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Abstract: In this study, atomic force microscopy (AFM) nanomechanics were used to visualize the
nanoscale stress distribution in carbon black (CB)-reinforced isoprene rubber (IR) vulcanizates at
different elongations and quantitatively evaluate their volume fractions for the first time. The stress
concentrations in the protofibrous structure (stress chains) that formed around the CB filler in CB-
reinforced IR vulcanizates were directly observed at the nanoscale. The relationship between the
local nanoscale stress distribution and macroscopic tensile properties was revealed based on the
microscopic stress distribution and microscopic spatial structure. This study can help us gain insight
into the microscopic reinforcement mechanism of carbon black-containing rubber composites.

Keywords: visualization; stress distribution; atomic force microscopy; reinforcement; rubber

1. Introduction

Mixing nanoscale fillers with a polymer matrix to produce polymer nanocomposites
(PNCs) is of substantial and growing importance. PNCs are widely used in many practical
applications, and their reinforcement mechanism and structure have been the subject of
numerous experimental studies over recent decades [1–5]. In the rubber industry, the
incorporation of stiffer nanoscale inclusions significantly improves the elastic modulus,
fracture strength, and abrasion resistance of the rubber matrix [6,7]. The stiffening effect
largely depends on the type of filler (carbon black (CB) [8], silica [9], layered silicates [10],
and clay sheets [11]), volume fraction, and dispersion. The reinforcement of composites is
generally believed to result from interactions between the filler and rubber based on the
“bound rubber” theory [12,13]. The concept of “bound rubber” is defined as the insoluble
rubber phase in an organic solvent due to the adsorption of macromolecular chains to the
filler particle surface. Nishi [14] observed that the molecular motion in the layer between
CB and rubber was unaffected by the solvent by measuring the spin–spin relaxation T2
time using pulsed nuclear magnetic resonance (NMR), which indicates strong restriction
of the molecular motion of rubber on the CB surface. Using low-field proton nuclear
magnetic resonance (NMR), Litvinov et al. [15] also observed significantly different ethylene
propylene diene monomer (EPDM) rubber chain mobilities in CB-filled EPDM and strong
immobilization of EPDM chain fragments on the surface of CB. Valentin et al. [16] studied
polymer-filler interfaces by combining swelling experiments with low-field NMR. They
found that the interactions established between the polymer chains and the filler restrict the
swelling process in the elastic chains near the filler surface and hinder the swelling process
in the interface. Additionally, hydrodynamic reinforcement contributes to the stiffening
effect because rigid filler particles are incorporated in soft rubbery matrices. Gold, Guth,
and Vilgis et al. [17,18] presented a theoretical model of hydrodynamic reinforcement
based on the Einstein-Smallwood formula [19] to describe the relationship between elastic
modulus and volume fraction of the filler. Recently, Long et al. [20] revealed, using a new
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microscopic model, that strong reinforcement was achieved when glassy layers among
fillers overlapped, and the reinforcement was very strong when the relevant fillers with
glassy layers percolated. Using three-dimensional transmission electron microscopy (3D-
TEM), Ikeda et al. [21] first visualized nanofiller networking due to the association of
CB and natural rubber. Based on the aforementioned descriptions, we found that the
reinforcement mechanism of PNCs was complex due to the diversity of fillers and their
spatial arrangement, and the microscopic reinforcing mechanism and mechanical behavior
of this action remain unresolved.

To investigate the reinforcement mechanism of PNCs, information on the microscopic
scale under deformation conditions, i.e., spatial dispersion and interactions between the
rubber and fillers, is necessary. The dispersion and relative motions of the fillers upon de-
formation have been investigated using X-ray [22,23] and neutron diffraction [24,25]. These
studies have difficulty directly obtaining information about local structures at the nanoscale
and analyzing the diffraction data due to the form factor of the particles. Recently, trans-
mission electronic microscopy (TEM) [26,27] and atomic force microscopy (AFM) [28,29]
have been used to investigate local structures upon deformation and filler dispersion in
real space. For example, Fretigny [30] used AFM to investigate the dispersion of fillers in
nanocomposites under uniaxially stretched conditions. Real space images illustrate that
the existence of many-body interactions can lead to remarkable alignments of the fillers
perpendicular to the traction direction. Díez-Pascual et al. [31,32] explored the interfacial
properties of fibrous fillers and polymeric matrices using a nanoindentation technique. Us-
ing TEM, Yatsuyanagi et al. [33] observed the breakdown of the secondary structure of silica
particles when strain was applied to silica-filled vulcanizates. Jinnai et al. [34] conducted
in situ nanoscale observations on the crack propagation process in silica nanoparticle-filled
rubber. These phase imaging techniques provide good contrast between the rubber matrix
and the fillers, which enables access to real space data and assists in understanding the
reinforcement mechanisms. However, these techniques commonly cannot thoroughly
probe the reinforcing mechanism because they only provide information related to the
morphology and spatial dispersion of fillers. No techniques can provide information
related to stress localization. New methods that can provide clear experimental data for
the mechanical modeling of PNCs are necessary.

Recently, AFM nanomechanical measurements have become a straightforward and ef-
ficient method for high-spatial-resolution imaging of material properties [35–39]. Previous
studies on CB-filled natural rubber (NR) using AFM nanomechanical measurements have
focused on the microstructure and elastic modulus of bound rubber and have shown that
bound rubber has a two-layer structure consisting of a glassy layer and an uncured rubber
layer and that bound rubber exhibits a higher elastic modulus than matrix rubber [40]. In
this study, we proposed an approach to measure the stress distribution of CB-reinforced IR
at the nanoscale using PeakForce Quantitative NanoMechanics (QNM) mode and a spe-
cially designed holder to keep the sample in a uniaxially stretched position. This approach
can directly visualize the nanoscale stress distribution of CB/IR at various elongations
and quantitatively assess its volume, which enables the acquisition of information about
the stress localization and interfacial structure of the filler/rubber. More importantly, this
approach enables the application of a micromechanical analytical model to provide insight
into the microscopic reinforcement mechanism of CB-filled rubber composites.

2. Materials and Methods
2.1. Materials and Sample Preparation

The PNCs in this study were a mixture of isoprene rubber and high-abrasion furnace-
grade CB (N330, with a mean particle size of 28–36 nm). Its formulations are presented
in Table 1. All ingredients were commercially available. The loading contents of CB were
10, 20, 30, 40, and 50 phr, which corresponded to 4.9%, 9.1%, 13.2%, 16.7%, and 20.2% in
volume fraction, respectively. A specially designed sample holder was used to maintain
the CB/IR sheets (20 mm × 2 mm × 0.2 mm) in a uniaxially stretched condition under the
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AFM probe. Prior to stretching, two lines normal to the stretching direction were marked
on the surface of the samples. The macroscopic strain can be precisely calculated from
the measurement of the distance between two lines. Then, the deformed samples were
ultramicrotomed using a Leica EM FC6 (Leica Microsystems GmbH Wetzlar, Germany) at
−120 ◦C to obtain a smooth surface for AFM imaging. Cutting was performed parallel to
the tensile direction.

Table 1. Formulation of the CB-reinforced isoprene rubber.

Component Composition (phr)

isoprene rubber, IR 100
Sulfur 2

Stearic acid 1
Zinc oxide 5

N-cyclohexylbenzothiazole-2-sulfenamide, CBS 1
Carbon black, CB 0, 10, 20, 30, 40, 50

2.2. AFM Measurements

AFM measurements were performed in PeakForce Quantitative NanoMechanics
(QNM) mode on a Bruker MultiMode AFM at ambient conditions. The oscillation frequency
of the Z-piezo was 1.0 kHz, and the peak-force amplitude was set at 250 nm. Force
curves were collected over randomly selected surface areas of 3.0 µm at a resolution of
256 pixels × 256 pixels. The samples were scanned at peak tapping forces of approximately
1 nN using rectangular silicon cantilevers with a nominal spring constant of 0.51 N/m
(OMCL-TR800PSA, Olympus Micro Cantilevers). The actual spring constant was measured
using the thermal tuning method. The obtained force curves were analyzed using JKR
contact mechanics [41]. According to this model, the Young’s modulus E and adhesive
energy w are expressed by two equations:

E =
3
(
1− v2)

4
−1.27P√

R(δ0 − δ1)
3

(1)

w = − 2P
3πR

(2)

where ν is the Poisson’s ratio, R is the radius of curvature of the probe tip, δ is the sample
deformation, and P (<0) is the maximum adhesive force, as shown in Figure 1 [42].

Figure 1. A schematic of the force–deformation curve.

2.3. Macroscopic Tensile Measurements

Tensile tests were performed using a Shimadzu EZ-TEST instrument under uniaxial
tension at a cross-head speed of 50 mm/min at room temperature. During tensile testing,
the samples were first stretched to a desired strain at room temperature; then, the strain
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was maintained for 1 h to stabilize the stress relaxation. We performed such procedures to
quantitatively compare the macro- and microscale mechanical properties because the AFM
nanomechanical mapping measurements were performed after stretching the samples
for 1 h. Dumbbell-shaped mini tensile bars (40 mm × 2 mm × 2 mm) were formed by
cutting from 2-mm-thick CB/IR sheets, and at least five measurements were performed for
each sample.

2.4. Analysis of Nanoscale Stress Distribution

Nanomechanical mapping measurements can be used to analyze the nanoscale stress
distribution of deformed material. However, the elastic modulus maps measured in the
deformed state cannot directly quantify the stress distribution on the material surface.
In general, the modulus under deformation is greater than that of undeformed material,
and we suggest that this increase in modulus is directly related to the stress distribution.
Therefore, in this study, we approximated the stress distribution as an increase in modulus
during deformation. As a result, we define the stress σ as follows:

σ = EStr − EUnstr (3)

where Estr and EUnstr are the Young’s moduli of deformed and undeformed rubber, re-
spectively. To verify the above analysis method, we compared the modulus increase of
polydimethylsiloxane (PDMS) with the macroscopic tensile stress. Both were almost in
agreement (see Figure S1 and Table S1), which proves the validity of Equation (3).

3. Results and Discussion

We used the PeakForce QNM mode to measure the local mechanical properties of a
material at the nanoscale. The Young’s modulus and adhesion images of the undeformed
CB (4.9 vol%)-reinforced IR vulcanizate are provided in Figure 2a,b. The estimated Young’s
modulus image shows the interfacial region between the CB with a higher modulus (blue–
green) and the IR matrix with a lower modulus (orange). Here, the elastic modulus of
CB was ~22 MPa (Figure S2), which is much lower than the typical modulus value of CB
(~10 GPa) [43]. The underestimated elastic modulus of CB results because the surrounding
rubber region is deformed [44]. Another possibility is that the applied force was too small
to deform CB particles because a soft probe was used (spring constant was 0.51 N/m for
the rubber-level measurement). In this case, it is very difficult to define the CB region and
interfacial region using the difference in modulus. Instead, the histogram of the adhesion
force can be well described by the Gaussian function in Figure 2d, which clearly shows
three relatively independent Gaussian distributions. The notable difference in surface
adhesion energy is caused by different molecular structures of CB, the IR matrix, and the
interface between CB and the IR matrix. These three Gaussian distributions correspond to
CB, interfaces, and IR matrices from small to large, respectively. By fitting the histogram
(Figure 2d), the calculated volume fraction of CB, φCB, is 4.6%, which is consistent with
the original filler content of 4.9 vol%. The comparison between the volume fraction of CB
from PeakForce QNM AFM and the real formulation at various φCB values showed that
they were consistent through the loading content, as shown in Figure 2e. The adhesion
force can accurately locate and quantify the CB region in the CB/IR vulcanizate. Adhesion
force mapping can be used to probe the local structural information of CB and estimate the
volume fraction of the interface and IR matrix with φIF = 23.9% and φM = 71.5%. Tensile
testing revealed that the effective volume fraction f was approximately 1.8 in the modified
Guth-Gold equation [17,18]:

E f = Em

(
1 + 2.5 f φ + 14.1 f 2φ2

)
(4)

where Ef and Em are the Young’s moduli of the filled composite and rubber matrix, respectively,
and φ is the volume fraction of filler. According to the AFM results, (φIF + φCB)/φCB = 6.1,
which indicates that f increases approximately threefold in comparison with the value
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obtained from tensile testing. Two possible reasons can lead to the increased interfacial
region in AFM mapping. First, the CB aggregates under the rubber surface or the tool only
cut the interfacial region, as shown in Figure 3a, which leads to an overestimation of the
interfacial region. Second, the IR matrix may be confined to a certain area, which results in
similar mechanical properties to those of the interfacial region (red circle in Figure 3b).

Figure 2. (a,b) Young’s modulus and adhesion force mapping of CB (4.9%, 10 phr)/IR obtained by
PeakForce QNM AFM. The scan size was 3.0 µm; (c) typical force−deformation curve. The Young’s
modulus results from a fit of the retracing curve with a JKR contact model, as indicated by the solid
black line. (d) Histograms of adhesion force mapping for CB (4.9%, 10 phr)/IR. (e) Volume fraction
of CB from PeakForce QNM AFM and the real formulation.

Figure 4 presents the nanomechanical mapping results for CB (4.9 vol%, 10 phr) and
CB (13.2 vol%, 30 phr)-reinforced IR at various elongations during uniaxial stretching.
The logarithm of the modulus was used in this mapping, which makes it easy to observe
structural changes during uniaxial stretching. Based on the results for the definition of the
CB, interface, and IR (Figure 3b), the Young’s modulus was 1.9 ± 0.3 MPa for the rubber
matrix, 4.0± 1.8 MPa for the interface component, and 9.8± 0.3 MPa for the CB component
(as noted above, the Young’s modulus of CB was untrue; therefore, we will not discuss it
in this article). When CB (4.9 vol%, 10 phr)/IR was stretched to λ = 50% (Figure 4b), the
heterogeneity of the elastic modulus in the IR matrix was revealed by AFM nanomechanical
mapping. This result implies that affine deformation cannot be applied to the extension
of the CB/IR. When the sample was stretched to λ = 300%, the nanomechanical mapping
results indicate that the modulus increased to 4.4 ± 1.6 MPa in the IR matrix region and to
8.5 ± 2.7 MPa in the interfacial region. The stress concentration of fibrillar structures (stress
chain) formed around CB fillers and oriented along the tensile direction (blue circle area in
Figure 4c). The stress tended to be concentrated in the interfacial regions, where the local
rubber molecular chain was bound to the CB particles, which led to dramatically decreased
molecular mobility. With further deformation (Figure 4d), the stress chain expanded along
the stretching direction, and the CB fillers connected with each other to form a network
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structure. This structure resulted in dramatically increased macroscopic stress at high
elongations. Furthermore, the area of the interfacial region significantly increased with
stretching at high elongation, which indicates that the stress was again concentrated in
the interfacial region. At high volume fractions of CB (Figure 4e–h), a similar process was
observed by nanomechanical mapping. For the samples with higher CB volume fractions,
chain stress structures of high-density networks were observed, which led to a high elastic
modulus and low fracture of the material.

Polymers 2021, 13, x  6 of 11 
 

 

black line. (d) Histograms of adhesion force mapping for CB (4.9%, 10 phr)/IR. (e) Volume fraction 

of CB from PeakForce QNM AFM and the real formulation. 

 

Figure 3. (a) Schematic for CB/IR before cutting and after cutting. (b) Visualization of the dispersion structure of carbon 

black in IR by AFM adhesion force images, where the black area is CB, the yellow area is IR rubber, and the green area is 

the interface. (c) Histograms of adhesion force mapping for CB, IR and the interface. 

Figure 4 presents the nanomechanical mapping results for CB (4.9 vol%, 10 phr) and 

CB (13.2 vol%, 30 phr)-reinforced IR at various elongations during uniaxial stretching. The 

logarithm of the modulus was used in this mapping, which makes it easy to observe struc-

tural changes during uniaxial stretching. Based on the results for the definition of the CB, 

interface, and IR (Figure 3b), the Young’s modulus was 1.9 ± 0.3 MPa for the rubber matrix, 

4.0 ± 1.8 MPa for the interface component, and 9.8 ± 0.3 MPa for the CB component (as 

noted above, the Young’s modulus of CB was untrue; therefore, we will not discuss it in 

this article). When CB (4.9 vol%, 10 phr)/IR was stretched to λ = 50% (Figure 4b), the het-

erogeneity of the elastic modulus in the IR matrix was revealed by AFM nanomechanical 

mapping. This result implies that affine deformation cannot be applied to the extension 

of the CB/IR. When the sample was stretched to λ = 300%, the nanomechanical mapping 

results indicate that the modulus increased to 4.4 ± 1.6 MPa in the IR matrix region and to 

8.5 ± 2.7 MPa in the interfacial region. The stress concentration of fibrillar structures (stress 

chain) formed around CB fillers and oriented along the tensile direction (blue circle area 

in Figure 4c). The stress tended to be concentrated in the interfacial regions, where the 

local rubber molecular chain was bound to the CB particles, which led to dramatically 

decreased molecular mobility. With further deformation (Figure 4d), the stress chain ex-

panded along the stretching direction, and the CB fillers connected with each other to 

form a network structure. This structure resulted in dramatically increased macroscopic 

stress at high elongations. Furthermore, the area of the interfacial region significantly in-

creased with stretching at high elongation, which indicates that the stress was again con-

centrated in the interfacial region. At high volume fractions of CB (Figure 4e–h), a similar 

process was observed by nanomechanical mapping. For the samples with higher CB vol-

ume fractions, chain stress structures of high-density networks were observed, which led 

to a high elastic modulus and low fracture of the material. 

CB BR M

a b

c

Figure 3. (a) Schematic for CB/IR before cutting and after cutting. (b) Visualization of the dispersion
structure of carbon black in IR by AFM adhesion force images, where the black area is CB, the yellow
area is IR rubber, and the green area is the interface. (c) Histograms of adhesion force mapping for
CB, IR and the interface.

Figure 4. Modular images of CB (4.9%, 10 phr)/IR in 3.0× 3.0 µm areas: (a) unstretched; (b) stretched
to λ = 50%; (c) stretched to λ = 300%; (d) stretched to λ = 500%. Modular images of CB (13.2%,
30 phr)/IR in 3.0 × 3.0 µm areas: (e) unstretched; (f) stretched to λ = 50%; (g) stretched to λ = 300%;
(h) stretched to λ = 500%.
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For a long time, various particulate reinforcement theories (such as parallel [45],
series [46,47], Hirsch, Chow [48], and Takayanagi [49] models) were proposed to predict
the mechanical properties of polymer composites, and all theories have been based on
either a micromechanical or phenomenological approach. However, we have long been
unable to directly obtain the microscopic mechanical properties of the materials. PeakForce
QNM AFM enables the qualitative analysis of the stress distribution of the material surface
and provides the possibility of quantitative characterization of the nanostress distribution.
A new model can be established to provide insight into the relationship between the local
and nanoscale stress distributions and macroscopic tensile properties. For CB-reinforced
IR systems, a modulus of 10 GPa for CB is much larger than that of the rubber matrix
(a few MPa), which indicates that the CB cannot sustain stress when the sample is stretched.
Consequently, the problem has been simplified to a two-phase model, where stresses and
strains are considered in the rubber and interface. Here, two basic parallel and series
models were discussed and applied to the deformation system for the first time. The
parallel model is given by the rule of mixtures:

σpar = σIFφ′ IF + σMφ′M (5)

φ′ IF = φIF/(φIF + φM) (6)

φ′M = φM/(φIF + φM) (7)

where σpar is any mechanical property of the CB-reinforced IR system, σIF and σM are the
microscopic stresses of the interface and matrix components, respectively, and φIF and φM
are their corresponding volume fractions. In the series model, the blend components are
arranged in series, and the equation is given as follows:

σser =
(
φ′ IF/σIF + φ′M/σM

)−1 (8)

As shown in Figure 1, the elastic modulus of nanomechanical mapping includes the
material modulus itself and stress concentration under stretching; therefore, part of the
stress can be extracted by Equation (3) and is shown in Table S2. Figure 5 shows the
comparison of macroscopic tensile data and PeakForce QNM AFM results based on the
series and parallel models discussed in the stress of CB/IR as a function of the elongation
section. In the case of CB (4.9 vol%, 10 phr)/IR (Figure 5a), the macroscopic tensile
stress was consistent with the tensile stress of the IR matrix at elongations of 0%~200%.
Furthermore, when the sample was stretched to 300%, the macroscopic tensile stress agreed
with the series model, and the series arrangement of the rubber phase and interphase were
observed by nanomechanical mapping. After the rubber was stretched to 400%, the tensile
stresses were close to the parallel model, which indicates that the rubber and interface
form a parallel structure. The macroscopic tensile stress of the stretched CB/IR depends on
(i) the microscopic local stress distribution of the interfacial region and IR matrix region
and (ii) the microscopic spatial structure of each phase. We first successfully obtained
the relationship between the local, nanoscale stress distribution and macroscopic tensile
properties. In the case of CB (13.2 vol%, 30 phr)/IR (Figure 5b), a parallel structure appeared
at lower elongations. A possible explanation of this phenomenon is that a higher loading
content makes forming stress-chain networks easier. Interestingly, when the CB (13.2 vol%,
30 phr)/IR sample was stretched to 500%, the macroscopic tensile stress was consistent with
the tensile stress of the interface because the interfacial area increased with the stretch to
form a matrix at elongations of 500%, which caused a stress almost distributed in interfacial
areas. Therefore, the microscopic stress distribution and microscopic conformations of the
interface and matrix together determine the microscopic mechanism of the CB-reinforced
IR rubber under deformation.
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Figure 5. Comparison of macroscopic tensile data (red line) and PeakForce QNM AFM results (point)
based on series and parallel model discussed in the text for stress of CB (4.9%, 10 phr)/IR (a) and CB
(13.2%, 30 phr)/IR (b) as a function of the elongation. Because the CB does not actually carry the
stress, it is reduced to a two-phase model here. The black area is CB, the yellow area is IR rubber, and
the green area is the interface.

4. Conclusions

In summary, we used AFM nanomechanics to measure the nanoscale mechanical
property distribution of CB/IR vulcanizate under uniaxial tension for the first time. Many
stress chains formed around CB fillers parallel to the traction direction in stretched CB/IR.
Moreover, the stress chains could be connected to form a network structure at high elon-
gations, which resulted in high macroscopic stress. Using the differences in adhesion
force between the tip and surface, the boundaries of each component (CB, interface and
IR matrix) of CB/IR were defined by nanomechanical mapping, which enabled the quan-
titative characterization of the nanoscale stress distribution of stretched material for the
first time. Analysis of the stress distribution indicated that macroscopic tensile stress could
be predicted by the reinforcement model based on the microscopic stress distribution and
microscopic spatial structure. This approach can provide new research perspectives for the
reinforcement and deformation mechanisms of PNCs.
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Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/polym13223922/s1, Figure S1: Comparison of macroscopic tensile stress curves and mi-
croscopic stresses for PDMS, Figure S2: (a) Young’s modulus mapping of HAF-CB (4.9 vol%,
10 phr) reinforced IR obtained by PeakForce QNM AFM. (b) Section analysis of Young’s modulus,
Table S1: Young’s modulus EUnstr, Estr of deformed and undeformed rubber for PDMS, and stresses
σ calculated by Equation (3), Table S2: Local stress distribution of interface and rubber regions for
CB/IR of CB (4.9 vol%, 10 phr) and CB (13.2 vol%, 30 phr).

Author Contributions: Conceptualization, X.L. and K.N.; methodology, X.L., M.I. and K.N.; software,
X.L.; validation, X.L., and M.I.; formal analysis, X.L.; investigation, X.L.; resources, X.L..; data curation,
X.L.; writing—original draft preparation, X.L.; writing—review and editing, K.N.; visualization, X.L.;
supervision, K.N.; project administration, K.N.; funding acquisition, K.N. All authors have read and
agreed to the published version of the manuscript.

Funding: This work was supported by JST-Mirai Program Grant Number JPMJMI18A2, Japan.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Oommen, Z.; Nair, M.R.G.; Thomas, S. Compatibilizing effect of natural rubber-g-poly (methyl methacrylate) in heterogeneous

natural rubber/poly (methyl methacrylate) blends. Polym. Eng. Sci. 1996, 36, 151–160. [CrossRef]
2. Perrin-Sarazin, F.; Ton-That, M.T.; Bureau, M.N.; Denault, J. Micro-and nano-structure in polypropylene/clay nanocomposites.

Polymer 2005, 46, 11624–11634. [CrossRef]
3. Sternstein, S.S.; Zhu, A.J. Reinforcement mechanism of nanofilled polymer melts as elucidated by nonlinear viscoelastic behavior.

Macromolecules 2002, 35, 7262–7273. [CrossRef]
4. Fong, H.; Liu, W.; Wang, C.S.; Vaia, R.A. Generation of electrospun fibers of nylon 6 and nylon 6-montmorillonite nanocomposite.

Polymer 2002, 43, 775–780. [CrossRef]
5. Paul, D.R.; Robeson, L.M. Polymer nanotechnology: Nanocomposites. Polymer 2008, 49, 3187–3204. [CrossRef]
6. Zhang, A.; Wang, L.; Lin, Y.; Mi, X. Carbon black filled powdered natural rubber: Preparation, particle size distribution,

mechanical properties, and structures. J. Appl. Polym. Sci. 2006, 101, 1763–1774. [CrossRef]
7. Bokobza, L.; Rahmani, M.; Belin, C.; Bruneel, J.L.; El Bounia, N.E. Blends of carbon blacks and multiwall carbon nanotubes as

reinforcing fillers for hydrocarbon rubbers. J. Polym. Sci. Part B Polym. Phys. 2008, 46, 1939–1951. [CrossRef]
8. Yeoh, O.H. Characterization of elastic properties of carbon-black-filled rubber vulcanizates. Rubber Chem. Technol. 1990, 63,

792–805. [CrossRef]
9. Ikeda, Y.; Kohjiya, S. In situ formed silica particles in rubber vulcanizate by the sol-gel method. Polymer 1997, 38, 4417–4423.

[CrossRef]
10. Varghese, S.; Kocsis, J.K. Natural rubber-based nanocomposites by latex compounding with layered silicates. Polymer 2003, 44,

4921–4927. [CrossRef]
11. Wang, X.; Gao, Y.; Mao, K.; Xue, G.; Chen, T.; Zhu, J.; Li, B.; Sun, P.; Jin, Q.; Ding, D. Unusual Rheological Behavior of Liquid

Polybutadiene Rubber/Clay Nanocomposite Gels: The Role of Polymer–Clay Interaction, Clay Exfoliation, and Clay Orientation
and Disorientation. Macromolecules 2006, 39, 6653–6660. [CrossRef]

12. Stickney, P.B.; Falb, R.D. Carbon black-rubber interactions and bound rubbera. Rubber Chem. Technol. 1964, 37, 1299–1340.
[CrossRef]

13. Donnet, J.B.; Voet, A. Carbon Black Physics, Chemistry and Elastomer Reinforcement; Marcel Dekker: New York, NY, USA, 1976.
14. Nishi, T. Effect of solvent and carbon black species on the rubber–carbon black interactions studied by pulsed NMR. J. Polym. Sci.

Polym. Phys. Ed. 1974, 12, 685–693. [CrossRef]
15. Litvinov, V.M.; Steeman, P.A. EPDM–Carbon Black Interactions and the Reinforcement Mechanisms, As Studied by Low-

Resolution 1H NMR. Macromolecules 1999, 32, 8476–8490. [CrossRef]
16. Barrantes, I.M.; Ibarra, L.; Rodriguez, A.; Gonzalez, L.; Valentin, J.L. Elastomer composites based on improved fumed silica and

carbon black. Advantages of mixed reinforcing systems. J. Mater. Chem. 2011, 21, 17526–17533. [CrossRef]
17. Guth, E. Theory of Filler Reinforcement. J. Appl. Phys. 1951, 16, 21–22.
18. Guth, E.; Gold, O. On the hydrodynamical theory of the viscosity of suspensions. Phys. Rev. 1938, 53, 322.
19. Einstein, A. Investigation on Theory of Brownian Motion; Dover Publications: New York, NY, USA, 1956.
20. Merabia, S.; Sotta, P.; Long, D.R. A microscopic model for the reinforcement and the nonlinear behavior of filled elastomers and

thermoplastic elastomers (Payne and Mullins effects). Macromolecules 2008, 41, 8252–8266. [CrossRef]
21. Kohjiya, S.; Katoh, A.; Suda, T.; Shimanuki, J.; Ikeda, Y. Visualisation of carbon black networks in rubbery matrix by skeletonisation

of 3D-TEM image. Polymer 2006, 47, 3298–3301. [CrossRef]
22. Jouault, N.; Dalmas, F.; Boué, F.; Jestin, J. Nanoparticles reorganizations in polymer nanocomposites under large deformation.

Polymer 2014, 55, 2523–2534. [CrossRef]

https://www.mdpi.com/article/10.3390/polym13223922/s1
https://www.mdpi.com/article/10.3390/polym13223922/s1
http://doi.org/10.1002/pen.10396
http://doi.org/10.1016/j.polymer.2005.09.076
http://doi.org/10.1021/ma020482u
http://doi.org/10.1016/S0032-3861(01)00665-6
http://doi.org/10.1016/j.polymer.2008.04.017
http://doi.org/10.1002/app.23516
http://doi.org/10.1002/polb.21529
http://doi.org/10.5254/1.3538289
http://doi.org/10.1016/S0032-3861(96)01037-3
http://doi.org/10.1016/S0032-3861(03)00480-4
http://doi.org/10.1021/ma0605494
http://doi.org/10.5254/1.3540401
http://doi.org/10.1002/pol.1974.180120405
http://doi.org/10.1021/ma9910080
http://doi.org/10.1039/c1jm12106e
http://doi.org/10.1021/ma8014728
http://doi.org/10.1016/j.polymer.2006.03.008
http://doi.org/10.1016/j.polymer.2014.03.052


Polymers 2021, 13, 3922 10 of 10

23. Zhang, H.; Scholz, A.K.; Merckel, Y.; Brieu, M.; Berghezan, D.; Kramer, E.J.; Creton, C. Strain induced nanocavitation and
crystallization in natural rubber probed by real time small and wide angle X-ray scatteringa. Polym. Phys. 2013, 51, 1125–1138.
[CrossRef]

24. Karino, T.; Ikeda, Y.; Yasuda, Y.; Kohjiya, S.; Shibayama, M. Nonuniformity in natural rubber as revealed by small-angle neutron
scattering, small-angle X-ray scattering, and atomic force microscopy. Biomacromolecules 2007, 8, 693–699. [CrossRef]

25. Candau, N.; Laghmach, R.; Chazeau, L.; Chenal, J.M.; Gauthier, C.; Biben, T.; Munch, E. Strain-induced crystallization of natural
rubber and cross-link densities heterogeneities. Macromolecules 2014, 47, 5815–5824. [CrossRef]

26. Kato, A.; Ikeda, Y.; Tsushi, R.; Kokubo, Y.; Kojima, N. A new approach to visualizing the carbon black/natural rubber interaction
layer in carbon black-filled natural rubber vulcanizates and to elucidating the dependence of mechanical properties on quantitative
parameters. Colloid Polym. Sci. 2013, 291, 2101–2110. [CrossRef]

27. Sarkawi, S.S.; Dierkes, W.K.; Noordermeer, J.W.M. Elucidation of filler-to-filler and filler-to-rubber interactions in silica-reinforced
natural rubber by TEM Network Visualization. Eur. Polym. J. 2014, 54, 118–127. [CrossRef]

28. Qu, M.; Deng, F.; Kalkhoran, S.M.; Gouldstone, A.; Robisson, A.; Van Vliet, K.J. Nanoscale visualization and multiscale mechanical
implications of bound rubber interphases in rubber–carbon black nanocomposites. Soft Matter 2011, 7, 1066–1077. [CrossRef]

29. Lapra, A.; Clement, F.; Bokobza, L.; Monnerie, L. Straining effects in silica-filled elastomers investigated by atomic force
microscopy: From macroscopic stretching to nanoscale strainfield. Rubber Chem. Technol. 2003, 76, 60–81. [CrossRef]

30. Le Diagon, Y.; Mallarino, S.; Fretigny, C. Particle structuring under the effect of an uniaxial deformation in soft/hard nanocom-
posites. Eur. Phys. J. E 2007, 22, 77–83. [CrossRef]

31. Díez-Pascual, A.; Gómez-Fatou, M.; Ania, F.; Flores, A. Nanoindentation Assessment of the Interphase in Carbon Nanotube-Based
Hierarchical Composites. J. Phys. Chem. C 2012, 116, 24193–24200. [CrossRef]

32. Díez-Pascual, A.; Gómez-Fatou, M.; Ania, F.; Flores, A. Nanoindentation in polymer nanocomposites. Prog. Mater. Sci. 2015, 67,
1–94. [CrossRef]

33. Yatsuyanagi, F.; Suzuki, N.; Ito, M.; Kaidou, H. Effects of secondary structure of fillers on the mechanical properties of silica filled
rubber systems. Polymer 2001, 42, 9523–9529. [CrossRef]

34. Watanabe, D.; Miyata, T.; Nagao, T.; Kumagai, A.; Jinnai, H. Nanoscale Stress Distribution in Silica-Nanoparticle-Filled Rubber as
Observed by Transmission Electron Microscopy: Implications for Tire Application. J. Polym. Sci. 2021, 4, 4452–4461.

35. Wang, D.; Liang, X.; Russell, T.P.; Nakajima, K. Visualization and quantification of the chemical and physical properties at a
diffusion-induced interface using AFM nanomechanical mapping. Macromolecules 2014, 47, 3761–3765. [CrossRef]

36. Nakajima, K.; Ito, M.; Wang, D.; Liu, H.; Nguyen, H.K.; Liang, X.; Kumagai, A.; Fujinami, S. Nano-palpation AFM and its
quantitative mechanical property mapping. Microscopy 2014, 63, 193–208. [CrossRef]

37. Dokukin, M.E.; Sokolov, I. Quantitative mapping of the elastic modulus of soft materials with HarmoniX and PeakForce QNM
AFM modes. Langmuir 2012, 28, 16060–16071. [CrossRef] [PubMed]

38. Adamcik, J.; Lara, C.; Usov, I.; Jeong, J.S.; Ruggeri, F.S.; Dietler, G.; Lashuel, H.A.; Hamley, I.W.; Mezzenga, R. Measurement of
intrinsic properties of amyloid fibrils by the peak force QNM method. Nanoscale 2012, 4, 4426–4429. [CrossRef]

39. Nakajima, K.; Ito, M.; Nguyen, H.; Liang, X. Nanomechanics of the rubber–filler interface. Rubber Chem. Technol. 2017, 90, 272–284.
[CrossRef]

40. Nakajima, K.; Nishi, T. Chapter 21 Recent developments in rubber research using atomic force microscopy. In Current Topics in
Elastomers Research; Bhomik, A.K., Ed.; CRC Press: Boca Raton, FL, USA, 2008; pp. 579–604.

41. Johnson, K.L.; Kendall, K.; Roberts, A.D. Surface energy and the contact of elastic solids. Proc. R. Soc. Lond. Ser. A 1971, 324,
301–320.

42. Sun, Y.; Walker, G.C. Using the adhesive interaction between atomic force microscopy tips and polymer surfaces to measure the
elastic modulus of compliant samples. Langmuir 2004, 20, 5837–5845. [CrossRef]

43. Omnès, B.; Thuillier, S.; Pilvin, P.; Grohens, Y.; Gillet, S. Effective properties of carbon black filled natural rubber: Experiments
and modeling. Compsites Part A Appl. Sci. Manuf. 2008, 39, 1141–1149. [CrossRef]

44. Wang, D.; Fujinami, S.; Nakajima, K.; Inukai, S.; Ueki, H.; Magario, A.; Noguchi, T.; Endo, M.; Nishi, T. Visualization of
nanomechanical mapping on polymer nanocomposites by AFM force measurement. Polymer 2010, 51, 2455–2459. [CrossRef]

45. Broutman, L.J.; Krock, R.H. Modern Composite Materials; Addison Wesley: Reading, MA, USA, 1967.
46. Hansen, T.C. Influence of aggregate and voids on modulus of elasticity of concrete, cement mortar, and cement paste. J. Proc.

1965, 62, 193–216.
47. Kaplan, M.F. Flexural and Compressive Strength of Concrete as Affected by the Properties of Coarse Aggregates. Rilem Bull. 1959,

1, 58–73.
48. Chow, T.S. Effect of particle shape at finite concentration on the elastic moduli of filled polymers. J. Polym. Sci. Polym. Phys. 1978,

16, 959. [CrossRef]
49. Takayanagi, M.; Uemura, S.; Minami, S. Application of equivalent model method to dynamic rheooptical properties of crystalline

polymer. J. Polym. Sci. Part C 1964, 5, 113–122.

http://doi.org/10.1002/polb.23313
http://doi.org/10.1021/bm060983d
http://doi.org/10.1021/ma5006843
http://doi.org/10.1007/s00396-013-2948-3
http://doi.org/10.1016/j.eurpolymj.2014.02.015
http://doi.org/10.1039/C0SM00645A
http://doi.org/10.5254/1.3547741
http://doi.org/10.1140/epje/e2007-00013-2
http://doi.org/10.1021/jp309067e
http://doi.org/10.1016/j.pmatsci.2014.06.002
http://doi.org/10.1016/S0032-3861(01)00472-4
http://doi.org/10.1021/ma500099b
http://doi.org/10.1093/jmicro/dfu009
http://doi.org/10.1021/la302706b
http://www.ncbi.nlm.nih.gov/pubmed/23113608
http://doi.org/10.1039/c2nr30768e
http://doi.org/10.5254/rct.17.82642
http://doi.org/10.1021/la036461q
http://doi.org/10.1016/j.compositesa.2008.04.003
http://doi.org/10.1016/j.polymer.2010.03.052
http://doi.org/10.1002/pol.1978.180160602

	Introduction 
	Materials and Methods 
	Materials and Sample Preparation 
	AFM Measurements 
	Macroscopic Tensile Measurements 
	Analysis of Nanoscale Stress Distribution 

	Results and Discussion 
	Conclusions 
	References

