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Fig. 1: Example of the different physical forms of precipitated silica: (A, left) powder, (B, center) milled granu-
lated, and (C, right) microgranular.

Table 1: Model passenger car radial tire tread formulations.
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Executive summary
Precipitated silica use improves the lab predictors of a passenger car 

radial tire tread compared to carbon black. Wet traction is improved by 
increasing the measured tangent delta at 0°C, and rolling resistance is 
improved by decreasing the measured tangent delta at 60°C.

To maintain wear resistance, silica should be dispersed to a similar 
degree as carbon black, but in addition needs to efficiently react with 
the bifunctional organosilane coupling agent. Because European 
regulations already in effect mandate the labeling of all tires for 
rolling resistance, wet traction and noise levels, silica use in tire 
treads is expected to increase even further. 

We have studied a model PCR tire tread formulation by changing 
four independent variables: (1) SSBR and adding all of the TDAE 
process oil independently in the first pass mixing step, versus using 
an oil-extended SSBR (OE-SSBR); (2) silicas having similar CTAB 
surface areas, but different physical forms; (3) mixing on a 1.5 liter 
Banbury-brand mixer with 2-wing tangential rotors, and a new 1 liter 
mixer having intermeshing rotors; and (4) using 3-pass and 4-pass 
mix sequences with the intermeshing rotors, but with an additional 
step to give 4-pass and 5-pass mix sequences using the Banbury.

Compound cure and cured physical and dynamic properties are 
measured to evaluate compound performance. Optical photographs at 
100 times and scanning electron micrographs at 1,000 times magnifi-
cation are used to quantify silica dispersion, particularly agglomerates 
> ~1 micron as they potentially reduce tread wear. 

Statistical analysis shows SSBR type as the most significant vari-
able. Using OE-SSBR generally gives higher mean values, including 
for the M300/M100 ratio (reinforcement index), E’ at -30°C (cornering 
coefficient predictor), and tangent delta at 0°C (wet traction predictor). 
In addition, OE-SSBR use gives compounds that drop from the first 
pass mix as primarily massed.

Silica physical form was not significant for the M300/M100 ratio or 
dispersion properties, but it was observed that first pass drop tem-
peratures averaged 9.3°C lower for the spray-dried microgranular 
highly dispersible silica, which shows that optimum mixing chamber 
volume can differ for different physical forms of silica. Thus, it is im-
portant to optimize the mixer fill factor to increase dispersion and 
maximize throughput. The M300/M100 ratio has a quantitative cor-
relation coefficient (R2 = 0.965) when using the mixer with inter-
meshing rotors, but only a qualitative correlation (R2 = 0.853) when 
mixing with tangential rotors.

No statistically significant correlations were obtained for silica dis-
persion properties and the four independent variables. SEM analysis at 
100X, 500X and 1,000X magnifications should provide a more detailed 
picture of the silica agglomerate/aggregate populations, and hence the 
effectiveness of the silica-organosilane and polymer coupling reactions. 
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Optimizing silica-filled car tire tread performance
By Christine Domer, Scott Sarah, 
Keegan Moss, Nicholas Kasmar, 

Dustin Jenkins and Walter Waddell
Smithers Rapra

In 1993, Michelin1 patented a sili-
ca-filled tire tread composition giving 
improved tire performance by using a 
solution-polymerized SBR (SSBR) with 
26 percent styrene and 60 percent vinyl 
content. The silica was prepared accord-
ing to a patented process2 that is current-
ly referred to as a highly dispersible silica 
(HDS), and combined in a process using 
two thermomechanical mixing steps that 
achieved temperatures >145°C and <165°C.

This produced a 170/75 R13 tire with 
increased traction and lower rolling re-
sistance values. A 75/25 blend of the 

SSBR/high cis-BR and a bifunctional or-
ganosilane coupling agent were used to 
maintain the tire wear life, compared to 
a N234 carbon black-filled, emulsion-SBR 
control. 

The Common Position No. 18/2009 
adopted by the European Parliament 
and the Counsel for the European Union 
mandated the labeling of all tires with 
respect to fuel efficiency and other es-
sential parameters beginning on Nov. 1,  
2012.3 As a result, the use of precipitated 
silica in tire treads is expected to in-
crease even further.

Thus, the recent focus is using silica 
in tire applications extending beyond 
use in passenger car tire treads,4-6 such 
as in truck/bus tire treads6-8 and in re-
treads.8 Highly dispersible silicas,9-11

higher surface area silicas,4-8, 11 sili-
ca-rubber masterbatches,12-15 different 
silane coupling agents,16-19 and addi-
tives20 are new materials that are re-
ported to enhance the performance of 
the silica-filled tire tread. 

The present study of a model passen-
ger car radial tire tread is based on the 
patented formulation,1 changing four 
independent variables in order to evalu-
ate their effect on optimizing tread com-
pound performance. The results of these 
two material and two mixing changes 
will be discussed.

Experimental
SSBR type is the first independent 

variable. Two were selected to have simi-
lar microstructures, namely %-bound 
styrene and total %-vinyl in the elasto-
mer. SSBR is denoted as N (no oil) where 
all of the TDAE process oil is incorporat-
ed independently into the batch during 
the first pass mixing step.

This SSBR polymer contains 25 per-
cent styrene, 60 percent vinyl (45 per-
cent of the total microstructure) and has 
a Mooney viscosity of 60. It is being 
compared to an oil-extended SSBR de-
noted as O, which contains 25 percent 
styrene, 50 percent vinyl and has a 
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Mooney viscosity of 62, as it contains 
27.3 percent by weight of TDAE process 
oil (37.5 phr), indicating that the actual 
molecular weight is significantly higher.

The two tread formulations were ad-
justed to have the same total TDAE oil 
content with all other ingredients re-
maining constant (Table 1).

Silica form is the second independent 
variable. Two silicas having similar 
CTAB surface areas21 were selected be-
cause they also have very different phys-
ical forms. Use of a powdered silica (Fig. 
1A) is unacceptable in a tire manufac-
turing plant because it must be delivered 
as a dust-free material but remain capa-
ble of being air-conveyed, automatically 
weighed and delivered into the internal 
mixer chamber.

Silica manufacturers control its bulk 
density in order to accommodate this 

important environmental requirement 
of the tire manufacturing plant. A pow-
dered silica can be formed as substan-
tially dust-free in a granulated form 
(Fig. 1B), for example by compacting the 
powder on a textured 2-roll mill. Alter-
natively, silica can be directly spray-
dried into a dust-free particle called a 
microgranule (Fig. 1C). Here, the spray-
dried microgranular silica (CTAB sur-
face area = 165 m2/g) is denoted as P, 
and the milled granulated silica (CTAB 
surface area = 160 m2/g) is denoted as G. 

These two silicas of differing physical 
form were each studied in the model 
PCR tread formulation with both SSBR 
types (Table 1).

Rotor type is the third independent 
variable studied. A 1.5-liter Ban-
bury-brand mixer with 2-wing tangential 
rotors (denoted as T) and a 1.0-liter mixer 
with intermeshing rotors (denoted as I) 
were each used to prepare all four model 
tread formulations: two SSBR types with 
two silica physical forms (Table 1).

In order to achieve good silica disper-
sion, the other mixing variable studied is 
the total number of mix passes (steps). 
Three-pass and 4-pass sequences are 
used when mixing with intermeshing 
rotors. A 4-Pass mix is shown in Table 2.

The 3-pass mix simply eliminates the 
Stage 3 re-mill. When using the Banbury 
mixer with tangential rotors, a similar 
4-pass mix sequence is used. However, 
an additional second re-mill step is incor-
porated as Stage 2, giving two re-mill 
steps (Stage 2 and Stage 4) for the 5-pass 
mixing sequence. It has already been 
shown that when mixing a silica-filled 
PCR tread on a Banbury with 2-wing 
tangential rotors, a 3-pass sequence did 
not yield optimized results.9 

A total of 18 compounds were mixed, 
eight using the Banbury with 2-wing 
tangential rotors (T) and 10 using the 
mixer with intermeshing rotors (I). The 
two extra compounds add all 75 phr sili-
ca at 30 seconds rather than splitting 
the addition into 50/25 phr fractions 
(Table 2). A N234 black control using 
3-pass, 4-pass, and 5-pass mix sequenc-
es on a mixer with 2-wing tangential 
rotors was previously studied.9

Mooney viscosity, compound cure (ML, 
MH, ∆ Torque (MH - ML), TS2, and Tc90), 
and cured physical properties (Tensile 
Strength, 50 percent, 100 percent and 
300 percent modulus, M300/M50 and 
M300/M100 modulus ratios, elongation 
at break, Shore A hardness, rebound, 
tear strength, Goodrich Blowout, and 
DIN abrasion) and dynamic properties 
(E’, E”, E*, D” and tangent delta values 
at -30oC, 0oC, 30oC and 60oC) were mea-
sured in order to examine the effects on 
PCR model tread performance of (1) 
SSBR type denoted N (SSBR with no oil) 
and O (oil-extended SSBR), (2) silica 
physical form G (milled and granulated) 
and P (spray dried powder-like), (3) rotor 
type T (tangential) and I (intermeshing), 
and (4) the total number of mix passes. 

Five optical photographs at 100X mag-
nification and 12 scanning electron micro-
graphs (SEM) at 1,000X magnification 
were obtained for each compound and an-
alyzed using NIH ImageJ software22 in 
order to determine the average %-White 
Area. The number of undispersed silica 
agglomerates > ~1 micron and the ag-
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Fig. 3: SAS JMP Oneway analysis for M300/M100 ratio and SSBR type. Fig. 4: SAS JMP Oneway analysis for tan delta at 0oC (wet traction predictor) and 
SSBR type.

Fig. 2: ANOVA linear fit for 300 percent modulus: R2 = 0.906, prob > F <0.0001, with SSBR type, mixer type (rotor) and silica 
form being significant variables.

Table 2: 4-Pass mixing sequence. Table 3: Linear correlations from SAS JMP fit model of measurables 
with the four independent variables.
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gregate structures < 1 micron were de-
termined from SEM analysis data.

Note that carbon black (5 phr) and zinc 
oxide (1 phr) particles could be present 
but represent 7.4 percent of the total 
filler. The distribution of undispersed 
silica agglomerates > ~1 micron can be 
graphed by transferring the ImageJ 
software data into Excel to plot the par-
ticle size distribution, the number of 
particles as a function of their micron 
size. Minitab and SAS JMP statistical 
software programs were used for data 
analysis. 

Results and discussion
Statistical analysis

Two SAS JMP statistical subprograms 

were primarily used: (1) Fit Model to ex-
amine the effect of all four independent 
variables (ANOVA) on a dependent prop-
erty (measurable), comparing N/O, P/G, 
T/I, and number of mix passes, and (2) 
Fit X by Y Oneway Analysis of a depen-
dent property by one individual variable. 

The Fit Model analysis of all 18 com-
pounds gave quantitative (R2 > 0.95), ex-
cellent (R2 > ~0.9), and qualitative (R2 > 
~0.8) correlation coefficients, as well as 
poor fits of the data. An example analysis 
is shown for the 300 percent modulus 
(Fig. 2). The model is statistically signif-
icant because prob>F <0.0001.

Significant independent variables are 
SSBR type, mixer type (rotor), and silica 
physical form. The total number of mix 
passes is not significant because prob>F 
>0.1. Table 3 is a summary of the linear 
correlations of all measurables with the 
four independent variables.

For a tire tread compound, some of the 

important laboratory properties are: E’ 
at -30oC, the cornering coefficient pre-
dictor23: R2 = 0.738; tangent delta at 0oC, 
the wet traction predictor23-24, 26: R2 = 
0.878; E’ at 30oC, the handling predic-
tor26: R2 = 0.693; tangent delta at 60oC, 
the rolling resistance predictor23-26: R2 = 
0.878; and the M300/M100 ratio9, 27-35 or 
M300/M50 ratio9,35: R2=0.893.

The M300/M100 ratio is known as the 
reinforcing index, and is one measure of 
the effectiveness of the silica-organosi-
lane hydrophobation reaction during 
mixing and polymer coupling reaction 
during curing needed for treadwear. 

SSBR type
Oneway analysis shows that the SSBR 

type statistically has the most signifi-
cant impact of the four independent 
variables. OE-SSBR (O) gives a distinct-
ly higher mean than does SSBR (N) for 
ML(1+4), ML, MH, ∆Torque, Tc90, ten-
sile strength, M300/M100 ratio (Fig. 3), 
E’ at -30oC (cornering coefficient predic-
tor23), and tangent delta at 0oC (wet 
traction predictor23-24, 26).

This 16 percent increase in the mean 
value of predicted wet traction is with-
out regard to the other three indepen-
dent variables, but does give rise to the 
observed variation in the measured re-
sults (Fig. 4). OE-SSBR use provides 
statistically lower results for the re-
bound and Goodrich Blowout values. 

Finally, the SSBR (N) compounds 
drop from the first pass mix as dry and 
crumbly clumps, which take several 
revolutions of working on a 2-roll mill 
before the compound bands and can be 
sheeted out. Alternatively, using OE-SS-
BR (O) gives compounds that drop from 
the first pass mix primarily massed. 

Silica physical form
Dispersion in rubber requires the 

quick incorporation of dust-free silica 
pellets into the mixing chamber, me-
chanical breakdown into smaller parti-
cles, continued size reduction into ag-
glomerates, and dispersion into the 
reinforcing aggregates, which cannot be 
broken down further by mechanical 
mixing. Homogeneous distribution into 
the polymer matrix also is accomplished 
during dispersion.

Physical forms of free-flowing dust-
free pellets can include compacted 
(milled) granules (G) or microgranules 
obtained directly from a spray dryer (P) 
(Fig. 1). However, for silica to be an ef-
fective filler in a tread compound, it 
must also chemically react with the bi-
functional organosilane during mixing 
(a reaction called hydrophobation) and 
bond to the diene rubber during curing 
(called polymer coupling). 

The M300/M100 ratio9, 27-35 is known as 
the reinforcing index and is one indicator 
of the effectiveness of the hydrophobation 
and polymer coupling reactions. The 
M300/M50 ratio also is used.9, 35

An excellent correlation coefficient 
(R2=0.893) is obtained for the M300/
M100 ratio with SSBR type and total 
number of mix passes being statistically 
significant variables. Silica physical form 
is not a significant variable (Fig. 5). 

Silica physical form is significant for 
TS2, Shore A Hardness, tear strength, 
and the 50 percent and 100 percent 
modulus values.  

Rotor type and mix passes
When the statistical analysis is per-

formed as a function of rotor type, a 
quantitative correlation of R2 = 0.965 is 
obtained for the 10 compounds mixed 
with intermeshing rotors (I), and a 
qualitative correlation of R2 = 0.853 is 
obtained for the eight compounds mixed 
with tangential rotors (T).

SSBR type and the number of mix 
passes are statistically significant pri-
mary variables. Use of the higher 
Mooney viscosity OE-SSBR polymer and 
the higher number of total passes in the 
final mix sequence (Table 2) gave in-
creased M300/M100 ratios (Fig. 6). 

As shown in Fig. 5, silica physical 
form was not statistically significant for 
the M300/M100 ratio. It was observed 
that the measured first pass drop tem-
peratures were notably different for the 
two silica forms (Fig. 7), which is a sta-
tistically significant result (Fig. 8).

Mixes with the granulated silica (G) 
achieved the desired final mixing/hold-
ing temperature, but the spray-dried 
microgranular silica (P) averaged 9.3oC 
lower, a result which would be expected 
to adversely affect the silica-organosi-
lane hydrophobation reaction.

Determining the fill factor (%-volume) 
of the mixing chamber as a function of 
the silica’s physical form is also an im-
portant variable that would need to be 
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Fig. 7: Drop temperatures of first pass mixes for all 10 compounds mixed with 
intermeshing rotors.

Fig. 8: SAS JMP Oneway analysis for first pass drop temperature and silica physical form.

Fig. 5: SAS JMP Oneway analysis for the reinforcement index M300/M100 and sil-
ica physical form.

Fig. 6: ANOVA linear fit for the M300/M100 ratio using the mixer with intermeshing rotors: R2 = 0.965, Prob > F <0.0001, with 
SSBR type and number of mix passes being significant variables.

Tread
Continued from page 14
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Fig. 9: Optical photograph at 100X magnification of a silica-filled tread.

Fig. 10: Scanning electron micrograph at 1,000X magnification of a silica-filled 
tread showing a ~2 micron agglomerate.

Fig. 11: Scanning electron micrograph at 1,000X magnification of a silica-filled 
tread showing a ~80 micron particle.

Fig. 12: SAS JMP Oneway analysis for the % particles < 1 micron and silica physical form.

optimized, especially for factory through-
put maximization.

E’ at 30oC (handling predictor26) is 
beneficially higher, but tangent delta at 
60oC (rolling resistance predictor23-26) is 
adversely higher for tread compounds 
mixed with intermeshing rotors.

Silica dispersion
There were no quantitative, excellent, 

or qualitative correlations obtained for 
any silica dispersion property and the 
four independent variables studied. For 
%-White areas from optical photographs 
at 100X (Fig. 9), R2 = 0.233, and for SEM 
micrographs at 1,000X magnification, 
R2 equals 0.694 (Fig. 10), which shows a 
~2 micron silica agglomerate. A large 
undispersed silica particle can easily be 
observed (Fig. 11).

SEM analysis showed no statistically 
significant correlations for other disper-
sion properties: R2 = 0.319 for the aver-
age particle size, and R2 = 0.262 for the 
%-Particles < 1 micron, the relative pop-
ulation of the reinforcing silica aggre-
gate structures.

There are several directional indica-
tors. Average particle size is slightly 
smaller using SSBR (N): 2.76 vs 3.24 
microns), indicating that it is more diffi-
cult to disperse silica in an oil-extended 
SSBR, most likely because the shear 
needed to mechanically break down sili-
ca is not as easily achieved with the oil 
present before silica addition. However, 
using the mixer with intermeshing ro-
tors (I) does show an improvement: 2.89 
vs 3.19 microns. 

Using the spray-dried microgranular 
silica form (P) gives a smaller average 
particle size: 2.68 vs 3.37 microns, and 
higher populations of reinforcing silica 
aggregates as %-Particles < 1 micron: 
40.8 vs. 32.2 percent (Fig. 12). These re-

sults are all consistent with the spray-
dried microgranular silica being a highly 
dispersible silica,9-10 while the milled 
granulated silica is easily dispersible. 

Obtaining SEM micrographs at vari-
ous magnifications, for example at 100X, 
500X, and 1,000X, could provide a more 
detailed picture of the silica agglomer-
ate/aggregate populations, thus facili-
tating the potential optimization of fac-
tory mixing to balance silica dispersion 
and the silica-organosilane hydrophoba-
tion reaction for increased tread perfor-
mance versus cost considerations of 
chamber volume (fill factor), the total 
number of mixing steps, and the total 
energy input. 

Summary
SSBR type is statistically the most 

significant of the four independent vari-
ables, with OE-SSBR (O) giving dis-
tinctly higher means compared to SSBR 
for most properties including the M300/
M100 ratio (reinforcement index9, 27-35), 
E’ at -30oC (cornering coefficient predic-
tor23), and tangent delta at 0oC (Wet 
traction predictor23-24, 26). In addition, 
using OE-SSBR gives compounds that 
drop from the first pass mix as primari-
ly massed.

Silica physical form was not signifi-
cant for the M300/M100 ratio or disper-
sion properties, but it was observed that 
first pass drop temperatures for the 
spray-dried microgranular highly dis-
persible silica (P) was > 9oC lower, thus 
showing that optimal chamber fill factor 
differs for various physical forms of sili-
ca. It is important to optimize this vari-
able for the factory.

For the M300/M100r, statistical anal-
ysis gives a quantitative correlation (R2 
= 0.965) when using intermeshing rotors 
(I), but only a qualitative correlation (R2 

= 0.853) when mixing with tangential 
rotors. 

There were no statistically significant 
correlations for any silica dispersion 
property and the four independent vari-
ables. Obtaining SEM micrographs at 
various magnifications, for example at 
100X, 500X, and 1,000X, could provide a 
more detailed picture of the silica ag-
glomerate/aggregate populations. 

Notable for tread performance are the 
excellent correlation coefficients ob-
tained for the reinforcement index 
M300/M100 ratio (R2~0.89), an indicator 
of effectiveness of the silica-organosi-
lane hydrophobation and polymer cou-
pling reactions, and the tangent delta at 
0oC and at 60oC (R2~0.88), which are 
used respectively as the laboratory pre-
dictors of wet traction and rolling resis-
tance. 
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