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is the VDR rating is subjective 
providing no quantification of 
particles by sizes or numbers. Ori-
ental Silicas12 used NIH ImageJ 
software10 to measure the %-white 
areas of several ISO 11345 Method 
D references. For VDR 1 and 2 
(Very Poor), %-white areas are 
20.5 percent and 17.4 percent, re-
spectively. For VDR 7 (Acceptable) 
and 10 (Excellent), %-white areas 
are 4.9 percent and 2.8 percent, 
respectively, values thought high 
for a PCR tread due to the reduc-
tion in tire wear life.

Oriental Silicas12 accumulated 
>150 SEM images at 1,000X from 
studies of three PCR tread for-
mulas with SSBR/BR or OE-SS-
BR/BR, of seven EDS or HDS 
silicas of differing CTAB surface 
areas, and of multi-pass mix se-
quences. %-White areas were 
used to construct a quantitative 
dispersion rating of 1 >20 percent 
white area (Very Poor) to 10 <1 
percent white area (Excellent). 
One issue is that agglomerates > 
~10 μm could not be observed at 
the high resolution of SEM at 
1,000X magnification, thus large 
undetected particles that could 
result in tread wear loss would 
not be observed.

Smithers13-14 studied a sili-
ca-filled SSBR/BR PCR tread 
formulation and statistically 
varied four independent vari-
ables: SSBR versus OE-SSBR; 
EDS (G) versus HDS (P) silicas 
having similar CTAB surface 
areas but differing physical 
forms (Fig. 1); mixing with tan-
gential versus intermesh rotors; 
and different number of passes 
in the mix sequences. Analysis of 
variance (ANOVA) showed 
OE-SSBR was the most signifi-
cant variable giving higher 

In 1993, Michelin1 patented a 
silica-filled passenger car tire 
tread using new materials to in-
crease wet and snow tractions, to 
reduce rolling resistance, and to 
maintain wear life: high-vinyl 
solution-polymerized SBR2 (SSBR) 
in a blend with high cis-BR, and a 
precipitated silica,3 currently 
known as a highly dispersible sili-
ca (HDS).

Another key point was using at 
least two thermomechanical 
mixing steps between 145°C and 
165°C to decrease the silica par-
ticle size and to react it with the 
silane reinforcing agent to maxi-
mize the ratio of the 300 percent 
to the 100 percent modulus. 
Transmission electron microsco-

py at 100,000X magnification 
quantified silica dispersion by 
measuring the average pro-
jected area of aggregates after 
ultrasonic dispersion in isopropyl 
alcohol giving values >8,500 
nm2. After mixing in rubber and 
following a detailed procedure to 
extract the silica, values between 
7,000 and 8,400 nm2 were ob-
tained showing aggregate sizes 
were reduced by multistep me-
chanical mixing.

To maintain wear resistance 
in a passenger car radial (PCR) 
tire, silica should be dispersed in 
the tread to a similar degree as 
is carbon black. Dispersion of 
silica in rubber is the mechanical 
breakdown in an internal mixer 
of dust-free pellets into smaller 
particles, into agglomerates, and 
into reinforcing aggregate struc-
tures which cannot be broken 
down further mechanically.

During mechanical dispersion, 
homogeneous distribution and 
the chemical hydrophobation re-
action with bifunctional organos-

ilanes need to occur when silica 
surface silanols are exposed. 
Forms of free-flowing, dust-free 
silica pellets include microgran-
ules obtained directly by spray 
drying, or drying then physically 
compacting (or milling then com-
pacting) into granules (Fig. 1).4

Oriental Silicas5-6 studied a 
silica-filled SSBR/BR PCR tread 
formulation evaluating Eeco-
sil-brand 350MG highly dispers-
ible silica versus an easily dispers-
ible silica (EDS) and a commercial 
HDS of similar CTAB surface 
area. An N234 carbon black-filled 
tread was studied as a control. 
Compounds were mixed in 3-pass, 
4-pass and 5-pass sequences in a 
Banbury mixer with 2-wing tan-
gential rotors at the Akron Rubber 

Development Laboratory, which 
performed all testing.

One noteworthy result was the 
increase in the M300/M1001,7-8

and M300/M509 ratios (called the 
reinforcement index) with in-
creasing mixing (Fig. 2). This 
indicated better silica dispersion 
and/or a more complete silaniza-
tion reaction. Both Eecosil 350MG 
and HDS treads showed a quan-
titative linear increase in the 
M300/M50 ratio with the number 
of mix steps.

For example, R2 = 0.9998 for 
Eecosil 350MG treads, and R2 = 
0.9888 for HDS treads. Alterna-
tively, M300/M50 values with 
N234 black showed only slight 
increases with increased mixing, 
which was expected since N234 

is effectively dispersed in three 
passes, and no organosilane is 
present. Notably, the reinforce-
ment index values of the EDS 
tread did not increase from the 
4-pass to the 5-pass mixes (see 
Silica in Fig. 2).

To quantify silica dispersion, 
scanning electron microscopy 
(SEM) photomicrographs were ob-
tained at 1,000X magnification to 
observe silica particles both great-
er than ~1 μm (agglomerates) and 
less than ~1 μm (aggregates). 
%-White area values were deter-
mined using U.S. National Insti-
tutes of Health ImageJ software10

by averaging six images of each 
filler for each mix (Fig. 3).

Particle size distributions were 
plotted in Excel using ImageJ 
data, and showed the EDS tread 
still had ~10 μm agglomerates 
present even after a 5-pass mix 
sequence5-6 (Fig. 4). The %-white 
area values of the silica-filled 
treads did not change signifi-
cantly between respective 4-pass 
and 5-pass mixes. Alternatively, 
the M300/M50 ratio (Fig. 2) of 
the Eecosil 350MG and HDS 
tread compounds increased lin-
early with increased mixing, thus 
showing that the added remill 
stages are important to complete 
the silanization chemical reaction 
inside the mixing chamber. 

ISO 1134511 presents standard 
test methods to characterize fill-
er dispersion in rubber. Method 
D uses split-field optical-micro-
scopic inspection at 100X for 
compounds with a reinforcing 
carbon black (RCB) or RCB/high-
load of silica. Annex D shows 10 
reference photographs to gener-
ate a rapid visual dispersion rat-
ing (VDR) from 1 (Very Poor) to 
10 (Excellent): “A rating of 10 in-
dicates a state of dispersion rep-
resenting near-optimum physical 
properties while a rating of 1 in-
dicates the presence of structural 
flaws, resulting in inferior physi-
cal properties.”

At 100X, only particles with a 
diameter > ~23 μm are observed 
optically, and thus is a macro-dis-
persion measurement. One issue 
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Executive summary
Precipitated silica use improves passenger car radial (PCR) tire tread properties. Wet and winter traction 

are increased and rolling resistance is decreased. To maintain tread wear, silica should be dispersed to a 
similar degree as carbon black, but also needs to efficiently react with the bifunctional organosilane. 

Four cured compounds were received from Smithers to study factors that affect silica macro-disper-
sion. Eecosil-brand 350MG highly dispersible silica (HDS) is compared to an easily dispersible silica 
(EDS) in a PCR tread formulation. Two additional Eecosil 350MG compounds were prepared using 
mix variations. The Dispergrader-brand Alpha View determines macro-dispersion by following 
ASTM D7723 protocol using reflective optical imaging at 100X magnification. 

Results show Eecosil 350MG HDS disperses better based on all measures than the EDS mixed under 
essentially identical conditions. Results are a higher visual dispersion rating when comparing to ISO 
11345 reference photographs, a lower large agglomerate count >~23 μm, a lower %-white area which is 
the observed numbers of surface defects, a higher calculated percent dispersion value, a smaller average 
silica agglomerate particle size and a lower standard deviation of agglomerate size distribution. Results 
also show that the 4-pass Eecosil 350MG mix always gives better dispersion than a 3-pass mix that 
omits the simple re-mill step. 

The rank ordering of the four tread compounds varies among these different Dispergrader Alpha 
View tests. Results are in general agreement with micro-dispersion based on %-white areas from 
SEM at 100X, 500X and 1,000X magnifications and ImageJ analysis, and particle size distributions. 
Differing relative rankings of the macro-dispersion versus the micro-dispersion could be expected 
since different agglomerate size populations are being observed. 

Fig. 1: Example of microgranular (left) and granulated (milled and 
compacted; right) silica forms.4

Fig. 2: M300/M50 reinforcement index of PCR treads with N234 black, 
EDS (silica, purple), HDS (blue) and Eecosil 350MG HDS (green); labels 
-3, -4 and -5 indicate the number of mix passes.5

Fig. 3: %-White areas from ImageJ analysis of treads prepared with N234 
black, EDS (silica, purple), HDS (blue) and Eecosil 350MG (green); labels 
-3, -4 and -5 indicate the number of mixing steps.5-6

Fig. 4: Example particle size distributions of PCR treads using N234 
black, EDS (silica, purple), HDS (blue) and Eecosil 350MG (green) 
prepared using a 5-pass mix.6

Fig. 5: First pass drop temperatures of the highly dispersible silica (P) 
and the easily dispersible silica (G) PCR tread mixes.13-14
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is the VDR rating is subjective 
providing no quantification of 
particles by sizes or numbers. Ori-
ental Silicas12 used NIH ImageJ 
software10 to measure the %-white 
areas of several ISO 11345 Method 
D references. For VDR 1 and 2 
(Very Poor), %-white areas are 
20.5 percent and 17.4 percent, re-
spectively. For VDR 7 (Acceptable) 
and 10 (Excellent), %-white areas 
are 4.9 percent and 2.8 percent, 
respectively, values thought high 
for a PCR tread due to the reduc-
tion in tire wear life.

Oriental Silicas12 accumulated 
>150 SEM images at 1,000X from 
studies of three PCR tread for-
mulas with SSBR/BR or OE-SS-
BR/BR, of seven EDS or HDS 
silicas of differing CTAB surface 
areas, and of multi-pass mix se-
quences. %-White areas were 
used to construct a quantitative 
dispersion rating of 1 >20 percent 
white area (Very Poor) to 10 <1 
percent white area (Excellent). 
One issue is that agglomerates > 
~10 μm could not be observed at 
the high resolution of SEM at 
1,000X magnification, thus large 
undetected particles that could 
result in tread wear loss would 
not be observed.

Smithers13-14 studied a sili-
ca-filled SSBR/BR PCR tread 
formulation and statistically 
varied four independent vari-
ables: SSBR versus OE-SSBR; 
EDS (G) versus HDS (P) silicas 
having similar CTAB surface 
areas but differing physical 
forms (Fig. 1); mixing with tan-
gential versus intermesh rotors; 
and different number of passes 
in the mix sequences. Analysis of 
variance (ANOVA) showed 
OE-SSBR was the most signifi-
cant variable giving higher 

M300/M100 reinforcement index 
values, higher E’ @-30°C (corner-
ing coefficient predictor),15 and 
higher tangent delta @0°C values 
(wet traction predictor).

Mixing with intermesh rotors 

was statistically significant. 
SEM at 1,000X and ImageJ anal-
ysis showed no correlations. Sili-
ca physical form was not a signif-
icant primary variable, which 
was an unexpected result. Fur-

ther analysis showed that the 
first-pass drop temperatures of 
the HDS tread P mixes averaged 
152.8°C, which was 9.3°C lower 
than EDS tread G mixes (Fig. 5), 
a statistically significant result. 

Smithers16-17 thus made a fol-
low-up PCR tread study using 
OE-SSBR, 4-pass mixing with 
intermesh rotors, and increased 
chamber fill factor to increase 
the first pass drop temperature. 

Silicas of similar CTAB surface 
area. but different physical 
forms, were studied. EDS tread 
G served as the control. HDS 
tread P was mixed essentially 
identically. Two other compounds 
had mix variations.

First-pass drop temperatures 
of HDS treads were increased 
compared to the initial statistical 
design study, but drop tempera-

is effectively dispersed in three 
passes, and no organosilane is 
present. Notably, the reinforce-
ment index values of the EDS 
tread did not increase from the 
4-pass to the 5-pass mixes (see 
Silica in Fig. 2).

To quantify silica dispersion, 
scanning electron microscopy 
(SEM) photomicrographs were ob-
tained at 1,000X magnification to 
observe silica particles both great-
er than ~1 μm (agglomerates) and 
less than ~1 μm (aggregates). 
%-White area values were deter-
mined using U.S. National Insti-
tutes of Health ImageJ software10 
by averaging six images of each 
filler for each mix (Fig. 3).

Particle size distributions were 
plotted in Excel using ImageJ 
data, and showed the EDS tread 
still had ~10 μm agglomerates 
present even after a 5-pass mix 
sequence5-6 (Fig. 4). The %-white 
area values of the silica-filled 
treads did not change signifi-
cantly between respective 4-pass 
and 5-pass mixes. Alternatively, 
the M300/M50 ratio (Fig. 2) of 
the Eecosil 350MG and HDS 
tread compounds increased lin-
early with increased mixing, thus 
showing that the added remill 
stages are important to complete 
the silanization chemical reaction 
inside the mixing chamber. 

ISO 1134511 presents standard 
test methods to characterize fill-
er dispersion in rubber. Method 
D uses split-field optical-micro-
scopic inspection at 100X for 
compounds with a reinforcing 
carbon black (RCB) or RCB/high-
load of silica. Annex D shows 10 
reference photographs to gener-
ate a rapid visual dispersion rat-
ing (VDR) from 1 (Very Poor) to 
10 (Excellent): “A rating of 10 in-
dicates a state of dispersion rep-
resenting near-optimum physical 
properties while a rating of 1 in-
dicates the presence of structural 
flaws, resulting in inferior physi-
cal properties.”

At 100X, only particles with a 
diameter > ~23 μm are observed 
optically, and thus is a macro-dis-
persion measurement. One issue 

Analyzing macro-dispersion of 
silica in tire tread compounds

Walter Waddell received his 
bachelor’s and doctorate in 
chemistry. He has 37 patents, 
158 publications and has given 
177 presentations at scientific 
meetings and universities. 
Waddell retired from ExxonMo-
bil Chemical and also worked at 
Carnegie-Mellon University, 
Goodyear and PPG. In 2020, he 
received the ITEC Harold Her-
zlich Distinguished Technology 
Medal, sponsored by Rubber  
News. He currently is a senior 
technology consultant for Ori-
ental Silicas Corp.

Tim Lin recently was ap-
pointed president of Oriental 
Silicas after holding positions 
as assistant to the president 
and planning director, and also 
working in marketing, re-
search and development, and 
environment, health and safety 
over the last 13 years. Lin re-

ceived a bachelor’s of business 
administration from National 
Taiwan University and an 
MBA from National Sun Yat-
sen University in Taiwan. He 
previously worked at Tokuyama 
Corp. in Japan.

Spencer Lee received a bache-
lor’s in chemistry from National 
Chung-Hsing University and 
has more than 45 years of expe-
rience in the rubber, plastics and 
silica industries. He joined 

PPG-Taiwan in 1986, holding 
several positions in sales and 
technology before Oriental Sili-
cas was formed in 2003 by pur-
chasing the Asia assets from 
PPG, their joint-venture partner. 
Currently, Spencer is vice presi-
dent of marketing at OSC, where 
he is responsible for the global 
precipitated silica and vulca-
nized vegetable oil businesses.

John Dick has more than 45 
years of rubber industry experi-

ence at B.F. Goodrich, Uniroyal 
Goodrich Tire and Monsanto’s 
Rubber Instruments Group, 
which became Alpha Technolo-
gies. He retired as a senior scien-
tist with 80-plus publications, 
five books and presentations in 
more than 40 countries. He has 
served in ASTM, was chairman 
of ASTM D11.12 Subcommittee 
on Rubber Processability Test-
ing, and the U.S. delegate to ISO 
TC 45 on Rubber. He is technical 

editor of Rubber News, consul-
tant for Alpha Technologies and 
teaches 15 rubber technology 
courses for the University of Ak-
ron, University of Wisconsin in 
Milwaukee, and ASTM Interna-
tional.

Andres Gil is a process en-
gineer for Hexpol Compound-
ing in Arlington, Texas. He 
received a bachelor’s in chemi-
cal engineering from the Uni-
versity of Texas at Austin, has 
five-plus years of experience as 
an industrial engineer at Mi-
chelin and Alpha Technologies, 
where he assisted customers by 
providing analysis and solu-
tions for compounding, pro-
cessing, and R&D. He has spo-
ken at the XIV Latin American 
Conference of Rubber Technol-
ogy in Brazil, the XVII Brazil-
ian Congress of Rubber Tech-
nology, and the International 
Elastomer Conference in the 
U.S. 

The authors

Precipitated silica use improves passenger car radial (PCR) tire tread properties. Wet and winter traction 
are increased and rolling resistance is decreased. To maintain tread wear, silica should be dispersed to a 
similar degree as carbon black, but also needs to efficiently react with the bifunctional organosilane. 

Four cured compounds were received from Smithers to study factors that affect silica macro-disper-
sion. Eecosil-brand 350MG highly dispersible silica (HDS) is compared to an easily dispersible silica 
(EDS) in a PCR tread formulation. Two additional Eecosil 350MG compounds were prepared using 
mix variations. The Dispergrader-brand Alpha View determines macro-dispersion by following 
ASTM D7723 protocol using reflective optical imaging at 100X magnification. 

Results show Eecosil 350MG HDS disperses better based on all measures than the EDS mixed under 
essentially identical conditions. Results are a higher visual dispersion rating when comparing to ISO 
11345 reference photographs, a lower large agglomerate count >~23 μm, a lower %-white area which is 
the observed numbers of surface defects, a higher calculated percent dispersion value, a smaller average 
silica agglomerate particle size and a lower standard deviation of agglomerate size distribution. Results 
also show that the 4-pass Eecosil 350MG mix always gives better dispersion than a 3-pass mix that 
omits the simple re-mill step. 

The rank ordering of the four tread compounds varies among these different Dispergrader Alpha 
View tests. Results are in general agreement with micro-dispersion based on %-white areas from 
SEM at 100X, 500X and 1,000X magnifications and ImageJ analysis, and particle size distributions. 
Differing relative rankings of the macro-dispersion versus the micro-dispersion could be expected 
since different agglomerate size populations are being observed. 

Fig. 7: %-White areas of SEM at 100X.16-17
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See Silica, page 20
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Fig. 8: Particle size distributions from SEMs obtained at 100X.16-17

Table 1: Largest silica particle in μm observed in individual SEM images 
at 100X17.

Fig. 6: SEM at 100X: upper left micrograph is an example of the EDS 
tread G; upper right is the HDS tread mixed in 3-passes (P-3); lower left 
is HDS tread mixed in 4-passes (P); and lower right is HDS tread mixed in 
4-passes and also using a 73 percent fill factor (P-73).17
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tures were still not equal to that 
of the EDS tread G. SEM at 100X 
(Fig.  6), 500X and 1,000X mag-
nifications and ImageJ analysis 
gave a more complete picture of 
the silica agglomerate (> ~1 μm) 
versus aggregate populations < 
~1 μm. Electron spectroscopy af-
fords higher resolution than does 
optical imaging. For SEM at 
100X, 1 pixel = 1.17 μm compared 
to the ~23 μm limit using a binoc-
ular optical microscope. %-White 
areas were the average of the in-
dividual images of the respective 
four tread compounds (Fig. 7). 

Particle size distributions were 
plotted in Excel after summing in-
dividual image data (Fig. 8). EDS 
tread G and the 3-pass HDS mix 
P-3 showed similar results. Signifi-
cantly fewer numbers of agglomer-
ates were observed for HDS treads 
P and P-73, both mixed in 4-stages. 
The largest particle observed in 
each individual SEM image at 
100X is shown in Table 1.17

SEM images at 500X gave 
similar results. At 1,000X, pixel 

resolution is ~0.12 μm, but parti-
cles > ~23 μm cannot be observed 
and thus could skew results. 
Sample preparation is important 
since the cut patterns of the ra-
zor are observed in SEM images, 
but could be absent when freez-
ing and cryofacing with a dia-
mond knife. SEM images at 
1,000X magnification are useful, 
but not thought necessary due to 
the very high resolution. 

Akron Rubber Development 
Laboratory18 studied three car-
bon blacks and two silicas in the 
ASTM D3191 SBR formulation. 
Phillips’ dispersion ratings from 
optical images at 30X magnifica-
tion gave a rating of 8 for the 
HDS silica and N774 black com-
pounds, and a lower rating of 6 
for the conventional silica and 
N234 black compounds.

ASTM D772319 gives a stan-
dard procedure developed to 
measure the macro-dispersion of 
fillers in rubber and quantify 
surface roughness by using an 
optical microscope in reflection 
mode. Experiments performed by 
Alpha Technologies using the 
firm’s Dispergrader-brand Alpha 
View at 100X showed both silica 
compounds had undesirably high-

er %-white area and lower Z dis-
persion values than the carbon 
black compounds. The HDS 
compound had the poorest dis-
persion and largest mean ag-
glomerate sizes. 

Alpha Technologies20-21 studied 
the quality of N330 black and of 
conventional silica mixing in sev-
en elastomers. The Premier RPA 
was used to monitor the drop in 
G’ as a function of mixing time 
according to ASTM D8059 proto-
col,22 measuring the Payne effect. 
The Dispergrader Alpha View 
was used to measure the %-Z dis-
persion for N330 carbon black 
and a conventional silica without/
with an organosilane by following 
ASTM D7723 procedures.19

Quantitative results were gen-
erally obtained for the N330 
black compounds using either 
technique, but only limited re-
sults were reported for silica 
compounds following ASTM 
D7723 procedures. A follow-up 
study of an SSBR/BR tread for-
mula21 with an EDS silica and 
organosilane, showed a good cor-
relation (R2=0.865) between %-Z 
dispersion from ASTM D7723 
testing and increasing first pass 
mixing time (Fig. 9). 

The University of Twente23 

studied a silica-filled OE-SSBR/
BR tire tread compound, varying 
the amount of organosilane, si-
lanization temperature and mix-
ing time for silicas with different 
CTAB surface areas and struc-
tures. Micro-dispersion was indi-
rectly evaluated using an RPA to 
measure the Payne effect of un-
cured samples,22 and macro-dis-
persion was quantified by follow-
ing ASTM D7723 procedures19 
using the Dispergrader-brand 
Alpha View at Alpha Technolo-
gies. Results showed that the 
macro- and micro-dispersion 
processes happen simultaneous-
ly, but independently. The degree 
of micro-dispersion is crucial for 
rubber reinforcement, correlat-
ing with the M200/M100 rein-
forcement index.

Results and discussion
Four tread compounds previ-

ously characterized by Smithers17 
were obtained as a 5x5-cm sec-
tion from a cured tensile sheet. 
Tread compounds had the formu-
lation shown in Table 2. Eecosil 
350MG highly dispersible silica 
was used in tread P and mixed in 
a 4-pass sequence (Table 2) us-
ing a 70-percent chamber fill 
factor. Two other Eecosil 350MG 

HDS treads were mix variations: 
tread P-3 was mixed in 3-passes 
by eliminating the stage 2 re-
mill step, and tread P-73 had a 
4-pass mix with a 73 percent fill 
factor. The EDS tread G had a 
4-pass mix sequence essentially 
identical to tread P. 

Tread compounds were ana-
lyzed for silica macro-dispersion 
by a number of measures using 
the Dispergrader Alpha View 
and following ASTM D7723 pro-
tocol.19 One issue was that the 
cured tensile samples were too 
thin to fill the entire scan area, 
which is not the ideal case. Since 
all four tread compounds were 
treated similarly, results are 
comparable, but only qualitative. 
Table 3 is a summary. 

X is the dispersion rating based 
on a visual comparison to the 10 
ISO 11345 standard reference 
photographs,11 with a higher visu-
al dispersion ranking being more 
desirable. Results in Table 3 show 
the rank order:  P > P-3 > P-73 > G. 

Y is the large agglomerate 
count rating measured by ignor-
ing those agglomerates < ~23 
μm, and shows a rank order:  P > 
P-3 > G > P-73, with treads G and 
P-73 inverting. Fig. 10 graphs 
the number of large agglomer-
ates versus particle size in 10 μm 
increments. The Eecosil 350MG 
HDS tread P consistently has a 
lower number of large agglomer-
ates compared to the EDS tread 
G, which is mixed under essen-
tially identical conditions. 

White area (URF) is the por-
tion of the scan area which con-
tains nodges or other surface de-
fects using a threshold of > ~23 
μm, and is described as white 
area because the reflected light 
is white. Lower values have de-
sirably fewer defects giving a 
different rank order:  P > G > 
P-73 ~ P-3 (Fig. 11). 

Dispersion percentage is calcu-
lated from:  Dispersion % = (100 
– 100 X URF) / L,  where: URF is 
the fraction of total scan area 
from undispersed filler mea-
sured in reflection, and L is the 
filler volume fraction in the com-
pound. For the PCR tread formu-
lation shown in Table 2, the cal-
culated filler volume fraction L = 
0.238, including the N234 black.

However, since silica contains 
~6 percent moisture and the or-
ganosilane loses ~50 percent of 
its weight as ethanol if the chem-
ical hydrophobation reaction is 
complete, then LADJ = 0.214 if 
all of the volatile organic chemi-
cals are lost during mixing or 
curing (Table 4). The percent 
dispersion in Table 3 is calculat-
ed from %-white area using L ~ 
0.2, thus giving a similar rank 
order:  P > G > P-73 ~ P-3.

For agglomerate particle sizes, 
a lower value is desirable, giving 
the rank order: P > P-2 > G > 
P-73 (Fig. 12). 

Results from the Dispergrader 
Alpha View analysis by reflective 
optical images obtained at 100X, 
show that the Eecosil 350MG HDS 
tread P mixed in 4-passes using a 
70- percent chamber fill factor al-
ways gives better macro-disper-
sion results compared to the EDS 
tread G based on all quantitative 
measures: lower %-white area 
(Fig. 11), higher % dispersion 
(Table 3), smaller average ag-
glomerate sizes (Fig. 12), and low-

Fig. 9: %-Z dispersion by ASTM D7723 for increasing mixing time for a 
silica loaded tire tread compound.21 Fig. 10: Large agglomerate counts from Dispergrader Alpha View mea-

surements shown as a function of μm size.

Fig. 11: %-White areas determined from the Dispergrader Alpha View re-
flective optical images at 100X.

Fig. 12: Average agglomerate size from Dispergrader Alpha View  
reflective optical images at 100X.

Table 3: Dispergrader Alpha View results from reflective optical images at 100X.

Table 4: PCR tire tread volume fraction and adjusted volume fraction.

Table 5: Average ranking from Dispergrader Alpha View results assuming all measurements have an equal 
weight.

Table 2: PCR tire tread formulation and addition and mixing sequence.
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er number of large agglomerate 
counts > ~20 μm (Fig. 10).

Even the Eecosil 350MG HDS 
tread P-3 mixed in 3-passes gave 
interesting results versus the EDS 
control tread G: adversely higher 
%-white area and lower % disper-
sion, but also desirably higher X 
and Y ratings, smaller agglomer-
ate sizes with a lower standard 
deviation, and lower numbers of 
large agglomerates > ~30 μm.

Eecosil 350MG HDS tread 
P-73 mixed in 4-passes with the 
higher fill factor unexpectedly 
gave the poorest dispersion re-
sults. Table 5 is a summary 
showing the numerical 1 (high-
est) to 4 ranks of six measures 
with the average calculated by 
assuming that all measurements 
have an equal weight. 

Smithers16-17 recorded SEM 
images at 100X magnification for 
each of the four tread compounds, 
used ImageJ analyses to calcu-
late %-white area, and averaged 
values (Fig. 7), giving the rank 
order:  P-73 > P > G ~ P-3. Using 
average agglomerate sizes (Fig. 
8) and the largest silica particle 
size (Table 1), giving a similar 
rank order:  P-73 > P > P-3 > G. 

SEM and ImageJ analysis at 
higher magnifications16-17 gave 
differing rank orders, which may 
be expected since the range of 
agglomerate sizes observed var-
ies. At 500X (Fig. 13) the rank 
order is:  P > P-73 > G ~ P-3, and 

Silica
Continued from page 19
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HDS treads were mix variations: 
tread P-3 was mixed in 3-passes 
by eliminating the stage 2 re-
mill step, and tread P-73 had a 
4-pass mix with a 73 percent fill 
factor. The EDS tread G had a 
4-pass mix sequence essentially 
identical to tread P. 

Tread compounds were ana-
lyzed for silica macro-dispersion 
by a number of measures using 
the Dispergrader Alpha View 
and following ASTM D7723 pro-
tocol.19 One issue was that the 
cured tensile samples were too 
thin to fill the entire scan area, 
which is not the ideal case. Since 
all four tread compounds were 
treated similarly, results are 
comparable, but only qualitative. 
Table 3 is a summary. 

X is the dispersion rating based 
on a visual comparison to the 10 
ISO 11345 standard reference 
photographs,11 with a higher visu-
al dispersion ranking being more 
desirable. Results in Table 3 show 
the rank order:  P > P-3 > P-73 > G. 

Y is the large agglomerate 
count rating measured by ignor-
ing those agglomerates < ~23 
μm, and shows a rank order:  P > 
P-3 > G > P-73, with treads G and 
P-73 inverting. Fig. 10 graphs 
the number of large agglomer-
ates versus particle size in 10 μm 
increments. The Eecosil 350MG 
HDS tread P consistently has a 
lower number of large agglomer-
ates compared to the EDS tread 
G, which is mixed under essen-
tially identical conditions. 

White area (URF) is the por-
tion of the scan area which con-
tains nodges or other surface de-
fects using a threshold of > ~23 
μm, and is described as white 
area because the reflected light 
is white. Lower values have de-
sirably fewer defects giving a 
different rank order:  P > G > 
P-73 ~ P-3 (Fig. 11). 

Dispersion percentage is calcu-
lated from:  Dispersion % = (100 
– 100 X URF) / L,  where: URF is 
the fraction of total scan area 
from undispersed filler mea-
sured in reflection, and L is the 
filler volume fraction in the com-
pound. For the PCR tread formu-
lation shown in Table 2, the cal-
culated filler volume fraction L = 
0.238, including the N234 black.

However, since silica contains 
~6 percent moisture and the or-
ganosilane loses ~50 percent of 
its weight as ethanol if the chem-
ical hydrophobation reaction is 
complete, then LADJ = 0.214 if 
all of the volatile organic chemi-
cals are lost during mixing or 
curing (Table 4). The percent 
dispersion in Table 3 is calculat-
ed from %-white area using L ~ 
0.2, thus giving a similar rank 
order:  P > G > P-73 ~ P-3.

For agglomerate particle sizes, 
a lower value is desirable, giving 
the rank order: P > P-2 > G > 
P-73 (Fig. 12). 

Results from the Dispergrader 
Alpha View analysis by reflective 
optical images obtained at 100X, 
show that the Eecosil 350MG HDS 
tread P mixed in 4-passes using a 
70- percent chamber fill factor al-
ways gives better macro-disper-
sion results compared to the EDS 
tread G based on all quantitative 
measures: lower %-white area 
(Fig. 11), higher % dispersion 
(Table 3), smaller average ag-
glomerate sizes (Fig. 12), and low-

Fig. 14: %-White areas from SEM at 1,000X.16-17

Fig. 13: %-White areas from SEM at 500X16-17.

Fig. 15: One-way analysis of %-white area: EDS mix G are compared sta-
tistically to the Eecosil® 350MG HDS mixes P, P-3 and P-73.

Table 3: Dispergrader Alpha View results from reflective optical images at 100X.

Table 4: PCR tire tread volume fraction and adjusted volume fraction.

Table 5: Average ranking from Dispergrader Alpha View results assuming all measurements have an equal 
weight.
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er number of large agglomerate 
counts > ~20 μm (Fig. 10).

Even the Eecosil 350MG HDS 
tread P-3 mixed in 3-passes gave 
interesting results versus the EDS 
control tread G: adversely higher 
%-white area and lower % disper-
sion, but also desirably higher X 
and Y ratings, smaller agglomer-
ate sizes with a lower standard 
deviation, and lower numbers of 
large agglomerates > ~30 μm.

Eecosil 350MG HDS tread 
P-73 mixed in 4-passes with the 
higher fill factor unexpectedly 
gave the poorest dispersion re-
sults. Table 5 is a summary 
showing the numerical 1 (high-
est) to 4 ranks of six measures 
with the average calculated by 
assuming that all measurements 
have an equal weight. 

Smithers16-17 recorded SEM 
images at 100X magnification for 
each of the four tread compounds, 
used ImageJ analyses to calcu-
late %-white area, and averaged 
values (Fig. 7), giving the rank 
order:  P-73 > P > G ~ P-3. Using 
average agglomerate sizes (Fig. 
8) and the largest silica particle 
size (Table 1), giving a similar 
rank order:  P-73 > P > P-3 > G. 

SEM and ImageJ analysis at 
higher magnifications16-17 gave 
differing rank orders, which may 
be expected since the range of 
agglomerate sizes observed var-
ies. At 500X (Fig. 13) the rank 
order is:  P > P-73 > G ~ P-3, and 

at 1,000X (Fig. 14) the rank or-
der is:  P-73 > P-3 > P > G.

A large variation was mea-
sured for individual %-white 
area values between the 12 indi-
vidual images of each tread com-
pound at the three magnifica-
tions.16 SAS JMP Oneway 
statistical analysis was used 
giving the rank order:  P-73 > P > 
P-3 > G (Fig. 15). JMP software 
automatically color codes the 
HDS treads P and P-73 in red 
indicating a distinct rank group 
from HDS tread P-3 and EDS 
tread G, which are coded black. 
Note that 36 entries are analyzed 
for each tread, since the 100X, 
500X and 1,000X data are con-
sidered together, 12 each at each 
SEM magnification.

Summary
Four cured tread compounds 

were received from Smithers. 
Eecosil 350MG is the highly dis-
persible silica used in tread P. 
Results are compared to tread G, 
which is mixed in an essentially 
identical 4-pass sequence, but 
uses an easily dispersible silica. 
Two additional Eecosil 350MG 
treads were prepared by using 
mix variations.  

The Dispergrader Alpha View 
following ASTM D7723 protocol 
uses reflective optical imaging at 
100X to give different measures of 
silica macro-dispersion. The 
Eecosil 350MG tread P gives bet-

ter macro-dispersion versus EDS 
tread G based on all measures: 
higher X value based on a visual 
dispersion rating when compared 
to 10 ISO 11345 reference photo-
graphs; higher Y value, which is 
the large agglomerate count rat-
ing obtained by ignoring agglom-
erates <~23 μm; lower number of 
large agglomerates >~20 μm; 
lower %-white area, which is the 
observed nodules or surface de-
fects causing reflections that ap-
pear as white light; higher percent 
dispersion calculated exactly us-
ing the total filler volume; and 
smaller average agglomerate siz-
es, with a smaller standard devia-
tion of particle sizes. 

Based on all measures, the 
Eecosil  350MG tread P gives bet-
ter macro-dispersion results com-
pared to Eecosil 350MG tread P-3, 
mixed in three passes by omitting 
the stage 2 simple re-mill step. 
The rank ordering of the four 
tread compounds varies between 
the different tests studied. 

From SEM imaging at 100X, 
500X or 1,000X magnifications 
and ImageJ analysis, Eecosil 
350MG tread P gives better mi-
cro-dispersion than EDS tread 
G. This is in excellent agreement 
with present macro-dispersion 
results using the Dispergrader 
Alpha View. Differing relative 
rankings of the macro-dispersion 
versus the micro-dispersion re-
sults are obtained, which could 

be expected since different ag-
glomerate size populations are 
being observed. 
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