneous increase in h/h0

FIGURE 5 Schematic illustration of isotropic (top) and

anisotropic (bottom) dimensional swelling.
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and decrease in d/d0 in SulCon and SulEV, whereas the
thickness expansion h/h0 remained constant between
3 and 10 phr for the peroxide crosslinked nanocompo-
sites. The increase in h/h0 compared to the lower filled
and unfilled samples indicated a sort of reduced rein-
forcement of the material in this direction, allowing a

more pronounced expansion in thickness. This difference
between the nanocomposites of sulfur- and peroxide-
based vulcanization was mirrored in the anisotropic
swelling for the higher FLG contents, with SulCon and
SulEV yielding higher anisotropy factors values than
1Perox and 3Perox.
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FIGURE 6 Results of volume and dimensional swelling measurements of disc-shaped specimens in isooctane at 23�C; dotted references

set on the levels of the unfilled samples (natural rubber and 0 phr few-layer graphene). [Color figure can be viewed at

wileyonlinelibrary.com]
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3.4 | Comparison of the reinforcement
and the anisotropy factors

The presented methods allow the calculation of anisot-
ropy factors. In the data obtained from DMA, the anisot-
ropy factor describes the ratio of storage moduli between
the normal and parallel load direction in the supposed
orientation. Agnelli et al. studied NR nanocomposite in a
DMA setup similar to the one presented in this study.
The determined anisotropy indices were lower for the
nanoscaled graphite they studied in natural rubber at a
similar load level of 4 phr. This might result from a differ-
ent aspect ratio of the nanoparticle compared to the FLG
in this study. The incorporation of CNT led to higher
anisotropy, and different carbon black types resulted in
almost isotropic behavior.26 From the dimensional swell-
ing in a solvent, another anisotropy factor can be
obtained, namely as the ratio between thickness increase
and diameter increase. Comparing the results from the
nanocomposites in this study with the recent literature,
our specimens containing FLG yielded higher anisotropy
factors in swelling. Liu et al., using graphene nanoplate-
lets at a content of 5 phr in NR, reported lower ratios
between the thickness increase h/h0 and the diameter
increase d/d0.

28 The differences in DMA and swelling
results compared to the recent literature probably arise
from small differences in the setups (i.e., choice of sol-
vent, sample sizes, etc.), the processing and the 2D car-
bon particle studied, as the various manufacturing
processes can affect their performance as reinforcing
filler. Therefore, in the first place the levels of the
obtained values characterizing anisotropy in form of
shear moduli in DMA and dimensional swelling may
vary, depending on the details concerning material and
measurement of the respective study. The reached equi-
librium swelling level strongly depends on the vulcaniza-
tion system even though oriented 2D nanoparticles
change the relative values. The anisotropy factors calcu-
lated from these methods are also sensitive to these dif-
ferences and a direct comparison needs caution.
Additionally, the conventional processing of the nano-
composites for this study with latex premixing followed
by two-roll milling and hot-pressing brings a difference
to the recent literature, as the orientation of the FLG is
introduced as a side effect in these processing steps and
no extra orientation procedure is applied.

The quality of dispersion and distribution of the gra-
phene species in the NR matrix is expected to play a
major influencing role, which is realized via an ultrasonic
assisted latex masterbatch route in the present study. This
premixing step most likely affects predominantly the ini-
tial distributive mixing as well as the dispersion (separa-
tion of the agglomerates) without a further distinct

exfoliation of the FLG particles (reduction of the number
of monoatomic layers in a single graphene stack). The
resulting values of G'(γ21) and anisotropy for NR-FLG
were higher compared to all other samples containing
FLG, especially the sample with 3 phr FLG content. This
difference is presumably because NR-FLG was produced
via the combination of two-roll milling and hot-pressing,
whereas all other nanocomposites containing FLG were
compounded in the microcompounder, followed by hot-
pressing. Apart from the higher dispersion, due to the
strong influence of ultrasonication and surfactant on
reinforcement,19 the two-roll mill produced a sheet,
which was then transferred directly to the hot-press,
whereas the product of the microcompounder consisted
of crumbs that were randomly placed into the mold for
hot-pressing. The two-roll mill and hot-press therefore
produced an orientation in the same direction in the 1–2
plane shown in Figure 1a, which was impossible with the
compound obtained from the microcompounder. How-
ever, all samples of SulCon, SulEV, 1Perox and 3Perox
showed anisotropic behavior in the DMA, pointing out
the importance of hot-pressing on the orientation of the
nanoparticles and polymer chains.

In Figure 7a shows the relation between the G'(γ21)
and the anisotropy factor obtained from DMA. A trend of
increasing reinforcement, namely in the G'(γ21), was
observable for the samples, yielding a distinct orientation
of the fillers and anisotropic behavior. This result under-
lines the importance of identifying anisotropy and quan-
tifying it. Only the knowledge about the presence and
amount of orientation in a nanocomposite allows the full
reinforcing effect of graphene and its derivatives to be
exploited in elastomeric matrices.

When the two anisotropy factors obtained in this
study for the same samples from DMA and swelling are
brought into relation, they roughly correlate, see
Figure 7b. However, there are some outlier results, so
that a linear regression results in a R2 of only 0.43 and
may be considered as more of a guideline. The DMA
results from SulCon and SulEV, especially, differ strongly
from the results from swelling, and the unfilled samples
yielded rather high anisotropy factors in their storage
moduli. The results demonstrate that the method of
dimensional swelling measurement results in more pre-
dictable values for the anisotropy factor that is, higher
anisotropy factors for samples containing 2D nanoparti-
cles. The swelling measurement is easy to set up and is a
standard method in elastomer research and industry to
determine the crosslinking density by the gravimetric sol-
vent uptake. The small addition to this method of mea-
suring the increase in two dimensions gives reliable
insight into the anisotropic behavior of nanocomposites,
but also of elastomeric materials in general.
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The crosslinking system and the resulting crosslink-
ing density affected the anisotropy factors obtained from
DMA results more than the anisotropy factors from
swelling. For the FLG contents of 0, 1, 3, and 5 phr, the
anisotropy in swelling was almost independent of the
crosslinking system. At 10 phr some differences were
detected, with the nanocomposites obtained via peroxide-
based vulcanization exhibiting lower levels than the
sulfur-based vulcanizates. However, for the peroxide
nanocomposites, the trends of results from DMA corre-
spond with the swelling results.

Without a doubt, the knowledge of a potential prefer-
ential orientation of the filler particles and the extend of
such is necessary to assess an increased modulus,
mechanical strength and other technical properties, espe-
cially since the conventional processing techniques
implement these orientations in the first place without
purpose. Less preferential orientation results in a lower
reinforcing effect in the respective direction, but on the
other hand a higher reinforcement in the other direc-
tions. For applications requiring an isotropic material,
such orientations are maybe not desirable—however the
FLG increases the storage modulus in the direction nor-
mal to the orientation, too, compared to unfilled
NR. Therefore, even if the FLG is randomly distributed in
the elastomeric matrix, an improvement of mechanical
properties is expected. To fulfill its full potential, how-
ever, the exploitation of the anisotropy due to an imple-
mented orientation is favorized.

4 | CONCLUSION

Two-dimensional nanoparticles can orient or align in the
case of the processing of elastomeric nanocomposites due

to shear forces and pressure at elevated temperatures.
This orientation influences the properties in different
directions, leading to anisotropic behavior. The presented
work studies the anisotropy of natural rubber nanocom-
posites with FLG by transmission electron microscopy,
DMA, and dimensional swelling. In comparison to nCB,
the incorporation of FLG significantly increases anisot-
ropy by factors of 2.2 (DMA) and 1.6 (swelling) at a filler
content of 3 phr. However, minor anisotropy is even
observed in unfilled NR, indicating that the processing
induces a slight orientation and alignment of the polymer
chain molecules. The influence of different vulcanization
systems and degrees of crosslinking is generally less on
swelling than on the mechanical behavior, as revealed by
DMA in shear mode. The investigation of incorporating
similar nanoparticles into NR matrices with different
crosslinking systems shows their distinct impact on the
resulting properties of the nanocomposites. While there
is a direct influence of the nanoparticles on the actual
crosslinking reaction,45 the major effects on the final ori-
entation and alignment of the nanofiller might be the vis-
cosity and relaxation behavior during the processing
period.

Two-dimensional swelling measurements generally
provide more reliable quantifying results than DMA.
Micrographs obtained via TEM are meaningful qualifying
tools for characterizing nanocomposites with 2D fillers
and detecting a preferential orientation. In contrast, the
more divergent behavior revealed by DMA reflects the
more complex effect on mechanical properties.
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