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ABSTRACT: Vulcanized natural rubber (NR) under qui-
escent thermal oxidation aging and high temperature fa-
tigue loading with small strain amplitude was investigated
by the infrared spectroscopy, scanning electron microscopy,
and positron annihilation lifetime spectroscopy measure-
ments. IR results demonstrated the thermal oxidation degra-
dation process of vulcanized NR at 85�C. During high
temperature fatigue loading, nanoscale cracks and voids
that are generated by the combined impact of thermal oxi-
dation and cyclic loading were detected. Further investiga-

tion suggests that the nucleation effect of dissolved vapor
and gas in the low molecular weight domains of the NR
under fatigue loading accounts for the appearance of nano-
cracks. This work provides some new insight into the crack
initiation mechanism of NR during high temperature
fatigue loading, which has not been clearly understood.
VC 2011 Wiley Periodicals, Inc. J Appl Polym Sci 124: 4274–4280, 2012
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INTRODUCTION

Fatigue characteristic of rubbery materials is an im-
portant factor that determines the strength and dura-
bility of the materials.1,2 Usually, one is interested in
increasing the life of rubbers under fatigue loading.
For that, the first step is the description of crack ini-
tiation. Most of the studies on the fatigue of elasto-
mers were based on the pure mechanical theories
that did not take into account the physical mecha-
nism of crack initiation involved during the fatigue
loading.2–6

Natural rubber (NR) has been recognized as an in-
dispensable commercial rubber material in many
applications such as heavy-duty tires, essential com-
ponents of vibration isolation structure against earth-
quakes and medical products, because of its high
elasticity, tensile strength, and excellent crack
growth resistance.7–9 Crack initiation in NR at room
temperature is described by Le Cam et al.10 By using
scanning electron microscopy (SEM), they propose
that cavitation of NR at room temperature takes

place around zinc oxide particles at the poles of me-
tallic oxide inclusions, due to the decohesion
between oxides and rubber matrix. However, this
investigation did not consider the influence of tem-
perature. In most of the applications of NR, heat
generated from cyclic deformations at sufficient am-
plitude and frequency cannot be easily conducted,
resulting in the temperature increasing of rubber
components.11–13 It is known that rubber material
failure originates from the microscopic crack initia-
tion and its growth. Since, suppression on the crack
initiation can increase service life substantially and
effectively, research on the crack initiation mecha-
nism is important. Up to now, studies on the crack
initiation, physical mechanism of NR under high
temperature, and fatigue loading are rarely
achieved. High temperatures lead to the thermal
degradation of NR vulcanizates. Thus, the crack ini-
tiation mechanism may be different.
The positron annihilation lifetime spectroscopy

(PALS) measurement gives direct information about
the dimension, size distribution, and content of free
volume in polymer matrix. There has been several
researches reported the relation between free volume
and amorphous metallic glass fatigue.14–16 However,
present researches rarely applied the PALS measure-
ment to study the rubber fatigue performance.
Recently, Rozanski et al. investigated the effect of
stabilizers, additives, and low molecular weight
component on the cavitation of polypropylene.17 On
the basis of the PALS measurement, they declared
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that cavitation is strongly dependent on the free-vol-
ume of polypropylene. Inspired by the researches
referred above, we used the PALS method to investi-
gate the crack initiation of NR under high tempera-
ture fatigue loading.

In this work, we first detected the thermal oxida-
tion degradation of vulcanized NR under quiescent
aging by Fourier transform infrared spectroscopy
(FTIR). Then, vulcanized NR was subject to high
temperature fatigue with small cyclic amplitude
(exclude the influence of strain induced crystalliza-
tion). According to the combined research of SEM
and PALS measurements, we finally proposed the
crack initiation mechanism of NR under high tem-
perature fatigue loading.

EXPERIMENTAL

NR used in this study was ribbed smoked sheet No.
1 from Indonesia. Nonvulcanized NR, containing all
the vulcanization ingredients, was prepared in a lab-
oratory twin roll mixing mill (SK-160B, made by
Shanghai Rubber Machine, China) at room tempera-
ture, and then vulcanized at 140�C for 12 min under
a pressure of 1.5 � 107 Pa. The recipes are shown in
Table I.

Mechanical performance of aged NR was tested
by an Instron 5567 material testing machine. The
tensile specimens were dumbbell-shaped thin strip
(25 � 6 � 2 mm3) and experiments were performed
at a tensile speed of 500 mm min�1. The tear
strength was determined according to GB/T529-
1999. The test pieces were cut by a right-angle-type
cutter. Five samples of each group (different aging
time) were tested for statistical accuracy.

Vulcanized NR film with a thickness of about 80
lm was clamped between two metal sheets (sample
card). A schematic picture of the homemade sample
card was shown in Figure 1. The sample card can
directly slide into the slots in the sample holder of
the Thermo Nicolet IS 10 spectrometer for transmis-
sion analysis. The clamped NR film was exposed in
air at 85�C in ventilated oven and removed from
oven in every 24 h (totally aged for 8 days) for FTIR

analysis. During the whole process, the detecting
point of the NR film is not changed.
Dumbbell-shaped rubber specimens (25 � 6 � 2

mm3) were subject to cyclic tensile loading using
MTS 810 material test machine at a temperature of
85�C. The frequency of loading is 5 Hz and the
strain amplitude is 0.5. Because of the small strain
amplitude, strain induced crystallization does not
occur.18 The testing procedures for each sample
were terminated at definite times. Finally, eight sam-
ples with different fatigue times were obtained. Cor-
responding cyclic tensile loading at room tempera-
ture were also achieved under the same condition.
The morphology of the samples was studied by

SEM. The samples first cryogenically fractured in
liquid nitrogen. Then, the fractured surface was
coated with a thin layer of gold. Finally, the samples
were observed and investigated by a SEM instru-
ment (Inspect F, FEI company) operation at 20 kV.
A 30 lCi 22Na positron source sealed between

two sheets of nickel foil (1 mg/cm2) was sand-
wiched between two pieces of the samples. Positron
lifetime spectra were measured using a conventional
fast–fast coincidence spectrometer. The time resolu-
tion of the system was found to be a sum of two
Gaussian curves with full width of half maximum
(FWHM) ¼280 ps (90%) and 320 ps (10%). The
obtained positron lifetime spectra were resolved into
three components employing the PATFIT program
after the background and positron source correction
were subtracted. The shortest lifetime (s1) is the life-
time of the singlet-positron (p-Ps) and the intermedi-
ate lifetime (s2) is the lifetime of the positron. The
longest lifetime (s3) is due to the orthopositronium
(o-Ps) pickoff annihilation in the free volume holes
in the amorphous phase. Considering that only the
o-Ps component is significantly sensitive to the
change in the microstructure of the amorphous
phase, the results of o-Ps lifetime were employed to
obtain the mean free volume parameters.

TABLE I
Recipes of the Vulcanized NR

Ingredients Loading level (phr)a

NR 100
ZnO 5
Stearic acid 1
Accerlerater CBSb 1
Sulfur 2
Curing time (min) 12

a Parts by weight per hundred parts rubber (phr).
b N-Cyclohexyl-2-benzothiazole sulfonamide.

Figure 1 Schematic representation of the homemade sam-
ple card. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]
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RESULTS AND DISCUSSION

Mechanical properties variation of the NR under
thermal oxidation aging at typical aging times is
shown in Table II. Obviously, tear strength, modulus
at 100% elongation, tensile strength, and elongation
at break of NR decreases gradually when subject to
thermal oxidation aging. Similar mechanical per-
formance results can be seen in the previous stud-
ies.19 The deterioration of mechanical properties is
resulted from the NR microstructure destruction. To
understand the thermal oxidation aging process,
FTIR measurements were employed. Figure 2(a)
shows the time independence of the FTIR spectra of
the vulcanized NR at an aging temperature of 85�C.
All the usual peaks are presented for cis-polyiso-
prene (NR) [1664 cm�1 (for mC¼¼CA), 1375 and 1448
cm�1 (for dCH2 deformation), 837 cm�1(for c¼¼CAH

bending)].20 Particularly, a new peak at 1539 cm�1

can be seen. According to the comparative analysis
of FTIR spectra in Figure 2(b), this peak only exists
in the vulcanized NR. It is revealed that this absorp-
tion peak is derived from the vulcanization process.
This band was also observed by Joly et al. in their
FTIR investigation of vulcanized NR.21 Moreover, it
is seen that the FTIR spectra are highly sensitive to
the molecular structural changes during thermal oxi-
dation aging. The absorption bands in the range of
1700–1850 cm�1 show the variation of carbonyl com-
pound concentration [Fig. 2(c)].22 For instance, the
absorbencies of bands at 1728 and 1740 cm�1

increase during aging and a new peak at 1784 cm�1

appears, indicating the degradation of the vulcan-
ized NR and appearance of low molecular weight
products.22 According to the literature, the absorp-
tion bands at 837 and 1728 cm�1 can be used to
monitor the concentration change of double bond
and carbonyl groups.22 So, the intensities of the 837
and 1728 cm�1 bands as a function of time are
shown in Figure 3. Meanwhile, the intensity varia-
tion of 1539 cm�1 band is also shown in Figure 3.
Obviously, the intensity of 1539 cm�1 band changes
significantly. So, it is suggested that 1539 cm�1 band
is more sensitive to the thermal oxidation degrada-
tion process.

Figure 4 presents the SEM observations of the NR
before and after three days’ cyclic loading at 85�C.

As to the sample not subject to high temperature fa-
tigue loading, the fracture surface is smooth, with
some zinc oxides homogeneously interspersed on it
[Fig. 4(a)]. Figure 4(b) shows the SEM image of vul-
canized NR after three days high temperature fa-
tigue loading. Apparently, the fracture surface is
rough and many tenuous nanoscale cracks can be
seen. Meanwhile, decohesion between zinc oxides
and rubber matrix does not occur. Three typical
cracks were pointed by the yellow arrows. Besides,
we can also see some nanoscale voids with a diame-
ter of about several hundred nanometers [Fig.
4(c,d)]. Particularly, there are several nanoscale
cracks (< ~500 nm) exist in the neighborhood of the
voids (pointed by the yellow arrows). After eight
days high temperature fatigue loading, the surface is
accidental and much more voids appear with diame-
ters varying between a few hundred nanometers
and several micrometers (Fig. 5). However, nano-
scale cracks can hardly be seen.
For fatigue loading at room temperature, previous

studies confirmed that micro-voids occur in the vi-
cinity of the micro-crack tip because of the decohe-
sion between zinc oxides and rubber matrix.10,23

Here, we also tested the NR samples at the same
condition with high temperature fatigue testing but
under room temperature. The SEM images are
shown in Figure 6. Figure 6(a) shows the vulcanized
NR subject to three days fatigue loading under room
temperature. It is seen that the surface is rather
rough, but no nanoscale cracks or voids can be seen.
As the NR sample was subject to eight days room
temperature fatigue loading [Fig. 6(b)], the decohe-
sion between zinc oxides and rubber matrix can be
seen clearly. Comparing the high temperature and
room temperature testing results, it can be con-
cluded that the nanoscale cracks initiated during
high temperature fatigue measurement arise from
the combined impact of thermal oxidation and cyclic
loading. Meanwhile, it can be deduced that the
nanoscale voids initiated during high temperature
fatigue measurement does not originate from the
decohesion between zinc oxides and rubber matrix.
It has been observed, that much more voids appear
and nanoscale cracks can hardly be seen after eight
days high temperature fatigue loading. Moreover,

TABLE II
Properties Variation of the Vulcanized NR under Thermal Oxidation Aging

Time (day) Tear strength (KN/m) Modulus at 100% elongation (MPa) Tensile strength (MPa) Elongation at break (%)

0 53 6 2 0.85 6 0.03 17.5 6 0.2 670 6 10
1 52 6 3 0.84 6 0.04 17.6 6 0.4 665 6 8
2 51 6 1 0.79 6 0.02 16.2 6 0.2 650 6 10
3 50 6 4 0.68 6 0.01 16.4 6 0.3 628 6 5
4 49 6 3 0.65 6 0.03 13.8 6 0.5 619 6 10
8 47 6 2 0.57 6 0.02 10.1 6 0.4 552 6 7
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Figure 4(c,d) shows that the voids exist in the vicin-
ity of the micro-crack tip (pointed by the yellow
arrows). Thus, we propose that the voids may be

originated from the evolution of the nanoscale
cracks.
To study the mechanism of crack generation, the

PALS measurements were employed to assess the
crack initiation mechanism. Figure 7(a) shows the o-
Ps lifetime variation of the vulcanized NR. It can be
seen that s3 tends to increase from 2.45 to 2.57 ns. It
decreases slightly only at the second day. The slight
decrease may be experimental error and it can be
neglected. This result indicates that the dimension of
the free volume holes tends on the whole to increase
when NR is subject to high temperature fatigue.
To prove this, a semiempirical relationship between
o-Ps lifetime and the average radius of the free
volume holes is used:24,25

s3 ¼ 1

k3
¼ 1

2
1� R

R0
þ 1

2p
sinð2pR

R0
Þ

� ��1

(1)

where R denotes the average radius of the free vol-
ume holes expressed in angstroms. Ro is equal to
RþDR, and DR¼1.656 Å is the estimated empirical
electron layer thickness. According to the calculated
R from eq. (1), the average volume of the free vol-
ume holes can be obtained by using the spherical-
hole model, i.e., Vh ¼ 4pR3/3. Figure 7(b) shows the
variation of Vh during high temperature fatigue
loading. Clearly, the Vh shows the same trend as
that of s3.
The free volume fraction can be estimated accord-

ing to the following empirical formula:

fv ¼ AVhI3 (2)

where A is an empirical parameter determined to be
0.0018 from specific volume data by Wang et al.26 I3
is the o-Ps intensity which has been shown in Figure
7(c). The calculated fv is exhibited in Figure 7(d).

Figure 2 (a) Time-resolved IR spectra in the range 400–2000
cm�1 of vulcanized NR during aging. (b) IR spectra of raw NR,
non-vulcanized NR (containing all the vulcanization ingre-
dients) and vulcanized NR in the range of 1500–1710 cm�1. (c)
Panel c illustrates the intensity change of the IR spectra in the
range of 1700–1785 cm�1. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]

Figure 3 The intensity change of the characteristic
absorption peaks at 837, 1728, and 1539 cm�1.
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The free volume fraction maintains at the first two
days and then it decrease significantly at the third
day. Thereafter, fv value gradually increases in the
next three days and finally undergoes a slight
decrease in the last two days. Consequently, the
final fv value is lower than that of the NR sample
before fatigue loading.
Le Cam et al. deduced that cavitation takes place

around zinc oxide particles and at the poles of metal-
lic oxide inclusions.10 Because of the influence of ther-
mal oxidation, this conclusion cannot be applied to
the present work, which has been proved above by
the SEM measurements. Recently, Rozanski et al.
investigated the initiation of cavitation of polypropyl-
ene during stretching.17 They proposed that the pres-
ence of vapor or gas bubbles (namely, ‘‘empty’’
spaces) in the amorphous phase change in time as a
result of thermal movements of the polymer chains.
These ‘‘empty’’ spaces are conducive to the formation
of cavities in the low molecular weight phase. In other
words, the ‘‘empty’’ spaces are cavitation nuclei. This
can be applicable to the present research.

Figure 4 SEM observations of the NR samples before (a) and after three days’ cyclic loading (b) at a temperature
of 85�C. The white arrows denote the ZnO particles and the yellow arrows indicate the existence of nanoscale
cracks. Panels (c) and (d) shows the existence of nanoscale voids. The nanoscale cracks (<~500 nm) exist in the
neighborhood of the voids. [Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

Figure 5 SEM image of NR after eight days’ cyclic load-
ing at a temperature of 85�C.
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As to the vulcanized NR, thermal degradation
products with low molecular weight appear in the
matrix. Meanwhile, NR contains 6 wt % natural
impurities, including proteins (2.2 wt %), phospholi-
pids and fatty acids (3.4%), carbohydrates (0.4%), and
others (0.3 wt %).27,28 At high temperature (85�C),
some components can melt (e.g., fatty acids and car-
bohydrates). So, these two factors lead to the existence
of low molecular weight domains in the NR matrix,

which are conducive to the dissolution of vapor and
gas (‘‘empty’’ space). As the Vh value increases during
the high temperature fatigue loading, vapor, and gas
molecular diffusion is intensified, and it leads to eas-
ier concentration of dissolved vapor and gas in the
low molecular weight domains, contributing to the
formation of bigger vapor and gas bubbles. Dissolved
vapor and gas thus become crack nuclei in the low
molecular weight domains, leading to the initiation of

Figure 6 SEM images of NR after three day’s cyclic loading (a) and eight days’ cyclic loading (b) under room temperature.

Figure 7 (a) PALS analysis results: high temperature fatigue time dependence of o-Ps lifetime of NR; (b) average volume
variation of the free volume holes of NR during high temperature fatigue; (c) o-Ps intensity variation of NR during high
temperature fatigue; (d) free volume fraction change of NR during high temperature fatigue.
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nanoscale cracks under dynamic loading. As the
nanoscale cracks further evolve during the present fa-
tigue loading, nanoscale voids appear (see Fig. 4).
Further, more nanoscale cracks evolve into nano- or
micro-voids during fatigue (Fig. 5). Since, the volume
of the NR sample irradiated by positron beam does
not change and free volume holes in the cracks and
voids areas disappear, the decrease of free volume
fraction at the third day is observed [Fig. 7(d)]. The
free volume fraction increase in the next three days
implies the size and number increase of the free vol-
ume in NR matrix in the later fatigue process. As
nanoscale cracks can hardly be seen in the later pro-
cess of high temperature cyclic loading, we deduce
the crack growth is significantly accelerated. In other
words, as the nanoscale cracks are initiated, they
evolve into voids very fast.

CONCLUSIONS

During thermal oxidation aging, mechanical proper-
ties of NR deteriorate gradually. Thermal oxidation
degradation of the vulcanized NR is investigated by
FTIR analysis. The vulcanized NR was simultane-
ously subject to high temperature (85�C) and cyclic
loading. Under these conditions, SEM images con-
firmed the appearance of nanoscale cracks and voids
which are initiated by the combined impact of high
temperature and cyclic loading. Further, PALS meas-
urements monitored the free volume size and content
changes of the NR during high temperature fatigue.
Unlike the condition of fatigue loading at room tem-
perature, crack generation is derived from the nuclea-
tion effect of the dissolved vapor and gas in the low
molecular weight domains of the NR. Thermal degra-
dation products account for the appearance of the low
molecular weight domains. As the cracks evolve,
nano-scale voids appear. Further evolution of the
smaller voids leads to the larger spherical voids with
their diameters varying between a few hundred nano-
meters and several microns.
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