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Mullins Effect and Crack Growth in Natural Rubber Vulcanizates
during Heat Aging and Cyclic Loading
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Abstract

The effect of thermal aging and cyclic loading on mechanical properties and development of cracks in natural
rubber vulcanizates was studied. After aging at 70 °C and 110 °C vulcanizates were subjected to cyclic loading.
At a certain number of loading cycles, the samples were conducted in a tension test. At the aging condition of
70 °C, the static tensile properties of material stay almost unchanged even after 88 aged hours and 8000
loading cycles. On the contrary, the dynamic fatigue resistance of vulcanizates decreases with increasing
aging time. These results are attributed to the post-curing and the development of microcracks that might be
caused by Mullins effect: in the case of static loading, the strain-induced crystallization may prevent cracks
growth, but in the case of cyclic loading the strain-induced crystallization does not occur, so cracks develop
without hindrance. However, at 110 °C both static properties and dynamic fatigue resistance of material
reduced dramatically because at high temperature the heat degradation exceeds both post-curing and strain-
induced crystallization. Crack formation and propagation were examined by a digital optical microscope in the
progress of cyclic loading. Results showed that natural rubber vulcanizate filled with carbon black has the best
crack growth resistance (CGR) while the addition of modified and unmodified silica reduces CGR of materials.
Moreover, the vulcanizate with unmodified silica has the lowest CGR.
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Toém tat

Anh huéng cua ldo héa nhiét va tai trong theo chu ky 1én céc tinh chét co hoc va s phét trién clia céc vét nit
trong cao su tw nhién da duwoc nghién ctru. Sau khi ldo héa & 70 °C va 110 °C cao su tiép tuc chiu tai theo chu
ky. O diéu kién ldo héa 70 °C, d6 bén kéo dirt cha vét liéu gén nhu khéng thay déi ngay ca sau 88 gicr va 8000
chu ky. Nguoc lai, khd ndng chiu méi déng cta cao su gidm di khi thoi gian ldo héa téng Ién. Nhiing két qua
nay duoc cho 1a do hién turong cao su tiép tuc duoc luu héa (con goi 1a hau luu héa) va sw phat trién cda céc
vét nit vi mé co thé gay ra béi hiéu (rng Mullins: trong trirong hop tai tinh, sw két tinh do bién dang c6 thé
ngén chan sw phét trién vét ntt, nhung trong trirdng hop tai theo chu ky s két tinh dé khéng xay ra, vi vay
cac vét nirt phét trién ma khéng gap tré ngai. Tuy nhién, & 110 °C ca tinh chét tinh va kha nang chéng mai
déng ctia vat liéu suy giam nghiém trong, vi hién twong hau luu héa va két tinh do bién dang khéng thé bu lai
duoc véi sw phd hiy rét Ién cta cao su khi & nhiét dé cao. Sw hinh thanh va lan truyén vét nit da duoc kiém
tra bang kinh hién vi quang hoc ky thudt sé trong qua trinh tai trong déng theo chu ky. Két qua cho thédy cao
su thién nhién chira chét don than c6 kha ndng chéng sw phét trién vét nirt (CGR) tét nhét, trong khi viéc bb
sung silica bién tinh va khéng bién tinh lam gidm CGR cua vét liéu. Hon nika, cao su thién nhién véi silica
khong bién tinh c6 CGR thép nhét.

T khoa: Cao su thién nhién, silica, silica bién tinh, phat trién vét nit, tai trong chu ky, hiéu tng Mullins

1. Introduction

Natural rubber (NR) is a material that has wide
application in rubber products working in the
condition of dynamic loading due to its high dynamic
properties [1]. However, its disadvantage is low heat
aging resistance, both in static and cyclic loading [1].
This disadvantage is shown more clearly in the case of
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cyclic loading because NR was characterized by high
heat generation from hysteresis loss.

Using reinforcing filler, such as carbon black
(CB) or silica, enhances the mechanical properties of
rubber [1,2]. The stress softening effect can occur
when NR is subjected to a cyclic loading [3,4]. The
presence of nanofillers in rubbers may lead to more
complex structural changes that take place under the
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Mullins effect, which has direct effect on properties of
filled rubbers. In this article, the influence of the
Mullins effect on NR properties during heat aging and
cyclic loading is studied. In addition, the relation
between fillers such as CB and silica and crack growth
in NR is also investigated.

2. Experiment
2.1. Materials

Natural rubber: Ribbed smoked sheet (RSS),
Mooney viscosity ML(1+4)100 = 92, the density of
0.9 g/cm3, from Vietnam; Unmodified silica: SiO,
Utrasil VN3, 99% purity, was supplied by Evonik;
Modified silica: SiO, was modified by Bis-
(triethoxysilylpropyl) tetrasulfide silane (TESPT),
99% purity as in our previous work [5]; Carbon black:
N330, the particle size of 24 - 32 nm, was supplied by
Shanxi Lixin Chemical Co., Ltd, China;
CPC Processing oil (paraffinic base), Viscosity Index
(VD) =97, was supplied by CPC Corporation, Taiwan.
Additives: Antidegradant 2,2 4-trimethyl-1,2-
dihydroquinone  (RD);  Antidegradant  N-1,3-
dimethylbutyl-N’-phenyl-p-phenylenediamine (4020),
Stearic acid; Accelerators Tetramethyl thiuram
disulfide (TMTD), Accelerators N-t-
butylbenzothiazole-2-sulfenamide (TBBS), zinc oxide
(Zn0O), Sulphur (S). All chemicals are technical grades
from China. Rubber mixtures were prepared according
to Table 1 as in our previous article [6].

Table 1. NR formulations

Ingredients NR/CB I\Slﬁé(};?/ Ngl/];:"l}? /
Natural rubber RSS 100 100 100
Antidegradant RD 1.5 L5 1.5
Antidegradant 4020 L.5 1.5 1.5
Carbon black N330 33.0 33.0 33.0
ZnO 5.0 5.0 5.0
Stearic acid 2.0 2.0 2.0
CPC oil 1.5 1.5 1.5
Si0,, Unmodified 0 3.0 0
Si0,, TESPT modified 0 0 3.0
Accelerators TBBS 1.5 1.5 1.5
Accelerators TMTD 0.3 0.3 0.3
Sulfur, S 2.0 2.0 2.0

NR/CB: The rubber mixture contains only carbon fillers.
NR/CB/SiKBT: The rubber mixture contains carbon fillers
and SiOz, Unmodified (SiKBT).

NR/CB/SiBT: The rubber mixture contains carbon fillers and
SiO>, TESPT modified (SiBT).
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2.2. Sample preparation

Rubber and all ingredients were mixed in Baopin
8412 (China) internal mixer with the following
conditions: rotor speed 35 rpm, temperature 70 °C for
12 minutes. Mixtures were stabilized at 25 °C for
24 hours and then were vulcanized at 145 °C for
8 minutes. The cut samples were aged at 70 °C and
110 °C for 22 h, 44 h, 88 h. After aging, the sample
was stabilized at room temperature for 24 h before
crack fatigue testing using machine ZL3006A (China)
at 300 cycles/min at 140% elongation. Crack
formation and propagation were observed under a
digital microscope Dino-Lite at 220 magnification.

2.3. Testing Methods
2.3.1. Mechanical properties

Tensile strength, elongation at break, and residual
elongation were measured using an INSTRON 5582
(America) testing machine with an extension rate of
500 mm/ minute at room temperature (according to
TCVN 4509:20006).

2.3.2. Thermal properties

Aging test: carried out according to TCVN 2229:2007.
The samples were aged in a Memmert oven (Germany)
at 70 °C for 22 h, 44 h, 88 h, and 110 °C for 44 h.

3. Results and Discussion

3.1. Effect of Heat Aging and Cyclic Loading on
Mechanical Properties.

NR vulcanizates were (Formula 1, Table 1)
exposed to thermal aging at 70 °C for various periods.
The mechanical properties are characterized by stress-
strain curves (Fig. 1). The other results such as residual
elongation as well as number of loading cycle until
failure are showed in Table 2, Fig. 2, and Table 3.
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Fig. 1. Stress-Strain curves of NR vulcanizates.
Before heat aging - square; Aging 70 °C, 22 h - circle; Aging
70 °C, 44 h - triangle up; Aging 70°C,88 h -triangle down
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After thermal aging, NR vulcanizates were
subjected to cyclic loading of 300 cycles/minute and
elongation of 140%. Mechanical properties of aged
vulcanizates after a certain number of loading cycles
were determined. The results are shown in Fig. 2.

The results in Fig. 2 and Table 2 show that, after
more than 8000 cycles, the tensile strength and
elongation at the break of aged NR wvulcanizate
remained unchanged. One reason for this phenomenon
may be the continuation after the cross-linking of the
NR vulcanizers (post-cure) occurring at moderately
high temperatures (70 °C) [7-10]. However, when
vulcanizates were aged at 110 °C, the post-cure cannot
compensate for the structural decomposition due to
heat aging therefore mechanical properties are reduced
(Table 2).

Table 2. Mechanical properties of NR vulcanizates
before and after aging at 70 °C.

Properties Aging time, hours

0 22 44 88
Tensile 27 27 27 27
strength, MPa
Elongation at | 580 580 550 550
break, %
Residual 28 28 26 26
elongation, %
Number  of > >
loading cycles | 35000 | 35000 | 35000 | 28000
until failure

Table 3. Mechanical properties of NR vulcanizates before and after heat aging and cyclic loading.

(Heat aging: 110 °C for 44 hours)

Number loading cyclic after heat aging
Properties Unaged
0 1000 2000 3000 4000
Tensile strength, MPa 27.0 19.0 17.0 14.0 14.5 12.0
Elongation at break, % 580 250 220 225 210 190
Residual elongation, % 28 4.0 4.0 4.0 4.0 4.0
*Aged vulcanizates break after 4500 cycles of loading.
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Fig. 2. Mechanical properties of aged vulcanizates after various loading cycles. (Aged at 70 °C).
a. Unaged; b. Aged at 70 °C, 22 h; c. Aged at 70 °C, 44 h; d. Aged at 70 °C.
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Note that, in both cases (aging at 70 °C and
110 °C) the number of loading cycles until failure
decreases significantly as the aging time increases.
Such behavior of NR vulcanizates - static tensile
strength is almost unchanged but dynamical durability
decreases markedly after aging - may be explained by
considering the stress softening effect (Mullins effect)

3.2. Mullins Effect of NR Vulcanizates

After the first loading cycle, the Mullins effect
was revealed for NR vulcanizates both before and after
heat aging (Fig. 3, Fig. 4). In subsequent load cycles,
this effect has not occurred yet in stress-strain curves.

The degree of curvature in the region at the strain
is about 90 - 100 mm, corresponding to the amplitude
of cyclic load. Mullins's effect of filled vulcanizates is
attributed to some structural destruction of material
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while stretching [3]. This leads to the appearance of
microcracks in the rubber matrix. When the sample is
further stretched till failure, the crack growth is
strongly prevented by strain-induced crystallization of
rubber [11]. Therefore, in the case of static loads,
strength enhancement by post-cure and strain induced
crystallization of rubber may compensate the thermal
aging destruction, thus the tensile strength of material
stayed almost unchanged. In the case of cyclic loading
at low elongation, and strain-induced crystallization
did not occur, crack development was not prevented.
Therefore, the dynamic durability of NR vulcanizates
decreases. Naturally, the longer samples are exposed
to heat, the more dynamic durability decreases
(Table 3). The higher temperature of heat aging
(110 °C), the lower the dynamic durability, because
thermal destruction of the material is greater than the
effect of post-cure.
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Fig. 3. Stress-strain curves of NR vulcanizates
a). Unaged; b). Aged at 70 °C, 22 h; c). Aged at 70 °C, 44 h; d). Aged at 110 °C, 44 h
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Fig. 4. Stress-strain curves of NR vulcanizates
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Fig. 5. Cracks growth on NR vulcanizate after heat aging at 70 °C, 96 h, and cyclic loading.

3.3. Effect of Filler on Crack Growth

The Mullins effect is a ‘typical’ phenomenon for
filled rubbers. Therefore, the influence of the two most
common fillers in the rubber industry, carbon black,
and silica, on crack development has been studied.

3.3.1. Rubber mixture with carbon black
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Vulcanizates (Formula 1, Table 1) do not show
any cracks until the number of load cycles reaches
10,000. At 10,000 cycles, cracks begin to appear and
have a length of about 0.5 mm (Fig. 5). The length of
the crack is about 1.0 mm when the loading cycle is
15000. The crack path is not straight but has many
branches in many different directions. In addition,
cracks can sometimes appear both on the surface and
on the edge of the sample.
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Fig. 6. Crack distribution on the surface of vulcanizates.

3.3.2. Rubber mixtures with carbon black and silica

Silica modified (SiBT) and unmodified (SiKBT)
was added in NR mixtures with carbon black
(Formula 2 and 3, Table 1). After thermal aging and
cyclic loading, the number of cracks on the surface of
the sample appears to be smaller, but the cracks are
longer than those on the NR vulcanizate only with CB
(Formula 1, Table 1).

From Fig. 6, one can see that the crack
distribution on the vulcanized NR / CB is even more
than that of NR / CB / SiBT and NR / CB / SiKBT,
resulting from the poor interaction of NR and SiKBT.
Therefore, the worst destructive cracks appear in the
case of NR vulcanizates with unmodified silica
(NR/CB/SiKBT). The best resistance to crack
development is observed in NR/CB vulcanizates.
NR/CB/SiBT takes an intermediate position between
the two types mentioned.

4. Conclusion

1. Under the influence of thermal aging process
at 70 °C and cyclic loading, the static tensile strength
of NR vulcanizates is almost unchanged. This may be
explained by that post-cure and strain-induced
crystallization of material have compensated the
strength reduction resulting from heat aging. In
contrast, the material's fatigue strength decreases with
increasing thermal aging time.

2. As the NR vulcanizates are subjected to 110 °C
aging, the thermal degradation exceeds the effect of
post-cure and strain-induced crystallization of
material. Consequently, both static strength and
dynamic fatigue resistance decreased. In both cases
(aging at 70 °C and 110 °C) the reduction of dynamic
fatigue resistance of material may be explained, based
on the Mullins effect of filled rubbers.

3. Carbon black filled NR vulcanizates have good
crack growth resistance (CGR). The addition of SiBT
and SiKBT can lead to a reduction in the CGR of the
material. However, NR/CB/SiBT has a better CGR
than that of NR/CB/SiKBT.
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