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ABSTRACT: Tires require rubber compounds capable of enduring more than 10% deformation
cycles without developing cracks. One strategy for evaluating candidate compounds is to
measure the intrinsic strength, which is also known as the fatigue threshold or endurance limit.
The intrinsic strength is the residual strength remaining in the material after the strength-
enhancing effects of energy dissipation in crack tip fields are removed. If loads stay always
below the intrinsic strength (taking proper account of the possibility that the intrinsic strength
may degrade with aging), then cracks cannot grow. Using the cutting protocol proposed
originally by Lake and Yeoh, as implemented on a commercial intrinsic strength analyzer, the
intrinsic strength is determined for a series of carbon black (CB) reinforced blends of natural
rubber (NR) and butadiene rubber (BR) typical of tire applications. The intrinsic strength
benefits of the blends over the neat NR and BR compounds are only observed after aging at
temperatures in the range from 50 to 70 °C, thus providing fresh insights into the widespread
durability success of CB-filled NR/BR blends in tire sidewall compounds and commercial
truck tire treads.

KEY WORDS: fatigue, crack growth resistance, durability, tire sidewall compounds, TBR
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Introduction

The strength of rubber depends on its chemical structure, as well as on the
viscoelastic behavior occurring in crack near-tip fields [/,2]. Owing to
viscoelastic energy dissipation, the total energy required to propagate a crack
in rubber is usually significantly greater than the energy associated with the
intrinsic strength of the molecular structure. Traditional testing methods that are
used in the rubber industry to measure tear and crack growth properties make it
very difficult to perform the detailed structure—property relationship studies that
are necessary for rational design of improved compounds for demanding
applications such as tires. Assigning clear responsibility for crack growth
resistance to certain structural features of the compound is very difficult,
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FIG. 1 — Diagram showing typical behavior for crack growth rate of rubber on a log—log plot
versus energy release rate. The lower bound on the fatigue crack growth rate curve is the endurance
limit, T.

because these same material characteristics influence the hysteresis behavior of
the rubber, which is a very large contributor to the bulk fracture response that is
measured.

If a crack grows in a cross-linked polymer, it means at least that all polymer
chains crossing the plane of the crack have ruptured, and there is a minimum
energy requirement for this fracture. For a simple unfilled cross-linked
elastomer, this minimum energy depends primarily on details of the polymer
network, such as average molecular weight between cross-links, and on the
weakest bond in the main polymer chain [3]. It is largely independent of time,
temperature, and degree of swelling. It is therefore often called the intrinsic
strength, since it reflects the polymer chemistry and network [4].

One practical reason for wanting to quantify the intrinsic strength (7p) is
that it marks the lower limit of the fatigue crack growth rate curve that is
illustrated in Fig. 1 [5,6]. A crack operating at an energy release rate below the
intrinsic strength can be projected to operate indefinitely without growing, since
there is simply not enough energy supplied to break polymer chains at the crack
tip [7]. Therefore, this endurance limit or mechanical fatigue limit is very useful
in product design and in fatigue analysis [8].

At high values of energy release rate (7), also called tearing energy [9], the
critical tearing energy (7c)—sometimes called ultimate tear strength—is
observed for an elastomer that marks the upper end of the fatigue crack growth
response where catastrophic tearing occurs. Therefore, T, and T define the
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FIG. 2 — Correlation between intrinsic strength (To) (from lengthy fatigue crack growth

measurements near the fatigue threshold) and intrinsic cutting energy (So.) (from the cutting
method) for various unfilled rubbers. The data plotted are from Table II of Lake and Yeoh [15]. See
the cited reference for descriptions of the rubber materials evaluated.

window within which cracks grow due to the application of cyclic deformation.
The crack growth behavior in this fatigue damage accumulation regime is
affected by frequency, nature of the waveform (e.g., pulse versus sine wave),
and maximum and minimum cyclic load limits [/0—/4]. There have not been
enough detailed studies to know the effects of these testing variables on the
fatigue threshold, 7.

The aim of this work is to determine the influence of thermal-oxidative
aging on the intrinsic strength of compounds containing natural rubber,
butadiene rubber, and their blends in model carbon black reinforced
formulations that are representative of tire applications. The work uses a new
commercial instrument and test procedure based on the theoretical background
and cutting method of Lake and Yeoh [/5] to evaluate the intrinsic strength as a
function of polymer blend composition and aging temperature. An essential
underpinning of the Lake and Yeoh approach is that the intrinsic cutting energy
(So,c) determined from this method is correlated with 7, measured from crack
growth testing near the fatigue threshold (Fig. 2). It is necessary to evaluate very
slow crack growth rates (10°° to 10~ mm/cycle) near the threshold in order to
quantify the T, asymptote in Fig. 1, which can take several months at a typical
frequency of 10 Hz. Therefore, the cutting procedure offers an effective
laboratory testing alternative that can provide results within a few hours, by
contrast.
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TABLE 1 — Rubber Formulations.”

NR/BR NR/BR Unfilled
NR BR (75/25) (50/50) SBR Control

NR 100 — 75 50 —
BR — 100 25 50 —
SBR — — — — 100
Carbon black (N339) 50 50 50 50 —
Zinc oxide 3 3 3 3 5
Stearic acid 1 1 1 1 2
IPPD’ 1.5 1.5 1.5 1.5 —
6PPD* — — — — 1
CBS! 2.5 2.5 2.5 2.5 1
Sulfur 1.7 1.7 1.7 1.7 1.75
Cure temp. (°C) 160 160 160 160 140
Cure time (min) t90 + 2 min  t90 + 2 min  t90 + 2 min  t90 + 2 min 50

“Units are parts per hundred rubber unless otherwise indicated.
bN-isopropyl-N’-phenyl-p-phenylenediamine.
°N-(1,3-dimethylbutyl)-N’-phenyl-p-phenylenediamine.
“IN-cyclohexyl-2-benzothiazole sulfenamide.

Immiscible polymer blends do not generally have desirable mechanical
properties. A notable exception is the phase-separated natural rubber/butadiene
rubber (NR/BR) blend system reinforced with carbon black particles, which has
such excellent durability that it is used in the sidewalls of nearly every
automobile tire on the road and in many of the treads on truck and bus radial
(TBR) tires. Despite progress throughout the years to understand the tear and
fatigue behavior of this unique and important carbon black (CB)-filled rubber
blend [/6-21], there is no widely accepted fundamental conclusion about the
origin of its exceptional durability characteristics in tire applications. This
provides motivation for the present study.

Experimental Details

Polymers used in this study were natural rubber (SMR CV 60), high cis
butadiene rubber (Buna CB 24 from Arlanxeo, Dormagen, Germany), and
emulsion polymerized styrene-butadiene rubber (SBR 1500 from Trinseo,
Schkopau, Germany). The reinforcing filler was N339 grade of carbon black.
The rubber formulations are given in Table 1, where it can be observed that two
NR/BR blends were included in this investigation: NR-rich 75/25 blend and a
50/50 blend. The other ingredients listed in Table 1 are standard rubber
chemicals.

Rubber compounds were prepared in two mixing stages. For the first stage,
all ingredients except N-cyclohexyl-2-benzothiazole sulfenamide (CBS)
accelerator and sulfur were mixed for 5 minutes in an internal mixer (SYD-
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FIG. 3 — Photograph of the Coesfeld Intrinsic Strength Analyzer.

2L from Everplast, Tainan City, Taiwan) at 50 rpm and with a chamber wall
temperature of 80 °C. The CBS and sulfur curatives were added in the second
mixing stage on a two-roll mill at a temperature of 60 °C.

Cure behavior was evaluated at 160 °C using a moving die rheometer
(MDR 3000 Basic from MonTech, Buchen, Germany) according to ASTM
D6204. Planar tension (pure shear) test specimens were formed by curing the
rubber in a mold, to give a testing geometry with dimensions of gauge height =
10 mm, width = 100 mm, and thickness = 1.5 mm. Specimens were cured in a
heated press (LaBEcon 300 from Fontijne Presses, Delft, the Netherlands) at
conditions given in Table 1.

Cured test specimens were aged for 720 hours (30 days) at temperatures of
25, 50, 70, and 90 °C in air ovens.

The rubber samples were tested at 25 °C with an Intrinsic Strength
Analyzer (ISA™) manufactured by Coesfeld GmbH, Dortmund, Germany (Figs.
3 and 4), and operated with testing methodology developed by Endurica LLC,
Findlay, Ohio, that is based on the approach of Lake and Yeoh [/5]. In this
method, shown schematically in Fig. 5, a planar tension test specimen, which is
pre-cracked at one edge, is strained to each of several different strain levels in
the range from 0 to 0.5 (0 to 50%). The specimen is held at each fixed strain and
allowed to equilibrate for 10 minutes, after which the stress is determined from
the normal force before initiating the cutting. A stress—strain curve is generated
by combining the results from the different strain levels. After equilibration at
each strain, a highly sharpened blade is brought into contact with the crack tip,
and it is driven to slice the specimen at three constant, sequential rates that are
decreasing in value, from 10 to 0.1 to 0.01 mm/min. The specialty blade is
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FIG. 4 — ISA measurement principle, where A, actuator of the stretching; B, actuator of cutting; C,
loading cell of the stretching; D, loading cell of the cutting; E, razor blade; F, test specimen; G,
clamping system of test specimen; H, clamping system of test specimen; I, razor blade tip. The
measured stretching force is f,, and the measured cutting force is f..

produced by Lutz Blades (product reference number 0410.0100; length = 43
mm, width = 22.2 mm, and thickness = 0.10 mm). The steady state reaction
force on the blade during cutting, f, is measured at each cutting rate for each
strain level.

For an edge-cracked planar tension specimen under strain, with no blade
applied, the tearing energy 7 is computed as the product of the strain energy
density W and the unstrained section gauge height A.

T = Wh (1)

The strain energy density W in the specimen is determined as a function of
strain by numerically integrating the stress—strain curve.

During cutting by a blade, the moving force f required to maintain a
constant rate of cutting does work, imparting an additional contribution to the
total energy release rate driving the crack tip. This is called the cutting energy F,
and its value is given by

F=f/t (2)

where 1 is the thickness of the specimen [/5].

Results and Discussion

Fatigue crack growth and tear strength properties involve a considerable
extra energy contribution due to viscoelastic energy losses, thus preventing the
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FIG. 5 — Testing protocol used for material evaluations with the ISA. (a) The crack is opened by
stretching the specimen, (b) the stress is equilibrated, (c) then the blade is pushed into the open
crack at three decreasing cutting speeds, and (d) the corresponding cutting forces are recorded. The
process is repeated for other strain levels at increasing intervals.

effective characterization of molecular-level fracture strengths. A cutting
approach was pioneered by Lake and Yeoh [/5] to minimize crack tip
dissipation in a cross-linked elastomer. The cutting and fatigue crack growth
methods are contrasted in Fig. 6 with regard to the differing effects on the
polymer network chains and related dissipation at the growing crack front.
When crack tip dissipation is sufficiently small, the intrinsic cutting energy
So.c for a strained planar tension specimen undergoing a cutting process may be
written as the sum of the individual energy release rates for tearing and cutting
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FIG. 6 — Illustration of the cutting approach to minimize crack tip dissipation in a cross-linked
elastomer relative to typical fatigue crack growth and tear testing.

[15]:
Soe=T+F
which can be rearranged as
F=—T+So. (3)

So.c 1s the intrinsic cutting energy that is to be determined via the measurements.
T is the measured tearing energy, and F is the measured cutting energy. The
intrinsic strength 7, (endurance limit, fatigue threshold) is proportional to Sy,
with a proportionality constant b that depends on the blade geometry and
sharpness [/5]:

Ty = bSo, (4)

The value of b can be evaluated from ISA testing of a control rubber material
for which T is known from separate fatigue crack growth testing near the
threshold.

A schematic example of the way to assess Sy . from data collected using the
ISA is given in Fig. 7. A line with slope of —1 on the cutting energy F versus
tearing energy T plot—corresponding to Eq. (3)—that intersects with the data
curve at the lowest possible point allows Sy . to be quantified from the intercepts
of the line with the graph axes. In this manner, Sy is determined from the test
data for the rubber samples studied here using the lowest cutting rate of 0.01
mm/min. Representative data plots are provided in Figs. 8 and 9 for NR and the
NR/BR (50/50) blend at two different aging temperatures (25 and 50 °C).

The control material was an unfilled SBR compound for which T, was
reported to be 60 J/m* [15]. The ISA results for this rubber are shown in Fig. 10.
The Sy, was determined to be 572 J/m?, which gave b = 0.105 from Eq. (4).
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FIG. 7 — Method used to determine Sy from F versus T data.

Quantifying this constant for the blade allowed the S, . data from the ISA to be
converted to Ty values for the CB-filled NR, BR, and NR/BR blends.

The T, results are summarized in Fig. 11 for the materials as a function of
the temperature where air aging was performed for 30 days prior to ISA testing
at 25 °C. For the CB-filled pure elastomers and the two blends, the T}, showed
very large increases (100 to 300%) as the aging temperature was increased from
25 to 50 °C. This is a new discovery, and the possible origin of this substantial
enhancement in intrinsic strength will be discussed later. Increasing the aging
temperature further to 70 and 90 °C caused T, to progressively decrease from
the maximum at 50 °C. This decrease in intrinsic strength with increasing
temperatures from 50 to 90 °C can be understood if extra cross-linking
introduced during thermal-oxidative aging is considered, as suggested from the
aging-induced stiffening of the compounds (Fig. 12). It is generally known from
both experimental data and theoretical considerations that the intrinsic strength
scales with the molecular weight between cross-links (M) [2,22]:

Ty oc M2 (5)

Given that M, is inversely related to the density of cross-links, increases in
cross-link density during aging should decrease Tj.

The very significant improvement in intrinsic strength upon increasing the
aging temperature from 25 to 50 °C—mnoted for all the rubber compositions
studied—is striking and unexpected. The cutting was performed using the
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FIG. 8 — ISA results for the NR compound at the indicated aging temperatures of 25 °C (on left) and
50 °C (on right). The upper plots show the F versus T behaviors from which So. values are
determined from the lowest cutting rate data, and the lower plots show stress—strain responses from
which W and T are determined.

decreasing rate protocol with the intent of acquiring a rate-independent response
to ensure that any significant viscoelastic dissipation influence on the cutting
energy is eliminated. This was essentially achieved for the unfilled SBR
material (Fig. 10), but all the CB-filled compounds (e.g., Figs. 8 and 9)
produced cutting forces that still showed some rate dependence—possibly due
to a localized Payne effect [23] near the blade cutting path. The rate dependence
was not more pronounced after aging, however, so any filler network
strengthening, akin to filler flocculation [24-26], cannot explain the results.

A notable finding is that aging for 30 days at 50 and 70 °C produces rather
substantial positive deviations of Ty from rule-of-mixtures additivity for both
NR/BR blend compositions, with greater impact observed for aging at 50 °C
compared with 70 °C. This is clearly evident in Fig. 13. This means that the
durability performance of a CB-filled NR/BR blend is projected to become
better than the expected contributions from NR and BR as time progresses
during use in a tire component, since normal operating temperatures of tire
sidewall compounds, for example, overlap this 50 to 70 °C temperature range.

The multi-scale and complex nature of the various structural characteristics
of the CB-reinforced immiscible blend of NR and BR (Fig. 14) [27,28] makes it
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FIG. 9 — ISA results for the NR/BR(50/50) compound at the indicated aging temperatures of 25 °C
(on left) and 50 °C (on right). The upper plots show the F versus T behaviors from which Sy values
are determined from the lowest cutting rate data, and the lower plots show stress—strain responses
from which W and T are determined.

difficult to rationalize the observed dependence of intrinsic strength on blend
composition and aging temperature. Thermal annealing of the blends may allow
for additional interpenetration and/or co-cross-linking of dissimilar polymer
chains at the NR-BR phase boundaries. Annealing can also lead to the
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FIG. 10 — ISA results for the unfilled control SBR compound. The F versus T plot on the right has
expanded axes scales to allow comparison with Figs. 8 and 9.
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FIG. 11 — Aging temperature dependence of T for the rubber compounds. The rubber specimens
were aged for 30 days at the indicated temperatures before testing at 25 °C.
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FIG. 12 — Small strain (0.05) modulus in planar extension versus aging temperature for the rubber
compounds. The rubber specimens were aged for 30 days at the indicated temperatures before
testing at 25 °C.
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FIG. 13 — Effect of blend composition on Ty after aging for 30 days at the indicated temperatures
before testing at 25 °C.
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FIG. 14 — Structural features and their approximate length scales in a carbon black reinforced NR/
BR blend; (a) AFM phase contrast image (5 wm X 5 um) for an unfilled NR/BR(60/40) blend,
adapted from Inoue et al. [27]; (b) TEM image (500 nm X 500 nm) for BR filled with 23 vol% of
N339 CB, adapted from Robertson and Rackaitis [28].

'§$920y uadQ BIA LE£-G0-GZ0Z 1 /wod Aiooeignd-pold-swind-yiewlssiem-jpd-awiid//:sdiy wouy papeojumoq



ROBERTSON ET AL. ON CHARACTERIZING THE INTRINSIC 305
STRENGTH OF NR/BR BLENDS

development of stronger bound rubber layers at the polymer—filler interfaces
and/or augmentations of the filler networks via rotations/movements of particles
across small distances, but these can presumably happen in both neat elastomers
and blends alike. Future research studies are needed to confirm the results and
uncover the key structural cause for the development of unexpected intrinsic
strength enhancements for the blends relative to the pure polymer contributions,
only after aging at relatively modest temperatures.

Final Comments

Use of the instrumented cutting method enabled the effects of polymer
blend composition and aging temperature on intrinsic strength to be investigated
for a CB-filled NR/BR blend system. Aging for 30 days at 50 and 70 °C gives
very significant positive increases in 7 for the blends above composition-
averaged contributions from the NR and BR. This temperature range is very
relevant to tire applications, and these new intrinsic strength findings may
therefore help explain why CB-reinforced NR/BR blends are successfully
employed as highly durable compounds in tire sidewalls and in some TBR
treads.

The experimental procedure on the ISA executes in a few hours compared
with several months for fatigue crack growth testing near the endurance limit,
and it provides insight into molecular-level parameters thought to govern long-
term durability of a rubber compound in service. Fundamental studies are
needed to establish how intrinsic strength is influenced by (1) reinforcing
particle type and concentration; (2) nature of polymer—filler interactions
promoted by coupling agents, functionalized polymers, and additives; and (3)
other leading-edge materials and compounding philosophies being developed
for tire compounds.
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