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ABSTRACT: The quasi-static fracture and dynamic fatigue behaviors of natural rubber composites reinforced with hybrid carbon nano-

tube bundles (CNTBs) and carbon black (CB) at similar hardness values were investigated on the basis of fracture mechanical meth-

ods. Mechanical measurement and J-integral tests were carried out to characterize the quasi-static fracture resistance. Dynamic fatigue

tests were performed under cyclic constant strain conditions with single-edged notched test pieces. The results indicate that synergistic

effects between CNTBs and CB on the mechanical properties, fracture, and fatigue resistance were obtained. The composite reinforced

with 3-phr CNTBs displayed the strongest fatigue resistance. The synergistic mechanisms and dominating factors of quasi-static and

dynamic failure, such as the dispersion state of nanotubes, hybrid filler network structure, strain-induced crystallization, tearing

energy input, and viscoelastic hysteresis loss, were examined. The weakest fatigue resistance of the composite filled with 5-phr CNTBs

was ascribed to its strikingly high hysteresis, which resulted in marked heat generation under dynamic fatigue conditions. VC 2015 Wiley

Periodicals, Inc. J. Appl. Polym. Sci. 2015, 132, 42075.
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INTRODUCTION

Elastomers reinforced with different nanofillers are widely used

in some applications, such as auto tire and conveyer belts,

which are always exposed to cyclic deformation conditions.

Under such conditions, microcracks may be initiated and then

propagate from stress-concentration points; this eventually

causes the total failure of the rubber products.1,2 Therefore, the

crack initiation and propagation resistance play important roles

in practical applications. Many factors have been demonstrated

to influence the fracture mechanical behaviors of rubbers; these

include mechanical load history, environmental conditions, rub-

ber formulation, and constitutive behaviors.3 In rubber formu-

lation, the rubber type and reinforced filler play decisive roles.

Whether or not the adopted rubber exhibits strain-induced

crystallization is the primary consideration. The shape factor,

surface activity, dispersion state, and volume fraction of the

reinforced filler, the interfacial interaction between the filler and

rubber chains, and the filler–filler networking all highly influ-

ence the failure behaviors of rubber composites.

The concepts of fracture mechanics have been considered to be

the fundamental theories for studying the fracture and fatigue

behaviors of rubber materials.4,5 Rivlin and Thomas6 proposed

the tearing energy (G) theory in 1953 on the basis of the Griffith

criterion.6 Studies demonstrated that the fatigue crack growth

rate (da/dN) for certain elastomers could be uniquely determined

by G.7,8 Four distinct regimes of fatigue crack growth behavior

based on the maximum G were found under cyclic strains with a

zero R ratio (means the minimum strain amplitude divided by

the maximum strain amplitude).9 J-integral theory, another

powerful fracture mechanical concept, was first proposed by Rice

and Rosengren10 in the field of metals and plastics. Researchers

have developed the J-integral theory to evaluate the quasi-static

fracture resistance of rubber composites.11–14 The fracture behav-

iors of silica/carbon black (CB)/natural rubber (NR) composites

were investigated on the basis of J testing by our research group.15

The results reveal that the critical J value (JIC) was dependent on

the precut length and remained almost constant in a medium pre-

cut length range. The fatigue resistance of the silica/CB/NR com-

posites could be predicted by JIC, tearing modulus (TR), and

strain energy density (SED).

Recently, one-dimensional carbon nanotubes (CNTs) were shown

to be an attractive nanofiller in polymer fields because of their

Additional Supporting Information may be found in the online version of this article.
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unique combination of outstanding thermal conductivity, electri-

cal conductivity, and mechanical reinforcing efficiency; this

makes it an ideal candidate for the design of advanced materi-

als.16–22 Great efforts have been made to improve the mechanical,

electrical, and thermal performances of CNT-reinforced elastomer

composites.16–19 Meanwhile, extensive attention has also been

concentrated in the field of hybrid filler systems, where different

kinds of fillers, such as CNTs and CB, have combined use in elas-

tomers.20–22 This revealed that CNTs and CB might exhibit possi-

ble synergistic effects on the mechanical, electrical, and thermal

properties. However, the quasi-static fracture and dynamic fatigue

behaviors, which were very significant for the application of rub-

ber articles, has received only a little attention.14,16,22 Agnelli

et al.14 assessed the fracture resistance of hydrogenated nitrile

butadiene rubber (HNBR) composites reinforced with 30-phr

multiwalled CNTs by J testing. Lorenz et al.16 compared the

dynamic crack growth properties of two different kinds of NR–

silica (40 phr) composites with CNTs (3 phr) and without CNTs.

This showed that da/dN of the NR–silica composite with 3-phr

CNTs was smaller compared with the composite without CNTs

below a G of about 3 N/mm. However, at higher Gs, the NR–silica

composite with 3-phr CNTs exhibited a higher da/dN than the

composite without CNTs. Fritzsche et al.22 investigated the fatigue

resistance of NR composites reinforced with hybrid CNTs and

silica with a total filler loading of 90 phr. The results suggested

that the fatigue resistance of the CNTs samples was better than

that of the samples without CNTs under small-strain conditions.

However, the silica-filled samples without CNTs showed the best

performance at higher tearing energies. Despite these, few efforts

have been made to examine the failure mechanisms of CNT-

reinforced rubber composites under quasi-static and dynamic

conditions.

Therefore, the focus of this study was to understand the influence

of the CNT partial replacement of CB on the fracture and fatigue

behaviors of CB/NR composites. Composites with similar hardness

levels were obtained by a mechanical blending method. The tradi-

tional mechanical properties, such as the tensile strength and tear

strength, were used to measure the reinforcing efficiency of the

hybrid CNTs and CB for NR composites. From the view of energy,

J-integral testing was adopted to characterize the quasi-static frac-

ture behaviors. JIC and TR were used to measure the resistance to

crack initiation and propagation, respectively. Dynamic fatigue

tests were carried out under constant-strain conditions with single-

edged notched test (SENT) specimens. Fatigue da/dNs and fatigue

lifetimes under varied strains were obtained. Synergistic effects on

the mechanical performance, quasi-static fracture, and dynamic

fatigue properties of the NR composites reinforced with hybrid

CNTs and CB were realized. The results are discussed in detail

from the aspects of the filler network, dispersion state of CNTs,

strain-induced crystallization, G input, viscoelastic hysteresis loss,

and so on. This exploratory work can be considered a beneficial

basis for the great potential applications of CNTs in rubber fields.

EXPERIMENTAL

Materials

The formulas of the four composites are detailed in Table S1 (in

the Supporting Information). We adopted a kind of easily dis-

persed, highly one-dimensional aligned carbon nanotube bundles

(CNTBs) instead of traditional pristine CNTs with a highly

entangled structure to prepare the rubber composites by a

mechanical blending method.23 Here, 1-phr CNTBs were used to

partially replace 3-phr CB N234 to obtain the composites with

similar hardness levels. The reason was that commercially, the

alteration of a rubber formulation is usually made in such a way

as to keep the hardness of the rubber products constant.24

CNTB-0, CNTB-1, CNTB-3, and CNTB-5 indicate that the con-

tents of CNTBs were 0, 1, 3, and 5 phr, respectively; meanwhile,

the contents of N234 were 25, 22, 16, and 10 phr. NR was pro-

duced by Yunnan Rubber Products Co., Ltd. (China). CB N234

and N330 were purchased from Tianjin Cabot Chemical Products

Co., Ltd. (China). CNTBs (FloTube TM 7000) were provided by

Beijing CNano Technology, Ltd. (China), with a purity of 92%,

length greater than 50 lm, and diameter of 6–8 nm. The other

ingredients were commercially available industrial products.

Sample Preparation and Measurement

Sample Preparation. The CNTB/CB/NR compounds were pre-

pared in a two-roll mill by a traditional mechanical compound-

ing method. The vulcanization properties of the compounds,

such as the optimum curing time, were determined by a mov-

ing die rheometer at 143�C. Compounds were then cured for

optimum curing time in the form of 2 mm thick sheets at

143�C and 15 MPa.

Transmission Electron Microscopy (TEM). The dispersion state

of CNTBs in the CB/NR matrix and its hybrid network struc-

ture between CNTBs and CB were investigated with a Tecnai

G2 20 transmission electron microscope produced by FEI Co.,

Ltd. (Hong Kong). The ultrathin sections of the samples were

prepared by a liquid-nitrogen-cooled microtome at 2100�C.

Rubber Process Analysis. The strain amplitude dependence of

the shear storage modulus (G0) was measured by an RPA 2000

rheometer rubber process analyzer (Alpha Technologies Co.) at

a temperature of 60�C and a frequency of 10 Hz. The strain

amplitude was in the range from 0.27 to 40%. G0 in the low-

strain regime was related to the filler–filler network structure.

Mechanical Properties. The tensile and tear properties were

measured with an electronic tensile machine (Shenzhen SANS

Test Machine Co., Ltd., China) with a crosshead speed of

500 mm/min according to ISO 37: 2011 and ISO 34-1: 2010,

respectively. In addition, the Shore A hardness was measured

according to ISO 868: 2003.

J-Integral Tests. J testing was performed on SENT specimens with

different precut lengths and at a crosshead speed of 20 mm/min at

room temperature. Precut specimens with a width of 15 mm,

thickness of 2 mm, and working gauge length of 50 mm were

adopted to measure J value according to the following equation:

J52
@U

@A

� �
D

52
1

B

@U

@a

� �
D

(1)

where U is the strain energy at a considered displacement D,

A is the fracture surface area, and B and a are the specimen

thickness and crack length, respectively.
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The detailed process of J testing was described in our previous

work.15 Briefly, crack-tip opening displacement (CTOD) was

considered an indirect reflection of crack advancement.14 Cer-

tain CTOD was related to the corresponding J value, and then,

a plot of J-CTOD was obtained. JIC was defined as the J value

when CTOD was equal to 0.1 mm and was regulated as the

crack initiation point.25 TR, which reflected the quasi-static

crack propagation resistance, was measured by the slope of the

J–CTOD curve at the very beginning of fracture propagation,

for example, in the CTOD range from 0.1 to 0.5 mm, as shown

in eq. (2):26

TR5
dJ

dCTOD

����
CTOD2½0:1mm; 0:5mm�

(2)

In our study, specimens with a precut length of 4 mm were

used to measure the JIC and TR values. To easily determine the

crack-initiation points during fracture processing, the crack tips

of the SENT specimens were coated with silver powder before

testing. A Canon EOS 70D camera was placed in front of the

crack tip to monitor the CTOD within a fixed time intervals.

Dynamic Fatigue Tests. Fatigue tests with SENT specimens

with precut lengths of 1 mm were performed with an MZ-

4003B displacement-controlled machine in a laboratory atmos-

phere with a constant frequency of 5 Hz. The testing conditions

included different strain amplitudes: 30, 50, 70, 80, 90, and

100%. Before the tests, uncracked specimens were subjected to

2000 cycles to lower the Mullins effect (stress-softening effect)

and residual stretching, and precuts with a length of 1 mm were

introduced into the edge of the rubber specimens with a sharp

cutter. During the tests, the machine was stopped periodically

to record a with a digital camera. Stable da/dN was measured

by the linear slope of a versus the number of fatigue cycles (N)

in the range of 1–2 mm.

The fatigue resistance of rubbers is usually characterized by the

relationship between da/dN and G. The G can be considered as

the driving force for crack propagation, and it is a fundamental

property, which governs crack propagation in elastomers.27 For

the SENT specimen with a precut length a, G can be measured

by the following equations:1

G52kwa52
pffiffiffiffiffiffiffiffiffi
11e
p wa (3)

where the parameter k is a slowly varying function of strain (e)

and w is the strain energy density (also abbreviated as SED). An

empirical power law relationship between a stable fatigue da/dN

and G was described by Paris and Erdogan28 in the following

equation:

da

dN
5BGb (4)

where B and b are material constants determined by the experi-

ment. The exponent b reflects the sensitivity of da/dN with

respect to the tear energy.

Dynamic Mechanical Thermal Analysis. The dynamic mechan-

ical thermal characteristics of the composites were measured

under tension mode with a VA3000 dynamic mechanical ther-

mal analyzer produced by AREVA 01dB-Metravib (France) Co.,

Ltd. The specimens were 15 3 15 3 2 mm3 and were stretched

under a strain amplitude of a 0.1%, a frequency of 5 Hz, and a

wide temperature range from 280 to 30�C. The storage modu-

lus (E0) and loss modulus (E00) of the composites under differ-

ent temperatures were obtained.

SED and Hysteresis Energy Density (HED). Cyclic stress–strain

curves were used to simulate the stress–strain behavior per cycle

during the dynamic fatigue tests under different strain condi-

tions. Before the test, the Mullins effect was first minimized.

Two fundamental parameters, SED and HED, were obtained

from the area under the retractive (unloading) curve and hyster-

esis loop area, respectively.

RESULTS AND DISCUSSION

Dispersion State of the CNTBs and Hybrid Filler Network

Generally, the dispersion state of fillers in a polymer matrix is

one of the critical factors that determines the fracture mechani-

cal properties of nanocomposites.29 The dispersion morphology

of the nanotubes and CB in the NR matrix was directly eval-

uated by TEM. Typical TEM graphs of the CNTB/CB/NR com-

posites are shown in Figure 1. As expected, composites with a

rather homogeneous distribution of nanotubes were obtained.

TEM images also confirmed that the CB aggregates were

bridged through the fibrous CNTBs to form a hybrid filler net-

work. Homogeneous dispersion of the nanotubes and formed

hybrid filler network could ensure an effective load transfer and

additional energy dissipation during deformation; this contrib-

uted to the quasi-static and dynamic crack resistance of rubber

composites.

The nonlinear viscoelastic behavior as a function of the strain

was also investigated. Generally, the absolute value of G0 in the

low-strain regime indicates the degree of filler network or filler–

filler interaction.30 A large nonlinear reduction of E0 with

increasing strain, commonly known as the Payne effect, is pre-

sented in Figure 2. Payne effect was mainly caused by the partial

breakdown of the filler–filler networks and debonding/slippage

between molecular chains and the filler aggregates, all of which

resulted in a softening of the rubber and additional energy dis-

sipation when the strain amplitudes increased.31 The magnitude

of the Payne effect followed the following order: CNTB-5,

CNTB-3, CNTB-0, and CNTB-1. It suggested that only when

the composite was filled with 3-phr CNTBs or more than 3-phr

CNTBs would a more powerful hybrid filler network be formed.

However, with the lowest total filler loading, CNTB-5 exhibited

the highest E0 and magnitude of the Payne effect; this indicated

the formation of a most powerful filler network; meanwhile, the

strongest energy dissipation under deformation.

Mechanical Properties

The mechanical properties of the CNTB/CB/NR composites

with similar shore A hardness (with maximum differences of

only about 6%) are summarized in Table I. Remarkable incre-

ments in the stress at 100 and 300% were perceived, especially

for the CNTB-5 composite, which showed an increment of

about 64% in stress at 100% and a 57% increase in stress at

300%, compared with CNTB-0. The tensile strength and tear

strength were also improved; this indicated an enhanced
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fracture resistance with increasing content of CNTBs. An obvi-

ously higher reinforcing efficiency of fibroid CNTBs compared

to spherical CB was also realized. We ascribed the powerful

reinforcement of the CNTBs to their special one-dimensional

structure with a strikingly high aspect ratio and specific surface

area.

Questions arose from the fact that the tensile strength and tear

strength were both controlled by the maximum load at break;

namely, they only reflected the strength properties of rubbers.4

Gent32 showed that because of the randomness of flaws or micro-

cracks that naturally existed or were introduced, the variations in

the form of the crack propagation behaviors for different rubber

materials and tensile strength could not be considered a useful

indicator or criterion for quasi-static fracture performance. Rein-

cke et al.4 pointed out that the tear strength could deliver the

wrong result when the crack toughness behavior was determined

only by the deformation. Fracture mechanical tests, such as J-

integral tests, where the load and deformation were both taken

into account, could react sensitively to the structural changes of

the materials from an energetic perspective.4,5

Quasi-Static Fracture Resistance by J-Testing

J-integral tests are powerful methods for measuring the quasi-

static crack initiation and propagation resistance of rubbers.26

Plots of the J value versus CTOD of the four composites with a

precut length of 4 mm are shown in Figure 3. JIC was used to

characterize the crack initiation resistance; TR, a parameter indi-

cating the crack propagation resistance, was measured by the lin-

ear slope of the J value versus CTOD curves. The corresponding

JIC, TR, and the correlation coefficient (R2) values of the four

composites at a precut length of 4 mm are shown in Table II.

Comparing the values summarized in Table II, we noted that

CNTB-5 had the highest values of JIC and TR; this indicated the

strongest resistance to crack initiation and propagation; this was

followed by CNTB-3 and CNTB-1. The NR composite filled

with pure CB exhibited the weakest fracture resistance. From

the results based on J-integral testing, we made sure that the

CNTB partial replacement of CB indeed enhanced the quasi-

static fracture resistance, including both the crack initiation and

propagation performance.

Dynamic Fatigue Resistance

The dynamic fatigue properties of the four composites were

performed with SENT specimens in a broad strain range. A rep-

resentative example of fatigue crack growth curves under a

strain of 70% is shown in Figure 4. Fatigue crack growth curves

under other strains followed a similar tendency. During the very

beginning of the process, the crack growth behavior could

be considered a stable growth process (e.g., in an a range of

Figure 1. TEM micrographs of four different CNTB/CB/NR composites: (a) CNTB-0, (b) CNTB-1, (c) CNTB-3, and (d) CNTB-5.

Figure 2. G0 versus dynamic strain amplitudes.
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1–2 mm). Beyond this range, cracks grew unstably and failed

rapidly. The da/dN values were all measured by the linear slope

of a versus N in the range of 1–2 mm.

The fatigue lifetimes of the four composites at different strains

are shown in Figure S1 (in the Supporting Information). It was

noted that CNTB-3 exhibited the longest lifetime at any strain

investigated; this was followed by CNTB-1 and CNTB-0 and

indicated that CNTB-3 had the strongest resistance to fatigue

crack growth. However, the fatigue lifetimes of CNTB-5 were

shorter than those of the other composites, especially under

large strains. This was opposite to the results obtained from

mechanical and J-integral measurement. The reasons are dis-

cussed in detail in the following sections.

The da/dN values of the CNTB/CB/NR composites under differ-

ent strains were plotted against G with a double-log scale, as

presented in Figure 5. It was interesting to note that all of the

composites were well fitted with a power law dependency over

the whole range of G investigated. The fatigue parameters B and

b were determined from eq. (4) and are listed in Table III. For

a given G, CNTB-3 exhibited the lowest da/dN and exponent b,

and this denoted the most powerful fatigue resistance. CNTB-5

owned the highest da/dN and exponent b, and this indicated

the weakest fatigue resistance.

Strain-Induced Crystallization

Stress–strain plots of the CNTB/CB/NR composites were

adopted to characterize the strain-induced crystallization. For

crystalline rubbers, the upturn or steep increase in the stress–

strain plot was attributed to two effects: limited extensibility of

rubber chains and strain-induced crystallization.33,34 The origi-

nal double-parameter Mooney–Rivlin model could not separate

these two effects. Furukawa et al.33 proposed a modified factor

[f(k)] to eliminate the effect of the limited extensibility of rub-

ber chains, as shown in eqs. (5) and (6):

r52 C11
C2

k

� �
k2

1

k2

� �
f kð Þ (5)

f kð Þ ffi 11
1

3

k2

k2
m

 !
(6)

where r is the nominal stress, k is the extension ratio, km is the

maximum extension ratio at break point, and C1 and C2 are the

Mooney–Rivlin constants. Here, the expression (k 2 k22)f(k) is

simplified as F(k). According to the modified Mooney–Rivlin

equation, the plot of r/F(k) as a function of the reciprocal of

the extension ratio (k21) should yield a linear region, from

which the constant values of C1 (intercept) and C2 (slope) can

be obtained. On the basis of the theory of Furukawa et al.,33 the

critical upturn extension ratio (kup) at which the strain-induced

crystallization starts to appear can be calculated by the follow-

ing equation:

k3
up5

3k2
mC2

2C1

(7)

The plots of r/F(k) versus k21 of the CNTB/CB/NR composites

are presented in Figure S2 (in the Supporting Information), and

the obtained values of C1, C2, and critical kup are listed in Table

IV. Compared with the other composites, CNTB-5 displayed the

largest value of C1, which was dependent on the elastic modulus

and crosslinking density. At lower k21, a large and abrupt

decline could be discerned for all of the composites. CNTB-5

owned the lowest value of kup; this demonstrated that the

strain-induced crystallization of the NR composites was

enhanced by the inclusion of CNTBs. This was mainly due to

two reasons. One was that fibrous nanotubes with high anisot-

ropy ratio could easily orient along the deformation direction.35

Table I. Mechanical Properties of Different Rubber Composites

Sample
Stress at
100% (MPa)

Stress at
300% (MPa)

Tensile
strength (MPa)

Elongation at
break (%)

Tear strength
(kN/m)

Shore A
hardness

CNTB-0 2.2 8.7 24.9 659 91.8 71

CNTB-1 2.5 9.9 25.9 640 99.8 73

CNTB-3 2.7 11.2 26.5 620 103.0 74

CNTB-5 3.6 13.7 28.2 596 110.8 75

Figure 3. J–CTOD curves of four composites with a precut length of

4 mm.

Table II. JIC and TR Values of Four Composites at a Precut Length of

4 mm

Sample JIC (kJ/m2) TR (MPa) R2

CNTB-0 3.72 10.68 0.98

CNTB-1 4.36 14.02 0.99

CNTB-3 4.96 16.40 0.98

CNTB-5 6.09 18.23 0.99
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The orientation of the CNTBs reduced the chain conforma-

tional entropy of this mixed system and induced the early ori-

entation and crystallization of the rubber chains.36 The other

reason for the promotion of the strain-induced crystallization

might have been the greater strain amplification near the crack

tip induced by fibrous CNTBs compared to that of the spherical

CB. This was confirmed by methods of digital image correlation

and finite element analysis.37,38 The oriented alignment of the

rubber chains and CNTBs near the crack tip strongly enhanced

crack deviation, blunting, and branching.39 Typical graphs of

fractured samples tested at 70% strain are presented in Figure 6.

We noticed that the deviational tendency of the cracks was

gradually enhanced with increasing CNTB content; this indi-

cated increased crack growth resistance.

G Input

G directly dominates the fatigue crack growth resistance and

fatigue life of rubbers.3 According to eq. (3), for a SENT speci-

men with a certain a under a certain strain, G is proportional

to SED. The SED values of the different composites under vari-

ous strains are presented in Figure 7. Compared with the other

composites, we noted that CNTB-5 possessed the highest SED

by a slight margin under any strain. However, the differences

among SED values under a certain strain were very small. For

example, only a difference of about 9% at 100% strain between

CNTB-0 and CNTB-5 was perceived. Here, we considered that

there was similar G input per cycle with the increased CNTB

content under a certain strain; this indicated that the driving

forces for fatigue crack growth were almost equal. Therefore,

the influence of energy input on the fatigue crack growth resist-

ance could be ignored.

Hysteresis Loss in the Bulk and at the Crack Tip

The energy dissipated in elastomers mainly has two contribu-

tions. The first is to the energy necessary for crack growth, and

the second is ascribed to the viscoelastic dissipation, mostly the

hysteresis loss.40 Hysteresis describes the energy loss for internal

friction contribution, which will be transformed into heat and

can be largely affected by the inclusion of reinforced fillers.41,42

Relationships between the hysteresis and crack growth resistance

have been studied by many researchers.43–45 Payne and Whit-

taker43 proposed an expression that denoted that the hysteresis

could improve the fracture energy, namely, the fracture resist-

ance. Generally, in the cyclic fatigue process, moderate hysteresis

could reduce the energy available to be released by crack growth

and then enhance the fatigue resistance. However, a higher hys-

teresis might be detrimental to the fatigue properties under

given dynamic conditions. The elevated temperature due to heat

buildup could accelerate the rupture of the molecular chain and

suppress the strain-induced crystallization for crystalline rubber,

such as NR, all of which could weaken the fatigue resistance of

rubber materials.46 For quasi-static fracture, failure would occur

in only one uniaxial stretch process; of course, heat generation

should be ignored.

HED, a parameter characterizing the hysteresis loss in the bulk

of composites, could be directly measured by the loop area of

the cyclic stress–strain curves. The HED values of the CNTB/

CB/NR composites under different strains are shown in Figure

8. Although the CNTB-5 composite was filled with the lowest

Figure 4. a versus N of the four composites at 70% strain.

Figure 5. da/dN as a function of G for different composites.

Table III. Fatigue Parameters and R2 Values of the Rubber Composites

Sample B b R2

CNTB-0 5.9 3 10215 2.02 0.98

CNTB-1 2.0 3 10214 1.83 0.98

CNTB-3 8.9 3 10214 1.59 0.99

CNTB-5 8.7 3 10216 2.29 0.97

Table IV. Values of C1, C2, and kup Obtained from Modified Mooney–Riv-

lin Plots

Sample C1 (MPa) C2 (MPa) kup

CNTB-0 0.371 0.402 4.54

CNTB-1 0.453 0.409 4.20

CNTB-3 0.627 0.453 3.83

CNTB-5 0.736 0.427 3.48
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content of fillers, it owned the highest HED by an extreme

manner, especially under large strains. On the basis of the

theory proposed by Persson and Brener,40 the tearing energy

[G(m)] at a certain crack growth velocity (m) near the crack tip

can be expressed as by the following equation:

GðvÞ5G0 11
2

p
E0

ð2pv=a

0

dx
F xð Þ

x
J 00

" #21

(8)

where G0 is the threshold energy to crack growth at the crack

tip and F(x) is a function of the frequency (x), crack-tip diam-

eter (a), and crack velocity (m). J00, a viscoelastic parameter

termed loss compliance,47 could be measured by E0 and E00

according to eq. (9):

J 005
E00

E021E002
(9)

On the basis of the methods adopted by Nie et al. and Rooj

et al.,41,42 G(m) at the crack tip during dynamic loading could

be indirectly drawn from the measured temperature-sweep data

of DMTA. Equation (8) revealed that a composite with a lower

J00 corresponded to a higher value of G(m); this indicated a

higher hysteresis loss at the same crack growth velocity near the

crack tip.42 The values of J00 of the four composites plotted

against temperature are presented in Figure 9. The CNTB-5

composite owned the lowest J00 by a dramatic margin at room

temperature; this indicated the obviously highest hysteresis loss

at the crack tip during the fatigue process.

When we combined the results of HED and J00, it showed that

the CNTB-5 composite possessed the highest hysteresis loss by a

dramatic margin, regardless of those in the bulk and at the

crack tip. For untreated CNT-filled rubber composites, Cataldo

et al.48 attributed the relatively higher hysteresis under cyclic

deformation to its relative weak interfacial interaction between

the CNTs and rubber chains. For the CNTB-5 composite, the

highest hysteresis resulted in marked heat generation and then

elevated temperatures under dynamic conditions, all of which

would accelerate the rupture of the molecular chain, suppress

the strain-induced crystallization, and lead to the decrease in

the fatigue crack growth resistance.

CONCLUSIONS

Synergetic effects between CNTBs and CB in NR composites

were presented via marked enhancements in the mechanical

properties, fracture, and fatigue crack growth resistance. Small

Figure 6. Graphs of fatigued samples tested at 70% strain: (a) CNTB-0,

(b) CNTB-1, (c) CNTB-3, and (d) CNTB-5.

Figure 7. SED values of the CNTB/CB/NR composites under various

strains.

Figure 8. HED values of the CNTB/CB/NR composites under various

strains.

Figure 9. Dependence of J00 on the temperature for the CNTB/CB/NR

composites.

ARTICLE WILEYONLINELIBRARY.COM/APP

WWW.MATERIALSVIEWS.COM J. APPL. POLYM. SCI. 2015, DOI: 10.1002/APP.4207542075 (7 of 8)

http://onlinelibrary.wiley.com/
http://www.materialsviews.com/


loadings of CNTBs greatly improved the fracture resistance of

the CB/NR composites. The composite with 3-phr CNTBs

exhibited the strongest resistance to fatigue crack growth. The

increased strain-induced crystallization with the addition of the

CNTBs accelerated the tendency toward crack deviation. The

composite containing 5-phr CNTBs showed the weakest

dynamic crack growth resistance, and the reason was the dra-

matically higher hysteresis loss of CNTB-5 compared to those

of the other composites. Therefore, the optimum loading of

CNTBs was the key to obtaining the synergetic effects between

CNTBs and CB.
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