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The obvious polarity difference between the carbon black (CB) and the natural rubber (NR) causes the CB hard to be dispersed in
the NR matrix when the addition amount is large. In this paper, polyethylene glycol (PEG) was grafted onto the surface of CB by
the liquid phase. The grafted carbon black (GCB) was prepared and applied to reinforce NR. The main physical and mechanical
properties of NR were improved because of the better compatibility between GCB and NR. The Mullins effect of the vulcanizate was
calculated by the cyclic stress-strain experiment. The results showed that the Mullins effect both existed in the virgin NR system
and filled NR system. The degree of Mullins effect was increased with the increase of the filler addition, but that was different for
CB and GCB. When the filler addition was below 20 phr, the Mullins effect of NR/GCB was stronger than that of NR/CB. However,
when the filler addition was over 30 phr, the Mullins effect of NR/CB was stronger than that of NR/GCB. The Mullins effect was

affected by the heat treatment temperature and time. The mechanisms of the Mullins effect were analyzed.

1. Introduction

Because the rubber materials have high elasticity, damping,
and other excellent properties, they have been widely used
in tires, electronics, military, aerospace, and other fields [1-
3]. In general, the physical and mechanical properties of the
pure rubber are not very good, so the rubber materials need
to be reinforced in order to improve their comprehensive
performance. Carbon black is the main reinforcement agent
in the rubber industry [2-4]. Since CB is a polar material and
NR is a nonpolar material, the polarity difference between CB
and NR is obvious, so the dispersion of CB in the NR matrix
is difficult when the amount of CB is large, thereby causing
the decrease of the physical and mechanical properties of
NR. Grafting some polymer chains on the surface of CB to
reduce the polarity difference between CB and the matrix is
a good strategy, thereby enhancing the reinforcing effect of
CB.

Chen [5] used the radiation grafting method to graft the
polyethylene (PE) on the surface of carbon black. The grafting

ratio of PE onto the carbon black surface proceeded and the
percentage of grafting exceeded 90% when the irradiation
dose reached 200 kGy. Tsubokawa [6] investigated the
surface grafting of hyperbranched poly(amidoamine) onto
the surface by using dendrimer synthesis methodology. The
percentage of poly(amidoamine) grafting reached 96.2%
after 10th generation. Richner [7] grafted the isocyanate
prepolymers on the surface of CB. This crosslinked car-
bon black was designed as a new active material for elec-
trochemical electrodes, and the active material for electric
double-layer capacitor electrodes was produced which had
a specific capacitance of up to 200 F/g. Yang [8] first syn-
thesized the polystyrene, poly(styrene-co-maleic anhy-
dride), poly[styrene-co-(4-vinylpyridine)], and poly(4-vin-
ylpyridine). Then, the resultant polymers were grafted onto
the surface of carbon black through a radical trapping
reaction. It was found that the carbon black grafted with
polystyrene and poly(styrene-co-maleic anhydride) could be
dispersed in tetrahydrofuran, chloroform, dichloromethane,
N, N-dimethylformamide, etc., and the carbon black
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grafted with poly(4-vinylpyridine) and poly[styrene-co-(4-
vinylpyridine)] could be well dispersed in ethanol.

The required stress at the same certain strain was de-
creased after cyclic tension treatment for several times in
the vulcanized rubber composites, which was called the
strain softening effect or Mullins effect [9]. This effect was
discovered by Bouasse and Carriere [10]. More following
works by Mullins pointed out that the Mullins effect not
only existed in the filled rubber system, but also in the
unfilled rubber system. However, the Mullins effect of the
unfilled rubber system was weaker than that of the filled
rubber system [11, 12]. Other similar researches about the
Mullins effect had been conducted, for example, the rubber
matrix (nitrile rubber [13], ethylene propylene diene rubber
[14], natural rubber [15], and styrene butadiene rubber
[16]) with carbon black [17], silica [18], and other fillers
[19].

Some explanatory models were proposed to explain the
Mullins effect. Bueche [20] pointed out that it was a propor-
tional relationship between the space change of microparti-
cles and the macroscopic deformation. With the increase of
the macroscopic deformation, the rubber molecular chains
among filler particles achieved their ultimate elongation, and
some molecular chains would be broken away from the
filler surfaces, leading to a decrease of the interaction force
between the molecular chains and fillers, finally causing the
Mullins effect. Houwink [21] put forward that the Mullins
effect resulted from the slipping of the molecular chains
adsorbed on the filler surface during the stretching process.
Mullins [11] insisted that the filled vulcanized rubber was a
hybrid system consisted of the high filler content region (hard
phase) and low filler content region (soft phase). During the
deformation process, the hard phase would be transferred
to the soft phase, which led to the Mullins effect. This view
was further perfected by Johnson [22]. He pointed out that
the short molecular chains in the vulcanized rubber system
would be tangled to form the molecular chain clusters,
followed by the formation of hard phase in the internal.
Some molecular chains of the hard phase were pulled out
and transferred into the soft phase during the deformation
process. Kraus [23] thought that the Mullins effect was the
combination of several effects, including the destruction of
the filler aggregate network and the destruction of the filler-
rubber molecular interaction. Hamed [24] noted that the
rubber molecular chains could adsorb on the filler surface to
form a rubber shell layer. Under the external force, the rubber
molecular chains adsorbed on the surface of fillers would be
desorbed, thus reducing the thickness of the rubber shell and
weakening the interaction between the rubber and carbon
black. Roozbeh [12] mentioned that the filled rubber system
contained two kinds of cross-linking networks, the molecular
chains cross-linking network of the rubber matrix, and the
interaction network of the filler-filler and filler-matrix. The
Mullins effect was the result of the interaction between
these two kinds of cross-linking networks. Until now, these
models are still controversial, none of which can provide a
reasonable and complete explanation for the Mullins effect.
Table 1 showed the related diagrams of mechanism models of
the Mullins effect.
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In this work, in order to reduce the polarity difference
between CB and NR and improve the dispersion of CB in
the NR matrix, CB was graft modified with PEG and applied
to reinforce NR. The comprehensive performance of NR has
been increased with the addition of GCB. More importantly,
the Mullins effect mechanisms were deduced by comparing
the effects of GCB and CB on the Mullins effect of NR under
different conditions.

2. Experiments

2.1. Materials. Natural rubber (NR, type of 3L) was pur-
chased from Guangzhou Beishite Company, China. Carbon
black (CB, type of N330, the average diameter size of 25~
30nm, the specific surface area of 103 m?/g) was obtained
from Cabot Corporation, USA. Concentrated nitric acid, tol-
uene, thionyl chloride, dibutyl dilaurate, zinc oxide (ZnO),
stearic acid (SA), and polyethylene glycol (PEG, number-
average molecular weight of 400) were analytically pure and
purchased from Sigma Aldrich Company, USA. Poly(1,2-
dihydro-2,2,4-trimethyl-quinoline (antioxidant RD), 2,2/
dibenzothiazole disulfide (accelerator DM) and sulfur (S)
were purchased directly from the market and used as
received.

2.2. Sample Preparation

2.2.1. The Preparation of Grafted Carbon Black. 50 g of CB
and 350ml of concentrated nitric acid were added to a
1000 ml three-neck flask, the samples were reacted at 60°C
for 2h using the mechanical stirring, and then the reaction
product was filtered, washed with deionized water, dried at
95°C to obtain the intermediate A. 50 g of the intermediate
A, 12.5g of thionyl chloride, and 350ml of toluene were
placed in a 1000 ml three-neck flask, and the samples were
reacted at 0°C for 30min and then at 120°C for 30 min
using the mechanical stirring. The reaction product was
rotary evaporated at 80°C to remove the unreacted thionyl
chloride; the intermediate B was prepared. Subsequently,
50g of the intermediate B, 25g of PEG, 0.1ml of dibutyl
dilaurate, and 350 ml of toluene were added to a 1000 ml
three-neck flask; the samples were reacted 0°C for 30 min
and then at 120°C for 1h using the mechanical stirring. The
reaction product was filtered, washed with deionized water,
dried at 95°C to obtain the grafted carbon black, denoted as
GCB.

2.2.2. The Preparation of NR/CB and NR/GCB Vulcanizates.
The roller gap of two-roll mill was adjusted to about 2 mm,
NR was added and plasticated for 8 minutes, and then CB
(or GCB), ZnO, SA, RD, DM, and S were added to the two-
roll mill in turn, followed by 5 times side cuts on the left and
right, and then a triangle package was implemented 7 times
and thin-passing for 8 times. Subsequently, the compounds
were stored for 24 h and were cured by a press vulcanizer at
150°C for (tgp+2) min. The mass ratio of NR, ZnO, SA, RD,
DM, and S was 100: 5: 2: 1: 1: 2. The filler contents were varied
from 0 to 60 phr.
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TABLE 1: Schematic diagrams of Mullins effect mechanisms.

Models

Schematic diagrams

Detachment of the
molecular chains [20]

Slippage of the
molecular chains [21]

Disentanglement of the
rubber molecular chains
[11, 22]

Destruction of the filler
aggregates [23]

Rubber shell model [24]

2.3. Characterization

2.3.1. Thermogravimetric Analysis. The thermogravimetric
analyzer (TGA, 209 F3, Netzsch, Germany) was used to test
the graft ratio of PEG on CB. The temperature range was 30~
850°C, the heating rate was 50 K/min, and the test atmosphere
was nitrogen. In order to remove the PEG adsorbed on the
surface of CB through physical adsorption, GCB was purified
by reflux condensation for 0.5 h with toluene and then dried.

2.3.2. Physical and Mechanical Properties Test. The electronic
tensile testing machine (GT-TCS-2000, Gaotie, China) was
used to test the tensile and tear properties. The tensile
strength was characterized according to GB/T 528-2009, the
tensile speed was 200 mm/min, the thickness was 2.0 mm,
and the sample shape was dumbbell-shaped. The tear strength

was tested according to GB/T 529-2008; the sample shape was
right angle. The Shore A hardness was determined according
to GB/T 531-1999. The wear resistance was measured accord-
ing to GB/T 9867-2008. The apparent crosslink density was
tested by the swelling method. About 1g of the vulcanizate
was weighed and cut into small strips about 2mm wide
and 1mm thick and the treated samples were stored in a
container with toluene for 7 d at room temperature. After
completing the swelling process, these strips were taken out,
and then the toluene adsorbed on the surface of these strips
was removed using the filter paper; subsequently, these strips
were weighed. The crosslink density was calculated according
to the Nory-Rehner formula [25] as follows:

1 In(1-v,)+vy + xv,°

Ty w3 —v,/2

@
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FIGURE 1: TGA analysis of carbon black before and after modification.

v, is the apparent crosslink density of the vulcanizate, v, is
the volume fraction of the rubber phase in the vulcanizate, y
is the interaction parameters between the rubber and solvent,
v is the molar volume of the solvent.

where v, was calculated according to the formula

_ ms/p
En ms/p + (my —my) /p. ®

p. is the density of the solvent, p is the density of
the rubber phase, m, is the quality of the vulcanizate
before swelling, m, is the quality of the vulcanizate
after swelling, m, is the quality of the rubber phase.

2.3.3. Mullins Effect Test. 'The Mullins effect of the vulcanizate
was calculated by the cyclic stress-strain experiment [26]. The
sample was stretched to the specified strain for the first time
and the required energy was recorded as W ; the same sample
was stretched to the same strain for the second time and the
required energy was recorded as W,. Generally speaking, the
value of W, was less than that of W, the phenomenon was
called the strain softening or Mullins effect, and the value of
W, /W, was used to represent the degree of the Mullins effect.
In this work, the same sample was stretched to the specified
strain at room temperature for the first, second, third, and
fourth times and the required energies were recorded as W,
W,, W3, and W, respectively. According to some repetitive
experiments, it was found that the value of W, was similar
to that of W;. Hence, after the sample was stretched three
times, the Mullins effect was stabilized. In order to test the
effect of the treatment temperature and storage time on the
Mullins effect, after the sample was stretched three times, the
sample was stored for 2h at 60°C, and then the sample was
stretched to the same specified strain at room temperature
and the required energy was recorded as W,. The Mullins
effects in different cases were calculated using the following
formulas:

(W) (e) -W; (9)]

M= e

* 100% (3)

[(Wy () - W, (9)]

M= e

* 100% (4)

M, is the degree of the Mullins effect after stretching for
three times at room temperature and M, is the degree of the
Mullins effect after recovery at 60°C for 2 h.

3. Results and Discussion

3.1. The Graft Ratio of PEG on CB. Due to the large difference
in polarity between CB and NR, it is difficult for CB to be
uniformly dispersed in the rubber matrix, especially when
the amount of CB is large, thereby affecting the physical
and mechanical properties of the rubber. The difference in
polarity between CB and NR can be reduced by the graft
modification of CB. Hence, the dispersibility of CB in the
rubber matrix is improved significantly, so the physical and
mechanical properties of the rubber are improved. The graft
ratio of PEG on CB was measured through the TGA curves of
CB and GCB (Figure 1). It can be seen from the figure that the
mass loss of CB from 30°C to 200°C was 2.1%. It was due to the
loss of the water adsorbed on the surface of CB. The mass loss
of CB from 200°C to 650°C was 0.92%. It was attributed to the
carbonization of the organic components in CB. While for the
GCB sample, the mass loss from 200°C to 650°C was 21.23%,
which was obviously higher than that of CB. The reason was
the PEG was grafted on the surface of CB and it was burned
down during the high temperature process, so the graft ratio
of PEG on CB could be measured according the TGA curve;
the value was about 20%.

3.2. Physical and Mechanical Properties of NR/CB and NR/
GCB. Figures 2(a)-2(f) were the physical and mechanical
properties of the NR/CB and NR/GCB composites at different
filler contents. It can be seen from Figures 2(a)-2(e) that
with the increase of the addition amount of CB, the tear
strength and shore A hardness were increased gradually, the
elongation at break was decreased gradually, and the modulus
at 300% and tensile strength of the vulcanizate were first
increased and then decreased. When the CB content was 50
phr, the modulus at 300% and tensile strength reached the
highest; the values were 6.3 Mpa and 21.2 Mpa, respectively.
However, when the CB content was increased to 60 phr, the
modulus at 300% and tensile strength were decreased. Since
CB was hard to be dispersed in the rubber matrix when
the addition amount was large, hence the filler 3D network
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FIGURE 2: Physical and mechanical properties of NR/CB and NR/GCB.

structure was formed and the aggregation of fillers occurred;
the mechanical properties were affected [27].

For the NR/GCB composites, with the increase of the
addition amount of GCB, the modulus at 300%, tensile
strength, tear strength, and shore A hardness were increased
gradually. Unlike the NR/CB composites, the optimum values
of the modulus at 300%, tensile strength, tear strength, and
shore A hardness were shown when the addition amount of
GCB was 60 phr. In addition, the modulus at 300%, tensile

strength, elongation at break, and tear strength of NR/GCB
were always bigger than that of NR/CB at the same filler
content. Compared with the NR/CB composites, the increase
rates of the modulus at 300%, tensile strength, elongation
at break, and tear strength of NR/GCB were 55.6%, 28.3%,
33.8%, and 42.6%, respectively, when the filler content was
50 phr. It indicated that the addition of GCB could greatly
improve the comprehensive physical and mechanical proper-
ties of the rubber. Since GCB can be better dispersed in the
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rubber matrix, it is less likely to form filler aggregation, and
the interaction between GCB and NR was stronger; thereby
the physical and mechanical properties were improved.

The wear resistances of NR/CB and NR/GCB with the
different filler content were shown in Figure 2(f). With the
increase of filler content, the mass of absolute abrasion was
decreased gradually, which indicated that the addition of CB
or GCB was helpful for improving the wear resistance of
NR. The wear resistance of NR/GCB was better than that of
NR/CB when the filler content was the same. It is mainly
because the NR/GCB has better dispersibility of the filler,
larger filler-rubber interaction, and better tear resistance,
which is beneficial to hinder the generation of cracks and
branch cracks and thus improve the wear resistance [28].

3.3. Apparent Crosslink Densities of NR/CB and NR/GCB.
The apparent crosslink density is a representation of the
degree of vulcanization, including the chemical crosslinks
(polysulfidic, disulfidic, and monosulfidic), as well as the
physical crosslinks (rubber-filler interaction and filler-filler
network) [29]. The apparent crosslink densities of the NR/CB
and NR/GCB vulcanizates at different filler additions were
shown in Figure 3. It can be seen from the figure that the
apparent crosslink density of the virgin NR vulcanizate was
0.67 x 10"* mol/cm’. When the amount of the filler was
10 phr, the apparent crosslink densities of the NR/CB and
NR/GCB vulcanizates were decreased to 0.30 x 10~* mol/cm?
and 0.66 x 10™* mol/cm’, respectively. This is because the
N330 carbon black is alkaline, but the accelerator DM is
acidic. When CB is added to the rubber system, DM is
adsorbed by CB, resulting in a decrease of DM involved in
the crosslinking reaction, thereby causing a decrease of the
crosslink density. Thereafter, the apparent crosslink densities
of the NR/CB and NR/GCB vulcanizates were increased
gradually as the amount of filler increased. It is due to more
and more rubber-filler interaction and filler-filler network
generation with the increase of the filler content [29]. In
addition, the apparent crosslink density of NR/GCB was
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bigger than that of NR/CB at the same amount of filler. This is
because GCB has better dispersion in the rubber matrix and
thus more filler-rubber interaction was created.

3.4. Effect of Filler Content on Mullins Effect of NR/CB and
NR/GCB. The effect of filler content on Mullins effect of NR/
CB and NR/GCB composites was shown in Figure 4. It can
be seen from the figure that when the sample was stretched
after three times at room temperature to make the Mullins
effect stability, the degree of Mullins effect of the virgin NR
was 6.12%. It is mainly due to the physical disentanglement of
rubber molecular chains during the stretching process [11].

In addition, the degree of Mullins effect was increased as
the increase of filler addition amount whatever CB or GCB
was added to the rubber matrix, but the increase rate in the
Mullins effect of adding CB or GCB was different. When the
filler addition was below 20 phr, the Mullins effect of NR/GCB
was stronger than that of NR/CB. This is because when the
amount of filler is smaller than 20 phr, the filler particles
are only dispersed in the rubber matrix in isolation and they
are unlikely to form a filler-filler 3D network structure [12].
The Mullins effect at this time should be resulted from the
disentanglement of rubber molecular chains and destruction
of the filler-rubber interaction during the stretching process.
In the case of the same amount of rubber matrix, the Mullins
effect caused by the disentanglement of rubber molecular
chains is similar, so the Mullins effect should be mainly
caused by the destruction of the filler-rubber interaction [20].
The destruction is mainly achieved by the rubber molecular
chains’ shedding and slippage from the surface of fillers.
That is, the mechanism of the Mullins effect at low filler
content is due to the molecular chains’ shedding and slippage
mechanism. The dispersion of GCB in the rubber matrix is
improved compared to CB, and the compatibility with the
rubber matrix is also increased. Hence, more filler-rubber
interactions are formed on the microscopic level. These



Advances in Polymer Technology

60

200% strain

50
40

30

Mullins effect (%)

20

10

0 10 20 30 40 50 60
CB content (phr)
—u— the value of M,

—eo— the value of M,

35

30  200% strain
25 4
20

15 1

Mullins effect (%)
[ ]

10 4

0 T T T T T T T T T T T T T
0 10 20 30 40 50 60
GCB content (phr)

—=— the value of M,

—e— the value of M,

FIGURE 5: Effect of storage on Mullins effect of NR/CB and NR/GCB.

interactions are destroyed during the stretching process, thus
resulting in greater Mullins effect.

However, when the filler addition was over 30 phr, the
Mullins effect of NR/CB was stronger than that of NR/GCB.
Particularly, when the filler addition was 60 phr, the degree
of Mullins effect of NR/GCB was only 47% of that of NR/CB.
This is because when the amount of CB is over 30 phr, the
filler-filler 3D network structures as a new factor affecting
the Mullins effect began to appear, and when the amount
of CB reached to 60 phr, these filler-filler 3D network
structures were already intense. The filler-filler 3D network
structure can be destroyed during the stretching process,
thus leading to obvious Mullins effect [23]. Nevertheless,
for NR/GCB, fewer filler-filler 3D network structures were
generated because GCB has better dispersion in the rubber
matrix, so the Mullins effect of NR/GCB was not serious even
if the amount of filler was large.

Moreover, when the amount of CB was increased from
40 phr to 50 phr, the Mullins effect rose sharply from 33%
to 60%. Some authors called this phenomenon a percolation
transition of filler reinforcement [30]. At this time, various
isolated filler-filler 3D network structures are connected to
each other as a whole. This whole is destroyed during the
stretching process, which leads to a sharp rise in the Mullins
effect. However, this sudden increase of the Mullins effect
did not occur in NR/GCB when the amount of filler was
increased from 40 phr to 50 phr, nor did it occur when the
amount of filler was increased from 50 phr to 60 phr. It was
also shown that CB can be dispersed more uniformly after the
graft modification, and it is more difficult to form the filler-
filler 3D network structure in the rubber matrix.

3.5. Effect of Storage on Mullins Effect Recovery of NR/CB
and NR/GCB. Studying the changes in the Mullins effect
during the storage is helpful for further understanding the
mechanism of the Mullins effect. According to formula (3)
and formula (4), the values of M, and M, of the NR/CB and
NR/GCB samples were calculated and shown in Figures 5(a)

and 5(b). It can be seen from the figure that when no filler
was added, the value of M, of the virgin NR vulcanizate was
bigger than that of M,. According to the previous analysis,
the factor that causes the Mullins effect at this time is only the
physical disentanglement of rubber molecular chains during
the stretching process. So it means that the high temper-
ature treatment is good for re-entanglement of the rubber
molecular chains [31]. This is because the activity of the
rubber molecular chains rises; thus more re-entanglements
are generated during the high temperature treatment process.
More re-entanglements are destroyed during the stretching
process and lead to bigger Mullins effect.

In addition, when the filler content is from 10 phr to
60 phr, with the increase of the filler content, the Mullins
effect was increased gradually during the high temperature
treatment process. But the values of M, of the NR/CB and
NR/GCB samples were smaller than the values of M, of
their counterparts. It indicates that the high temperature
treatment is beneficial for the regeneration of the filler-
rubber interaction and filler-filler 3D network structure [31].
However, it is only partial regeneration, and it is hard to
return to the initial state of the filler-rubber interaction and
filler-filler 3D network structure, so the value of M, is always
smaller than the value of M, at the same filler addition.

3.6. Effect of Storage on Mullins Effect Recovery of NR/CB
and NR/GCB. The phenomenological theory is a research
method of rubber elasticity theory. The Mooney-Rivlin equa-
tion is one of the most commonly used expressions in the
phenomenological theory [32], which is shown as follows:

o 1
5 =20, +2Cy, <X> 5)

In formula (5), o is the stress, /(A — A72) is defined as
the reduced stress, A is the strain along the stress direction,

and C, and C, are constants without clear physical meaning
[33].



3.0

2.5 4

2.0 4

1.5 4

1.0 4

a/(2(A = 1/(A = 1))

0.5 4

0.0 T T T T T T T T

Advances in Polymer Technology

1.0

0.9 + II
&

0.8 /f

£
0.7 - .
0.6 -

0.5 1

o/ -1/(A = A)))

0.4

0.3 1

03 04 05 06 07 08 09 10

FIGURE 6: Mooney curves of NR/CB and NR/GCB at different conditions.

According to the formula (5), the stress-strain curve of
a sample can be transferred to the Mooney-Rivlin curve
(hereinafter referred to as Mooney curve). The Mooney
curves of the sample being directly stretched to break, the
sample being repeatedly stretched to 200% strain for 3 times
and then stretched to break, and the sample being repeatedly
stretched to 200% strain for 3 times and then placed in an
oven at 60°C for 2 h and then stretched to break were shown
in Figure 6. The CB or GCB filler content was 60 phr in this
experiment. According to the formula (5), the ideal Mooney
curve should be a straight line. But it can be seen from the
Figure 6 that the real Mooney curve was not a straight line.
The reduced stress o/(A — A7%) first fell and then rose with
the increase of the strain A (look from the right to left of
the curves), presented a “U-shaped” trend. The difference of
the ideal Mooney curve and real Mooney curve reflects two
additive effects during the stretching process: (1) in the low
strain region (the right side of the curve), the reduced stress
decrease with the increase of strain is due to the Mullins effect
of the material. (2) In the high strain region (the left side of
the curve), the reduced stress increases with the increase of
strain is because of the non-Gaussian behavior of the polymer
chains. The upturning phenomenon of the reduced stress
in high strain region indicates that the polymer chains are
stretched to their ultimate elongation [33].

The Mooney curve of the NR/CB sample being directly
stretched to break (Figure 6(I-a)) showed a very obvious
decline in the low strain region. It indicated an obvious
Mullins effect occurred. However, when the sample was
repeatedly stretched to 200% strain for 3 times and then
stretched to break, the Mooney curve in the low strain region
(Figure 6(I-b)) did not show a significant decline. This is
because the repeated stretching leads to the disentanglement
of rubber molecular chains, the destruction of the filler-
rubber interaction, and filler-filler 3D network structure,
thus leading to the decrease of the Mullins effect. The
destruction of the filler-filler 3D network structure should

be the main cause of the decline of the Mullins effect. When
the sample was treated in an oven at 60°C for 2h after
it has been stretched for 3 times, the Mooney curve in
the low strain region (Figure 6(I-c)) presented a relatively
significant decline compared to Figure 6(I-b). The reason is
that the rubber molecular chains are re-entangled; the filler-
rubber interaction and filler-filler 3D network structure are
regenerated during the high temperature treatment process.
In addition, Figure 6(I-b) curve was always below Figure 6(I-
a) curve and Figure 6(I-c) curve was always above Figure 6(I-
b) curve. It meant that the stress required for Figure 6(I-b)
curve was smaller than that of Figure 6(I-a) curve and the
stress required for Figure 6(I-c) curve was bigger than that
of Figure 6(I-b) curve at the same strain. It also indicates
that the repeated stretching leads to the disentanglement of
rubber molecular chains, the destruction of the filler-rubber
interaction and filler-filler 3D network structure; the high
temperature treatment is helpful for the re-entanglement of
rubber molecular chains and the regeneration of the filler-
rubber interaction and filler-filler 3D network structure.

The trend of the Mooney curves of the NR/GCB samples
under the three different stretching conditions (Figure 6(I-a,
b, ¢)) was similar to that of the NR/CB samples (Figure 6(II-
a, b, ¢)), but there were some differences that had to be
mentioned. First, when 17! was changed from 1.0 to 0.9,
the value of 6/2(A — 17%) of NR/CB was changed from 2.72
to 0.98. However, the value of o/2(A — A™2) of NR/GCB
was changed from 0.86 to 0.76, which was obviously smaller
than that of NR/CB. This also showed that the Mullins
effect of NR/GCB was lower when the filler content was
60 phr. Second, whatever being directly stretched to break
(Figure 6(II-a)), being repeatedly stretched to 200% strain
for 3 times and then stretched to break (Figure 6(II-b)), and
being repeatedly stretched to 200% strain for 3 times and then
placed in an oven at 60°C for 2 h and then stretched to break
(Figure 6(II-c)), the Mooney curves of the samples in the low
strain region all presented a relatively significant decline. It
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illustrates that the reason causing the Mullins effect of NR/CB
and the Mullins effect of NR/GCB is different. The main
reason causing the Mullins effect of NR/CB is the destruction
of the filler-filler 3D network structure, while the main reason
causing the Mullins effect of NR/GCB is the destruction of the
filler-rubber interaction.

3.7, Filler Reinforcement and Mullins Effect Mechanisms.
Combining the previous analyses and drawing on Roozbeh’s
viewpoint [12], the polymer/filler vulcanizate system can be
divided into four parts: the permanent crosslink network
of polymer chains crosslinked by the vulcanizing agents
(Figure 7, row 1), the physical entanglement network of poly-
mer chains (Figure 7, row 2), the filler-rubber interaction
system (Figure 7, row 3), and the filler-filler 3D network
system (Figure7, row 4). The combined action of these
four parts constitutes the reinforcing mechanisms of poly-
mer/filler vulcanizate system, and the Mullins effect mech-
anisms are also caused by the changes of these four parts
at different situations. The filler reinforcement and Mullins
effect mechanisms are analyzed as follows:

(1) For the virgin polymer vulcanizate system with no
filler, the strength of the vulcanizate is derived from the
orientation and fracture of the polymer permanent crosslink
network and the crystallization owing to the orientation
of the polymer chains during the stretching process [34].
While the Mullins effect should be mainly attributed to the
disentanglement of the polymer chains during the stretching
process (Figure 7, row 2), and the Mullins effect caused by this
disentanglement is weak.

(2) For the polymer vulcanizate system with low filler
content, the orientation and fracture of the polymer per-
manent crosslink network and the crystallization can result
in the strength improvement; the filler-rubber interaction
is another factor to lead to the strength improvement of
the vulcanizate. The external force acting on the rubber
matrix is transferred to the rigid filler through the filler-
rubber bonding points, so the strength of the vulcanizate
is improved. The filler-rubber bonding points are including
the filler-rubber physical bonding points connected through
the noncovalent bonds and filler-rubber chemical bonding
points connected through the covalent bonds. The Mullins
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effect should be mainly attributed to the destruction of the
filler-rubber physical bonding points and chemical bonding
points and the slippage of the polymer chains on the surface
of the fillers (Figure 7, row 3). Under the same filler content,
the better the dispersion of the filler in the rubber matrix and
the better the compatibility with the rubber matrix exhibit,
the more filler-rubber interaction points are formed. The
more filler-rubber interaction points are destroyed during the
stretching process, the more obvious Mullins effect. This is
why the Mullins effect of NR/GCB is stronger than that of
NR/CB when the filler is below 20 phr.

(3) For the polymer vulcanizate system with high filler
content, the more filler-rubber interaction points are formed
because of the bigger filler content; thus the strength is
improved. But when the addition amount of the filler is too
big, the filler-filler 3D network structure will be formed in
the rubber matrix, thus causing the filler agglomeration. The
agglomeration of the filler in the rubber matrix causes the
stress concentration, thereby resulting in a decrease in the
tensile strength. This is why the tensile strength of the rubber
is lowered when the amount of CB is increased from 50 phr
to 60 phr. The Mullins effect at this time should be mainly
ascribed to the destruction of the filler-filler 3D network
structure during the stretching process (Figure 7, row 4). The
Mullins effect resulted from the destruction of the filler-filler
3D network being greater than that caused by the destruc-
tion of the filler-rubber interaction. It can be seen from
Figure 4.

4. Conclusions

(1) About 20% polyethylene glycol of the total mass was
grafted on the surface of the carbon black, thus the dispersion
of the carbon black in the rubber matrix and the compatibility
with the rubber matrix were improved, thereby the compre-
hensive performance being increased.

(2) The degree of Mullins effect was increased with the
increase of filler. However, when the filler addition was
below 20 phr, the Mullins effect of NR/GCB was stronger
than that of NR/CB. When the filler addition was over 30
phr, the Mullins effect of NR/CB was stronger than that
of NR/GCB. The degree of Mullins effect of NR/GCB was
only 47% of that of NR/CB when the filler addition was
60 phr. The Mullins effect was increased gradually during
the high temperature treatment process because of the re-
entanglement of the rubber molecular chains, regeneration of
the filler-rubber interaction and filler-filler 3D network struc-
ture.

(3) For the virgin polymer vulcanizate system with no
filler, the Mullins effect should be mainly attributed to the
disentanglement of the polymer chains during the stretching
process. For the polymer vulcanizate system with low filler
content, the Mullins effect should be mainly ascribed to
the destruction of the filler-rubber interaction during the
stretching process. For the polymer vulcanizate system with
high filler content, the Mullins effect at this time should be
mainly resulted from the destruction of the filler-filler 3D
network structure during the stretching process.
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