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Abstract Below a limiting value of tearing energy called the intrinsic strength or
fatigue threshold (7)), cracks will not grow in rubber due to fatigue; hence, this
material characteristic is important to understand from both fundamental and prac-
tical perspectives. We summarize key aspects of the fatigue threshold, including the
Lake-Thomas molecular interpretation of T} in terms of fracture of polymer network
chains in crosslinked elastomers. The various testing approaches for quantifying T,
are also discussed, with a focus on the classic Lake-Yeoh cutting method which was
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recently revived by the introduction of a commercial testing instrument that applies
this procedure, the Intrinsic Strength Analyser (ISA). A validation of the cutting
method is also given by demonstrating that a 2-h test on the ISA yields a value of T,
that is essentially identical to the T, from near-threshold fatigue crack growth (FCG)
measurements that require 7.5 months of continuous testing. Compound formulation
effects — polymer type, crosslink density, type and amount of reinforcing fillers, and
addition of oils/plasticizers — are examined based on the limited published research
in this area and our new results. At the end, some insights are offered into using the
fatigue threshold to develop highly durable rubber products.

Keywords Durability - Elastomers - Fatigue crack growth - Intrinsic strength -
Materials characterization - Polymer networks

1 Background

It is first essential to define the fatigue threshold which is also referred to as the
endurance limit. We will also review the molecular interpretation of this material
parameter which will be helpful later when considering the effects of various rubber
compounding ingredients. Bhowmick published a nice review article on this topic in
1988 [1], and it is our intent to complement that summary in this section and
throughout the chapter while presenting new experimental results and offering
some fresh perspectives.

1.1 General Fatigue Crack Growth Response and the Fatigue
Threshold

Cracks in rubber can grow when a cyclic mechanical deformation is applied, with a
crack growth rate, r, that depends on the material, severity of the loading, temper-
ature, and other conditions [2—4]. Although rubber can be formulated to have a wide
range of fatigue crack growth (FCG) responses, the general shape of the FCG rate
curve is essentially universal. This is shown in Fig. 1 where r is plotted on a log-log
plot versus the tearing energy, T, which is also called energy release rate [S]. The
FCG curve is a power law response that is bounded on both ends by 7, and 7. At the
high-T end is the familiar tear strength or critical tearing energy (7,) of the material.
This chapter is focused on the limit at the low-7 end of the response which is the
fatigue threshold, 7y. This is an important parameter to quantify for a material. If
loads remain below this threshold, then cracks cannot grow, and the material will
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Fig. 1 Typical dependence
of fatigue crack growth rate
on tearing energy (energy 0
release rate) for rubber
under fully relaxing
conditions (strain cycle
oscillates between zero and
a peak value at each value of
T)
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have an infinite fatigue lifetime, in the absence of ozone cracking, thermal-oxidative
aging, or other life-limiting changes to the material [6].

In fatigue crack growth testing, the measured crack growth rate r diverges toward
zero as T is decreased toward T,. The rate is evaluated as r = dc/dN, where c is the
crack length and N is the number of fatigue cycles. The r range where the FCG curve
transitions downward, away from the power law slope, F, is from about 10~ to
10~ mm/cycle. To get a sense for the magnitude of testing time needed at these slow
rates, if a typical testing frequency of 10 Hz is considered, it would take about
12 days of continuous testing to observe a tiny 0.1 mm of crack growth when
r=10"% mm/cycle for a material. Also, additional data points would be needed at
even slower rates to define the FCG asymptote at 7). Due to these generally
prohibitive time requirements, it is common to see FCG results reported in the
literature that only include the power law region and the upturn near 7.

1.2  Molecular Interpretation of Fatigue Threshold/Intrinsic
Strength

For a crosslinked elastomeric material, the minimum energy for a crack to grow is
the energy required to break all the polymer chains that cross the path of the crack.
This intrinsic strength is the reason for the divergence of the FCG curve toward
r = 0 mm/cycle as tearing energy is decreased toward Ty; hence, fatigue threshold
and intrinsic strength are synonymous. Lake and Thomas [7] derived an expression
for intrinsic strength that includes details of the polymer backbone and the extent of
crosslinking [1].
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The polymer backbone characteristics of importance are the chain stiffness (y),
molecular weight of a main chain bond (M,), the bond length (/), and the bond
dissociation energy (U; bond strength). These are averages across the polymer
repeat unit. For example, 1,4-polybutadiene has a repeat unit with four main chain
(backbone) bonds and molecular weight of 54 g/mol which leads to My, = 13.5 g/
mol, with [, y, and U taken as averages of the individual characteristics of the four
bonds. Therefore, some of the microstructural details of the polymer backbone are
lost in favor of a simpler molecular representation for predicting general trends.
The density is represented by p, and A is Avogadro’s number. For a given type of
polymer, all of the molecular characteristics in Eq. 1 are fixed except for M, and
can be combined into a constant K. The molecular weight between crosslinks
(M,) — which is inversely related to crosslink density — is integral to the theory and
influences T in two opposite ways. All the bonds in the network chain need to be
stretched until they are at the bond dissociation energy before one bond can break,
so higher M. means higher total energy required. The number of bonds in the
network chain between two crosslinks is n = M ./M,, so the energy needed to
break the network chain is nU. The other way that M, plays a role is that longer
network chains result in fewer chains that cross the path of the crack. The
combination of these two conflicting contributions is a net positive effect leading
to T, being proportional to M.'*. Adding more crosslinks in a rubber compound is
predicted to decrease the fatigue threshold. The type of polymer is also key, in
particular the dependence T, ~ M(f3/ 2. Because the diameter of the chain is
proportional to molecular weight per backbone bond, polymer chains with
lower M, are thinner which means more chains have to be broken per area of
crack.

A three-stage schematic is presented in Fig. 2 to illustrate molecular crack growth
according to the Lake-Thomas theory: (a) the crack approaches the initially
unperturbed network chain coil between crosslinks; (b) with the crosslinks fixed in
their location, the advancing crack extends the network chain until it is taut (and all
the bonds loaded up to the level of the bond dissociation energy); and (c) one bond in
the network chain breaks, allowing the crack to advance and begin to deform the
next chain it its path. Though helpful in rationalizing molecular effects on Ty, this is a
highly simplified interpretation. Some limitations of the theory to point out are
crosslinks are not allowed to move or break, trapped entanglements are not
accounted for, and effects of filler particles are not included. These will be examined
further in the later section on rubber formulation effects.
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Fig. 2 Illustration of molecular crack growth progression from (a) to (c¢) for an elastomer network
based on the Lake-Thomas model: (a) an initially unperturbed network chain (dark blue line)
between two crosslinks (red dots) crosses the path of the advancing crack plane; (b) the advancing
crack causes the network chain to become stretched until taut; and (c¢) the network chain breaks
which allows the crack to grow further and begin to deform the next network chain in its path (c)

2 Characterization Methods

The actual energy needed to grow a crack in rubber can be significantly larger than
T, due to viscoelastic dissipation in a process zone in front of the crack that prevents
some of the mechanical energy from getting to the crack tip to break polymer chains.
This is the reason that 7, of rubber can be 10 to 10,000 times larger than T, and
explains the decrease in tear strength as rubber is heated [8]. The concept that tear
strength is largely determined by the magnitude of the viscoelastic losses in the crack
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tip region is supported by experiments [9, 10]. Rubber would be a weak material
without this hysteresis, but it presents a challenge for measuring 7.

The energy release rate T of a crack growing at a steady-state rate can be written
as the sum of T, plus a dissipation-related term 7, [11].

T =Ty + T.(&,6) (2)

The strain rate (¢)- and temperature (6)-dependent effects are contained entirely in
the dissipation term, so that if the process zone dissipation can be eliminated, then
the only remaining strength in the material is Tj. This is the general strategy of the
testing methods employed for assessing the fatigue threshold.

2.1 Near-Threshold Fatigue Crack Growth

The direct way to quantify fatigue threshold is to make enough fatigue crack
growth measurements near T, to define the low-T asymptote in Fig. 1. As T is
decreased to values close to Ty, the size of dissipation zone and hence T, naturally
become small as the rate of crack growth approaches zero. Near-threshold FCG
testing is discussed in detail in another chapter in this book by Stocek [12] who
rigorously collected data across the entire FCG curve to define Ty, T,, and the
power law response between these limits for an ethylene-propylene-diene rubber
(EPDM) material reinforced with N550 carbon black (CB) at a filler volume
fraction (¢) of 0.24. The testing conducted in the range T, < T < 100 J/m? required
7.5 months of continuous instrument time and enabled a determination of
T, = 47.7 J/m? for this material. This is the original method employed by Lake
and Lindley [6] in their work on the fatigue limit. Zhang et al. [13] and Legorju-
Jago and Bathias [14] also provide important examples of direct measurement of
the fatigue threshold. Very few examples of such measurements are available,
presumably due to the lengthy time requirements.

2.2 Tear Strength of Swollen Materials and/or at High
Temperatures

It is widely understood that increasing the temperature of rubber causes the tear
strength to decrease. The polymer network characteristics, such as bond strength and
chain stiffness, are essentially insensitive to temperature, so T, does not change
significantly as temperature is increased. In contrast, hysteresis decreases as rubber is
heated, leading to a smaller 7, and thus a reduced 7. The difference between T, and
T, diminishes with rising temperature which provides an opportunity to approximate
T, from T, measured at an elevated temperature. If this estimation approach is used,
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Fig. 3 Schematic of tear strength dependence on crack tip dissipation/hysteresis, as influenced by
temperature and swelling (a) and the related crack growth rate curves (b). The dashed red arrow in
(a) shows extrapolation to zero hysteresis to approximate Ty

we suggest making tear strength measurements at a few temperatures to generate a
plot of 7, versus hysteresis — the latter determined from separate dynamic mechan-
ical analysis testing — and extrapolating to zero hysteresis to evaluate 7. This is
schematically illustrated in Fig. 3a. It should be emphasized, however, that heating
cannot completely eliminate dissipation, and there is a chance that thermal-oxidative
aging can take place and change the behavior of the rubber if the temperature is too
high. Also, it is not clear whether extrapolation should be performed on a linear or
logarithmic T basis.

Another effective way to reduce the size of the crack dissipation process zone in
an elastomer is to swell it in a liquid that is a good solvent for the polymer. When
swollen, the energy to break a polymer chain is the same, but there are less chains per
area of crack compared to the dry rubber. A correction for this chain dilution effect is
accordingly required.

TO,dry = }“2 TO,swollen (3)

The A is the one-dimensional swelling ratio that describes the change in volume
(V) of the material from swelling.

A= szollen ' (4)
Vary

Swelling and elevated temperatures have been used together to approximate 7 by
measuring tear strength at low hysteresis conditions [15-17].
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2.3 Cutting Method of Lake and Yeoh

Lake and Yeoh [18] pioneered a cutting method for T, characterization that focuses
the strain energy density at the crack tip and minimizes dissipation by slowly
pushing a sharp blade into the open crack. Based on a crack tip energy balance,
they introduced a material parameter called intrinsic cutting energy, Sy ., which is
equal to 7 plus an energy release rate for cutting, F.

Soc=T+F (5)

Rearranging gives an equation for a line with slope of —1 and intercept S . for the
dependence of F on T.

F=—-T+ S, (6)

When applied to the planar tension test specimen, the crack opening energy
release rate is 7 = Wh, and the cutting energy release rate is F = f/t. W is the strain
energy density, & is the gauge height of the specimen, ¢ is the specimen thickness,
and f'is the cutting force.

Essential to implementing the Lake-Yeoh method is their key finding in Fig. 4
that the T, from lengthy near-threshold FCG testing is proportional to the measured
SO,C'

120
Replotted from:
1 Lake and Yeoh (1978)
100 + BR
T,=0.149 5,
1 R?=0.93
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Fig. 4 Lake and Yeoh [18] results for various unfilled elastomers that show correlation between
fatigue threshold from very lengthy FCG testing (Y-axis) and the intrinsic cutting energy from the
much faster cutting method (X-axis)



The Fatigue Threshold of Rubber and Its Characterization Using the Cutting. . . 65

To = b So. (7)

Using the cutting method on a control material, for which 7} is separately known
from near-threshold FCG testing, allows the proportionality constant b to be deter-
mined. Measuring values of Sy . for both an experimental rubber and the control
rubber thus allows 7, to be quantified for the experimental material. The propor-
tionality b is certainly influenced by the sharpness of the cutting blade. It should also
be affected to some extent by the specific friction response between the elastomer
material and the metal surface of the blade. This may explain why the linear
correlation between T and S . is not perfect in Fig. 4, where the unfilled styrene-
butadiene rubber (SBR) and natural rubber (NR) materials have T, values that are
slightly underpredicted and overpredicted, respectively, by the overall linear fit. The
material dependence of b needs to be studied further. Application of the Lake-Yeoh
cutting method requires a control material, and we use an unfilled SBR compound as
a control material in the experiments that are discussed in the next section. For highly
accurate measurements of 7}, for example, to use in developing rubber products with
near-infinite fatigue lifetimes, it is recommended to employ a control compound that
is similar to the experimental compounds being studied in terms of elastomer type
and kind of filler.

2.3.1 Testing Protocol and Data Analysis

Figure 5 shows the experimental set-up of the Lake-Yeoh cutting method applied on
the Intrinsic Strength Analyser (ISA) manufactured by Coesfeld GmbH &
Co. (Dortmund, Germany). Cutting is performed using an ultra-sharp blade (see

2 um

(b)

Fig. 5 Pictures of the Coesfeld Intrinsic Strength Analyser (ISA): (a) planar tension specimen in
the grips being cut by the blade; (b) close-up view of ultra-sharp blade cutting the rubber specimen
with stretching direction (blue arrows) and cutting direction (yellow arrow) indicated; (c¢) picture of
the overall instrument; and (d) scanning electron microscopy image of blade tip
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Fig. 5d) that is attached to a sensitive force transducer. Cutting experiments are made
for several crack opening strains (7 is varied), and more details about the protocol for
this series of measurements are given elsewhere [19]. For each 7, a fast cutting rate
of 10 mm/min is applied for a short time period to develop a well-defined crack path,
and then the rate is sequentially slowed down to the rate of 0.01 mm/min to minimize
hysteresis near the blade tip. The values of cutting energy release rate, F, used for
determining S, are from this final slowest cutting rate. This procedure generates a
series of F versus T points that are plotted in Fig. 6a for the same CB-filled EPDM
(¢p = 0.24) studied by Stocek [12]. A line with slope = —1 (Eq. 6) that contacts the
data at the lowest point gives the intercept S . = 683 for this material. Experimental
cutting forces are above this line at the lowest T values due to friction of the rubber
against the sides of the blade when the crack is not opened much. Contributions from
process zone dissipation (7, becoming significant) explain the points above the line
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Fig. 7 Comparison of FCG data at 23°C for the CB-filled EPDM from the Tear and Fatigue
Analyser (TFA) with separately determined 7 from the Intrinsic Strength Analyser

Table 1 Fatigue threshold measurements for EPDM filled with CB N550 (¢ = 0.24)

Method T, [J/m?] Testing time
Near-threshold fatigue crack growth 47.7 7.5 months
ISA cutting method 48.6 2 h*

“ISA can also be operated using a targeted testing protocol with total testing time of ~1 h

at the high-7 end of the data set. An alternate way to view the results is a plot of the
total energy, F + T, versus the crack opening strain, with Sy . defined by the
minimum (Fig. 6b). An unfilled SBR control material [19] with known T, = 60 J/
m” was also tested, giving a value of 844 J/m* for S,. This information for the
control rubber enabled the determination of b = 0.0711 from Eq. (7), then allowing
the conversion of Sy . to Ty for the EPDM compound to yield T, = 48.6 Jm?.

2.3.2 Validation Using Experimental Results and Simulation

The 1978 investigation by Lake and Yeoh [18] showed that the cutting method can
be used to assess Ty, as exemplified in Fig. 4. It is important to verify that our modern
application of the cutting method on the Intrinsic Strength Analyser yields a T
which is similar to the fatigue threshold defined from fatigue crack growth testing.
For this purpose, we consider the EPDM material just discussed with regard to ISA
cutting results. EPDM is an appropriate elastomer choice for this comparison,
because its largely saturated structure makes it a stable material against oxidation
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crack opened byistretching

point load pushed into open crack

Fig. 8 Abaqus/Standard 2D finite element simulation of strain energy density for a crack in an
elastomer that is opened by stretching to a planar tension strain of 0.09 (a) and the subsequent
pushing of a point load into the open crack (b). The colors represent a map of different ranges of
strain energy density from lower (dark blue) to higher (red) values. Results are from study by Mars
et al. [20]

and ozone cracking during the long time period needed for the near-threshold FCG
testing. The fatigue crack growth results from Stocek [12] for the EPDM material are
presented in Fig. 7, and the data points represent average values from multiple
measurements. Also indicated on this figure is the location of the T, separately
determined using the ISA which is in close proximity to where the crack growth
curve turns downward toward infinitesimally small rates. The T, from the cutting
method test (48.6 J/m?) is only 1% different than the 7,y from FCG measurements
(47.7 J/m?), as summarized in Table 1. The two characterization approaches pro-
duced essentially equivalent Ty values, but the FCG method involved 7.5 months of
testing in contrast to the 2-h ISA test.

A key premise of the Lake-Yeoh cutting approach is that the blade localizes the
strain energy density at the crack tip to minimize the dissipation zone in front of the
crack. Finite element analysis was recently performed [20] to investigate the validity
of this assertion, and selected results from 2D modelling are shown in Fig. 8. When
the simulated crack was opened by stretching, a sizeable process zone (i.e., region of
magnified stress and strain) in front of the crack was evident. Then a point load was
pushed into the open crack to model the effect of the sharp blade in the cutting
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method, resulting in substantial reduction in the size of the process zone. This
provided strong support for the scientific soundness of the cutting method for
evaluating the intrinsic strength of rubber. This modelling research also generated
F and T dependencies on crack opening strain and determined that the total process
zone energy (sum of F and T') was minimized at a strain of 0.07 (7%). The minimum
in Fig. 6b, representing the region of lowest total energy, occurred between the data
points collected at strains of 0.054 and 0.078, quite comparable to the simulation
minimum.

2.3.3 Combining Cutting Method and Tear Testing for Rapid Estimate
of Fatigue Crack Growth Curve

After completion of the cutting procedure on the ISA, an optional standard tear test
can be performed to determine 7. The blade is retracted away from the rubber
specimen, and then the crack is slowly opened until spontaneous tearing occurs. The
ISA therefore can quantify for a rubber specimen the locations of the two ends of the
FCG curve that bracket the intermediate power law behavior. Natural rubber
(NR) and butadiene rubber (BR) have FCG power law responses that cross over
each other. Examples for CB-filled compounds are shown in Fig. 9a [21]. Tear
strength is significantly higher for NR (18,490 J/m?) compared to BR (3,270 J/m?),
but the material ranking for T}, is opposite (50.6 J/m? for NR and 99.6 J/m? for BR).
We plot T, and T, for both rubbers in Fig. 9a by assuming crack growth rates of
r. = 1072 mm/cycle for 7, and ry = 1078 mm/cycle for 7y. Connecting T, and T,
with a line on the log-log plot for each material gives a reasonable approximation for
the FCG data between the two limits and reproduces the crossover for NR and
BR. This approach can therefore estimate the FCG power law exponent, F, from the
ratio of tear strength to intrinsic strength.

F o log (r¢/ro) 6
IOg (TL‘/TO) 10g (TC/TO)

(8)

A good correlation between this F estimate and the actual F' from rigorous FCG
measurements is confirmed in Fig. 9b for 41 diverse rubber compounds spanning a
large range of F. This quick approach is useful for screening materials and moni-
toring mixing quality in a rubber factory, but accurate FCG testing is still required
for high fidelity fatigue analyses [22].
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3 Rubber Formulation Effects

Rubber formulations are complex mixtures of polymers, reinforcing fillers, cura-
tives, oils/plasticizers, stabilizers, and other additives. The nature and amount of
these ingredients, their interactions, and the quality of mixing will affect the com-
pound’s durability characteristics, including the fatigue threshold. This complexity
gives materials engineers and compound developers the opportunity to create new
materials to increase product lifetime. Despite the importance of Ty, there are only a
few published studies that provide data for formulation effects on the fatigue
threshold, likely due to the difficulty in measuring 7} before the commercialization
of the cutting method on the ISA. We review these prior investigations and share
some of our recent findings in this section.
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Fig. 10 Fatigue threshold Replotted from: Gent and Tobias (1982)
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3.1 Polymer Type

Gent and Tobias [15] used tear testing of swollen samples at temperatures from 70 to
90°C to approximate T, for a variety of unfilled polymer types, each studied across a
range of M, by varying the level of peroxide curative. Their results are replotted in
Fig. 10a. It is more appropriate to compare crosslinked polymers at constant M ./M, —
which is the number of backbone bonds in a network chain between crosslinks (1) —
so we compare the fatigue thresholds for the different elastomers as a function of M,/
M, in Fig. 10b. The elastomer type effect manifests as a vertical shifting in this plot.
The polymer ranking does not exactly follow the Lake-Thomas expectation of
Ty ~ My~ due to other structural differences between the elastomer types, but the
extremes make sense according to this scaling. The heaviest backbones are associ-
ated with the fluoroelastomer and poly(dimethylsiloxane) (PDMS) which have the
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Table 2 Fatigue threshold Parameter T, [J/m?]
values for CB-filled
ab Natural rubber (NR) 222 +20
elastomers
Isoprene rubber (IR)® 257 +£3.7
Butadiene rubber (BR)® 83.5+7.7
Styrene-butadiene rubber (SBR)¢ 63.6 = 4.7

“Data from our recent ISA cutting method study [23]

°60 phr CB N339 (¢ ~ 0.23) and 1.5 phr sulfur

“Predominantly cis-1,4 structure

YEmulsion SBR statistical copolymer with 23.5 wt.% styrene and
14% of butadiene polymerized in 1,2 (vinyl) structure

lowest fatigue thresholds at constant M./M,. At the other extreme is the lightest
backbone of cis-1,4-polybutadiene (cis-BR) which has the highest T,. Polymer
chains with lower M, have smaller diameters which translates into more network
chains that have to be fractured per area for a crack to grow.

ISA testing of various general-purpose elastomers reinforced with carbon black
demonstrated significant influence of polymer type on 7, (Table 2) [23]. Consistent
with the relative fatigue thresholds shown in Fig. 9a, these cutting method results
showed that BR exhibited a significantly higher T, than was measured for NR. This
difference can be qualitatively rationalized based on the Lake-Thomas theory pre-
diction T, ~ M0_3/2 (Eq. 1). These two elastomers have similar chain stiffnesses and
bond dissociation energies, so the main structural distinction leading to lower T, for
NR is its higher M, (17 g/mol) compared to BR (13.5 g/mol). Also, it was found that
the IR and NR materials had similar fatigue thresholds, reflecting their essentially
identical cis-1,4-polyisoprene backbones. The T, for SBR was intermediate to BR
and NR, evidently due to countervailing effects of higher chain stiffness and
increased M,. The composition of this emulsion SBR (see Table 2) yields
M, = 19.6 g/mol. This is higher than the M, for NR and should cause T} to be
lower for SBR relative to NR in the absence of other structural influences. However,
the bulky styrene sidegroup in SBR increases the chain stiffness (y parameter in
Eq. 1) which apparently counters the effect of higher M,. The fatigue threshold
ranking of BR > SBR > NR in Table 2 agrees with the Lake and Yeoh [18] findings
(Fig. 4).

3.2 Crosslinking Effects

The Lake-Thomas interpretation of intrinsic strength is based on the fracture of
network chains, which leads to the key model prediction of T, ~ M..""%. According to
this anticipation, a higher density of crosslinks produced by adding more curatives in
a rubber formulation will reduce M, and decrease T). This is supported by the results
from Gent and Tobias [15] in Fig. 10a which show power law exponents in the range
from 0.56 to 0.95 for the different unfilled elastomers examined, reasonably close to
the predicted exponent of 0.5. The materials consisted of model formulations with
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Fig. 11 Fatigue threshold 140
(a) and tear strength (b) {|-+-CB N339 filled SBR
measured using the ISA for 120 { -#-silica filled SBR/BR (70/30)
the indicated materials as a ]
function of sulfur loading 4
(accelerator-to-sulfur ratio = 100 4 "4
kept constant). The CB = F
N339 loading was ¢ = 0.23 S, 80 g /
in the SBR material. For the o ] W
silica-filled SBR/BR(70/30) 60 - ,.,-%———______
compound, the loading of ] /
precipitated silica (165 m%/ +/
g) was ¢ = 0.19, and bis 40 1 (a)
[3-(triethoxysilylpropyl] 1 ISA cutting method, 23 °C
disulfide (S2 silane; Si266) 20 +———— ——————— ——
was added at 8 wt.% relative 05 1.0 1.5 2.0 25 3.0
to the silica amount. Data Sulfur Loading [phr]
replotted from our recent
studies [23, 24] ghig
| %\ +CB N339 filled SBR
50000 A \ --silica filled SBR/BR (70/30)
4 \\.
\
40000 4 %
& \
£ \
3, 30000 A \
(5 \
20000 - P
] + B o
i o
10000 4 \% + b
| tear strength, 23 °C ( )
0 demerempempempemeyer —

0.5 1.0 '1i5l o IZjDI o 2.5 o 3.0
Sulfur Loading [phr]

only polymer plus dicumyl peroxide, the latter varied from 1 to 5 phr to vary the
crosslink density. Their study approximated 7 using tear strength measurements for
swollen specimens at elevated temperatures.

Our recent cutting method evaluations of industrially relevant rubber compounds
were less conclusive concerning the influence of crosslinking degree on fatigue
threshold [23, 24]. The results are shown in Fig. 1la for two different rubber
compositions wherein sulfur concentration was increased to generate different levels
of crosslinking while keeping the ratio of accelerator to sulfur constant. There is no
clear trend in T, versus sulfur level for either material, and the results considered in
total are certainly not an endorsement for the Lake-Thomas prediction of a decrease
in Ty from adding more crosslinks. However, the compounds are more complex than
the Gent and Tobias model materials and are instead close analogs of materials used
in automotive rubber applications. The SBR compound includes CB N339 at a
moderately high filler volume fraction, ¢y = 0.23, and carbon black is known to
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affect vulcanization [25, 26]. The silica-reinforced 70/30 blend of SBR and BR —
which is similar to tread compounds used in improved fuel economy passenger car
tires — has polymer-silica chemical linkages from bis[3-(triethoxysilyl)propyl]
disulfide. This silica-SBR/BR material has a total of 250+ phr in the formulation,
of which only 100 phr is the amount of dry elastomers, in clear contrast to 101-105
phr for the simple crosslinked elastomers in Fig. 10.

Crosslink type effects have been observed. Bhowmick, Gent, and Pulford [27]
noted that intrinsic strengths of various unfilled elastomers with polysulfidic
crosslinks were about two times higher than 7, values for the same elastomers
with monosulfidic or -C-C- crosslinks. That study assessed 7, from tear strength
of swollen samples at high temperatures. The same effect was found by Gent et al.
[28] using the Lake-Yeoh cutting method. This can also be noted in the original Lake
and Yeoh results for unfilled NR displayed in Fig. 4 where -C-C- crosslinks from
peroxide curing have reduced fatigue threshold compared to polysulfidic crosslinks
from sulfur vulcanization. Polysulfidic bonds are significantly weaker than -C-C-
and -C-S-C- bonds. This allows polysulfidic crosslinks to break/reform/rearrange
during elastomer deformation — which can be considered pseudo-self-healing
behavior — to give the well-known advantage of increased tear strength, tensile
strength, and fatigue lifetime [29]. Due to limited research, it is not known how
the nature of polysulfidic crosslinks can increase the strength at threshold conditions.
The Lake-Thomas theory does not allow for crosslink junctions to have lower bond
strength than the bonds in the polymer backbone nor the possibility for crosslinks to
reform after breaking.

3.3 Influence of Reinforcing Fillers

The majority of commercial applications of rubber employ compounds that contain
reinforcing fillers such as carbon black and silica, and filler incorporation is known
to increase tear strength and reduce fatigue crack growth rates [2, 10, 30-33]. Only a
few studies have considered how filler affects fatigue threshold, however.
Bhowmick and coworkers [16] discovered a strong positive influence of CB volume
fraction on T, for NR and SBR compounds (Fig. 12), with a larger effect found for
addition of the higher surface area N375 type of CB compared to N550. Kaolin clay
gave a lower improvement in NR and nearly no change to T, in SBR. Up to this point
in the chapter, the intrinsic strength data considered from several studies varied
across the range from 20 to 150 J/m>. The results in Fig. 12 exhibit T} in excess of
1,000 J/m? at the highest CB N375 concentrations. The authors discussed the general
challenge in eliminating hysteresis in filled rubber by use of solvents and/or heating
toward quantifying T}, so it is possible that there were still 7, contributions to the
measured tear strengths (Eq. 2). Using the Lake-Yeoh cutting method, Gent et al.
[28] showed no effect of adding 50 phr (¢ = 0.20) of N330 carbon black to SBR
compared to the unfilled material.
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Fig. 12 Fatigue threshold 1200
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In Table 3, we summarize new results from the ISA cutting method on the
influence of carbon black volume fraction on fatigue threshold of EPDM, where it
is evident that increasing CB N550 loading gives a slight decrease in T,. These
findings are compiled in Fig. 13a along with our recent data on the silica-SBR/BR
(70/30) and CB-SBR materials [23, 24] discussed earlier with respect to crosslink
density effects. With the exception of the highest silica level, the three filled rubber
systems generally show moderately decreasing trends for T, as filler amount is
increased in the formulation. Tear strength, 7., increases as expected with filler
concentration (Fig. 13b). In view of the opposite filler impacts on T, shown in
Figs. 12 and 13a, additional research is needed to resolve this important aspect of
formulation effects on fatigue threshold.

Before attempting to hypothesize about how to extend the molecular insights
from the Lake-Thomas theory to address the roles of filler reinforcement and
polymer-filler interactions, it is first useful to consider the relative size scales for
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Table 3 T, results from ISA
testing for EPDM filled with
CB N550*

Fig. 13 Fatigue threshold
(a) and tear strength (b)
measured using the ISA for
the indicated materials as a
function of filler volume
fraction. Data from our
recent studies [23, 24] and
new data for CB-filled
EPDM. The crosslinking
levels for the CB-SBR and
silica-SBR/BR materials are
the intermediate
concentrations in Fig. 11a.
The precipitated silica used
in the silica-SBR/BR system
had a specific surface area of
165 m*/g, and bis
[3-(triethoxysilyl)propyl]
disulfide (S2 silane; Si266)
was added at 8 wt.% relative
to the silica amount
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network chains and filler particles. Typical crosslink densities in elastomers are
associated with distances between crosslinks that are less than 10 nm in the
unstretched state [34, 35]. Measured chain dimensions in theta conditions for
1,4-polyisoprene (NR, IR) and 1,4-polybutadiene (BR) are characterized by essen-
tially the same expression for the dependence of hydrodynamic radius on molecular
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weight [36]: Ry ~ 0.03 M, with M expressed in g/mol and Ry, in units of nm. This
can be used to estimate the size of the chain coil between crosslinks by substituting
M. for M. This gives coil diameters from 3 to 6 nm for M, values in the common
range from 2,000 to 10,000 g/mol (see data ranges in Fig. 10a). Comparable end-to-
end distances of 3—7 nm can be determined using chain statistics for BR across the
same span of M, [34]. The standard N110, N339, and N550 grades of carbon black
have average primary particle diameters of 17, 26, and 53 nm, respectively, and
aggregate diameters of 54, 75, and 139 nm [37]. Therefore, even the smallest nano-
structured carbon blacks that are used to reinforce rubber (e.g., N110) are charac-
terized by primary particles that are more than twice the size of the network chain
coil, and the aggregates of fused primary particles have diameters that are about ten
times the distance between crosslinks. The size mismatch is depicted in Fig. 14. This
greatly complicates the crack growth process beyond the simple Lake-Thomas
molecular interpretation illustrated previously (Fig. 2). Certainly, physical adsorp-
tion or chemical bonding of a portion of the polymer chain to the surface of a particle
will affect the mechanics of near-threshold crack growth. Perhaps more important to
address is how the crack — which is able to progress forward between crosslink
points that are a few nanometers apart according to the Lake-Thomas view —
navigates around or through a much larger rigid filler aggregate. Another complexity
is that swelling of a particle-reinforced elastomer network is not a simple chain
dilution effect [38—40], and temperature affects filler networking and polymer-filler

Fig. 14 Depiction of polymer network chain (dark blue line) between two crosslinks (red dots) that
is in front of an advancing crack. The chain is adsorbed or bonded onto the surface of a filler
aggregate (gray) which is composed of five primary particles fused together, with the region of
polymer-filler interaction circled (red dashed line). See discussion text for relative sizes of polymer
network chain and filler aggregate
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interactions [41-44], so quantifying T from tear strength testing of swollen samples
at elevated temperatures may not be appropriate for filled rubber.

3.4 Oils/Plasticizers

To our knowledge, there have not been any systematic studies of the impacts of
process oils, plasticizers, or other low molecular weight liquid additives on the
fatigue threshold of rubber. We can get some insights by treating oil in a formulation
in the same manner as the swelling correction in Egs. 3 and 4, since oil has a
comparable effect of diluting the polymer network chains. The one-dimensional
swelling ratio for adding an oil to a dry polymer can be expressed as:

= (1 +W”—/p0>1/3 9)

Wl’/pp

The w, and w), represent the weights in phr of the oil and dry polymer within the
formulation, and p, and p,, are their respective densities. Elastomers such as SBR and
EPDM are often blended with oil by synthetic rubber manufacturers. A common oil
concentration for oil extended elastomers is 37.5 phr per 100 phr of dry polymer.
This amount of oil dilution causes a 19% reduction in T, according to Egs. (3) and
(9) if the oil and polymer have the same density. To increase fatigue threshold, the
levels of process oils and other non-reactive low molecular weight liquids in a
compound should be decreased, provided that reducing/eliminating these ingredients
can be accomplished while still maintaining proper filler dispersion and acceptable
rubber processability.

4 Using Fatigue Threshold to Develop Highly Durable
Rubber Products

The main industrial interest in quantifying crack growth properties of elastomers is
to use those insights to develop durable products. For product application conditions
where T > T, and fatigue cracking will occur in a rubber component, modern fatigue
analysis software for finite element analysis can be used to predict lifetime by
incorporating concepts of critical plane analysis and integrated fatigue crack growth
rate function [45-47]. The development approach is to create a material and design
geometry combination that will give predicted cycles to failure in excess of the
desired product lifetime for the complex application loading cycle and other use
conditions. In this context, knowledge of the fatigue threshold is also useful for
identifying non-damaging events in lengthy road load signals experienced by auto-
motive rubber components. Sub-threshold events can be removed from consider-
ation during testing and simulation efforts [45, 48].
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An alternative, very conservative strategy is to produce a combination of design
and material behavior that interplay with the loading situation to operate at sub-T,
conditions where fatigue crack growth cannot take place. Accurate values of T, for
the material and the effective tearing energy (7') associated with the rubber compo-
nent operation must both be known in order to ensure 7' < T). The tearing energy can
be expressed as [47, 49-52]:

T=2kWec (10)

Detailed discussions about the precise value of k are found in the chapters of
Wunde et al. and Windslow et al. in this book [51, 52]. For simplicity, we use the
approximate value k = z [47]. The strain energy density (W) is the area under the
stress versus strain response for the material experiencing the applied duty cycle in
the product, so it is a combination of hyperelastic stress-strain behavior of the
material, the part geometry, and deformation conditions. Finite element analysis is
invaluable for assessing W throughout a rubber product design experiencing the
loading conditions. At the start of fatigue, the crack size, c, of importance is the crack
precursor size, cy. The goal is then to find a material and design combination that
satisfies:

2aWey<Ty (ll)

Crack precursors are sometimes called intrinsic flaws or defects, and they can
come from undispersed filler agglomerates, hard contaminants in raw materials, and
other aspects of the compound and its morphology/microstructure [53-55]. Crack
precursor size is not a single number but rather a distribution [55] which should be
considered with respect to failure statistics when selecting which ¢, to use in the
product engineering criterion represented by Eq. (11). The possibility that fatigue
threshold deteriorates with aging needs to be explored by testing 7, of the material
candidate after aging at relevant conditions. Also, any aging-induced changes to the
rubber stiffness will affect W and should be included in the analysis toward keeping
T < T, throughout the intended product lifetime.

5 Conclusions

We summarized key aspects of the fatigue threshold of rubber. Knowledge of this
important material parameter can be used to develop rubber products with infinite
fatigue lifetime, not considering other possible life-limiting changes to the material
from aging, ozone cracking, and the like. The various testing approaches were
discussed, with a focus on the well-established Lake-Yeoh cutting method that is
implemented on the ISA. The cutting method was validated by demonstrating that a
2-h test on the ISA yields a T that is nearly identical to the T, value from near-
threshold fatigue crack growth measurements that require 7.5 months of continuous
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testing. Finite element analysis of the cutting method provided support for the key
premise that the blade localizes the strain energy density near the crack tip, and the
simulations predicted a minimum in the total energy (tearing plus cutting) at a crack
opening strain of 0.07 which matched the minimum in the experimental results.

The limited number of published studies on rubber formulation effects was
reviewed, and the results were compared with our new data. The elastomer type has
a clear impact on Ty, and lighter, smaller-diameter polymer chains have an advantage.
Conflicting results exist for the dependencies of fatigue threshold on crosslink density
and filler reinforcement, possibly due to differences in results from the cutting method
versus tear testing of swollen specimens at high temperatures. For the latter charac-
terization approach, it is particularly challenging to reach vanishing hysteresis condi-
tions for rubber compounds that contain reinforcing fillers. More research is needed to
clarify the various influences of rubber compound ingredients on 7.

The Lake-Thomas model interprets 7 in terms of fracture of elastomer network
chains and is useful in rationalizing impacts of polymer structure, addition of oils/
plasticizers to a compound, and crosslink density. Extending the Lake-Thomas
conceptual framework to particle-reinforced rubber will require more than just
adding polymer-filler interactions and related mobility effects into the physics. The
size scales of common carbon black and precipitated silica particles are significantly
larger than the size of a polymer network chain between crosslinks, which requires
cracks to either go around the nano-structured filler aggregates or fracture them.

There are many interesting and innovative materials technologies such as sacri-
ficial bonds [56], designer microstructures [57], self-healing functionalities [58], and
double networks [59] that can increase intrinsic strength and retard crack growth in
elastomeric materials. The translation of these basic research concepts and other
materials science ideas into commercial rubber products with enhanced durability
will require fast, reliable characterization of the fatigue threshold, and the Lake-
Yeoh cutting method on the Intrinsic Strength Analyser will undoubtedly play an
important role.
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