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(First of two parts)
During the mixing process for 

a rubber compound, the base 
elastomer is masticated while 
the other ingredients, such as 
carbon black, begin to incorpo-
rate. As this process continues, 
the filler agglomerates are deag-
glomerated and dispersed as pri-
mary aggregates while the base 
raw elastomer(s) simultaneously 
is masticated and “broken down,” 
usually through some degree of 

depolymerization.1,2

We constructed simple model 
recipes of selected fillers with SBR 
and studied the rheological effects 
on these experimental compounds 
from controlled amounts of applied 
work history during BR Banbury 
mixing in the laboratory.

The ASTM RPA processability 
tests

The rubber process analyzer (or 
RPA) evolved from the MDR 
(moving die rheometer) in 1992. 

The RPA, introduced in 1992 
by Monsanto (now Alpha Tech-
nologies), has the same die design 
that the MDR has except the 
RPA has a high-tech, direct-drive 
robotic motor and computer-con-
trolled forced-air cooling, which 
allowed the RPA to function not 
only as a rotorless curemeter, but 
also as an effective dynamic me-
chanical analyzer (DMA) for raw 
rubber characterization and QA. 
It also serves as a processability 
tester for uncured mixed stocks in 
the factory, as well as after-cure 
dynamic properties of final mixed 
stocks (containing curatives). Fig. 
1 shows the Premier-brand RPA 
from Alpha Technologies.

Over the last 20 years, much 
work has been performed in the 
ASTM task groups of D11.12 Sub-
committee on rubber processabili-
ty measurements with the RPA. 
As a result, nine new standards 
have been developed and routinely 
used by the rubber industry to test 
different raw elastomers and mea-
sure and control compound mas-
terbatches and finals with cura-
tives, for various mixing processes 
all over the world.3-5

1. ASTM D5289—The original 
MDR curemeter standard on 
which a significant amount of 
modern-day RPA technology is 
based.

2. ASTM D6204 Part A—Sim-
ple 1 point per decade frequency 
sweep at ±7% strain (usually in 
the linear viscoelastic range) at 
100°C for testing either raw rub-
bers or mixed stocks in the factory.

3. ASTM D6204 Part B—Sim-
ple 2 point frequency sweep at 
0.1 and 1 Hz at ±100 and/or 
±200% strain at 100°C for test-
ing in the non-linear viscoelastic 
range for either raw rubber or 
mixed stocks in the factory.

4. ASTM D6204 Part C—A 
variable temperature analysis 
(VTA) thermal ramp typically 

from 100°C to 180°C, for better 
test sensitivity to changes in 
scorch safety for “finals” (uncured 
compounds containing curatives).

5. ASTM D6601—An isother-
mal cure test followed by one or 
two back-to-back strain sweeps to 
measure quickly cured dynamic 
properties of the rubber com-
pound at a lower temperature.

6. ASTM D7050—Consisting 
of high strain sweep tests to 
quickly distinguish the differ-
ences between “tough” natural 
rubber and “soft” natural rubber.

7. ASTM D6048—A stress re-
laxation test for quickly deter-
mining the state-of-mix of a 
mixed stock or viscoelastic 
characterization of raw rubber 
regarding AMW, MWD, LCB 
and gel.

8. ASTM D8059—Using the 
RPA with extended dynamic 
range (EDRTM), after a condi-
tioning time, starting with a 
very low applied strain at ±0.07% 
and increasing quickly to ±300%, 
measuring the Payne Effect for 
quickly determining the state-of-
mix and percent dispersion of a 
rubber compound filled with a 
colloidal particle size filler such 
as carbon black or precipitated 

silica.
9. ASTM D7605—Using the 

RPA with parallel plate dies to 
measure both the processing 
characteristics and congealed 
properties of thermoplastic vul-
canizates (TPVs) and thermo-
plastic elastomers (TPEs).

Measuring different fillers
incorporation and       
deagglomeration profiles

This part of the study involved 
measuring rheologically the ef-
fects of different filler incorpora-
tion and deagglomeration at dif-
ferent states-of-mix during the 
Banbury mixing process.

In this design of experiment, 
SBR 1502 was mixed with 35 
percent by volume of the fillers 
shown in Table 1. 

The table shows the weight 

amounts of each of the different 
fillers that were used in this study 
to approximate a 35 percent by vol-
ume ratio of each of these fillers 
with the respective SBR 1502 base.

During the BR Banbury mix-
ing process, 20g aliquot samples 
were taken from the mixer after 
three, four, five, six, seven, eight, 
nine, 10 and 12 minutes for sam-
pling intervals. Each of these 
samples were tested on the RPA 
by the new ASTM D8059 Stan-
dard for the Payne Effect as well 
as ASTM D6204 Parts A and B 
Frequency sweeps (at 7 percent 
and 100 percent strains, respec-
tively) and ASTM D6048 with 
stress relaxation. 

For this portion of the experi-
mental study, we used the ASTM 
D6204 method, Parts A and B, 
with two back-to-back frequency 
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Executive summary

Over the last three decades, the rubber process analyzer has evolved as the processability test 
instrument of choice for measuring and solving many rubber factory problems. Now there are sev-
eral different RPA ASTM International methods that are used routinely by the rubber industry to 
measure the quality-of-mix of different rubber compounds for predictions of downstream process-
ability differences. Of course, there are comparative advantages and disadvantages for using each 
of these viscoelastic properties, depending on the quality differences of the raw rubber and quality 
differences among factory recipes (including fillers), even among compounds that are used for the 
same purpose.

This paper discusses the statistical comparative advantages found from the results of a new RPA 
special laboratory study with specially mixed rubber compounds to compare the relative advantages 
of each of the viscoelastic properties which are measured by the RPA through sinusoidal deformation.  

Fig. 1: Premier-brand RPA from 
Alpha Technologies.

Table 1: Recipes for the filler dispersion sensitivity study.

Fig. 3: State-of-mix by ASTM D6204 Part A from frequency sweeps at 7% 
strain for dispersion of N234 carbon black.

Fig. 2: Brabender torque curve. Fig. 4: State-of-mix by ASTM D6204 Part A from frequency sweeps at 7% 
strain for dispersion of N234 carbon black.
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sweeps which were performed 
with the RPA. The first frequen-
cy sweep was performed at a 
strain of ±7% for 0.1, 2 and 20 
Hz, followed by a second frequen-
cy sweep at ±100% strain for 0.1 
and 1.0 Hz at 100˚C.

So carbon black is much more 
attracted to the SBR medium 
used in this study than silica, 
which is “rubber-phobic.” Eco-
nomic diluent fillers such as 
whiting and hard clay are some-
what in between carbon blacks 
and precipitated hydrated silica 
for “rubber friendliness.” 

Silica actually is “rubber-pho-
bic” in SBR compared to carbon 
black. Silica is not really that 
rubber-friendly. When initially 
mixing silica with organic-based 
elastomers, the silica particles 
prefer to agglomerate and asso-
ciate with each other rather 
than disperse throughout the 
rubber hydrocarbon medium. 
Carbon black, by contrast, is 
much more “rubber-philic” and is 
known to disperse much more 
rapidly than precipitated hydrat-
ed silica. So, carbon black is 
known to have a much better 
wetting time and incorporation 
time than a typical precipitated 
hydrated silica. The data in Fig. 
2 shows the typical black wetting 
time and black incorporation 
time. Carbon blacks, because 
they are relatively “rubber-phil-
ic,” typically show significantly 
shorter BWT and BIT values 
than what silica displaces.6-8

Certainly, TESPT addition to a 
silica mix will improve this situa-
tion somewhat, however still pre-
cipitated hydrated silica with 
TESPT will not perform the way 
that carbon black does during 
mixing. Also, one should not for-
get that the TESPT silanization 
is best achieved at batch tempera-
tures between 145°C to 155°C.9

Experimental
Formulations shown in Table 

1 were carefully mixed in a labo-
ratory BR Banbury. Aliquots for 
these mixes, as discussed earli-
er, were taken at stated time in-
tervals representing the applied 
“work history” during the mix-
ing process.

All these samples were appro-
priately labeled and robotically 
tested by the Premier RPA, 
which was pre-programmed to 
perform the following ASTM 
tests:

• ASTM D6204 Part A (low 
strain frequency sweep)

• ASTM D6204 Part B (high 
strain frequency sweep)

One of the purposes of this 
specific study is to determine 
which of four RPA viscoelastic 
parameters (all outputs from 
ASTM D6204 A and B) relate 
best to state-of-mix. These four 
parameters are:

• Gʹ - Elastic modulus under 
shear (kPa)

• Gʹʹ- Viscous modulus under 
shear (kPa)

• G* - Complex modulus under 
shear (kPa) [ (G*)2 = (Gʹ)2 + (Gʹʹ)2]

• Tan δ – The dimensionless 
ratio of the viscous divided by the 
elastic (tan δ = Gʹʹ/Gʹ)

Dispersion of N234 carbon 
black

N234 is a fully reinforcing 
carbon black used to significant-
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Fig. 4: State-of-mix by ASTM D6204 Part A from frequency sweeps at 7% 
strain for dispersion of N234 carbon black.

Fig. 5: State-of-mix by ASTM D6204 Part A from frequency sweeps at 7% 
strain for dispersion of N234 carbon black.

Fig. 6: State-of-mix by ASTM D6204 Part A from frequency sweeps at 7% 
strain for dispersion of N234 carbon black.

Fig. 7: State-of-mix by ASTM D6204 Part B from frequency sweeps at 
100% strain, 100°C for dispersion of N234 carbon black.

Fig. 8: State-of-mix by ASTM D6204 Part B from frequency sweeps at 
100% strain, 100°C for dispersion of N234 carbon black.

Fig. 9: State-of-mix by ASTM D6204 Part B from frequency sweeps at 
100% strain, 100°C for dispersion of N234 carbon black.

Fig. 10: State-of-mix by ASTM D6204 Part B from frequency sweeps at 
7% strain for dispersion of N234 carbon black.

sweeps which were performed 
with the RPA. The first frequen­
cy sweep was performed at a 
strain of ±7% for 0.1, 2 and 20 
Hz, followed by a second frequen­
cy sweep at ±100% strain for 0.1 
and 1.0 Hz at 100˚C.

So carbon black is much more 
attracted to the SBR medium 
used in this study than silica, 
which is “rubber-phobic.” Eco­
nomic diluent fillers such as 
whiting and hard clay are some­
what in between carbon blacks 
and precipitated hydrated silica 
for “rubber friendliness.” 

Silica actually is “rubber-pho­
bic” in SBR compared to carbon 
black. Silica is not really that 
rubber-friendly. When initially 
mixing silica with organic-based 
elastomers, the silica particles 
prefer to agglomerate and asso­
ciate with each other rather 
than disperse throughout the 
rubber hydrocarbon medium. 
Carbon black, by contrast, is 
much more “rubber-philic” and is 
known to disperse much more 
rapidly than precipitated hydrat­
ed silica. So, carbon black is 
known to have a much better 
wetting time and incorporation 
time than a typical precipitated 
hydrated silica. The data in Fig. 
2 shows the typical black wetting 
time and black incorporation 
time. Carbon blacks, because 
they are relatively “rubber-phil­
ic,” typically show significantly 
shorter BWT and BIT values 
than what silica displaces.6-8

Certainly, TESPT addition to a 
silica mix will improve this situa­
tion somewhat, however still pre­
cipitated hydrated silica with 
TESPT will not perform the way 
that carbon black does during 
mixing. Also, one should not for­
get that the TESPT silanization 
is best achieved at batch tempera­
tures between 145°C to 155°C.9

Experimental
Formulations shown in Table 

1 were carefully mixed in a labo­
ratory BR Banbury. Aliquots for 
these mixes, as discussed earli­
er, were taken at stated time in­
tervals representing the applied 
“work history” during the mix­
ing process.

All these samples were appro­
priately labeled and robotically 
tested by the Premier RPA, 
which was pre-programmed to 
perform the following ASTM 
tests:

• ASTM D6204 Part A (low 
strain frequency sweep)

• ASTM D6204 Part B (high 
strain frequency sweep)

One of the purposes of this 
specific study is to determine 
which of four RPA viscoelastic 
parameters (all outputs from 
ASTM D6204 A and B) relate 
best to state-of-mix. These four 
parameters are:

• Gʹ - Elastic modulus under 
shear (kPa)

• Gʹʹ- Viscous modulus under 
shear (kPa)

• G* - Complex modulus under 
shear (kPa) [ (G*)2 = (Gʹ)2 + (Gʹʹ)2]

• Tan δ – The dimensionless 
ratio of the viscous divided by the 
elastic (tan δ = Gʹʹ/Gʹ)

Dispersion of N234 carbon 
black

N234 is a fully reinforcing 
carbon black used to significant­
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ly improve cured compound 
properties such as wear resis-
tance and many other physical 
properties. To achieve these com-
pound property improvements, it 
is particularly important that 
good dispersion is achieved. Fig. 3 
shows how effective the RPA 
ASTM D6204 Part A with G’ 
(elastic modulus) measurement is 
at relating to total work history 
(total mixing time) for the SBR 
formulation at low strain.

As can be seen, the R square 
correlation coefficients with the G’ 
parameter are very good with very 
reliable predictions of total work 
history for the dispersion of N234 
carbon black in the SBR base for 
this low strain (7 percent) frequen-
cy sweep (Part A) for ASTM 
D6204. 

Also, Fig. 4 shows the discrimi-
nating power of the complex modu-
lus G*.

As can be seen with N234 fully 
reinforcing carbon black disper-
sion, the complex modulus G* is 
equivalent to the elastic modulus 
G’ in predicting state-of-mix (per-
cent dispersion).

Fig. 5 for Gʹʹ for N234 dispersion 
shows the same predictive power 
as well.

So, for measuring state-of-mix 
with N234, G ,́ G* and Gʹʹ are all 
equally effective in ASTM D6204 
Part A at 7-percent strain. Howev-
er, the situation is somewhat dif-
ferent with tan δ, which is shown 
in Fig. 6.

In Fig. 6, tan δ is a poorer pre-
dictor of state-of-mix for N234 
carbon black.

ASTM D6204 Part B 
(100-percent strain)

Similarly, another comparison 
was performed with N234 carbon 
black dispersion using the higher 
strain of 100 percent with ASTM 
D6204 Part B. Fig. 7 shows the 
results of this comparison with 
the elastic modulus G’.

Once again at the higher 
strain, the G’ gave a very good 
prediction of the state-of-mix for 

N234 mixing.
Fig. 8 shows the results of 

comparisons with G*.
As can be seen, G* works just 

as well in predicting quality of 
mix when compared to G’.

Additional comparisons with 
method B (100-percent strain) 
were made for Gʹʹ in Fig. 9.

In this case, the higher strain 
did not give any advantages 
when using the G’’ parameter.
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Fig. 11: State-of-mix by ASTM D6204 Part A from frequency sweeps at 
7% strain for dispersion of whiting.

Fig. 12: State-of-mix by ASTM D6204 Part A from frequency sweeps at 
7% strain for dispersion of whiting.

Fig. 13: State-of-mix by ASTM D6204 Part A from frequency sweeps at 
7% strain for dispersion of whiting.

Fig. 14: State-of-mix by ASTM D6204 Part A from frequency sweeps at 
7% strain for dispersion of whiting.

Fig. 15: State-of-mix by ASTM D6204 Part B from frequency sweeps at 
100% strain, 100°C for dispersion of whiting.

Fig. 16: State-of-mix by ASTM D6204 Part B from frequency sweeps at 
100% strain, 100°C for dispersion of whiting.

Fig. 17: State-of-mix by ASTM D6204 Part B from frequency sweeps at 
100% strain, 100°C for dispersion of whiting.

Fig. 18: State-of-mix by ASTM D6204 Part B from frequency sweeps at 
100% strain, for dispersion of whiting.

TechnicalTechnical
Lastly, for the N234 study, we 

used tan δ at high strain as 
shown in Fig. 10.

This measure by tan δ was ef-
fect at 1 Hz in frequency where 
with additional work history the 
tan δ rises. More applied masti-
cation breaks down the elasticity 
faster than the viscous quality, 
which causes the tan δ to rise, as 
reported in the past.10-12 The low 
frequency measurement for tan δ 
was very scattered with a very 
poor correlation.

Dispersion of whiting 
(ground limestone)

Whiting is almost the exact op-
posite of N234 carbon black. 
Whiting has particle sizes be-
tween 1,000 and 5,000 nanome-
ters compared to N234, which is 
around 20 nm. Whiting has no 
particle-particle interaction in a 
compound while N234 does 
through weak Van der waals 
forces. Whiting is ground from 
limestone, while N234 is a highly 
engineered product designed to 
impart great reinforcement prop-
erties to a rubber compound. So 
the RPA ASTM tests that we 
were using to study the state-of-
mix of N234 in SBR, we now will 
use to compare the dispersion 
characteristics of whiting in SBR.

Fig. 11 shows the predictive 
power of G’ in a low strain fre-
quency sweep by ASTM D6204 
Part A.

With whiting, there is very little 
deagglomeration with increasing 
work history, but there is some 
breakdown of the base rubber re-
sulting in a given drop in the G’ 
values. The correlations are good. 

In Fig. 12 we see the results of 
the same measurements given 
above, except this time we used 
the G* parameter.

As one can see, the G* is only 
slightly less effective at predicting 
state-of-mix than the G.́ So in this 
case, with the ground limestone, G* 
can also work here as well.

Fig. 13 shows the predictive 
powers of Gʹ .́

Gʹʹ is significantly poorer as a 
predictor of quality of mix for 
ground whiting loaded com-
pounds than either Gʹ or G*.

On the other hand, tan δ in 
ASTM D6204 Part A (low strain) 
is not effective at measuring qual-
ity of mix, as shown in Fig. 14.

ASTM D6204 Part B 
(100-percent strain)

Here one can see that D6204 
Part B for G’ is somewhat more 
sensitive and more repeatable in 
measuring state-of-mix with whit-
ing than Part A is in comparison.

Fig. 15 shows the results for G’ 
elastic modulus by ASTM D6204 
Part B.

With the higher strain of 100 
percent, the G’ is significantly 
better at measuring the quality 
of mix and dispersion than at 
only 7-percent strain.

Fig. 16 shows a small advan-
tage of G* in signal to noise ratio 
compared to the traditional Gʹ 
elastic modulus shown before.

On the other hand, Gʹ ,́ as can 
be seen, is slightly less effective 
than G* in predicting state-of-
mix, as shown in Fig. 17.

However tan δ is much worse 
in predicting state-of-mix as 
shown in Fig. 18.

Viscoelastic
Continued from page 27

See Viscoelastic, page 30
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N234 mixing.
Fig. 8 shows the results of 

comparisons with G*.
As can be seen, G* works just 

as well in predicting quality of 
mix when compared to G’.

Additional comparisons with 
method B (100-percent strain) 
were made for Gʹʹ in Fig. 9.

In this case, the higher strain 
did not give any advantages 
when using the G’’ parameter.
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Fig. 14: State-of-mix by ASTM D6204 Part A from frequency sweeps at 
7% strain for dispersion of whiting.

Fig. 15: State-of-mix by ASTM D6204 Part B from frequency sweeps at 
100% strain, 100°C for dispersion of whiting.

Fig. 16: State-of-mix by ASTM D6204 Part B from frequency sweeps at 
100% strain, 100°C for dispersion of whiting.

Fig. 17: State-of-mix by ASTM D6204 Part B from frequency sweeps at 
100% strain, 100°C for dispersion of whiting.

Fig. 18: State-of-mix by ASTM D6204 Part B from frequency sweeps at 
100% strain, for dispersion of whiting.

Fig. 19: State-of-mix by ASTM D6204 Part A from frequency sweeps at 
7% strain for dispersion of VN3 ppt. hydrated silica.

Fig. 20: State-of-mix by ASTM D6204 Part A from frequency sweeps at 
7% strain for dispersion of VN3 ppt. hydrated silica.

Fig. 21: State-of-mix by ASTM D6204 Part A from frequency sweeps at 
7% strain for dispersion of VN3 ppt. hydrated silica.

Fig. 22: State-of-mix by ASTM D6204 Part A from frequency sweeps at 
7% strain for dispersion of VN3 ppt. hydrated silica.

Fig. 23: State-of-mix by ASTM D6204 Part B from frequency sweeps at 
100% strain for dispersion of VN3 ppt. hydrated silica.

Fig. 24: State-of-mix by ASTM D6204 Part B from frequency sweeps at 
100% strain for dispersion of VN3 ppt. hydrated silica.

Technical
Lastly, for the N234 study, we 

used tan δ at high strain as 
shown in Fig. 10.

This measure by tan δ was ef-
fect at 1 Hz in frequency where 
with additional work history the 
tan δ rises. More applied masti-
cation breaks down the elasticity 
faster than the viscous quality, 
which causes the tan δ to rise, as 
reported in the past.10-12 The low 
frequency measurement for tan δ 
was very scattered with a very 
poor correlation.

Dispersion of whiting 
(ground limestone)

Whiting is almost the exact op-
posite of N234 carbon black. 
Whiting has particle sizes be-
tween 1,000 and 5,000 nanome-
ters compared to N234, which is 
around 20 nm. Whiting has no 
particle-particle interaction in a 
compound while N234 does 
through weak Van der waals 
forces. Whiting is ground from 
limestone, while N234 is a highly 
engineered product designed to 
impart great reinforcement prop-
erties to a rubber compound. So 
the RPA ASTM tests that we 
were using to study the state-of-
mix of N234 in SBR, we now will 
use to compare the dispersion 
characteristics of whiting in SBR.

Fig. 11 shows the predictive 
power of G’ in a low strain fre-
quency sweep by ASTM D6204 
Part A.

With whiting, there is very little 
deagglomeration with increasing 
work history, but there is some 
breakdown of the base rubber re-
sulting in a given drop in the G’ 
values. The correlations are good. 

In Fig. 12 we see the results of 
the same measurements given 
above, except this time we used 
the G* parameter.

As one can see, the G* is only 
slightly less effective at predicting 
state-of-mix than the G.́ So in this 
case, with the ground limestone, G* 
can also work here as well.

Fig. 13 shows the predictive 
powers of Gʹ .́

Gʹʹ is significantly poorer as a 
predictor of quality of mix for 
ground whiting loaded com-
pounds than either Gʹ or G*.

On the other hand, tan δ in 
ASTM D6204 Part A (low strain) 
is not effective at measuring qual-
ity of mix, as shown in Fig. 14.

ASTM D6204 Part B 
(100-percent strain)

Here one can see that D6204 
Part B for G’ is somewhat more 
sensitive and more repeatable in 
measuring state-of-mix with whit-
ing than Part A is in comparison.

Fig. 15 shows the results for G’ 
elastic modulus by ASTM D6204 
Part B.

With the higher strain of 100 
percent, the G’ is significantly 
better at measuring the quality 
of mix and dispersion than at 
only 7-percent strain.

Fig. 16 shows a small advan-
tage of G* in signal to noise ratio 
compared to the traditional Gʹ 
elastic modulus shown before.

On the other hand, Gʹ ,́ as can 
be seen, is slightly less effective 
than G* in predicting state-of-
mix, as shown in Fig. 17.

However tan δ is much worse 
in predicting state-of-mix as 
shown in Fig. 18.

See Viscoelastic, page 30
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Fig. 25: State-of-mix by ASTM D6204 Part B from frequency sweeps at 
100% strain for dispersion of VN3 ppt. hydrated silica.

Fig. 26: State-of-mix by ASTM D6204 Part B from frequency sweeps at 
100% strain for dispersion of VN3 ppt. hydrated silica.

Fig. 27: State-of-mix by ASTM D6204 Part A from frequency sweeps at 
7% strain for dispersion of VN3 ppt. silica with TESPT.

Fig. 28: State-of-mix by ASTM D6204 Part A from frequency sweeps at 
7% strain for dispersion of VN3 with TESPT.  

Fig. 29: State-of-mix by ASTM D6204 Part A from frequency sweeps at 
7% strain for dispersion of VN3 with TESPT. 

Fig. 30: State-of-mix by ASTM D6204 Part A from frequency sweeps at 
7% strain for dispersion of VN3 silica with TESPT.  

Technical

Dispersion of precipitated 
hydrated silica (without 
organosilane)

It is commonly known that 
precipitated hydrated silica is 
difficult to disperse in organic 
based rubber, especially if there 
is no organosilane present. Pre-
cipitated silica is very “rub-
ber-phobic,” where the individual 
aggregates are more attracted to 
themselves than to the rubber 
medium. Usually the incorpora-
tion phase of the mixing of un-
treated silica lasts much longer 
than most other fillers.13

Fig. 19 shows some of the 
problems experienced when try-
ing to disperse silica of signifi-
cant quantity without any orga-
nosilane. 

Whereas carbon black has a 
relatively short incorporation 
phase, silica has a much longer 
incorporation phase. This is why 
a curvilinear polynomial regres-
sion had to be used here. Even so, 
there still is a great deal of vari-
ation remaining with G’ in ASTM 
D6204 Part A.

Fig. 20 uses G* under the 
same circumstances to measure 
the state-of-mix of silica without 
TESPT by ASTM D6204 Part A.

Here you can see that G* does 
just as good at predicting state-
of-mix as Gʹ does.

In Fig. 21 we see the compara-
tive performance of Gʹ .́

As can be seen, Gʹʹ performs 
about the same as Gʹ and G* in 
this experiment with silica with-
out TESPT.

Fig. 22 shows the effectiveness 
of tan δ in predicting state-of-mix 
for untreated silica.

Even though the tan δ moves 
in the opposite direction, it actu-
ally displays a similar degree of 
effectiveness.

ASTM D6204 Part B 
(100-percent strain)

Next, we compared the silica 
testing results via ASTM D6204 
Part B at 100-percent strain. 
Fig. 23 shows how well Gʹ per-
formed when measured at the 
higher strain of 100 percent 
strain. 

Fig. 24 shows the effectiveness 
of using complex modulus G* for 
measuring the state-of-mix of 
this silica mix. As can be seen, 
G* at the higher strain of 100 
percent (Part B) is not as effec-
tive as Gʹ was.

Next, we compare Part B 
(100-percent strain) against the 
discriminating power of viscous 
modulus Gʹʹ shown below in Fig. 
25.

As can be seen, the Gʹʹ is still 
even less effective.

Lastly, Fig. 26 shows the effec-
tiveness of using tan δ to measure 
the state-of-mix for untreated 
silica.

Just as with Part A (at 7-per-
cent strain), tan δ is just as effec-
tive (or more effective) than Gʹ 
elastic modulus by Part B (at 
100-percent strain). Of course in 
the dispersion phase (not the in-
corporation phase), the tan δ goes 
up with greater work history, 
while the moduli values decrease 
with greater work history.

Viscoelastic
Continued from page 29

Dispersion of precipitated 
hydrated silica (with TESPT)

The following test results on 
compounds containing both sili-
ca and TESPT show a big differ-
ence. Also, testing compounds 
with large amounts of silica with 
TESPT is more realistic.

Fig. 27 shows the Gʹ elastic 
modulus test results on com-
pounds containing both silica and 
TESPT by ASTM D6204 Part A.

By having the TESPT present 
makes the results appear more like 
the compounds with N234 with 
linear correlations. This is because 
the TESPT has significantly re-
duced the incorporation state-of-
mix for silica. Also, the G* (complex 
modulus) response via ASTM 
D6204 Part A is shown in Fig. 28.

As shown, the G* appears to be 
equally effective at measuring 
state-of-mix when compared to G .́ 
This is similar to what was ob-
served with the N234 dispersion 
measurements discussed earlier.

Fig. 29 shows the utility of 
measuring state-of-mix with Gʹʹ 
(viscous modulus).

From Fig. 29, the Gʹʹ (viscous 
modulus) was not nearly as good 
an indicator of state-of-mix or 
dispersion for the silica with 
TESPT compared to Gʹ or G*.

Fig. 30 shows the effectiveness 
of making predictions for state-
of-mix using tan δ.

As can be seen, tan δ is quite 
poor at correlating to state-of-
mix compared to the other pa-
rameters. This is similar to how 
tan δ performed for measuring 
the dispersion and state-of-mix 
for N234 carbon black.

Once again, the tan δ is not that 
sensitive to differences in silica dis-
persion with TESPT compared to G’.

	
The conclusion of this technical 

notebook will appear in the Oct. 
31 issue of Rubber News.

Viscoelastic
Continued from page 30

See Viscoelastic, page 31
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NEW YORK—The global styrene 
butadiene rubber market is set to 
grow to $11 billion by 2031, driven 
by automotive, footwear and con-
struction applications, according 
to a study released by Kenneth 
Research. 

The high point of $11 billion 
will be reached through a CAGR 
of 4 percent for the SBR market 
each year moving forward, the 
institute said.

Participants profiled in the study 
included Arlanxeo, Asahi Kasei 
Corp., Goodyear, TSRC, Dynasol 
Group, Trinseo, Synthos, Chimei, 
JSR Corp., Sumitomo Chemical Co. 
Ltd. and Sibur International, 
among other major companies.

The study took into account 
market segmentation (both by 
industry and geography); growth 
drivers; and market headwinds.

“The rising application of sty-
rene butadiene rubber in sectors 
including automotive, construc-
tion, electrical, footwear, adhe-
sives and sealants, among others, 
can be accounted for the expan-
sion of the market,” the SBR 
market study said. “For instance, 
the U.S. plans to build more than 
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Dispersion of precipitated 
hydrated silica (without 
organosilane)

It is commonly known that 
precipitated hydrated silica is 
difficult to disperse in organic 
based rubber, especially if there 
is no organosilane present. Pre-
cipitated silica is very “rub-
ber-phobic,” where the individual 
aggregates are more attracted to 
themselves than to the rubber 
medium. Usually the incorpora-
tion phase of the mixing of un-
treated silica lasts much longer 
than most other fillers.13

Fig. 19 shows some of the 
problems experienced when try-
ing to disperse silica of signifi-
cant quantity without any orga-
nosilane. 

Whereas carbon black has a 
relatively short incorporation 
phase, silica has a much longer 
incorporation phase. This is why 
a curvilinear polynomial regres-
sion had to be used here. Even so, 
there still is a great deal of vari-
ation remaining with G’ in ASTM 
D6204 Part A.

Fig. 20 uses G* under the 
same circumstances to measure 
the state-of-mix of silica without 
TESPT by ASTM D6204 Part A.

Here you can see that G* does 
just as good at predicting state-
of-mix as Gʹ does.

In Fig. 21 we see the compara-
tive performance of Gʹ .́

As can be seen, Gʹʹ performs 
about the same as Gʹ and G* in 
this experiment with silica with-
out TESPT.

Fig. 22 shows the effectiveness 
of tan δ in predicting state-of-mix 
for untreated silica.

Even though the tan δ moves 
in the opposite direction, it actu-
ally displays a similar degree of 
effectiveness.

ASTM D6204 Part B 
(100-percent strain)

Next, we compared the silica 
testing results via ASTM D6204 
Part B at 100-percent strain. 
Fig. 23 shows how well Gʹ per-
formed when measured at the 
higher strain of 100 percent 
strain. 

Fig. 24 shows the effectiveness 
of using complex modulus G* for 
measuring the state-of-mix of 
this silica mix. As can be seen, 
G* at the higher strain of 100 
percent (Part B) is not as effec-
tive as Gʹ was.

Next, we compare Part B 
(100-percent strain) against the 
discriminating power of viscous 
modulus Gʹʹ shown below in Fig. 
25.

As can be seen, the Gʹʹ is still 
even less effective.

Lastly, Fig. 26 shows the effec-
tiveness of using tan δ to measure 
the state-of-mix for untreated 
silica.

Just as with Part A (at 7-per-
cent strain), tan δ is just as effec-
tive (or more effective) than Gʹ 
elastic modulus by Part B (at 
100-percent strain). Of course in 
the dispersion phase (not the in-
corporation phase), the tan δ goes 
up with greater work history, 
while the moduli values decrease 
with greater work history.
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Dispersion of precipitated 
hydrated silica (with TESPT)

The following test results on 
compounds containing both sili-
ca and TESPT show a big differ-
ence. Also, testing compounds 
with large amounts of silica with 
TESPT is more realistic.

Fig. 27 shows the Gʹ elastic 
modulus test results on com-
pounds containing both silica and 
TESPT by ASTM D6204 Part A.

By having the TESPT present 
makes the results appear more like 
the compounds with N234 with 
linear correlations. This is because 
the TESPT has significantly re-
duced the incorporation state-of-
mix for silica. Also, the G* (complex 
modulus) response via ASTM 
D6204 Part A is shown in Fig. 28.

As shown, the G* appears to be 
equally effective at measuring 
state-of-mix when compared to G .́ 
This is similar to what was ob-
served with the N234 dispersion 
measurements discussed earlier.

Fig. 29 shows the utility of 
measuring state-of-mix with Gʹʹ 
(viscous modulus).

From Fig. 29, the Gʹʹ (viscous 
modulus) was not nearly as good 
an indicator of state-of-mix or 
dispersion for the silica with 
TESPT compared to Gʹ or G*.

Fig. 30 shows the effectiveness 
of making predictions for state-
of-mix using tan δ.

As can be seen, tan δ is quite 
poor at correlating to state-of-
mix compared to the other pa-
rameters. This is similar to how 
tan δ performed for measuring 
the dispersion and state-of-mix 
for N234 carbon black.

Once again, the tan δ is not that 
sensitive to differences in silica dis-
persion with TESPT compared to G’.

	
The conclusion of this technical 

notebook will appear in the Oct. 
31 issue of Rubber News.
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NEW YORK—The global styrene 
butadiene rubber market is set to 
grow to $11 billion by 2031, driven 
by automotive, footwear and con-
struction applications, according 
to a study released by Kenneth 
Research. 

The high point of $11 billion 
will be reached through a CAGR 
of 4 percent for the SBR market 
each year moving forward, the 
institute said.

Participants profiled in the study 
included Arlanxeo, Asahi Kasei 
Corp., Goodyear, TSRC, Dynasol 
Group, Trinseo, Synthos, Chimei, 
JSR Corp., Sumitomo Chemical Co. 
Ltd. and Sibur International, 
among other major companies.

The study took into account 
market segmentation (both by 
industry and geography); growth 
drivers; and market headwinds.

“The rising application of sty-
rene butadiene rubber in sectors 
including automotive, construc-
tion, electrical, footwear, adhe-
sives and sealants, among others, 
can be accounted for the expan-
sion of the market,” the SBR 
market study said. “For instance, 
the U.S. plans to build more than 

1 million new housing units each 
year. The market is expanding as 
a result of the demand for SBR in 
the construction sector.”

SBR also is used to alter cement 
and asphalt in the construction 
industries. By mixing SBR in 
concrete, the quality and durabil-
ity of the material are improved. 

“As a result, it is predicted that 
the rising demand for SBR boosts 
the market to grow significantly 
over the forecast period,” accord-
ing to the study. “Global cement 
production increased from 4 bil-
lion tons in 2020 to over 4.9 bil-
lion tons in 2021.”

By geography
The Asia-Pacific region is pre-

dicted to be the largest consumer 

of SBR, and the tire segment is 
the largest consumer by indus-
try, the study confirmed.

There exists “growing demand 
for SBR adhesives and rising trade 
in cables and insulators” as well.

“SBR adhesives have been 
carefully developed for attaching 
synthetic foams, textiles, ceram-
ic tile and insulating materials,” 
the study notes. “SBR is one of 
the most commonly used syn-
thetic rubber in adhesives.”

Ceramic tile adhesive is used 
as a cement extender, binder, 
shape retention enhancer, stabi-
lizing agent and for other perfor-
mance characteristics.

Other major segments for the 
SBR market include North Amer-
ica, Europe, Asia-Pacific, Latin 

America, and the Middle East 
and Africa region. 

By industry
While SBR use in automotive 

remains the largest revenue driv-
er, especially with motorcycle and 
high-performance tires, footwear 
is expected to expand in the com-
ing decade, the study forecasts.

“Nearly nine out of 10 pairs of 
shoes, or 89 percent of the world’s 
total, are manufactured in Asia, 
which has a large concentration 
of the footwear sector,” according 
to the study. 

China produces the most shoes 
(54.5 percent) in the world. About 
half of the global consumption of 
SBR for footwear in 2021 came 
from Asia. Together, China and In-

dia account for more than one-third 
of global footwear consumption. 

The largest tire demand will 
come from the North American 
region, according to Kenneth Re-
search.

By SBR type
Solution SBR is predicted to 

hold a larger share over the fore-
cast period than emulsion SBR, 
according to Kenneth Research.

“The widespread application of 
SSBR in the tire and footwear 
sectors is contributing to the 
rise,” the study notes. “As a result 
of its flexibility, strong anti-slip 
qualities, durability, strong abra-
sion properties and density, SBR 
is frequently utilized in the man-
ufacture of footwear.”
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