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Abstract
The reinforcement degree offered by silica as a spherical filler with low aspect ratio and high filler–filler interaction was 
compared with mica as a platelet filler with higher aspect ratio and lower filler–filler interaction. By replacing half of the 
carbon black with silica or mica in a typical formulation, rubber composites were prepared and their properties were evalu-
ated under two conditions: In the first one, the impact of increasing the amount of a chemical surface modifier, namely silane 
TESPT (bis triethoxysilylpropyl tetrasulfide), was investigated and in the second one, the increasing amount of a physical 
modifier namely DPG (diphenyl guanidine) on the performance of the two fillers was explored. The resulting composites 
were subjected to physico-mechanical experiments including the bound rubber, tensile test, and the dynamic mechanical 
thermal analysis (DMTA). Results indicated that the greater amount of filler–filler interaction resulting from the higher SiO2 
and hydroxyl content in silica has a dominating role over the aspect ratio of mica which is then led to a remarkable difference 
in their bound rubber. However, the mica-containing composites were capable of competing with silica when the DPG was 
used. Nevertheless, the compound only containing carbon black with 19.7 MPa of tensile strength and 24.4 kgf/cm of tear 
strength showed the best mechanical properties among other fillers, and by replacing 30 phr carbon black, these properties 
decreased approximately 15 ± 3%. Based on DMTA findings, promising data were obtained for the mica-reinforced rubbers 
with regard to the tire application.
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Introduction

Unfilled rubbers have such poor toughness and strength that 
they cannot be used in almost any practical applications [1]. 
Reinforcing rubbers with fillers in a high volume fraction 
is a classical method and still the most practical solution. 
The impact of filler on the rubber reinforcement can be elu-
cidated in principle by one of the following main mecha-
nisms: (1) the stress transferring from the soft matrix to the 
stiff particles, (2) the substitution of a portion of the rubber 

matrix with the stiffer filler and (3) the reduced segmental 
immobilization caused by the interaction of polymer chains 
with the filler surface [2]. The correlation of reinforcement 
to the structure and chemistry of fillers can accordingly be 
anticipated. For instance, when compared to a spherical 
filler, layered shape fillers having aspect ratios higher than 
1 are capable of providing stronger stress transfer.

The microstructure of such fillers, if properly dispersed, 
can be converted from the micro-assembled layers to a 
“house of cards” morphology, which by consequence leads 
to an enhanced segmental immobilization of rubbers [3]. 
Similarly, filler–filler interaction which is a function of the 
surface energy and the polarity of chemical groups existing 
on the filler surface affects the rubber reinforcement through 
the modification of chain immobilization, particularly at 
high filler loading [4, 5]. Therefore, depending on the chemi-
cal and structural characters of the fillers, their reinforcing 
potential may be competing with each other, and experimen-
tal practices are required to find out the dominating role. 
While carbon black is the most common filler of rubbers, 
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recent trends for green tire applications have shifted the aca-
demic and industrial attention to other mineral alternatives 
such as precipitated silica [6–8]. The precipitated silica has 
been traditionally used as a reinforcing filler in rubber appli-
cations where a high degree of tear resistance was required. 
When used with suitable surface modifiers (i.e., silanes), 
silica can decrease the heat build-up and viscoelastic energy 
dissipation, when compared to carbon black-filled rubbers. 
This has led to its indispensable role in green tire technology 
[9, 10]. However, there are some ever-existing challenges 
with the use of silica including (1) poor processability, (2) 
low electrical conductivity, and (3) high cost, mainly attrib-
uted to the expense of the silane coupling agent [11]. This 
has paved the way for evaluating the performance of many 
other mineral fillers including mica for tire applications. It 
has been suggested in the literature that exfoliating layered 
particles such as clays, mica, and graphite have a remark-
able reinforcing potential, even at loading lower than those 
used in the case of solid particles such as carbon black and 
silica [12–14].

The interaction of silica or other silicate fillers such 
as kaolin and mica (which contain silanol and siloxane 
groups, usually found as SiO2 in the manufacturer’s data 
sheet) with rubbers is very weak due to the relatively high 
filler–filler interactions resulting from the existence of abun-
dant hydroxyl groups on their surfaces [9, 15, 16]. Increas-
ing levels of filler–filler interaction and the polar nature of 
filler adversely influence the final properties through at least 
two mechanisms: First, it reduces the cross-linking density 
by adsorbing and deactivating the curing accelerators on 
their acidic surfaces. Second, it forms a poorly dispersed 
morphology with large aggregates and agglomerates which 
by consequence deteriorates the engineering aspects of rub-
ber properties [17–19]. Treatment of silica surface by either 
physical modifiers such as diethylene glycol (DEG), polyeth-
ylene glycol (PEG), and DPG or the chemical modifiers such 
as the silane-coupling agent TESPT are among the recom-
mended solutions. It is worthwhile to note that the DPG, in 
addition to the role as a surface modifier, is an amine-type 
accelerator that has a synergistic effect on the performance 
of the sulfenamide accelerators [20–22].

The treatment of silica by surface modifiers though 
improves the filler dispersion and the rubber curing, reduces 
the filler–filler interaction and thus leads to a loss in its max-
imum reinforcing ability [23].

The present contribution aims to understand whether or 
not the higher aspect ratio of the silicate fillers can balance 
its lower content of filler–filler interaction at a level that 
could be competed with the reinforcing characters of the 
treated silica. The aim of this study is to evaluate the possi-
bility of replacing the half of carbon black in a conventional 
tire tread compound with silica and mica, by assessing the 
mechanical and dynamic properties of the two composites. 

Silica with its high filler–filler interaction and mica with a 
non-spherical shape have distinct features to compete with 
each other with regard to the reinforcing capabilities. The 
comparison of the two reinforcing fillers is made by a sys-
tematic increase of two types of surface modifiers: covalent 
type (i.e., TESPT) and a physical one (i.e., DPG). Based on 
DMTA results, the replacement of half of the carbon black 
content by silica or mica can show similar wet grip and roll-
ing resistance properties.

Experimental

Materials and preparation of compounds

All materials were combined according to Table 1 and mixed 
in three steps as Table 2. Mica was supplied from Narm-
kooban Co., (Iran) and its sieve residue on mesh No.200 
(0.074 mm) measured according to ISO 787-2 was reported 
less than 0.1%. Ultrasil VN3 as precipitated silica was sup-
plied from Evonik Industries AG (Germany) and its sieve 
residue on mesh No. 230 (0.063 mm) measured according 
to ISO 787-2 was reported less than 0.1% and its specific 
surface area measured according to ISO 9277 was reported 
180 m2/g.

The first and second stages were performed in an internal 
mixer with a fill factor of 0.7 and a rotor speed of 60 rpm 
with an initial temperature of 80 °C and a dump temperature 
of 145 ± 5 °C. Then, the third step after 24 h of resting was 
done on a two-roll mill.

With the exception of the control sample which contained 
60 phr N330 carbon black, the rest contained 30 phr N330 
and 30 phr silica or mica.

The amounts of TESPT and DPG used in this formulation 
were based on the CTAB specific surface area of the silica 
according to Eqs. 1 and 2 as suggested by Guy et al. [10] 
respectively:

Hence, the optimal values of TESPT and DPG for 30 phr 
Ultrasil VN3 were calculated as 2.6 and 0.6, respectively. 
Since the percentage of SiO2 in mica was about half of the 
SiO2 in silica, other amounts of TESPT and DPG were 
selected as 1.3 phr and 0.3 phr, respectively. The range of 
filler–polymer interaction was extended in silica-containing 
rubbers using new values of TESPT (3.9 and 1.3 phr) and 

(1)

TESPT (phr) = 5.3 × 10−4 × specific surface area of silica
(

m2∕g
)

× silica amount (phr),

(2)
DPG (phr) = 1.2 × 10−4 × specific surface area of silica

(

m2∕g
)

× silica amount (phr).
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DPG (0.9 and 0.3 phr). The corresponding modification was 
also applied for the mica case.

To eliminate the effect of curative on the cure charac-
terization and mechanical properties, all curative quantities 
were kept constant in all composites. Therefore, by enhanc-
ing the DPG level, the amount of co-accelerator (CBS) was 
declined.

Methods for characterization

Mooney viscosity (ASTM D1646) and cure characterization 
(ASTM D2084) were measured by the Monsanto rheometer 
(Gomaplast Machinery, Inc., USA) at 100 °C and 160 °C, 
respectively.

The mechanical properties were obtained by a Universal 
Testing Machine (Hiwa200, Hiwa, Iran). To evaluate the 
tensile strength and tear strength, dumb-bell (ASTM D412) 
and die C (ASTM D624) specimens were punched out from 
the molded sheets, respectively. The tests were repeated 
three times and the average values of the tensile strength, 
elongation-at-break, and tear strength were reported.

Dynamic mechanical thermal analysis was performed 
with Tritec 2000 (Triton, England) in a single cantilever 
bending mode with a frequency of 10 Hz, a strain of 0.15% 
and a temperature range of − 100 °C–100 °C with a heating 
rate of 5 °C/min (ASTM E-1640).

The scanning electron microscopy (SEM) images were 
taken from the gold-coated surface of samples which 
cut in liquid nitrogen, using the Phenom-ProX Nether-
lands microscope with 15  kV voltage and 1000 × and 
10,000 × magnification.

DMTA and SEM were compared only for compounds 
containing 2.6 phr TESPT and 0.6 phr DPG.

To determine the SiO2 content of silica and mica powder, 
X-ray fluorescence (XRF) test was performed with Philips 
PW2404. XRF results showed that the SiO2 contents of sil-
ica and mica were 98.1% and 55.8%, respectively. Also, it is 
reported that Ultrasil VN3 silica has about 98% SiO2 [24].

To measure the percentage of bound rubber, 0.5 g of 
a sample having no curatives (the specimens obtained at 
the end of the second stage) was cut into small pieces and 
loosely packed in a steel cage (mesh size 400). Then the 
cage was immersed in 50 mL toluene solvent at ambient 
temperature for 7 days. Next, it was placed in the n-hexane 
solvent for 24 h and finally dried at ambient temperature for 
2 days to constant weight. The initial sample and sample 
after dissolution were weighed. The percentage of bound 
rubber was calculated according to Eq. 3.

(3)

Bound rubber(%) =

[

Wfg −W

(

mf

mf + mp

)]

∕W

(

mp

mf + mp

)

× 100,
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where W is the initial sample weight, Wfg is the carbon black 
load and gel, mf is the filler mass in the compound, and mp is 
the polymer mass in the compound [25–27].

Results and discussion

Reinforcement

Cure characteristics

Part of the reinforcing ability of a filler in a rubber com-
posite is due to the impact of fillers on the cure character-
istics. Also, from a mechanistic point of view, the Mooney 
viscosity and the minimum torque (ML) are excellent 
measures of the degree of filler–filler and filler–polymer 
interactions. They may also reflect the possible impact by 
premature cross-linking, filler re-aggregation, and shorten-
ing the length of the polymer chain due to the shear force 

during mixing, as secondary factors. At various levels of 
TESPT and DPG, the main attributes of vulcanization are 
listed in Tables 3 and 4, respectively. The highest values 
of the Mooney viscosity and the minimum torque are for 
the silica-containing rubber, which is then followed by the 
CB and mica-containing fillers. Such a trend is a result of 
strong filler–filler interactions in silica, lower filler–filler 
but rather higher filler–polymer interaction in CB, and 
finally reduced filler–filler and filler–polymer interactions 
in mica-containing rubbers. As an early finding, it seems 
that the higher aspect ratio of mica has not been sufficient 
to provide the same level of filler–polymer interaction in 
CB. The addition of coupling agent TESPT and DPG to 
both silica and micaon one side reduces the filler–filler 
interaction but enhances the filler–polymer interaction on 
the other. The net effect can readily be found by compar-
ing the Mooney viscosity and the minimum torques of 
the samples, as similarly conducted elsewhere [28]. In the 

Table 2   Mixing procedure Step 1 Step 2 Step 3

Time Action Time Action Action

0.00 Add rubber 0.00 Add master batch All curatives (DPG, CBS, and 
S) were mixed on a two-roll 
mill

1.00 Add white filler, TESPT 1.00 Add ZnO
3.00 Add carbon black, stearic 

acid, TMQ, oil
5.00 Dump

5.00 Sweep
8.00 Dump

Table 3   TESPT effects on cure characteristics

Properties Unit SBR/CB SBR/silica
TESPT (1.3)

SBR/silica
TESPT (2.6)

SBR/silica
TESPT (3.9)

SBR/mica
TESPT (1.3)

SBR/mica
TESPT (2.6)

SBR/mica
TESPT (3.9)

ML (1 + 4)@100 °C MU 84.1 94.2 95.7 94.6 52.5 50.1 52.4
Minimum torque (ML) dNm 14.5 15.0 18.0 16.0 12.0 11.5 10.0
Maximum torque (MH) dNm 79.0 72.0 86.0 72.0 71.0 75.0 66.0
MH–ML dNm 64.5 57 68 56 59 63.5 56
ts2 min 3.4 4.8 4.2 4.6 4.0 3.9 3.8
t90 min 6.0 8.8 7.5 8.1 6.6 7.0 6.8
Cure rate index % 76.92 50.00 60.61 57.14 76.92 64.52 66.67

Table 4   DPG effects on cure characteristics

Properties Unit SBR/CB SBR/silica
DPG (0.3)

SBR/silica
DPG (0.6)

SBR/silica
DPG (0.9)

SBR/mica
DPG (0.3)

SBR/mica
DPG (0.6)

SBR/mica
DPG (0.9)

Minimum torque dNm 14.5 20.0 18.0 19.0 11.5 11.5 11.0
Maximum torque dNm 79.0 86.0 86.0 83.5 78.0 75.0 72.0
MH–ML dNm 64.5 66 68 64.5 66.5 63.5 61
ts2 min 3.4 4.4 4.2 4.2 4.1 3.9 3.6
t90 min 6.0 7.5 7.5 7.0 7.2 7.50 6.8
Cure rate index % 76.92 64.52 60.61 71.43 64.52 64.52 62.50
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compounds containing silica, with increasing TESPT up to 
2.6 phr, the minimum torque increased, but with addition 
to 3.9 phr in both compounds containing silica and mica, 
the minimum torque decreased.

At the cure temperature, silica re-agglomeration (i.e., 
flocculation) also takes place and this phenomenon, depend-
ing on its rate, alters the maximum torques (MH). The maxi-
mum torque has the previous filler impacts in addition to the 
contributions resulting from the filler re-agglomeration, and 
rubber crosslinking.

Comparing the MH–ML values for all types of compos-
ites, one may have a rough approximation of the degree of 
the crosslinking. This factor does not vary much among the 
composites and thus the mechanical properties of the com-
posites may be compared with no definite impact from the 
difference in crosslinking densities. Interestingly, for the 
DPG-modified systems such interference may further be 
excluded in the interpretation of the results due to the closer 
values of MH–ML for all composites.

When compared to the CB-filled rubber, the time for the 
start of curing and the optimum curing time (i.e., ts2 and t90, 
respectively) have prolonged for both of the silica- and mica-
containing rubbers. These are traditionally related to the 
acidic nature of the fillers. It is believed that intrinsic polar-
ity and the free silanol groups can absorb basic curatives and 
delay the vulcanization process. The use of TESPT helps to 
reduce these groups through the silanization reactions, so 
it accelerates the cure time. Also, increasing the amount of 
TESPT from 1.3 to 3.9 phr, decreases the scorch time.

Stiffness and bound rubber

The concept of the “bound rubber” and the volume of the 
rubber that has experienced mobility restriction has long 
been regarded as an acceptable criteria of the rubber stiff-
ness. As stated previously in the literature [4], various 
mechanisms contribute to the formation of bound rubber 
including “shell”, “occluded” and “trapped” rubber depend-
ing on the filler volume fraction, filler structure, filler–filler 
as well as filler–polymer interaction. At low filler loading, a 
thin layer of rubber with restricted mobility is formed around 
the filler as a result of filler–polymer interaction. The total 
available surface area of the filler will determine the amount 
of shell rubber. For high “structure” fillers, new portions of 
rubber may be occluded and prevented from routine move-
ment within the fractal shape of a filler aggregate (known 
as occluded rubber). At high filler volume fraction or at 
severe filler–filler interaction, the entrapment of large con-
tent of rubbers inside the filler aggregates (which is known 
as trapped rubber) also gives rise to the formation of bound 
rubber. As shown in Fig. 1 and in accord with the results of 
Mooney viscosity and minimum torque, the percentage of 
bound rubber in the compound containing silica is higher 

than that in other samples. Filler–filler interaction, resulting 
from the higher amounts of hydroxyl groups existing on the 
silica surface, traps a larger amount of rubbers within the 
aggregates. It was expected earlier that mica with the higher 
aspect ratio may lead to an enhanced amount of shell rubber 
that could compete with the higher filler–filler interaction 
and trap the rubber obtained from the silica. It is realized 
that for such high filler rubber composite (60 phr filled rub-
ber), it is the trapped rubber that has dominated the bound 
rubber over the shell rubber. With the increase of TESPT, 
the filler–polymer interaction is enhanced and the filler–filler 
interaction is reduced which leads to the observation of a 
peak for the moderate amounts of silane. For the mica sys-
tem, it seems that the reduction of filler–filler interaction due 
to the addition of TESPT is rather minor and the continuous 
improvement of filler–polymer interaction is the possible 
cause of the monotonic improvement in the bound rubber. 
The enhanced degree of the polymer–filler interaction in 
silica by the addition of silane might be of physical hydro-
phobic–hydrophobic interaction, or, in a less probable state, 
of the chemical bonding type that may be formed between 
the filler and rubber during the high temperature mixing 
process.

Strength properties

The results of the TESPTas a chemical modifier and DPG 
as a physical modifier on the tensile strength of both silica- 
and mica-containing rubbers are investigated in Fig. 2. The 
tensile strength of the composites is dictated by the com-
binatory impacts of the composite stiffness (i.e., modulus) 
and the resistance-to-fracture (crack nucleation and growth). 
Fracture by itself is defined by the quality of filler dispersion 
and the viscoelastic energy dissipations. It is rather accepted 
that the composites with higher bound rubber commonly 
have higher values of both the stiffness and the energy dis-
sipation. There is no doubt, as bound rubber results imply, 
both the modulus and the viscoelastic dissipation would be 

Fig. 1   Effect of TESPT on bound rubber percentage of silica- and 
mica-containing composites
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the highest among all silica-containing composites. It is 
then the good quality of filler dispersion that has led to the 
highest values of tensile strength for CB composite, even 
though the bound rubber of this composite has produced a 
moderate value. The mica-containing rubber has the low-
est tensile strength, due to the lowest bound rubber content 
and the improper filler dispersion which is expected from 
its inorganic nature. Again there is a clear manifestation of 
the fact that the role of filler–filler interaction in bound rub-
ber formation (stiffness and dissipation) cannot be simply 
surpassed by the higher aspect ratio of the filler.

By improving the filler–polymer interaction using silane 
TESPT or DPG, two different trends can be found depend-
ing on the type of surface modifier. In TESPT-containing 
composite, the trend is similar to the bound rubber described 
earlier, except for the mica that lost its dispersion at higher 
TESPT loading. Such a large amount of TESPT provides 
numerous covalent bonding at the interface that would 
drop the dissipation and thus the fracture resistance. The 
interesting result can be seen when the DPG has been used 
as a physical modifier instead of TESPT. Here, the mica 
can compete in tensile strength with silica, particularly at 
lower DPG values where filler–filler interaction in mica can 
still contribute to the bound rubber and stiffness. For DPG 
systems, the loss in filler–filler interaction of silica is more 
significant than the gain of filler–polymer interaction. There-
fore, although the filler–filler interaction of silica is reduced 
by the surface treatment, the covalent bonding formed at the 

interface by the use of TESPT improves the stress transfer-
ring mechanism and maintains both the stiffness and strength 
at an acceptable level. As long as the TESPT is replaced by 
the DPG, there would be a possibility to find similar strength 
and stiffness properties for both silica and mica systems.

The elongation-at-break has some indications of the frac-
ture resistance of the materials and thus it can be related 
to the filler dispersion, the agglomeration of the filler par-
ticles, and the filler–rubber interactions. Muniandy et al. 
[29] associated the reduction of elongation-at-break with 
the agglomeration and reduction of the filler–rubber interac-
tions, while Ismail et al. [30] reported that the reduction of 
elongation-at-break is due to the improvement of the filler 
dispersion and the adhesion of filler–matrix interface. As 
observed in Fig. 3, with increasing TESPT, elongation-at-
break increased for the mica-based compound, while with 
increasing DPG, elongation-at-break decreased. In the silica-
based compound, elongation-at-break was obtained in the 
lowest value when TESPT and DPG were used according 
to suggested Guy formula. Due to the low modulus of mica 
and its lower amount of bound rubber, the resulting compos-
ite has the least modulus and the highest extensibility and 
elongation-at-break. By emphasizing that the low modulus 
and the high extensibility are of the fundamental require-
ments of any practical rubber article, the mica seems to be a 
promising candidate for reinforcement of rubbers. The com-
petition between mica and silica is very close with regard to 
the elongation-at-break and there are particular cases with 

Fig. 2   Effect of TESPT and 
DPG on tensile strength of the 
composites

Fig. 3   Effect of TESPT and 
DPG on elongation-at-break of 
the composites
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similar behavior for both the systems with TESPT and DPG 
modifiers.

The M300/M100 values as a reinforcement index are 
plotted in Fig. 4. As observed, the reinforcement index is 
improved when TESPT is increased especially for mica-
containing rubbers. These results are consistent with bound 
rubber results. Also, the enhancement of the reinforcement 
index with TESPT adding was reported by Sengloyluan [28]. 
On the other hand, the reinforcement index of mica-filled 
samples increased by DPG adding. It might be due to this 
fact that DPG promotes the silanization reaction.

The tear strength which manifests the resistance to cut 
growth is again defined by the energy dissipation and the 
filler dispersion as tensile strength (Fig. 5). In contrast, how-
ever, the stochastic nature of crack nucleation is avoided here 
and only resistance to growth is measured. In DPG-treated 
systems, the existence of a crossing point in the behavior 
of the mica and silica with regard to the tear strength can 
again be found. For TESPT systems, very close values can 
be observed, especially at extreme levels of the silane used.

SEM results

To find out whether or not the speculations regarding the 
filler dispersion in the previous section are valid, SEM 
images of the compounds were taken at two magnifications 
as shown in Fig. 6 (a, c, e: × 1000; b, d, f: × 10,000). The 
TESPT and DPG are constant in SEM images of compounds 
containing silica or mica (2.6 phr TESPT and 0.6 phr DPG). 
The carbon black-containing rubber reveals the excellent 
state of the filler distribution and dispersion. The grooved 

lines at the fracture surface of the control sample proved 
that considerable levels of stress are needed to break this 
sample. For this reason, the control sample which only con-
tains carbon black has exhibited the highest tensile strength. 
The silica system has also shown a more uniform fracture 
surface than mica. Also, grooved lines with less intensity are 
observed in some areas of the fracture surface of the com-
pound containing silica. However, at the fracture surface of 
the compound containing silica, spherical microporous and 
agglomerations are observed, which suggests that in spite 
of using the TESPT coupling agent, defect-containing filler 
networks were formed. In the case of mica, the filler–filler 
interaction is lower than silica but due to their layered struc-
ture, the uniform dispersion of the filler is more challenging.

DMTA and prediction of tire tread performance

To predict the performance of a tire tread, tanδ (or loss 
factor) measurements of the tread compound at 10 Hz fre-
quency as a measure of the ice grip about  − 10 °C, wet grip 
about 0 °C, dry grip about 25 °C, rolling resistance about 
60 °C and heat build-up about 100 °C, are common [31–33].

The loss factor which is a ratio of the loss modulus or 
viscous modulus to storage modulus or elastic modulus is 
related to the molecular movement. Therefore, tanδ value 
may disclose the interface interaction between the rubber 
and the filler. The loss modulus can be due to the friction 
of the filler–filler interfaces, where the particles hold each 
other in the form of weak aggregations; or the friction of the 
filler–polymer interface, where there is no adhesion in the 
interface [34]. In other words, decreasing the height of the 

Fig. 4   Effect of TESPT and 
DPG on reinforcement index 
(M300/M100)

Fig. 5   Effect of TESPT and 
DPG on tear strength of the 
composites
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tanδ peak is due to the restriction of polymer chain move-
ment as a result of the physical and chemical absorption of 
the rubber molecules on the filler surface [30, 35]. There-
fore, the control sample and the sample containing silica 
with a minimum tanδ at Tg temperature exhibited greater 
reinforcement effect (Fig. 7).

For temperatures above − 10 °C, the tanδ values of the 
composites are very close to each other as only 30 phr of 

carbon black has been replaced with silica or mica. Never-
theless, it is perceived that the direction of ice grip improve-
ment (the tanδ value at − 10 °C) is in the order: mica > sil-
ica > carbon black compound. Also, the tanδ value at 0 °C 
for compounds containing different fillers are approximately 
the same, while at 25 °C is the greatest for the control sam-
ple and the lowest for the mica-based compound. In the case 
of rolling resistance or tanδ value at 60 °C, the results are in 
the order: silica ≈ carbon black > mica.

Conclusion

When the silica surface is treated by a bifunctional silane 
such as TESPT, the filler–filler interaction is reduced and 
part of the reinforcing ability that is rooted in filler–filler 
interaction has vanished. However, the formation of the 
covalent bonding at the interface imparts a new possibil-
ity for stress transferring mechanism. The mica with its 
lower filler–filler interaction but a higher aspect ratio can-
not simply compete with silica when such a stress transfer-
ring mechanism is operating. However, if the silica surface 
is treated by a physical modifier, new opportunities are 
developed for mica and the reinforcing potential of these 

Fig. 6   SEM images of compounds containing various fillers (all samples containing 2.6 phr TESPT and 0.6 phr DPG): C (a, b) B (60 phr), (c, d) 
Si/CB (30/30), (e, f) Mi/CB (30/30) (up: × 1000, down: × 10,000)

Fig.7   Temperature-dependent functions of loss factor for compounds 
containing various fillers (all samples containing 2.6 phr TESPT and 
0.6 phr DPG)
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two fillers becomes comparable. Considering the extensi-
bility and elongation-at-break, as two of the most important 
engineering properties of rubbers, mica composites perform 
even better than silica. The DMTA results, which reflect a 
measure of the performance properties of a tire, indicate 
that the replacement of 30 phr carbon black by silica or mica 
can show a similar wet grip and rolling resistance. Ice grip 
was predicted to be greater for mica-containing tire tread 
composite.
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