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ABSTRACT: The introduction of self-healing and reprocessability into conven-
tional vulcanized rubbers has been recognized as a promising strategy to promote
elastomer circularity. However, the reversibility and recovery of cross-linking
polymer networks have often been assessed by static mechanical testing, which
highly limits the understanding of the underlying microscale mechanisms. In this
work, we investigated the network recovery of natural rubber (NR)/carbon black
(CB) nanocomposites using Fourier transform (FT) rheology coupled with large
amplitude oscillation shear (LAOS) technology across linear and nonlinear regimes
(0.01−500%). The self-healing process of the rubber composite networks was
monitored by using a programmed time−temperature oscillation shear measure-
ment. The role of CB particle size in the filler network recovery was also discussed
from the perspective of strain-induced crystallization of NR. Coupling FT-rheology
and LAOS analysis, two distinct nonlinear enhancement behaviors beyond the linear
viscoelastic regime were detected in the rubber nanocomposites, which were ascribed to the filler network disruption followed by the
polymer network deformation. The relationship of the nonlinearity parameter I3/1 as a function of strain amplitude was selected to
quantify the nonlinear rheological responses, where the role of the filler and polymer on the network recovery can therefore be
differentiated. This work provides an efficient method to evaluate the self-healing and reprocessability of cross-linked rubbers and
offers a fast-screen route for formulation development and sustainable rubber composite design.
KEYWORDS: polymer/filler network, self-healing, cross-link density, rheology

■ INTRODUCTION
Thermoset polymers and vulcanized rubbers are persistent
challenges for recycling due to their permanently cross-linked
chemical structures that are not soluble ormeltable. Great efforts
have been dedicated to designing macromolecular networks for
self-healing or reprocessability, which further complicates the
interactions within the polymer−polymer, polymer−filler, and
filler−filler networks in composites.
Understanding the behavior of complex structures in filled

vulcanized rubber systems is crucial for the development of
products, particularly when considering materials with reproc-
essing or self-healing characteristics. Such applications could
include tires, seals, and gaskets, where the material is subjected
to repetitive or fluctuating loads andmustmaintain its properties
over extended periods. Therefore, a thorough understanding of
the dynamic behavior of carbon black-filled natural rubber (NR/
CB) systems and the effect of CB particle size during self-healing
cycles can provide valuable insights into the material’s
performance and potential applications. In this context, dynamic
oscillatory shear measurement is a valuable technique for
investigating the microstructures of materials at different

deformation levels. Small amplitude oscillatory shear (SAOS)
testing is commonly used to determine the linear viscoelastic
properties of materials, providing some information about the
microstructure and morphology of the materials. However,
SAOS testing is limited to the linear viscoelastic behavior of the
materials, and the nonlinear responses under large deformations
are not captured. Moreover, SAOS tests may result in similar
linear viscoelastic responses in materials with different non-
linearities. Therefore, large amplitude oscillation shearing
(LAOS) measurements are necessary for nonlinear viscoelastic
characterization.
For instance, Nie et al.1 discovered a higher sensitivity of the

third harmonics to changes from the aging of NR/CB
composites than was found in their linear rheological properties.
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Similar higher resolution sensitivity has been reported in a series
of works by Leblanc, where Fourier transform (FT)- rheology
was used as the main characterization tool in filled rubber
systems as opposed to conventional linear rheological
methods.2−4 The findings revealed that FT-rheology is capable
of capturing the filler contribution in the NR/CB systems.
Specifically, the results showed a distinctive “bump” in the FT-
rheology data, which is attributed to the strong interaction
between the CB filler and the rubber matrix. This interaction
yields enhanced harmonics at medium strain amplitudes,
providing insight into the nonlinear viscoelastic behavior of
the materials.5 In recent work, Nie et al. developed a model to
describe the I3/1 evolution in a filled rubber system.6 It is
proposed that nonlinearities arise from the deagglomeration and
agglomeration of fillers below a certain critical strain, while the
nonlinearities at higher strain amplitudes are the reflection of
polymer chain deformation and orientations.
Accounting for the developments in LAOS tests, particularly

the FT-rheology technique, it can be used as a powerful tool to
investigate the effect of CB size on the nonlinear viscoelastic
response of filled vulcanized rubber systems during self-healing
cycles. The FT-rheology enables the investigation of the filler
network and rubber entanglement (cross-link density) con-
tributions with respect to CB particle size. Moreover, the effect
of self-healing or reprocessing cycles can be studied using FT-
rheology, thereby providing valuable insights into the behavior
of the material under different conditions, e.g., different strains
and frequencies. Therefore, FT-rheology is a valuable technique
for product development, particularly in applications in which
reprocessing or self-healing characteristics are required.
Self-healing behavior is an important aspect of rubber

materials. A variety of reversible chemical bonds, such as
disulfides,7−9 Diels−Alder adducts,10,11 boronic esters,12,13 and
imines,14,15 have been introduced to rubbers and act as part of
the chemical cross-links for stimuli-triggered self-healing and
reprocessing.16,17 Among them, disulfide chemistry is attractive
since the exchange of disulfides and the corresponding healing
process is able to occur under mild conditions.18 For example,
An et al. utilized a click-type photoinduced thiol−ene radical
addition and oxidation to synthesize dual-sulfide-disulfide cross-
linked networks with rapid self-healing properties at room
temperature without any external stimuli.19

Turning vulcanized natural rubber (NR) into a self-healing
material is challenging due to its nonpolar nature and low
reactivity. In sulfur-based vulcanization systems, the contents of
disulfide, polysulfide, and monosulfide bonds can be varied by
tuning the sulfur content and the accelerator/sulfur ratios.20

Gent and Lai21 found that partially cured elastomers could
macroscopically heal by rearranging their rubber network
without deterioration of mechanical properties. Afterward, the
possibility of developing self-healingNR during the cross-linking
process was verified in conventional vulcanized NR formula-
tions.22 The underlying mechanism for self-healing was disulfide
metathesis based on temperature-driven sulfur reactions. CB is
an effective reinforcement filler for NR. The effects of cross-link
chemistry and filler types on the self-healing of rubbers have
been investigated,23−25 which are often evaluated by the
recovery efficiency of mechanical properties. There is a lack of
understanding of how the microscale polymer−filler and filler−
filler network impact the macroscale self-healing and reproc-
essabilty of the cross-linked rubbers.
In the study conducted by Khimi et al.,26 an investigation was

carried out to examine the impact of CB on the self-healing

characteristics of NR. The results of their study revealed that the
inclusion of CB had a detrimental effect on the efficiency of
tensile strength healing. This phenomenon was attributed to the
limited availability of free rubber necessary for the healing
process. Essentially, the presence of CB particles imposed
restrictions on the mobility and accessibility of the rubber phase
required for effective self-healing, thus, impeding the healing
process within the network structure. Utrera-Barrios et al.,27 in
contrast, observed an enhancement in the healing efficiencies of
rubbers composed of epoxidized natural rubber and thermally
reduced graphene oxide (TRGO). Their study highlighted the
significant contribution of functional particles to facilitating the
healing process. It was found that the introduction of TRGO led
to the establishment of hydrogen bonds between its functional
groups and the oxirane rings. Consequently, this interaction
facilitated a notable improvement in healing efficiency, reaching
82% tensile strength and 86% elongation at break. The studies
presented above suggest the important role of fillers in healing
properties.
In this work, four industrial-grade CB particles were selected

as reinforcement for NR. The effect of CB particle size on the
polymer−filler network recovery ability was investigated and
quantified by using FT-rheology under LAOS (0.01−500%),
which is further correlated to the static mechanical self-healing
testing. The reinforcement effect of the CB was also
characterized by using time-resolved tensile testing coupled
with wide-angle X-ray scattering (WAXS), from the perspectives
of filler dispersion, interfacial interactions, and strain-induced
crystallization (SIC) of NR. The effect of CB particle size on the
linear and nonlinear dynamic properties is discussed.

■ EXPERIMENTAL SECTION
Materials. NR (TSR10, Africa), stearic acid (SA), zinc oxide

(ZnO), and N-cyclohexyl-2-benzothiazolesulfenamide (CBS) were
commercial products and used as received. Four industry grades of CB
with particle sizes in the order N660 > N330 > N234 > N135 were
compounded with NR, the structure properties of the CBs are detailed
in Table 1. The CB morphology was characterized by transmission

electron microscopy (TEM, Figure S1) and the primary particle sizes as
detailed in Table 1. The CB dispersion in rubbers was examined by
using a Zeiss Gemini scanning electron microscope with a field
emission electron gun operating at 3 kV.
Preparation and Characterization. The NR compounds were

prepared using a Haake Polylab internal mixer at a rotor speed of 70
rpm using the formulation listed in Table 2, with an initial
compounding temperature at 50 °C and mixed for 10 min. A lower
sulfur content was used�refers to Hernańdez’s work20 for enhanced
network mobility. The control NR sample without CB was prepared
following a conventional vulcanized formulation containing a curing
activator (SA/ZnO 1/5 phr). After mixing, the compounds were cured
into 100 mm × 100 mm × 1 mm sheets at 150 °C and 20 MPa
according to their optimum cure time t90 measured by using a rubber
process analyzer (RPA) (Montech 3000, Germany).

Table 1. Structural Properties of the Four CB Grades Used in
This Study

grade name

nitrogen
absorption
(m2/g)

iodine
absorption
(mg/g)

DBP
absorption
(mL/100 g)

average
particle size
(nm)

N660 GPF 35 36 90 50
N330 HAF 78 82 102 29
N234 ISAF 119 120 125 25
N135 HS-

SAF
139 153 140 22
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The curing properties (Figure S2 and Table S1), bound rubber
(Figure S3),28 and cross-linking density (Table S2)29 measurements
were detailed in the Supporting Information.
Tensile testing was performed at 200 mm/min at room temperature,

using a Shimadzu Autograph AGS-X tester, according to the ASTM-
D638−14 type V. A lap-shear test was conducted to evaluate the self-
healing performance of the vulcanized NR. To ensure good contact, a
force of 20 N was used and self-healing was assessed at 80 °C for 2 h.
The self-healing efficiency (recovery %) was quantified by the ratio of
maximum stress (σmax) or stroke strain (γstroke) before and after healing,

, or(healed)
(original)

(healed)

(original)
stroke

stroke

stroke

stroke
.

Dynamic mechanical thermal analysis (DMTA) was performed on a
Triton Tritec 2000 DMA instrument in tension mode. Rectangle
samples with dimensions of 6 × 10 × 2 mm were tested with a
temperature sweep from−80 to 100 °C and a heating rate of 3 °C/min.
A fixed frequency of 1 Hz and strain of 0.5% was applied.
Dynamic shear rheological behavior was performed using an RPA

analyzer (Montech 3000). LAOS was measured at a frequency of 1 Hz
with strain amplitudes from 0.1 to 500% at 60 °C to quantify the
nonlinear viscoelasticity. For the self-healing assessment using RPA, a
dynamic program has been established including three cycles of an
amplitude sweep. The compound was first cured at 150 °C for t90 as the
curing time, and subsequently cooled to 60 °C and held for 3 min. Then
the first amplitude sweep was applied in a range of 40 different strain
amplitudes from 0.07 to 500%, at a frequency of 1 Hz. After this
procedure, the sample was isothermally relaxed at 80 °C for network
recovery. Next, the sample was cooled to 60 °C, held for 3 min, and
subjected to a second amplitude sweep following the same conditions as
the first one. This cycle of heating for self-repairing and subsequent
cooling and testing was repeated, including a third amplitude sweep
under the same conditions.
Synchrotron X-ray scattering measurements: WAXS measurements

were performed on the XMaS (BM28) beamline at the European

Synchrotron Radiation Facility (ESRF), France. The X-ray data was
obtained using a wavelength λ = 1.033 Å and a beam spot size of 138 μm
× 70 μm. 2DWAXS data was collected on a Pilatus 1 M detector which
was positioned at a distance of 276 mm from the sample position (see
Figure S4a,b). The detector was calibrated with LaB6.
The dumbbell rubber samples were secured in the jaws of a Linkam

TST350 tensile testing instrument with a 200 N load cell, positioned
vertically to the X-ray beam. The rubber samples were drawn in the
tensile tester at ambient temperature and a rate of 60 μm/s to a
maximum elongation of 400% (as shown in Figure S4c). This ensured
that all of the samples for SIC experiments did not fail during testing, on
the basis of the tensile results shown in Figure 1a. During the draw 2D
WAXS patterns were obtained at a frame rate of 1 s with a dead time
then of 9 s. All WAXS data were normalized for sample thickness,
transmission, and background scattering. WAXS data was analyzed
using the Dawn X-ray analysis software.30 The 2D WAXS data was
reduced to 1D scattering profiles by sector averaging in 5° steps around
the beam stop at a fixed radius, q.

■ RESULTS AND DISCUSSION
Reinforcement and Self-Healing Measured by Tensile

Testing.Diene rubbers such as NR or styrene-butadiene rubber
(SBR) are generally cured via accelerated sulfur vulcanization
systems, including conventional vulcanization (CV), semi-
efficient vulcanization (SEV), and efficient vulcanization (EV).
The three curing systems differ in their sulfur content and
accelerator:sulfur ratio. The CV system contains a higher sulfur
content (2.0−3.5 phr) and lower accelerator:sulfur ratio (0.1−
0.6) as compared to SEV and EV and generates higher amounts
of poly- and disulfide bonds in the cured rubbers, therefore
providing better mechanical strength and fatigue resistance, but
lower thermal and reversion resistance.31 By reducing the sulfur
content in the CV system, thermally triggered self-healing
behavior was observed in vulcanized NR.20,32

In this work, we chose a modified CV curing package with a
sulfur content of 0.7 phr and an accelerator:sulfur ratio of 0.2, as
a route to lowering the cross-link density and magnifying the
self-healing behavior. Four types of commercial CB with particle
size in the range of 22−50 nm were selected, where the size
increases in the order of N135 < N234 < N330 < N660. As
examined by SEM (Figure S5), the four types of CB particles
were all homogeneously distributed in NR at 40 phr, with

Table 2. Formulations for the NR/CB Composites

ingredient composition (phr)

NR 100
CB 40
ZnO 5
SA 1
N-cyclohexylbenzothiazole-2-sulfenamide (CBS) 0.14
sulfur (S) 0.7

Figure 1. (a) Mechanical tensile stress−strain curves of NR/CB composites before and after self-healing; (b) Self-healing recovery of the NR/CB
composites.
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agglomerates being less than 1 μm. In the following, the effects of
CB particle size on the filler network formation and the role of
filler network recovery on the macroscopic self-healing behavior
of the composites are investigated.
The self-healing performance of the cured NR/CB samples

was first evaluated by tensile testing. The samples were cut into
halves, then overlapped and healed at 80 °C for 2 h.32 The tensile
stress−strain results of the NR/CB composites before and after
self-healing are compared in Figure 1a. The addition of the CB
filler made an obvious reinforcement effect on the neat NR
regardless of particle size. Among them, the N330 and N234
exhibited greater reinforcement than N660 and N135 (Figure
1a). The reason for this will be explored in the next discussion on
SIC in NR. After self-healing at 80 °C for 2 h, the NR/660
showed the highest recovery in both the stress and strain (Figure
1b). Except for NR/660, the other NR/CB composites revealed
an increasing recovery with the reduction of CB size from N330
to N135.
The well-dispersed CB particles also participate in interfacial

interactions, and the bound rubber content was determined
using a solvent-extraction method. Figure 2 shows the uncured

NR/234 has the largest bound rubber content (3.85%) over the
other compounds, and it also shows the highest cross-linking
density (5.21 × 10−5 mol cm−3) after curing (Table S2).
In addition, themechanical reinforcement of NR by CB is also

attributed to SIC in NR. We examined the SIC behavior of the
NR/CB composites at ambient temperature using in situ tensile
testing with synchrotron WAXS, Figure 3. This allows the
development of the crystalline structure to be mapped on the
tensile stress−strain curves; the data for the four NR/CB
composites and the unfilled NR sample are shown.
As shown in Figure 3a, the addition of 40 phr CB led to an

upturn of the stress in all NR/CB composites occurring at lower
strain compared with the unfilledNR rubber,33,34 confirming the
increased mechanical performance of the composites. Of the
NR/CB samples, the NR/330 composite shows the greatest
reinforcement, followed by NR/135.
Figure 3b shows the 2D WAXS patterns of all of the NR/CB

composites and unfilled NR at the final strain of 400%. Due to
the positioning of the detector, the 2D patterns show only half of
the overall scattering data. However, the equator of the pattern
where the crystalline peaks emerge during SIC is captured with
this positioning of the detector. The main crystalline peaks (as
labeled) on the NR/330 WAXS pattern, are indexed as the
(200), (201), and (120) which are assigned to the monoclinic

unit cell where a = 12.5 Å, b = 8.9 Å, c = 8.1 Å and β = 92°, as
proposed by Bunn for NR.35 From the 2D WAXS patterns at
400%, all of the NR/CB composites show the clear development
of the crystalline peaks in contrast with unfilled NR, which
shows less crystalline peak development at this strain value.
In Figure 3c, the 2DWAXS patterns are plotted on the stress−

strain curve for the NR/330 composite, between 100 and 400%.
The onset of crystallization is seen in the NR/330 composite at
around 150−200% strain. Interestingly, the onset of crystallinity
in the WAXS data can be correlated with an increase in stiffness
in the sample as seen in the mechanical testing.
Figure 4 shows the surface plots for equatorial scattering

intensity for all NR/CB composites and the NR control sample
over the 2θ region of 9−17°. The plots are shown from 0 to
400% strain. The surface plots should be considered alongside
the full diffraction patterns shown in Figures 3b and c. For all
NR/CB composites at higher strain, the main crystalline (200)
and (120) peaks develop at 10.7 and 15.6°, respectively. Below
100% strain a broad scattering intensity centered at ∼13.5° is
observed, indicating an unoriented network of amorphous
rubber chains. At a strain of between 150 and 200%, the (200)
and (120) oriented crystalline peaks start to develop from the
SIC process, and at 400% these crystalline peaks are evident in
all the NR/CB composites. For each NR/CB composite, the
onset of SIC occurs under different strains. However, there is
still evidence of the amorphous intensity at 400%, indicating that
there are still unoriented and oriented amorphous rubber chains
coexisting in the rubber network. In contrast, the unfilled rubber
does not show any significant crystalline peak development until
∼350% stain, where a very weak (200) peak starts to develop via
SIC. It should be noted that in previous studies, NR without
filler shows the onset of SIC at higher strains of ∼400%,36,37 so
this agrees with other observations. These observations provide
strong evidence that the CB filler advances the onset of the SIC
process and crystalline development in the composites
compared to that in the unfilled rubber system. A similar
phenomenon has been observed in rubber composites with the
CB filler. For example, Huneau33 summarizes that it is well-
known that the addition of CB to NR induces SIC at lower
strains due to particle nucleating affects in the rubber matrix.
To quantitatively explore the onset of SIC at ∼200% strain

and the final crystalline structure at 400% 1D WAXS profiles
were taken of the 2D WAXS patterns. The equatorial intensity
was integrated over a ±10° azimuthal range for the (200) and
(120) peaks.37,38 Figure 5a,b shows the development of the
(200) and (120) peaks at 200% strain and 400% strain
respectively. From the 1D WAXS profiles at 200% strain, the
(200) and (120) peaks are seen in the NR/330 composite and
are less developed in the other composites. In the unfilled NR
sample, the peaks are not observed at 200% strain. At 400%
strain, the (200) and (120) reflections are evident in all the NR/
CB composites, but only the weak (200) reflection is observed in
the unfilled NR sample. Therefore, SIC occurs at lower strains in
the NR/CB composites compared to unfilled NR, indicating
that the CB filler enhances SIC in this strain region. As
mentioned previously, the positive effect of CB fillers on driving
SIC has been widely recognized. However, it can be noted that
there is a lack of detailed understanding of the relationship
between particle properties (size/type/shape) and the nuclea-
tion process. As seen above, we observe that the N330 CB leads
to the earliest onset of SIC. This shows that the SIC effect is not
simply driven by particle size but rather possibly that an optimum

Figure 2. Bound rubber and cross-link density for NR/CB composites.
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particle size may create ideal conditions for SIC within the
rubber matrix.
From the 1D WAXS profiles, the crystallite size and

crystallinity of the composites and unfilled NR at 400% strain
can be obtained. The crystallinity, χ, can be estimated from eq 1

=
+

×I
I I

100c

a c (1)

where Ic and Ia are the crystalline and amorphous integrated
intensities respectively, which are obtained from fitting Gaussian
functions to the (200), (120) peaks and amorphous halo (an
example fit for NR/330 is shown in the Supporting Information
Figure S6). To estimate the crystallite size, the Scherrer equation
was used, eq 2

=L
K
coshkl( )

(2)

where L(hkl) is the crystallite size normal to the (200) and (120)
diffraction planes, λ is the X-ray wavelength, θ is the Bragg angle,
β is the full width at half-maximum (in radians) of the hkl plane
and K is the constant 0.94.39 The crystallite size L(200) (lateral
width) and L(120) (breadth) of the crystallites and crystallinity at
400% strain,38,40,41 were determined for the NR/CB composites
and unfilled NR sample and are given in Table 3.
From Table 3, it is clear that L(200) and L(120) tend to increase

with CB filler size up to NR/330, but then fall as the CB size
increases. However, in the unfilled NR, the lateral crystallite size

is relatively large but the crystallinity is low. The decreased
crystallite size in NR/CB composites compared with unfilled
NR has been observed before33,34 and is attributed to the chain
immobilization and volume fraction reduction in rubber able to
take part in crystallization (occluded rubber). Our observation
that L(200) and L(120) are greatest for the NR/330 composite is
interesting as it correlates to the X-ray data show in Figures 4 and
5. Thus, we show that the NR/330 composite exhibits both the
earliest onset of SIC and the greatest crystallite dimensions.
Tantalisingly, from the X-ray data, this may show that the NR/
330 composite represents the sweet-spot for inducing SIC in
these NR/CB composites.
In summary, tensile testing was employed to evaluate the self-

healing performance of the NR/CB system from a macroscopic
performance perspective. WAXS results were utilized to
elucidate the reinforcement effects of different CB particles
from the perspective of SIC. However, the correspondence
between the self-healing behavior and microstructural evolution
remains unclear. In the following section, coupling FT rheology
and LAOS analysis, we will be able to distinguish the distinct
contributions of the polymer network and filler network to the
self-healing performance.
Microscale Mechanism of Self-Healing. The filler

dispersion and filler−filler interactions are further quantitively
characterized by the filler network strength response to
repetitive low-strain deformation, i.e. Payne effect.42 The
Payne effect is caused by the disruption of the filler network
and the release of the rubber trapped in the filler network under

Figure 3. (a) Stress−strain curves at ambient temperature; (b) 2D WAXS patterns of all samples at 400% strain (the draw direction is vertical in all
patterns); (c) stress−strain curve for N330 including corresponding 2D WAXS patterns at specific strains between 100 and 400%.

ACS Sustainable Chemistry & Engineering pubs.acs.org/journal/ascecg Research Article

https://doi.org/10.1021/acssuschemeng.3c06752
ACS Sustainable Chem. Eng. XXXX, XXX, XXX−XXX

E

https://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.3c06752/suppl_file/sc3c06752_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.3c06752/suppl_file/sc3c06752_si_001.pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.3c06752?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.3c06752?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.3c06752?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.3c06752?fig=fig3&ref=pdf
pubs.acs.org/journal/ascecg?ref=pdf
https://doi.org/10.1021/acssuschemeng.3c06752?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Figure 4. Surface plots showing equatorial scattering intensity for the WAXS data during the drawing of NR/CB composites and unfilled rubber. Each
plot is shown over the 2θ region of 9−17° and from 0 to 400% strain. (a) NR/135, (b) NR/234, (c) NR/330, (d) NR/660, and (e) unfilledNR rubber.

Figure 5. 1D WAXS profiles of NR/CB compounds at (a) 200% strain and (b) 400% strain showing the development of the (200) and (120)
crystalline peaks.
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oscillatory shear.43 The low strain region reflects the filler−filler
interactions, where the strain softening phenomenon is an
indication of filler structure breakdown.
As shown in Figure 6a, the four NR/CB composites exhibit

two obvious critical strain amplitude (γc1, γc2) for the onset of

nonlinearity when approaching medium-amplitude oscillatory
shear (MAOS) and large-amplitude oscillatory shear (LAOS)
regimes. The γc is defined as the intersection of the extrapolation
lines derived in different regimes. The storage modulus (G′) for
all the samples shows a plateau at γ < γc1, corresponding to the
SAOS regime with plateau value of G0′. The G0′ increases with
the decrease of the CB size, indicating that smaller particles may

form a stronger filler network. This is a consequence of being
more homogeneously dispersed, the smaller particles with larger
surface area can interact with more polymer chains at the
interfaces, and trap “occluded rubber” inside the filler network.
The constrained “occluded rubber” with reduced chain mobility
yields a higher G0′ plateau value in the SAOS regime. In
addition, the larger particles shift the γc1 to a larger stain
amplitude, showing a loosely interacted filler network and
insensitivity to stress-softening as compared to the smaller fillers.
When γ > γc1, G′ drops drastically with strain, showing a

typical strain-softening behavior. The discrepancy in ΔG′
between strain (0.1−100%) of the four NR/CB (40 phr)
samples was 374, 730, 1308, and 1602 kPa for the NR/660, NR/
330, NR/234 and NR/135 composites, respectively; i.e., smaller
particles induced larger strain-softening. Hence, the higher ΔG′
value and narrower SAOS regime (earlier onset of the
nonlinearity, or a smaller γc1) in the NR/CB composites,
especially for NR/135, implying a stronger filler network and
interfacial interactions.
Furthermore, it is noted that G′ for all of the NR/CB

composites crosses over at γc2, followed by a steeper decrease at
larger strain amplitudes. In comparison, the unfilled NR shows
one critical strain (γc) close to the γc2 of the NR/CB. This
phenomenon manifests that the second strain-softening of the
NR/CB at γ > γc2 may be caused by the shear-induced change in
the structure of the polymer network. The filler network was
disrupted in the MAOS regime (γc1 < γ < γc2) and the unfilled
NR exhibits a similar strain-softening behavior at γc ≈ γc2.
When large strain amplitudes are imposed, the stress response

is no longer sinusoidal, and the LAOS stress data in the time
domain can be analyzed through Fourier transform (FT)
rheology. The quantification of rheological nonlinearity via FT-
Rheology can be elucidated with a material under sinusoidal
shear. The time-dependent strain for oscillatory shear experi-
ments is given in a simplified complex notation, as shown in eq
344

=t e( ) i t
0

( )1 (3)

The stress response in the linear viscoelastic regime of the
material can be described as a function of the modulus, as shown
in eq 445

= +t G e( ) i t
0 0

( )1 (4)

withG0 as the shear modulus at the excitation frequency and δ as
the phase lag angle.
Once the material falls into the nonlinear viscoelastic regime,

i.e., at LAOS where the structure of the material is changing
during deformation, the stress response is still periodic but not
sinusoidal anymore. The moduli G0 in eq 4 can be described by
the Taylor expansion series with even exponents44
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The parametersG1,G3,G5.... and δ1, δ2, δ3..... are the prefactors
and the phase angles of the Taylor series at the excitation
frequency, third higher harmonic, fifth higher harmonics, and so
on. FT of the stress in the time domain will consequently realize

Table 3. Estimated Crystallite Sizes from the (200) and (120)
Peaks and Crystallinity of the NR/CB Composites and
Unfilled NR Sample

L(200) (Å) L(120) (Å) χ (%)
NR/135 111 ± 7 67 ± 4 21 ± 2
NR/234 110 ± 6 69 ± 4 24 ± 2
NR/330 136 ± 5 72 ± 3 24 ± 2
NR/660 82 ± 3 69 ± 4 21 ± 2
NR 124 ± 3 6 ± 1

Figure 6. (a) Dependence of G′ and G″ on the strain of cured NR and
NR/CB compounds, (b) Normalized 3rd relative higher harmonics I3/1
of the NR/CB composites of different CB.
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intensities (e.g., the absolute value of the parameters) at odd
higher harmonics (ω1, 3ω1, 5ω1, nω1): I1, I3, I5, In....., where n is
an odd number. To compare the output signals from different
experiments and samples to reduce experimental variations, the
intensity at higher harmonics is normalized by the fundamental
intensity I1 giving the relative intensities, In/1

6

=I I I/n n/1 1 (6)

Among the relative intensities in the Fourier transformed
spectra in the frequency domain, the third relative higher
harmonic, I3/1, is the highest and thus mostly used in FT-
Rheology studies to quantify the nonlinearity.

Figure 7. Evolution of I3/1 of (a) NR, (b) NR/135, (c) NR/234, (d) NR/330, and (e) NR/660 composites for different healing cycles.
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Thereafter, this parameter is used as an indication of the
nonlinear response. FT-rheology is particularly well-suited for
complex polymer systems that exhibit a strong nonlinear
viscoelastic behavior, where other conventional testing methods
may not provide sufficient information. It is also coupled with
the LAOS measurement to quantify the effect of dispersion and
cross-linking on the final composites.46−49 As such, normalized
third relative intensities I3/1 (γ0) as a function of strain
amplitudes (γ) were selected to probe the nonlinear rheological
responses and displayed in Figure 6b.
Figure 6b shows I3/1−γ curves having distinct double-arc

shapes with a local minimum around a strain amplitude of≈51%
(≈100% for NR/660). This is nearly equivalent to the strain
amplitude where all of the G′ (γ0) from Figure 6a converged
(γc2). In the corresponding MAOS and LAOS regions, I3/1
increases with strain (γ) to different extents. Kad́aŕ et al.50

observed similar plateau MAOS-LAOS transitions in their
poly(ethylene-butyl acrylate) nanocomposite hybrids reinforced
with graphite nanoplatelets and CB. They interpreted this
plateau transition as an indication of a percolation threshold.
Salehiyan and Hyun observed a similar double-arc shape in
poly(lactic acid)/poly(caprolactone) blends filled with organo-
clays.51 Their study revealed that adding clay to the blends
resulted in increased compatibility and homogeneity, leading to
a reduction in the strength of the local minimum, until it
disappeared entirely. From Figure 6b, NR/CBwith smaller sized
CB has a higher I3/1 value in both MAOS and LAOS regions,
reflecting its higher nonlinearity generated by the stronger filler
network.
After a continuous increase in the I3/1 value in the MAOS

region, the I3/1 value levels off with a slight decay in a transition
region (local minimum). The depth of this local minimum can
further express the extent of separation between the two phases.
The transition region (local plateau or local minimum ≈51%)
for NR/135, NR/234 and NR/330 composites can be used to
differentiate the two dominant MAOS and LAOS regions.
Different from these three composites, the NR/660

composite shows a gradual decrease in I3/1 at the region of γc1
< γ < γc2, instead of the initial obvious increase in I3/1. This
downward trend is more obvious in NR as shown in Figure 6b.
In addition, both NR/660 and NR have lower I3/1 values with
fluctuation in this region compared to other NR/CB
composites. The probable cause is equipment noise when the
small torque response for NR/660 and NR in this region from
the measurement is beyond the resolution of the torque
transducer, which is also reported in other previous work.1,44,50

Note that NR/660 shows a much-delayed transition region at
around 100%with amore pronounced local minimum (NR/660
≈ 100%). The decreasing I3/1 value and increasing local
minimum with increasing CB particle size in NR/CB
composites suggest weakening of the physical filler networks.
The absence of the first arc-shape in the unfilled NR sample in
the MAOS regime shows the absence of a filler network, i.e., this
further confirms that the first nonlinear response in the MAOS
regime is due to the filler network contribution.
To illustrate the role of the polymer network and filler

network on the macroscale self-healing behavior of the
composites, we tested the samples at strain amplitude (0.01−
500%) and 60 °C, then subjected the samples to isothermal
relaxation at 80 °C for 1 h; the same process was repeated twice

to demonstrate the structural reversibility of the composites at
the molecular level. Figure 7 compares the I3/1 value with strain
for different cycles, and the corresponding G′−γ curves are also
inserted.
From Figure 7a, the G′−γ curves of the unfilled NR almost

overlap each other over the three cycles, especially in the LAOS
region (γ > ∼ 30%). This rapid decrease of G′ at large strain
indicates the cross-linked rubber network might be deformed or
ruptured, but the structure can be recovered or healed after the
isothermal treatment at 80 °C for 1 h.
For the filled NR samples shown in Figure 7b−d, there is an

obvious reduction in I3/1 values at the MAOS region between
cycles 1 and 2, and the curves nearly overlap during cycles 2 and
cycle 3. This reveals that the physical CB filler network is
disrupted in theMAOS regime during the first cycle and it is not
recovered after the isothermal treatment at 80 °C.
In the LAOS regime, the I3/1−γ curves of the NR/330

composite are almost overlapped for the three cycles. The NR/
234 and NR/135 containing smaller CB particles showed a
reduction in their intensities after annealing at 80 °C in the
LAOS region. As discussed above, this reflects that the filler
networks formed by the smaller CB particles are disrupted after
the first LAOS treatment; the overlapped second and third
curves with lower I3/1 intensities are due to the polymer network
recovery. The NR/660 is the least affected in both MAOS or
LAOS regions, as shown in Figure 7e, as discussed above; this
may reflect a loose filler network formed by the large CB
particles. The filler network strength and the filler−polymer
interactions can be further quantified by the dynamic cross-link
density (Vd) as determined by DMTA, the results are shown in
Figure 8.
Figure 8 displays the dynamic temperature sweep test

measured by DMTA at 1 Hz and 0.5% strain. The occurrence
of the tan δ peak is closely related to the glass transition of the
rubber chains. As derived from Figure 8a, the tan δ values at the
peak are 1.65, 1.56, 1.26, and 1.11 for NR/660, NR/330, NR/
234 and NR/135, respectively. The declining trend of the tan δ
value in theNR/CB composites is caused by the different affinity
betweenNR chains and CB fillers. TheN135CBwith the largest
surface area can interact with more rubber chains or trap more
rubber in the CB filler network. The number of rubber chains
that can participate in the glass transition would be highly
reduced, thus resulting in a decreased tan δ.28
The glass transition temperature (Tg) obtained at the tan δ

peak maximum shows a similar dependence on the CB surface
area, see Table S3. The corresponding storagemodulus variation
with temperature is displayed in Figure 8b. The dynamic cross-
link density (Vd) of NR/CB compounds can be calculated by eq
852

=V
E
RT3d

r
(8)

where R refers to the universal gas constant while T is the
absolute temperature, and Er is the storage modulus in the
rubbery plateau region (Tg + 40 °C).
As listed in Table S3, the Vd values of NR/CB composites

increased from 7.55 × 10−4 to 1.588 × 10−3 mol/cm3 with the
decrease in CB particle size. Compared with the cross-link
density (Ve) results determined by solvent equilibrium swelling
(Table S2), the dynamic cross-link density Vd is higher than Ve
by one to 2 orders of magnitude, and the Vd dependence on CB
filler size is different from that of Ve, where the NR/234 has the
highest Ve value. This difference is due to the different testing
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principles. The swelling method provides information about the
cross-link density of the rubber matrix, while the Vd determined
by DMTA reflects the overall viscoelastic contributions of both
rubber and filler networks. Therefore, the Vd values are higher
than Ve, and it is reasonable to interpret the polymer−polymer,
polymer−filler, and filler−filler networks by considering the FT-
rheology results and Vd.
As shown in Figure 9, the lowest Vd value for NR/660 verifies

the least cross-link formation due to the smallest specific surface
area of the N660 filler. Referring to Figure 7e, the least affected
I3/1 in MAOS and LAOS regions during shearing and self-
healing processes is mainly ascribed to the inability to form a
well-developed filler network. The NR/135 composite with the
highest Vd and the lowest Ve values demonstrates an extensive
involvement of the smallest CB particles in the formation of the
cross-link networks in the NR/135 composites. Therefore, the
coupling of FT-rheology and LAOS analysis has differentiated
the contributions of the filler network and polymer network on
the self-healing properties of the composites. The investigation
of filler size in conventional vulcanized NR provides direct
insight toward the sustainability of industrial rubber products
from the perspectives of self-healing and reprocessability.

In summary, utilizing research on self-healing and reprocess-
ability in the development of sustainable rubber composite
formulations holds immense potential for expanding the
practical applications of these materials while promoting
recycling and reusability without compromising stability and
integrity. Specifically, the conditions simulated in large
amplitude oscillatory shear (LAOS) experiments mirror the
high shear rates and large deformations inherent in mechanical
recycling processes. This approach offers a unique opportunity
to design materials that retain their structural and mechanical
integrity even after multiple recycling cycles. The insights
derived from subjecting these materials to conditions mimicking
real-world recycling processes provide invaluable data for
engineering materials capable of enduring such rigorous
treatments. Furthermore, exploring the behavior of these
materials under multiple large deformations and subsequent
healing processes becomes pivotal. Understanding the extent to
which these materials maintain their properties posthealing,
even after exposure to severe deformations, is crucial for
ensuring their sustained utility across various industries.
Industries involved in tire manufacturing, automotive compo-
nents, construction materials, sealing materials, and any sector
reliant on rubber-based products stand to benefit significantly
from this approach. It opens doors to more sustainable practices
by offering materials that not only possess self-healing
capabilities but also endure repeated usage and recycling,
contributing to a more ecofriendly and economically viable
production cycle.

■ CONCLUSIONS
To understand the macroscale mechanical self-healing behavior,
the microstructure recovery of NR/CB composites was
quantitatively investigated by using FT-rheology coupled with
LAOS across linear and nonlinear regimes (0.01−500%). The
role of the CB particle size on the reinforcement and filler
network recovery was discussed from the perspectives of filler
dispersion, interfacial interaction, and SIC of NR.
For the four types of industrial grade CBs with particle size in

the range of 20−50 nm, with 40 phr addition, they were all
dispersed homogeneously in NR using a modified CV system.
The NR/CB composites exhibit higher reinforcement effects
and an earlier initiation of the SIC at 150−200% strain
compared to NR. The large particle size (N660) showed higher
mechanical self-healing efficiency, consistent with self-healing
behavior revealed by LAOS cycles data measured by RPA.

Figure 8. (a) Loss factor (tan δ) and (b) storage modulus (G′)
variation with temperature of cured NR/CB compounds measured by
dynamic temperature sweep test at 1 Hz and 0.5% strain.

Figure 9. Comparison between Ve and Vd measured by the swelling
method and DMTA, respectively.
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Using FT-rheology and LAOS analysis, the relationship of the
nonlinearity parameter I3/1 as a function of strain amplitude was
selected to probe the nonlinear rheological responses, where the
roles of the filler−filler and polymer−polymer network can be
differentiated. The nonlinear I3/1 plots can be divided into two
regions, where the filler network effect dominates the MAOS
region, and the polymer networks dominate the LAOS region.
The smaller fillers showed higher I3/1 intensities and smaller
local minimums, indicating a stronger filler network. It can be
broken down during the first LAOS cycle, and the subsequent
strain-softening behavior in the LAOS region is caused by the
breakdown of the cross-linked polymer network. The structural
recovery during the second and third cycles is mainly due to the
polymer network self-healing via the reversible disulfide
exchangeable bonds when treated at 80 °C, instead of filler
network recovery. For the NR/660 composite, due to the lack of
effective filler network formation, it presents similar viscoelastic
behavior over the three cycles, i.e., the healing is mainly due to
the polymer network recovery, therefore, it shows lower Payne
effect and is less sensitive to the postprocessing conditions (i.e.,
healing). This work provides an efficient method to evaluate the
self-healing and reprocessability of vulcanized rubbers from the
microscale level, which complements their macroscale evalua-
tion by conventional mechanical testing or repetitive com-
pounding.
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