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ABSTRACT: An investigation of the influence of differ-
ent types of carbon black on fatigue crack-growth behav-
ior was undertaken. Fatigue tests were carried out on
edge-notched specimens under cyclic tension loading. A
power-law dependency between the crack-growth rate
and tearing energy was obtained. Natural rubber (NR)
filled with N330 (the mean diameter is 30 nm) carbon
black possessed the lowest values of exponent b and con-
stant B (the two crack growth parameters determined
from cyclic crack growth testing), which denoted the
strongest resistance to crack growth at a given tearing
energy. Strain-induced crystallization was investigated by
the modified Mooney-Rivlin equation and showed the

earliest appearance and strongest ability of the crystalli-
zation of the NR/N330 composite at the largest amount
of bound rubber. The study on the viscoelastic properties
by dynamic mechanical analysis confirmed that the NR/
N330 composite had the largest viscoelastic contribution,
which was attributed to the viscoelastic dissipation in the
viscoelastic region in front of the crack tip. All of these
results confirm the best crack-propagation resistance of
NR filled with N330. © 2010 Wiley Periodicals, Inc. ] Appl
Polym Sci 117: 3441-3447, 2010
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INTRODUCTION

Natural rubber (NR), because of its outstanding me-
chanical properties, large elastic deformation, and
good crack-growth resistance, is widely used in
industry. To improve the structural and thermal
properties to meet the needs of practical applica-
tions, fillers are commonly used. Carbon black repre-
sents the predominant class of reinforcing fillers in
the rubber industry. There are various kinds of car-
bon blacks, whose diameter, structure, and specific
surface area differ.! In practice, NR products may
rupture after some cycles of mechanical loading,
which results from the propagation of intrinsic flaws
within them. To ensure the service security and pre-
dict the fatigue lives of these rubber products, which
frequently suffer from cyclic loading, the study of
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the fatigue behavior of rubber reinforced by different
carbon blacks becomes important and crucial.

Now, two fatigue analysis approaches exist: the
crack-nucleation approach and the crack-growth
approach.”> The crack-growth approach explicitly
considers preexisting flaws on the basis of fracture
mechanics. Griffith® proposed that crack growth is
due to the conversion of a structure’s stored poten-
tial energy to surface energy associated with new
crack surfaces. Thomas® and Lake and Lindley®
extended the approach further to investigate crack
growth under cyclic loading in NR. A power-law
relationship between the crack-growth rate (dc/dn)
and the peak energy release rate [i.e. the tearing
energy (T)] was discovered.

Because of the intrinsic flaws existing in rubber
composites, crack-growth behavior is an important
factor determining the strength and durability of
rubber. Dizon et al.® and Kim and Jeong’ investi-
gated the influence of different carbon blacks on the
fatigue properties of NR, concluding that the fine-
ness and structure of carbon black are two important
factors in determining fatigue life, which decreased
obviously with finer carbon blacks but increased
with larger structure carbon blacks. Lake and Lind-
ley® reported that dc/dn decreased with the addition
of carbon black. Chung et al.” noticed that T became
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maximal around a loading of 40 phr in styrene-buta-
diene rubber and NR. Apparently, the addition of
carbon black changes the local deformation,'® net-
work structure,'’ dynamic properties'> and micro-
morphology evolution during deformation'® of rub-
ber composites, all of which directly affect and even
dominate the fatigue properties and crack-propaga-
tion behavior. However, little attention has been
paid to collating all of these effects to study the rela-
tionship between carbon black and the crack-growth
characteristics of NR. Thus, in this study, the rela-
tionship between fatigue crack-growth behavior and
the effect of different types of carbon black on the
rubber properties, including strain amplification, fil-
ler network, rubberfiller interactions, dynamic me-
chanical properties, and strain-induced crystalliza-
tion, were examined.

EXPERIMENTAL
Materials

Pure NR and NR filled with two kinds of carbon
black, N330 (the mean diameter is 30 nm) and N770
(the mean diameter is 70 nm) were studied. The NR
used was ribbed smoked sheet no. 1 from Perubahan
terbaru Perkebunan Nusantara II (PTPN II, Medan,
Sumatra Utara, Indonesia). N330 and N770 were
purchased from China Rubber Group Carbon Black
Research & Design Institute (Zigong, Sichuan,
China). The recipes of these composites are listed in
Table I, and the characteristics of the two kinds of
carbon black are shown in Table II.

Cyclic loading testing

Fatigue tests were conducted on edge-notched pris-
matic specimens, the dimensions of which were in
accordance with that used by Schubel et al.'* The
specimens had a gage length of 89.0 mm, a width of
25.4 mm, a thickness of 2.0 mm, and an initial crack
of length of around 5.0 mm cut into the edge of the
rubber specimens by a sharp razor blade. The speci-

TABLE I
Recipes of NRs Filled with Different Carbon Blacks

Ingredient Content (phr)
NR 100 100 100
Stearic acid 2 2 2
Zinc oxide 5 5 5
N-(1,3-dimethylbutyl)-N'-pheny]l- 1 1 1

p-phenylenediamine (antioxidant 4020)
N-Cyclohexyl-2-benzothiazole sulfonamide 0.8 0.8 0.8

Tetramethyl thiuram disulfide 06 06 06
Sulfur 1 1 1
N330 30 15

N770 15 30
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TABLE II
Material Characteristics of the Different Carbon Blacks
Nitrogen n-dibutyl
Particle absorption  phthalate (DBP) absorption
Filler  size (nm) (m*/g) (ecm®/100 g)
N330 28-36 83 102
N770 61-100 27 70

mens were subjected to tension—tension fatigue test-
ing with a displacement-controlled mode in MTS810
at room temperature. The displacement was pre-
scribed as a sinusoidal pulse at a frequency of 3 Hz
with a maximum strain of 0.2 and an R ratio (R ratio
is defined as the ratio of minimum to maximum de-
formation of rubber during cycles of 0). During the
tests, the machine was periodically stopped to record
the number of cycles and the length of the crack as
measured by a digital camera. For the Mullins effect,
the samples were stretched to a predetermined elon-
gation of 200% by cycling three times.

Content of the bound rubber

The method reported by Leblanc and Hardy' was
used to determine the amount of bound rubber. The
amount of bound rubber in weight percentage of the
initial rubber content of the compound is given by
the following equation:

Bound rubber (%) = [(mg — m1)/mo] x 100 (1)

where m, is the rubber content in the sample and 1,
is the rubber content extracted by toluene over 72 h
at room temperature.

Dynamic mechanical analysis (DMA)

The viscoelastic characteristics of the samples were
measured through DMA in tension mode at a fre-
quency of 1 Hz in a broad temperature range of —80
to 20°C with a Q800 dynamic mechanical spectrum
device of TA Corp (New Castle, Delaware). For
the Payne effect, samples were measured at room
temperature at 1 Hz in the dynamic strain range 0-
20%.

RESULTS AND DISCUSSION

T, which drives the crack at a given rate, is expressed
as

ou

T:_a_A

@)

where U is the total elastic strain energy stored in
the component and A is the area of one fracture sur-
face of the crack. Four distinct regimes of fatigue
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crack-growth behavior based on various energy
release rates have been found under cyclic tensile
loading with a zero stress ratio.” In regime 1, T
remains below a threshold (Ty), and dc/dn proceeds
at a small and constant rate:
de/dn =1, T < Ty 3)
where 7 is a small and constant crack growth rate.
Nevertheless, the values of dc/dn become infinite
when T is higher than a critical value (T.), at which
the fast fracture of the sample takes place (regime 4).
In regime 2, the fatigue dc/dn value of rubber
increases linearly with increasing energy release rate:
de/dn =A(T —Ty) +r, T <T; 4)
where T, is a transition value between T,y and T, and
A represents a fatigue parameter and should be
determined experimentally. After the transition
region, there is a range between T; and T, over
which the relationship between dc/dn and the
energy release rate obeys a power law (regime 3):
dc/dn =BTV, T, <T < T, (5)
In a simple tension specimen with a single edge cut,
T depends on the gauge section strain energy den-
sity (W), the size of the crack (c), and a strain-
dependent parameter (k):*

T = 2kWc (6)
Lake'® proposed an approximate relation for k:
n
k=— 7
i 7)

where A is the extension ratio.
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Figure 1 Crack length versus the fatigue cycles for the

rubber composites.
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Figure 2 dc/dn versus T. [Color figure can be viewed in
the online issue, which is available at www.interscience.
wiley.com.]

Thus, T of a rubber sample containing a crack under
uniaxial stretching could be determined as follows:
T =212 We (8)
In this condition, dc/dn with the energy release rate
can be expressed for regime 3 as follows:
dc/dn = B(2mn ™2 We)® 9)
Figure 1 shows the crack growth versus fatigue cycle
plots for specimens filled with different carbon
blacks. dc/dn was determined from the incremental
change in the crack length to the corresponding
increase in number of cycles, and the T values were
determined from eq. (8) at different crack lengths.17
Figure 2 displays the relationship between dc/dn
and T on a logarithmic scale, which obeyed a
power-law dependency (regime 3). The fatigue pa-
rameters are listed in Table III. The lower values of
exponent b and constant B for the NR filled with
N330 denoted a stronger resistance to crack growth
at a given T value compared with the rubbers filled
with other carbon blacks. The exponent b and con-
stant B are the two crack growth parameters deter-
mined from cyclic crack growth testing.

The nonlinear viscoelastic behavior versus strain
was investigated, and a strong reduction in the stor-
age modulus associated with the Payne effect was
found, as shown in Figure 3. The storage modulus

TABLE III
Fatigue Parameters of the Rubber Composites Filled
with Different Carbon Blacks

Composite B b
NR/N330 0.0429 1.76
NR/N330/N770 0.0491 1.92
NR/N770 0.0574 2.24

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 3 Storage modulus versus the dynamic strain am-
plitude for the filled rubbers.

was highest at a small amplitude (Ey) and then
monotonically decreased to a low value (E.'). The
modulus plateau was not reached at a high dynamic
strain amplitude because of the strain limitation of
the device. As shown in Figure 3 and Table IV, NR
reinforced by N330 showed a stronger magnitude of
the Payne effect and indicated more powerful filler—
filler interactions or a more perfect filler network in
the rubber matrix.'®'” Figure 4 shows the influence
of the carbon black on the Mullins effect. To quanti-
fiably reveal the Mullins effect of the rubbers filled
with different carbon blacks, the Mullins hysteresis,20
defined as the area between the first and second
extension, was calculated to reveal the magnitude of
the Mullins effect. The higher Mullins hysteresis of
the rubber filled with N330 revealed stronger rub-
berfiller interactions and energy dissipation.”’ On
the one hand, the presence of strong filler—filler and
rubber—filler interactions, confirmed by the magni-
tude of the aforementioned Payne and Mullins
effects, enhanced the rubber network and, simulta-
neously, the resistance to crack propagation. On the
other hand, the large energy dissipation led to a
small stored elastic strain energy in NR, which
drove the growth of crack. As a result, the rate of
crack growth decreased. The rubber filled with
N330, which had smaller particle size and larger
structure (Table II), had more intensive filler—filler

TABLE IV
Magnitude of the Payne Effect for the Rubber
Composites Filled with Different Carbon Blacks

Ey E./ EJ —E. Mullins
Composite (MPa) (MPa) (MPa)  hysteresis (MPa)
NR/N330 485 245 2.40 1.47
NR/N330/N770 3.86 2.26 1.60 0.81
NR/N770 227 147 0.80 0.57
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Figure 4 Mullins effect of the rubber composites.

and rubberfiller interactions, a bigger energy dissi-
pation during stretching, and consequently, a stron-
ger resistance to crack growth. Correspondingly, the
rubber filled with N770, which had less intensive fil-
ler—filler and rubberfiller interactions and a smaller
energy dissipation during stretching, which resulted
from its bigger particle size and lower structure,
possessed the worst crack-growth resistance.
Moreover, the addition of carbon black changes
the viscoelastic properties, local deformation, and
strain-induced crystallization at the crack tip of rub-
ber, all of which greatly affect the crack-propagation
behavior. The energy dissipation at a crack, accord-
ing to T in rubbery materials, has two contribu-
tions.”* The first contribution is associated with the
energy necessary to break the bonds at the crack tip,
and the second contribution is attributed to the
viscoelastic dissipation in the linear viscoelastic
region in front of the crack tip (Fig. 5). Because
strain can induce crystallization in NR, the inner-
most region at the crack tip can be crystallized dur-
ing stretching because of the stress concentration
and strain amplification of the crack®®?* (the dark

Ey

- 1 l - e
Crack Bond breaking at the crack tip

Viscoelastic bulk dissipation
Figure 5 Two contributions of the crack-propagation

energy. [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]
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Figure 6 Modified Mooney-Rivlin plots for the rubber
composites.

area at the crack tip in Fig. 5). The real strain in the
crack tip has some corresponding relationships with
the bulk, both of which are influenced by the addi-
tion of filler. Namely, the stronger ability and earlier
onset of strain-induced crystallization in the bulk
result in a greater area of the crack tip crystallization
zone and an improvement of its crystallinity.”

The upturn in the stress—strain plot of rubber is
attributed to the limitation of extensibility of the rub-
ber chains and the strain-induced crystallization.
However, these two effects cannot be separated by
the original Mooney—-Rivlin equation. To only inves-
tigate the strain-induced crystallization, the effect of
the finite extensibility of elastomer chains must be
eliminated. At the high extension, the Gaussian dis-
tribution will not hold because the rubber chains are
approaching their maximum extension. James and
Guth® proposed a new constitutive equation of rub-
ber elasticity to deal with the stress—strain behavior
of highly extended rubber, which was based on non-
Gaussian conformation statistics with the inverse
Langevin statistic function of fractional elongation:
o/o,, (Where o is the elongation ratio and o, is the
maximum elongation ratio, i.e., o at break point in
the stress—strain plots). Therefore, the new deviation
at the large extension between the stress—strain
curve and the James and Guth model should be
only attributed to strain-induced crystallization. Sub-
sequently, on the basis of a similar idea, Furukawa
et al.” put forward a simplified modified Mooney-
Rivlin equation as follows:

o =2(C; + G HF(a) (10)

where o is the force divided by the undeformed
cross-sectional area and C; and C, are the Mooney-
Rivlin constants, which are independent of the
extension ratio (o). F(o) is a deformation function

given by

Oy, 14+o/o, 1
Flo)=—In———— 11
() 2 nl—oz/ocm o? (1)

where o, is the maximum extension ratio, that is, o
at the breakpoint in the stress-strain curve. The
upturn at high strain in the modified stress—strain
curves is attributed to the effect of strain-induced
crystallization.””

Equation (11) can be expanded to

3
1+°‘—’”(i> . (12)

Flo) = o — —
(a)uoczfiozm

Equation (10) can be transformed to

o 102
———~2(C; +C 1+-— 13
o—1/02 G+ Z/Ot)( +3afn) (13)
This equation possesses an extreme point, namely,
the upturn in the modified Mooney—Rivlin equation
plot at a condition of

do/ (o —1/0?) /do =0 (14)

Then, the critical value of the strain, at which the strain-
induced crystallization appears (a,), can be given by

1\’ 20

(ocu)  302,Cy (15)
The o/F(a) versus 1/a plots of the filled rubbers are
shown in Figure 6, and the values of C;, Cy, and o,
calculated by the modified Mooney-Rivlin equation
are listed in Table V. The N330-filled rubber dis-
played the largest value of C;, which was dependent
on the crosslinking density and the modulus of the
rubber; this indicated the strongest reinforcing effect
of N330 on rubber and the most powerful filler—rub-
ber interactions in this rubber composite. The lowest
value of o, listed in Table V demonstrated that the
N330-filled NR crystallized at the lowest strain. In
fact, according to the pioneer work by Poompradub
et al.,”® when the amount of bound rubber is larger,
the strain-induced crystallization will occur at
smaller strain. Because the bound rubber,>?" which
strongly adheres to the particle surface, cannot
deform under the action of the external stress, the
effective strain ratio of the rubber portion is much
larger than the macroscopic one; that is, the strain

TABLE V
Onset of Strain-Induced Crystallization of the NR
Composites
Composite C; MPa) C, (MPa) o, Bound rubber (%)
NR/N330 0.822 0.360 248 19.1
NR/N330/N770  0.748 0.279  2.53 8.6
NR/N770 0.614 0255 274 3.6

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 7 Dependence of the viscoelastic properties on the
temperature (E is the viscoelastic modulus).

amplification effect of the filler is strengthened. Ta-
ble V shows that the NR/N330 composite had the
largest content of bound rubber; thus, during the
stretching course of the cyclic loading, the strain-
induced crystallization in the crack tip of the N330-
filled rubber could have occurred much earlier, and
the crystallinity should have been greater; this led to
an increase in the crack-growth resistance, in accord-
ance with the experimental results of the crack-
growth testing, in which the N330-filled rubber
showed the lowest crack-propagation velocity at a
given value of T. On the other hand, because of its
lowest content of bound rubber, its largest onset
strain of strain-induced crystallization, and accord-
ingly, its lower crystallinity, the rubber filled by
N770 displayed the worst crack-growth resistance,
as shown in Figure 2. A more detailed and direct
investigation of these relations is being carried out
with the help of X-ray diffraction and will be pub-
lished elsewhere.

The resistance of crack growth is also dependent
on the viscoelastic property of rubber matrix, which
is the other contribution to T and is largely affected
by the inclusion of fillers. According to the theory
reported by Persson and Brener,’ the tearing energy
at crack rate v [T(v)] can be expressed by

B 2 2nv/a F((D) 1 -1
T(v) =Ty [1 — EEO/O dmemE(m)] (16)

where Ej is the modulus in the outer region of the
crack tip (considered the rubbery region); a is the
crack tip diameter; o is the perturbing frequency,
which is defined as v/r (where r is the distance from
the crack tip); F(w) is equal to [1 — (wa/2m0)* V3
Im[1/E(w)] denotes the imaginary part of 1/E(w);
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and E(w) is the viscoelastic modulus, which is
given by E(w) = E’' + iE” (where E’ is the storage
modulus and E” is the loss modulus). Thus, the fol-
lowing expression can be deduced with some math-
ematics and transforms to

1 E

On the basis of egs. (9) and (10), T(v) increases with
increasing values of —E”/E(w)”. Because of the time—
temperature superposition, the variation of E(w)
with frequency can be replaced by the relationship
between E(w) and temperature. Figure 7 shows the
dependence of values of —E”/E(»)” on temperature.
Obviously, the N330-filled rubber had the largest
values of —E”/E(w)? therefore, T(v) of the N330-
filled NR was the largest among the three kinds of
rubber composites; this indicated that NR reinforced
by N330 needed more energy dissipation at the
same crack-growth velocity during the cyclic loading
compared to the other two rubbers. That is, the abil-
ity of the crack-growth resistance was enhanced. On
the contrary, NR reinforced by N770, which had the
lowest values of —E”/E(w)?, had the worst resistance
to crack growth. In conclusion, because both contri-
butions of NR filled with N330 correlated with T
were most remarkable, it had the strongest resist-
ance to crack growth compared with the other two
rubber composites.

CONCLUSIONS

The addition of carbon black changed the viscoelastic
properties, local deformation, and strain-induced
crystallization of rubber, all of which greatly influ-
enced the crack-growth behavior. The N330-filled
NR possessed the lowest values of crack growth at a
given value of T, namely, the strongest resistance to
crack growth, whereas N770-filled NR had the worst
crack-growth resistance. The studies on the Mullins
and Payne effects showed highest fillerfiller and
rubberfiller interactions and the largest energy dis-
sipation during cyclic loading in the NR/N330 com-
posite, which induced the strongest crack-propaga-
tion resistance. Because the largest amount of bound
rubber existed in NR filled with N330, this com-
pound exhibited the earliest appearance and strong-
est ability of crystallization, which led to the most
powerful resistance to crack growth at a given value
of T compared with rubbers filled with other carbon
blacks. The study on the viscoelastic properties by
DMA confirmed that the NR/N330 composite had
the largest viscoelastic contribution in the visco-
elastic region in the front of the crack tip. This
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further validated the best endurance to fatigue crack
propagation of the NR filled with N330.

The authors appreciate Yan Liu and Zhenghong Wang for
their great help with the fatigue testing.
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