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The thermo-mechanical properties of carbon black reinforced natural and styrene
butadiene rubbers are investigated under rapid adiabatic conditions. Eleven carbon
black grades with varying surface area and structure properties at 40 parts per
hundred (phr) loading are studied and the unreinforced equivalents are included for
reference. The results show a strong correlation of the modulus, mechanical
hysteresis, temperature rise and calculated crystallinity of the rubbers measured in
tensile extension with strain amplification factors. This highlights the influence of matrix
overstraining on microstructural deformations of the rubber upon extension. The strain
amplification factors are calculated via the Guth-Gold equation directly from carbon black
type and loading, allowing a correlation of the fundamental morphological properties of
carbon black with thermal and mechanical properties of rubbers upon extension. Analysis
of the thermal measurements of the rubber compounds upon extension and retraction and
contrasting between crystallizing and non-crystallizing rubbers reveals that a substantial
irreversible heat generation is present upon extension of the rubber compounds. These
irreversible effects most likely originate from microstructural damage mechanisms which
have been proposed to account for the Mullins Effect in particle reinforced rubbers.

Keywords: carbon black, strain amplification, thermomechanical characterization, strain induced crytallization,
elastomer, Mullins effect, thermography, hysteresis

INTRODUCTION

Particle reinforced rubbers are an important class of materials. Despite their ubiquity, there is still a
lack of understanding of the mechanisms controlling their behaviors at both small and large strains.
In this article we focus on effects at large strains (strains > ~50%). Figure 1 illustrates the complex
strain and strain history dependence of a typical particle reinforced rubber. The cyclic stress
softening and strain history dependence are often referred to as the Mullins effect (Mullins, 1948). In
addition, hysteresis and set effects are also present. Despite intensive investigation, the
microstructural origins of this large strain behavior and the Mullins Effect are still not entirely
clear. Theories to account for the pronounced stiffening (stress upturn) observed at very large strains
include approaching the finite extensibility of the rubber network and also the self-reinforcement for
rubber materials able to undergo strain induced crystallization. Strain history and hysteresis effects
are commonly ascribed to several prosed microstructural damage mechanisms (Diani et al., 2009)
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FIGURE 1 | Complex stress-strain behavior observed in 50 parts per
hundred (phr) N550 carbon black reinforced natural rubber under cyclic tensile
extension. Tests were done at a rate of 500 mm/min at room temperature.

which include: chain breakage at the interface between the rubber
and reinforcing particulates, slippage of rubber macromolecules
at the particle interface leading to a stress redistribution to
neighbouring molecules, rupture of flocculated clusters of
reinforcing particulates, progressive chain disentanglements,
covalent bond scission and crosslink rupture (Clough et al,
2016) and yielding and rebirth of glass-like immobilized
bridges between adjacent particles (Merabia et al., 2008) A
common feature of all these proposed damage mechanisms is
that they are associated with dissipation of strain energy in the
form of heat.

When particulate reinforced rubbers are deformed in uniaxial
tension, the heat evolved (Gough, 1805; Joule, 1859) can be
attributed, to various degrees, to the intrinsic entropic
elasticity (Meyer and Ferri, 1935; Anthony et al, 1942) and
viscoelasticity (Payne and Whittaker, 1972) of the rubber
matrix and to the hysteretic breakdown of the particulate
network within the rubber (Grosch et al, 1967). Where
rubbers are amenable to strain induced crystallization (SIC),
the heat of fusion of the crystallites at high global strains may
also contribute substantially to the observed evolution of heat
from the specimen. These effects are strain and strain rate
dependent (Tosaka, 2007; Briining et al., 2015).

More recent numerical (Behnke et al., 2016; Dhawan and
Chawla 2019) and experimental (Samaca Martinez et al., 2013;
Samaca Martinez et al, 2014; Spratte et al, 2017)
thermomechanical studies have expanded on these concepts.
Akutagawa et al. (2015) concluded that temperature changes
during stretching and retraction of rubber can be reduced to two
processes: reversible and irreversible processes. Entropy elasticity
and SIC are reversible processes whereas the hysteretic
breakdown of the particulate network (particle-particle and
particle-polymer breakdown) are irreversible. Le et al. (2020)
conducted thermo-mechanical experiments on rubber and
developed a quantitative model for the temperature variation
caused by isentropic, entropic and viscous dissipation effects
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under steady state uniaxial tensile cyclic loading. Le Cam et al.
(2015) used a calorimetric approach to characterize several
important effects such as entropic elasticity, reinforcement by
particulates, strain-induced crystallization and Mullins effect of
filled and unfilled natural rubber (NR) and styrene butadiene
rubber (SBR). Similarly, Le Saux et al. (2013) used a calorimetric
approach to detect the onset strains for SIC and correlated this
with data from X-ray measurements in literature.

SIC significantly enhances a number of mechanical properties
of rubber compounds including crack growth resistance and tear
resistance and tensile failure properties. These improvements in
compound properties are traced back to a retardation of
catastrophic and/or incremental crack growth due to
crystallization of a portion of the highly strained rubber ahead
of a crack tip (Briining et al., 2013). NR exhibits SIC because close
to 100% of its poly-isoprene chains have cis-configuration
(Huneau, 2011; Gent, 2012). This stereo-regular structure of
NR enables the polymer chains to crystallize either at low
temperatures and/or at high strains, leading to a pronounced
self-reinforcement. Despite this intrinsic reinforcement
mechanism, unfilled NR compounds are unable to provide
sufficient mechanical reinforcement, notably abrasion
resistance, to be of practical use in many engineering
applications and is therefore further reinforced by
incorporating fine particulates such as carbon black (CB).
Both SIC and the inclusion of CB play critical roles in the
reinforcement of rubber products.

Various researchers have investigated the effect of CB on SIC
in NR. Lee and Donovan (1987) showed that the inclusion of CB
facilitates SIC and increases the size of the crystallized zone at
the stressed crack tip. Trabelsi et al. (2003) demonstrated that in
NR reinforced with 50 parts per hundred rubber (phr) CB, the
onset strain for SIC was 100%, versus 300% for unreinforced
NR. This reduction in global onset strains for SIC was attributed
to matrix strain amplification due to the presence of rigid CB
within the rubber. This process was first proposed by Mullins
and Tobin (1966) to explain the stiffening effect that reinforcing
particles such as CB had on rubbers. The presence of rigid
particles within the rubber causes local overstraining of the
rubber matrix when compared with the applied macroscopic
strain level. Trabelsi et al. (2003) observed two different regions
of strain amplification: a lower strain region where SIC has not
occurred and in which the strain amplification factor is
independent of applied global strains and a region where SIC
has occurred and strain amplification is weakly dependent on
applied global strain. The reduction in onset strain of SIC due to
the inclusion of reinforcing particulates was also observed by
Chenal et al. (2007) who found that the extent of SIC and onset
strain required for SIC also depends on the cyclic strain history
of the reinforced rubber. Rault et al. (2006) studied SIC and
reinforcement in CB reinforced rubbers in relation to strain
amplification factors. From their analysis of the strain
amplification factors, they observed that in rubbers that do
not undergo SIC, reinforcement in filled rubbers has two causes:
overstraining/strain amplification of the chains due to a purely
geometrical effect and particles acting as new effective crosslinks
within the rubber. The latter point of view is shared by Plagge
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FIGURE 2| Colloidal plot of carbon blacks studied in this article. A measure of the structure (COAN) is plotted against a measure of the surface area (STSA). Insert:
Schematic of the primary particle-aggregate hierarchical structure of carbon black and representative TEM images of N772, N326, N330 and N134.

and Lang (2021) who related the large-strain stiffening to the
physicochemical compatibility of carbon black and rubber.
When the samples crystallize, the crystallites act as giant
cross-links causing the stress to increase drastically with
macroscopic extension. Rault et al. (2006) also observed that
the addition of small amounts (20 phr) of CB strongly decreases
the onset strains required for SIC. They hypothesize that this is
due to the CB particles acting as crystal nucleation sites. This
point of view is supported by a recent work by Sotta and Albouy
(2020), where the SIC-related hysteresis of NR is traced back to
nucleation-limited crystallization during stretching.

Many of these aforementioned studies have utilized X-ray
scattering techniques to directly study SIC. Recently, two research
groups, M. Kliippel and co-workers (Plagge and Kliippel, 2018)
and J. B. Le Cam and co-workers (Le Cam et al., 2020), have lead
efforts to measure SIC from the increase in temperature upon
extension of rubber. While such thermographic techniques do
not necessarily provide details on the structure of the crystallites
formed, it might potentially provide a much more accessible way
to determine the degree of crystallization in stretched rubber. For
the case of particle reinforced rubbers, thermal characterization
during extension also captures the heat generated from non-SIC
related mechanisms (particle network breakdown, polymer-
particle de-cohesion etc.).

Furthermore, although there have been numerous previous
studies on the effect of CB on mechanical and thermal properties
of rubber, there has been limited effort to correlate these effects
with the fundamental size and morphological properties of
carbon black. This is an important step to make, since these
CB properties are already extensively utilized by rubber
compound designers to engineer various properties of their
compounds to meet end wuser requirements. Further

quantitative understanding of their effects on SIC and other
thermomechanical properties of rubbers offer potential for
enhancement of rubber product performance.

This study evaluates the evolution of mechanical and thermal
properties of NR and SBR compounds reinforced with different
types of CB subjected to rapid adiabatic cyclic stretching and
retraction. The mechanical results are analyzed in the context of
the well-established strain amplification model. The temperature
changes during stretching and retraction are similarly analyzed
and extraction of information on the crystallization process is
attempted. By contrasting NR compounds which are amenable to
SIC to those which are not-Styrene Butadiene Rubber (SBR),
various contributions to the observed stress and temperature
changes upon extension and retraction are qualitatively
evaluated.

MATERIALS AND METHODS

Materials

Compounds of SMR CV60 NR reinforced with eleven different
CB grades at 40 parts per hundred rubber (phr) loading were
prepared. An unreinforced NR counterpart was also included in
the tests. The range of CBs used in this study was selected to cover
a broad range of surface area and structure space as shown in
Figure 2. The insert in Figure 2 shows a schematic representation
of an aggregate of CB and representative images from TEM for
N772, N330, N326 and N134 CBs using the same scale bar of
100 nm. The aggregate is comprised of a fused assembly of para-
crystalline primary particles. The size of the primary particles is
the key parameter determining the surface area of the CB while
the number and spatial arrangement of the primary particles
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TABLE 1 | Composition of tested compounds.

Component Loading/parts per hundred (phr)
Natural rubber Styrene butadiene rubber

NR SMR CV (60) 100 NA

SBR 1502 NA 100

Carbon black 40 40

Zinc oxide 5 3

Stearic acid 3 1

Sulphur 2 1.75

TBBS? 1 1

AN-Tertiarybutyl-2-benzothiazole sulfenamide.

defines the structure level of CB. The surface area of carbon black
is typically determined using nitrogen gas adsorption methods
such as the nitrogen surface area (NSA) and statistical thickness
surface area (STSA) methods (ASTM International, 2019) The
structure level of CB is determined by measuring the amount of
oil that is absorbed by a specific amount of carbon black-Oil
absorption number (OAN) and compressed oil absorption
number (COAN) methods (ASTM International, 2019; ASTM
International, 2019).

Unreinforced emulsion SBR 1502 and SBR reinforced with
N220 and N772 CBs at 40 phr were also prepared. These
compounds were included to contrast with the NR
compounds as SBR, unlike NR, does not undergo SIC. Table 1
shows the compositions of the various compounds used in this
study. Table 2 gives the compound properties such as densities
measured using a pycnometer and specific heat capacities
measured using a differential scanning calorimeter.
Interferometric microscope (IFM) dispersion index values are
given in Table 2. IFM dispersion characterizes the level of
incorporation of the CB into the rubber compounds on the

Particulate Reinforced Rubbers Thermomechanical Characterization

macroscale and is a quantification of undispersed carbon black
at a length scale greater than 5 um diameter. Values of DI greater
than 90 indicate an excellent dispersion. IFM DI measurements
were performed according to ASTM D2663-14 (2019) method D.
Table 2 also presents the surface area (NSA, STSA) and
structure (OAN, COAN) properties of the CBs in the
compounds. Compounds were prepared by Birla Carbon
(Marietta, GA, United States) using a 1.6 L capacity Banbury
mixer and vulcanized sheets measuring 11 mm x 11 mm x
~2mm were prepared by compression molding at 150°C for
NR samples and 160°C for SBR samples to a time of Top+5mins
where Tgq (time taken at 150°C/160°C for the specimen to reach
90% of maximum torque) was measured using an Alpha
Technologies moving die rheometer (MDR). The mixing
procedure is included in the supplemental information.

Experimental Method

Dumbbells for uniaxial extension and retraction experiments
were cut from vulcanized sheets using a hydraulic die press.
The dumbbells had approximate gauge length, width and
thickness of 45, 6 and 2mm respectively. To investigate
thermal responses under adiabatic conditions, the samples
were deformed using an Instron 8801 hydraulic mechanical
testing machine equipped with a 1 kN load cell. The tests were
run in a position-control mode with the lower grip moving to the
targeted position(s). The specimens were extended to target
uniaxial strains of 150, 250 and 350% at speeds of 20,000 mm/
min giving a strain rate of about 7.40 s' and a stretching time of
0.5 s for the maximum strain of 350%. For contrast, Candau et al.
(2012) determined the time needed for NR to crystallize once
samples are elongated above the critical elongation for SIC as
0.02 s during cyclic tensile tests at high strain rates from 8 s~ to
280 s~". After straining, the samples were held at the maximum

TABLE 2 | Colloidal® and compound properties and calculated strain amplification of tested compounds.

Natural rubber compounds

Carbon black Carbon black properties

Compound properties Strain amplification

type NSA/ STSA/ OAN/ COAN/ Density,p Heat capacity, Dispersion factor
m2g™! m2g™! cc.100g™" cc.100g™" /g.cm™ cp/Jg'K™! index
N234 116 110 126 104 1.119 1.314 92 3.102
N134 140 130 125 104 1.120 1.406 91 3.100
N339 91 88 121 99 1.108 1.301 98 2.998
N220 110 103 113 99 1.104 1.348 97 2.991
N115 131 116 112 93 1111 1.350 94 2.865
N330 76 76 102 89 1111 1.374 97 2.794
N550 38 38 121 83 1.113 1.303 99 2.678
N660 35 34 93 75 1.106 1.308 95 2515
N326 77 77 73 73 1.115 1.370 92 2.485
N772 32 31 69 62 1.114 1.351 78 2.290
N990 11 10 34 34 1.114 1.296 96 1.853
Unfilled NA NA NA NA 0.976 1.564 NA 1.000
Styrene Butadiene Rubber Compounds
N220 110 103 113 99 1.119 1.292 98 2.991
N772 32 31 69 62 1.122 1.314 93 2.290
Unfilled NA NA NA NA 0.976 1.635 NA 1.000

ANSA is nitrogen surface area, STSA is statistical thickness surface area, OAN is oil absorption number and COAN is compressed oil absorption number.
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strain for 2min to regain thermal equilibrium before being
rapidly retracted to zero strain at the same strain rate. This
process was repeated 10 times for each specimen with three
specimens being measured for each compound.

The specimen temperature was measured using a FLIR A35
(focal length = 9 mm) infrared camera. The camera has a thermal
sensitivity/noise equivalent temperature difference (NETD) of
<0.05°C at +30°C/50 mK and an IR resolution of 320 x 250 pixels.
The camera was turned on 2h prior to the measurements to
ensure the internal temperature of the camera was stabilized. The
acquisition frequency was set to the maximum rate of 60 Hz. The
mean average temperature of a rectangle covering a pixel area of
about 225 pixels was used to track and measure the temperature
in the center of the specimen during straining and retraction
using the FLIR Research IR software. The emissivity was set to
0.95 which is a reasonable approximation for CB reinforced
rubber (Browne and Wickliffe, 1979; Luukkonen et al., 2009).
The ambient room temperature was measured by placing a black
body in the view of the camera and this was verified with a
standard thermocouple.

The mechanical and temperature data were recorded on the
Ist, 5th and 10th loading and unloading cycles to investigate the
effect of Mullins softening on mechanical properties and
temperature evolution. However, due to the high permanent
set of the filled samples, particularly at high strains, the
samples at 350% were re-gripped prior to the 5th and 10th cycles.

Strain Amplification

The results obtained from the thermomechanical experiments are
quantitatively discussed using strain amplification factors, X. It is
therefore necessary to discuss how these are calculated for the
purpose of this paper. Mullins and Tobin (1966) proposed the
general concept that when rigid particles are introduced into a
rubber matrix they cause greater average deformation on the local
scale, €local Versus the globally applied strain level, egopal.

Elocal = X‘Sglobal

X is therefore a strain amplification factor that quantifies the
degree to which the applied global strain is amplified on average
at the local scale level. Models with varying levels of
sophistication can be wused for calculating the strain
amplification factor (Huber and Vilgis 1999; Kliippel 2003;
Allegra et al., 2008; Domurath et al, 2012), with each having
distinct advantages and limitations.

In this paper, we use the simple and widely used Guth-Gold
equation which predicts the strain amplification in the compound
from the effective volume fraction of particulates in the
composite.

X =1+25¢4 +14.1¢%

The Guth-Gold equation was developed for spherical particles at
low to moderate volume fractions (Mullins and Tobin 1966). The
Guth-Gold equation does not account for any substantial
networking of particulates within the rubber-which commonly
occurs at small to moderate strains-nor any breakdown of the
particle-particle network or de-cohesion of the particle-rubber

Particulate Reinforced Rubbers Thermomechanical Characterization

interface. This assumes therefore that X is independent of applied
strain level.

The effective volume fraction of CB in each compound, ¢, is
defined as the volume fraction of the carbon black in the rubber
plus the volume fraction of rubber occluded from global strain by
the CB aggregate structure. In practice it is calculated using the
actual volume fraction of CB, ¢ and the compressed oil
absorption number (COAN) which is a measure of the
structure of carbon black aggregates. This approach is based
on the method initially developed by Medalia (1972) and later
modified by Wang et al. (1993). They considered the end point of
absorption titration of CB with a specific volume of oil and de-
convoluted the intra-aggregate and inter-aggregate oil volumes in
the 0il/CB cake at the end of the test. The permeated equivalent
sphere volume and inter-aggregate oil volume are calculated by
assuming that the equivalent spheres pack randomly at a volume
fraction of 0.63. The effective volume fraction in a rubber
compound, ¢ is then given by the following equation where
V, is the permeated volume of equivalent spheres, V; is the
volume of filler, Vy is the volume between the permeated
equivalent spheres, and p is the density of the CB.

l1+e
‘Peff:‘P( )

l+e
L _(V,=Vi)+V, _pc,COAN
Ve 100
Vv, 037
V. 1-037

P
0.0181COAN + 1)

Pest = 9’)( 159
()
PcB
() + (52)

PcB PNR
“phr CB” and “phr NR” are the filler loadings of carbon black
and natural rubber respectively in the compound. p; and pg
are the densities of carbon black and natural rubber which are
taken as 1.81 %5 and 0.92 £ respectively based on Birla Carbon
datasheets.

Tunnicliffe (2021a) recently demonstrated that the Guth-Gold
strain amplification factor can be used to scale fatigue crack
growth resistance of CB reinforced NR and showed good
correlations between calculated strain amplification factors and
the state of strain immediately ahead of crack tips in NR Liu et al,,
2015. Trabelsi et al. (2003) also showed that experimentally
measured strain amplification factors were in good agreement

with the Guth-Gold equation. The calculated strain amplification
factors of the tested specimen are listed in Table 2.

Calculating the Extent of Crystallinity from
Thermal Measurements

The methods for calculating crystallinity directly from
temperature measurements are described in detail in Plagge
and Klippel (2018) and Le Cam et al. (2020). Le Cam’s
method is a four step approach that is based on quantitative
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calorimetry and temperature measurements. To date it
currently has not been applied to reinforced rubber
materials and will be the objective of subsequent studies.
Plagge and Kliippel’s method depends on an energy balance
process where the mechanical energy input W, is balanced
with the internal energy, dU, and heat exchange with the
environment, 6Q. The internal energy is split into a kinetic
part which measures microscopic excitations such as vibration,
translation and rotation in terms of the heat capacity, Cp,
density, p, and change in sample temperature and energy gain
from crystallization which is labelled as U.. It is assumed here
that all the energy gained is due to crystallization and ignores
non-reversible energy dissipation mechanisms in filled rubber
such as particle-particle and particle-polymer breakdown. The
calculated crystallinity is therefore very likely over estimated
by this calculation.

The resulting equation is similar to the first law of
thermodynamics (written per volume) as follows:

dU = 6Q + oW
CppdT - dU, = 5Q + 8W

U, = Energy for Crystallization = / (C ppdT — 6W — 6Q)

The greatest uncertainty in using this approach is how to
determine the amount of heat,6Q exchanged with the
environment through convection and radiation. It requires
using an algorithm to optimize functions that smoothly vary
with time. Rapid extension and retraction rates minimize heat
exchange with the environment as discussed in Heat Exchange
Characterization Section, and this allows us to assume adiabatic
conditions and ignore this contribution. The total energy and
index of crystallization is therefore simply calculated without
4Q as:

U, = Energy for Crystallization = / (C ppdT — 5W)

K = Apparent Cr ystallinit y Percentage
U.

) (1 - S"filler)AH

where K which is the percentage of the rubber that is crystalline is
calculated from the enthalpy of fusion of the pure polymer, AH,
which is estimated to be about 61 ] cm™ for NR. For the filled
compounds, K is normalized by taking into account the filler
volume fraction, @g,-

x 100%

Heat Exchange Characterization
A fundamental solution to the heat diffusion equation (Plagge
and Klappel, 2018) is:

T(x,t) =

where x is the thickness of the specimen, x is the thermal
diffusivity and t is time elapsed. From the exponent, the
timescale of heat diffusion therefore scales as

Particulate Reinforced Rubbers Thermomechanical Characterization

For rubber, x= 1.5){10’7‘“?2 and for our

samples,
__ sample thickness _ 2x 103 m

> =1x 107 m and hence 7 =~ 1.7 s.

This implies that an inhomogeneous temperature field within
the rubber strip (size = 2 mm) will equilibrate in approximately
2 s. Due to the rapid extension and retraction, the timescale of the
experiments are of the order of milliseconds; well within the
timescale of heat diffusion. The temperature measurements are
therefore more likely the real localized temperature of the samples
instead of an averaged one due to diffusion.

To characterize the adiabatic nature of the current experimental
set up, a specimen similar to those used in the main experiments of
this work was heated in an oven for about 3 h at 60°C to ensure a
homogenous temperature distribution. The specimen was then
quickly gripped in the testing machine and the natural return to
room temperature was recorded as a function of time. A heat
exchange equation (based on a best fit line with an R* value of 0.97,
see Supplemental Data sheet) which considers the experimental
set up and environment was obtained from this graph as

T =17.02¢ 100

where T is the temperature variation and t is the time elapsed.
The maximum time for extension/retraction in our experiments
is about 0.5 s, which produces a 0.08°C temperature variation to
the environment. This drop is very close to the smallest
temperature resolution of <0.05°C at +30°C/50 mK of the
infrared camera.

RESULTS

Mechanical Properties

Stress-Strain and Mooney-Rivlin Curves

Figures 3A-C shows the stress-strain curves for the 1st, 5th and
10th cycles of CB reinforced and unreinforced NR specimens
when extended to 350% strain and retracted following a 2 min
hold. There is a clear distinction between the initial extension
curves depending on the CB types. The CBs with higher strain
amplification factors, which is the result of higher structure level
of the CB, have a higher incremental modulus response versus
CBs with lower strain amplification factors and hence a lower
structure. This is illustrated in Figure 3D where the measured
stress at 300% strain is plotted versus the compound strain
amplification factor. Strong linear correlations between the
stress value at 300% and strain amplification factors are
observed for each cycle level (R* values are indicated in the
Figure). Upon retraction of the specimens however, there is
minimal distinction between the stress-strain curves of the
different compounds. This is an interesting observation which
requires additional investigation, including a further analysis of
the polymer and CB-related stress relaxation occurring during the
2min hold period. Subsequent papers, would attempt to
decompose the contribution of the stress relaxation resulting
from strain induced crystallization and post-stretch relaxation
based on a model proposed by Tosaka et al. (2006).
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FIGURE 3| Stress-strain plots of carbon black reinforced and unreinforced natural rubber extended to 350% strain and retracted after a 2 min hold on cycles 1, 5
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It has been shown by different authors (Mullins and Tobin
1966; Mark and Erman 2007) that the Mooney-Rivlin relation
can be used to describe the stress-strain behavior of rubber at
finite extensions. Typically stress-strain data plotted according to
the Mooney-Rivlin model show a large and abrupt increase in
modulus at high elongations which corresponds to a significant
stiffening of the rubber. The molecular origin for this upturn is
widely debated. Most attribute it to the limit of the finite
extensibility of the network chain (Treloar 1975). Others have
attributed it to crystallization upon stretching since experiments
in NR showed the upturns diminish with increase in temperature
and swelling (Su and Mark, 1977). The reduced stress is
calculated and plotted as a function of the inverse of extension
ratio in Figure 4 for cycles 1, 5 and 10.

Reduced Stress = ———— =
2(1-3)
where o is the engineering stress and X is the extension ratio. C;
and C, are constants where C is the straight line portion of the
graph and C;+ C, is the intercept on the vertical axis (Mooney
1940; Rivlin 1948; Treloar 1975)

The qualitative shapes of the stress-strain extension curves and
Mooney-Rivlin curves differ between different cycles. Cycles 5

and 10 have a more distinct sigmoid shape with an upward
inflection of the curve at strains greater than about 150% for the
extension curves. The Mooney-Rivlin curves also show an upturn
in stress on cycles 5 and 10 at higher strain values. This stress
upturn is due to the progressive crystallization of the NR which
stiffens the specimen and/or from the rubber macromolecules
approaching finite extensibility. On the Ist cycle of the stress
strain curve, however, this upturn is not as distinct. The upturn in
stress on the 1st cycle is almost gradual and starts at lower strains
compared to cycles 5 and 10 for the Mooney-Rivlin curves as well.
These differences are likely due to the differences in
microstructural damage history between the 1st and
subsequent cycles. As discussed in the introduction, such
“damage” could be the result of CB aggregate-aggregate
network breakdown, polymer-particle de-cohesion and sliding,
and disentanglement of the rubber network (Toki et al., 2013).

Mechanical Hysteresis

The hysteresis losses in rubber are an important factor
influencing the rubber’s fracture properties. Hysteresis losses
dissipate energy input into the rubber thereby increasing the
threshold required for fracture. The mechanical hysteresis is
calculated as the difference between the area under the loading
and unloading curves and plotted as functions of the strain
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amplification factor in Figure 5. Similar to the tensile stress at
300%, the mechanical hysteresis strongly scales with the strain
amplification factor. This observation indicates that selection of
CB structure level is important in determining the moduli and
mechanical hysteresis of the rubber compound at finite strains.
Note that this contrasts with the effect of CB on hysteresis at small
to medium strains (the strain range under consideration when
examining the Payne Effect), where the surface area of the carbon
black generally dictates the levels of hysteresis (Frohlich et al.,
2005, Tunnicliffe (2021b).

Temperature Measurements
Figure 6 is the temperature, stress and strain as a function of time
for the Ist cycle of the N234 CB reinforced NR strained to 350%,
held for about 2 min and retracted. The significantly slower rate
of cooling during the 2 min hold in comparison to the timescale
of heating and cooling during extension and retraction highlights
that the thermal measurements are conducted under adiabatic
conditions. The stress drops significantly in the first few seconds
of the 2min hold, another interesting observation, which a
further analysis of the polymer and CB-related stress
relaxation during the 2 min hold period will help explain.

The rise and drop in temperature of the specimens extended to
350% and then retracted are plotted in Figure 7 for the first cycle.
Analogous to the mechanical data, there is a clear distinction

between the temperature rises upon extension depending on CB
type, but minimal differences between the samples upon
retraction. Processes such as breakdown of the CB network
and strain-induced crystallization dissipate energy during
extension causing the observed temperature rise.
Temperature Rise = Temperatureg, , — Temperature,

Temperature Drop = Temperature;,,, — Temperature g, .14

The change in temperature for each compound is plotted as a
function of the calculated strain amplification factor for strains of
350% (black), 250% (yellow) and 150% (red) for cycles 1, 5 and 10 in
Figure 8. The data above Temperature Change = 0°C show a rise in
temperature and those below 0°C reflect a drop in temperature.
From the graph there is a strong correlation of the rise in
temperature with strain amplification factor-mirroring the
observation for the corresponding mechanical data. As strain
amplification increases, the rise in temperature increases, as does
the measured stress at a given strain level. There seems to be no
apparent correlation with drop in temperature upon retraction.
Again this is an area for further investigation. During repeated
cycling of the materials, the maximum achieved temperature change
upon extension is reduced-most notably between the 1st and 5th
cycles. Conversely, the magnitude of temperature change upon
retraction appears to be broadly unaffected by cycle number.
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FIGURE 5 | Mechanical hysteresis on cycles 1, 5 and 10 as a function of strain amplification factor of natural rubber samples extended to 350% strain.
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FIGURE 6 | Temperature profile, stress and strain as a function of test
time for N234 reinforced natural rubber rapidly extended to 350% strain, held
for 2 min and rapidly retracted.

Figure 9 plots the peak stress upon extension and the
corresponding temperature rise upon extension for all strains
and cycles for all NR compounds. All the points collapse on a
master curve with reasonable correlation (R* = 0.89),
independent of the cycle number, strain level or CB type,

suggesting the CB structure controls the maximum stress and
corresponding temperature rise.

Strain Induced Crystallization Estimations

Using the approach detailed in Calculating the Extent of
Crystallinity from Thermal Measurements Section, the apparent
crystallinity percentage was estimated for NR specimens after the
Ist, 5th and 10th cycles. Figures 10A,B show the graphs of the
calculated apparent crystallinity percentage upon extension and
retraction respectively to and from 350% strain on the 1st cycle.
Mirroring the stress-strain and temperature change graphs
discussed in Mechanical Properties Section and Temperature
Measurements Section, there is a clear distinction between the
calculated apparent crystallinity percentages formed upon
extension dependent on the type of CB, but the extent of
percentage crystallinity change upon retraction is largely
indistinguishable between compounds. Figures 11A-C plots
the peak apparent crystallinity for each compound at 150, 250
and 350% extension, for the 1st, 5th and 10th cycles, as a function
of strain amplification factor. The calculated crystallinity extent
correlates well with the strain amplification factors, with a higher
strain amplification factor leading generally to a higher
crystallinity value, as would be anticipated from a simple
consideration of matrix overstraining. The calculated
crystallinity extents are observed to decrease successively on
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each cycle. For contrast, in situ Wide Angle X-ray synchrotron
(WAXS) experiments conducted on 45 phr N234 reinforced NR
extended at a strain rate of 0.25 min '(~0.0042 s™1) produced
similar decreasing crystallinity values upon successive cycles with
maximum crystallinities of about 28, 22 and 21% on the first,

second and third cycles at a peak strain of ~250% (Chenal et al,,
2007).

Figure 11D shows the onset strain percent for crystallite
formation for each compound also plotted as a function of the
strain amplification factor. Higher strain amplification generally
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leads to an earlier onset of the crystallinity. The onset strain
percent for crystallinity also shows a slight increase (shift to
higher strains) after the first cycle-similar to that reported by
Chenal et al. (2007) who observed an increase in onset strain
percent until a stable value is reached typically after three to five
cycles.

It appears from Figure 10 that not all crystals formed upon
extension are melted during retraction. The maximum
percentage change in crystallinity upon retraction is always
significantly lower than the maximum percentage change in
crystallinity during extension. These findings are problematic
for the following reasons: 1) even when accounting for the fact
that crystallinity is known to persist for a while during retraction
(Treloar 1975), the values in Figures 10A,B imply that the
majority of crystallites persist in the fully relaxed state
following full retraction. 2) while the crystallization extent
upon extension appears to strongly depend on the type of CB,
this dependence is lost in the retraction data, despite the fact that
the final levels of crystallinity achieved upon maximum extension

Particulate Reinforced Rubbers Thermomechanical Characterization

should persist or even increase during the 2 min hold period as
the material progresses towards an equilibrium level of
crystallinity (Tosaka, 2007).

Although the data reported in Figure 10A, and Figures
11A-C are in reasonable agreement with literature for direct
measurements of SIC from X-ray scattering techniques, the
inconsistency of the retraction data sets with known
phenomenological behavior of SIC implies that additional
thermal effects both upon extension and retraction are likely
influencing the crystallinity values obtained here. For filled rubber
samples, it is challenging to use thermography alone to accurately
measure the extent of crystallinity due to the irreversible heat
generating mechanisms such as particle-particle and particle-
polymer breakdown during extension which are difficult to de-
convolute from reversible SIC effects.

Styrene Butadiene Rubber Samples

SBR is a non-crystallizing rubber and provides a useful contrast to
the NR materials. Figures 12A,B show the stress-strain curves
and Mooney-Rivlin plots for the SBR compounds strained to
350% for cycles 1, 5 and 10. Similar to the NR stress-strain data,
the reinforced SBR compounds show a sigmoid-like curve with
distinct stress upturns at high strains, which is especially
noticeable for cycles 5 and 10, despite the absence of SIC for
SBR. This highlights the pronounced reinforcement effects of CB
in non-crystallizing rubbers. Also note that the modulus/stress
builds for the SBR compounds scale as expected according to
strain amplification factors (with N220 being greater than N772).

The unreinforced SBR does not exhibit any stress upturn. It is
also worth noting that the unreinforced SBR specimens failed
during the 2 min hold period after initial extension and hence,
there is no retraction data for this compound. In comparison, the
unreinforced NR displays a moderate stress upturn (Figure 2),
and did not fail during the 2 min hold period, again highlighting
the intrinsic reinforcing effects of SIC in NR.

The Mooney-Rivlin plots also display similar trends to those
observed in the NR compounds. On the 1st cycle, the upturn in
reduced stress is observed at relatively low strain levels (~100%).
However, the stress upturn shifts to higher strains (~200%) after
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cycles 5 and 10. The unreinforced SBR shows no stress upturn
even at higher strains unlike the unreinforced NR specimen at
350% strain. Since the stress-strain and Mooney-Rivlin plots of
reinforced styrene butadiene rubber specimens show similar
behavior to the particulate reinforced NR specimens, it is
difficult to conclusively attribute the upturn in stress and
reduced stress observed in the NR specimens solely to the
onset of SIC. Effects of particle-particle and particle-polymer
interactions are clearly influencing the stiffening of the materials
examined here.

Figures 12C,D show the temperature rise and drop for the
SBR compounds. Again the observed temperature rise mirrors
the evolution of stress during extension. The maximum observed
temperature rise is ~13°C for the SBR compounds, which cannot
be attributed to SIC but rather to entropic elasticity and particle-
particle and particle-polymer mechanisms. When comparing
analogous SBR and NR materials head to head as shown in
Figures 13A-C, the NR specimens consistently show a higher
change in temperature versus the SBR specimens. The
temperature rise of N220 reinforced NR extended to 350%
strain on the Ist cycle is ~16°C while the temperature rise of
the N220 reinforced SBR is ~13°C. The drops in temperature
when retracted from 350% strain on the 1st cycle is ~6°C and 4°C

for the N220 reinforced NR and SBR respectively. While the
temperature drops of the SBR specimens are lower compared to
the NR specimens, it is worth highlighting the temperature drops
of the SBR specimens which are entirely due to entropic elasticity
are still relatively large. The difference in temperature evolution
between the NR and SBR specimens may be due to the additional
contribution from SIC in the NR compounds, but it is not
possible to quantitatively attribute this difference in the
temperature between the two analogous compounds directly to
SIC due to inherent differences in polymer molecular
architectures,  viscoelasticity = and  crosslink  densities.
Nevertheless, these results demonstrate that entropic elasticity
and particle-particle and particle-polymer mechanisms can
contribute substantially to thermal evolution in strained
rubbers and would need to be appropriately incorporated into
quantitative evaluations of SIC from thermal measurements in
reinforced NR compounds.

DISCUSSION

The tensile extension moduli of both the NR and SBR compounds
scale linearly with strain amplification factors. This is due to
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FIGURE 12 | Stress-strain, Mooney-Rivlin and temperature change plots of reinforced and unreinforced styrene butadiene rubber extended to 350% strain.

matrix overstrain effects; with the CBs with higher aggregate
structure enhancing the local strain levels. The mechanical
retraction data following the 2 min hold collapse onto each
other-independent of the type of CB. This requires further
investigation but it may be due to particle-particle and
particle-polymer breakdown effects during extension and the
2 min hold which are absent upon retraction. Further analysis
to de-convolute the contributions to the stress relaxation during
the 2 min hold will provide more insight into this.

Mechanical hysteresis scales with strain amplification factors
as well, which is most likely a reflection of these experiments
being strain controlled, therefore a stiffer compound naturally
gives higher hysteresis at fixed strain.

The thermal data for the NR compounds mirrors the
mechanical data with the temperature rise upon extension
scaling linearly with the strain amplification factor. Similar to
the mechanical data, this is due to matrix overstrain effects where
the carbon black aggregates with higher structure CBs enhance
microstructural heat dissipation process such as the particle-
particle and particle-polymer breakdown and SIC for the NR
compounds during extension. The peak stress upon extension
scales linearly with the corresponding temperature rise

independent of cycle number, strain level and CB type. Upon
retraction, the temperature drops show similar values,
independent of the CB type.

The temperature data of the non-crystallizing SBR suggests
that significant temperature generation upon extension must be
related to reversible heat generation from entropic elasticity as
well as particle-particle and particle-polymer irreversible heat
generation. Substantial temperature drops upon retraction for the
SBR compounds is related primarily to entropy elasticity and the
values of the temperature drop is also very similar between the
unreinforced and reinforced SBR compounds.

The calculation of the SIC extent of the NR compounds using
the Plagge-Kliippel method shows some consistency with
literature data for direct measurement of SIC from X-ray
scattering but also produces some crucial differences. The lack
of agreement between calculated crystallinity extents upon
extension and then retraction, implies that additional,
irreversible thermal effects arising from the inclusion of
reinforcing particles are as important or maybe even dominate
over the SIC contribution to heat evolution upon extension at
these high strain rates. Further studies at varied strain rates could
help to characterize the rate dependent nature of this dissipation
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in non-strain crystallizing rubbers. For particle reinforced
rubbers, it will be necessary to quantitatively account for all
these different effects in the future analysis of thermal data sets.
Direct measurement of the SIC by X-ray scattering is planned to
help de-convolute these thermal effects.

CONCLUSION

The thermomechanical properties of CB reinforced and
unreinforced rubber compounds at large
characterized under adiabatic conditions.
conclusions can be drawn from the experiments:

strains
Two

were
major

1) Matrix overstrain effects play a significant role on
microstructure mechanisms such as entropy elasticity,
particle-particle and particle-polymer breakdown and
SIC during extension. The modulus and temperature rise
of the compounds during extension correlated well with
calculated strain amplification factors for the various
compounds. The calculated strain amplification factors
were derived from the morphological properties of CB
and based on our results show that the CB aggregate
structure influences these microstructural mechanisms at
large strain deformations.

2) Observed thermal effects upon extension are influenced and
maybe even dominated by irreversible particle-particle and
particle-polymer damage effects based on comparison of the
results from non-crystallizing SBR and NR. This makes it
difficult to accurately decompose the reversible contribution of
SIC from the thermal measurements alone. Direct measurements
of SIC by X-Ray scattering are planned as a next step in this work.

From a practical standpoint, the correlation of the mechanical
and thermal effects with morphological properties of CB is
significant since it can be a useful tool in the design of rubber
compounds for engineering applications.
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